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Abstract

The brain is a complex network consisting of an astonishing number of cells that interact with one
another in a manifold manner. On different spatial and temporal scales, various aspects of this system
can be described analytically, including the arrangement and nature of its structural elements, the
topology of emerging networks of functional communication, or dynamic changes of such structural or
functional features. The macroscopic examination of functional patterns that arise in the absence of
external stimuli, so-called resting state, is considered to be a particularly useful and convenient tool,
and has become exceptionally popular in both basic and clinical neuroscience for this reason. Over the
last few decades, a wide range of methodological and conceptual approaches have been developed for
this purpose and applied in studies with most divergent research questions. Nonetheless, the overall
understanding of the underlying organizational principles of such spontaneously arising functional
connectivity in the human brain is still limited. A promising approach towards a more comprehensive
picture is the investigation of alterations in neurological patients. It enables the inquiry into effects
of structural impairment on functional connectivity in humans and the exploration of associations
with symptoms on the behavioral level. Multiple sclerosis (MS) is a multifaceted chronic neurological
disorder, that is characterized by inflammatory and demyelinating pathological processes in the central
nervous system, leading to circumscribed white matter (WM) lesions. Studying this clinical population
offers therefore the unique opportunity to explore specifically the effect of local WM impairment,
distinguishing MS from other neurological disorders.

For the present doctoral thesis, resting state functional connectivity based on functional magnetic
resonance imaging (fcMRI) was explored cross-sectionally and longitudinally in 40 patients suffering
from relapsing remitting MS and a group of individually matched healthy controls. The work is divided
into four analyses that focus on different aspects. Each analysis has a short introduction and a discus-
sion section on the significance of the findings and the specific methodological limitations. In the first
analysis, cross-sectional group differences in fcMRI, structure, and behavior were described in detail.
As for all analyses, functional connectivity was defined as the Pearson’s correlation between blood
oxygen level-dependent (BOLD) signal time-series of pairs of regions of interest (ROIs), and com-
puted between a set of ROIs covering the whole brain. This basic analysis is followed by a systematic
evaluation of connection-specific relationships between fcMRI and both WM integrity and cognitive
performance. Each functional connection was classified by its qualitative association with these two
variables, and various features of the resulting distribution of connection-types were described. The
third analysis focused on group differences in the variability of fcMRI over time, captured with a
sliding-window approach, and on how this feature relates to performance in neuropsychological test-
ing and clinical status. The final analysis of this doctoral thesis concentrated on the longitudinal study
part, hence alterations that arose over the observation period of one year in 38 of the original 40 MS
patients and their matched controls. To distinguish between functional, structural, and behavioral
changes that occur in the course of natural aging and those that reflect disease progression, the analy-
sis focused on interaction effects between time-points and study groups. Another aim of this part was
to explore which parts of the functional connectome would correlate with the individual changes in
fatigue severity, a particularly burdening symptom pattern that affects the majority of MS patients.
In addition, the available literature on fcMRI in MS was reviewed systematically to complement the
empirical work and to provide an adequate base for its interpretation within the scientific context.
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The findings of the conducted analyses indicated considerable inter-individual variability with re-
spect to the location, strength, and the effect of the structural impairment on the functional connec-
tome and the manifestation of behavioral symptoms in MS. Statistical evidence for group differences
in fcMRI and behavioral variables was therefore weak, despite substantial alterations on the individual
level. The largest cross-sectional differences and longitudinal changes in fcMRI, however, revealed both
local increase and decrease of functional connectivity in MS patients. The exploration of connection-
specific associations suggested a bias towards negative relationships between fcMRI levels and both
cognitive performance and structural integrity in patients. In healthy controls, on the other hand,
lower structural integrity was more often associated with lower fcMRI, which in turn was related to
worse cognitive performance. In addition, the whole-brain association patterns of structure and behav-
ior were shown to differ considerably from each other, indicating that WM impairment and behavioral
symptoms are mediated by functional mechanisms that cannot be explained by local effects alone. The
third analysis revealed an increase of the variability of fcMRI over time in MS with a beneficial effect
on the severity of the overall disability, fatigue, memory, and attention capacity. Last, the longitudinal
analysis disclosed distinct interrelation patterns between changes in fcMRI and motor, respectively
cognitive fatigue. Most importantly, worsening of fatigue was related to increasing fcMRI in both
cases.

The results of this explorative investigation confirm the occurrence of both increase and decrease of
fcMRI in MS. The outcome furthermore suggests that the manifestation of associated behavioral symp-
toms is substantially shaped by the influence of indirect and secondarily arising functional alterations,
hence the spread of the impact of primary disturbance within the functional connectome. Together,
these interpretations introduce a new perspective on compensational effects in MS that complements
but also integrates previous contradicting findings. In addition, no clear evidence emerged for a spe-
cific role of a single network for MS, the impact of WM impairment, cognitive disturbance, or fatigue
severity. Instead, the findings indicate a highly relevant role of static and dynamic characteristics of
functional connections that link classical resting state networks.

The thesis closes with a general discussion on the significance of these findings for the development of
a comprehensive concept of functional compensation, the insight into longitudinal alterations of fcMRI
in the healthy brain, the understanding of the neuropathology of MS, and finally the translation of
neuroimaging findings into clinically useful biomarkers and upcoming challenges in this field.
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Zusammenfassung

Das Gehirn ist ein komplexes Netzwerk, das aus einer grolen Anzahl einzelner Zellen aufgebaut ist, die
in unterschiedlichster Art und Weise miteinander interagieren. Verschiedenste Aspekte dieses Systems,
wie die Anordnung und Beschaffenheit der strukturellen Elemente, die Topologie funktioneller Net-
zwerke, oder dynamische Verdnderungen, kénnen mit diversen rdumlichen und zeitlichen Auflésungen
analytisch untersucht werden. Die makroskopische Betrachtung funktioneller Muster, die sich ohne
externe Stimulation in einem so genannten Ruhezustand ergeben, hat sich dabei als besonders niit-
zliche Herangehensweise fiir die Untersuchung von Grundlagen- wie auch klinischer Forschungsfragen
etabliert. Im Laufe der letzten Jahrzehnte wurde eine Reihe methodischer und konzeptueller Ansétze
hierflir entwickelt und auf unterschiedlichste Fragestellungen angewandt. Das Verstindnis grundle-
gender Prinzipien der spontanen Organisation funktioneller Konnektivitat ist trotz allem nach wie
vor begrenzt. FEin vielversprechender Ansatz hin zu einem umfassenderen Gesamtbild ist die Explo-
ration von Verdnderungen, die in neurologischen Erkrankungen auftreten. Dies ermoglicht einerseits
die Erforschung von Effekten struktureller Schadigung auf funktionelle Interaktion im menschlichen
Gehirn und erlaubt andererseits die Untersuchung von Zusammenhidngen mit Symptomen auf der
Verhaltensebene. Multiple Sklerose (MS) ist eine facettenreiche chronische neurologische Erkrankung,
deren pathologisches Korrelat entziindliche und demyelinisierende Prozesse sind, die zu umschriebenen
Lésionen in der weiflen Substanz (white matter, WM) fiithren. Die Untersuchung dieser klinischen Pop-
ulation bietet daher die Moglichkeit, im Vergleich zu anderen neurologischen Erkrankungen, spezifisch
Effekte lokaler Schédigungen der WM zu erforschen.

Im Rahmen dieser Doktorarbeit wurde mithilfe von funktioneller Magnetresonanztomographie funk-
tionelle Konnektivitat (fcMRI) im Ruhezustand quer- wie auch auch langsschnittlich in 40 Patienten
mit schubférmig verlaufender MS und individuell zugeordneten Kontrollprobanden untersucht. Die Ar-
beit ist unterteilt in vier Analysen, die unterschiedliche Aspekte im Fokus haben. Jede Analyse hat eine
kurze Einleitung und eine Diskussion der Ergebnisse sowie der spezifischen methodischen Limitierun-
gen. In der ersten Analyse wurden zunéchst querschnittliche Gruppenunterschiede in fcMRI, Struktur
und Verhalten im Detail beschrieben. Wie fiir alle Analysen, wurde funktionelle Konnektivitit dabei
definiert als die Pearson Korrelation zwischen den blood oxygen level-dependent (BOLD)-Zeitreihen
von jeweils zwei definierten Regionen, und fiir ein Set von Regionen berechnet, welches das gesamte
Gehirn abdeckt. Dieser basalen Untersuchung folgt eine systematische Evaluierung verbindungsspez-
ifischer Korrelationen zwischen fcMRI und der Integritdt der WM sowie der kognitiven Performanz.
Jede Verbindungen wurde dabei anhand ihrer qualitativen Beziehungen mit diesen beiden Variablen
klassifiziert und verschiedene Aspekte der daraus resultierenden Verteilung der Verbindungstypen
beschrieben. Die dritte Analyse fokussierte auf Gruppenunterschiede in der Variabilidt der fcMRI tiber
die Zeit, ermittelt mit einem sogenannten Sliding Window Ansatz, und auf Zusammenhénge zwischen
diesem Mafl und der kognitiver Leistungsfahigkeit sowie dem klinischen Zustand. Die letzte Analyse
dieser Doktorarbeit konzentrierte sich auf den langsschnittlichen Studienteil, also die Verdnderungen,
die sich im Laufe von einem Jahr in 38 der urspriinglisch 40 MS Patienten und deren Kontrollpart-
nern ergeben haben. Um natiirlich auftretende funktionelle, strukturelle und Verhaltensénderungen
von solchen zu unterscheiden, die das Fortschreiten der Erkrankung widerspiegeln, lag der Fokus dabei
auf den Interaktionseffekten zwischen Zeitpunkten und Gruppenzugehorigkeit. Ein weiteres Ziel dieser
Analyse war zudem, die Teile des funktionellem Konnektoms zu identifizieren, die mit der individuellen
Verandnderung des Schweregrades der Fatigue korrelierten, einem besonders belastendem Symptom
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der MS. Um die empirische Arbeit zu ergéinzen und eine adequate Basis fiir deren Interpretation zu
gewédhrleisten, wurde zudem die Literatur zu fcMRI in MS systematisch evaluiert.

Die Befunde der durchgefiihrten Analyse deuteten an, dass es beziiglich der Lokalisierung, der Stérke
und des eigentlich Effektes von struktureller Schadigung auf das funktionelle Konnektom und die Man-
ifestierung von Symptomen eine erhebliche inter-individuelle Variabilitit zwischen MS Patienten gibt.
Die statistische Evidenz fir Gruppenunterschiede in fcMRI and in Verhaltensvariablen war daher
schwach trotz wesentlicher Verdnderungen auf der individuellen Ebene. Die deutlichsten Befunde der
quer- und ldngsschnittlichen Analysen zeigten dabei sowohl lokale Zunahmen wie auch Abnahmen
der Starke funktioneller Verbindungen in der Patientengruppe. Die Untersuchung verbindungsspezi-
fischer Assoziationen ergab fiir MS Patienten eine Tendenz zu negativen Beziehungen zwischen fcMRI
und sowohl Struktur wie auch Verhalten. In der Gruppe der Gesunden war niedrigere strukturelle
Integritit dagegen hiufiger mit niedriger fcMRI assoziiert, und diese wiederum mit schlechterer kog-
nitiver Leistung. Die Assoziationsmuster der beiden Variablen wichen auflerdem stark voneinander
ab, was nahelegt, dass Schidigungen der WM und Symptomatik auf der Verhaltensebene iiber funk-
tionelle Mechanismen vermittelt werden, die sich nicht alleine aus lokalen Effekten erkldren lassen.
Die dritte Analyse zeigte eine erhthte Variabilitdt der fcMRI in MS, was zudem einen giinstigen
Effekt auf die Schwere der Behinderung, Fatigue, Gedéachtnis und Aufmerksamkeit zu haben schien.
Zuletzt konnten anhand der Longitudinalanalyse unterscheidbare Assoziationsmuster identifiziert wer-
den zwischen ldngsschnittlichen Verdanderungen der fcMRI und motorischer bzw. kognitiver Fatigue.
Eine Verschlechterung ging dabei in beiden Féllen mit steigender fcMRI einher.

Die Ergebnisse dieser explorativen Untersuchung bestétigen vorherige Befunde von starkerer, als
auch schwécherer fcMRI in MS im Vergleich zu gesunden Kontrollprobanden. Die Resultate legen
weiterhin nahe, dass die Manifestation von Symptomen substanziell durch den Einfluss indirekter und
sekundéar auftretender funktioneller Verdnderungen geprigt ist, also der Ausbreitung des Priméref-
fektes iiber das funktionelle Konnektom. Zusammengefasst eréffnen diese Interpretationen eine neue
Perspektive auf kompensatorische Effekte in MS, die frithere widerspriichliche Befunde ergénzt, aber
auch deren Integration ermdglicht. Es konnte zudem keine klare Evidenz fiir eine spezifische Rolle
eines bestimmten Netzwerkes fiir die MS, Effekte von Lésionen in der WM, kognitive Defizite oder
des Schweregrades der Fatigue gefunden werden. Stattdessen weisen die Ergebnisse auf eine hochst
relevante Rolle statischer und dynamischer Aspekte funktioneller Kommunikation zwischen bekannten
Netzwerken im Ruhezustand hin.

Die Arbeit schliefit mit einer allgemeinen Diskussion der Bedeutung der Befunde fiir die Weiteren-
twicklung eines Konzepts fiir funktionelle Kompensation im Kontext von Lésionen der WM, Einblicke
in ldngsschnittliche Verénderungen von fcMRI im gesunden Gehirn, das Verstdndnis der Neuropatholo-
gie der MS sowie die klinische Anwendung derartiger Ergebnisse und zukiinftige Herausforderungen
dieses Feldes.
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1. Functional connectomics

The brain consists of an enormous number of single cells that interact continuously with one another
in divergent ways, realizing small- and large-scale flow of information in space and time. Studying the
organization of neurons that underlies and facilitates the precise interplay between the central nervous
system and its environment is the subject of a scientific field called connectomics (Sporns et al., 2005;
Sporns, 2013b). While this term had referred originally to the investigation of the anatomical network
structure, the rationale has been applied to the functional level as well by now (Horn et al., 2014).
Functional connectomics consequently aim at going beyond the focus on anatomical wiring. Instead,
this field pursues the disclosure of complementing insights into principles of functional communication
that enable the emergence of coherent percepts, higher cognition, and the rise of conscious experience.
Both structural and functional connectomes can be defined on multiple spatial scales, ranging from
explorations on the cell level to descriptions of macroscopic interrelations using neuroimaging tools. In
addition, multiple techniques and metrics are available that can be applied to explore divergent aspects
of connectivity. Despite or perhaps also due to this wide range of methodological and conceptual
approaches, the understanding of functional and structural connectomes in the human brain is still
limited. This applies in particular to higher controlling systems of functional integration patterns,
the interdependency between functional and structural connectivity, and mechanisms that lead to and
result from modifications on the functional or the structural level.

The overall aim of this doctoral project was therefore to reveal new insights into organizational
principles of large-scale functional networks in the human brain by examining pathological alterations
in spontaneously arising functional connectivity patterns. In the following chapter, an introductory
overview will be provided covering theoretical, conceptual, and experimental aspects relevant for the
understanding and the investigations of functional connectivity in the healthy and the diseased brain.
This includes an outline of the history of functional connectivity in resting state, a brief summary of
the current understanding of the relationship between the structural and the functional connectome,
an overview covering methodological aspects, and an introduction into the usage of this approach
for clinical research questions. Due to the focus of this doctoral thesis on task- and stimuli-free
data, methodological specificities of the acquisition or analysis of functional connectivity during task
conditions are not covered. In addition, considering the main modality of the doctoral project, priority
is given to functional connectivity based on functional magnetic resonance imaging (fcMRI). Details
of other modalities, such as electroencephalography (EEG), magnetoencephalography (MEG), and
positron emission tomography (PET), will not be discussed.

Following the terminology used in the literature on fcMRI, the terms functional connectivity, func-
tional integration (e.g. Gamboa et al., 2014), functional interaction (e.g. Sharp et al., 2011), and
functional communication (e.g. van den Heuvel and Hulshoff Pol, 2010), are used synonymously in
this work to describe functional connectivity on the macroscopic level as defined by Friston (1994).

1.1. History of fcMRI in the absence of task and stimulation

To understand how the brain can efficiently process most diverse information, two main principles have
been proposed: segregation and integration (Friston, 2011). Segregation refers to the specialization of
regions for the processing of certain information or distinct processing steps. It is typically investigated
with task- or stimulation-designs and based on the assumption that regions, whose activity or energy
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consumption is time-locked to the temporal features of the experiment, are involved in the processing of
the task, respectively the applied stimulus (e.g. Riccelli et al., 2016). A more classical approach in this
context are lesion studies, where the functional relevance of an areal is derived upon reversion by the
association between the structural damage and the observed behavioral deficit (e.g. D’Esposito et al.,
2006). Integration, on the other hand, means the functional embedding of such distributed processing.
Empirically, it can be characterized using two concepts, namely functional and effective connectivity.
The first is defined as the statistical dependency between spatially remote neurophysiological events,
whereas the second describes the influence of one brain region or neuron over another, thus causal
relationships within a network (Friston, 1994, 2011). The neurophysiological rationale behind the
concept of functional connectivity is based on the well-established assumption that some sort of binding
mechanism is necessary for the brain to transfer information and to give rise to conscious perception
(Engel et al., 1999; Engel and Singer, 2001; Fingelkurts et al., 2005). More than two decades ago,
Singer and Gray (1995) postulated that the representations of different features of a perceptual object
are integrated by synchronized oscillations of spatially remote neuronal populations, in line with the
earlier formulated theory-based binding-by-synchrony hypothesis (von der Malsburg and Schneider,
1986). This theory was later refined by Fries (2015) in his communication-through-coherence theory,
which proposes that pre- and post-synaptic neurons need in addition to synchronize in a way that
ensures that the incoming input arrives in a temporally coordinated manner relative to the post-
synaptic receiver.

Whereas both concepts of functional segregation and integration have a long history, a shift could
be noticed over the last two decades from an emphasis on segregation towards integration (e.g. Fin-
gelkurts et al., 2005; Friston, 2011). A highly relevant milestone for this shift, especially for the
functional magnetic resonance imaging (fMRI) community, was the observation of a widespread corre-
lation pattern between the activity of a so-called seed region and the remaining brain in resting state
by Biswal et al. (1995), the first explicit description of resting state functional connectivity. Until that
time, this task- and stimuli-free baseline condition had been considered to represent uninformative
noise, and even Biswal was actually interested in characterizing noise sources in the brain when he
discovered a dominant low-frequency (< 0.1 Hz) noise source that seemed to exhibit extended spatial
patterns (Biswal, 2012). The demonstration of such structured organization of functional interaction
in the absence of external input or cognitive engagement introduced a whole new perspective on brain
functioning, a unifying framework, and in addition a unique empirical approach. This historical and
at the time highly controversial finding was followed a couple of years later by an influential paper by
Raichle et al. (2001) on a concept called the default mode of the brain. The authors described a char-
acteristic pattern of brain regions that deactivated during cognitively demanding tasks but increased
its activity during rest, which is known today as the default mode network (DMN). This finding of a
PET study was later replicated with fMRI (Greicius et al., 2003) and shown to be the most robust
coherent pattern of functional connectivity among a series of so-called resting state networks (RSNs)
(Damoiseaux et al., 2006; Fox and Greicius, 2010). Soon after, the clinical neuroscience community
discovered the advantages of the resting state paradigm. Since then, the field of resting state func-
tional connectivity has become a rapidly growing and developing neuroscientific research area, and
the approach itself one of the most influential concepts and empirical paradigms in recent history of
neuroimaging (Biswal, 2012). To illustrate this, between the years 2001 and 2015 nearly 3000 papers
were published on the DMN alone (Raichle, 2015).

And the field is still constantly advancing. For instance, a growing number of articles could have
been noticed in the last few years that have focused on dynamic features of functional connectivity.
This dynamic dimension seems to be a promising expansion of the currently predominant static per-
spective on functional integration and might gain further relevance for both basic research and clinical
applications in the near future (Calhoun et al., 2014; Kopell et al., 2014). Another relevant, but yet
not fully answered research question addresses mechanisms and principles of higher-level whole-brain
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spatiotemporal organization. Two concepts that are often mentioned in this context, are multistability,
which describes the existence of multiple stable states and the shift between them triggered by external
input and metastability, hence the spontaneous shift between transient attractor states (Tognoli and
Kelso, 2014; Vasa et al., 2015; Deco and Kringelbach, 2016). The thorough evaluation of derivable
hypotheses of these concepts in empirical data is a matter of ongoing research. In addition, there
is a recent trend towards commonly shared standards of data acquisition and analytical strategies
to improve the reliability and reproducibility of methods capturing functional connectivity (e.g. Fox
and Greicius, 2010; Yan et al., 2013b). Another direction of progress is the development of a more
comprehensive theoretical groundwork to enhance the basic understanding of functional connectivity
in resting state. This is still lacking but badly needed, considering the continuing controversy on this
paradigm (Morcom and Fletcher, 2007). To this end, it will become even more important to integrate
findings from divergent approaches and modalities, but this is still challenging. First, because data
from different modalities vary distinctly in their temporal and spatial resolution, and second, because
functional interactions are estimated based on fundamentally different neurophysiological events, such
as neuronal activation, synchronized activity of neuronal assemblies, or reflections of hemodynamic
responses (Horwitz, 2003). Despite relevant insights into the neuronal basis of the fMRI signal and
the description of links between modalities on the micro- to macroscopic level (Logothetis et al., 2001;
Fornito and Bullmore, 2010; Brookes et al., 2011; Hall et al., 2013; Garcés et al., 2016), many aspects
of these relationships remain poorly understood. A future goal will therefore be to bridge these gaps.
The endeavor towards a better understanding of resting state functional connectivity includes also the
attempt to identify distinct sub-states, defined for example by behavioral or psychological variables
(e.g. Tagliazucchi and Laufs, 2014; Pipinis et al., 2016). Finally, the term resting state has often been
criticized because of its misleading implications and practical as well as philosophical complexity. A
study by Gaab et al. (2008) revealed for example an effect of the magnetic resonance imaging (MRI)
scanner noise on the activation of the DMN. This highlights that the recording set-up itself can be
interpreted as some kind of experimental modulation in a broad sense. Such findings give reason to
doubt the adequacy of the term rest in the present context. Some alternative expressions that have
been suggested are spontaneously arising fcMRI (e.g. Rosazza and Minati, 2011), functional integration
in the absence of task and stimulation (e.g. Vatansever et al., 2015), intrinsic coupling (Engel et al.,
2013), and endogenous activity (Sporns, 2013a). Whether one of these or another term can actually
replace the original one, and whether this would resolve some of controversy, remains unclear.

1.2. Structure to function to behavior and back

Functional communication depends on anatomical connections, considering that electrical signals are
transmitted along neuronal axons. Anyway, neither does the the relationship between the structural
and the functional connectome seem to be straightforward, nor has its investigation been trivial so far.
In the present context, the term structural connectome will refer to the estimation of white matter
(WM) tracts from diffusion tensor imaging (DTI) data. This approach constitutes a description of
brain structure on a macroscopic level (Sporns, 2011), derived from the diffusion of water molecules in
the brain, which is determined by the myelinated neuronal fibers. More fine-grained representations,
which can be obtained with techniques such as tract-tracing in the macaque brain or molecular bio-
logical methods, and structural connectivity based on gray matter (GM) features (e.g. Bassett et al.,
2008) are not subject of the present overview.

The dichotomy between structural and functional connectome does not reflect the current neu-
roanatomical understanding of the brain, but rather represents a technical terminology that emphasizes
divergent methodological approaches (Fingelkurts et al., 2005). Structure shapes function, meaning
that it determines the dimensionality of the functional state space, in which "neural dynamics remain
fluid, variable, and sensitive to dynamic perturbations" (Sporns, 2011, p. 119). However, biological
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structure is not invariant, but changes over time, triggered and influenced by a number of factors.
Most obvious modifications of structural connectivity emerge until young adulthood, but reorganiza-
tions occur across the entire life span (Collin and van den Heuvel, 2013; Araneda et al., 2016). These
structural changes are determined by genes, developmental factors, but also learning and experience,
hence the functional repertoire that is called upon and used (Sporns, 2011). Minerbi et al. (2009)
demonstrated for instance that structural modifications of synaptic connections are driven strongly by
neuronal activity, while spontaneous synaptic plasticity was found to occur only to a minor extend.
In addition, numerous investigations were able to reveal remarkable reorganization processes in sen-
sory cortices of blind people, triggered by the afferent input of other sensory modalities (e.g. Araneda
et al., 2016). Supekar et al. (2010) could demonstrate that rest fcMRI of the DMN was comparable
between children and adults despite significantly weaker structural connectivity in the younger group.
Considering the strong structure-function relationship of the DMN later in life (Horn et al., 2014),
it seems as if the functional relevance would precede the structural pattern. Changes of anatomical
connectivity were shown even in healthy adults, for instance in response to targeted training (Scholz
et al., 2009). These findings highlight the potential plasticity of brain structure. Beyond that, they
disclose the reciprocal interdependency between structure and function, between temporary and per-
manent changes, and between alterations on divergent time scales. The structure-function interplay
is therefore an integral component of the robustness and flexibility of the brain as a biological system,
and the basis for its adaptability throughout life (Sporns, 2011).

The functional connectome that unfolds from the anatomical structure exhibits a distinct organi-
zation into consistent functional interaction patterns both at rest and during the performance of task
(Damoiseaux et al., 2006; Smith et al., 2009). This functional organization has been found to share
similarities with underlying anatomy (Sporns, 2011). Functional metrics were shown to correlate pos-
itively with DTI measures (e.g. van den Heuvel et al., 2008) and several functional networks were
linked to WM tractography (e.g. van den Heuvel et al., 2009). An important insight that emerged
from the investigation of similarities between the functional and the structural connectome, is that
functional interaction on the macroscopic level cannot be explained by direct structural connectivity
alone. Instead, indirect structural connectivity has a substantial impact as well (Koch et al., 2002; He
et al., 2007; Honey et al., 2009; Sporns, 2011). From that it follows, that functional interactions occur
along parallel paths in ramified networks. Two observations are in line with this finding. First, local
perturbations have been demonstrated to exhibit widespread effects beyond directly connected nodes
(Alstott et al., 2009; Termenon et al., 2016a). Second, the brain appears to hold a great potential
to compensate at least to some extent for even severe structural disturbance (Silasi and Murphy,
2014). The impact of direct and indirect structural connectivity seems to vary across the functional
connectome. By correlating voxel-specific estimates of functional and structural connectivity, Horn
et al. (2014) found highest agreement for regions of the DMN;, indicating that this network has the
most directly connected anatomical base compared to other RSNs. The authors relate their outcome
to findings by Hagmann et al. (2008) that indicate that parietal parts of the DMN represent a struc-
tural core of the human brain, and to the central role of the DMN in the topological organization of
functional and structural connectivity. Principles of the distribution and interplay between direct and
indirect structural connectivity might therefore constitute an important factor for the understanding
of the organization of the functional connectome, its robustness, and its vulnerability.

The nature of the structure-function relationship can be addressed with divergent approaches as
illustrated in this section, including investigations on development (e.g. Supekar et al., 2010), genetic
influences (e.g. Glahn et al., 2010), or the impact of and recovery from structural impairment (e.g.
Sharp et al., 2011; van Meer et al., 2012). Further insights into concrete mechanisms that medi-
ate structural and functional connectivity have been drawn from computational modeling approaches
(Sporns, 2011; Deco et al., 2015). Briefly, models of structural networks are constructed based on cer-
tain assumptions, which are tested by comparing resulting simulated functional interaction patterns
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to empirical data. For instance, Cabral et al. (2012) inquired into the impact of various structural
disconnections on organizational features of functional connectivity. They found similar effects on
local, global, axonal, and synaptic disturbance, namely a decrease in both small-worldness and clus-
tering, together with an increase in hierarchy, robustness, and efficiency. The authors concluded that
all of those divergent types of disconnection can have dramatic impact on functional connectivity with
similar qualitative effects on network topology. The comprehensive evaluation of this hypothesis based
on empirical data is still outstanding though.

1.3. Methodological aspects of fcMRI in rest and beyond

Despite the seeming simplicity of resting state measurements, a surprisingly large variability of concrete
implementations exists, not to mention the wide range of analytical approaches and metrics. Much
attention is for instance still paid to the question whether participants are supposed to have their eyes
open or closed, and if open, whether they should be instructed to fixate specific targets or measured
without further briefing. Differential effects between those variants were identified on the strength
of functional interactions as well as the consistency between sessions. For instance, Patriat et al.
(2013) found in a longitudinal study slightly higher scores for the reliability of the DMN, and the
attention, and auditory networks in a fixation condition when compared with closed and open eyes.
The visual network, on the other hand, seemed to be more reliable when participants were instructed
to have their eyes open without fixation. Moreover, with their extensive analysis of 1,147 resting
state data sets from 26 scanning centers, Tagliazucchi and Laufs (2014) uncovered that subjects in
eyes-closed conditions were more likely to fall asleep while fixation supported the maintenance of
wakefulness during resting state measurements. FEven the instruction itself was shown to influence
estimates of functional connectivity (e.g. Benjamin et al., 2010), perhaps related to unintentionally
triggered alterations in awareness or tension, causing differential patterns of movement or cognitive
engagement. In the following, a short overview is provided, covering the most common empirical
approaches and analytical options in the field of resting state fcMRI.

1.3.1. Pathological disturbance and experimental manipulation

The analysis of functional connectivity in resting state is a common approach in basic and clinical
research nowadays. Different applications offer the opportunity to study diverse research questions
without confounding effects of cognitive or motor performance. By implication, though, these appli-
cations provide likewise the opportunity to explore functional integration from various perspectives.
Studies on structural disturbances and natural development are highly relevant for the understand-
ing of self-regulation mechanisms determining functional reorganization in response to perturbation
as well as principles underlying structure-function dependencies (see also section 1.2). In particular
the exploration of differential effects of either distinct lesion locations or different types of structural
impairment can be a useful approach. For instance, Irimia and Van Horn (2014) conclude from their
results that the lesion location in the WM is indicative for the resulting disturbance of global func-
tional network integrity. According to their interpretation, impairment in areas belonging to a core
scaffold of WM lead to major alterations in functional connectivity, whereas lesions in other regions
are supposed to cause much less dramatic changes. Similar findings were published for the GM, indi-
cating that damage to cortical or subcortical hub regions is more likely related to wide-spread network
alterations than disturbance in less central regions (van den Heuvel and Sporns, 2013; Gratton et al.,
2012). Another example for the relevance of pathological alterations for basic work on resting state
fcMRI is the commonly observed phenomenon of counterintuitive increase of fcMRI in response to
structural impairment (Hillary et al., 2015). This finding is often interpreted as a sign of additional
recruitment and compensation (e.g. Roosendaal et al., 2010b). The validity of such conclusions is
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questionable, considering the weak theoretical foundation of the neuroscientific concept of functional
compensation and the diversity of empirical findings.

While psychiatric diseases have also been linked to structural alterations, their main patholog-
ical correlate is to be found in imbalanced neurotransmitter systems and on the functional level.
Investigations on changes in functional connectivity in divergent psychiatric illnesses therefore en-
able the exploration of influences from different neurotransmitter systems, especially in combination
with pharmacological interventions. Shin et al. (2014) described for instance longitudinal changes
in topological properties of functional connectivity that occurred during 16 weeks of treatment with
selective serotonin reuptake inhibitors in obsessive-compulsive disorder patients. While patients ex-
hibited significantly lower small-world efficiency at baseline, those metrics elevated considerably over
time. Moreover, these changes were accompanied by distinct clinical improvement. As shown with
the last example, an important advantage of resting state studies in clinical populations is the possi-
bility to associate alterations in functional integration with clinical manifestations on the behavioral
level. This matters especially for the development of theoretical concepts of the functional relevance of
structured functional connectivity in task- and stimuli-free measurements, a highly complex question
both philosophically and scientifically.

Anyway, considering that neither the condition resting state nor the observation of natural history
constitute experimental manipulations in a proper sense, it is particularly helpful to take advantage
of other methodological approaches in order to get the full picture of operational and organizational
principles of spontaneously arising functional integration in the human brain. A promising option in
this context is the application of neurostimulation techniques together with the observation of either
concurrent or subsequent modifications of integration patterns. Previous findings indicate that func-
tional interaction metrics can be modulated by transcranial magnetic stimulation (TMS) (Fox et al.,
2012), transcranial alternating current stimulation (tACS) (Helfrich et al., 2014), and transcranial
direct current stimulation (tDCS) (Kunze et al., 2016). Further investigations that use such tools
are therefore desirable. Another legitimate mean for the manipulation of functional connectivity in
healthy subjects are pharmacological interventions. For instance, van de Ven et al. (2013) found in-
hibiting effects of selective serotonin reuptake inhibitors on local functional interactions within the
DMN, but not on its global architecture. Decreasing fcMRI in this study was moreover associated
with lower self-reported alertness. This finding was interpreted as evidence for a central role of the
DMN in ongoing monitoring and internal representations. It furthermore motivated the conclusion
that the impact of the serotonin-system on the DMN might be relevant for the decrease of fcMRI
during engagement in a task and therefore for the understanding of the DMN’s contribution to cog-
nition. Tagliazucchi et al. (2014) revealed increased temporal variability of fcMRI together with a
wider repertoire of connectivity states after the intake of psilocybin, a psychoactive compound that
is probably serotonin-mediated and known to cause states of unconstrained, hyper-associative cogni-
tion. The authors conclude that psilocybin causes an enhanced repertoire of metastable states that
might underly the behavioral perception of an expanded state of consciousness. With this finding,
they reveal relevant insights into the relationship between spontaneously arising functional interaction
patterns and states of consciousness, complementing investigations on correlates of divergent patho-
logical or physiological alterations of consciousness (e.g. Kotchoubey et al., 2013; Tagliazucchi et al.,
2013). Above that, they provide further evidence for a specific functional role of temporal fluctuations
of fcMRI. Two further approaches that can be applied to gain insights into the dynamic evolution
of fcMRI over time are the exploration of task-induced after-effects on subsequent task-free condi-
tions (e.g. Breckel et al., 2013), and the observation of functional integration within different states of
arousal and during the transition from one into the other (Tagliazucchi and Laufs, 2014; Yang et al.,
2014). These concepts reveal insights in how functional networks build up and disintegrate over time,
or how the interplay between networks is orchestrated over time. Finally, advanced whole-brain com-
putational modeling approaches are not only a powerful tool for the exploration of structure-function
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relationships, but can be applied to address several other research questions in the context of sponta-
neous functional integration, including pathological mechanisms (Teufel and Fletcher, 2016), impact
of neurotransmitter systems, or developmental aspects.

1.3.2. Of methods and metrics

A variety of analytical approaches and metrics for the description of functional connectivity were either
developed or borrowed from other disciplines. Analytical strategies can be characterized with the help
of three main categories or rather basic decisions to make while constructing such an analysis.

The term connectivity is inherently relational, describing something that is determined by charac-
teristics of at least two elements. The first decision to make is therefore on how to define the elements
of the analysis, respectively how to parcellate the brain into units that can be related to each other
(de Reus and van den Heuvel, 2013). How this step is facilitated depends of course on the available
data, but also on the hypothesis of interest. Analyses can be conducted on the voxel-level, which is
the given resolution of the data, on the level of regions of interests (ROIs), or by computing func-
tional interaction between whole networks. ROIs and networks can be determined with data-driven
approaches, such as independent component analysis (ICA), or defined theory-based with the help of
brain atlases. These atlases can be based on anatomical criteria (e.g. Tzourio-Mazoyer et al., 2002)
or on functional ones (e.g. Shirer et al., 2012). In addition, it is possible to use sparse parcellation
schemes (e.g. Power et al., 2011), or atlases that fully cover the brain (e.g. Tzourio-Mazoyer et al.,
2002). So far, the impact of divergent parcellation strategies is not fully understood. Marrelec and
Fransson (2011) found a quantitative but not qualitative influence of different parcellation schemes
on the strength of fcMRI in the DMN during task. In addition, Sohn et al. (2015) point out that the
application of such general templates does not account for individual differences and suggest to use
subject-specific ROIs instead. In summary, it can be concluded that direct quantitative comparisons
of results from differently parcellated networks is not recommended and that the choice of parcellation
should be in line in with the hypothesis of interest.

Second, miscellaneous measures can be applied to quantify the statistical dependency between the
activity of brain regions across time, this means the similarity in their signal fluctuations in terms
of frequency, phase and amplitude (Friston, 2011; Bowyer, 2016). In resting state fcMRI research,
the Pearson’s correlation coefficient is by far the most widely used metric (Hindriks et al., 2016).
Alternative metrics are transfer entropy, partial correlation, mutual information, or wavelet transform
coherence to give a few examples.

Having decided on how to define regions of interest and their relationship, fcMRI maps can be
constructed. Analytical strategies vary widely in how they proceed from this point. Functional
connections can be determined pairwise between all nodes, which would result in fully connected
fcMRI maps. Alternatively, functional connectivity metrics can be computed between the time-series
of a single region, the seed, and the rest of the brain to capture the fcMRI profile of just one region of
interest. In both cases, the constructed functional connectivity maps may or may not be thresholded.
Certain conclusions can be drawn directly from such thresholded maps, for instance regarding the
spread of functional interaction patterns as demonstrated in the original paper by Biswal et al. (1995).
It should be noted that negative correlations are usually discarded in seed-based analyses or when
thresholds are implemented, irrespective of their strengths. Whereas high positive correlations are
considered to be indicative for functional communication and information transfer, the interpretation
of negative correlations is still controversial, especially since it has been shown that they can result
from preprocessing procedures (e.g. Murphy et al., 2009). Anyway, instead of interpreting merely the
spread of a network, a far more often applied strategy is to test for differences in the strength of
functional connectivity, either between groups, conditions, or time-points. Moreover, several metrics
can be extracted from the fcMRI maps that describe properties of individual functional connectivity
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patterns on a higher abstraction level. Especially prominent are graph theoretical metrics that capture
topological features of functional integration. Graph theoretical approaches were developed in the
interdisciplinary research field of network science. They can be applied to all kinds of complex systems,
including social interactions, economic interrelations, and the brain. The underlying rationale results
from the observation that functional and structural interactions between the elements of a system
shape its overall behavior (Bullmore and Sporns, 2009). Interrelations between single elements of a
network are therefore analyzed in order to learn about the macroscopic behavior of their whole. In
this context, a network is defined by a definite number of nodes and their connecting edges. A variety
of topological properties of such a graph can be described analytically, for example, the centrality or
hierarchy of a node in its network. The application of such metrics in the context of substantially
different complex systems disclosed certain similarities in some of their macroscopic organizational
features, for instance the small-world property of social systems and brain networks (Bullmore and
Sporns, 2009). The discovery of this field for the investigation of brain networks has led to a high
number of investigations in healthy subjects and a range of different disorders with influential findings
(Guye et al., 2010; van den Heuvel and Hulshoff Pol, 2010; Sporns and Betzel, 2016). Nonetheless, the
application in the neuroscientific field is not without critique. Two critical steps in graph theoretical
analyses are the construction of the graph and the definition of a threshold for the individual adjacency
matrices, from which metrics are extracted (Bullmore and Sporns, 2009; Power et al., 2011). Results
of graph theoretical analyses have been shown to be influenced substantially by the definition of nodes
and the edge-threshold (e.g. van Wijk et al., 2010; Zalesky et al., 2010; de Reus and van den Heuvel,
2013). This is particular relevant when two groups are compared that differ systematically in variables
that influence the resulting adjacency matrices. For instance, when a group of patients has a globally
reduced level of fcMRI in contrast to a control group, a fixed correlation threshold might lead to a
lower average sparsity of edges in patients that in turn could cause significant differences in topological
metrics. The informative value of such differences is of course limited. Graph theoretical analyses
should carried out and interpreted with caution for this reason.

Another option for the analysis of fcMRI maps is to apply advanced data-driven decomposition
or clustering algorithms, such as ICA, principal component analysis (PCA), hierarchical clustering,
spectral clustering, or self-organizing maps in order to learn about independent or otherwise definable
functional connectivity clusters. Multivariate pattern recognition algorithms are another advanced
method that can be used to first identify informative pattern of features in a training set and later
apply this information to predict individual characteristics or the belonging to diagnostic categories
(e.g. Kloppel et al., 2012).

In short, analytical approaches can be roughly categorized based on their spatial resolution, the
operationalization of functional connectivity, and their focus and abstraction level. In the interest
of completeness, it should be emphasized that analyses of functional connectivity in resting state
can obviously also use signals recorded with other techniques, including EEG, MEG, or PET. Each
modality has considerable advantages and disadvantages in comparison to all other options. While
some of the above mentioned methodological and conceptual challenges of resting state analyses are
independent of the modality, many specificities have to be considered for functional connectivity
analysis using other modalities.

1.4. Translational neuroscience and clinical applications

The application of resting state fcMRI in clinical populations started very soon after the first descrip-
tion of this phenomenon, and has become extremely popular since (Fox and Greicius, 2010; Biswal,
2012). Already from the very first discovery of an association between clinical metrics and fcMRI, it
was concluded that resting state fcMRI could serve as a marker for clinical diagnostics (Li et al., 2002;
Biswal, 2012). This and subsequent findings paved the way for a whole field on the clinical application

10



Functional connectomics

of the resting state paradigm in combination with functional connectivity approaches. Until 2012,
resting state fcMRI had been applied in 30 different pathological disorders (Biswal, 2012). Examples
range from Alzheimer’s disease (e.g. Greicius et al., 2004), ADHD (e.g. Mostert et al., 2016), tinnitus
(e.g. Hinkley et al., 2015), major depressive disorder (e.g. Demirtas et al., 2016), multiple sclerosis
(MS) (e.g. Hawellek et al., 2011), to disorders of consciousness (e.g. Kotchoubey et al., 2013).

Fox and Greicius (2010) listed the following reasons for the success of the rest paradigm in the clinical
field. First, task-related alterations in neuronal metabolism are considerably small in comparison to
the energy consumption of ongoing activity (Raichle and Mintun, 2006). Task-free observations of
brain functioning, in contrast, reflect processes that consume the majority of metabolic resources of
the brain and might therefore provide a broader window into physiology and pathology. Second,
considering the size of task-induced blood oxygen level-dependent (BOLD) modulation, clear evidence
for task or stimulation effects emerges only when a large number of trials is averaged. Fox and
Greicius (2010) argue that rest measurements could have a more advantageous signal-to-noise ratio,
which is why scan duration can be reduced significantly in comparison to task fMRI. Third, task-
designs target usually one specific functional domain. In contrast, functional integration patterns at
rest are considered to represent the intrinsic architecture of functional organization and therefore the
functional repertoire (Cole et al., 2014), as indicated by a remarkable similarity between functional
networks identified at rest and during task (e.g. Smith et al., 2009). A single resting state fMRI session
is thought to enable the inquiry into the whole range of functional systems for this reason. Fourth, the
performance of a task requires in general the integration and integrity of several abilities. To give an
example, an accurate group comparison of brain activation during a simple n-back task necessitates
that both groups are able to understand the instructions, that the cognitive and physical endurance
is at an equal level, and that both groups are physically capable of pressing the response button in
the same manner. As a matter of fact, these confounds occur likely in clinical populations. Resting
state measurements circumvent this issue. Fifth, taking argument two to four together explains easily
why the application of resting state enables the examination of individual patients or even patient
populations that had been unsuitable for fMRI measurements until then. One of the best examples
to illustrate this, are patients suffering from disorders of consciousness, who are naturally incapable
of following commands or perform any form of task.

The examination of alterations in spontaneously arising fcMRI in clinical samples offers a unique
perspective on pathology, which can be used to disclose insights into etiology, reveal disease mecha-
nisms, or to refine diagnostic categories. For instance the application of unsupervised classification
algorithms on resting state fcMRI patterns is considered to be a powerful tool to identify subgroups
of patients in disorders with a heterogeneous clinical picture, such as schizophrenia or dementia (e.g.
Zhou et al., 2010; Fox and Greicius, 2010). Beyond its role for the investigation of pathology, how-
ever, different clinical applications of resting state fcMRI are discussed and inquired into. The most
prominent one is the search for biomarkers that can support categorical diagnostic decisions. Such
application of neuroimaging-based diagnostic tools is thought to be particularly promising when a
differentiation based on other means, for example behavioral or laboratory tests, is difficult. So far,
however, the empirical evidence for characteristics in resting state functional connectivity is incon-
sistent for most investigated disorders (Fox and Greicius, 2010). In addition, most studies focus on
the contrast between healthy subjects and neurological or psychiatric patients only. Although deter-
mined specificity and sensitivity estimates are encouraging for some of these analyses (e.g. sensitivity
of 85% and specificity of 77% for the distinction between Alzheimer patients and elderly subjects in
Greicius et al., 2004), such contrasts are not sufficient to conclude that markers of spontaneous fcMRI
can be actually used to differentiate between disorders, which is of course the real clinical challenge.
It is striking, for example, that the DMN is clearly overrepresented in the literature in comparison
to all other RSNs. And even more, that it has been found to be disturbed in a suspiciously large
number of pathological populations (for reviews see Buckner et al., 2008; Fox and Greicius, 2010).
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Trying to identify biomarkers based on group comparisons is challenging also conceptually for a sim-
ply reason: Neuroimaging findings on group differences depend on the behavioral diagnostics, whose
unreliability is the main argument for neuroimaging-based biomarkers. The practical translation of
such neuroscientific findings into tools for categorical diagnostics is still far from a serious realization
for these reasons. Less often investigated explicitly, is the potential usage of rest f{cMRI in dimensional
diagnostics. FcMRI has already been applied to quantify cognitive or motor impairment in diverse
studies (e.g. Gamboa et al., 2014), and might therefore be used to assess the chance of recovery, or
to evaluate treatment effects and remission in the future. Such biomarkers could either be specific
for single syndromes, disorders, or pathological families, or preferably unspecific in analogy to typical
neuropsychological tests. A shift of the focus from categorical to dimensional resting state fcMRI
biomarkers is desirable. Last, resting state fcMRI metrics could be shown to support pre-surgical
mapping of functions in order to prevent unintended damage especially to brain areas involved in
language and movement (Zhang et al., 2009; Fox and Greicius, 2010). In addition, the combination
with EEG seems to be a promising tool to localize foci of epileptic activity (e.g. Stufflebeam et al.,
2011), superior to the use of EEG alone due to the higher spatial resolution (Lee et al., 2013).

To my knowledge, none of these approaches have been be integrated in clinical routines in Ger-
many to the present day. Sufficient replication studies and comprehensive clinical trials remain to be
conducted in order to pave the way for this scientific endeavor into the clinical realm.
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2. Multiple sclerosis

MS is a multifaceted inflammatory and demyelinating disorder of the central nervous system with
a pronounced neurodegenerative component. First historical descriptions, which indicate the mani-
festation of MS from the vantage point of the present, date back to the 14th century. Documented
systematic explorations started a few centuries later with earliest scientific reports in the years 1838
and 1842 (Butler and Bennett, 2003). Despite the extensive research in the last centuries, many
aspects of MS remain poorly understood to the present day.

Unlike other neurological disorders with traumatic or non-traumatic etiology, the primary struc-
tural correlate of MS are circumscribed lesions in the WM. For that reason, MS represents a unique
pathological model to inquire into effects of local WM impairment on large-scale functional connectiv-
ity, and therefore to study organizational principles underlying functional connectivity in the human
brain.

The following chapter gives an introduction into the clinical picture, the underlying (neuro-) pathol-
ogy, and major diagnostic as well as therapeutic approaches. A comprehensive overview specifically
over the literature on MS-related alterations in functional connectivity metrics is provided in part II.
The current introductory chapter does not cover specifics of pediatric MS, which is a form of MS that
manifests before the age of sixteen, observed in 0.4 to 10.5% of all MS patients (Renoux et al., 2007).
In addition, it is beyond the scope of this work to go into details with respect to the wide range of
differential diagnoses, especially neuromyelitis optica, which is an autoimmune disorder that shares
several characteristics with MS, structural lesions in the spinal cord, animal models for MS.

2.1. Clinical picture

The clinical picture of MS is exceptionally diverse in terms of affected functional systems, symptom
severity, and individual progression. Most frequent symptoms are found for disturbances of the motor
system, damage on cranial nerves, disruption in the afferent part of the nervous system, dysfunc-
tion of the autonomic nervous system, and cognitive impairment (Kohler, 2015). More specifically,
widely occurring symptoms that indicate impact on the motor system include pyramidal signs, tremor,
ataxia, pareses, cerebellar signs, and spasticity. Cranial nerve damage is particularly frequent in the
optical nerve and the oculomotor nerve, causing symptoms such as diplopia, nystagmus, or otherwise
impaired vision. Disturbances of the afferent system often manifest as alterations of pain perception,
including dysesthesia or allodynia, but also as general paresthesia. Automatic dysfunction usually
appears at later stages of disease progression and can affect sexual functions and the ability to control
micturition or defecation. Reported lifetime prevalence rates of psychological symptoms for depres-
sion and anxiety range between 24 and 50% (Kohler, 2015; Siegert and Abernethy, 2005; Fiest et al.,
2016), and neuropsychological deficits are even found in up to 70% of all patients at some point of
disease progression (Chiaravalloti and DeLuca, 2008). Most common cognitive deficits are thereby
impairments of memory, attention, information processing speed, conceptual reasoning, visuospatial
skills, and executive functions (Calabrese and Penner, 2007; Amato et al., 2008). Finally, a large
portion of all patients is known to be affected by fatigue (65-91%; Krupp et al., 1988; Fisk et al.,
1994), a distinct syndrome of perceived exhaustion and limited energy both on the physical and the
mental level. While these psychological and cognitive impairments might appear as minor issues when
contrasted with deficits of the motor system or dysfunction of the autonomic nervous system, they
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constitute in fact a major limitation for the participation in social and professional life beyond the
physical disability (Benedict et al., 2005; Amato et al., 2006). They are therefore often perceived
as especially burdening and found to be one of the main determinants for quality of life (Nagaraj
et al., 2013). No single symptom is specific for MS though, and inter-individual differences as well as
intra-individual variability over time can be large.

The individual course of MS is hardly predictable and can range from a single neurological event
with complete remission to fast progression of severe disability (Flachenecker and Zettl, 2015a). Three
main subtypes are distinguished based on overall characteristics of their course (for an overview see
Fig. 1).
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Figure 1. — Subtypes of multiple sclerosis. A Relapsing-remitting subtype with and without complete
remission. B Secondary progressive course after initial relapsing-remitting clinical picture and with further
relapses. C Primary progressive multiple sclerosis with steady and variable course. Adapted from Flachenecker
and Zettl (2015a), p. 64

In the great majority of patients (approx. 90%, Zettl et al., 2012), symptoms appear suddenly within
a few days before they ameliorate substantially or even completely over the period of several weeks
to months at the onset of MS. Patients may or may not experience relapses after a certain time in
remission, that means abrupt reoccurrence or distinct worsening of symptoms, or the manifestation
of further clinical signs. The periods between relapses as well the frequency of subsequent relapses
are highly variable. If further progression of symptoms or the emergence of new deficits occur in
the remission phase and without additional evidence for an acute relapse, secondary progressive MS
(SPMS) is diagnosed and relapsing remitting MS (RRMS) otherwise (Fig. 1, A and B). 1 out of 10
patients suffer from the third subtype of MS, primary progressive MS (PPMS), which is characterized
by a steady progressive decline that can include temporary improvement of single symptoms or the
overall disability, but no complete remission (Fig. 1, C). Additional circumscribed neurological attacks
may or may not occur. Two further diagnoses were added to this classification in the 2013 consensus
conference of the US National Multiple Sclerosis Society Advisory Committee on Clinical Trials (Lublin
et al., 2014): the clinically isolated syndrome (CIS), which is described as the first clinical manifestation
of neurological signs with evidence for inflammatory demyelination, and the radiologically isolated
syndrome (RIS), which is given in case of MRI findings that suggest inflammatory activity in the WM
before the occurrence of clinical symptoms. Both forms can transition into all subtypes of full MS.
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2.2. Course and prognosis

Generally speaking, the individual clinical expression of MS changes over time, usually implicating
a profound worsening with respect to symptom severity, affected functional systems, and especially
the neurodegenerative component of the illness. The most frequent symptoms at the very onset of
MS, upon which patients consult medical help, are mild sensory disturbances, pareses, and vision
impairment due to acute optic neuritis (Koéhler, 2015). In the course of the disease, severe spasticity,
permanent visual impairment due to atrophy of the optic nerve, cerebellar symptoms, dysfunction
of the autonomic nervous system, serious alterations of the afferent system, and the interplay of the
impairment of multiple functions gain in importance. The overall disability based upon the Expanded
Disability Status Scale (EDSS) has been shown to be relatively stable over longer time periods. Pittock
et al. (2004b) found in a retrospective longitudinal study that only about 20% of 162 patients in their
sample had worsened more than two points on the EDSS scale over the observation period of ten
years, with an average change of merely one point. In a second investigation, the authors revealed
a median time period between initial diagnosis and a state of moderate disability (EDSS = 3) of
seventeen years. A cane was necessary (EDSS = 6) after 24 years on average (Pittock et al., 2004a).
A diagnosis of RRMS was found to be associated with a slower progression to moderate disability
when contrasted with SPMS, as well as a lower initial EDSS score. The time period until moderate
disability was not predictive for the individual course beyond that, in line with findings by Sayao
et al. (2007). In their study on the longterm development of MS in patients with an EDSS score
below 3 at ten years after their diagnosis, a substantial proportion of patients had an EDSS score
of 6 at the twenty year follow-up or had transitioned to SPMS (together 44.3% of the 169 patients),
despite their initial benign course. Pittock et al. (2004a) concluded that once a level of moderate
disability was reached, further worsening was found to be more likely. This finding is reflected in the
distribution of EDSS scores across the MS population. Two maxima of EDSS scores become apparent
both cross-sectionally and longitudinally. Most patients have an EDSS score of either 1-1.5 or 6-7
while the average stay in those two score ranges exceeds the time in all other ones (Flachenecker and
Zettl, 2015a). This indicates long stable periods in states of very low and pronounced disability and
periods of more rapid deterioration in between. Tremlett et al. (2009a) report findings that indicate a
relationship between the relapse frequency within 5 years after the first onset of MS and faster disease
progression in terms of subtype transition and EDSS scoring in the same time frame, but no impact
on long-term progression (> 10 years). Relapses that occurred later in time were also found to have a
stronger short-term effect, but had in general less pronounced impact on the individual progression.
Severity and duration of relapses, and location of underlying pathological processes were not taken into
account for this analysis. The individual relapse frequency is variable with an average rate of about
0.5 per year (Flachenecker and Zettl, 2015a). It appears to be influenced by the age at onset in line
with findings that suggest decreased inflammatory activity in higher age (Filippi et al., 2001). With
respect to MS subtype, 30-50% of patients with RRMS are found to progress to the SPMS subtype
ten to fifteen years after the initial diagnosis. In patients with a disease duration of over twenty years,
even up to 90% show signs of neurodegenerative progression independent from acute relapses (Trojano
et al., 2003; Flachenecker and Zettl, 2015a). The life expectancy is slightly reduced across the entire
population of MS patients (Pittock et al., 2004b; Flachenecker and Zettl, 2015a). Anyway, MS almost
never constitutes the primary cause of death. Instead, patients die from comorbidities or secondarily
arising complications from severe disability, such as infection, dehydration, or pulmonary embolism.
In addition, MS patients are known to have a significantly increased risk to attempt and complete
suicide (Brenner et al., 2016), which should also be considered.

Making predictions for the individual course is still challenging, even when a range of clinical and
demographic information is taken into account. In summary, the following variables were shown to be
beneficial for a less progressive disease course: Younger age at disease onset was associated with longer
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time periods until severe disability status, although the age when this phase was reached was then
lower than in patient with later onset (Vukusic and Confavreux, 2007). Next, the clinical course was
found to be milder in female patients (Confavreux et al., 2003; Sayao et al., 2007), and the portion
of male patients among PPMS to be higher than among other subtypes (Tremlett et al., 2009b).
As illustrated above, the relapse frequency within the first five years is an important determinant for
further progression. This applies to RRMS only, while relapses do not seem to influence the continuous
progression in the progressive subtypes (Confavreux et al., 2000). Finally, the subtype at onset is of
course highly relevant for individual prognosis, with RRMS being related to a milder progression
when compared to PPMS (Koch et al., 2009). Findings regarding the impact on initial symptoms
are controversial. In general, no clear association seem to exist. Merely the concurrent emergence
of multiple disturbances at the onset of MS seems to be related to a worse course (Flachenecker and
Zettl, 2015a).

2.3. Epidemiology

MS is the leading non-traumatic cause of disability among young adults and therefore an important
disorder with respect to the financial burden for the general society, challenges for public health, and
clinical care (Kingwell et al., 2013; Browne et al., 2014). The disorder manifests usually between age
20 and 40, with slightly earlier onset in women (Flachenecker and Zettl, 2015b). The ratio between
female and male patients ranges between 2:1 and 3:1 (Alonso and Hernan, 2008), which is considered
to be related to differential effects of female and male sex hormones on the immune system (Nicot,
2009). The global average point prevalence of MS is 90/100,000 (Hirtz et al., 2007) but it has been
repeatedly shown to be unequally distributed across the globe. Prevalence rates were found to be lower
in countries close to the equator and high in western nations, including Europe, North America, and
Australia. Also within those regions, a gradient seems to emerge from highest prevalences in countries
further to the north, respectively the south for the southern earth hemisphere (Koch-Henriksen and
Serensen, 2010). For instance, for Scandinavian countries, prevalence rates of up to 200/100,000 were
reported together with incidence estimates between 9.2 and 11.6/100,000. In contrast, the prevalence
for the Iberian peninsula was shown to range between 15 and 77/100,000, and annual incidence rates
between 2.2 to 5.3/100,000 (Kingwell et al., 2013). In Germany, estimates for the prevalence range
between 51 and 170/100,000 and incidence rates from 7.7 to 8/100,000 (Fasbender and Kolmel, 2008;
Kingwell et al., 2013), with regional differences between north and south, but also eastern and western
parts of Germany (Petersen et al., 2014). Whereas the unequal global distribution might be attributed
to divergent systems of medical care, cultural differences in the interpretation of diagnostic criteria, or
the availability of systematic scientific reports, the regional differences within Germany can be hardly
explained with such factors. Instead, true variations in prevalence of MS seem to exist. Possible
reasons for such unequal distribution are summarized in the following section. It should be noted
that estimates of global and regional prevalence and incidence of MS were found to increase over the
last decades (Hirtz et al., 2007). This probably reflects increased survival rates, improving clinical
care, and enhanced case documentation (Browne et al., 2014), and should be taken into account when
epidemiological studies from divergent decades are compared.
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2.4. Etiology

The etiology of MS is still hardly disclosed despite a long history of research on its epidemiology,
pathology, and divergent influencing variables. From what is known nowadays, a multifactorial causa-
tion must be assumed with both substantial impact from heritable as well as environmental factors. In
addition, MS has a strong autoimmune component, which might be the reason for an often found sim-
plified conceptualization as an autoimmune disorder especially in popular scientific literature. Anyway,
it remains unclear to the present day whether the disturbance of the immune system constitutes the
primary cause of MS or a secondary effect of unknown primary etiology, so that the above mentioned
conclusion is untenable based on current scientific knowledge on MS (Winkelmann et al., 2011).

In general, current scientific approaches can be roughly assigned to three main theoretical models
(Winkelmann et al., 2011):

e the autoimmune or immune dysregulation hypothesis
e the infection hypothesis

e the neurodegenerative hypothesis

Considering the variety of clinical expressions of MS, it is also plausible that there is no homogenous
etiology but divergent pathological causations (Winkelmann et al., 2011; Zettl et al., 2012). Especially
primary neurodegenerative pathology could be indicative for a disease with distinctly different etiology
in comparison to other MS patients.

Epidemiological studies are a powerful approach for the exploration of etiological factors and the
disentanglement of genetic and environmental impact. Interesting findings of this field are the unequal
global distribution and the increased, respectively decreased prevalence among certain ethnic groups.
The geographical distribution was related to known environmental factors such as the infection with the
Epstein-Barr virus (Linemann et al., 2007; Pender and Burrows, 2014), or the blood level of vitamin
D, a secosteroid with immunomodulatory effect, whose demand is satisfied primarily by endogenous
synthesis that in turn depends heavily on dermal exposure to UV radiation (e.g. van der Mei et al.,
2003; Islam et al., 2007; Lucas et al., 2011). Further environmental factors, which are discussed in
relation to increased prevalences in industrial nations, are smoking and fine dust pollution (Hoffmann,
F in Hardt, 2015, p. 28). They are considered to activate the immune system (e.g. Ockinger et al.,
2016) and to be associated with the risk for MS (Salzer et al., 2013) as well as its course (Hernan
et al., 2005). Investigations into prevalences in different ethnic groups, on one hand, and migration
studies, on the other hand, moreover suggest relevant interaction effects of these environmental factors
with genetic predispositions. For example, prevalences among native americans but also Australian
aborigines were found to be significantly lower in contrast to the caucasian population even when
both groups lived in the same region (Flachenecker and Zettl, 2015b). Explorations on the effect of
migration to low- or high-risk regions at different ages found a benefit from moving to low-risk regions
before the age of fifteen but not later (e.g. Alter et al., 1966). This led to the assumption that the time
before puberty is a critical age for a later manifestation of MS, especially for predisposed individuals
(Poser, 2006).

Findings from genetic analyses in MS indicate a complex polygenic inheritance, including the in-
volvement of divergent genes and alleles, diminished penetrance, and variable expression of genetic
predisposition (Hardt, 2015). An extensive multi-side study in over fifteen countries confirmed almost
all of twenty previously found risk loci for MS and identified 29 new susceptibility ones (The Inter-
national Multiple Sclerosis Genetics Consortium et al., 2012). Overall, the human leukocyte antigen
system, a group of genes in the human genome that is critical for the immune system, and more
specifically its class I and II alleles, appear to play a central role for MS with risk-increasing but also
protective effects (Link et al., 2012; The International Multiple Sclerosis Genetics Consortium et al.,
2012; Hardt, 2015).
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2.5. Pathology

The main characteristic of the pathology in MS is a selective primary demyelination in the central
nervous system (Stadelmann-Nessler and Briick, 2015). It results from local inflammatory processes
and manifest itself as circumscribed WM lesions on the macroscopic level. The anatomical location of
such lesions can be highly variable, although they were found to occur more likely at locations with
high venous density and in so-called watershed areas (Ge, 2006; Haider et al., 2016). The patholog-
ical progression of such lesions can be described both cross-sectionally as well as longitudinally due
to characteristic markers for different phases of the central nervous inflammation. Acute MS lesions
are generally defined by an increased activity of macrophages, detection of degradation products of
myelin proteins, reactive gliosis, and infiltration of T-cells together with few B-cells (Barnett et al.,
2006; Stadelmann-Nessler and Briick, 2015). Lucchinetti et al. (2000) identified four different patterns
of these markers in acute lesions. Two of them (I and II) indicated autoimmune reactions while lesions
with subtype III and IV were suggestive of rather infection- or toxin-related pathological causation
based on the primary impairment of oligodendrocytes. The lesion type was found to be characteristic
for individual patients. The emergence of inflammatory processes in the WM in MS is in general
related to observable clinical relapses. However, there is neither a one-to-one relationship between
single lesions and clinical symptoms, nor does every lesion trigger a manifestation on the behavioral
level. Instead, a great portion of lesions is in fact clinically silent (Ge, 2006).

Already during the acute inflammation, markers for the remyelination of affected axons can be
detected (Stadelmann-Nessler and Briick, 2015). The initiation of such early repair mechanisms is
probably related to the response of the immune system itself, for instance to the release of beneficial
growth factors (Briick, 2005). Remyelination was shown to be associated with lower clinical disability
in the following remission period (Bodini et al., 2016). Permanent clinical disability, on the other hand,
seems to be associated with secondary occurring axonal damage (Briick, 2005). An important function
of the myelin sheath is the protection and nourishment of nerve cells. The destruction of myelin has
therefore inevitably an impact on the axons they are wrapped around. Axonal impairment is no phe-
nomenon of later disease stages only, but can be detected already during initial acute inflammation,
perhaps because axons are particular prone to inflammatory mediators of the immune system after
loss of their myelin sheath (Briick, 2005; Stadelmann-Nessler and Briick, 2015). This acute axonal
damage was shown to have most impact at the beginning of the disease, which is one reason for the
importance of early treatment in MS (Kuhlmann et al., 2002). At later stages of the disease, usually
both GM and WM atrophy can be observed (e.g. Ge, 2006). Recent findings by Steenwijk et al. (2016)
suggest that the GM atrophy in MS is distributed according to specific anatomical patterns and that
those non-random alterations in GM are associated with the neurodegenerative component of MS,
especially the cognitive decline.

Findings from an extensive body of literature on the integrity of brain functioning in MS indicate
distinct alterations also on the functional level, that is in brain activation and functional integration
(e.g. Kollndorfer et al., 2013; Rocca et al., 2014). In addition, meaningful associations were detected
between such functional alterations and both structural impairment and behavioral symptoms (e.g.
Rocca et al., 2012). To draw conclusions based on such findings is challenging due to the variety
of experimental approaches and controversy results. On one hand, there is evidence for enhanced
regional activation (e.g. Rocca et al., 2014) as well as increased functional integration between regions
(e.g. Dogonowski et al., 2013c) that could reflect beneficial compensatory mechanisms, or maladaptive
overshoot. This is opposed by findings of decreased activation and hampered functional connectivity,
which might result from disturbance of underlying structure. In short, no clear picture of the func-
tional disturbance in MS has emerged yet. For a detailed introduction into MS-related alterations in
functional interaction metrics specifically during this task- and stimuli-free condition see part II.
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2.6. Diagnostics

As stated before, the clinical expression of MS varies remarkably with no specific pathognomonic
symptom or marker. Consequently, a wide range of diagnostic tools have to be taken into account to
rule out multiple differential diagnoses that share characteristics with this multifaceted disease. And
even if the clinical picture is suggestive of MS and no clear signs for other potential illnesses found,
additional evidence has to be provided for the dissemination of pathological manifestations in space
(DIS) and time (DIT) before a definite diagnosis of MS can be given (Polman et al., 2011). Historically,
this criteria had to be satisfied clinically, thus with the observation of multiple neurological symptoms
that occurred at distinct points in time and indicated disturbance in divergent functional systems.
With technical advances and increasing scientific insight, diagnostic criteria for MS are continuously
adapted (McDonald et al., 2001; Polman et al., 2005, 2011). Laboratory and neuroscientific approaches
have therefore gained significantly in importance for the diagnostic process in MS over the last decades.
Currently applied diagnostic criteria depend particularly on complementing and supporting evidence
based on MRI assessments (see Tab. 1).

Table 1. — 2010 McDonald criteria for the diagnosis of multiple sclerosis.
Adapted from Polman et al. (2011)

clinical presentation additional data needed for definite diagnosis

> 2 attacks; objective clinical evidence of none**

> 2 lesions or objective clinical evidence of

1 lesion with reasonable historical evidence

of a prior attack*

> 2 attacks; objective clinical evidence of DIS, demonstrated by: > 1 T2 lesion in at least 2 of 4 MS-typical re-

1 lesion gions of the CNS (periventricular, juxtacortical, infratentorial, or spinal
cord)***; or await a further clinical attack implicating a different CNS
site

1 attack; objective clinical evidence of > 2  DIT, demonstrated by: simultaneous presence of asymptomatic

lesions gadolinium-enhancing and non-enhancing lesions at any time; or a new
T2 and/or gadolinium-enhancing lesion(s) on follow-up MRI, irrespec-
tive of its timing with reference to a baseline scan; or await a second
clinical attack

1 attack; objective clinical evidence of 1 ~ DIS and DIT, demonstrated by: for DIS: > 1 T2 lesion in at least 2 of 4

lesion (clinically isolated syndrome) MS-typical regions of the CNS (periventricular, juxtacortical, infraten-
torial, or spinal cord)***; or await a second clinical attack implicating
a different CNS site; for DIT: simultaneous presence of asymptomatic
gadolinium-enhancing and non-enhancing lesions at any time; or a new
T2 and/or gadolinium-enhancing lesion(s) on follow-up MRI, irrespec-
tive of its timing with reference to a baseline scan; or Await a second
clinical attack

Insidious neurological progression sugges- 1 year of disease progression (retrospectively or prospectively deter-

tive of MS (PPMS) mined) plus 2 of 3 of the following criteria***: 1. evidence for DIS in
the brain based on > 1 T2 lesions in the MS-characteristic (periven-
tricular, juxtacortical, or infratentorial) regions 2. evidence for DIS in
the spinal cord based on > 2 T2 lesions in the cord 3. positive CSF
(isoelectric focusing evidence of oligoclonal bands and/or elevated IgG
index)

Continued on next page
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Table 1 — continued from previous page

e [f there is no better explanation for the clinical presentation and the criteria are met completely, the
diagnosis is MS, and possible MS otherwise.

o Attack/relapse: patient-reported/objectively observed clinical event typical of an acute inflammatory de-
myelination in the CNS; current or historical; duration > 24 hours; absence of fever/infection; documented
by contemporaneous neurological examination, although undocumented historical events can provide reason-
able evidence of a prior demyelinating event; reports of paroxysmal symptoms should consist of multiple
episodes occurring > 24 hours; before a definite diagnosis of MS, at least 1 attack must be corroborated
by findings on neurological examination/visual evoked potential in case of prior visual disturbance/MRI
consistent with demyelination in the area of the CNS

e *Clinical diagnosis based on objective clinical findings for 2 attacks is most secure. Reasonable historical
evidence for 1 past attack, in the absence of documented objective neurological findings, can include historical
events with symptoms and evolution characteristics for a prior inflammatory demyelinating event; at least
1 attack, however, must be supported by objective findings.

e **No additional tests are required. However, it is desirable that any diagnosis of MS be made with access
to imaging based on these criteria. If imaging or other tests (for instance, CSF) are undertaken and are
negative, extreme caution needs to be taken before making a diagnosis of MS, and alternative diagnoses must
be considered. There must be no better explanation for the clinical presentation, and objective evidence must
be present to support a diagnosis of MS.

o ***Gadolinium-enhancing lesions are not required; symptomatic lesions are excluded from consideration in
subjects with brainstem or spinal cord syndromes.

MS = multiple sclerosis, CNS = central nervous system, MRI = magnetic resonance imaging, PPMS = primary
progressive MS, CSF = cerebrospinal fluid, DIS = dissemination in space, DIT = dissemination in time, IgG =
immunoglobulin G

A comprehensive diagnostic investigation of a potential MS case will include in most cases at least fol-
lowing clinical and para-clinical examinations. First, the general neurological examination is still the
central element of the diagnostic process and will be applied initially to objectify and quantify subjec-
tively perceived symptoms. It should encompass the assessment of disturbances of the cranial nerves,
the exploration of motor functions, an examination of coordinative skills, equilibrioception, sensory
perception, and peripheral reflexes, and finally a rating of the current mental status. Specifically
for MS, it is furthermore common to quantify the overall disability for monitoring and comparative
purposes using the EDSS (see Tab. 2).

Second, findings from laboratory tests on blood and liquor samples are necessary to elaborate
the general health status of a patient, to exclude other illnesses that could also explain the clinical
findings, to increase the evidence for inflammatory activity and responses of the immune system in
the central nervous system, and to determine the phase of specific pathological processes. There is no
specific marker for MS, albeit certain patterns of findings are considered to be typical for this disease,
including the evidence for oligoclonal bands, increased portion of activated B-cells, and markers for
immunoglobulin G in the liquor (Tumani and Rieckmann, 2015). The relevance of liquor- or blood-
based biomarkers for the prediction of the progression of MS is only limited (Flachenecker and Zettl,
2015a), with the exception of few findings that were found to be indicative for later transition from
CIS or RIS to definite MS, such as the presence of oligoclonal bands (Ignacio et al., 2010).
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Table 2. - Expanded Disability Status Scale. Adapted from Kurtzke (1983)

score clinical description of level of disability

0.0 normal neurological exam (all grade 0 in all F'S; cerebral grade 1 acceptable)
1.0 no disability, minimal signs in 1 FS (i.e., grade 1 excluding cerebral grade 1)
1.5 no disability, minimal signs in > 1 FS (> 1 F'S grade 1 excluding cerebral grade 1)

2.0 minimal disability in 1 FS (1 FS grade 2, others 0 or 1)

2.5 minimal disability in 2 FS (2 FS grade 2, others 0 or 1)

3.0 moderate disability in 1 FS (1 FS grade 3, others 0 or 1), or mild disability in 3 or 4 FS (3/4 F'S grade 2,
others 0 or 1), though fully ambulatory

3.5 fully ambulatory but with moderate disability in 1 FS (grade 3) and 1 or 2 FS grade 2; or 2 FS grade 3
(others 0 or 1) or 5 grade 2 (others 0 or 1)

4.0 fully ambulatory without aid, self-sufficient, up and about some 12 hours a day despite relatively severe
disability consisting of 1 FS grade 4 (others 0 or 1), or combination of lesser grades exceeding limits of
previous steps; able to walk without aid or rest some 500 meters

4.5 fully ambulatory without aid, up and about much of the day, able to work a full day, may otherwise have
some limitation of full activity or require minimal assistance; characterized by relatively severe disability
usually consisting of 1 FS grade 4 (others or 1) or combinations of lesser grades exceeding limits of previous
steps; able to walk without aid or rest some 300 meters

5.0 ambulatory without aid or rest for about 200 meters; disability severe enough to impair full daily activities
(e.g., to work a full day without special provisions); (usual FS equivalents are 1 grade 5 alone, others 0 or
1; or combinations of lesser grades usually exceeding specifications for step 4.0)

5.5 ambulatory without aid for about 100 meters; disability severe enough to preclude full daily activities;
(usual FS equivalents are 1 grade 5 alone, others 0 or 1; or combination of lesser grades usually exceeding
those for step 4.0)

6.0 intermittent or unilateral constant assistance (cane, crutch, brace) required to walk about 100 meters with
or without resting; (usual FS equivalents are combinations with > 2 FS grade 3+)

6.5 constant bilateral assistance (canes, crutches, braces) required to walk about 20 meters without resting;
(usual FS equivalents are combinations with > 2 F'S grade 3+)

7.0 unable to walk beyond approximately 5 meters even with aid, essentially restricted to wheelchair; wheels
self in standard wheelchair and transfers alone; up and about in wheelchair some 12 hours a day; (usual
F'S equivalents are combinations with > 1 FS grade 4+; very rarely pyramidal grade 5 alone)

7.5 unable to take more than a few steps; restricted to wheelchair; may need aid in transfer; wheels self but
cannot carry on in standard wheelchair a full day; May require motorized wheelchair; (usual FS equivalents
are combinations with > 1 FS grade 4+)

8.0 essentially restricted to bed or chair or perambulated in wheelchair, but may be out of bed itself much
of the day; retains many self-care functions; generally has effective use of arms; (usual FS equivalents are
combinations, generally grade 4+ in several systems)

8.5 essentially restricted to bed much of day; has some effective use of arm(s); retains some self-care functions;
(usual FS equivalents are combinations, generally 4+ in several systems)

9.0 helpless bed patient; can communicate and eat; (usual F'S equivalents are combinations, mostly grade 4+)

9.5 totally helpless bed patient; unable to communicate effectively or eat/swallow; (usual FS equivalents are

combinations, almost all grade 4+)
10.0 death due to MS
FS = functional systems: pyramidal functions, cerebellar functions, brain stem functions, sensory functions,

bowel and bladder functions, visual functions, mental functions, other

Third, neuroimaging measurements became particularly relevant for the diagnosis of neurological dis-
eases because they provide direct and objective evidence for structural impairment in the central
nervous system, and in the case of MS, specifically for circumscribed lesions in the WM. The informa-
tion that is derived this way can support, complement, and even replace clinical observations partially
(see also Tab. 1). Usually, divergent MRI sequences are implemented in parallel, with each of them
having advantages for the identification and description of either specific locations or phases of inflam-
matory activity. The application of the gadolinium in combination with a T1-weighted MRI sequence,
to give an example, enables the differentiation of WM lesions in diverse phases of the inflammatory
process. The paramagnetic contrast agent will accumulate only in sites with acute inflammatory
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activity due to an increased permeability of the blood-cerebral barrier, so that acute lesions will be
delineated brightly on the resulting T1-weighted images while lesion sites with remitting inflammation
will appear dark. The finding of two lesions at divergent sites and in divergent phases would satisfy the
dissemination in space and time criteria. Another useful sequence that is usually implemented in MS
diagnostic is the fluid-attenuated inversion recovery (FLAIR) one, a T2-weighted sequence with high
sensitivity especially for periventricular lesions due to an additional inversion pulse that suppresses
the signal of the liquor. An example for a T1- and T2-weighted image of WM lesions from the present
study is provided in Fig. 2. The prognostic value of conventional MRI findings is also limited, despite
their relevance in initial diagnostics. Advanced structural metrics (e.g. atrophy markers, DTI-based
metrics) seem to be more promising tools for prognostic purposes (Filippi et al., 2013) and therefore
might get integrated in standard clinical routines in the future. The potential application of functional
measurements in clinical diagnostics of MS, based on fMRI or EEG, is a matter of ongoing debate.

Finally, electrophysiological measurements are an adequate and easily applicable approach to reveal
useful information, and are still widely used in everyday clinical practice, despite their subordinate
relevance for current diagnostic criteria, Visually, auditory, motor, or somatosensory evoked potentials
provide information independent from MRI measurements. They allow the detailed examination of the
signal transmission from the receptor cells along the subsequent stages of information processing. De-
tected delays or even blocks in the recordings are therefore indicative for impairment of the pathways.
For this reason, evoked potentials are still implemented to quantify the extend of the demyelination, to
objectify clinical observations, or to identify silent lesions (Gronseth and Ashman, 2000; Reinshagen,
2015).

T1-weighted
A

Figure 2. — Examples for MRI sequences typically implemented in MS diagnostics. Left Fluid-
attenuated inversion recovery (FLAIR) image of MS patient 41 in native space. Right T1-weighted image of
MS patient 41 in native space. White matter (WM) lesions, defined as hyperintensities in WM tissue based
upon the FLAIR image are encircled in red. Lesion identification was done manually for illustrative purposes
only. L = left, R = right, A = anterior, P = posterior
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2.7. Treatment

To the present day, there is no cure for MS. Available therapeutic approaches aim instead at main-
taining or regaining the best quality of life, the highest independency, and the most participation in
social and occupational life possible under the individual circumstances (Hoffmann, 2002). Roughly,
they can be categorized as follows (Gemmel et al., 2015): First, short-termed interventions during
acute inflammatory events that consist of high-dosed intravenously administered methylprednisolone
and in some cases additional plasmapheresis. Goal of these interventions are the fast reduction of
inflammatory activity and subsequently a quick recovery from the relapse. Second, long-termed drug-
based treatment that modulates the immune system and influences the progression and the course of
the disease. Typical options are beta interferon, glatiramer acetate, or dimethyl fumarate in moderate
cases, and agents like fingolimod or natalizumab in severe ones. Third, therapeutic interventions that
focus on managing symptoms, limiting physical restrictions, and prevention of secondary complica-
tions and side effects of long-term treatment. The individual treatment depends on the expression
of the disease, symptom severity, the course and frequency of relapses, and of course the underlying
subtype of MS.
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1. Introduction

The aim of this introductory part was to provide an overview over the literature on alterations in
functional connectivity in MS to serve as a base for the evaluation of the representativity, novelty,
and significance of the presented work. The review was supposed to evaluate the overall study quality
and the appropriateness of the methodological and statistical approaches with respect to the reported
study aims and the interpretation of findings. The aim was furthermore to summarize current insights
in MS-specific characteristics of functional integration. All studies that matched the selection criteria
and that were available at the beginning of February 2016 via the electronic library system of the
University of Hamburg were therefore described with respect to their characteristics in study design,
the applied methodology, their findings, and their interpretation of the results.

2. Material and methods

2.1. Search strategy and selection criteria

An extensive literature research was carried out by combining a systematic search via PubMed
(http://www.ncbinlm.nih.gov/pubmed/) and the manual identification of essential publications in
the reference lists of all review articles found in the first step. The electronic literature search was
conducted on February, 2nd 2016 based on following search terms: MEG OR magnetoencephalography
OR EEG OR electroencephalography OR fMRI OR functional magnetic resonance imaging [all fields]
AND multiple sclerosis [Title/Abstract] AND connectivity OR functional connectivity OR coherence
OR functional integration OR, effective connectivity [all fields]. The defined endpoint of the time-period
of interest was January, 31st 2016. Publications in any language other than English were excluded.
Publications were selected for full-text evaluation when the analysis of functional connectivity in
resting state and in adult MS patients was part of the described study or review, based on the
abstract. In case of unclarity, studies were also included.

2.2. Description of publications

The description covered methodological aspects, an overview over the results related to the analysis of
functional connectivity, and details regarding the main interpretation. All a priori-defined categories
and items are listed in Tab. 3. The MS sample size was defined as the total number of MS patients and
can differ from the number of patients included in statistical testing. Whether all groups contained at
least 20 participants in statistical testing between MS patients and healthy controls or between MS
subgroups was therefore noted separately. CIS and RIS patients were defined as a different pathological
population when treated as a separate group in statistical testing. Multiple answers were possible, if
more than one functional connectivity analysis was computed.
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Table 3. — Review categories for the evaluation of publications.

Category Subcategory Items

Methods MS sample MS sample size, mean age, sex [female, male], psychiatric-behavioral
comorbidities reported (depression, anxiety, or fatigue) [yes, no], MS
subtype [RRMS, PPMS, SPMS, benign, not reported]

Control group(s) control group included [yes*, no],

*population [healthy, MS patients, other patients], individual match-
ing [yes, no**], **absolute group difference in sample size, significant
difference in age [yes, nol, significant difference in sex ratio [yes, no]

Modality [fMRI, EEG, MEG]

FC analysis seed-to-vozel, seed-to-ROI, seed-to-sensor, pairwise vozel-based, pair-
wise ROI-based, pairwise sensor-level, graph theoretical on pairwise
vozel-based, graph theoretical on pairwise ROI-based, graph theoret-
ical on pairwise sensor-level, inter-hemispheric vozel-based, inter-
hemispheric ROI-based, inter-hemispheric sensor-level, ICA for identi-
fication of network for further analysis, ICA voxel-wise statistics, ICA
network-wise statistics]

Statistical approach All groups for statistical testing n >= 20 [yes, no], analysis level [1st,
2nd, correlation/regression®, 2nd + correlation/ regression*),
*[behavior/clinical score, structural metric]

Results Group difference in FC significant difference [yes*, no],
*multiple comparison correction [yes, nol,
effect size reported [yes, no|, confidence interval or similar reported [yes,
no|, direction of alteration [increase, decrease], anatomical localization

Correlation with structural —significant [yes™*, no],

metric (if conducted) *multiple comparison correction [yes, nol,
effect size reported [yes, no|, confidence interval or similar reported [yes,
no], increase of functional connectivity correlated with [lower damage,
higher damage], anatomical localization, statistical comparison with
relationship in control group [yes, no]

Correlation with behavioral —significant [yes*, no],

or clinical score (if con- *multiple comparison correction [yes, nol,

ducted) effect size reported [yes, no], confidence interval or similar reported
[yes, no], increase of functional connectivity correlated with [worse
performance, better performance], anatomical localization, statistical
comparison with relationship in control group [yes, no]

Discussion ~ Compensation finding interpreted as compensation [yes*, no],
*suggestion of mechanism, reference to theory or model [yes, nol, corre-
lation / regression analysis with behavioral / clinical conducted [yes**,
nol,
**confirming results [yes, no|
Biomarker esults are evidence for biomarker [yes*, no|,

*discussion of validity or reliability [yes, no], discussion of cost vs. use-
fulness in comparison to available tools [yes, no], validated in inde-
pendent sample [yes, no|, validated in other patient group [yes, nol,
compared to available tools [yes, no]

FC = functional connectivity; asterisks indicate subsequent categories that were dependent on the selection;

[z,y] = selection choices
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3. Results

The PubMed-based search for literature yielded 282 matches, of which 52 primary studies were selected
for full-text evaluation (Fig. 3). Excluded publications covered alterations in the optic nerve or the
peripheral nervous system (n = 78), treatment effects (n = 17), alterations in structural metrics (n
= 43), brain functioning during task or stimulation (n = 36), molecular biological research questions
(n = 14), methods development (n = 8), or focused on pediatric patients (n = 7), other pathological
populations (n = 5), and animal models (n = 2). Eight study reports were not in English. By scanning
the reference lists of the identified twelve reviews, five additional primary studies were found. Finally,
full-text evaluation was carried out for 57 primary studies (a list of all selected publications can be
found in appendix section A.1)

matches: n =282 }— excluded

optic/peripheral nerves:n=78 molecular biology: n= 14

treatment effects:n=17 pediatric patients:n=7
structural metrics: n=43 other population:n=5
task/ stimulation: n = 36 animal models:n =2

methods development:n=8  notin English:n=8
not available:n =1

v v

primary studies: n = 52 || review articles:n =11 [~3» scanninf reference lists

! { )

full-text evaluation —— primary studies: n = 5|| review articles:n=3

Figure 3. — Flow chart of selection of publications for the review. Of 282 initially found study
reports, 52 primary studies and eleven review articles were included in the first step. Further primary studies (n
= 5) and review articles (n = 3) were identified by scanning the reference lists of the review articles, resulting
in a total number of 57 primary studies that were taken into account for the systematic review.

Taken together, 2186 data sets of MS patients were analyzed in the 57 primary studies at hand.
Partial overlap between samples was reported in less then ten studies without further details. The
total number contained 1391 female and 764 male patients. Sex was not reported in one study, leaving
31 patients with unknown sex. The mean MS sample size was 38.85 (median = 30, standard deviation
(SD) = 36.52, range = 1-246). Patients were on average 40.29 years old (SD = 5.12) and belonged
predominantly to the RRMS subtype (number of studies with a certain subtype: RRMS = 50, SPMS
= 16, PPMS = 6, benign MS = 1, not reported = 6). Depression, anxiety, or fatigue scores were
reported in 33 studies. A control group was included in all but one study (healthy = 54, other MS
patients = 6, other patients = 3), but only five control groups were matched pairwise. The remaining
control groups had 16.36 participants on average, and eleven, respectively thirteen differed significantly
in age and sex.

Most studies applied fMRI (n = 47), followed by MEG (n = 6), and EEG (n = 4), while only one
research team combined fMRI and MEG data (Fig. 4). Across all studies, 62 functional connectivity
analyses were conducted using eight different functional connectivity metrics. Among the fifteen cat-
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egories defined a priori, seed-to-voxel analyses were the most common approach, using seven different
anatomical seed regions. 21 studies included whole-brain exploration at some point in their analysis,
and 30 focused on a specific RSN, while the main interest in 10 studies was a single region. A priori
defined foci were not sufficiently outlined or elusive in 3 publications.

A modalities (n=57) 3 B approaches (n=62) c metrics (n=45)
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Figure 4. — Overview over applied modalities, methodological approaches, and computed
metrics. Most studies that were evaluated for this review had applied functional magnetic resonance imaging
(fMRI,A) in combination with seed-to-voxel analyses (B). Functional connectivity was estimated with Pearson’s
correlations in most cases. (C). EEG = electroencephalography, MEG = magnetoencephalography, ROI = region
of interest, graph = graph theoretical metrics, HIP = hippocampus, PCC = posterior cingulate cortexr, THAL =
thalamus, SM = sensorimotor cortex, BG = basal ganglia, AMYG = amgdala, ACC = anterior cingulate cortez,
ALFF = amplitude of low-frequency fluctuations

In only three studies, analyses aimed at extracting information on the individual level, for example by
implementing classifiers. All other investigations focused on group differences in combination (n = 17),
or complemented by correlation or regression analyses (n = 32) with either structural or behavioral
variables (n = 26), or both (n = 23). The size of at least one group of comparison fell short of n = 20
in 46% of the statistical analyses.

No significant group differences in functional connectivity were found in six of all 55 statistical
second level analyses. 63% of the significant results were corrected for multiple comparisons at least
across all voxels, ROIs, or networks included. A proper effect size or parameter of uncertainty, such
as the standard deviation or a confidence interval, were reported for two, respectively four results. In
total, 61 significant group differences were identified, 41% of them indicating an increase and 59% a
decrease of functional connectivity in MS (for an overview of all findings see Fig. 5).

55% of correlation or regression analyses with structural metrics and 82% of those relating functional
connectivity with behavioral or clinical variables yielded significant relations in MS. Proper multiple
comparison correction (MCC) was reported for 37% of those results, and correlation coefficients for
74%. No study reported confidence intervals of correlations. Correlation coefficients of MS patients
were compared statistically with those of a control group in five analyses only. The decrease of
functional connectivity was related to worse structural, behavioral, or clinical scores in 59% of the
significant results.

Authors of 31 studies interpreted increased functional connectivity as a sign for beneficial recruit-
ment or other compensational processes, and decreased values as a lack of such mechanisms or adverse
alteration. However, only 20 of these studies had actually included a correlation or regression analyses
with behavioral or clinical variables. In 19 studies, group differences were interpreted as evidence for
potential functional connectivity-based biomarkers. Authors of four of those studies complemented
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their conclusion with a discussion on the validity and reliability of the method applied, and on possible
advantages or disadvantages in comparison to available diagnostic tools.
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Figure 5. — Overview over detected increase and decrease of functional connectivity in multi-
ple sclerosis. Regions of the automated anatomical labeling atlas (AAL) that were found to exhibit altered
functional connectivity in the publications selected for full-text evaluation. Findings that describe alterations of
functional integration on the global level, in sensor space, or for which sufficient anatomical details were lacking
were not taken into account for this overview.

4. Discussion

The systematic review of the available literature on functional connectivity in task-free conditions
in MS uncovered first and foremost twofold: considerable inconsistency among findings and serious
deficiencies in overall study quality.

To begin with, only a minority of all evaluated studies conducted whole-brain analyses of some sort,
while most studies limited their foci a priori based on literature on functional connectivity or regional
activity during task, findings in other populations, or previous investigations on the matter of interest.
A priori foci encompassed several functional networks, such as the DMN, somatosensory network, or
networks incorporating subcortical regions, and seven different seed-regions in only eighteen studies
with seed-based approach. Overall, a wide range of networks and regions were found to be affected
in MS that way, covering all lobes as well as the cerebellum. Evidence seemed to converge, if at all,
for the involvement of the basal ganglia and the thalamus, cingulate regions, and middle temporal
areas. The number of group contrasts that suggest either enhancement or disturbance of functional
No
group differences were found at all in 10% of all studies that conducted proper second level analyses,

integration was almost balanced with a slightly higher number of results showing the latter.
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which is astonishing, considering the overall publication bias towards significant findings. Studies,
which related functional interaction with behavior, disclosed contradicting relationships with slightly
more results indicating an association between functional decrease and behavioral decline, respectively
increase and improvement.

Demographic characteristics of patients reflected the young age, at which the disease manifests, and
the known gender ratio. The prevalence of comorbidities is high in MS and should therefore either be
ruled out or reported properly to increase the internal validity of the results, that is the significance of
findings for MS independent from influences from psychiatric disorders and other pathology. However,
comorbidities were not reported in a substantial portion of all studies, challenging the interpretation
of their outcomes. The appropriateness of the control groups can be questioned in some cases due to
small sample sizes, considerable gaps between the sample sizes of patients and controls, and significant
differences in demographic characteristics.

In almost half of all statistical tests, at least one group included less than twenty participants.
Whether the statistical power was always sufficient for the analyses conducted, might be questioned
for this reason. It should be considered that decreased statistical power due to insufficient sample
sizes does not only hamper the detection of true effects, but can also facilitate false-positive findings
(Button et al., 2013). Almost none of the studies reported effect sizes or parameters of uncertainty,
such as confidence intervals, for their detected effects, hindering the qualitative comparison of effects
from different studies and their quantitative integration in meta-analyses.

Last, one third of all investigations concluded that their results disclosed a potential biomarker for
MS. However, merely three studies compared MS patients to other clinical populations, and only five
investigations on relationships between functional connectivity and behavior or structure incorporated
an appropriate contrast of associations found in MS and in the control group. Discussions on validity,
reliability, and advantages, respectively disadvantages of functional connectivity as a potential clinical
application in contrast to available diagnostic tools were lacking in almost all papers. Moreover,
some studies interpreted their results as being indicative for compensational processes despite failing
to uncover such a relationship or without even testing properly possible links between functional
interaction and symptom severity.

Taken together, the evidence for MS-specific alterations in functional communication patterns, or
relationships of such, is weak. Based on the evaluated publications, no clear pathological correlate of
MS in the functional architecture at rest has emerged so far. Instead, findings are highly inconsistent
and disclose that large portions of the brain are affected. Any strong conclusions regarding the
clinical application of functional connectivity methods in MS does not seem to be justified based on
the available literature. Instead, an open-minded and clinically-oriented evaluation of this endeavor
is necessary.
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1. General methods

1.1. Study design

All analyses, which are presented in this doctoral thesis, were developed within the framework of a
multimodal cross-sectional and longitudinal project on pathological alterations of structure, function,
and behavior in MS called NeuConn. This exploratory study had two main objectives: First, to
develop novel biomarkers for cognitive, physical and fatigue symptoms based on fMRI, DTI, MRI,
MEG, or their combinations. Second, to prospectively monitor physiological and pathological changes
in network integration and underlying structure over the period of twelve months.

Data of all modalities was collected within two to four consecutive days at four points in time,
namely at baseline, after two weeks, after six months and finally after twelve months. Healthy controls
were not examined at the six months’ follow-up and no fMRI or DTI data was recorded at the two-
weeks measurement. An explicit a priori power analysis to estimate the appropriate sample size was
not possible due to the exploratory nature of the study and the variety of modalities. Instead, the
sample size was set based on general recommendations for quantitative statistical tests and to ensure
the feasibility of the project. With an intended sample size of 80 participants, the total number of
planned appointments came to 800.

The present doctoral thesis focuses on cross-sectional and longitudinal analyses of MRI, fMRI, DTI,
neuropsychological and clinical data. Analyses and results of MEG data or multimodal analyses are
not included.

1.2. Participants

MS patients were recruited by the MS day clinic of the University Medical Center Hamburg-Eppendorf,
Germany. Inclusion criteria were age 20-60 years, an up-to-date diagnosis of RRMS according to the
revised McDonald’s criteria (Polman et al., 2011), current remission, minimal disease duration of three
months, and an EDSS (Kurtzke, 1983) score less or equal 3.5. Patients with a highly active disease,
uncertain stability under current immunotherapy, psychiatric comorbidity, or severe cognitive deficits
were excluded. Since the clinical picture of MS is known to be particularly diverse, no rules for exclu-
sion were established based on structural, functional, or other behavioral measures. Healthy controls
were recruited via advertisement in the internal hospital newsletter and among healthy relatives of
patients. Exclusion criteria were previous or present neurological and psychiatric illness. Further
exclusion criteria for both groups were the intake of psychoactive substances, previous neurosurgical
interventions, drug abuse, and common contraindications against fMRI measurements (e.g. cardiac
pacemaker, artificial magnetic heart valves, or claustrophobia). Recruitment of MS patients and
healthy controls was accomplished block-wise and in alternating order to facilitate pairwise matching
by sex, age, and education. At two time-points in the study course, MS patients were included before
identifying matching healthy controls from a larger pool of potential healthy participants.

Written informed consent was obtained from all participants. Participants received financial com-
pensation for time and effort, and were provided with free transportation to and from the hospital. The
study was approved by the ethics review committee of the Chamber of Physicians (Aerztekammer),
City of Hamburg, and was conducted in accordance with guidelines of the ethical committee of the
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University of Hamburg, the declaration of Helsinki (World Health Organisation, 2013) and national
legal regulations.

1.3. Software

All preprocessing procedures and analyses were carried out in the MATLAB and Statistics toolbox
Release 2013a, The MathWorks, Inc., Natick, Massachusetts, United States (MATLAB 2013a) using
in-house code, built-in functions, and commonly available software, unless reported differently. All
plots were generated in MATLAB 2013a and compiled as figures using Adobe Illustrator CS5. Brain
plots were visualized with the BrainNet Viewer (http://www.nitrc.org/projects/bnv) also running on
MATLAB 2013a.

1.4. Neuropsychological and clinical data

Details of all neuropsychological and clinical scores that were analyzed for this doctoral thesis are
summarized in Tab 4. Scores of the Hospital Anxiety and Depression Scale (HADS), Fatigue Scale for
Motor and Cognitive Functions (FSMC), and the Edinburgh Handedness Inventory were computed
from the raw data according to the corresponding manuals.

Table 4. — Clinical, neuropsychological, and other assessment tools.

Clinical tool Subscales Construct and scoring
EDSS - Extended Disability Status - level of overall disability (0-10)
Scale (Kurtzke, 1983; Hobart et al.,
2000)
HADS - Hospital Anxiety and HADS-A anxiety level in patients with physical impairment
Depression Scale (Zigmond and (0-21), diagnostic classification (no clinical signs
Snaith, 1983; Herrmann-Lingen [<7], moderate [8-10], clinically relevant manifesta-
et al., 1991) tion [>11])

HADS-D depression level in patients with physical impair-

ment (0-21), diagnostic classification (no clinical signs
[<7], moderate [8-10], clinically relevant manifesta-

tion [>11])
FSMC - Fatigue Scale for Motor motor physical fatigue level (10-50), diagnostic classification
and Cognitive Functions (Penner (no fatigue [< 22],mild [22-26], moderate [27-31], se-
et al., 2009) vere [[>32])
cognition cognitive fatigue level (10-50), diagnostic classifica-

tion (no fatigue [< 22],mild [22-27], moderate [28-33],
severe [>34])

sum scores overall fatigue level (20-100), diagnostic classification
(no fatigue [< 43],mild [43-52], moderate [53-62], se-
vere [>63])
Neuropsychological tool Subscales Construct
VLMT - Verbaler Lern- und supraspan immediate word span recall
Merkfaehigkeitsttest (Helmstaedter
et al., 2001)
1-5 learning
5-7 words forgotten over the inference trial; consolidation
in longterm memory
SDMT - Symbol Digit Modality - psychomotor speed, attention, working memory
Test (Van Schependom et al., 2014)
PASAT - Paced Auditory Serial - working memory, attention, information processing

Addition Test (Gronwall, 1977)

TAP - Testbatterie zur Aufmerk- alertness with sig- phasic arousal
samkeitspruefung  (Zimmermann nal

and Fimm, 2007)

Continued on next page
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Table 4 — continued from previous page

Neuropsychological tool

Subscales

Construct and scoring

Block - Tapping - Test (Wechsler,
1997)

RWT -
sigkeitstest (Aschenbrenner et al.,
2000)

Regenburger Wortflues-

alertness without
signal
incompatibility
covert shift of at-
tention

forward

backward
categories

category Switch-

intrinsic alertness

executive functions

ability to focus visual attention to surroundings with-
out changing the direction of gaze

storage capacity of visual-spatial short-term memory

learning in visual-spatial working memory
semantic-categorical word fluency

semantic-categorical word fluency with alternating

ing categories
letter K formal-lexical word fluency
Other tools Subscale Construct and scoring

measure of hand laterality: dominant hand (left [<-
41], both [-40-40], right [>41))

Edinburgh Handedness Inventory -
(Oldfield, 1971)

1.5. Neuroimaging data

1.5.1. MRI, fMRI, and DTI data acquisition

MRI data acquisition was performed on a 3 Tesla Magnetom Skyra whole-body system using a standard
32-channel head coil (Siemens, Erlangen, Germany). Anatomical MR images were acquired with a
T1-weighted MPRAGE sequence (repetition time (TR) = 2500ms, echo time (TE) = 2.12ms, field of
view = 240mm, flip angle = 9°, 256 slices covering the whole brain, voxel size 0.8x0.8x0.9mm) and a
FLAIR sequence (TR = 9000ms, TE = 90ms, 43 slices, 10% gap, 320x field of view = 230mm, flip angle
= 150°, voxel size 0.7x0.7x3.0mm). DTT images were acquired with a single-shot echo-planar imaging
(EPI) sequence (30 directions, TR = 7200ms, TE = 87.0ms, 50 slices, no gap, 128x128 matrix, field
of view = 2 40mm, b-value = 1000s/mm2, voxel size 1.9x1.9x2.0mm). Functional data were recorded
using a T2*-weighted gradient EPI sequence (TR = 2500ms, TE = 25ms, field of view = 250mm,
flip angle = 90°, 40 slices, no gap, 94x94 matrix, voxel size 2.7x2.7x 3.0mm, duration = 625sec),
while participants fixated a black cross during a so-called resting state measurement. Participants
were instructed to lie still, stay awake, relax, and maintain the fixation. Head and body motion
was restricted using foam and pillows. Respiration and pulse signal were only recorded for a small
portion of the sample due to technical difficulties and could therefore not be taken into account for
preprocessing or analyses.

1.5.2. Preprocessing of MRI and fMRI data

MRI data was preprocessed using the Statistical Parametric Mapping software package, version 8,
Wellcome Trust Centre of Neuroimaging, London, Great Britain (SPM8) running on MATLAB 2013a.
Before preprocessing, images of all participants were checked visually for rough alignment with default
orientation, and manually reoriented if necessary.

WM hypointensities in T'1-weighted images and WM hyperintensities in T2-weighted images indicate
focal pathological modifications that occur due to acute inflammation, or permanent deterioration of
myelin. WM alterations of this sort are primary symptoms in MS, but can occur to a minor extent in
other neurological diseases or in the course of healthy aging as well. Extensive WM hypointensities
can lead to inaccurate estimations of tissue compartments during the segmentation process (Chard
et al., 2010, for an example from the present study see appendix section B.1). This in turn would
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introduce systematic differences between MS patients and healthy controls when individual tissue
masks are used for the analysis of fMRI data. To avoid this, individual WM lesions were identified
and filled with the help of the Lesion Segmentation Toolbox version 2.0.12 (LST) for SPM8 before
further preprocessing of MRI data (Schmidt et al., 2012, www.statistical-modelling.de/Ist.html). The
lesion growth algorithm was applied to compute individual lesion probability maps based upon T1-
weighted and FLAIR images. Using those lesion probability maps, corresponding hypointensities in
T1-weighted structural images were replaced by simulated normal appearing WM. Both the lesion
maps and the filled images were controlled visually for obvious failure of the algorithm. Manually
marked lesion maps by an experienced radiologist were not available for a systematic validation. The
total lesion volume in ml was determined automatically for each participant based on the WM lesion
maps.

Further preprocessing of MRI data included co-registration with the mean functional image and
segmentation into WM, GM, and cerebro-spinal fluid (CSF) compartments using the New Segment
algorithm (bias regularisation = 0.0001, bias full width at half maximum (FWHM) = 60mm cutoff;
based on Ashburner and Friston, 2005). Functional images were slice-time-corrected to the middle
slice, realigned to the first image (2th degree B-spline interpolation) and unwarped (4th degree B-
spline interpolation) to reduce susceptibility-by-movement interactions after removal of the first four
volumes. Excessive volume-to-volume head movement (translation > 2mm, rotation > 2.5°) led to
detailed visual inspection of all functional images as well as the realignment parameters. Volumes with
movement artifacts in the course of sharp and excessive movement were discarded. Participants with
less than 50% volumes left were excluded. Finally, functional and structural images were normalized to
Montreal Neurological Institute (MNI) space and smoothed (8-mm FWHM gaussian kernel) using the
Diffeomorphic Anatomical Registration Exponentiated Lie Algebra algorithm (DARTEL) (Ashburner,
2007). The conventional normalization procedure implemented in SPM8 warps individual data into
MNT space based on a standard structural template. This approach holds the risk of introducing
artificial groups differences if one group differs stronger from the standard brain than the other,
for example due to structural damage. In contrast, DARTEL creates and applies a sample-specific
structural template to reduce this systematic influence of normalization procedures. Because the cross-
sectional analyses were conducted before the completion of the follow-up data acquisition, DARTEL
was rerun including the follow-up data for the longitudinal part of this thesis. The total intensity was
preserved through normalization (no modulation) as recommended for fMRI data. Preprocessed data
was controlled visually for failure of applied algorithms.

1.5.3. Preprocessing of DTI data

DTI data was preprocessed with the FMRIB Software Library version 5.0.8 (FSL) (www.fsl. fm-
rib.ox.ac.uk/fsl). The preprocessing included the correction of head movements and eddy current
distortions (reference volume = 0) using the FMRIB’s Diffusion Toolbox, brain extraction using the
Brain Extraction Tool (BET2, f = 0.2; Popescu et al., 2012), and fitting of a diffusion tensor model
using DTIFIT. The resulting fractional anisotropy (FA) images were spatially normalized afterwards
by applying a nonlinear transformation to the implemented standard-space template and an affine
transformation to MNI space using the Tract-Based Spatial Statistics (TBSS) toolbox. The FA value
is derived from the eigenvalues of the diffusion tensor and represents the directionality of the diffusion
in a voxel. Values range from zero to one, whereby higher values indicate greater directionality and
therefore higher structural integrity of WM tracts.
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1.6. General statistics

A few basic statistic tests were applied in more than one analysis. To reduce redundancy in the
following analyses sections, their basic characteristics and test statistics are summarized below.

The t-test is a parametric test that can be applied to test a difference in a variable on interval scale.
It gives the t-value (t), which is a measure for the relation of the observed difference (for example
between two groups) to the t-distribution. Results that are unlikely under the t-distribution have high
t-values and low p-values. The sign of t-value reflects the group contrast. T-tests can be calculated
for paired and unpaired samples. Wilcoxon signed rank tests are a non-parametric alternative to test
differences between paired samples in variables on interval scale that are not normally distributed. Its
test statistic is given by the Z-value (Z) in the present work. The interpretation of its size and sign is
similar to t, but its computation takes into account the ranking of differences between pairs. Differences
in variables measured on nominal scale were tested using the McNemar test (binary classifications)
or Chi square test (ncjasses > 2) in the present study. In both cases, the test statistic is given by Y.
Basically, those tests compare the observed frequencies of cases in each class with a distribution across
classes that would result by chance or as predicted by a specific hypothesis.
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2. Analysis 1: Group differences in function,
structure, and behavior at baseline

2.1. Introduction

The aim of this analysis was to provide a comprehensive overview over structural, functional, and
behavioral characteristics of both study groups. The overview was supposed to allow for an estimation
of the representativity of the recruited sample and, in consequence, to facilitate the interpretation of
all presented analyses of this doctoral thesis in relation to results reported by earlier neuroimaging
studies on pathological mechanisms in MS.

Studies on functional characteristics in pathological populations usually aim for conclusions about
abnormalities on the group level. Studies that focus specifically on individual features of fcMRI in
MS or other neurological disorders, on the other hand, are rare. Nonetheless, conclusions are drawn
about the potential application of those group-based results as biomarkers, implying that they possess
diagnostic relevance on the individual level (e.g. Valsasina et al., 2011; Cruz Gomez et al., 2014). In
a post-hoc test, individual deviations of f{cMRI were therefore related to results on the group level to
illustrate the variability among individuals and therefore the complexity of deriving significance for
the individual case from group-based findings.

2.2. Material and methods

2.2.1. Participants

Detailed information on recruitment criteria for MS patients and healthy controls can be found in
section 1.2, part III. After the initial clinical examination, five participants were excluded from the
study due to persistent technical artifacts in their MEG data caused by tooth fillings and contraceptive
coils. Two patients and one healthy control had to be excluded after the baseline measurement because
they did not meet the medical criteria anymore, and two more patients left the study on their own
initiative. The final patient sample contained 40 MS patients (25 female, 24-60 years). From a total
number of 70 eligible healthy subjects, 40 (25 female, age 29-57 years) were matched pairwise with
patients by sex, age, and years of education.

2.2.2. Neuropsychological and clinical data

Statistical testing of group differences in neuropsychological and clinical data was carried out in
MATLAB 2013a. Statistical tests for paired samples were chosen depending on the scale of measure-
ment and the distribution of data, which was controlled visually with histograms and analytically
with Kolmogorov-Smirnov-tests (MATLAB 2013a function kstest, Massey, 1951). For variables mea-
sured on interval scale, paired t-tests (MATLAB 2013a function ttest) were conducted for normally
distributed variables and Wilcoxon signed rank tests (MATLAB 2013a function signrank, Gibbons,
1974) otherwise. Corresponding effect size estimates were Cohen’s d for t-tests, which is the mean
pair difference divided by the standard deviation of pair differences (Cohen, 1988, 1992, interpretation:
0.2 = small, 0.5 = medium, 0.8 = large), and for the Wilcoxon signed rank test an approximation of
the correlation coefficient, computed by dividing the Z-value by the square root of observations (esW;
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Pallant, 2001, pp. 224-225; interpretation: 0.1 = small, 0.3 = medium, 0.5 = large). For variables
measured on nominal scale, McNemar tests (MATLAB 2013a function mcnemar) were computed for
binary classifications and Chi square tests (MATLAB 2013a function crosstab) otherwise. For neu-
ropsychological tests, the a-level was 0.05 (two-sided, false discovery rate (FDR)-corrected with q =
0.05, Benjamini and Hochberg, 1995). Demographic and clinical group differences were defined as
significant at p < 0.05, uncorrected.

2.2.3. Structural data
2.2.3.1. Analysis of gray matter

Analysis of GM was conducted in SPM8 running on MATLAB 2013a. Individual GM segments were
transformed from native into MNI space using DARTEL (Ashburner, 2007). This time, the amount of
signal was preserved (modulation), meaning that the intensity of signal of a region reduces or increases
during expansion or compression when the image is transformed into standard space. This allowed for
voxel-wise analysis of GM intensity as a proxy for GM atrophy. Using the Voxel Based Morphometry
toolbox, Version 8 (VBMS) (Ashburner and Friston, 2000), a general linear model was fit to the data
using the restricted maximum likelihood method. To correct for different brain sizes, images were
proportionally scaled with respect to the individual total intracranial volumes obtained by summing
up GM, WM, and CSF volumes. Group differences in GM intensity were tested for significance using
paired t-tests (one-sided, a-level = 0.001, family wise error (FWE)-corrected) for all voxels that had
GM values > 0.3 in each participant. One-sided testing was based on the hypothesis that MS patients
would have lower GM intensities due to the well known GM atrophy in this disorder (see section 2.5,
part I).

2.2.3.2. Analysis of DTI data

Voxel-based statistical analysis of group differences in FA maps was conducted with TBSS in FSL.
A sample-specific mean FA image (i.e. across all participants) was created and skeletonized. The
skeleton was thresholded at 0.2, after controlling visually the alignment of the skeleton with the
individual major white matter tracts. Individual FA data was projected onto the skeleton with the
help of beforehand computed distance maps. Group differences in FA-values were tested for significance
using permutation statistics (5000 permutations) for paired samples with the help of the Randomise
tool (Winkler et al., 2014). The Threshold-Free Cluster Enhancement method was applied for cluster-
thresholding. P-values were corrected for multiple comparisons by controlling the FWE (two-sided,
a-level = 0.001, FWE-corrected).

2.2.4. Functional connectivity
2.2.4.1. Computation of individual ROI-to-ROI fcMRI

Using the MATLAB-based CONN toolbox (v14b, http://www.nitrc.org/projects/conn), mean BOLD
signal time-series were extracted from the preprocessed data for 90 anatomical ROIs (cortical and sub-
cortical regions of the automatic anatomical labeling (AAL) atlas; see appendix section B.2) covered
by individual GM masks. The influence of body movements was modeled based upon the realignment
parameters and regressed out of the time-series after an initial despiking that was applied to remove
potential outlier scans. To account for scanner drift effects, a linear-term regressor was added to the
general linear model for nuisance regression. Several investigations of spontaneous fcMRI indicate that
functional interactions are best reflected in a specific frequency range of the BOLD signal (Cordes et al.,
2001). High frequencies were shown to be associated with respiratory and cardiac activity (Murphy
et al., 2013) and very low frequencies with scanner instabilities (Smith et al., 1999). To improve the
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signal-to-noise ratio, BOLD time-series were therefore band-pass filtered (0.01-0.1Hz). Further non-
neuronal contributions to BOLD signal variance from CSF and WM were reduced by applying the
CompCor strategy (Behzadi et al., 2007). Pearson’s correlation coefficients were computed pairwise
between corrected BOLD time-series and Fisher’s z-transformed to construct individual whole-brain
ROI-to-ROI fcMRI matrices.

For illustration purposes only, each ROI was assigned to at least one RSNs based on previous findings
(for details see appendix section B.2). Some of the ROIs of the AAL atlas cover large parts of the
brains so that a distinct assignment to just one RSN was not always possible. The assignment must
therefore be understood as a rough approximation for an easier understanding of the results.

2.2.4.2. Second level analysis of fcMRI group differences

Group differences in fcMRI were tested for significance separately for each of the 4005 ROI-to-ROI
connections with permutation tests for paired samples (50000 permutations, two-sided, a-level = 0.05,
FDR-adjusted according to Yekutieli and Benjamini, 1999). Cohen’s d values for paired samples were
computed as effect size.

2.2.4.3. Post-hoc exploration of inter-individual variability

To complement the results of the group analysis and to further inquire into the variability of individual
alterations of fcMRI among patients, a qualitative post-hoc analysis was conducted. Each functional
connection of the individual ROI-to-ROI fcMRI maps was thereby categorized as either increased, or
decreased relative to the connection-specific average fcMRI of healthy controls.

In addition, relevant individual deviations of fcMRI were identified for each subject with two different
definitions of relevance. First, alterations that were lower, or respectively higher than the 2.5% and the
97.5% percentiles of the connection-specific distribution of deviations in the control group were defined
as meaningful. Second, irrespective of their relation to deviations in the control or patient group, the
5% greatest individual deviations were taken into account (top 5%, n = 200; approximate amount
of discriminative links in Richiardi et al., 2012). Amount and spatial distribution of those relevant
connections were then explored. For completeness, the analysis was conducted for both groups.
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2.3. Results

2.3.1. Sample

The EDSS score of one healthy controls was missing and therefore replaced by the corresponding
group mean. For two healthy controls, one of fourteen items of the HADS were missing, respectively.
The scores were replaced by the individual mean of the corresponding depression or anxiety subscale.
Groups differed significantly (p < 0.05) in all MS-specific clinical variables, namely EDSS, dimensional
and categorical scores for general, motor, and cognitive FSMC, lesion volume, and intake of MS
medications. No such group differences were detected for the handedness, depression and anxiety
scores, the occurrence of sleep problems, and the intake of cortisone (Tab. 5).

Table 5. — Demographic and clinical characteristics of the study sample.

Demographic information HC MS Test P effect size
(n = 40) (n = 40) parameter

Age (in years; M, SD) 40.85 (8.24)  41.23 (9.49) t(se) —-0.74 046  d = -0.12

Sex (female-male) 25-15 25-15 - - -

Handedness (left-both-right) 1-1- 38 4-2- 34 X(2) = 2.36 0.31 -

Clinical characteristics HC MS Test P effect size

(n = 40) (n = 40) parameter

Years since diagnosis (M, SD) - 6.93 (5.00) - - -

EDSS (M, SD) 0.32 (0.58) 2.03 (0.93) Z = -5.07 <0.01*  esW = -0.57

FSMC Sum (M, SD) 28.38 (6.10) 52.45 (19.49) Z =-485  <0.01* esW = -0.54
no-mild-moderate-severe 40-0-0-0 14.6-6-14 X@3) = 3852 <0.01* -

FSMC Motor (M, SD) 13.98 (3.42)  25.38 (9.84) 7 =-4.81 <0.01*  esW = -0.54
no-mild-moderate-severe 39-1-0-0 18-2:7-13 X@3) = 28.07 <0.01* -

FSMC Cognition (M, SD) 1440 (3.36) 27.08 (10.52) Z=-479  <0.01* esW = -0.57
no-mild-moderate-severe 40-0-0-0 14-7-5-14 X@3) = 3851 <0.01* -

HADS-A (M, SD) 3.28 (2.65)  4.50 (3.20) 7 =-1.49 014  esW =-0.17
no-moderate-clinical 38-1-1 30-9-1 X(2) = 7.34 0.03* -

HADS-D (M, SD) 2.33 (2.30)  2.93 (2.90) 7 =-1.33 018  esW =-0.15
no-moderate-clinical 38-2-0 37-2-1 X(2) = 1.01 0.60 -

Sleep problems (no-yes) 32-8 28-12 Xy = 0.75 0.39 -

Lesion volume (in ml; M, SD) 0.13 (0.24) 11.03 (14.59) Z =-551  0.01*  esW = -0.62

Cortisone (yes-no-unknown) 3-32:5 3-29-8 X(2) = 0.84 0.66 -

MS modifying drugs** (yes-no-unknown) 0-39-1 20*%*.19-1 X2 =2890 <0.01* -

d = Cohen’s d; Z = test statistic of Wilcoxon signed rank test; x = test statistic of Chi square or McNemar tests;
esW = effect size for Wilcoxon signed rank test; HC' = healthy controls; MS = multiple sclerosis;

*significant at p < 0.05;

**glatiramer acetate (n = 3), natalizumab (n = 4), beta interferon (n = 5), fingolimod (n = 3), dimethyl fumarate
(n = 1), unknown (n = 4)

2.3.2. Neuropsychological data

MS patients performed significantly worse (p < 0.05, FDR-corrected) in the VLMT 1-5 subscale
(learning; Cohen’s d = 0.56), and in two subscales of the RWT (semantic-categorical word fluency
with and without alternating categories; Cohen’s d = 0.46/0.49). No further meaningful differences
were detected. The score of one MS patient was missing for the TAP subscale Covert shift of attention
and was replaced by the average value of the remaining patients. Results are summarized in Tab. 6.
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Table 6. — Group differences in neuropsychological tests.

Neuropsychological test HC MS Test p effect size
(n = 40) (n = 40) parameter
VLMT supraspan (M, SD) 8.45 (2.23) 7.35 (2.52) te) = 2.09  0.08 d =0.33
1-5 (M, SD) 59.32 (7.48) 52.93 (10.62)  t(z9) = 3.51  0.02* d = 0.56
5-7 (M, SD) 0.68 (1.53) 1.20 (1.92) Z=-134 0.18 esW = -0.15
SDMT (M, SD) 61.68 (12.06) 57.73 (14.15)  tz9y = 1.48  0.21 d =0.23
PASAT (M, SD) 50.70 (7.87) 48.78 (9.65) Z = 0.60 0.59 esW = 0.07
TAP Alert. + signal (M, SD) 246.90 (26.44) 264.63 (54.25) t(39) =-1.89 0.10 d =-0.30
Alert. - signal (M, SD) 246.68 (29.15) 267.65 (49.53) t(z9) =-2.38  0.06 d =-0.38
Incomp. (M, SD) 505.88 (69.78) 511.28 (90.71) t(39) =-0.34 0.74 d =-0.05
Covert shift (M, SD) 36.58 (22.81) 49.92 (30.04)  t(zey =-2.15  0.07 d=-0.34
Block-Tapping forw.(M, SD) 9.22 (1.85) 8.52 (1.64) Z = 2.39 0.06 esW = 0.27
backw. (M, SD) 8.63 (1.80) 7.75 (1.82) Z =223 0.06 esW= 0.25
RWT categories (M, SD) 42.10 (9.26) 35.98 (10.60)  t(zg) = 3.07  0.03* d =049
cat. switching (M, SD) 25.78 (7.93) 21.35 (6.70) t(zo) = 2.89  0.03* d = 0.46
letter K (M, SD) 25.22 (4.62) 26.45 (9.21) t(z9y = -0.72  0.55 d =-0.11

d = Cohen’s d; Z = test statistic of Wilcozon signed rank test; esW = effect size for Wilcoxon signed rank test;
HC = healthy controls; MS = multiple sclerosis; *significant at p < 0.05, FDR-corrected

2.3.3. Structural data
2.3.3.1. Gray matter

After FWE-correction, there were no voxels that differed significantly between groups. For the purpose
of display, uncorrected group differences in GM are displayed in Fig. 6, A (p < 0.0001, uncorrected,
threshold for cluster-extent based thresholding = 20). MS patients showed decreased GM intensities
in four clusters in the cerebellum and in one cluster in the inferior parietal lobule on the left side.
Anatomical and statistical details are summarized in Tab. 7.

Table 7. — Clusters with group differences in gray matter intensities (uncorrected).

Contrast size max. T P P(FWE) X y z Location
HC > MS 226 5.11 <0.01 0.05 -58 -45 48  inferior parietal lobule (L)
600 4.85 <0.01 0.10 28 -61 -56  cerebellum (L)
35 4.66 <0.01  0.17 4 -85 0 cerebellum (R)
52 4.47 <0.01 0.25 -18 -67 -33  cerebellum (L)
419 4.47 <0.01 0.25 27 -60 -56  cerebellum (R)

HC = healthy controls; MS = multiple sclerosis; L = left; R = right; x, y, z = coordinates of the Montreal
Neurological Institute (MNI) space

2.3.3.2. White matter

Due to technical reasons, DTI data of one MS patient was not available. The corresponding healthy
partner was also excluded from the analysis to maintain the individual matching, resulting in a sample
size of 78 for statistical testing. There were multiple significant clusters (p < 0.001, FWE-corrected),
in which healthy controls had higher FA-values than MS patients (Fig. 6, B, Tab. 8), and no significant
group differences in the opposite direction.

Table 8. — Clusters with significant group differences in fractional anisotropy (FA).

Contrast size max. Z P(FWE) X y z Location

HC > MS 42098 7.37 <0.01 17 17 -2 corticospinal tract (R)
370 4.36 <0.01 16 55 15  forceps minor (R)
121 5.71 <0.01 12 9 -1 ant. thalamic radiation (R)
105 5.18 <0.01 13 -22 14  ant. thalamic radiation (R)

Continued on next page
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Table 8 — continued from previous page

Contrast  size max. Z P(FWE) X y z Location
68 3.54 <0.01 -35 -31 49  sup. longitudinal fasciculus (L)
48 4.32 <0.01 -58  -34 -7 sup. longitudinal fasciculus (L)
44 4.28 <0.01 -9 -58 20 cingulum (L)
39 3.14 <0.01 -51 -15 6 sup. longitudinal fasciculus (L)
6 3.18 <0.01 -42 -57 10  sup. longitudinal fasciculus (L)
3 2.51 <0.01 -13 58 6 forceps minor (L), ant. thal. radiation (L)
2 3.13 <0.01 42 -51 44 sup. longitudinal fasciculus (R)
1 2.42 <0.01 -44 -59 12 sup. longitudinal fasciculus (L)
MS > HC - - - - -

HC = healthy controls; MS = multiple sclerosis; L = left; R = right; x, y, z = coordinates of the Montreal
Neurological Institute (MNI) space

2.3.3.3. White matter lesion distribution in MS patients

The distribution of WM lesions in MS patients as derived from the automatic lesion segmentation is
illustrated in Fig. 6, C. The values indicate the percentage of patients with a lesion probability of at
least 10% in the given voxel based on their individual unsmoothed and normalized lesion probability
maps. The probability threshold has no statistical meaning, but was applied for illustration purposes
only. It should be considered that subtle WM alterations that do not manifest as circumscribed
lesions on the macroscopic level (so-called normal appearing WM) are not captured by the algorithm.
White matter lesions spread widely and were found across the entire WM. The highest probability
was detected periventricular in the posterior part of WM.

MNIz=18 MNIz =48

Figure 6. — Group differences in structural data. A Clusters with significant group differences in gray
matter (red; p < 0.0001,uncorrected, cluster extend threshold = 20). B Significant group differences in fractional
anisotropy (blue; p < 0.001, FWE-corrected). C Distribution of white matter lesions in MS patients. Illustrated
is the percentage of patients with a probability of at least 10% for a lesion in a certain voxel.

MNI = Montreal Neurological Institute standard brain; images are displayed in neurological orientation
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2.3.4. Functional connectivity
2.3.4.1. Group differences

Volume-to-volume movement exceeded the criteria (translation > 2mm, rotation > 2.5°) in two healthy
controls but no patients. Detailed inspection of both functional images and realignment parameters
gave reason to discard 104 of 246 functional images in one participant (HC11) while no volumes had
to be removed in the second one (HC34). Overall, study groups did not differ significantly in their
translation or rotation parameters, so that systematic effects of movement on fcMRI estimates must
not be assumed. There were no significant group differences in ROI-toROI fcMRI when multiple
comparison correction was applied. Without correction, 30 group differences were identified at an
a-level of 0.005 (Fig. 7, Tab. 9). Controls had higher fcMRI in nine longe-range connections mainly
between parietal, cingulate, and frontal regions (|Cohen’s d| = 0.50-0.62). MS patients exhibited
relatively increased fcMRI in 21 functional links predominantly among frontal areas and between
frontal ROIs and the basal ganglia (|Cohen’s d| = 0.49-0.73). Effect sizes for the identified group
differences were medium up to large.
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Figure 7. — Group differences in functional connectivity. A z-values for each of the 4005 functional
connections of the automatic anatomical labeling (AAL) atlas are illustrated in the lower triangle of the matrix,
indicating the statistical group difference. Group contrasts with p < 0.005, uncorrected, are highlighted in
the upper triangle. Warm colors indicate higher fcMRI in healthy controls (HC), while cold colors represent a
relative increase of fcMRI in multiple sclerosis (MS). B Group differences plotted on the brain. networks: DMN
= default mode, FPC = fronto-parietal control, SAL = salience, V/DAN = ventral/dorsal attention, SMN =
somatosensory, VIS = visual, AUD = auditory, BG = basal ganglia, HIP = hippocampus, THAL = thalamus,
AMYG = amygdala; L = left; R = right; for information on regions of interest see appendix section B.2

47



Analysis 1: Group differences in function, structure, and behavior at baseline

Table 9. — Group differences in functional connectivity (p < 0.005, uncorrected).

ROI 1 ROI 2 RSN z p pror) d

cingulum ant (ACCy) precuneus (PCUNR) DMN 292 0.003 0.633 0.52
cingulum ant (ACCg) precuneus (PCUNR) DMN  2.92 0.003 0.632 0.52
frontal sup med (SFGmedg) precuneus (PCUNg) DMN  3.15 0.002 0.655 0.57
angular (ANGRg) cingulum post (PCCgr) DMN  2.85 0.004 0.632 0.50
frontal med orb (ORBsupmedy,) parietal inf (IPGy) - 3.35 <0.001 0.55 0.62
cingulum ant (ACCy) cingulum mid (MCCg) SAL 3.33 <0.001 0.55 0.61
temporal pole mid (TPOmidy,) calcarine (CALR) VAN 3.13 0.002 0.55 0.56
precentral (PreCGg) insula (INSy) - 2.87 0.004 0.632 0.50
frontal inf oper (IFGopercr) pallidum (PALy) - 2.94 0.003 0.632 0.52
parietal inf (IPGR) calcarine (CALR) - -3.18 0.001 0.55 -0.57
frontal sup (SFGdorrg) rolandic oper (ROLy,) - -2.81 0.004 0.632 -0.49
frontal sup (SFGdorrg) rolandic oper (ROLRg) - -3.25 0.001 0.554 -0.60
frontal sup med (SFGmedg) pallidum (PALL) - -3.14 0.002 0.554 -0.57
cingulum post (PCCr) pallidum (PALy) - -2.92 0.003 0.632 -0.51
rectus (RECR) pallidum (PALy,) - -2.99 0.003 0.632 -0.53
temporal pole mid (TPOmidy,) pallidum (PALy) - -2.99 0.003 0.632 -0.53
olfactory (OLF<y,) pallidum (PALR) - -3.24 0.001 0.554 -0.58
olfactory (OLFg) pallidum (PALgR) - -3.36 <0.001 0.554 -0.61
frontal sup med (SFGmedg) pallidum (PALgR) - -3.60 <0.001 0.554 -0.68
frontal med orb (ORBsupmedy,) pallidum (PALR) - -3.12 0.002 0.554 -0.56
frontal med orb (ORBsupmedg) pallidum (PALR) - -3.05 0.002 0.632 -0.54
cingulum post (PCCr) pallidum (PALgR) - -2.88 0.004 0.632 -0.50
rectus (RECL,) pallidum (PALR) - -3.14 0.002 0.554 -0.56
rectus (RECRr) pallidum (PALRg) - -3.77 <0.001 0.554 -0.73
temporal pole mid (TPOmidg) pallidum (PALR) - -2.90 0.004 0.632 -0.51
olfactory (OLF<,) caudate (CAUy - -2.82 0.004 0.632 -0.49
frontal sup medl (SFGmedg) putamen (PUTYL) - -3.00 0.003 0.632 -0.53
rectus (RECR) putamen (PUTY,) - -2.85 0.004 0.632 -0.50
rectus (RECgr) putamen (PUTR) - -2.92 0.004 0.632 -0.51
frontal med orb (ORBsupmedr) amygdala (AMYGr,) - -2.86 0.004 0.632 -0.50

d = Cohen’s d; ROI = region of interest; RSN = resting state network; L = left; R = right; d, z > 0: healthy
control > multiple sclerosis; d, z < 0: healthy controls < multiple sclerosis

2.3.4.2. Post-hoc exploration of inter-individual variability in fcMRI

The post-hoc analysis revealed that the individual increase of fcMRI, that means higher fcMRI relative
to the connection-specific mean value of healthy controls, corresponded best among patients in the
fronto-parietal network (increase in > 75% of patients), and in functional connections connecting
the basal ganglia with the DMN and the fronto-parietal with the salience network (Fig 8, A, lower
triangle). There were only few connections, in which less than 25% of all patients exhibited an
increase of fcMRI, indicating, by implication, that patients corresponded only weakly with respect to
their individual patterns of decreased fcMRI. There was also only little matching between patients in
their individual top 5% alterations, which were found to be distributed widely across the entire brain
(Fig 8, A, upper triangle).

On average, approximately 60% of all 4005 functional connections deviated in the direction of the
group contrasts in the patient group (increase when MS > HC and vice versa; Fig 8, B). Relevant
alterations in accordance with the direction of the difference, however, were detected in only a small
portion of all connections (3.17-5.98%).

In patients, on average 278.93 meaningful alterations were identified and still 182.88 in healthy
controls (Fig 8, C). The number of meaningful alterations was not related to the overall lesion volume
(ruc = -0.11, pyc = 0.50; rys = 0.03, pys = 0.86). The mean deviation from the group mean in such
connections was |r| = 0.38 in both groups. The top 5% alterations deviated slightly stronger with a
mean of |r| = 0.42 in patients and controls.
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The ratio between average increase and decrease of fcMRI was almost balanced for both meaningful
and top 5% deviations (Fig 8, C). In functional connections with significant group contrast, on the other
hand, the majority of relevant deviations were positive, reflecting of course the group-based findings
(Fig 8, D). Patients had on average less than five relevant deviations in functional connections that
had differed between groups (n = 30; Fig 8, D). In other words, in each of those functional connections
with group effect, relevant alterations were describable on the individual level in only 2.9 of the 40
patients on average (range 0-13). The highest portion of patients with meaningful alterations of fcMRI
were found in the connections within the DMN.
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Figure 8. — Exploration of individual deviations of functional connectivity. A Lower triangle:
percentage of multiple sclerosis (MS) patients with an increase of functional connectivity (fcMRI) relative to
controls. The percentage of patients with a decrease is always 100—%increase. Upper triangle: percentage of
patients with a top 5% alterations in each functional connection. B Average amount of positive (dark) and
negative (light) deviations of fcMRI from the group mean in healthy controls (HC) in both groups, separate for
functional connections, in which HC showed higher fcMRI and the other way around. The portion of meaningful,
top 5% deviations, their overlap, and subthreshold deviations is highlighted in different shadings. C Number
of meaningful and top 5% positive and negative alterations for both groups. D Number of relevant deviations
in functional connections with significant group difference in fcMRI. The average percentage of significant
connections, in which relevant deviations were identified is illustrated in red. dark = positive deviation of fcMRI
in relation to healthy controls, light = negative deviations; networks: DMN = default mode, FPC = fronto-
parietal control, SAL = salience, V/DAN = ventral/dorsal attention, SMN = somatosensory, VIS = visual,
AUD = auditory, BG = basal ganglia, HIP = hippocampus, THAL = thalamus, AMYG = amygdala;

L = left; R = right
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2.4. Discussion

2.4.1. Representativity of the sample

Size and demographic characteristics of the present patient sample are comparable to those of other
studies on fcMRI in MS (see section 3, part II). The overall clinical picture of MS was also similar to
other studies in the field. It should be noted that the overall disability was particular low as well as
the levels of anxiety and depression. Cognitive deficits were furthermore limited to memory and verbal
domains, while attention and information processing were shown to be preserved in disagreement with
patterns of cognitive deficits typically found in MS (Calabrese and Penner, 2007). Merely the preva-
lence of fatigue (65% ) was in a range that was representative for the clinical population (e.g Krupp
et al., 1988). Together, these characteristics do not represent the spectrum of clinical manifestations
of MS but are in line with other studies in the field. The participation in such an extensive study and
especially the MRI and MEG measurements are demanding and strenuous for patients. The inclusion
of severely affected patients is therefore not possible or desirable both from an ethical and a scientific
point of view.

2.4.2. White and gray matter impairment

As expected, there was extensive WM damage in MS patients, affecting a great portion of WM tracts.
The inter-individual variability of individual lesion locations and their distribution across the brain
were enormous as reported by other authors (e.g. Vellinga et al., 2009). Also in correspondence, areas
with highest lesion load probability were typical lesion sites in MS, namely periventricular areas and
the corpus callosum (Ge, 2006; Haider et al., 2016).

Although WM lesions are still the primary symptom for the diagnosis of MS, GM alterations are
attributed increasing importance for the manifestation and the development of the disease nowadays
(Steenwijk et al., 2016; Chard and Miller, 2016). In the present sample, only weak signs for MS-related
GM alterations were found, but consistently in the cerebellum. GM atrophy has been shown before
to affect diverse areas of the brain with minor to extensive impact, including the cerebellum (Cruz
Goémez et al., 2013; Grothe et al., 2016). Causal interrelation with WM pathology and the unique
contribution to the clinical manifestation of MS are matters of current research.

2.4.3. Alterations of functional integration in MS

In line with the present findings, previous studies have revealed both increase and decrease of functional
connectivity in MS (see section 3, part II). Disturbance of functional integration became evident in
this analysis between anterior and posterior parts of the DMN, with the precuneus as a key player.
Functional and structural alterations in the DMN have been described before in MS (e.g. Rocca et al.,
2010; Bonavita et al., 2011; Zhou et al., 2014). On the other hand, disturbances of the DMN were
shown for several other psychiatric and neurological diseases as well (Buckner et al., 2008). Whether
those findings reflect specific mechanisms for MS, or general pathological processes related to the
hubness and centrality of major DMN components (e.g. the precuneus; van den Heuvel and Sporns,
2011) is not answered yet.

The opposite, which is the enhancement of functional integration, was found between basal ganglia
nuclei and frontal regions. A specific role of the basal ganglia for MS is a subject of current discussion.
Previous findings have indicated a relationship with fatigue (Chaudhuri and Behan, 2000; DeLuca
et al., 2008), motor deficits (Dogonowski et al., 2013c), and cognitive impairment (DeLuca et al.,
2015; Wu et al., 2016) in MS.

Hyperconnectivity of frontal regions has been shown before in divergent disorders (for a review see
Hillary et al., 2015) and is though to indicate reinforced engagement of brain regions involved in cogni-
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tion, decision making and executive functioning. An in-depth exploration of the relationship between
individual fcMRI expression and the clinical manifestation of cognitive disturbances is presented in
the following analysis section (3, part III) and will therefore not discussed any further at this point.
Taken together, the sample characteristics indicate higher internal validity and only limited external
validity in line with other studies and general recommendations for explorative investigations. Find-
ings of functional, structural, and behavioral features are in line with previous studies, confirming that
the present sample does not differ systematically from other studies in the field.

2.4.4. From group to individual level, from scientific finding to clinical application

The exploration of individual deviations of fcMRI illustrated that group-based findings were reflected
only weakly on the individual level, as expected, considering the p-values of group differences in fcMRI.
Strongest deviations from the group mean of healthy controls did not converge among patients and,
most importantly, merely a small portion of them were found in functional connections, for which a
significant group effect had been detected before. For the interpretation of this outcome, it certainly
must be taken into account that the statistical evidence for the group effects was not satisfying. Find-
ings should therefore not be overrated. Nevertheless, this exploration illustrates following major issues
for the translation of neuroscientific group-based findings into clinical applications for dimensional,
but also categorical diagnostics. First, while the identification of effects on the group level is of course
necessary for the understanding of general pathological mechanisms, their significance for diagnostic
purposes is still unclear. Typically applied statistical tests aim for the identification of converging
patterns among individuals. A crucial challenge for clinical diagnostics in MS is however, on the very
contrary, to improve the characterization of individual features, hence to capture differences, rather
than similarities between patients, to facilitate personalized treatment or detailed prognoses. More-
over, the focus on inter-individual differences in functional integration patterns might also be useful to
disclose the underlying pathophysiology of the immense inter-individual variability of clinical symp-
toms in MS. In addition, recent findings by Langs et al. (2016) suggest considerable inter-individual
variability in the exact anatomical location of functional systems, which is a critical limitations of
group-based findings both for basic research questions and clinical applications. The development of
validated and reliable methodological approaches and standards for the characterization of functional
interactions on the individual level is therefore desirable (Airan et al., 2016). Second, findings of
fcMRI alterations are usually characterized relationally, that is in contrast to another group. As a
consequence, characterization of functional variables on the individual level also require benchmarks
to relate individual and group-based outcomes. In the current post-hoc analysis, the average fcMRI of
healthy controls was taken as a benchmark and defined separately for each functional connection. The
validity of this benchmark is certainly not sufficient for a profound statistical analysis due to the de-
pendence between second level and post-hoc analysis, the sample size, and the overall representativity
of the sample, but was applied nonetheless due to the lack of publicly available applicable functional
benchmarks. It would be desirable if authors of future studies in the field of translational neuroscience
consider this rather practical issue when drawing conclusions regarding the potential application of
their group-based findings as biomarkers. Third, taking into account the entire body of informa-
tion, for example with multivariate pattern recognition approaches (Kloppel et al., 2012), is certainly
one option for individual diagnostics. Focusing on specific alterations, however, is another conceiv-
able approach for the extraction of valuable information about individual characteristics. Results by
Richiardi et al. (2012), for example, indicate that only a small amount of all functional connections
actually discriminate between MS patients and healthy controls (4% of a 90x90 ROI-to-ROI matrix).
However, the identification of meaningful alterations not trivial. Relevant abnormalities of fcMRI
on the individual level were defined in a very simple way in the present study. More sophisticated
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methods might have come to a different conclusion. Investigations on appropriate clinical cut-offs that
separate random alterations from meaningful ones on the individual level are necessary to promote
the ambitious endeavor of translating neuroscientific findings into clinical tools.

2.4.5. Limitations

FcMRI was computed between pairs of ROIs based upon the AAL atlas to reduce the dimensionality
of the fcMRI analysis. It should be noted that this approach holds the risk to underestimated relevant
effect that might have been detected with higher spatial resolution. On the other hand, group effects
can also be overestimated, especially when groups differ systematically in their GM volume and in
consequence the matching between brain tissue and ROI templates. In the present analysis, only
weak differences were detected in the GM and almost all of them in the cerebellum, which was not
included in the fcMRI analysis. Still, a limitation due to the applied ROI-to-ROI approach should be
considered for the interpretation of the present and the following analyses of this doctoral thesis.
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3. Analysis 2: Compensation revised - On the
relationship between white matter integrity,
functional connectivity, and cognitive deficits in
multiple sclerosis

3.1. Introduction

Cognitive deteriorations are frequent in MS with prevalence estimates between 40% and 70% (Chiar-
avalloti and DeLuca, 2008). These impairments limit the participation in social and professional life
beyond physical disability and therefore are often perceived as especially burdening (Benedict et al.,
2005; Amato et al., 2006; DeLuca et al., 2015). Different potential structural brain correlates of
cognitive impairment in MS have been suggested (e.g. Sanfilipo et al., 2006; Calabrese et al., 2009).
Recently however, Daams et al. (2016) could show with a stepwise linear regression that only few
of the most commonly mentioned structural markers have unique predictive value for the cognition.
Their final regression model consisted only of GM volume of subcortical regions and the severity of
diffuse WM damage based on FA values, and explained less than 50% of the variance of cognition
in their large sample of long-standing MS patients. Predicting individual cognitive disturbance from
structural information is therefore still difficult and hardly reliable.

Both structural and behavioral symptoms have been linked to modifications of spontaneous func-
tional integration patterns in order to characterize the role of the functional connectome in reflecting
and mediating structural disturbance and behavioral manifestation in MS (e.g. Hawellek et al., 2011;
Zito et al., 2014; Hulst et al., 2015; Tewarie et al., 2015). The findings of these studies are highly
inconsistent. Evidence for both enhanced (Wojtowicz et al., 2014) and decreased (Gamboa et al.,
2014) functional integration was found in MS patients, and increased functional connectivity was
shown to be associated with preserved function (Leavitt et al., 2014) but also with greater impair-
ment (Schoonheim et al., 2015). The actual functional impact of alterations in metrics that describe
functional connectivity as well as the underlying mechanisms remain therefore unclear.

The aim of the present analysis was to go beyond the investigation of fcMRI itself and instead inquire
into connection-specific interdependencies between fcMRI and both structural alterations and behav-
ioral symptoms. FcMRI was associated with WM integrity on one side, and cognitive performance
on the other, and functional connections classified based on their qualitative relation to structure and
behavior. Similarities and differences between patients and controls in the resulting whole-brain pat-
terns were examined. In addition, organizational and other characteristics of connections with similar

association patterns were explored post-hoc.
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3.2. Material and methods

3.2.1. Participants

Detailed information on recruitment criteria for MS patients and healthy controls can be found in
section 1.2 and section 2.2.1, part III. The sample contained 40 MS patients (25 female, 24-60 years)
and 40 individually matched healthy controls (25 female, age 29-57 years; matched by sex, age, and
years of education).

3.2.2. Computation of integrated cognitive performance score

To integrate the overall performance in the neuropsychological assessment, a PCA was computed on
the z-transformed scores of all participants in fourteen neuropsychological tests (for details see section
1.4, part III) using SPSS 20.0 (IBM SPSS Statistics for Windows, Version 20.0. Armonk, NY: IBM
Corp). Components were determined without additional rotation of the principal axes (e.g. varimax).
Individual component scores, which constitute the representation of the input in principal component
space, were calculated using a linear regression. The individual scores of the first component, which
explains most of the variance among all components, were later used the main analysis as a measure
for the integrated cognitive performance (iCP) (Fig. 9, A). The Kaiser-Meyer-Olkin measure (Kaiser,
1970) and the Bartlett’s test of sphericity (Bartlett, 1937) were calculated to check the prerequisites
for the PCA.
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Figure 9. — Computation of associations and type classifications. A Input data. Pearson’s correla-
tions coefficients were calculated between 90 regions of interest (ROI) from the automated anatomical labeling
(AAL) atlas as an estimate for functional connectivity. The global white matter integrity (gWMI) was defined
as the individual average fractional anisotropy. The individual scores of the first component of a principal com-
ponent analysis (PCA) on the total neuropsychological performance were used as measure for the integrated
cognitive performance (iCP). Gray matter (GM) volumes of all 90 regions of interest were computed by av-
eraging the intensities of all voxels of the structural MRI covered by an individual mask. B Computation of
associations. Partial correlations with gray matter volumes as confounding variable were calculated to estimate
the association between Fisher’s z-transformed functional connectivity and either gWMI or iCP. Connections
were grouped into four connection-types by their directions of associations, resulting in two group-specific type
maps. 7 = partial correlation coefficient
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3.2.3. Computation of global white matter integrity

Diffusion imaging measures were shown to be particularly sensitive to white matter disturbances even
before lesions can be detected with conventional MRI methods (Ontaneda et al., 2014), and they are
among the best predictors for cognitive disturbances (Daams et al., 2016). Furthermore, it is known
that macroscopic functional interaction reflects a mixture of direct and indirect structural connectivity
(He et al., 2007; Damoiseaux and Greicius, 2009; Honey et al., 2009). In order to capture the influence
of WM impairment in both direct and indirect structural connections, a global metric for the integrity
of the WM was preferred for this explorative analysis. The global white matter integrity (gWMI) was
defined as the individual average FA value across the entire WM tissue.

DTI data was processed with the FMRIB Software Library (FSL, http://fsl.fmrib.ox.ac.uk/fsl) ver-
sion 5.0.7. The preprocessing included the correction of head movements and eddy current distortions
(reference volume = 0), brain extraction using BET2, and fitting of a diffusion tensor model using
DTIFIT. The resulting FA images were spatially normalized to MNI space and averaged on the indi-
vidual level across all voxels that were covered by the individual coregistered and spatially normalized
WM mask (Fig. 9, A).

3.2.4. Computation of individual ROI-to-ROI fcMRI

Mean BOLD time-series were extracted and corrected for 90 cortical and subcortical ROIs of the
AAL atlas (see appendix section B.2) with the help of the MATLAB-based CONN toolbox (v14b,
http://www.nitrc.org/projects/conn). For details on the clean-up of time-series see section 2.2.4.1,
part III. Pearson’s correlation coefficients were computed pairwise between corrected BOLD time-
series to construct individual whole-brain ROI-to-ROI fcMRI matrices. The correlation coefficients
were Fisher’s z-transformed before further use in the main analysis.

3.2.5. Computing and relating associations

For each functional ROI-to-ROI connection, two partial rank correlation coefficients were calculated
to estimate connection-specific associations between the Fisher’s z-transformed fcMRI and gWMI on
one side, and iCP on the other. GM volumes of the corresponding ROIs were included as confound-
ing variables to partial out the influence of cortical or subcortical atrophy (Fig. 9, B). Correlation
coeflicients were computed separately for controls and patients.

The global relationships of the resulting association maps were determined within and between
groups, as well as across variables and groups by computing Pearson’s correlations between the Fisher’s
z-transformed partial correlation coefficients. For the within-group relationship, gWMI-associations
were correlated with iCP-associations of the same group. For the between-group relationship, gWMI-
associations of the healthy group were correlated with the gWMI-associations of MS patients and the
same for the iCP-associations. The global relationship across variables and groups was determined by
relating gWMI-associations of the healthy group with iCP-associations of MS and vice versa.

To describe local correspondences, each functional connection was assigned to one of the following
four connection-types depending on the directions of their two partial correlation coefficients (Fig.
9, B): connections that were negatively correlated with both gWMI and iCP (gWMl,eg-iCPreg),
connections with two positive partial correlation coefficients (gWMIpos-iCPpos), connections with a
positive association with gWMI, but a negative one with iCP (gWMIps-iCPpeg), and the other way
around (gWMI,eg-iCPpos). The group difference in the frequencies of the four connection-types was
tested for significance with a Chi square test (MATLAB 2013a function crosstab). The two groups
were furthermore contrasted qualitatively to identify functional connections with identical types as
well as prominent mismatch of the classification.
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3.2.6. Exploration of reliability of associations

The classification of connection-types relied on the direction of the estimated associations only. An
exploration of the reliability and relevance of those directions was therefore considered to be essential.
In the present context, the direction of an association was defined as reliable, when the 99% asymptotic
normal confidence interval of the partial correlation coefficient did not include zero (based on MATLAB
2013a function corrcoef). An association was defined as relevant, when its partial correlation was larger
or equal r = 0.5 (0.1 = small, 0.3 = medium, 0.5 = large, according to Cohen, 1988, 1992). Numbers
and types of identified links that were reliably associated with gWMI, iCP, or both were determined
for each group. Group differences in the distribution across connection-types were again tested using
Chi square tests.

3.2.7. Post-hoc evaluation of characteristics of connection-types

Finally, following aspects of the connection-types were explored: First, the average absolute association
strength with structure and function across all functional connections belonging to a type, and second
the mean effect size with respect to the group difference in fcMRI. To test whether equally directed
(gWMIpos-iCPpos, gWMIpheg-iCPreg) and mixed types (gWMlpos-iCPreg, gWMIpheg-iCPpos) have
differential relevance for the association with either structural integrity or behavioral performance, or
for the differentiation between groups, differences in association strength and effect size were tested
for significance with unpaired t-test (a = 0.01, uncorrected). Third, basic topological characteris-
tics of each type of connections were determined with the help of the Brain Connectivity Toolbox
(http://www.brain-connectivity-toolbox.net /), separately for patient and controls. As summarized in
section 1.3.2, part I, graph theoretical metrics are a useful tool to describe the topological organization
of a system. The aim of this sub-analysis was therefore to explore whether types would differ in such
topological features, in particular metrics of integration and segregation. In the present application,
each connection-type was treated as an independent system, hence equivalent to an individual person
in a conventional graph theoretical analysis. The adjacency matrix of a type was a binary matrix,
in which all other types were set to zero, resulting in four adjacency matrices per group. The ex-
tracted metrics were the characteristic path length, which is the average shortest path length in the
network, the mean node degree, which is the average number of connected links to each node, and
the maximized modularity score, which quantifies the degree, to which a network can be subdivided.
Type and group differences were tested for significance separately for each metric using permutation
tests (aw = 0.05, uncorrected, 2000 permutations). To assess the significance of type differences, the
modalities were assigned randomly to each other. For the group contrast, only the group membership
was permuted, whereas the individual matching between fcMRI, gWMI, and iCP was preserved.

3.3. Results

3.3.1. Sample

Detailed demographic, clinical, and neuropsychological characteristics can be found in section 2.3.1
and 2.3.2, part III.

3.3.2. Integrated cognitive performance

The first component of the PCA had an eigenvalue of 5.08 and explained 36.31% of the variance of the
neuropsychological performance. Variables with high loadings on this component reflected memory
domains and tests on information processing. Attention-related variables had the lowest loadings. The
remaining thirteen components had eigenvalues between 1.89 and 0.09 and explained between 13.51%
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and 0.67% of the variance. The prerequisites for a PCA were satisfied (Kaiser-Meyer-Olkin measure
= (.76, significant Bartlett’s test of sphericity).

3.3.3. Global white matter integrity

DTI data of one MS patient was missing due to technical reasons and was therefore replaced by the
corresponding group mean. The mean gWMI was 0.41 (SD = 0.02) in healthy controls and 0.39 (SD
= 0.03) in MS patients (t(39) = 2.92, p < 0.001). Lesion volume and gWMI correlated moderately
(r =-0.44, p < 0.01) in healthy controls, and strongly in MS patients (r = -0.84, p < 0.001). The
correlation between gWMI and iCP was weak in both controls (r = 0.16, n.s.) and MS (r = 0.29,
n.s.).

3.3.4. Associations maps and their qualitative relationship

To account for movement artifacts, 104 of 246 functional volumes had to be discarded before the
extraction of time-series for one healthy control. The resulting fcMRI matrix did not differ from
others with respect to the range or distribution of fcMRI.

Partial correlation coefficients, which captured the relationship between fcMRI and gWMI, ranged
between r = -0.50 and r = 0.53 in healthy controls and between r = -0.62 and r = 0.58 in MS.
Associations with iCP were between r = -0.46 and r = 0.57, and r = -0.54 and r = 0.65, respectively.
The whole-brain association maps of both groups are illustrated in Fig. 10, A and B. The global
relationship between the two association maps was low in healthy controls (r = 0.28) and slightly
higher in MS (r = 0.37). The cross-group-correlations between associations of the same kind (iCPpc,
iCPyg; gWMlIge, gWMIyg), or the other association variable (iCPyc, gWMIyg; gWMlge, iCPyg)
were significantly weaker than both global interrelations within groups (all r < 0.2, pqifference < 0.001).

The classification of functional connections into four types of association patterns revealed that
healthy controls and MS patients differed significantly in the distribution of the 4005 connections
across the types (x(3) = 414.67 p < 0.001). In controls, 41.57% (n = 1665) of all functional connections
belonged to the gWMIp05-iCPpos type, followed by 21.45% (n = 859) gWMIeg-iCPpos connections,
19.10% (n = 765) gWMlIp6s-iCPreg, and finally 17.88 % (n = 716) gWMIyeg-iCPreg ones. In MS,
on the other hand, the most frequent type was the gWMIyeg-iCPpeg one (35.71%, n = 1430). The
second most frequent type was the gWMIpos-iCPpos type (26.14%, n = 1047), followed by gWMIpes-
iCPneg (21.90%, n = 877), and gWMIyeg-iCPpos (16.25%, n = 651). The group difference was most
prominent in connections between subcortical and cortical regions and between the auditory and all
other RSNs (Fig. 10, C). The classification matched between groups in 28.59% (n = 1145) of all
connections, with almost half of them (n = 518) belonging to the gWMIp0s-iCPpos type (Fig. 10, D).
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Figure 10. — Association and type matrices. Associations between functional connectivity and the global
white matter integrity (sWMI, lower triangle) as well as the integrated cognitive performance (iCP, upper
triangle) in healthy controls (A) and MS patients (B). C Outcome of the classification into four connection-
types based on the directions of association with gWMI and iCP for both groups. D Functional connections
with identical classification outcome in controls and patients. networks: DMN = default mode, FPC = fronto-
parietal control, SAL = salience, V/DAN = ventral/dorsal attention, SMN = somatosensory, VIS = visual,
AUD = auditory, BG = basal ganglia, HIP = hippocampus, THAL = thalamus, AMYG = amygdala; r = partial
correlation coefficient

3.3.5. Reliability of associations and resulting connection-types

The evaluation of the reliability of the associations identified 47 functional connections in controls,
which satisfied the reliability or relevance criteria for the association with gWMI (Fig. 11, A). In MS,
the analysis yielded 71 links in total, with only ten of them being strongly related to gWMI (|r| >
0.5). The distribution of the identified connections across types differed significantly between group
(x(3) = 35.88 p < 0.001), with gWMI0s-iCPpos connections being the prominent type in controls and
gWMI, eg-iCPpeg in MS.

53 reliable or relevant associations with iCP were identified in healthy controls and again 71 in MS
(Fig. 11, B). Only four, respectively seven of those connections fulfilled the effect size criteria. 86.79%
of the identified connections were gWMIp0s-iCPpos in controls, while the most frequent type in MS
was again the gWMIpeg-iCPpeg one (x(3y = 38.18 p < 0.001).

The majority of all functional connections with meaningful associations were located between clas-
sical RSNs in both groups. In MS, especially functional connections the basal ganglia, the auditory
network, and both the fronto-parietal and the DMN were found to fit the criteria (Fig. 11, A, B). In
healthy controls, no clear pattern emerged as judged by eyeballing.
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Only two functional connections in controls, and three ones in MS fulfilled the reliability criterium
(99% confidence interval does not include zero) for both gWMI and iCP (Fig. 11, C, D). No connection
had partial correlation coefficients larger than |r| = 0.5 with both metrics.
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Figure 11. — Reliable and relevant associations and their type classifications. Location, total
numbers, and type classification of functional connections that had reliable association with global white matter
integrity (gWMI) (A), or the integrated cognitive performance (iCP) (B). Anatomical location and association
strengths of functional connections that exhibited reliable relationships with both structural and behavioral
metric in healthy controls (C), and patients (D). r = partial correlation coefficient; [r|: absolute artial correlation
coefficient magnitude > 0.5; CI: 99% confidence interval does not include v = 0; networks: DMN = default mode,
FPC = fronto-parietal control, SAL = salience, V/DAN = ventral/dorsal attention, SMN = somatosensory, VIS
= visual, AUD = auditory, BG = basal ganglia, HIP = hippocampus, THAL = thalamus, AMYG = amygdala
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3.3.6. Further post-hoc evaluation of connection-type characteristics

The average absolute association and Cohen’s d values were relatively small for both groups and all
types (Tab. 10). Nonetheless, the difference between equally directed types and mixed ones was
significant (p < 0.01) in controls for the associations with gWMI and iCP, and for Cohen’s d, and in
MS patients for both associations, but not for the effect size. In MS and controls, the associations
with structure and behavior were stronger in the equally directed connection-types compared to the
mixed types. Cohen’s d values in healthy controls were larger in mixed types. It must be emphasized,
however, that actual differences were particularly small.

Table 10. — Characteristics of connection-types (mean, SD of absolute values).

association with gWMI association with iCP Cohen’s d
HC MS HC MS HC MS
gWMIpos-iCPpos 0.17 (0.11)  0.16 (0.11) 0.15 (0.11) 0.14 (0.11) 0.13 (0.10) 0.14 (0.10)
WM eg-iCPreg 0.13 (0.10)  0.16 (0.11)  0.10 (0.10) 0.16 (0.12) 0.13 (0.10) 0.13 (0.10)
gWMIpos-iCPreg 0.13 (0.10)  0.11 (0.10)  0.10 (0.10)  0.12 (0.10)  0.15 (0.11)  0.14 (0.11)
gWMIneg-iCPpos 0.10 (0.10)  0.11 (0.10)  0.12 (0.10)  0.11 (0.10) 0.14 (0.11)  0.13 (0.10)

SD = standard deviation

The analysis of graph theoretical features yielded significant differences between groups and types
in the mean node degree only (Fig. 12, A). MS patients had a significantly higher mean density
of connections in the gWMIyeg-iCPpeg-graph, and a lower node degree than controls for gWMI,es-
iCPpos connections. The difference between the gWMI,eg-iCPreg type (highest node degree) and
the gWMIpheg-iCPpos types (lowest node degree) in MS was significant. In controls, the high average
node degree in gWMI,65-iCPpos connections differed significantly from all other connection-types. In
correspondence with the pattern for the node degree, the characteristic path length (Fig. 12, B) was
lowest for gWMIeg-iCPreg connections and highest for gWMlIyeg-iCPpos in MS, while gWMIpos-
iCPpos exhibited the shortest links to each other in controls. Those differences were not significant.
The pattern for the maximized modularity was similar with largest group differences in the first two

types.
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Figure 12. — Graph theoretical description of connection-types. Group and type differences in the
average node degree (A), the characteristic path length (B), and the maximized modularity (C). Significant
contrasts are highlighted with one asterisk for p < 0.05 and two asterisks for p < 0.001. Blue: gWMI,eq-
1CPreg; turquoise: gWMIos-1CPpos; yellow: gWMlIpos-iCPreg; Ted: gWMIpneg-iCPpos; HC = healthy controls; MS
= multiple sclerosis patients
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3.4. Discussion

The present analysis focused on the relationship between the expression of local fcMRI and both
the underlying structural integrity and the cognitive performance in a sample of mildly affected MS
patients and individually matched healthy controls. Functional connections were classified based on
their associations with structure and behavior, and various features of the resulting connection-types

were explored.

3.4.1. Correlates of white matter impairment and cognitive disturbance
in the functional connectome

To begin with, only few functional connections exhibited large associations (|r| > 0.5) with either
structure or behavior in patients or in controls. In addition, the whole-brain analysis did not yield
clear evidence in favor of a protruding role of a single network for cognitive deficits, WM impairment,
or the relationship between WM integrity and cognitive performance. Instead, the majority of as-
sociations that survived the reliability-test were found in inter-network connections and also group
differences in associations were most prominent in connections between between subcortical and corti-
cal networks. This finding contradicts other studies that suggest specific relationships between certain
RSNs and cognitive disturbances in MS. However, many of those investigations had limited the scope
of their correlational analyses a priori. These foci were usually based on previous findings in MS or
other populations (e.g. Leavitt et al., 2014; Hulst et al., 2015), or derived from beforehand computed
group comparisons in fcMRI (e.g. Schoonheim et al., 2014; Sbardella et al., 2015). Evidence for re-
liable interrelations from data-driven whole-brain explorations, in contrast, is limited (e.g. Hawellek
et al., 2011). It should be considered that whole-brain analyses of ROI-based functional connectivity
have to deal with a large number of statistical comparisons, not to mention voxel-wise approaches.
MCC methods, such as Bonferroni or FDR, can be applied to determine p-thresholds that control
for the overall a-error probability so that statistically reliable conclusions can be drawn despite the
large number of tests. With several hundreds to thousands comparisons, p-thresholds can become
extremely low for whole-brain analyses, which holds the risk that effects are being underrated despite
relevant effect sizes and meaningful ecological validity. This applies in particular to observational (pa-
tient) studies, where the amount of unexplained und uncontrollable variance is much higher than in
experimental studies. As a consequence, reducing the number of contrasts can improve the chance for
detecting those effects and is therefore preferable whenever possible. In the case of insufficient empiri-
cal evidence for a specific hypothesis, however, theory-driven foci can also result in misleading findings
because they always display a limited perspective on the brain. Analytically derived constrains can
be problematic as well. Group comparisons are most likely to become statistically significant when
differences are large between groups but variability small within. Regions or functional connections
with small variability within the group, in turn, might not be best suited to determine the relationship
with widely distributed variables, for instance the cognitive disturbance in MS. Hypotheses on specific
interrelations should be formulated carefully and underpinned with findings from unconstrained explo-
rations of the entire functional connectome to prevent both false negative and false positive findings
for this reason.

3.4.2. Quantitative and qualitative similarity between association maps

The outcome of the analysis indicates that structural damage and behavioral symptoms exhibit di-
verging and moreover group-specific association patterns with local fcMRI. The overall relationship
between whole-brain associations was small, the strongest associations did not match topographically,
and no single link exhibited strong relationships with both structure and behavior (|r| > 0.5). This
divergence suggests that WM alterations and behavioral symptoms are mediated by a complex in-
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terplay within the functional connectome, which cannot be explained by direct or local effects alone
(Hoffmann et al., 2007).

The exploration of qualitative correspondence between local associations disclosed that almost two
thirds of all functional connections correlated with both structural and behavioral metrics in the same
direction, whereas one third exhibited bidirectional association patterns (that is positive correlation
with gWMI and negative with iCP, or vice versa). A predominance of connections with equally directed
associations was also found for functional connections with identical classifications in patients and in
controls, and for links with reliable associations. In addition, equally directed connection-types were
on average slightly stronger associated with structure and behavior compared to mixed types. These
findings give reason to assume that the uniform translation from structure to function and onto
behavior constitutes the main impact of WM alterations in both healthy subjects and MS. Anyway, a
small portion of links with identical and reliable associations had still a mixed type, which suggests that
bidirectional association patterns should not be ascribed solely to random variations and statistical
uncertainty in the data. Instead, it can be speculated whether these association patterns reflect an
unspecific effect with modulatory impact on the unidirectional translation.

While the ratio between uni- and bidirectional association patterns was comparable between patients
and controls, the distribution across the four connection-types differed significantly. Generally speak-
ing, a bias towards negative relationships with both structural and behavioral metrics was found in M'S
patients, whereas most functional connections in healthy subjects co-variated positively with the two
variables. This pattern was reflected in characteristics describing topological features of the intra-type
organization. In MS patients, functional connections that correlated negatively with both structure
and behavior were integrated best and segregated the least in contrast to all other connection-types.
In controls, the same applied to functional connections that were positively associated with those two
variables. It must be noted, though, that the adjacency matrices obviously differed in their number
of edges. Considering the dependence of graph theoretical metrics on the number of nodes and edges
(van Wijk et al., 2010), these results must be understood as a different perspective on the distribution
of functional connections across types, rather than an independent outcome.

3.4.3. Increasing functional connectivity in response to structural impairment and
the concept of functional compensation

The presented approach disclosed that fcMRI mainly decreased with lower structural integrity in
healthy subjects, as one would expect intuitively, but decreased with more structural impairment in
MS. Despite a growing number of studies providing evidence for enhanced fcMRI in MS and also other
neurological diseases (Hillary et al., 2015), there is a lack of sufficient mechanistic models that explain
how strengthening of functional integration can result from structural damage. The interpretation of
such increase is unclear for this reason.

A possible explanation for the current study might be related to the divergent nature of WM al-
terations in those two groups. The relationship between gWMI and volume of WM lesions was low
in healthy participants, supporting the assumption that WM alterations in healthy controls reflected
mainly diffuse and mild degenerative processes (Bartzokis et al., 2003). In MS, on the other side, this
correlation was found to be high, confirming that the dramatic decrease of global structural integrity
is largely caused by focal damage. In the context of neurological patients, the term disconnection
is often used, which suggests a complete breakdown of communication, even though such dramatic
impact is rare. Instead, information flow in functional connections is rather decelerated and altered
in its temporal and economic characteristics in response to dramatic structural disturbance (Hillary
et al., 2015). It is reasonable to assume, that these alterations modulate the communication behav-
ior of linked functional connections, assemblies, or even entire networks, resulting in a spread of the
pathological effect beyond the structurally disturbed area (Fornito et al., 2015). On different time
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scales, various forms of such secondary effects of primary structural pathology are conceivable, for
example the increase of integration due to acute disinhibition (Gillebert and Mantini, 2013) or the ini-
tiation of plasticity processes that result in longstanding restructuring of interaction patterns (Fornito
et al., 2015). Subtle WM alterations in the course of normal aging, on the other hand, might have
less traumatic impact both primarily and secondarily. Previously described observations of enhanced
fcMRI in the aging literature (e.g. Reuter-Lorenz and Cappell, 2008) might instead result from the
accumulated impact of both GM and WM modifications.

Beyond that, it is of course also possible that dissimilar WM tracts are affected in MS and healthy
aging. WM lesions in MS might be simply more likely to cause re-organization of large-scale functional
architecture of the brain because they disturb the communication between hubs (Fornito et al., 2015),
the so-called rich club organization (van den Heuvel and Sporns, 2013), central connectors (Gratton
et al., 2012), or a central WM core (Irimia and Van Horn, 2014). Such re-organization probably has
multifaceted effects, including increased functional interaction in primarily unaffected parts of the
functional connectome.

Anyway, with the data at hand it remains open, how the increase of fcMRI is related exactly to the
site and nature of the WM damage in MS. Subsequent analyses on this matter should integrate region-
specific information on WM disturbance for in-depth explorations of possible primary and secondary
effect mechanisms.

Cognitive performance was found to be related positively with fcMRI, which indicates a beneficial
effect of higher fcMRI, as well as negatively, which leads to the opposite interpretation, in almost the
same portion across the functional connectome. According to previous studies, most of the brain seems
to affected in MS (for an overview see Fig. 5, part II), and many functional links were found to be
increased in one study and decreased in the other. Interpretations of enhanced functional integration
range from compensatory mechanisms (Cruz Gémez et al., 2013; Wojtowicz et al., 2014) to maladap-
tive reorganization (Hulst et al., 2015; Finke et al., 2015; Schoonheim et al., 2015). Decrease of fcMRI
was conceptualized as pathological correlate (Rocca et al., 2010, 2016), and the lack of increased
fcMRI as a functional reserve of compensatory effects (Giorgio et al., 2015). Whereas at least some
of the inconsistencies among those findings can be explained by divergent methodological approaches
and metrics, the interpretative diversity clearly reflects a lack of a precise definition of the concept
of compensation in MS, but also beyond. One reason for this shortcoming is the still limited under-
standing of the functional relevance of the observed alterations in spontaneous functional connectivity.
The majority of the above mentioned studies have related task performance to features of functional
interactions in resting state. In fact, the same approach has been chosen for the present investiga-
tion as well. The rationale for this relationship is provided by the observation of the resemblances
between functional integration patterns in rest and in response to task and stimulation (Smith et al.,
2009), which gave rise to the hypothesis that functional interactions at rest reflect at least to some
extend ongoing rehearsal of the functional repertoire (Sporns, 2011). This is supported by findings of
meaningful relationships between such functional interaction patterns in rest and behavioral variables
in patients and healthy participants. But still, the concrete functional significance of specific alter-
ations of functional communication in the absence of external input remains unresolved. Decrease,
on one hand, has been suggested to reflect successful disengagement from previous action (Breckel
et al., 2013), decreased arousal (Picchioni et al., 2013) but also structurally disturbed communication
(Rocca et al., 2015). Strictly speaking, it could of course also indicate amplified anti-correlation. The
validity of anti-correlations in fcMRI is still controversial, however (Murphy et al., 2009). Higher
functional interaction levels, on the other side, have been related to decreased deactivation (Eryilmaz
et al., 2014) as well as efficient preparation for the execution of upcoming tasks (Schultz and Cole,
2016). Going beyond that static perspective, one might take into account that the ability to (re-)
act flexibly by switching between states (e.g. from rest to task) might also be influenced by specific
levels of functional communication at different points in time (Schultz and Cole, 2016). Beyond that,
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specific alterations of fcMRI have most likely differential indications for different behavioral variables.
To give an example, enhanced functional integration might be beneficial for cognitive processing, but
requires a higher demand of resources (Hillary et al., 2015), which in turn was shown to be related
to higher severity of fatigue (Pravata et al., 2016). Drawing conclusions about compensational effects
based on the alteration of functional connectivity alone, is therefore clearly insufficient.

A comprehensive concept of functional compensation should instead take into account the embed-
ding of the altered link into the system, and further characteristics, such as anatomical locations,
involvement in specific functional networks, and both state- and trait-related variables.

Taken together, the presented analytical approach combines information about structure, function,
and behavior for each functional connection in a whole-brain framework. The findings indicate a dis-
tinction between primary or direct, and secondary or indirect effects and a complex spatially extended
interplay of their adverse and modulatory impacts (Hoffmann et al., 2007). This conceptualization
explains and integrates previous contradicting findings of fcMRI alterations in MS, and might also
have explanatory power for the weak relationship between structural and behavioral characteristics in
MS and the enormous clinical inter-individual variability. The validation of the derived assumptions
on the micro-, meso-, and macro level is necessary. Furthermore, several difficulties for the interpre-
tation of altered fcMRI from so-called resting state investigations are pointed out that challenge the
conclusion of previous studies on compensational mechanisms in MS and beyond.

3.4.4. Limitations

This analytical approach is not without limitations. Instead of incorporating tract-specific FA values,
an estimation of the global structural integrity was used. This was done to reduce the complexity of
the explorative multi-modal approach and to capture the impact of WM lesions on both direct and
indirect structural connectivity (He et al., 2007; Damoiseaux and Greicius, 2009; Honey et al., 2009).
A comparison with complementary analyses would be interesting to shed light on the involvement of
direct and indirect structural connections in compensational mechanisms in MS.

The metric for iCP explained less than 40% of the variance of the overall performance. Other
variables, such as the intelligence quotient, might have been better suited to capture the overall
cognitive capability.

FcMRI was computed between ROIs instead of voxel-wise to facilitate the comparison of association
maps and to reduce the computational demand. It must be noted that relevant functional interrelations
with subregions of AAL ROIs might have been obscured for this reason. Moreover, RSNs were defined
theory-based instead of analytically. The explanatory power for classical RSNs is therefore limited.

The overall analytical approach did not aim specifically for the identification of significant correlates
of cognitive functioning within each group, but for a truly unconstrained exploration of whole-brain
patterns of interrelations. No explicit MCC was applied, but it should be noted that with minimal
p-values of pyc = 0.0007 and pyrs = 0.00003 for reliable associations with gWMI | and pyc = 0.0008
and pyg = 0.003 for reliable associations with iCP it is unlikely that any association would have
survived proper MCC due to the large number of statistical tests (4005 per group and variable, 16020
in total). Subsequent analyses should test hypotheses that can be derived from the presented findings
in independent samples to evaluate their significance for this research question. Furthermore, the
application of multivariate analytical methods would be desirable to identify interdependencies within
the patterns.

Finally, the simple classification of connections was purely qualitative and should be validated with
data-driven quantitative methods.
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4. Analysis 3: Alterations in metrics capturing
dynamics of functional connectivity

4.1. Introduction

Conventional analyses of fcMRI estimate statistical dependencies between time series across scanning
periods of typically about five to fifteen minutes. This approach provides a static perspective on brain
functioning only (Hutchison et al., 2013; Hindriks et al., 2016). Nevertheless, the analysis of static
functional connectivity has been shown to be most useful across a wide range of research questions,
although its limitations became quickly apparent as well (Kopell et al., 2014). Real life function-
ing, including perception, interpretation, integration, and reaction, is obviously a dynamic process,
which requires flexible switching between various functional constellations in the brain. Alterations
in cognition, emotions, and behavior are therefore likely reflected in temporal characteristics of func-
tional integration. To complement findings on spatial and organizational levels with investigations
on dynamic features of functional connectivity has become an uprising research question in basic and
applied neuroscientific fields for this reason (Calhoun et al., 2014). To investigate moment-to-moment
changes, fMRI measurements are admittedly not the modality of first choice due to their known poor
temporal resolution. Nonetheless, evidence has been provided for meaningful variations of sponta-
neous fcMRI on much shorter time-scales (e.g. Chang and Glover, 2010; Allen et al., 2014). The
functional relevance and validity of such fluctuations in resting state fcMRI is a matter of ongoing
debate, however. Matter et al. (2016) summarize that dynamics of integration patterns have been
linked to flexible switching between tasks (Cole et al., 2013), working memory performance (Braun
et al., 2015), learning, and emotions (Betzel et al., 2016). Beyond, first studies on dynamic functional
connectivity in schizophrenia (Sakoglu et al., 2010; Du et al., 2016), depression (Demirtas et al., 2016),
autism and attention deficit hyperactivity disorder (Zhang et al., 2016), or Alzheimer’s disease (Jones
et al., 2012) indicate a role in pathological mechanisms in both psychiatric and neurological diseases.
Despite a growing body of literature on static functional connectivity in MS, only very little is known
about the impact on dynamic features of fcMRI in this disorder and in consequence about the effect
of primary WM damage on dynamic functional connectivity. To my knowledge, only one study has
been published on dynamic features of resting state fcMRI in a sample of MS patients so far (Leonardi
et al., 2013). However, the focus of this study was the methodological approach that was introduced
with this paper. The explanatory power for pathological processes in MS is therefore limited.

The aim of the present analysis was therefore to extent the network perspective on MS by exploring
the variability of functional connectivity based on fMRI (vfcMRI) over time within a whole-brain
framework, and to relate this metric of dynamic functional connectivity to static functional connectivity
and a range of clinical and neuropsychological variables.
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4.2. Material and methods

4.2.1. Participants

Detailed information on recruitment criteria for MS patients and healthy controls can be found in
section 1.2 and section 2.2.1, part III. The sample contained 40 MS patients (25 female, 24-60 years)
and 40 individually matched healthy controls (25 female, age 29-57 years; matched by sex, age, and
years of education).

4.2.2. Functional connectivity
4.2.2.1. Computation of individual fcMRI and vfcMRI matrices

BOLD time-series for 78 ROIs of the Stanford atlas (http://findlab.stanford.edu/functional ROIs.html;
see appendix section B.3) were extracted using the CONN toolbox (v14b, http://www.nitrc.org/pro-
jects/conn). This parcellation scheme has been determined functionally in contrast to anatomically
defined atlases such as the AAL atlas or the brodmann areas. It has been demonstrated to be superior
in classifying states of brain functioning (Shirer et al., 2012) and might therefore be beneficial in cap-
turing fluctuations of fcMRI, which are considered to be related to temporal dynamics of functional
interaction states (Leonardi et al., 2013; Tagliazucchi et al., 2014). Time-series represented the average
BOLD signal of all voxels covered by both ROI and individual GM masks over time. For details on
the clean-up of time-series see section 2.2.4.1, part III. Conventional, or static fcMRI was estimated
for each functional connection by computing pairwise Pearson’s correlation coefficients between the
time-series of all 78 ROIs (Fig. 13, A). To determine the variability of fcMRI over time (vicMRI),
a sliding-window approach was applied. Pearson’s correlation coefficient are hereby computed for
each of a certain number of time windows. The variability is then defined as the standard deviation
across all Fisher’s z-transformed window-specific fcMRI estimates (Fig. 13 B). In the present study,
the window length was chosen to be 20 volumes (50sec) and the overlap to be 19 volumes (47.5sec)
resulting in 226 individual windows. To reduce the influence of outlying data points at the end and
the beginning of each time window, sliding windows were convolved with a Gaussian kernel (o = 3
volumes; tapered approach according to Allen et al., 2014). In the last step, both fcMRI and vicMRI
were averaged across 55 intra- and inter-network partitions of the functional connectome (Fig. 13, D)
in order to reduce the number of group comparisons and thereby increase the statistical power.

4.2.2.2. Second level analysis of group differences

Group differences in fcMRI and vicMRI were tested for significance with permutation tests for paired
samples, that means that matching was preserved and only group membership assigned randomly
(Dpermutations = 50000). Results were FDR-corrected (Yekutieli and Benjamini, 1999) separately for
fcMRI and vfcMRI (significant at p < FDR-threshold with q = 0.15, two-sided). To estimate the
effect size of the differences between MS patients and healthy controls, Cohen’s d values for paired
samples were calculated for each of the 55 intra- and inter-network partitions.

4.2.3. Post-hoc analysis 1: Group differences in vfcMRI on connection level

In order to inquire further into the beforehand yielded results, group differences in vfcMRI were
explored on the connection level for all partitions with significant group effect using Wilcoxon’s signed
rank tests (MATLAB 2013a function signrank, Gibbons, 1974). Group differences were significant at
p < FDR-threshold with q = 0.15 (one-sided for vfcMRIyg > vicMRIyc, Yekutieli and Benjamini,
1999).
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Figure 13. — Compuation of static and dynamic functioanl connectivity. A Conventional static
functional connectivity (fcMRI) was estimated with Pearson’s correlations, taking into account the entire time-
series. B The variability of fcMRI over time (vicMRI) was defined as the standard deviation across Pearson’s
correlation coefficients for 226 overlapping windows. C Individual fcMRI and vfcMRI region of interest (ROI)-
to-ROI matrices. D Individual fcMRI and vfcMRI mean values for 55 intra- and inter-network partitions of the
functional connectome. For illustration purposes, the averaged values are plotted to match the relative size of
the partitions in the original whole-brain matrix.

4.2.4. Post-hoc analysis 2: Functional relevance of vfcMRI

To explore the functional relevance of vicMRI, partial correlation coeflicients were computed between
the global vfcMRI, which is the individual mean vfcMRI value, and clinical as well as neuropsycho-
logical scores (for details see section 1.4, part III; Fig. 15). Age and global fcMRI were included as
confounding variables to assess the relationship independent of contributions of conventional fcMRI
and possible age effects on dynamics of fcMRI. The polarity of the following scores was reversed to
simplify the interpretation of the partial correlation coefficients (positive: higher vfcMRI - better
performance, negative: higher vicMRI - worse performance; 0.1 = small, 0.3 = medium, 0.5 = large,
according to Cohen, 1988, 1992): EDSS, FSMC motor, FSMC Cognition, HADS-A, HADS-D, VLMT
5-7, TAP Alertness without signal and with signal, TAP Covert shift of attention, and TAP Incom-
pability. The partial correlation coefficients were calculated separately for patients and controls and
tested for significant group differences (p < 0.05, two-sided, Equation 4.1) as

(2he — 2Tms)

2-(1- normcdf(‘

nhc—3 nms—3
with normedf being the normal cumulative distribution function and

zry being the Fisher’s z transformed correlation coefficients.

For MS patients only, the relationship between vfcMRI of each of the partitions with significant
vfcMRI group effect and the behavioral variables was computed in the same manner. Confounding
variables were again the age and the average fcMRI of the corresponding partition. P-values of partial
correlations were determined using a Students’s t distribution with the help of the MATLAB 2013a
built-in function partialcorr (significant at p < 0.05). No multiple comparison correction was applied
to account for the exploratory nature of this analysis.
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4.2.5. Post-hoc analysis 3: Validity tests
4.2.5.1. Data quality

The assessment of fcMRI is sensitive for the impact of confounding factors that affect the brain
globally, such as movement and technical noise. They introduce whole-brain artifacts that hold the
risk of distorting the estimation of intrinsic correlation patterns. Temporal fluctuations of such noise
sources are likely to influence metrics that capture dynamic features of fcMRI and group differences in
these metrics can mirror distinct data quality for this reason. To rule out systematic imbalance of the
data quality in the present study, group differences in movement parameters (for details see section
1.5.2, part III) and overall scanner noise were tested for significance using t-tests for paired samples
(MATLAB 2013a function ttest; significant at p < 0.05).

With respect to the first, differences in the maximum and average translation in three directions
(left-right, front-back, up-down) and three kinds of rotation (pitch, roll, yaw) were tested.

For the latter, two volumes of interest (nyoxel = 1331) were defined outside of the head, for which
time-series were extracted. Group differences in the average scanner noise level were tested as well
as separately for each TR (i.e. each volume). In addition, corrected time-series of all ROIs were
correlated with the scanner noise time-series for each participant and group differences in the average
individual relationship tested for significance.

4.2.5.2. Influence of time window length and overlap

The complete data set was re-analyzed with a series of combinations of various window lengths and
overlaps to evaluate the dependence of the results on these parameters (Tab. 11). For each combina-
tion, global vfcMRI and group contrasts in the partitions of the functional connectome were calculated
as described above. The z-values, which resulted from the permutation tests on group differences in
divergently derived vfcMRI, were compared to each other and to the average test statistic on dif-
ferences between random subgroups of healthy controls (nyepetition = 1000; MATLAB 2013a function
signrank). The latter was taken as a proxy for the empirical false-positive probability, since no group
differences were expected.

Next, the global relationship between divergently derived vfcMRI values was determined, as well
as the correlation with the average fcMRI across time windows, and the conventional fcMRI. To
this end, correlation coefficients were computed between the corresponding values of all participants
and partitions, that means between two data-series with 4400 data points (n = 80 participants * 55
partitions = 4400).

Last, the starting volume was shifted for the three combinations with the least overlap (v4, v5, v6;
see Tab. 11) and group differences computed using Wilcoxon’s signed rank tests for each partition
and version. Partition-specific differences between the test statistics of the shifted and non-shifted
versions were averaged to evaluate the influence of the actual segmentation of the time-series on the
statistical outcome.
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Table 11. - Window lengths and overlaps.

start length tw step overlap Niw

vol vol/sec vol/sec (%/vol/sec) -
vl 1 20 / 50 1/25 95% / 19 / 47.5 226
v2 1 20 / 50 3/75 85% / 17 / 42.5 76
v3 1 20 / 50 5 /125 5% /15 / 37.5 46
v4 1 20 / 50 7/175 65% / 13 / 32.5 33
v5 1 20 / 50 9 /225 55% /11 / 27.5 26
v6 1 20 / 50 10 / 25 50% / 10 / 25 23
V7 1 30 / 75 1/25 96.7% / 29 / 72.5 216
v8 1 40 / 100 1/25 97.5% /39 / 97.5 206
v9 1 50 / 125 1/25 98% / 49 / 122.5 196
v10 1 60 / 150 1/25 98.3% / 59 / 147.5 186
vil 1 70 / 245 1/25 98.6% / 69 / 172.5 176
evaluation of shift effect
v4 2,3,4,5,6 20 / 50 7/175 65% / 13 / 32.5 33
vh 2,3,4,5,6 20 / 50 9 /225 55% /11 / 27.5 26
v6 2,3,4,5,6 20 / 50 10 / 25 50% / 10 / 25 23

vol = volume; tw = time window

4.3. Results

4.3.1. Sample

Detailed demographic, clinical, and neuropsychological characteristics can be found in section 2.3.1,
and 2.3.2, part III and illustrated in Fig. 15, A.

4.3.2. Group differences in fcMRI and vfcMRI

Volume-to-volume movement exceeded the criteria (translation > 2mm, rotation > 2.5°) in two healthy
controls and no patients. Due to excessive sharp movement, 104 of 246 functional volumes had to
be discarded in one of these subjects (HC11) after careful inspection of the images and the course of
the realignment parameters. The segmentation in time windows for this subject resulted in a reduced
number of windows for this reason (122 in contrast to 226 for the main analysis). No volumes were
excluded in the other healthy control (HC34), because the movement was uniform and caused no
visual artifacts in the functional images.

The analysis disclosed significant differences (p < FDR-threshold with q¢ = 0.15) in the level of
vfcMRI between MS patients and controls in one intra-network partition, namely the language network
(z =-2.60; p < 0.01; Cohen’s d = -0.45; Fig. 14, A). Moreover, there were significant effects in four
inter-network partitions between ROIs of the visuospatial and the executive control network (z = -3.03;
p < 0.01; Cohen’s d = -0.54), the sensorimotor and the basal ganglia network (z = -3.40; p < 0.001;
Cohen’s d = -0.63), the executive control and the visual network (z = -2.53; p = 0.01; Cohen’s d =
-0.43), and the visual and the salience network (z = -2.46; p = 0.01; Cohen’s d = -0.42). MS patients
had higher vfcMRI values than healthy controls in all five partitions. The post-hoc test revealed
greater vfcMRI in the MS group in fifteen functional connections (Tab. 12, Fig. 14, B). Across all
participants, the averaged vfcMRI was slightly higher in intra-networks partitions compared to inter-
network ones (t(79) = -2.43, p = 0.02). The same difference was found for MS patients alone (t(g) =
-2.43, p = 0.02), while inter- and intra-variability did not differ in healthy participant (t(g) = -1.07, p
= 0.29). No significant group differences were found with the same FDR~threshold in partition-specific
fcMRI (pmin = 0.02; Cohen’s dpax = 0.35).
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Figure 14. — Group differences in the variability of functional connectivity. A Lower triangle:
Cohen’s d for the difference between multiple sclerosis patients (MS) and controls (HC) in the variability of
functional connectivity (vicMRI) for all 55 partitions of the functional connectome. Upper triangle: significant
group effects on partition (gray, p < FDR-threshold with q = 0.15, two-sided) and connection level (post-hoc
test; black, p < FDR-threshold with q = 0.15, one-sided). For illustration purposes, the averaged values are
plotted to match the relative size of the partitions in the original whole-brain matrix. B Functional connections

Line width =

magnitude of z-values, node color = assignment to resting state networks, FDR = false discovery rate; for

information on regions of interest see see appendiz section B.3

with significantly higher vicMRI in MS according to the post-hoc test plotted on the brain.

Table 12. — Post-hoc test on group differences in the variability
of functional connectivity on connection level.

ROI 1 RSN ROI 2 RSN z P Cohen’s d
Precuneusy,s salience Calcariner,; visual -2.56  0.005 -0.42
IFGtrir, language IFGorbr1 language -2.58  0.005 -0.45
MTGr2 language IFGorbr1 language -2.51  0.006 -0.45
ANGr.2 language IFGorbr1 language -3.14 < 0.001 -0.45
MOGu,2 visual IFGtrigs executive -2.63  0.004 -0.43
MOGRg2 visual Thaly,2 executive -2.45  0.007 -0.43
MOGi,2 visual IPLgr1 executive -2.56 0.005 -0.43
MOGRg2 visual IPLRg1 executive -2.59 0.005 -0.43
Calcariner,1 visual IPLRr1 executive -3.00 0.001 -0.43
MOGRg2 visual SFGmedr1 executive -2.37  0.009 -0.43
IFGtrir: basal ganglia Precentralgr; sensorimotor -3.03  0.001 -0.63
Thalye basal ganglia SMARr; sensorimotor -2.37  0.009 -0.63
Thalie basal ganglia Thalrz sensorimotor -2.86  0.002 -0.63
SFGmedgr: executive IPLy2 visuospatial -2.74  0.003 -0.54
MTGLs executive Precentralgrs visuospatial -2.41  0.008 -0.54
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4.3.3. Post-hoc analysis 2: Relationship with neuropsychological performance and
clinical status

The exploration of associations between the global vfcMRI and behavioral data revealed a significant
positive relationship with FSMC cognition scores in MS (r = 0.34, p = 0.04). The partial correlation
coefficient was significantly different (z = -2.92, p < 0.01; Fig. 15, B) from the one in the control
group (r = -0.32, p = 0.05). In healthy controls, global vfcMRI correlated significantly with VLMT
5-7 scores (r = 0.39, p = 0.02) but not significantly stronger than in MS. The second part of the
analysis disclosed significant positive associations in MS between vfcMRI in functional connections
linking the executive control and the visuospatial network, and three clinical variables (Fig. 15, C):
EDSS (r = 0.43, p < 0.01), FSMC cognition (r = 0.44, p < 0.01), and FSMC motor (r = 0.38, p
= 0.02). The variability of fcMRI in connections between the salience and visual network correlated
significantly with the VLMT 5-7 (r = 0.37, p = 0.02) and both the TAP alertness with (r = 0.35, p
= 0.03) and without signal (r = 0.35, p = 0.03).

A Group differences in clinical B  Relationship with C  Relationship with vfcMRI
and neuropsychological scores global vfcMRI in significant partitions (MS)
T | . o .
EDSS' f * *.p,:lg% : H—&H—# H H
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Figure 15. — Post-hoc 2: Relationship with behavioral data. A Overview over neuropsychological
performance scores and clinical status of multiple sclerosis patients (MS, dark gray) and controls (HC, light
gray). Significant group differences are highlighted with a asterisk. Note that the polarity of scores that are
marked with a cross was reversed so that higher values always indicate better performance or status. B Partial
correlation coefficients and 95% confidence intervals for the relationship with global variability of functional
connectivity (vfcMRI) in MS (dark gray) and controls (light gray). Significant associations are emphasized with
a red edge, significant group differences with a red bar. C Relationship with vfcMRI of the five partitions
with significant group effect for MS only. networks: EXE = executive control, VISSP = visuospatial, LANG =
language, VIS = visual, BG = basal ganglia, SENS = sensorimotor, SAL = salience
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4.3.4. Post-hoc analysis 3: Validity tests
4.3.4.1. Data quality

There were no significant differences between MS patients and healthy controls in head movement
parameters, and the overall, or time-resolved scanner noise of both volumes of interest outside of
the head. Correlation coefficients that captured the individual relationship between the temporal
fluctuation of the scanner noise and ROI time-series ranged between r = -0.29 (volume 1 - SFGgy,
healthy control) and r = 0.23 (volume 1 - Thalg,, MS patient). The individual average relationships
between the scanner noise time-series and all ROIs were low for both volumes of interest (|rmean| <
0.02) and did not differ between groups.

4.3.4.2. Influence of time window length and overlap

The global vfcMRI level was related to the window length, with higher values for shorter time windows
(Fig. 16, A). Decreasing overlap also led to increased vfcMRI, but with less striking impact (Fig. 16,
A, v1-v6). MS patients had higher global vfcMRI than controls in all combinations. Despite the
differences in global vfcMRI levels, z-values for group difference in the 55 partitions of the functional
connectome aligned well across the various combinations. In addition, they differed considerably from
z-values derived from fcMRI contrasts, and the average z-value of random subgroup comparisons in
healthy controls (Fig. 16, B). Group comparisons in vicMRI tended to yield smaller group differences
when based on longer time windows (ny, > 30; v7-v1l, Fig. 16, A) but seemed to have narrower
distributions of differences derived from the permutation test, resulting in higher z-values, but lower
effect sizes in contrast to short-window data sets (nyo = 20; v1-v6; mean absolute Cohen’s ding
= 0.18, mean absolute Cohen’s dghort = 0.22). High positive relationships were found among the
divergent combinations, ranging from r = 0.67 to r = 0.99 (Fig. 16, C). The correlation increased
with similarity of the combinations, whereby window length had again the larger impact. There were
no meaningful relationships between vfcMRI and the average fcMRI, or the conventional fcMRI for
any combination (rpi, = 0.06, rpax = 0.09). Last, shifting the starting volume caused alterations of
z-values in a magnitude between z = 0.2 and z = 0.35 (Fig. 16, D; z-values in the original data set =
-3.40 - 0.50).
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Figure 16. — Post-hoc 3: Validity tests on window length and overlap. A Global variability of
functional connectivity (vicMRI) for controls (HC, light gray) and multiple sclerosis patients (MS, dark gray)
for eleven combinations of window length and overlap. B z-values for group contrasts in vicMRI of 55 partitions
of the functional connectome based on the different combinations, conventional functional connectivity (fcMRI),
and tests on randomly assigned subgroups of healthy controls. C Relationship between vicMRI, average fcMRI,
and conventional fcMRI for all combinations across all participants and functional connections. D Average
differences between the original z-values of the 55 partitions and z-values after shifting the starting volume for
1 to 5 volumes. This post-hoc test was conducted for combinations with a window size of 20 volumes and an
overlap of thirteen (v4), eleven (v5), or ten (v6) volumes. FDR = false discovery rate, TR = repetition time
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4.4. Discussion

The presented approach aimed at disclosing MS-related alterations of dynamic features of fcMRI and
their relationship with clinical manifestations of neurological and neuropsychological deficits.

4.4.1. A new perspective on functional connectivity

The results indicate that metrics of dynamic fcMRI provide a unique perspective on brain physiology
and pathology, independent from and complementary to insights from static fcMRI analyses.

First, group differences were considerably larger in terms of statistical parameters and effect sizes
for the variability of fcMRI than for the functional interaction levels estimated from the entire time
series. Considering that the MS patients in the present study were affected only mildly and, with
respect to the overall course of the disease, in an early phase, this gives rise to the assumption that
dynamic features of fcMRI are more sensitive than conventional ones for early functional alterations.
This interpretation is supported by a study on patients with chronic schizophrenia, whose authors
conclude that dynamic analyses provide more insights than conventional ones and that static fcMRI
alone might fail to detect relevant aspects of pathology (Sakoglu et al., 2010). An in-depth evaluation
of the sensitivity and specificity of dynamic fcMRI in contrast to static fcMRI is desirable.

Second, there were no meaningful relationships between the two metrics in the present analysis,
contrasting conclusions drawn by Thompson and Fransson (2015). The authors of this study also used
a sliding-window approach but found a strong link between the average fcMRI level and its variance
over time. It must be noted, that they did not Fisher’s z-transformed the window-specific correlation
coefficients, but computed the variance from raw spearman rank coefficients. The distribution of
correlation coefficients is limited between -1 and 1 and, most importantly, is not equidistant, hence
the distance between 0.9 and 1.0 does not equal the distance between 0.1 and 0.2. As a consequence,
the variance of high correlation coefficients is always smaller than the variance across weak correlations.
The detected relationship therefore necessarily emerges from the methodological approach and does
not represent a statistically sound finding.

4.4.2. Increased variability of fcMRI in MS and its relation to behavior

Generally speaking, the variability of functional interactions was found to be higher in patients across
almost the entire functional connectome when contrasted with the control group. Significant increases
were detected between several classical RSN and within the language network.

Prominent dynamics of inter-modular functional connections and integration hubs have been de-
scribed before (Zalesky et al., 2014; Zhang et al., 2016). In addition, regional variability was found to
be influenced by the ratio of intra- and inter-community structural connectivity (Zhang et al., 2016).
Together with the present findings, this gives rise to the hypothesis that dynamic features of functional
communication between classical RSNs are more than a necessary side product. Instead, they seem
to have specific functional relevance for physiological functioning and might be indicative for patho-
logical disturbances. It remains unclear, however, whether the increased variability of inter-network
fcMRI constitutes an MS-specific pathological correlate, and whether this modification is related to
other findings on altered static fcMRI within functional networks. The lack of studies on dynamic
features of fcMRI in MS does not allow for further conclusions and also studies that focus specifically
on inter-network integration in MS are rare (e.g. Rocca et al., 2012). Further investigations on inter-
dependencies between static and dynamic fcMRI, regional activity, and structural connectivity, and
on the electrophysiological base on dynamics of functional integration patterns (Zhang et al., 2016)
are needed.

The outcome of the analysis suggests that dynamic features of functional integration are functionally
relevant for both neuropsychological performance and clinical status in MS beyond the impact of static

74



Analysis 3: Alterations in metrics capturing dynamics of functional connectivity

fcMRI. Among those partitions of the functional connectome with significant group effect in vfcMRI,
two exhibited relevant relationships with clinical and cognitive scores in patients. First, the variability
of functional connections between executive control and visuospatial networks was associated with
better clinical status in terms of overall disability and fatigue severity. Fatigue has been found to
be reflected in connectivity and activity of several brain regions (e.g. Pravata et al., 2016), including
frontal regions in accordance with the presented findings. To my knowledge, though, there are no
studies investigating the underpinnings of fatigue with respect to dynamic fcMRI specifically for MS.
In the investigation of a single healthy subject, Betzel et al. (2016) found lower fatigue severity also
to be related with higher flexibility of brain functioning in motor and somatosensory regions. The
concrete relationship between these two findings is unclear and probably limited due to different
populations, assessment tools and methodological approaches. Further investigations are needed to
draw valid conclusions from the present finding.

Second, better attention and longterm memory was related to increased variability of fcMRI between
the salience and the visual network. Kucyi et al. (2016) could show just recently that the inherently
dynamic nature of attention was closely linked to dynamic changes of fcMRI within and between
the DMN and the salience network using a simple tapping task. Zhang et al. (2016), on the other
hand, detected highest variability of interaction in brain areas that are known to be involved in
integration and learning. Together, this gives rise to the assumption that higher temporal fluctuations
facilitate flexible processing of the brain (Matter et al., 2016), which in turn could enhance perception,
processing, storage, and probably even retrieval of information in line with the findings here.

Finally, there was a tendency for decreasing variability of fcMRI with longer disease duration,
although p-levels of the correlations coefficients were far from the intended significance level. Nev-
ertheless, it may be speculated, whether dynamics of functional interaction patterns are specifically
influenced by pathological processes that are predominant in divergent phases of the disease, like func-
tional reorganization or structural plasticity. Future studies should take this research question into
account. It should be noted, that groups did not differ significantly in their performance of longterm
memory or attention. On the other hand, vfcMRI of the language network was not related to the
performance in verbal fluency tasks, in which MS patients performed significantly worse than healthy
controls.

In summary, the results suggest that dynamic features of fcMRI, such as the variability, disclose
aspects of pathology that cannot be captured with static metrics. Moreover, they indicate that
increased dynamic of functional communication, especially between RSNs, have a profound beneficial
effect on certain cognitive domains in MS, which seems to preserve the level of performance despite
substantial WM disturbances.

4.4.3. Limitations

The interpretation of the present analysis is not without limitations for a number of reasons. First,
from the reported results, it cannot be derived that the findings are specific for MS or WM damage
due to the lacking comparison with other pathological samples. Consequently, statements regarding
the usability of dynamic features of fcMRI as biomarkers beyond the differentiation between healthy
and structurally damaged brains are not valid. Second, an adequate correction for physiological
noise has been found to be particular relevant for fcMRI analyses (Murphy et al., 2013). Due to
technical reasons, it was not possible to record respiration and pulse signal for the majority of the
participants in the present study. Although the applied CompCor algorithm has been shown to
reduce the influence of physiological noise variance substantially (Behzadi et al., 2007), it cannot be
ruled out, that the results are still influenced to some extent by physiological confounder variables.
Third, the relational analysis was limited to a global score and the beforehand identified functional
partitions with significant group effect. Due to that, the greatest number of possible relationships
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were not even tested. A comprehensive whole-brain analysis is needed to get the full picture. Fourth,
the parameters for MCC were rather liberal to account for the explorative nature of the analysis.
Replications of the results in independent studies with more conservative thresholds are desirable.
Fifth, the application of sliding window approaches is not without critique. Window size and overlap
were chosen carefully to satisfy criteria for the analysis of dynamic fcMRI on a conceptual level as
well as to meet recommendations for statistical approaches from recent literature (Hutchison et al.,
2013; Wilson et al., 2015; Zalesky and Breakspear, 2015). Leonardi and Van De Ville (2015) suggest
window lengths of about the longest wavelength of the BOLD signal (~100s), while Zalesky and
Breakspear (2015) provide evidence for a possible detection of temporal fluctuations of fcMRI with
considerably shorter time windows (~40s). Furthermore, Price et al. (2014) repeated an analysis
for window sizes ranging from 20s to 240s and found regional differences for the peak performance
of their classification approach depending on the window size length. To the present day, there is
no methodological or practical standard for the determination of sliding window parameters, and the
application of analytical solutions (e.g. Ombao and Van Bellegem, 2008) is not common yet (Lindquist
et al., 2014).

Conceptually, short time windows are beneficial for the detection of dynamic changes in fcMRI,
while they come with the disadvantage that estimations of co-fluctuation naturally decrease in their
reliability with fewer data points (Lindquist et al., 2014). In particular, outlying data points at the very
beginning or end of a data series can influence the difference between two consecutive time windows
significantly and therefore overemphasize dynamic changes. Longer time windows, on the other hand,
might be superior in terms of reliability but therefore less sensitive for transient fluctuations of fcMRI,
thus the factor of interest. In the present study, it was attempted to balance between reliability
and sensitivity by choosing a window length of 50s, maximal overlap, and tapered windows that give
different weights to data points in the middle and at the extremes of each time series segment. To get
further insights in this matter, the influence of window size and overlap was evaluated empirically with
the data at hand. This post-hoc analysis revealed distinct impact of both window size and overlap on
the general level of vfcMRI, but still good alignment of group contrasts. Longer time windows were
found to be slightly more sensitive for group differences from a statistical point of view, maybe because
their more reliable estimation of dynamic characteristics of fcMRI lead to a narrower distribution of
values within the groups. In addition, results based on windows with incomplete overlap (> 1TR)
were shown to depend on the concrete segmentation of the time series. Although the impact did not
seem to be enormous, this finding is nevertheless a reason to worry about the validity of findings based
on such choice of sliding window parameter. That results of the post-hoc analysis are not corrected for
differences in the absolute number of windows, although this parameter is taken into account for the
computation of the variability of fcMRI defined as the standard deviation of correlation coeflicients
across time windows. Findings, in particular of divergent global vfcMRI levels, also reflect differences
in the number of considered time windows for this reason.

To sum up, the evaluation together with the lack of systematic differences in the data quality sup-
ports the general validity of the group differences in the metric of interest. In addition, it highlights the
necessity of standardized versions of dynamic features of fcMRI to allow comparisons between studies
with varying parameters. In the interest of completeness, it must be mentioned that sliding window
analyses are merely one approach among others that have been used to investigate temporal fluctua-
tions of fcMRI. To the present day, however, there is no agreement on which analytical approach is best
suited to disclose insights into relevant dynamics of functional communication (Hutchison et al., 2013).
Further systematic evaluations of divergent methodological approaches and influencing factors, such
as the cut-off frequencies for filtering, to give just one example, are still needed (Leonardi and Van De
Ville, 2015). Finally, it is important to emphasize that the present findings cannot not be interpreted
as proof for truly occurring fluctuations of functional interaction over time and neither can results from
other studies be interpreted directly as non-stationarity of fcMRI (Hutchison et al., 2013). A major
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reason for this limitation is that correlations coefficients for each time window represent only estimates
of the relationship of interest. The question of whether the difference between two subsequent time
windows is statistically valid and therefore indicative for true temporal fluctuation, is bound to the
reliability of each correlation coefficient, thus the underlying statistical uncertainty (Hindriks et al.,
2016). The reliability of metrics that describe fcMRI is influenced by a large number of factors, rang-
ing from technical confounds, preprocessing strategies (e.g. Murphy et al., 2009, 2013), physiological
and movement-related variables (e.g. Jones et al., 2008; Chang et al., 2009), to unexplained noise.
Fluctuations of correlation coefficients over time can therefore be caused by the variability of each of
those factors. The determination of dynamic fluctuations of fcMRI does not only require a careful
monitoring of confounding variables, however, but in addition appropriate statistical testing against
so-called surrogate data that correspond to the null hypothesis that functional interaction is static
(Hindriks et al., 2016). The construction of such surrogate data is not trivial and different methods
have been suggested over the last years (Chang and Glover, 2010; Zalesky et al., 2014; Hindriks et al.,
2016). To provide further insights in the presented findings, a subsequent analysis should be conducted
that incorporates statistical testing of the fluctuations themselves. Only then, it can be concluded
whether the group differences and relevant interrelations with behavioral deficits in MS result from
true variability of functional integrations or other sources of variance. On a conceptual level, both
outcomes would certainly be highly interesting for basic and application-oriented research questions.
On one side, if further analyses would indicate truly occurring dynamics of fcMRI, this would lead
necessarily to the question whether such a finding reflects systematic differences in what MS patients
and controls do when they are asked to do nothing. Both cognitive content as well as temporal fea-
tures of switching between mental states could vary between patients and controls as a manifestation
of the pathology or simply resulting from diverging circumstances of life. This rather general critique
against so-called resting state measurements might be particular relevant for studies that focus on
dynamic fcMRI. On the other hand, if altered vfcMRI merely reflects divergent statistical uncertainty
in the MS group due to differential impact or nature of confounding variables, this alone could disclose
relevant pathological mechanisms, like (regional) alterations of the hemodynamic response function
(Hubbard et al., 2015) or modulated patterns of physiological processes. Furthermore, if confounding
factors cause indirectly group differences in fMRI data, one might ask whether those metrics could also
serve directly as much cheaper and easier to acquire biomarkers of MS. A careful and open-minded
evaluation of various sources of variance for dynamics of fcMRI is needed before further conclusions
regarding its usefulness in clinical applications and basic research are drawn.
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5. Analysis 4: Functional connectivity profiles of
longitudinal fatigue alterations

5.1. Introduction

There are several cross-sectional studies that show alterations in the strength of functional commu-
nication as well as its topological organization in MS when contrasted with healthy controls (e.g.
Schoonheim et al., 2014; Liu et al., 2015b). Those deviations in functional connectivity furthermore
were related to both structural damage and behavioral deficits (e.g. Hawellek et al., 2011; Leavitt
et al., 2014). The pathological impact on the longitudinal development of fcMRI, however, is largely
unknown to the present day. The same applies to the extent to which functional and behavioral
variables co-fluctuate over time in a meaningful manner. Recently, a study by Faivre et al. (2016)
provided the first longitudinal evidence for a relationship between three graph theoretical metrics and
the progression of the overall disability in a sample of 38 MS patients. Building upon these findings,
the aim of this study was to explore longitudinal alterations in MS with a comprehensive multimodal
approach, which included complementing analyses of GM, neuropsychological performance, clinical
status, and both node and edge properties of ROI-to-ROI fcMRI. Beyond that, changes in fatigue
that occurred over the period of one year were related to alterations in whole-brain fcMRI to identify
parts of the functional connectome that could be involved in its progression over time. Fatigue is a
symptom pattern of perceived lack of energy, general exhaustion, and limited endurance, that occurs in
varying forms in several neurological and other symptomatic diseases (Krupp et al., 1988; Chaudhuri
and Behan, 2004). A distinction is made between peripheral fatigue, which describes the inability to
sustain or maintain sufficient muscle contraction, and central fatigue, which originates in the central
nervous system. The clinical manifestation of both forms can have a cognitive and a motor dimension
(Chaudhuri and Behan, 2000, 2004). In MS, central fatigue is among the most frequent symptoms,
affecting between 65-91% of all patients (Krupp et al., 1988; Fisk et al., 1994). Being a crucial factor
for the participation in social and work life, it constitutes one of the main determinants for quality
of life (Nagaraj et al., 2013). Albeit some associations were detected with other symptoms (Lerdal
et al., 2007), fatigue cannot be explained by physical, cognitive, or mental disturbances alone. It is
rather treated clinically and conceptually as an independent disease component with distinct etiology,
epidemiology, and treatment options. Despite its huge impact on subjective and objective well-being,
however, fatigue is still underrepresented and underrated in clinical neuroscience (Braley and Chervin,
2010). The underlying pathophysiology in MS, but also in general, is still poorly understood for this
reason. Discussed mechanisms include alterations in neurotransmitter and neuroendocrine systems,
disturbed (auto)immune responses, and dysfunction in brain activation and integration of several
cortical and subcortical brain regions (Schwid et al., 2002; Krupp, 2003). Prospective longitudinal
analyses on covariations with changes in parameters of structural or functional integrity of the brain
might therefore reveal new perspectives on the available findings. A recent study on the relationship
between global atrophy and the development of fatigue over the course of one year has found only
weak associations with structural metrics though (Nourbakhsh et al., 2016). Relating longitudinal
alterations of fatigue to functional parameters, as presented in the following, is the next subsequent
step to shed light on the origins of fatigue in MS for this reason.
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5.2. Material and methods

5.2.1. Participants

Detailed information on recruitment criteria for MS patients and healthy controls can be found in
section 1.2, part III. From the original cross-sectional sample, two patients were excluded over the
one year-study period due to worsening of their psychological and physiological conditions. The
corresponding control subjects were also excluded to maintain the individual matching. The final
sample for the longitudinal comparison contained 38 MS patients (23 female, 24-60 years) and 38
matched healthy control (23 female, age 29-57 years).

5.2.2. Analysis of longitudinal alterations
5.2.2.1. Statistics

Testing time and interaction effects on behavioral, structural, and functional variables was carried
out in MATLAB 2013a. Normal distribution was checked with Kolmogorov-Smirnov-tests (MATLAB
2013a function kstest, Massey, 1951) separately for each subtest of a modality (e.g. normal distribution
of GM intensities of a particular ROT). Non-parametric statistical tests for paired samples were used for
all subtests of a modality when more than 10% of the contrasts did not satisfy the normal distribution
requirement (p < 0.05). Parametric alternatives were applied otherwise. Time-dependent differences
within each group as well as group contrasts for a given time-point were tested for significance with
paired t-tests for normally distributed variables (MATLAB 2013a function ttest) or alternatively with
Wilcoxon signed rank tests (MATLAB 2013a function signrank, Gibbons, 1974), two-sided respectively.
Interaction effects between groups and time-points were examined either using analyses of variance
(ANOVA) with two repeated measurement factors (test statistic: F-value (F)) or by testing the group
contrast on individual differences between time-points with Wilcoxon signed rank tests when both
the variable and the individual differences were not normally distributed. Again t-tests were applied
when only the variable but not the differences did yield significant Kolmogorov-Smirnov-tests. Effect
sizes, that means Cohen’s d (Cohen, 1988, 1992, interpretation: 0.20 = small, 0.5 = medium, 0.8 =
large), partial eta? (Levine and Hullett, 2002, interpretation: partial eta?*100 = explained variance),
or an approximation of the correlation coefficient for the non-parametric test (Pallant, 2001, pp. 224-
225, interpretation: 0.10 = small, 0.3 = medium, 0.5 = large) were computed for paired samples.
The particular a-levels and multiple comparison strategies are reported in the corresponding methods
sections below.

5.2.2.2. Behavioral variables

Details of all behavioral data that were collected and analyzed for this study can be found in section 1.4,
part III. The polarity of following neuropsychological scores was reversed so that higher values would
indicate better performance: VLMT 5-7, TAP Alertness with and without signal, TAP Covert shift of
attention, and TAP Incompatibility. A PCA was computed on the z-transformed neuropsychological
tests scores of healthy controls at baseline in SPSS 20.0 (IBM SPSS Statistics for Windows, Version
20.0. Armonk, NY: IBM Corp). After Varimax rotation, which was applied for easier interpretation
of the resulting components, component score coefficients were extracted for components with an
eigenvalue larger 1. Individual factor scores for all four, respectively three time-points (baseline,
two weeks, six months, 12 months) were then calculated as the sum of the neuropsychological test
scores weighted by the component score coefficients. The a-level for statistical testing of longitudinal
alterations and interaction effects on the resulting cognitive factors and clinical variables was 0.05,
FDR-corrected at q = 0.05 (Yekutieli and Benjamini, 1999). Data from the two-weeks or six-months
follow-ups were not subject of statistical testing. Additionally, Pearson’s correlation were computed
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to evaluate the interrelations between cognitive performance and longitudinal alterations in FSMC
subscales (o = 0.01).

5.2.2.3. Structural data

Individual gray matter masks from the segmentation step (for details see section 1.5.2, part III)
were normalized using the DARTEL algorithm implemented in SPMS8. The amount of signal was
thereby preserved (modulation) to allow for the evaluation of GM intensities as a proxy for cortical
and subcortical atrophy. A binary group GM mask was generated that included all voxels for which
the segmentation algorithm yielded a GM probability of 30% or higher in all data sets. A mask for
the Power atlas (Power et al., 2011) was co-registered to that group-based GM mask while preserving
the original intensities (nearest neighbor). Individual mean GM intensities of all voxels covered by
the group GM mask were then derived for each of its 264 ROIs (Fig 17, A). Statistical testing was
carried out separately for each ROI. FDR-correction for multiple comparison (Yekutieli and Benjamini,
1999) was applied across all within-factor tests (ncomparisons = 1056) and across all statistical tests on
interaction effects (Ncomparisons = 264). The a-level was 0.01, FDR-corrected with q = 0.05 in both
cases.

The lesion volume in ml was derived during the automatic lesion segmentation step (for details see
section 1.5.2, part III). The a-level for statistical testing was 0.01, no multiple comparison correction
was applied.
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Figure 17.

¢ FSMC at baseline
o fcMRI residuals at baseline

— Analytical strategy. A Individual average gray matter intensities for 264 regions of interest

from the Power atlas were computed as well as pairwise functional connectivity (fcMRI) between them. The
influence of gray matter on fcMRI was regressed out before further analytical steps to reduce the impact of
group differences in cortical or subcortical atrophy on the results. Binary unweighted and undirected individual
adjacency matrices were constructed based on the fifteen percent strongest functional connections (n = 5208),
from which five graph theoretical metrics were derived for each participant and time-point. Statistical analyses
focused on time and interaction effects on gray matter, fcMRI, and graph theoretical metrics. B Relationships
were assessed between either fcMRI alterations of each functional connection, or node properties of each region
of interest and the longitudinal changes in two fatigue subscales of the Fatigue Scale for Motor and Cognitive

Functions (FSMC). MS = multiple sclerosis
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5.2.2.4. Functional connectivity

FcMRI was estimated pairwise between 264 cortical, subcortical, and cerebellar functional ROIs (Power
et al., 2011, see appendix section B.4). ROIs were modeled as 10mm diameter spheres and most of
them assigned to one of ten RSNs (Cole et al., 2013). The average time-series of all GM voxels
covered by both ROI and individual GM masks were extracted using the CONN toolbox (v14b,
http://www.nitrc.org/projects/conn). For details on the clean-up of time-series see section 2.2.4.1,
part ITI. Pearson’s correlation was calculated pairwise between corrected BOLD time-series and then
Fisher’s z-transformed to construct individual whole-brain ROI-to-ROI fcMRI matrices. In the final
step, a linear regression was computed separately for each functional connection with the fcMRI of all
participants and time-points as criterion and the corresponding mean GM intensities as predictors.
All further analytical steps were carried out on the residuals of this regression analysis to reduce the
influence of GM differences on time or group contrasts in fcMRI (Fig 17, A).

Time and interaction effects were tested for significance (uncorrected = 0.0001) for each link in the
functional connectome separately, leading to a high number of comparisons (n = 34716 per contrast).
Because conventional strategies for MCC were considered too conservative for this explorative whole-
brain analysis, a qualitative clustering scheme was applied to identify subnetworks with coherent
meaningful interaction effects. The clustering was based on the assumption that significant effects in
functional links, which are not embedded in a network exhibiting a similar effect, are less reliable than
functional connections that participate in such an equally behaving subnetwork. To be specific, it was
checked whether detected significant interaction effects were linked to at least two other functional
connections with the same directions of change of fcMRI in MS and controls, and a similar magnitude
of the statistical parameter (F-values, t-values, or z-values depending on the applied test). Similarity
was defined relative to the distribution of statistical parameters across all corresponding comparisons.
Links with parameters within two standard deviations of the value of the reference connection (which
would be the connection with significant interaction effect) were considered as similar. Please note
that such a clustering is no valid substitution for a profound MCC, and that clustering criteria were
chosen based on general assumptions on the minimal size of a network and similarity.

The algorithm was not applied to the within-group comparisons, nor were any other corrections for
multiple comparisons applied.

5.2.2.5. Graph theoretical metrics

Individual undirected and unweighted adjacency matrices were constructed by including the 15%
highest functional connections of the graph (n = 5208; Fig 17, A), which is the sparsity of links
recommended by Achard et al. (2006) (see also Faivre et al., 2016). The number of nodes and edges
were therefore identical across participants and time-points, ensuring that possible effects are not
caused by systematic differences in these variables (van Wijk et al., 2010; Zalesky et al., 2010). It
should be noted that the applied functional atlas has been developed specifically for graph theoretical
analyses (Power et al., 2011) and that it has been shown to be more reliable than the AAL atlas,
which is one of the most commonly used atlases in graph theoretical studies (Cao et al., 2014). The
following graph theoretical metrics were extracted from the adjacency matrices with the help of the
Brain Connectivity Toolbox (http://www.brain-connectivity-toolbox.net/). First, the node degree,
which is the sum of edges connected to a node and a measure for the centrality of a node. Second, the
clustering coefficient, which captures the number of triangles, in which a node is involved, relative to
the possible number of triangles for that given node. It is a measure for the clustering or community
characteristic of a network. In addition, two metrics were computed that describe the centrality of
nodes with respect to the module structure of the network. Namely the within module degree, which
indicates the centrality of a node within a module, and the participation coefficient, the intra-module
version of node centrality. Finally, the global efficiency was determined, that means the average inverse
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shortest path, which constitutes a measure for the overall distance of a network. Time-point differences
and interaction effects were tested separately for each graph theoretical metric with an a-level of 0.05,
FDR-corrected with q = 0.05 (Yekutieli and Benjamini, 1999).

Graphs can be thresholded in divergent ways to get individual binary adjacency matrices. The
most common approach is to apply a fixed threshold at a certain functional connectivity strength, for
instance r = 0.3. The strategy, which was applied in the present study, was therefore compared to
divergently thresholded adjacency matrices (r > 0.1, 0.2, 0.3, 0.4) in a post-hoc test to explore the
influence of different strategies on the statistical outcome. Results on this post-hoc analysis can be
found in section B.5, appendix.

5.2.3. FcMRI profiles of longitudinal clinical alterations

The aim of the last part of this analysis was to characterize whole-brain fcMRI profiles of longitudinal
alterations of fatigue by determining connection-specific relationships between behavioral and func-
tional changes (Fig. 17, B). First, the polarity of the FSMC subscales for cognitive and motor fatigue
was reversed for easier interpretation (higher values = better clinical status). Second, individual be-
havioral and functional alterations were computed by subtracting baseline from one-year values ( > 0:
improvement, increase of fcMRI; < 0: deterioration, decrease of fcMRI). Next, partial rank correlation
coefficients were computed to determine the relation between behavioral and functional changes (0.1
= small, 0.3 = medium, 0.5 = large, according to Cohen, 1988, 1992). Baseline values of following
variables were taken into account as confounders in this step: age, disease duration (MS only), FSMC
scores of both subscales, and the fcMRI level. Cognitive performance was not included as confounder
based on the beforehand computed analysis of behavioral data, which had not yield any meaningful
relationships between the cognitive domains and FSMC scores. Finally, correlation coefficients were
compared between groups to identify functional connections, in which the variables were significantly
stronger related in MS in contrast to controls (one-sided for |ryvg| > |rucl|, significant at p < 0.001,
uncorrected; Equation 5.1) with

|27ms| — |27he|)

1- normcdf(‘ (

nms—3 + nhc—?) (5 1)
with normedf being the normal cumulative distribution function and '

zry being the Fisher’s z transformed correlation coefficients.

The beforehand mentioned clustering algorithm was applied to identify significant relationships that
were embedded in a cluster of connections with similar effect. The starting points were the functional
connections, which were significantly stronger correlated with the behavioral variable in MS. Similarity
was evaluated based on the partial rank correlation coefficients themselves rather than the group
difference, however. Coefficients that differed less than |r| = 0.05 were defined as similar. The
relationship between alterations in node-specific graph theoretical metrics and FSMC subscales was
determined in the same manner (one-sided for |rvg| > |rucl, p < 0.001, uncorrected).

The exploration of cross-sectional associations between the FSMC subscales and functional interac-
tions was beyond the focus of this analysis. But in the interest of completeness, whole-brain association
maps for both groups can be found in the appendix section B.6.

5.2.4. Post-hoc analysis on fcMRI predictability

The general re-test reliability of fcMRI in stimuli-free conditions is largely unknown to the present
day. To estimate the empirical re-test reliability in the present study, the predictability of fcMRI and
the intraclass correlation coefficient (ICC) for three different time periods were determined for 35 MS
patients. Two-week data for three MS patients were missing. Using linear regression analyses, both

83



Analysis 4: Functional connectivity profiles of longitudinal fatigue alterations

two-week and one-year follow-ups were predicted by the baseline (0.5 months, 12 months), and the
one-year follow-up by fcMRI at two weeks (11.5 months). For controls, only the prediction of the
one-year fcMRI could be conducted, because two-week data was not available for this group.

Preprocessing, time-series extraction, clean-up, and computation of fcMRI of the two-weeks follow-
up was done in the same way as for the other time-points. Note, that the post-hoc analysis was
computed on the raw fcMRI estimates, hence without regression of GM values.

In the first step of the post-hoc analysis, linear regressions were computed separately for each
participant across all functional connections, resulting in individual global estimations of how well the
fcMRI of one time-point can predict fcMRI of another. In a second step, the individual predictability
was estimated separately for each inter- and intra-network partition of the functional connectome and
averaged across patients. This was repeated after permutation of the data sets, so that fcMRI of one
person was predicted by the fcMRI of another randomly assigned one. Finally, the ICC (see case 3,
McGraw and Wong, 1996) was determined for each functional connection and all three time periods,
and then averaged across partitions. The ICC is a statistical parameter that quantifies the re-test,
respectively inter-rater reliability in designs with repeated measurements. Scores can range between
-1 and 1, whereby ICC values below zero equate to zero, hence no reliability. Basically, the variances
within and between subjects are related with each other, so that low variability between time-points
or measurements together with large variability between subjects result in high reliability estimates.

5.3. Results

5.3.1. Sample

See Tab. 13 for full clinical and demographic information at baseline. For two healthy controls, one
of fourteen item of the HADS were missing, respectively. The scores were replaced by the individual
mean of the corresponding depression or anxiety subscales. None of the patients experienced an acute
relapse during the study. The average inter-measurement period was 370.39 days (337-415 days) in
healthy controls and 363.89 days (342-386 days) in MS (t(37) = 2.42, p = 0.02).

Table 13. — Demographic and clinical characteristics of the sample at baseline.

Demographic information HC MS Difference
(n = 38) (n = 38)
Age (in years; mean, SD) 40.45 (8.27) 40.76 (9.51) tz7) = -0.59, p = 0.55, d = 0.10
Sex (female : male) 23:15 23: 15 -
Handedness (left : both : right) 1:1: 36 4:2:32 X(2) = 2.36, p = 0.31
Clinical characteristics HC MS Difference
(n = 38) (n = 38)
Years since diagnosis (mean, SD) 7.05 (5.00) - -
EDSS (mean, SD) 0.28 (0.53) 2 (0.94) Z = -5.00, p < 0.01%, esW = -0.57
FSMC Sum no/mild/mod./sev. 38/0/0/0 14/6/6/12 X(3) = 35.08, p < 0.01*
FSMC Mot. no/mild/mod./sev. 37/1/0/0 18/2/6/12 X3 = 24.90, p < 0.01*
FSMC Cog. no/mild/mod./sev. 38/0/0/0 14/7/4/13 X(3) = 35.08, p < 0.01*
HADS-A no signs/mod. /clinical 37/1/0 28/9/1 X(2) = 8,65, p = 0.01*
HADS-D no signs/mod. /clinical 36/2/0 36/1/1 X2y = 1.33, p = 0.51
Sleep problems (no : yes) 30: 8 26 : 12 Xy = 0.75, p = 0.39
Cortisone (yes : no : unknown) 3:31:4 3:27:8 X = 1.61, p = 0.44
MS modifying drugs (yes : no: un- 0:37:1 20%% . 17 : 1 X(2) = 27,41, p < 0.01*
known)
SD = standard deviation; d = Cohen’s d; Z = test statistic of Wilcozon signed rank test; x = test statistic of Chi
square or McNemar tests; esW = effect size for Wilcozon signed rank test; Mot. = Motor; Cog. = Cognition;
mod. = moderate; sev. = severe; *significant at p < 0.05;

**Glatiramer Acetate (3), Natalizumab (4), Interferon (5), Fingolimod (3), Dimethyl Fumarate (1), unknown (2);
HC = healthy controls, MS = multiple sclerosis
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5.3.2. Longitudinal alterations of behavioral variables

Based on the Kolmogorov-Smirnov-tests, non-parametrical tests were preferred for all clinical variables.
EDSS scores for seventeen healthy controls were missing for the one-year follow-up. Group and time
differences were therefore tested with a Mann-Whitney-U test for unpaired samples. Taken together,
there were no significant time or interaction effects in any clinical variable on the group level. However,
there were substantial changes over time in both directions on the individual level, revealing great
variability of the clinical course over the period of one year (Fig. 18, A, B, and C).
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Figure 18. - Longitudinal alterations in clinical scores. Group mean values at baseline, after two

weeks, six months, and one year, complemented by individual alterations for the Fatigue Scale for Motor and
Cognitive Functions (FSMC; A), the Hospital Anxiety and Depression Scale (HADS; B), and the Extended
Disability Status Scale (EDSS; C). *p < 0.05, FDR-corrected; BL = baseline, HC = healthy controls, MS =
multiple sclerosis

The PCA yielded four components that can be interpreted in the following manner based on the
component scores of the neuropsychological tests: visual-spatial information processing, verbal in-
formation processing, executive functioning, and attention (Fig. 19, A, B, C, and D). Both groups
improved on all for components over the course of the study. This improvement was significant in
healthy controls in all but the executive functioning component and in MS patients in the first two
ones. There were no significant interaction effects.

The alterations of motor and cognitive fatigue were correlated with each other (MS: r = 0.46,
p < 0.01; HC: r = 0.64, p < 0.01), but not with changes in the cognitive performance (strongest
correlation MS: T'visual-FSMC kog = 0.16, p = 0.35; HC: ryerbal-FSMC kog = -0.22, p = 0.19). In both
groups, alterations in the visual-spatial information processing were positively correlated with changes
of verbal processing (MS: r = 0.61, p < 0.01; HC: r = 0.56, p < 0.01), but not with the other two
factors. There were no significant correlations between baseline scores of the four cognitive factors
and the longitudinal change of both FSMC subscales (all |r| < 0.35, all p > 0.03). In the MS group,
baseline levels of visual-spatial information processing were significantly correlated with the alterations
in the same domain, and the alterations in the verbal one (both r = -0.43, p < 0.01). In addition,
executive functioning at baseline was related to its own change (r = -0.46). In the control group,
baseline scores of visual-spatial, verbal, and executive processing were significantly correlated with
alterations of themselves (ryisyal = -0.49; I'verbal = -0.52; rexec. = -0.62). Baseline levels of fatigue were
correlated significantly with alterations in fatigue severity in healthy controls only.
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Figure 19. — Longitudinal alterations in cognitive performance. A-D Group mean values at base-
line, after two weeks, six months, and one year, complemented by individual alterations of performance in
four cognitive domains. The word clouds represent the component scores or loadings of the fourteen neuropsy-
chological tests on the four components that were yielded with the principal component analysis. *p < 0.05,
FDR-corrected; BL = baseline, HC' = healthy controls, MS = multiple sclerosis

5.3.3. Longitudinal alterations of brain structure

Only 10 out of 264 (3.79%) Kolmogorov-Smirnov-tests on the normal distribution of GM intensities
reached significance (pmin = 0.02), so that parametric testing was applied for statistical testing of
group differences in all ROIs.

In healthy controls, significant decrease of GM intensity over time was found in eleven ROIs
(PFDR corrected < 0.01; mean |Cohen’s d| = 0.55; Fig. 20). In patients, significant alterations were
identified in 35 regions (PrFDR corrected < 0.01; mean |Cohen’s d| = 0.62).

There were no significant interaction effects after FDR-correction. Without correction, meaningful
interactions were found in the posterior central gyrus (PoCGgg; F (1) = 9.47, partial eta? = 0.002,
explained variance = 0.23%, Puncorrected = 0.0039) and the middle orbital frontal gyrus (ORBmidgs;
Fq) = 9.67, partial eta? < 0.01, explained variance = 0.07%, Puncorrected = 0.0036) on the right side.

There were no significant time, or interaction effects on the lesion volume according to the applied
non-parametrical statistical test. In controls, the lesion volume increased on average slightly from 0.14
ml (SD = 0.24 ml; range = 0-1.14 ml) to 0.16 ml (SD = 0.28 ml; range = 0-1.40 ml; z = -1.33, p
= 0.18). In patients, there was an average increase of the lesion volume by 13.79% from 10.95 ml at
baseline (SD = 14.80 ml; range = 0.09-70.95 ml) to 11.45 ml after one year (SD = 14.86 ml; range =
0.09-66.30 ml; z = -1.91, p = 0.06; tinteraction = -1.69, p = 0.30).
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Figure 20. — Longitudinal alterations in gray matter. Change in gray matter intensity and t-values for
regions of interest with significant time effect (p < 0.01, FDR-corrected) in healthy controls (A) and multiple
sclerosis patients (B). Interaction effects (p < 0.01) are highlighted with gray circles. networks: DMN =
default mode, VIS = wisual, SAL = salience, subC' = subcortical, v/dAN = ventral/dorsal attention, SM =
somatosensory, AUD = auditory, CING = cingulo-opercular, not ass. = not assigned; for information on
regions of interest see appendiz section B.J

5.3.4. Longitudinal alterations in fcMRI

After careful inspection of artifacts due to volume-to-volume movement, 104 of 246 functional vol-
umes were discarded in one healthy controls at baseline. No further functional images had to be
discarded because of movement in any other participant or time-point. Kolmogorov-Smirnov-tests
yielded significant results for 16 functional connections (0.05%, pmin = 0.01), justifying parametric
testing.

At the uncorrected a-level of 0.0001, both increase and decrease of fcMRI over time were detected
in controls and patients. In healthy participants, time effects were found in links between middle
frontal brain regions (decrease), between frontal and occipito-temporal ROIs (increase), and between
the middle temporal and the parahippocampal gyri (decrease; mean |Cohen’s d| = 0.66; Fig. 21,
A). In MS patients meaningful longitudinal increase of fcMRI was found in inter- and intra-network
connectivity of the somatosensory network, and between the right insula and the right middle temporal
pole. Decrease of functional interaction was identified also for links within the somatosensory and
fronto-parietal networks, as well as between cingulate, visual, postcentral, and occipito-temporal ROIs
(mean |Cohen’s d| = 0.69; Fig. 21, A). Qualitatively, a pattern emerged in healthy controls consisting
of decreasing fcMRI in the DMN and the salience network, and increasing inter-network interaction
particularly between the DMN, the auditory, cingulo-opercular, and somatosensory networks. (for
whole-brain matrices of time contrasts see appendix section B.7). No such pattern became apparent
for the MS group. Alone the functional connections of the somatosensory network exhibited relatively
uniformly a decrease of fcMRI together with enhanced interaction with the visual and the attention
networks.

87



Analysis 4: Functional connectivity profiles of longitudinal fatigue alterations

There were no significant interaction effects at the pre-defined a-level. Using a more liberal p-
threshold (o = 0.0002) enabled the detection of five connections with notable interaction. The appli-
cation of the clustering algorithm on the F-values and the direction of longitudinal changes disclosed
that three of them together with one further functional connection formed a subnetwork, in which the
fcMRI increased over time in MS patient and decreased in healthy controls (Fig. 21, B and C). The
functional connections of the identified cluster were located in parietal, temporal, and cingulate areas
of the brain and belonged to the fronto-parietal, the salience network, and the DMN. The interaction
effect explained between 4.46% and 6.04% of the variance in those connections.
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Figure 21. — Longitudinal alterations in functional connectivity. A Time effects on functional

connectivity (fcMRI) in healthy controls and multiple sclerosis patients (p < 0.0001, uncorrected). Solid lines
indicate longitudinal increase of fcMRI, while dashed lines reflect decreasing fcMRI. B Identified cluster of
functional connections with meaningful interaction effect (p < 0.0002, uncorrected) or similar effect with p >
0.0002 (dotted lines), and unclustered functional connections with meaningful interaction effect (transparent).
C Changes in fcMRI in connections with meaningful interaction. DMN = default mode network; for information
on regions of interest see appendiz section B.4; line width corresponds to magnitude of statistical parameter (t-,
F-values)

5.3.5. Longitudinal alterations in graph theoretical metrics

Scores of the participation coefficient and the global efficiency did not satisfy the normal distribution
criterion. Non-parametrical tests were therefore applied for these two metrics and parametrical tests
otherwise. With the pre-defined FDR-corrected a-level, no significant effects were detected at all.
Further unconstrained explorations of the results revealed that strongest time and interaction effects
were detectable not before raising the p-level to 0.01, uncorrected. At this p-level, clustering coefficients
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decreased over time in controls in regions of the DMN, namely the middle superior frontal gyrus and
the anterior cingulate cortex (Fig. 22, A). Beyond that, the participation coefficient increased in
frontal regions belonging to the salience network or unassigned. In MS patients, decreasing clustering
coefficients were found in frontal areas (fronto-parietal network) as well, but also in occipital (visual
network) and parietal nodes (somatosensory network) (Fig. 22, B). Interaction effects were identified
for all four metrics at this p-level (Fig. 22, C). The affected nodes were located in frontal regions, but
also in the insula, the basal ganglia, and the cuneus. In frontal nodes, MS patients exhibited increased
node degree, clustering coefficient, and within module degree, while those metrics were decreased in
the basal ganglia and the occipital node. There were no relevant effects on the global efficiency.
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Figure 22. — Longitudinal alterations in graph theoretical metrics. Longitudinal alterations of graph
theoretical metrics describing node properties (p < 0.01, uncorrected) and the anatomical location of affected
nodes for healthy controls (HC, A), multiple sclerosis patients (MS, B), and for nodes with with interaction
effect (C). For illustration purposes, alterations of all graph theoretical metrics were normalized; for information
on regions of interest see appendix section B.4

5.3.6. FcMRI profiles of longitudinal clinical alterations - fcMRI strength

The comparison of partial rank correlation coefficients of controls and patients did not yield signif-
icant differences at the intended a-level (p < 0.001, uncorrected). At a slightly higher p-level (p <
0.002, uncorrected), three functional connections were detected, whose longitudinal alterations were
correlated stronger with changes of cognitive fatigue in MS than in healthy controls (Fig. 23, A).
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Figure 23. — Relationship between longitudinal alterations in functional connectivity and
fatigue severity. Left: Whole-brain functional connectivity profile of longitudinal alterations in cognitive
(A) and motor (B) fatigue measured with the Fatigue Scale for Motor and Cognitive Functions (FSMC) for
multiple sclerosis patients (MS). Right: Functional connections that correlated stronger in MS when contrasted
with healthy controls (HC; p < 0.002, one-sided, uncorrected; marked with an asterisk) and their involvement
in clusters of similar effect. Similarity threshold was an absolute difference in correlation coefficients of |r| =
0.05 for the cognition subscale, resulting in one cluster, and |r| = 0.1 for the relationship with motor fatigue,
detecting two clusters. r = partial rank correlation coefficient; DMN = default mode network; for information
on regions of interest see appendix section B.4; line width indicates the magnitude of partial rank correlation
coefficients, dashed lines reflect negative correlation values
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These connections were located between cingulate and temporal parts of the DMN, frontal areas
of the fronto-parietal network, and between parietal ROIs. Absolute partial correlation coefficients
for the relationship with the FSMC motor subscale were larger in MS in four long-range functional
connections between visual areas and parietal, frontal, as well as subcortical regions (Fig. 23, B).
All but one of the functional connections, whose longitudinal change were stronger associated with
fatigue in MS had negative correlation coefficients. Functional connections, that correlated stronger
with either motor or cognitive fatigue in healthy controls (p < 0.002, one-sided for |rpc| > |rms|,
uncorrected) are illustrated in Fig. 30, appendix section B.8.

Using those group differences as starting points for the cluster algorithm disclosed one cluster with
similar effect (|rgiference] < 0.05) for the FSMC cognition subscale (Fig. 23, A) and two clusters for
the motor subscale (|rgifference] < 0.1, no cluster at the intended similarity threshold; Fig. 23, B). For
the FSMC cognition subscale, the cluster encompassed only one functional link with meaningful group
effect that connected the middle cingulate region and the inferior frontal gyrus (rgc = -0.04, rys =
-0.62, p = 0.002). This connection was embedded in a cluster of seven functional connections between
regions of the DMN and the fronto-parietal network with similar effects (r = -0.59 to r = -0.65 in
the MS group). The first cluster of functional connections that were correlated with changes on the
FSMC motor subscale included ten links, which were located between the visual network and both the
fronto-parietal network and the DMN. Again only one connection exhibited a significant group effect
(rnc = -0.02, ryys = -0.53, p = 0.002). The other correlation coefficients ranged between r = -0.55
and r = -0.67. The second cluster incorporated one significant connection between the somatosensory
network and the DMN (rgc = -0.004, rys = -0.58, p = 0.002), and two further links within the
somatosensory network (r = -0.57 to r = -0.59).

Cohens’ d values for a time effect on fcMRI in MS were relatively low in all identified clustered or
unclustered connections that correlated strongly with either motor or cognitive fatigue (mean |Cohen’s
d| = 0.18, range |Cohen’s d| = 0.02-0.47).

5.3.7. FcMRI profiles of longitudinal clinical alterations - fcMRI topology

No significant group differences in the relationship between graph theoretical metrics and FSMC
subscales were found. For explorative purposes, group effects with p < 0.05 are displayed in Fig. 24.
Both FSMC subscales were correlated negatively with a decrease of the clustering coefficient in several
nodes, but especially in ROIs belonging to the DMN. For the other three graph theoretical metrics
no such pattern became apparent. Across all four metrics, most meaningful group differences were
found in the fronto-parietal and the somatosensory networks for the cognition subscale, and in the
somatosensory network and the DMN for the motor subscale. Partial correlation coefficients ranged
between |r| = 0.4 and |r| = 0.6.
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Figure 24. — Relationship between longitudinal alterations in node properties and fatigue

severity. Left: Relationship between four graph theoretical metrics and both cognitive (A) and motor (B)
fatigue as measured with the Fatigue Scale for Motor and Cognitive Functions (FSMC). Regions of interest are
sorted with respect to their assignment to resting state networks. Right: Identified group differences between
multiple sclerosis (MS) and controls (HC; p < 0.05, uncorrected). r = partial rank correlation coefficient;
networks: SM = somatosensory, CING = cingulo-opercular, AUD = auditory, DMN = default mode, VIS
= wvisual, FP = fronto-parietal, SAL = salience, subC = subcortical, v/dAN = ventral/dorsal attention; for
information on regions of interest see appendix section B.4; node size reflects correlation magnitude, filled nodes
display positive correlations

5.3.8. Post-hoc evaluations on fcMRI predictability

The individual adjusted R? for the linear regressions ranged between 0.21 and 0.52, indicating that
between 21 and 52% of the variance of whole-brain fcMRI could be explained by earlier fcMRI mea-
surements (Fig. 25, A). Prediction periods did not differ with respect to the amount of explained
variance as judged by eyeballing. The exploration of the average adjusted R2-values for separate par-
titions revealed that the predictability across all MS patients was drastically lower for inter-network
partitions of the functional connectome than for intra-network ones (min R? = 0.04 for partition
between visual and subcortical network, max R? = 0.60 for visual network; Fig. 25, B). This was
also true for permutated data sets, indicating that within-network fcMRI can be predicted better than
between-network interactions even from fcMRI of a randomly assigned other person. The computation
of the ICC confirmed higher re-test reliability for intra-network functional connectivity (Fig. 25, C,
D). Scores ranged between 0.06 (partition between visual and subcortical network) and 0.64 (ventral
attention network). Estimations of the reliability of fcMRI in inter-network partitions between two
networks with high ICC scores, for instance between the DMN and the fronto-parietal network, yielded
also higher values. Again, the re-test reliability for shorter time periods was not superior in compari-
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son to longer ones. Substantially lower re-test reliability was revealed for the subcortical network and
its interaction with all other networks.
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Figure 25. — Post-hoc test on the re-test reliability of functional connectivity in the present
study. A Individual estimates of the global predictability of functional connectivity (fcMRI) by a former fcMRI
assessment for time differences of 0.5 months (patients only), 11.5 months (patients only), and 12 months. B
Average predictability for each of 66 inter- and intra-network partitions of the functional connectome for multiple
sclerosis patients, permutated patients, and healthy controls (HC). C Whole-brain matrix of connection-specific
intraclass correlation coefficients (ICC), indicating the re-test reliability between the baseline and the 12 months
follow-up. Warm colors depict higher reliability. D Averaged connection-specific ICC scores for all inter- and
intra-network partitions of the functional connectome. Different shades of green indicate divergent time periods
between the repeated measurements, ranging from 0.5 months (light green) to 12 months (dark green). networks:
SM = somatosensory, CING = cingulo-opercular, AUD = auditory, DMN = default mode, VIS = visual, FP =
fronto-parietal, SAL = salience, subC = subcortical, v/dAN = ventral/dorsal attention; HC' = healthy controls;
adjusted R**100 = portion of variance of the criterium that be explained with the applied regression model

5.4. Discussion

In the present part of this doctoral thesis, alterations in behavior, brain structure, and brain function
that occurred over the period of one year were explored in a sample of MS patients and healthy
controls, and related to each other. Meaningful correlations between changes in fatigue severity and
both edge and node properties of fcMRI were determined in order to characterize whole-brain profiles

of clinical progression in longitudinal resting state fcMRI. Last, global and local re-test reliability of
fcMRI was evaluated.
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5.4.1. Behavioral alterations over time

With respect to behavioral variables, changes in cognitive abilities, severity of overall disability, fatigue,
and the manifestation of depression and anxiety symptoms were evaluated.

Neuropsychological performance improved in both controls and patients over time. It must be
highlighted that MS patients had completed eight neuropsychological assessments over the study course
(four general appointments, four MEG measurements with on- and offline neuropsychological testing)
and healthy controls still six. Based on the results, a training effect is therefore reasonable, challenging
the in-depth interpretation of the neuropsychological data. The lack of significant interaction effects
between groups and time-points could indicate that controls and MS patients "benefited" equally from
the study participation, which might be interpreted as evidence against a general learning deficit in the
present MS cohort. However, this conclusion must be taken with caution, since observed alterations
probably do not reflect natural history as intended, nor a systematic training effect. Changes in
cognitive and motor fatigue were not related to neuropsychological performance, so that a similar
study effect on those variables must not be assumed.

The longitudinal observation of the clinical status revealed considerable individual alterations in
both directions in a large portion of the sample in the overall disability, fatigue, or scores for psy-
chological comorbidities. The substantial inter-individual variability of longitudinal alterations was
reflected in the within-group contrasts, where no overall trend towards clinical improvement or dete-
rioration over time became evident in neither MS patients nor healthy controls.

MS has a highly unpredictable and to the present day still poorly understood pathology, and the
major clinical challenge is to anticipate the individual course of the disease. While traumatic and
sudden impact on functionality due to acute white matter inflammations is a prominent characteristic
especially in early phases, the progressive degenerative aspect of MS is nowadays known to gain
importance with longer disease duration (Trojano et al., 2003). Persistent cognitive and clinical
deterioration will therefore occur almost certainly at some point in time (e.g. Amato et al., 2008).
However, transitional improvement of cognitive abilities or clinical status in shorter time periods is
possible for numerous reasons, even if general worsening must be expected on the long run. Short-time
predictions, such as for a one-year period, are therefore hardly reliable, especially for the relapsing-
remitting subtype of MS. From that it follows, that the behavioral findings of this study are in line
with the general understanding of MS, reflecting the dynamic nature of this disease.

5.4.2. Structural alterations over time

The relationship between conventional MRI outcomes and clinical symptoms in MS is complex and
usually weak in empirical studies (Barkhof, 2002). Not even the occurrence of new WM lesions, in the
sense of hypo- or hyperintensities in T1-, respectively T2-weighted MR images, is clearly related to the
manifestation or worsening of symptoms. On the contrary, it is known that the lesion load increases
annually by about 10% in RRMS (Ge, 2006) without attributable behavioral signs or clinically relevant
relapses, a phenomenon called silent lesions. This finding can be confirmed with the average annual
change of WM lesion volume in the present MS sample.

Complementing the insights on WM damage, disturbances of GM have gained attention over the
last decade in MS research (Steenwijk et al., 2016). In the current study, GM intensities were found to
decrease over time in MS in occipital and parietal areas belonging to the visual network and the DMN.
However, meaningful signs for atrophy were detected in healthy controls as well. Together with the
lack of convincing interaction effects, it remains open, whether the detected one-year GM alterations
result specifically from MS pathology, or whether they primarily reflect structural alterations that
occur naturally in the course of healthy aging (Fjell et al., 2010).
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5.4.3. Functional alterations over time

The analysis of longitudinal alterations of functional integration in MS revealed both substantial
increase and decrease of fcMRI in the somatosensory network, and between regions belonging to visual,
fronto-parietal, salience, and auditory networks, and the DMN. In healthy controls, less functional
connections exhibited significant changes and other regions were involved. Still, the affected networks
were also the fronto-parietal and salience networks, and the DMN, consistent with studies indicating
a specific relevance of these three networks for cognitive deterioration in healthy aging (Archer et al.,
2016; Ng et al., 2016). Nevertheless, the interpretation and explanatory power of those results is
bound to the question of how reliable ROI-to-ROI fcMRI can be re-tested. Although stimuli-free
fMRI measurements and especially their clinical application as biomarkers became one of the top
endeavors in clinical research in the last two decades, the systematic and profound evaluation of its
re-test reliability is still an open question and largely ignored in the clinical field. The post-hoc test
on the re-test reliability in the present study disclosed that only about 50% of the variance of a later
whole-brain fcMRI pattern could get predicted by a former one. Moreover, the prediction of the two-
week data turned out to be as good as the prediction of fcMRI a year later. It remains unclear, to what
extent this empirical predictability reflects technical or methodological insufficiency, or pathological,
respectively physiological alterations, especially since only a part of the post-hoc analysis on reliability
could be conducted for healthy controls. For instance, Pinter et al. (2016) found a tendency for lower
reproducibility of RSNs after only three months in MS patients when compared to controls. It is open
to question whether this finding captured truly occurring changes in fcMRI over such a short time
period or whether other influencing factors decreased the reproducibility of fcMRI in the patient group,
for example higher measurement-to-measurement variability of physiological confounder variables. In
the interests of completeness, it should be mentioned that the re-test reliability for ROI-based fcMRI
in this study was in general higher than in the present analysis (ICC = 0.88-0.99 in MS, which equals
64-98% explained variance). This difference is probably related to divergent analytical strategies, in
particular their focus on ICA-derived RSNs and their overlapping fractions of both time-points. The
direct indications for the interpretation of the present findings is unclear for this reason. Birn et al.
(2013) found intersession intra-class correlation coefficients between 0.2 and 0.4 for fcMRI estimates
from scans between six and 27 minutes, more in line with the present finding. In addition, the authors
revealed increasing re-test reliability for longer scan durations and more data points. To be more
specific, the gain in reliability was highest for the comparison between sessions under ten minutes and
those around twelve minutes. A beneficial effect of longer scan times was also suggested by a study
by Shah et al. (2016), especially for the evaluation of fcMRI on the individual level. Findings of the
same study indicate, moreover, regional differences in reliability. In line with the present study, lowest
re-test reliability estimates were yielded for subcortical GM nuclei and regions at the junction of GM
and WM. This difference could be related to less precise fit of subcortical ROI templates or inaccurate
segmentation of deep GM but also to higher physiological variability of the functional communication
of subcortical nuclei.

A closer look at the partition-specific scores in the present study disclosed higher re-test reliability
and predictability for intra- vs. inter-network interactions. This pattern was found even when the
fcMRI was predicted by another person, although with much lower certainty. This outcome confirms a
reliable principle of the organization of functional interactions in the human brain that leads to func-
tional assemblies with strong intra-network and weaker inter-network communication. This is well
known and in fact the starting point and the subject of large scale functional connectivity investiga-
tions. Interestingly, the clustered interaction effects between time and groups were found in functional
connections between classical RSNs rather than within, namely between inferior parietal regions of the
fronto-parietal network, a temporal ROI belonging to the DMN, and cingulate areas of the salience
network. Recently, a study by Yang et al. (2016) has suggested that the underlying modular struc-
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ture of functional networks is controlled largely by genetic influences. The interplay between these
functional networks, on the other hand, has been shown to be stronger modulated by environmental
factors. It is therefore plausible to assume that pathology, whose etiology involves environmental
factors, is also reflected in such inter-network functional connectivity. This fits to the present finding
of strongest effects on inter-network fcMRI together with only very small effects on node properties,
hence then topological organization of the functional connectome. Together, these results suggest that
the significance of inter-network interactions in terms of information content on individual pathologi-
cal characteristics and with respect to diagnostic, prognostic, or monitoring purposes should become
a subject of future research.

In the identified cluster with meaningful interaction effect, fcMRI increased in MS patients over
time and decreased in controls. An increase of fcMRI in MS has been described in several studies
(e.g. Giorgio et al., 2015; Hulst et al., 2015) and has even been discussed as a fundamental, perhaps
initial response of the brain to pathological modifications (Hillary et al., 2015). With the present
results, a meaningful increase of the strength of functional connectivity can be shown in a prospective
longitudinal study, to my knowledge for the first time in MS. The effect sizes for the interaction effects
in the present study were, however, particularly small and t-tests for the time-dependent alterations in
those connections did not yield significance level. In addition, it remains open to question whether the
observed increase reflects beneficial recruitment due to WM disturbances in parallel tracts, equalization
of deficits, or a pathological overshot of functional communication. Further investigation into the
functional relevance of such longitudinal fcMRI alterations is needed.

5.4.4. Relationship between behavioral and functional alterations

A first step towards a deeper understanding of the meaning of those longitudinal changes was the
evaluation of interrelations between changes in the severity of fatigue symptoms and fcMRI across
the entire functional connectome. This highly explorative whole-brain analysis revealed that patients,
whose cognitive fatigue improved over time, tended to exhibit decreasing functional integration be-
tween regions and networks involved in cognitive control (Zanto and Gazzaley, 2013) and flexible
exchange of information across the brain (Buckner et al., 2008). Improvement in motor fatigue, on
the other hand, was correlated with decrease of inter-hemispheric long-range connectivity between
areas involved in the processing of visual and somatosensory input, and regions typically engaged
in impulse control, and decision making. A link between fatigue severity and both stronger brain
activity and functional connectivity has been shown before (DeLuca et al., 2008), in particular for
a thalamo-striato-cortical network, encompassing basal ganglia, thalamus, sensorimotor centers, and
frontal regions (Engstrom et al., 2013). But also decreased fcMRI was found to be related to more se-
vere symptoms (Cruz Gémez et al., 2013; Finke et al., 2015). These findings gave rise to two contrary
interpretations. First, hyperconnectivity serves as a compensatory mechanism for fatigue. Decreased
functional integration would therefore cause worsening of the clinical manifestation or at least prevent
improvement. Second, hyperconnectivity reflects higher cognitive demand, which in turn comes with
increased energy consumption and as a consequence higher fatigue burden. This theory is supported
by recent findings from Pravata et al. (2016). The authors analyzed resting state fcMRI before, imme-
diately after and 30 minutes after a cognitively demanding neuropsychological test in MS patients with
fatigue. They found transient cortico-subcortical hyperconnectivity right after the task and increased
interactions in fronto-temporal-occipital connections 30 minutes after completion. Most importantly,
hyperconnectivity was related to higher severity of fatigue. With the present findings, further evidence
is provided for the second theory, for the first time based on a prospective longitudinal study on the
natural progression in MS.

The associations between fatigue and graph theoretical features were very weak and will therefore
not discussed in detail. Improvement of both motor and cognitive fatigue was correlated with lower
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clustering coeflicients, which indicates more efficient functional integration and in consequence less
energy consumption (Fornito et al., 2016, p. 287). This outcome is therefore also in line with the
second interpretation discussed above.

Taken together, the investigation of longitudinal alterations in MS revealed decreasing structural
integrity in occipito-parietal areas together with functional reorganization in the frontal lobe, and a re-
lation between their enhanced, and therefore less efficient integration and increasing severity of fatigue.

5.4.5. Limitations

Following limitations of this study should be taken into account. The selection criteria allowed for
the compilation of a relatively homogenous sample of participants in terms of disease dynamics, and
symptoms severity. This approach was supposed to increase the internal validity of the results following
general recommendations for explorative investigations. However, the significance of the outcomes for
MS patients with comorbidities or in other phases of the disease remains unclear.

It should be noted, that the applied fatigue scales are self-report assessment-tools and therefore
bound to the subjective perception of symptom severity. It is well known that the participation in
a study alone can influence the perception and even the manifestation of clinical symptoms. Fur-
thermore, self-, but also external assessments are likely to be influenced by a number of temporary
confounds, such as positive or negative life events, experience, or mental fitness on the day. As a
consequence, it cannot be excluded that alteration of fatigue reflects study-induced placebo effects or
the impact of unrelated other circumstances of life in single patients. Anyway, on the group level,
there was no evidence for a general study effect. Together with the satisfying scientific quality criteria
of the FSMC (Penner et al., 2009), the available fatigue scores seem to constitute a valid variable to
correlate brain function with.

The implemented fMRI sequence had a length of approximately ten minutes with 246 data points,
which ranges midfield in comparison to other studies in the clinical resting state field. Longer time-
series might improve the re-test reliability as discussed above. The benefit from longer scan durations
in clinical studies must albeit be put into perspective with the burden of an fMRI scan for the patients.
A careful evaluation of the advantages and disadvantages of divergent sequences is therefore necessary.

The acquisition of individual physiological data was technically not feasible in the present study,
even though their inclusion certainly improves data quality and therefore the reliability. The imple-
mentation of physiological recordings should therefore become a required standard for clinical studies
in the future.

The applied measures of structural damage cannot provide a comprehensive picture of the overall
disturbance, because the WM lesion volume was extracted automatically rather than by an experienced
clinician, and because estimates for GM atrophy were ROI-specific. The validity of these metrics
was nevertheless considered sufficient for the purpose of the present study. Anyway, more advanced
methodological approaches are desirable for further longitudinal analyses.

From a statistical point of view, the sample size is relatively small for a correlational whole-brain
analysis such as the one applied here. Relevant effects might have been underestimated due to the
lack of statistical power and identified effects are certainly not particularly reliable in statistical terms.
Subsequent studies should follow a confirming approach with a-priori defined foci on circumscribed
parts of the functional connectome to confirm or refute the results presented here with higher statistical
power and appropriate strategies for MCC.

In general, effects on the group level were very small. This is also related to the observation
that individual alterations pointed in both directions. Statistical analyses on the sheer magnitude of
change, irrespective of its direction, might have yielded more significant effects. Such an approach is
useful to identify functional connections, in which modifications are in general most likely to occur
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over time. However, it is not suited to reveal insights into functional alterations that correlate with
the clinical manifestation of symptoms, hence to investigate the underlying research question of the
present project.

Finally, it must be stated that the results must not be interpreted as potential biomarkers for the
development of MS or the prognosis of long-term alterations of fatigue symptoms in this disease.
First, all patients in this study had radiologically secured, thus clinically definite MS. To investigate
the development of MS in unsecured cases, someone would have to focus on longitudinal alterations
in patient with RIS or CIS diagnosis at baseline. Second, MS patients were not compared to any
other pathological population. Whether the detected effects are MS-specific or general responses to
structural disturbances in the brain cannot be derived from the outcome of this study. Third, the
observation period was particularly short for MS. Longer observations are desirable. Last, levels of the
variables at baseline were regressed out before computing the relationships between their longitudinal
modifications for the final part of the analysis. As a consequence, the results are not indicative for
meaningful cross-sectional interrelations, nor are they influenced by them.
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Synoptic summary

The presented work provides a comprehensive multimodal characterization of a sample of patients
suffering from RRMS, comprising structural, functional, and behavioral findings from both cross-
sectional and longitudinal analyses. With a special focus on pathological alterations in the functional
connectome, diverse aspects of fcMRI and their relationship with cognitive, clinical, and structural
variables were examined within a whole-brain framework. The results of this explorative investigation
were put into perspective with current literature and conceptual work on functional compensation, dy-
namics of functional integration, and the development of neuroimaging-based biomarkers. The overall
significance of this doctoral thesis for basic research towards a general understanding of physiological
organization and pathological intrusion of the human functional connectome, as well as the clinical
application and practical usefulness of those insights are summarized in the following sections. Further
details on specifics of methodology, findings, or underlying concepts of each analysis can be found in
the corresponding discussion sections.

1. Organizational principles of
functional connectivity

1.1. White matter disturbances, the functional connectome,
and the concept of functional compensation

Though atrophy of GM has gained attention as an important component of MS in the past years (Steen-
wijk et al., 2016), inflammatory processes in the WM are still considered the primary pathological
correlate, conceptually as well as clinically. The investigation of functional integration characteristics
in MS therefore constitutes a unique approach for studying the impact of circumscribed WM damage
on brain functioning in humans, distinguishing MS from other clinical populations with traumatic or
non-traumatic structural pathology.

The present work provides further insights into the complex and non-trivial effect of WM distur-
bances on the functional connectome. To begin with, the unconstrained whole-brain approach disclosed
substantial differences between structure-function and function-behavior interrelation patterns, sug-
gesting that the translation of WM impairment into manifestations on the behavioral level cannot be
explained by local effects alone. Instead, this finding can be interpreted as a sign for a meaningful
mediating role of indirect or secondary effects in the functional connectome, facilitating the ramifi-
cation of the pathological impact beyond primarily affected functional connections. Such functional
disease propagation could happen in conjunction with, or complementary to topological reorganiza-
tion processes within the functional architecture and structural plasticity. The functional expansion
of pathological effects does not occur randomly, but emerging patterns are thought to be constrained
by the underlying functional network structure (Fornito et al., 2015). Functional widespread of the
effect of GM damage and TMS stimulation has been described before and in addition put into relation
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with the manifestation of deficits on the behavioral level (Eldaief et al., 2011; Gillebert et al., 2011;
Gillebert and Mantini, 2013). In addition, a case study by Jones et al. (2011) disclosed secondarily
occurring disruption of the DMN in response to an acute MS lesion close to the thalamus. Altered
afferent input was suggested as a possible mechanism for such functional propagation, in accordance
with a phenomenon called functional diaschisis (Silasi and Murphy, 2014; Fornito et al., 2015; El-
daief et al., 2016). With the present doctoral thesis, further evidence is provided that encourages the
transfer of this concept of disease propagation onto the impact of circumscribed WM lesion on the
functional connectome.

The findings furthermore lead to the conclusion that WM-related deficiency of one part of the func-
tional connectome does not necessarily have to disturb functional communication elsewhere, but might
also facilitate it. This could be explained, to give an example, by reduced or altered inhibitory input,
or, on a higher level of abstraction, the disturbance of the normal interplay between functional special-
ization and integration (Fornito et al., 2015). From this it follows, that the occurrence of meaningful
secondary effects constitutes a possible mechanism for the frequently described, yet counterintuitive
enhancement of functional communication in the presence of WM damage.

Increased functional connectivity is often interpreted as functional compensation, hence benefi-
cial additional recruitment of cortical or subcortical resources for the successful accomplishment of
cognitive or motor tasks. While this assumption could indeed be supported by findings of relevant
associations between increasing functional integration and improved behavioral performance in MS,
almost the same number of publications provide evidence for the opposite relationship (see section
3, part II). By conducting a whole-brain analysis, both the maintenance of cognitive abilities and
their decline were shown to be associated with the enhancement as well as the decrease of functional
connectivity in the present doctoral thesis, reflecting the diversity of previous findings in just one
dataset. This finding together with the outcome of the systematic literature review draws attention
to substantial shortcomings of the conceptualization of functional compensation in the presence of
WM lesions. The conceptual distinction of equally relevant primary and secondary impact introduces
a new perspective on potential modulatory, or compensatory effect mechanisms. A wide range of
hypotheses can be derived from this concept and tested on various temporal and spatial scales, for
instance by using neurostimulation techniques, or by further in-depth inquiries into interdependencies
of functional modulatory processes and the structural adaptability of the brain. Moreover, it provides
an integrative framework for the interpretation of seemingly contradicting and highly diverse findings
from previous studies.

Finally, the contradicting results and their interpretations in the current literature on functional
compensation in pathological populations disclose remarkable deficiency in the current understanding
of the functional relevance of spontaneous functional integration and its relation to behavioral perfor-
mance (for a detailed discussion see section 3.4, part IIT). Many details of the exact interrelations are
yet to be determined and conceptual groundwork is needed.

1.2. Inter-network functional connectivity

There is strong and often replicated evidence for a highly structured organization of functional inte-
gration in the human brain during so-called rest, in response to stimulation, and during the execution
of tasks (Smith et al., 2009). Several assemblies of regions were identified that exhibit stronger func-
tional connectivity with one another than with other brain areas. Characterizing and relating those
emerging networks to behavior or pathology has been particularly fruitful for a wide range of research
questions. Nevertheless, focusing on within-network connectivity only, naturally represents a limited
picture of functional integration in the brain. Going beyond this restricted perspective was therefore
one of the main reasons to apply consequently whole-brain analyses for the exploration of pathological
modifications of fcMRI in the present doctoral thesis. And indeed, the findings provide evidence for
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a meaningful functional role of static and dynamic features of functional communication that occurs
between specialized networks. Especially the temporal variability of functional between-network inter-
actions was shown to be related to cognitive performance. In line with previous publications touching
on this matter, this finding might reflect a substantial role of inter-network functional connectivity for
flexible switching between mental or functional states. The investigation of longitudinal alterations of
fcMRI indicated moreover that inter-network functional connectivity might have higher sensitivity for
physiological development and pathological progression. This interpretation is supported by studies
on the differential role of inter- and intra-network interaction in aging (e.g. Ng et al., 2016; Grady
et al., 2016), and on pathological alterations in neurological and psychiatric disorders (e.g. Janssen
et al., 2013; Cai et al., 2016).

Results by Eldaief et al. (2016) suggest that between-network communication is influenced by certain
functional hubs in the frontal part of the DMN. More specifically, they found that circumscribed GM
lesions in the medial prefrontal cortex were more likely to modify the interaction of the DMN with
other RSNs than the integration within the DMN itself. In addition, Grady et al. (2016) found that
inter-network connectivity of the fronto-parietal control network predicted age-dependent decrease
of within-network interaction of the DMN. Functional connectivity between the control network and
others moreover predicted cognitive performance. The authors interpreted this outcome as supporting
evidence for a regulating role of the fronto-parietal control network for flexible switching in dynamic
cognitive processing. It remains speculation, whether the central role of the DMN in a wide range
of pathological diseases could be explained by its relation to inter-network integration. Still, these
findings certainly provide the rationale to further look into this matter and extend the focus from intra-
to inter-network functional connectivity in basic and applied neuroscience. Finally, Yang et al. (2016)
report findings that indicate that the interplay between functional modules of the brain is largely
influenced by environmental factors, while the modular architecture was found to be determined by
genetic influences. According to this result, functional inter-network connectivity might indeed be
particular prone to pathological effects and structural impairment. Further research on this question
as well as adequate replication studies are necessary to confirm this interpretation.

Taken together, interaction between specialized assemblies might be involved in orchestrating whole-
brain integration over time. A profound evaluation of inter-network connectivity with respect to
its significance for cognition, pathology, or moment-to-moment functioning is therefore desirable to
complement the current one-sided perspective on functional communication in the human brain.

1.3. Longitudinal alterations of functional interaction
in the healthy brain

The outcome of the longitudinal analysis revealed that meaningful alterations of functional connectiv-
ity could be observed after the relatively short period of only one year even in healthy participants.
Physiological modifications of functional connectivity are known to occur naturally in the course of the
ontogenetic development and have been described before in the context of adolescence (e.g. Richmond
et al., 2016) as well as healthy aging (e.g. Spreng et al., 2016). At the same time, however, resting
state fcMRI is thought to yield reproducible patterns across states and subjects (Damoiseaux et al.,
2006; Fornito and Bullmore, 2010), and to express reliable individual characteristics (Finn et al., 2015;
Tavor et al., 2016). Taken together, this gives rise to questions such as how individual characteristics
develop over time, which aspects of functional connectivity are more or less stable, respectively prone
to developmental influences, and how functional evolution relates to longitudinal changes in structural
connectivity. For instance, the relationship between functional and structural connectivity has been
shown to be age-dependent (Betzel et al., 2014), and inter- and intra-network communication to change
differently over time (Betzel et al., 2014; Archer et al., 2016; Ng et al., 2016; Grady et al., 2016). With
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respect to the latter, functional alterations in healthy aging seem to be characterized by decreasing
fcMRI within functional networks together with intensified communication between networks. The
statistical analysis of the present study did not yield obvious evidence supporting or contradicting
this observation. The qualitative evaluation of the whole-brain matrix of alterations, on the other
hand, disclosed clearly such a pattern in the control group in particular for inter- and intra-network
interactions of the DMN.

Beyond that, findings of longitudinal alterations of fcMRI in healthy participants give reason to
take a closer look at the most relevant prerequisite for the interpretation of such outcome, namely
the re-test reliability of spontaneous fcMRI. Even though all potential clinical applications would
rely critically on basic scientific quality criteria such as validity, reliability, and objectivity, not much
attention has been given so far to the explicit evaluation of those metrics in the clinical neuroimaging
field (Shah et al., 2016). The re-test reliability is also a limiting factor for all longitudinal studies in
the area of basic research concerning resting state f{cMRI or functional integration in general. Building
on earlier cross-sectional work on divergent influencing variables on functional communication (for a
short overview see e.g. Castellanos et al., 2013), a recent trend can be detected in the field towards a
systematic investigation of re-test-reliability for this reason (e.g. Yan et al., 2013a; Cao et al., 2014;
Zuo et al., 2014; Andellini et al., 2015; Shah et al., 2016; Marchitelli et al., 2016; Termenon et al.,
2016b; Colclough et al., 2016).

On a general level, identical or at least similar scan conditions seem to be particular relevant for
sufficient re-test reliability, considering the impact of state variables on resting state functional con-
nectivity (Geerligs et al., 2015). Study planning should therefore include considerations of influences
from circadian fluctuations (Shannon et al., 2013), seasonal effects on the brain (Mc Mahon et al.,
2016), or physiological variables such as hunger and arousal (e.g. Lohmann et al., 2010). In addition,
several technical and methodological factors can diminish or enhance the re-test reliability, such as
the scan duration and certain preprocessing strategies (e.g. Andellini et al., 2015; Shirer et al., 2015,
and discussion section 5.4.3, part III). Empirical findings are mixed, and range from low re-test re-
liability scores for intersession comparisons in Birn et al. (2013) to high ICC scores of around 0.75
for seed-to-ROI multiband fcMRI in Shah et al. (2016). Evaluations of reliability in other modalities
paint a similar picture. Colclough et al. (2016) tested the re-test reliability of twelve methods for the
characterization of functional connectivity in the alpha-band based on MEG data and found distinct
differences. For instance, the consistency of simple amplitude correlations was found to be satisfactory
while the re-test reliability for the imaginary part of coherency was poor. Conclusions regarding the
overall re-test reliability of spontaneous functional connectivity are difficult to draw for this reason. It
must be noted that reported estimates of reliability moreover refer to divergent features of functional
networks, such as edge or node properties, network integrity and widespread, or global measures of
functional integration. How they relate to each other, is not clear yet. Beyond that, several different
terms are used equivalently irrespective of their conceptual base or use in other disciplines, including
reliability, reproducibility, repeatability, replicability, validity, and bias-variance tradeoff. The incon-
sistent terminology is certainly not an isolated or circumscribed problem, but rather a component of
a larger methodological issue concerning the replicability of neuroscientific findings (Ioannidis, 2005;
Button et al., 2013). An increasing effort towards a uniform conceptual framework and standardized
approaches for the assessment and comparison of reliability of resting state functional connectivity is
therefore desirable. In addition, further comprehensive longitudinal studies are needed to fully disclose
organizational principles underlying healthy evolution of functional integration over time, and to en-
large the body of data for profound evaluations of the reliability of longitudinal functional connectivity
analyses.
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2.1. Insights into neuropathological correlates of multiple sclerosis
from a neuroimaging perspective

The conducted analyses revealed relevant new aspects of the neuropathology of MS that complement
but also extend previous findings. First, a prominent role of a single functional network for the
differentiation between MS patients and healthy controls, or the manifestation of cognitive deficits
and fatigue, could not be confirmed by the results of either the cross-sectional and longitudinal study
parts, or the systematic literature review. The evaluation of the available literature disclosed moreover
that a substantial portion of evidence for specifically affected or involved RSNs was yielded from
investigations with predefined foci on certain parts of the functional connectome, which were only
partially justified by previous explorative analyses. In addition, substantial deficiency in study quality
was revealed. The overall validity and reliability of the body of evidence for the functional relevance of
a specific network for MS is therefore questionable. Furthermore, it should be emphasized that altered
functional connectivity of a region should not be taken as evidence for the functional disturbance of
the associated network per se. Strictly speaking, such conclusion would require evidence for modified
interaction within the corresponding network, while the detection of altered communication with nodes
of other networks would rather indicate a pathological correlate in between-network interactions.
That the one does not necessarily occur concurrently with the other could be shown just recently
(Eldaief et al., 2016). To conclude that within-network alterations are indicative of modifications in
the between-network integration or the other way around, is not valid for this reason. The present
findings strongly suggest that a differentiation between inter- and intra-network connectivity is relevant
not only on the conceptual level, but might actually improve the understanding of pathological effects
in MS in line with findings by Rocca et al. (2012). Group differences in functional integration features
were most evident in links connecting the basal ganglia with the DMN, the salience, and attention
networks, and between several cortical RSNs. In addition, the most reliable functional correlates
of overall cognitive performance and WM integrity were identified in inter-network connectivity, as
well. Last and most importantly, the major outcome of the longitudinal analyses was also found in
functional connections between classical RSNs. This indicates that disease progression and symptom
development over time is reflected particularly in cross-network functional connectivity, rather than in
intra-network integration of specific functional assemblies. In sum, the findings of this doctoral thesis
provide evidence for a specific role of communication patterns between functional networks in MS.
The in-depth investigation of the prognostic and diagnostic value of inter-network fcMRI is suggested.

Second, no clear picture with respect to a predominant direction of MS-related fcMRI alterations
emerged from the literature review or the conducted analyses. While such inconsistency is certainly
related to the variability of both methods and illness, it is important to emphasize at this point that
the terms increase or decrease are inherently relational, that means defined with reference to some
sort, of empirical benchmark. Any conclusions drawn from such empirical results are therefore highly
dependent on the suitability of the analyzed contrasts. The systematic literature review disclosed that
the selection of control participants was insufficient in some studies, raising the question whether at
least some of the inconsistency in neuroimaging findings on MS-related fcMRI alterations might issue
from this shortage. In addition, while this terminology necessarily follows the logic of statistical testing,
it should be noted that its meaning for the interpretation of actual levels of functional integration
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within a group or on the individual level is very limited.

Third, with this doctoral thesis I provide to my knowledge the first evidence for alterations of
dynamic fcMRI in MS. The variability of fcMRI was increased in MS patients in functional connections
between several RSNs and within the language network. Moreover, higher temporal variability in
between-network connections was found to be associated with better cognitive performance and lower
neurological symptom burden. This finding indicates that dynamic features of fcMRI have indeed
physiological and pathological relevance, possibly related to flexible information processing and state-
to-state switching. The outcome of the analysis on dynamics of fcMRI implies for this reason that this
methodological strategy constitutes a unique approach towards fcMRI that seems to capture aspects
of the pathology of MS that cannot be detected with conventional analyses of fcMRI alone. While
several methodological shortcomings have to be considered and overcome in the future (for details see
section 4.4, part III), analyzing dynamic features of functional integration could reveal novel insights
in neuropathology in general. Developing and adjusting experimental designs for the most beneficial
application of this approach is needed and could involve, for instance, continuous data acquisition
across changing conditions to examine explicitly the transition from one state to another (e.g. rest
to stimulation). Apart from this, insights from fMRI-based analyses should be put into relation with
other modalities to disclose the precise neurophysiological and structural underpinnings of dynamic
fcMRI metrics.

Fourth, the longitudinal analysis disclosed an association between increasing functional integration
over time and worsening of both cognitive and motor fatigue symptoms over the one year study period.
Whereas this finding does not provide direct evidence for causality, it still constitutes the first support
from a prospective longitudinal study for a prominent theory that proposes a relationship between
fatigue and amplified energy consumption due to hyperconnectivity. The outcome is therefore highly
relevant for the investigation of the neuropathological correlate of fatigue and requires appropriate
replication studies and integration with modalities capturing energy consumption, such as PET.

Finally, it must be highlighted another time that MS is a complex syndrome with a multifaceted
clinical picture and multifactorial etiology. None of the studies that were evaluated in the systematic
review had put their findings into perspective with insights from other disciplines, although inter-
relations between suggested effect mechanisms on diverse levels of observation are most likely. As
a matter of fact, this critique applies in the same way to the current study. A major challenge for
upcoming research on MS will therefore become to bring together insights from a range of disciplines
that investigate physiology and pathology on the micro, meso, and macro level, from a theoretical,
and empirical perspective, and with explanatory and confirmatory approaches.

2.2. In search for new biomarkers

Extracting clinically useful information from the functional connectome has become a major goal in
clinical neuroscience over the last two decades. Especially task- and stimulation-free measurements
are considered to constitute a promising tool for neuroimaging-aided diagnostics due to their relatively
simple application and unbiased characterization of functional organization patterns. However, the
development of biomarkers based on this particular approach, but also in general, is a lengthy and
complex process. Conceptual, methodological, and practical issues that came up during the course of
this study, or were indicated by either the findings or the systematic literature review are summarized
in the following section to provide an overview of the current status quo and challenges of this endeavor
in the context of MS.

From a clinical perspective, fcMRI-based tools could aid the diagnostic process in MS with respect
to at least three major challenges. First, the clinical picture of MS is extremely diverse, which is
why a wide range of differential diagnoses have to be ruled out during the diagnostic process. The
identification of MS-specific signatures of functional integration would have great clinical relevance for
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this reason. Second, it is still challenging to predict the course of CIS, or RIS patients, hence patients
with isolated symptoms that indicate MS, but no definite diagnosis. Biomarkers that disclose insights
into individual pathogenesis and the expected progression are desirable (Tumani and Rieckmann,
2015), especially since targeted therapeutic interventions at this early stage could be shown to influence
the manifestation of full MS significantly (Comi et al., 2009). Third, functional connectivity metrics
might also support dimensional diagnostics, that is the assessment of symptom severity for both
cross-sectional description and longitudinal monitoring.

The translation of neuroimaging findings into clinical tools for such purpose is indeed extremely
difficult for several reasons. On a general level, acquisition and processing of neuroimaging data can
vary considerably due to a large number of technical parameters, methodological alternatives, and
differences in hardware, with considerable impact on functional connectivity metrics (Jovicich et al.,
2016). Developing a commonly shared standard routine that can be applied as a benchmark is nec-
essary to compare individual findings from different sites and time-points, and would be helpful to
integrate group-based findings. Next, the evaluation of macroscopic network characteristics prerequi-
sites the parcellation of the brain in some way. Parcellation approaches, however, vary widely with
respect to their resolution (from voxels to lobes) and underlying rationale (e.g. anatomical, functional,
network-based). In the present study, ROI-based solutions were preferred to reduce the dimensionality
of the applied whole-brain analyses. Relevant effects that occur in subdivisions of ROIs might have
been obscured for this reason. Further systematic evaluations of diverse anatomical and functional
parcellation schemes is probably useful to find the most appropriate method for clinical applications
(e.g. de Reus and van den Heuvel, 2013). As for all kind of diagnostic information, valid benchmarks
are a basic requirement for the interpretation of individual information. In the present study the av-
erage fcMRI of forty healthy controls was used as a reference to identify relative increase or decrease
in MS on the individual level. Better-validated age- and sex-specific benchmarks from larger samples
are of course necessary for the real application of neuroimaging tools in clinical diagnostics. Last, the
interpretability of individual biomarkers is obviously determined by its overall reliability (for a com-
prehensive discussion on the reliability of clinical diagnoses see Kraemer, 2014). The re-test reliability
of whole-brain functional connectivity was found to be only mid-size in the present study, and also
other studies have revealed at least partially insufficient reliability of metrics capturing functional in-
tegration based on fMRI data and other modalities (see also section 1.3, part IV). Apart from general
recommendations, for instance the consideration of physiological confounds or longer measurements,
there is still no consensus on how to improve the reliability of f{cMRI. Without significant progress
on this issue, an application of functional connectivity-based metrics in a clinical context is highly
unlikely in the near future.

More specifically and with respect to the above mentioned challenges in MS, it must be emphasized
that whereas several studies describe meaningful alterations of functional connectivity in this disease,
none of them could provide sufficient evidence for the specificity of such findings to the present day.
A main reason for this shortcoming is the one-sided comparison with only healthy controls that most
studies in the field apply, including the present one. Strictly speaking, the only valid conclusion
regarding potential biomarkers that can be drawn from such contrast refers to the differentiation
between brain-damaged patients and healthy controls, an information that obviously does not have
particular clinical relevance. To illustrate the problem, the DMN has been found to be altered in a
wide range of disorders, including MS (Rocca et al., 2010; Leavitt et al., 2014), Alzheimer’s disease
(Greicius et al., 2004), disorders of consciousness (Ferndndez-Espejo et al., 2012), schizophrenia (Wang
et al., 2016), and autism (Spencer et al., 2012; Washington et al., 2014). Whether these findings
indeed reflect specific alterations in subdivisions of the DMN, or a general correlate of functional or
structural disturbance in the brain, perhaps related to the central role of the DMN, is impossible
to disentangle based on these studies. Hence, while the contrast between pathological samples and
healthy controls is useful to investigate basic pathological mechanisms, it is not suited to identify
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disorder-specific characteristics and therefore biomarkers for categorical diagnostics. Comparative
studies across divergent pathologies are needed instead (e.g. Kloppel et al., 2012). With respect
to RIS and CIS patients, prospective studies are required to identify fcMRI-based biomarkers with
predictive value for the individual course. Finally, as stated before, MS is an exceptional diverse
disease. The representativity of most research samples for the overall population or the individual
patient is therefore rather limited. The ethical and scientific reasons that underlie this shortcoming
may be reasonable, but it must be highlighted that they also question the general applicability of
functional neuroimaging measurements in the diagnostic process for MS patients.

To sum up, the realization of clinical applications of potential biomarkers based on features of the
functional connectome is still at an early stage for MS. Improvement of reliability and validity of ap-
plied metrics is needed. In addition, open-minded and unconstrained evaluations of the usefulness and
prognostic value of such tools in MS will become essential in the future to stay in line with principles
of good scientific practice and ethical prerequisites for clinical research. This should involve partic-
ularly the careful consideration of benefits and disadvantages of biomarkers based upon functional
neuroimaging, including monetary aspects, invested time, technical and methodological demand, clin-
ical availability of different modalities, sensitivity and specificity, and significance for the individual
patient against all other available options. For instance, a prominent argument for resting state mea-
surements is its easy application in comparison to task designs. While this is certainly true, fMRI
and MEG task- and stimulation-free measurements are still expensive and moreover most demanding
for patients. Benefits of resting state measurements should therefore exceed not only those of task
designs, but usable information should also be clearly superior when contrasted with conventional
neurological, psychological, neuropsychological, or other clinical assessment tools, and in comparison
to so-called confounder variables of fcMRI.
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3. General limitations

Following general limitations of this work should be taken into account, in addition to the limitations
of the applied methodological approaches that are discussed in the corresponding sections above.
First, the reported findings are not independent on the statistical or the content level, considering
that all four analyses were computed based on one single data set. Such an exploratory multimodal
and longitudinal observation is on the other hand also a unique opportunity to relate a wide range
of aspects and findings to one another. The interdependency of the presented outcomes is therefore
both a weakness and a strength of the project. To draw further conclusions regarding the validity and
reliability of the results, independent confirmatory studies are of course necessary. Second, the sample
of MS patients of the NeuConn project is representative for the neuroscientific research field on fcMRI
in this disorder, but not for the general population of MS. The significance of the outcome for other
patients is therefore unclear. Last, pathological processes can have multifaceted effects on the brain,
for instance on its metabolic or hemodynamic characteristics. In addition, functional modifications
that result from structural alterations have again an effect on the anatomy of the brain, which in turn
might have an impact on the functional level due to the reciprocal relationship between structure and
function (see section 1.2, part I). Conclusions concerning principles of the structural or the functional
organization of the healthy brain have to be drawn with caution for this reason and confirmed using
other experimental or methodological approaches.

4. Conclusion

With this doctoral thesis, an up-to-date comprehensive overview is provided, covering status quo,
limitations, and upcoming challenges for the investigation of functional integration in MS, as well as
for the development of potential clinical applications based on functional interaction metrics.

Based upon this review, it can be stated that the findings from both cross-sectional and longitudinal
analyses constitute cutting-edge insights into the pathological underpinnings of MS, in particular into
the mediating role of the functional connectome in the translation of structural impairment into
behavioral symptoms.

Beyond that, relevant conclusions concerning the interrelationship between brain structure, brain
function, and behavior were indicated. They have the potential to enhance the understanding of
organizational principles of functional connectivity in the human brain, and furthermore motivate
subsequent neuroscientific investigations of the manifold hypotheses that can be derived from the
presented findings.
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ANOVA analyses of variance

BOLD blood oxygen level-dependent

CIS clinically isolated syndrome
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DARTEL Diffeomorphic Anatomical Registration Exponentiated Lie Algebra algorithm
DMN default mode network

DTI diffusion tensor imaging

EDSS Expanded Disability Status Scale

EEG electroencephalography

EPI echo-planar imaging

F F-value

FA fractional anisotropy
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FLAIR fluid-attenuated inversion recovery

fMRI functional magnetic resonance imaging

FSL FMRIB Software Library version 5.0.8

FSMC Fatigue Scale for Motor and Cognitive Functions
FWE family wise error

FWHM full width at half maximum

GM gray matter

gWMI global white matter integrity

HADS Hospital Anxiety and Depression Scale

ICA independent component analysis

ICC intraclass correlation coefficient

iCP integrated cognitive performance

138



Abbreviations

LST Lesion Segmentation Toolbox version 2.0.12

MATLAB 2013a MATLAB and Statistics toolbox Release 2013a, The MathWorks, Inc., Natick, Mas-
sachusetts, United States

MCC multiple comparison correction
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MNI Montreal Neurological Institute
MRI magnetic resonance imaging
MS multiple sclerosis

PCA principal component analysis
PET positron emission tomography
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RIS radiologically isolated syndrome
ROI regions of interest
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RSN resting state network

SD standard deviation

SPM8 Statistical Parametric Mapping software package, version 8, Wellcome Trust Centre of Neu-
roimaging, London, Great Britain

SPMS secondary progressive MS

t t-value

tACS transcranial alternating current stimulation
TBSS Tract-Based Spatial Statistics

tDCS transcranial direct current stimulation
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VBM8 Voxel Based Morphometry toolbox, Version 8
vfcMRI variability of functional connectivity based on fMRI
WM white matter
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A. Systematic literature review

A.1. Publications
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B. Empirical work

B.1. General methods: White matter lesions and tissue segmentation

Simplified, tissue segmentation algorithms in SPMS estimate the probability of belonging to a tissue
class in an iterative manner by starting from a standard tissue template and the distribution of voxel
intensities of each tissue class based on the standard probability map. On T1-weighted images, cortex
and subcortical regions are illustrated in dark gray, while myelinated fibers are shown in light gray.
Circumscribed demyelination, so-called WM lesions, are logically visualized as dark spots in bright
areas. This can lead to substantial misclassification of WM in two ways (Chard et al., 2010). First,
initial estimates of the distribution of voxel intensities in the WM will be biased towards lower values
or darker shades. This can result in an overestimation of the WM segment, and therefore an artificially
decreased GM volume. On the other hand, WM lesion can be classified as GM at some point of the
segmentation algorithm, leading to an altered average intensity of the GM and in consequence to
larger GM segments. Both cases will in turn introduce systematic group differences when individuals
with WM pathology are compared to healthy participants in analyses, which integrate tissue masks
into their pipeline. An example of the second case is illustrated in Fig. 26.

-

s
white matter white matter mask after lesion filling
lesion white matter mask of original image

Figure 26. — Example of the effect of white matter lesions on the segmentation of T1-weighted
images. Left: White matter lesions marked in red on the T1-weighted image of a multiple sclerosis patient.
Lesions were marked manually for illustrative purposes only. Middle and right: Gray matter masks from tissue
segmentation based on the original T1-weighted image (purple) or on the same image with filled lesions (green).
Tissue segmentation was done with the New Segment algorithm as implemented in SPM8. L = left; R = right;

= anterior; P = posterior
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Appendix

B.2. Analyses 1 and 2: Automated Anatomical Labeling atlas,
Tzourio-Mazoyer et al. (2002)

Table 15. — Regions of interest of the Automated Anatomical Labeling atlas (AAL).

Name Abbreviation center (MNI) RSN

X y z
anterior cingulum (L) ACCL -5 35 14 DMN, SAL
anterior cingulum (R) ACCgr 8 37 16 DMN, SAL
olfactory cortex (L) OLFy, -9 15 -12 DMN
olfactory cortex (R) OLFg 9 16 -11 DMN
medial part of the superior frontal cortex (L) SFGmeds, -6 49 31 DMN, VAN
medial part of the superior frontal cortex (R) SFGmedgr 8 51 30 DMN, VAN
medial orbital of the superior frontal gyrus (L) ORBsupmedt, -6 54 -7 DMN
medial orbital of the superior frontal gyrus (R) ORBsupmedgr 7 52 -7 DMN
orbital part of the inferior frontal gyrus (L) ORBinfr, -37 31 -12  DMN
orbital part of the inferior frontal gyrus (R) ORBinfr 40 32 -12 DMN
inferior temporal gyrus (L) ITGL -51  -28 -23 DMN, VAN, VIS
inferior temporal gyrus (R) ITGr 53 -31  -22  DMN, VAN, VIS
middle occipital gyrus (L) MOG;, -33  -81 16 DMN, VIS
middle occipital gyrus (R) MOGg 36 -80 19 DMN, VIS
angular gyrus (L) ANG;, -45  -61 36 DMN, FPC
angular gyrus (R) ANGgr 45 -60 39 DMN, FPC
precuneus (L) PCUN;, -8 -56 48 DMN, SAL
precuneus (R) PCUNg 9 -56 44  DMN, SAL
posterior cingulum (L) PCCy -6 -43 25 DMN
posterior cingulum (R) PCCgr 6 -42 22 DMN
lingual gyrus (L) LINGL -16  -68 -5 FPC
lingual gyrus (R) LINGgr 15 -67 -4 FPC
inferior parietal lobule, excluding supramarginal IPLy, -44  -46 47 FPC, DAN
and angular gyri (L)
inferior parietal lobule, excluding supramarginal IPLy 46 -46 50 FPC, DAN
and angular gyri (R)
supramarginal gyrus (L) SMGy, 57 -34 30 FPC
supramarginal gyrus (R) SMGr 57 -32 35 FPC
triangular part of the inferior frontal gyrus (L) IFGtriangy, -47 30 14 FPC
triangular part of the inferior frontal gyrus (R) IFGtriangr 49 30 14 FPC
orbital part of the superior frontal gyrus (L) ORBsupr, -18 47 -13  FPC
orbital part of the superior frontal gyrus (R) ORBsupr 18 48 -14 FPC
orbital part of the middle frontal gyrus (L) ORBmidy, -32 50 -10 FPC
orbital part of the middle frontal gyrus (R) ORBmidgr 32 53 -11  FPC
opercular part of the inferior frontal gyrus (L) IFGopercy, -49 13 19 FPC
opercular part of the inferior frontal gyrus (R) IFGopercr 49 15 21 FPC
middle frontal gyrus (L) MFGy -34 33 36 FPC
middle frontal gyrus (R) MFGr 37 33 34 FPC
gyrus rectus (L) RECL -6 37 -18  SAL
gyrus rectus (R) RECRr 7 36 -18 SAL
median cingulate region (L) DCGL -7 -15 42 SAL
median cingulate region(R) DCGg 7 -9 40 SAL
superior parietal gyrus (L) SPGL -25  -60 59 SAL, DAN
superior parietal gyrus (R) SPGr 25 -59 62 SAL, DAN
cuneus (L) CUNp -7 -80 27 SAL
cuneus (R) CUNgr 13 -79 28 SAL
temporal pole, superior temporal gyrus (L) TPOsupy, -41 15 -20 VAN
temporal pole, superior temporal gyrus (R) TPOsupr 47 15 -17 VAN
temporal pole, middle temporal gyrus (L) TPOmidy, -37 15 -34 VAN
temporal pole, middle temporal gyrus (R) TPOmidgr 43 15 -32 VAN
middle temporal gyrus (L) MTGy, -57  -34 -2 VAN

Continued on next page
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Table 15 — continued from previous page

middle temporal gyrus (R) MTGgr 57 37 -2 VAN
cortex surrounding the calcarine fissure (L) CALy, -8 =79 6 VAN
cortex surrounding the calcarine fissure (R) CALRr 15 -73 9 VAN
dorsolateral superior frontal gyrus (L) SFGdory, 20 35 42 VAN
dorsolateral superior frontal gyrus (R) SFGdorg, 21 31 44 VAN
fusiform gyrus (L) FFGy, -32 40 -20 VAN, VIS
fusiform gyrus (R) FFGr 33 -39  -20 VAN, VIS
precentral gyrus (L) PreCGL -40 -6 51 DAN, SMN
precentral gyrus (R) PreCGgr 40 -8 52 DAN, SMN
inferior occipital gyrus (L) T10Gy, 37 78 -8 DAN, VIS
inferior occipital gyrus (R) I0Gr 37 -82 -8 DAN, VIS
supplementary motor area (L) SMA;, -6 5 61 SMN
supplementary motor area (R) SMAR 8 0.2 62 SMN
postcentral gyrus (L) PoCGy, -44 223 49 SMN, AUD
postcentral gyrus (R) PoCGr 40 -26 53 SMN, AUD
paracentral lobule (L) PCLL -9 -25 70 SMN
paracentral lobule (R) PCLr 7 -32 68 SMN
superior occipital gyrus (L) SOGL -18 -84 28 VIS
superior occipital gyrus (R) SOGr 24 -81 31 VIS
rolandic operculum (L) ROLy, -48 -9 14 AUD
rolandic operculum (R) ROLr 52 -6 15 AUD
heschl gyrus (L) HESL -43  -19 10 AUD
heschl gyrus (R) HESr 45 -17 10 AUD
superior temporal gyrus (L) STGrL 54 21 7 AUD
superior temporal gyrus (R) STGr 57 -22 7 AUD
insula (L) INSL -36 7 3 AUD
insula (R) INSk 38 6 2 AUD
nucleus pallidum (L) PALL -19 -0.03 0.2 BG
nucleus pallidum (R) PALgr 20 02 02 BG
nucleus caudate (L) CAUL -13 11 9 BG
nucleus caudate (R) CAUgr 14 12 9 BG
putamen (L) PUTL -25 4 2 BG
putamen (R) PUTR 27 5 3 BG
hippocampus (L) HIPy, -26  -21 -10 HIP
hippocampus (R) HIPr 28 -20 -10 HIP
parahippocampal gyrus (L) PHG, -22  -16 -21 HIP
parahippocampal gyrus (R) PHGRr 24 -15  -21 HIP
amygdala (L) AMYGL -24 -1 -17 AMYG
amygdala (R) AMYGr 26 1 -18  AMYG
thalamus (L) THALL 12 218 8  THAL
thalamus (R) THALg 12 -18 8 THAL

MNI = Montreal Neurological Institute standard brain; RSN = assignment to resting state networks
based on Damoiseauz et al. (2006); Smith et al. (2009); Lee et al. (2012);

networks: DMN = default mode, FPC = fronto-parietal, SAL = salience, VAN = ventral attention,
DAN = dorsal attention, SMN = somatosensory, VIS = visual, AUD = auditory, BG = basal ganglia,
HIP = hippocampus, AMYG = amygdala, THAL = thalamus
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B.3. Analysis 3: Stanford atlas, Shirer et al. (2012)

Table 16. — Regions of interest of the Stanford atlas.

Name Abbreviation MNT coordinates RSN
X y z

middle superior frontal gyrus (L1) SFGmedr,1 -5 46 20 default mode
angular gyrus (L1) ANG1,, 47 -T3 36 default mode
superior frontal gyrus (R1) SFGRr1 18 34 53  default mode
precuneus (L1) Precuneusy,: 1 -57 30  default mode
median cingulate cortex (R1) MCCr1 -19 40 default mode
angular gyrus (R1) ANGr1 50 -67 33 default mode
thalamus (L4) Thalr 4 -1 -11 8 default mode
hippocampus (L1) Hipr: 24  -31 -10  default mode
hippocampus (R1) Hipr1 26 -24 -14  default mode
precuneus (L2) Precuneust,2 -12 61 17 default mode
middle frontal gyrus (L1) MFGr1 -26 6 60 default mode
fusiform gyrus (L1) Fusiformp,; -29 40 -13  default mode
middle occipital gyrus (L1) MOG1,1 -36  -86 33 default mode
precuneus (R1) Precuneusri 13  -56 16 default mode
precuneus (R2) Precuneusra 1 62 56  default mode
superior frontal gyrus (R2) SEFGRra2 24 22 50  default mode
fusiform gyrus (R1) Fusiformg, 29  -35 16 default mode
middle occipital gyrus (R1) MOGRr1 44 -T78 33 default mode
middle frontal gyrus (L2) MFGr.2 -33, 42 28 salience
insula (L1) Insi -43 1 2 salience
supplementary motor area (L1) SMAL; -1 13 52 salience
middle frontal gyrus (R1) MFGRr1 27 43 33 salience
opercular part of the inferior frontal gyrus (R1) IFGopercr1 41 14 3 salience
middle frontal gyrus (L3) MFGuys -41 31 36 salience
inferior parietal gyrus (L1) IPL11 -58  -43 40 salience
precuneus (L3) Precuneusy,3 -8 =57 63 salience
paracentral lobule (R1) PCLRr1 12 -32 48 salience
superior parietal gyrus (R1) SPGr1 21 -53 71 salience
supramarginal gyrus (R1) SMGri 59 -35 39 salience
thalamus (L5) Thalgs -13 -25 8 salience
insula (L2) Insi,e 37  -16 -2 salience
thalamus (R1) Thalr1 12 -17 12 salience
insula (R1) Insri 40 -8 -5 salience
superior temporal gyrus (L1), heschl gyrus STGr1 57 -18 11 auditory
superior temporal gyrus (R1) STGr1 55 -9 10 auditory
thalamus (R2) Thalgro 13 -18 2 auditory
thalamus (R3), nucleus caudate (R2) Thalgrs, 14 4 12 basal ganglia

Caudaters
thalamus (L6), nucleus caudate (L1) Thalye, -15 -6 11 basal ganglia

Caudater,;
triangular part of the inferior frontal gyrus (L1) IFGtrirq -46 18 28 basal ganglia
triangular part of the inferior frontal gyrus (R1) IFGtrir: 47 26 23 basal ganglia
pons (L1) Ponsy,1 -6 -27 -36  basal ganglia
median cingulate cortex (R2) MCCro 2 -31 30 precuneus
precuneus (R3) Precuneusrs 3 -76 41 precuneus
superior parietal gyrus (L1) SPG11 -36  -68 47 precuneus
angular gyrus (R2) ANGRg2 39 -66 47 precuneus
middle occipital gyrus (L.2) MOGt,2 -28 91 0 visual
middle occipital gyrus (R2) MOGRra2 33 -87 0 visual
cortex surrounding the calcarine fissure (L1) Calcariner,; 0 =77 11 visual
thalamus (L1) Thal1 -18  -27 -1 visual
triangular part of the inferior frontal gyrus (L2) IFGtrir,2 51 21 1 language
middle temporal gyrus (L1) MTGr1 53 -4 -18 language

Continued on next page
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Table 16 — continued from previous page

middle temporal gyrus (L2) MTGry2 52 -34 -3 language
angular gyrus (L2) ANGy2 -54  -60 23 language
orbital part of the inferior frontal gyrus (R1) IFGorbgr1 48 27 -5 language
superior temporal gyrus (R2) STGra2 55  -45 13 language
middle frontal gyrus (L.4) MFGr.4 -31 18 54 executive
triangular part of the inferior frontal gyrus (L3) IFGtrigs -42 44 5 executive
angular gyrus (L3) ANGuys -41  -69 47 executive
middle temporal gyrus (L3) MTGrs -59 45  -10 executive
thalamus (L2) Thaly,2 -15  -31 5 executive
middle frontal gyrus (R2) MFGRr2 37 22 48 executive
middle frontal gyrus (R3) MFGRr3 36 52 7 executive
inferior parietal gyrus (R1) IPLRr1 48 57 48 executive
middle superior frontal gyrus (R1) SFGmedr1 4 33 51 executive
nucleus caudate (R1) Caudater; 12 -1 18 executive
precentral (L1) Precentral,; =34 -27 63 sensorimotor
precentral (R1) Precentralr: 38 -23 60 sensorimotor
supplementary motor area (R1) SMAR: 2 -18 64 sensorimotor
thalamus (L3) Thaly,3 12 -22 2 sensorimotor
thalamus (R4) Thalra 1 -22 -1 sensorimotor
superior frontal gyrus (L1) SFGr1 -28 -7 58 visuospatial
inferior parietal gyrus (L2) IPL1» -36  -52 49 visuospatial
precentral (L.2) Precentralr,2 -49 8 31 visuospatial
inferior occipital gyrus L1 I0G11 -48  -68 -5 visuospatial
superior frontal gyrus (R3) SFGrs3 27 -3 58 visuospatial
inferior parietal gyrus (R2) IPLg2 37 51 50 visuospatial
precentral (R2) Precentralrz 48 9 33 visuospatial
inferior temporal gyrus (R1) ITGr1 50 -60 -9 visuospatial

MNI = Montreal Neurological Institute standard brain; RSN = assignment to resting state networks

B.4. Analysis 4: Power atlas, Power et al. (2011)

Table 17. — Regions of interest of the Stanford atlas.

Name Abbreviation MNT coordinates RSN
X y zZ

precuneus (L1) PCUNy,1 -7 -52 61 somatosensory
median cingulate cortex (L1 ) mCINGy,; -14  -18 40 somatosensory
supplementary motor area (L1) SMAL: 0 -15 47 somatosensory
supplementary motor area (R1) SMAR: 10 -2 45 somatosensory
paracentral lobule (L1) PCL1, 7021 65 somatosensory
paracentral lobule (1.2) PCLL2 -7 -33 72 somatosensory
postcentral gyrus (R1) PoCGr1 13 -33 75 somatosensory
inferior parietal lobule (L1) IPL1 54 -23 43 somatosensory
precentral gyrus (R1) PreCGri 29  -17 71 somatosensory
precuneus (R5) PCUNRgs 10  -46 73 somatosensory
postcentral gyrus (L1) PoCGr -23  -30 72 somatosensory
precentral gyrus (L1) PreCGr1 -40 -19 54 somatosensory
postcentral gyrus (R2) PoCGra 29 -39 59 somatosensory
postcentral gyrus (R3) PoCGrs 50 -20 42 somatosensory
postcentral gyrus (L2) PoCGre -38  -27 69 somatosensory
precentral gyrus (R2) PreCGra 20 -29 60 somatosensory
precentral gyrus (R3) PreCGrs 44 -8 57 somatosensory
postcentral gyrus (L3) PoCGr3 -29 43 61 somatosensory
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supplementary motor area (R2)
postcentral gyrus (R4)
postcentral gyrus (L4)
postcentral gyrus (L5)
paracentral lobule (L3)
precentral gyrus (R4)
precentral gyrus (L2)

superior parietal gyrus (L1)
paracentral lobule (R1)
supplementary motor area (R3)
precentral gyrus (R5)
postcentral gyrus (L6)

insular (R1)
postcentral gyrus (R5)
postcentral gyrus (L7)
(R6)
)

supplementary motor area (L2)

postcentral gyrus (R6
postcentral gyrus (R8

supramarginal gyrus (R1)

dorsolateral superior frontal gyrus (R1)
dorsolateral superior frontal gyrus (L1)
median cingulate cortex (L2)

insular (R2)

supplementary motor area (R4)
supplementary motor area (R5)
rolandic operculum (L1)

insular (R3)

claustrum (L1)

temporal pole, superior temporal gyrus (L1)

median cingulate cortex (L3)
insular (R4)

insular (R5)

superior temporal gyrus (R1)
superior temporal gyrus (R2)
rolandic operculum (L2)
superior temporal gyrus (L1)
superior temporal gyrus (L2)
rolandic operculum (R1)
supramarginal gyrus (L1)
supramarginal gyrus (L2)
rolandic operculum (L3)
rolandic operculum (R2)
postcentral gyrus (R7)
insular (L1)

default mode middle occipital gyrus (L1)
orbital part of the middle frontal gyrus (R1)

gyrus rectus (R2)
precuneus (L2)

orbital part of the superior frontal gyrus (L1)

middle temporal gyrus (L1)
middle occipital gyrus (R1)

temporal pole, middle temporal gyrus (L1)
temporal pole, middle temporal gyrus (R1)

middle temporal gyrus (L2)
angular gyrus (L1)

angular gyrus (L2)
precuneus (L3)

precuneus (R6)

SMAR2
POCGR4
PoCGra
POCGL5
PCLL3
PI‘GCGR4
PreCGLg
SPGra1
PCLR1
SMARs
PreCGR5
PoCGre
INSr1
PoCGrs
POCGL7
PoCGge
POCGRs
SMAy,2
SMGr1
SFGdOI”Rl
SFGdorr,1
mCINGy2
INSRga2
SMAR4
SMARs
ROLL:1
INSRr3
Claustrumrp,;
TPOsupr1
mCINGL3
INSR4
INSgrs
STGr1
STGr2
ROLL2
STGr1
STGr2
ROLRl
SMGrt,1
SMGry,2
ROLLg
ROLR2
PoCGr7
INSL1
MOGt1,1
ORBmide
RECRg2
PCUN2
ORBsupr1
MTGr1
MOGRr1
TPOmidr
TPOmidgr1
MTGur.2
ANG11
ANGi,2
PCUNL3
PCUNR6

10
22
-45
-21
-13
42
-38
-16
2
3
38
-49
36
51
-53
66
47
-3
54
19
-16
-10
37
13
7
-45
49
-34
-51
-5
36
32
65
58
-38
-60
-49
43
-50
-53
-55
56
59
-30
-41
6
8
-13
-18
-46
43
-44
46
-68
-44
-39
-7
6

-17
-42
-32
-31
-17
-20
-15
-46
-28
-17
-17
-11
-9
-6
-10
-8
-30
2
-28

somatosensory
somatosensory
somatosensory
somatosensory
somatosensory
somatosensory
somatosensory
somatosensory
somatosensory
somatosensory
somatosensory
somatosensory
somatosensory
somatosensory
somatosensory
somatosensory
somatosensory
cingulo-opercular
cingulo-opercular
cingulo-opercular
cingulo-opercular
cingulo-opercular
cingulo-opercular
cingulo-opercular
cingulo-opercular
cingulo-opercular
cingulo-opercular
cingulo-opercular
cingulo-opercular
cingulo-opercular
cingulo-opercular
auditory
auditory
auditory
auditory
auditory
auditory
auditory
auditory
auditory
auditory
auditory
auditory
auditory
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
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precuneus (L4)

precuneus (L5)

median cingulate cortex (R1)
precuneus (R7)

median cingulate cortex (L4)
precuneus (R1)

angular gyrus (R1)

dorsolateral superior frontal gyrus (R2)

medial part of the superior frontal cortex (L1)

dorsolateral superior frontal gyrus (L2)
middle frontal gyrus (L1)

dorsolateral superior frontal gyrus (R3)
dorsolateral superior frontal gyrus (R4)
dorsolateral superior frontal gyrus (L3)
dorsolateral superior frontal gyrus (L4)

medial part of the superior frontal cortex (R1)
medial part of the superior frontal cortex (R2)

anterior cingulate cortex (L1)

medial part of the superior frontal cortex (R3)

orbital part of the middle frontal gyrus (L1)
orbital part of the middle frontal gyrus (R2)
anterior cingulate cortex (L2)

medial part of the superior frontal cortex (L2)

anterior cingulate cortex (L3)
dorsolateral superior frontal gyrus (L5)

medial part of the superior frontal cortex (L3)

middle temporal gyrus (R1)
)
)

middle temporal gyrus (R2)

middle temporal gyrus (L4
middle temporal gyrus (L5

middle temporal gyrus (L6)

medial part of the superior frontal cortex (R4)

anterior cingulate cortex (R1)

middle temporal gyrus (R3)
parahippocampal gyrus (L2)

fusiform gyrus (R1)

fusiform gyrus (L2)

crusl (R1)

temporal pole, middle temporal gyrus (R2)
middle temporal gyrus (L7)

angular gyrus (R2)

middle temporal gyrus (L8)

orbital part of the inferior frontal gyrus (L2)
orbital part of the inferior frontal gyrus (R2)
lingual gyrus (R4)

middle occipital gyrus (R2)

cortex surrounding the calcarine fissure (R1)
cortex surrounding the calcarine fissure (L1)
middle occipital gyrus (L2)

lingual gyrus (R5)

middle occipital gyrus (L3)

fusiform gyrus (R2)

lingual gyrus (L2)

cortex surrounding the calcarine fissure (L2)
inferior occipital gyrus (R1)

inferior occipital gyrus (L2)

superior occipital gyrus (L1)

cuneus (R1)

PCUNy4
PCUNLs
mCINGRgr1
PCUNRg~
mCINGrL4
PCUNR1
ANGr1
SFGdorgrs
SFGmedi,;
SFGdOI‘LQ
MFG11
SFGdOI‘R3
SFGdorgra
SFGdorys
SFGdOI‘IA
SFGmedR1
SFGmedgs
ACCra
SFGmeng
ORBmidLl
ORBmidRQ
ACCrL2
SFGmesz
ACCLs
SFGdorrs
SFGmed,3
MTGRgr1
MTGr4
MTGrws
MTGRgo2
MTGrLs
SFGmedR4
ACCra
MTGrs
PHG2
FFGr1
FFGL2
Cruslgr;
TPOmidgs
MTGL?
ANGR2
MTGuws
ORBil’lfL2
ORBinfRr2
LINGRa4
MOGRg2
CALR1
CAL1,
MOGi,2
LINGRs
MOGr3
FFGr2
LINGL2
CALy>
10GRr1
100G
SOGr1
CUNRl

-11
-3
8
15
-2
11
52
23
-10
-16
-35
22
13
-10
-20

default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
default mode
visual
visual
visual
visual
visual
visual
visual
visual
visual
visual
visual
visual
visual
visual
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middle occipital gyrus (R3)

lingual gyrus (R6)

cuneus (R2)

lingual gyrus (L3)

inferior temporal gyrus (R4)

superior occipital gyrus (R1)

cuneus (R3)

middle occipital gyrus (L4)

fusiform gyrus (R3)

cuneus (L1)

cuneus (L2)

middle occipital gyrus (L5)

middle occipital gyrus (R4)

cortex surrounding the calcarine fissure (R2)
middle occipital gyrus (L6)

fusiform gyrus (L3)

middle occipital gyrus (R5)

precentral gyrus (L3)

triangular part of the inferior frontal gyrus (R1)
triangular part of the inferior frontal gyrus (L1)
inferior parietal lobule (L2)

middle frontal gyrus (L2)

inferior temporal gyrus (R5)

orbital part of the superior frontal gyrus (R2)
orbital part of the middle frontal gyrus (R3)
precentral gyrus (R6)

precentral gyrus (L4)

middle frontal gyrus (L3)

middle frontal gyrus (R1)

inferior parietal lobule (R1)

inferior parietal lobule (L3)

inferior parietal lobule (R2)

middle frontal gyrus (R2)

angular gyrus (R3)

inferior parietal lobule (1.4)

middle frontal gyrus (R3)

middle frontal gyrus (L4)

orbital part of the middle frontal gyrus (L3)
angular gyrus (R4)

orbital part of the middle frontal gyrus (R4)
triangular part of the inferior frontal gyrus (L2)
medial part of the superior frontal cortex (L4)
median cingulate cortex (R2)

inferior parietal lobule (R3)

precentral gyrus (R7)

middle frontal gyrus (R4)

triangular part of the inferior frontal gyrus (R2)
insular (L2)

insular (R7)

orbital part of the inferior frontal gyrus (R3)
insular (R8)

anterior cingulate cortex (L4)

supplementary motor area (L4)

middle frontal gyrus (L5)

anterior cingulate cortex (L5)

median cingulate cortex (R3)

anterior cingulate cortex (R2)

middle frontal gyrus (R5)

MOGRgs
LINGRs
CUNR2
LINGLs
ITGRr4
SOGRr1
CUNRg3
MOGr4
FFGRgs
CUNLl
CUNL2
MOGuy5
MOGRg4
CALR2
MOGuys
FFGLs
MOGgs
PreCGrs
IFGtrianggr
IFGtriangr,;
IPL12
MFGrps
ITGrs
ORBsupra2
ORBming
PreCGre
PreCGr4
MFGys
MFGr1
IPLR1
IPLys
IPLR2
MFGgra2
IPLp4
MFGRgs
MFG4
ORBmidL3
ANGRra4
ORBmidr4
IFGtriangre
SFGmedL4
mCINGRQ
IPLRs
PreCGR7
MFGra4
IFGtrianggr2
INS2
INSgr~
ORBinng
INSgs
ACCrLs
SMAL4
MFGy5
ACCrs
mCINGR3
ACCr2
MFGrs

29
20
15
-16
42
24
6
-42
26
-16
-3
-40
37
6
-26
-33
37
-44
48
-47
-53
-23
58
24
34
47
-41
-42
38
49
-28
44
32
37
-42
40
-34
-42
33
43
-42
-3
11
55
42
31
48
-35
36
37
34
-11
-1
-28
0
5
10
31

=77
-86
=77
-52
-66
-87
-72
-74
-79
=77
-81
-88
-84
-81
-90
-79
-81

25
11
-49
11
-53
45
54
10

38
43
-42
-58
-53
14
-65
-55
18
55
45
-53
49
25
26
-39
-45

33
22
20
22
32
16
26
15
52
30
23
22
56

visual
visual
visual
visual
visual
visual
visual
visual
visual
visual
visual
visual
visual
visual
visual
visual
visual
fronto-parietal
fronto-parietal
fronto-parietal
fronto-parietal
fronto-parietal
fronto-parietal
fronto-parietal
fronto-parietal
fronto-parietal
fronto-parietal
fronto-parietal
fronto-parietal
fronto-parietal
fronto-parietal
fronto-parietal
fronto-parietal
fronto-parietal
fronto-parietal
fronto-parietal
fronto-parietal
fronto-parietal
fronto-parietal
fronto-parietal
fronto-parietal
fronto-parietal
salience
salience
salience
salience
salience
salience
salience
salience
salience
salience
salience
salience
salience
salience
salience
salience
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middle frontal gyrus (R6)
middle frontal gyrus (L6)
thalamus (R1)
thalamus (L1)
thalamus (1.2)
thalamus (R2)
brainstem (L1)
putamen (L1)
)
)
R2)
)
putamen (L3)
nucleus pallidum (R1)
thalamus (R3)
supplementary motor area (L3)
superior temporal gyrus (R3)
middle temporal gyrus (L9)
superior temporal gyrus (L3)
superior temporal gyrus (R4)
middle temporal gyrus (R4)
superior temporal gyrus (R5)

triangular part of the inferior frontal gyrus (R3)
triangular part of the inferior frontal gyrus (L3)

precuneus (R4)

middle temporal gyrus (L10)
superior parietal gyrus (R1)
middle temporal gyrus (R5)
superior parietal gyrus (R2)
inferior parietal lobule (L5)

middle occipital gyrus (L7)

precentral gyrus (L5)

inferior temporal gyrus (L4)

superior parietal gyrus (L2)

precentral gyrus (R8)

inferior occipital gyrus (L1)

lingual gyrus (R1)

orbital part of the superior frontal gyrus (R1)
inferior temporal gyrus (L1)

gyrus rectus (R1)

parahippocampal gyrus (L1)
parahippocampal gyrus (R1)

fusiform gyrus (L1)

inferior temporal gyrus (R1)

inferior temporal gyrus (R2)

inferior temporal gyrus (R3)

orbital part of the inferior frontal gyrus (R1)
middle temporal gyrus (L3)

insular (R6)

orbital part of the inferior frontal gyrus (L1)
posterior cingulate cortex (L1)

precuneus (L6)

precuneus (R2)

precuneus (R3)

lingual gyrus (R2)

lingual gyrus (R3)

lingual gyrus (L1)

orbital part of the middle frontal gyrus (L2)

MFGRrsg
MFGye
THALR:1
THALL:
THALL>
THALR>
Brainstemr,;
PUTL,
PUTL,
PUTR;
PUTRr2
PUTgs
PUTLs
PALR;
THALRs
SMAL3
STGrs
MTGr9
STGuys
STGra
MTGRga
STGrs
IFGtriangrs
IFGtriangrs
PCUNR4y
MTGr10
SPGRr1
MTGrs
SPGra2
IPLys
MOGy,7
PreCGL5
ITGL4
SPGr2
Pl‘eCGRg
10G1
LINGRr1
ORBsupr1
ITGL:
RECr1
PHGL:1
PHGg1
FFGr1
ITGr1
ITGRra2
ITGrs
ORBinle
MTGr3
INSRgs
ORBinfL1
PCCis
PCUNyp¢
PCUNR2
PCUNRg
LINGRa2
LINGRrs
LING1
ORBmidLg

26
-39
6
-2
-10
12
-5
-22
-15
31
23
29
-31
15
9
-10
54
-56
-55
52
51
56
53
-49
10
-52
22
46
25
-33
-27
-32
-42
-17
29
-25
27
24
-56
8
-21
17
-37
65
52
55
34
-58
27
-31
-2
-7
11
4
8
17
-12
-21

50
51
-24
-13
-18
-17
-28
7
4
-14
10
1
-11
5
-4
11
-43
-50
-40
-33
-29
-46
33
25
-62
-63
-65
-59
-58
-46
-71
-1
-60
-59
-5
-98
-97
32
-45
41
-22
-28
-29
-24
-34
-31
38
-26
16
19
-35
-71
-66
-48
-91
-91
-95
41

salience
salience
subcortical
subcortical
subcortical
subcortical
subcortical
subcortical
subcortical
subcortical
subcortical
subcortical
subcortical
subcortical
subcortical
ventral attention
ventral attention
ventral attention
ventral attention
ventral attention
ventral attention
ventral attention
ventral attention
ventral attention
dorsal attention
dorsal attention
dorsal attention
dorsal attention
dorsal attention
dorsal attention
dorsal attention
dorsal attention
dorsal attention
dorsal attention
dorsal attention
not assigned
not assigned
not assigned
not assigned
not assigned
not assigned
not assigned
not assigned
not assigned
not assigned
not assigned
not assigned
not assigned
not assigned
not assigned
not assigned
not assigned
not assigned
not assigned
not assigned
not assigned
not assigned
not assigned
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crusl (L1)

crus2 (R1)

crusl (R2)

median cingulate cortex (R4)
cerebellum (L1)

cerebellum (L2)

cerebellum (R1)

vermis (R1)

fusiform gyrus (R4)
fusiform gyrus (L4)

inferior temporal gyrus (R6)
)
)

inferior temporal gyrus (R7)

(
inferior temporal gyrus (L2
inferior temporal gyrus (L3

CI‘U.SlLl
Crus2gr1
Cruslgro
mCINGRra
Cerebellumrp,;
Cerebellumrp,s
Cerebellumg1
Vermisgr1
FFGRra4
FFG14
ITGrs

ITGr2

ITGLs

ITGr7

-18
17
35

2

-16

-32
22

1
33

-31
49

-50

-47
46

-76
-80
-67
-24
-65
-55
-58
-62
-12
-10
-3
-7
-51
-47

-24
-34
-34
30
-20
-25
-23
-18
-34
-36
-38
-39
-21
-17

not assigned
not assigned
not assigned
not assigned
not assigned
not assigned
not assigned
not assigned
not assigned
not assigned
not assigned
not assigned
not assigned
not assigned

MNI = Montreal Neurological Institute standard brain; RSN = assignment to resting state networks

according to Cole et al. (2013)
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B.5. Analysis 4: Post-hoc evaluation of the influence of different
adjacency matrices on statistical results

The construction strategy, which was applied in the present study, was compared to divergently
thresholded graphs (r > 0.1, 0.2, 0.3, 0.4) in a post-hoc test to explore the influence of different
adjacency matrices on statistical outcome. The global similarity between statistical results based on
the five divergent adjacency matrices was assessed pairwise using Pearson’s correlation. For instance,
F-values quantifying the statistical interaction effect on the node-specific cluster coefficient based on
matrix x were correlated with the corresponding F-values from matrix y. The similarity between
t-values capturing the within-group effect of time was estimated across both groups, that is for data
series with two times 264 values. This resulted in eight correlation coefficient matrices, one for each
metric and statistical contrast (see Fig. 27).

Qualitatively, divergent thresholding strategies seemed to have a greater impact on F-values than t-
values, and a differential effect on the graph theoretical metrics. The node degree appeared to be the
most robust metric, while differences between matrices were largest for the participation coefficient
(node degree: It mean = 0.71, TP mean = 0.62; participation coefficient: 1, mean = 0.24, ¥, mean = 0.11).
Results from the original adjacency matrix used in the main analysis were most similar to those based
on the one that included functional connections with correlation coefficients > 0.2. Least similarity
was found with the outcome of the matrix with the highest threshold (r > 0.4). This relationship
was reflected by the average number of edges resulting from each thresholding strategy, in line with
previous reports on the substantial influence of the number of edges and nodes on graph theoretical
results (van Wijk et al., 2010, mean ng; = 8901.13, mean ng 2 = 3496.73, mean ng 3 = 1084.85, mean
np4 = 282.23, ny59, = 5208).

A Relationship between t-values (Baseline vs. 1 year) B Relationship between F-values of interaction

node degree cluster coefficient node degree cluster coefficient
15% top edges
r>04
r>03
r>0.2
r>0.1
within module degree participation coefficient within module degree participation coefficient
5% top edges -
r>04 ‘
r>03
r>0.2
r>0.1
1
N N ) ™ Py N N ) ™ P N N ) (3 o N N u o
@ N o o ¥ ¢ [NDEEEN N o 2 [NOEEN N\ ¢ o N o o ¢
] N N N N ebq i 7 N 7 zbq R R N N ebq R N N N Q/bq
S0 } R ; R ) R \,\OQ
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Figure 27. — Similarity between statistical parameter on graph theoretical metrics based on
divergent graphs. A Pearson’s correlation coefficients for the relationship between graph- and node-specific
t-values for the within-group effect of time on four graph theoretical metrics. B Pearson’s correlation coefficients
for the global similarity between F-values describing the interaction effect between time and group. Warm colors
indicate positive relationships
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B.6. Analysis 4: Association between FSMC and fcMRI at baseline

The relationship between the FSMC subscales and fcMRI at baseline was determined with partial rank
correlations, separately for each functional connection. Confounder variables were age and disease
duration (MS only). Resulting whole-brain association maps are illustrated in Fig. 28.

A MS: relationship between fcMRI and cognitive fatigue at baseline MS: relationship between fcMRI and motor fatigue at baseline

HC:relationship between fcMRI and motor fatigue at baseline @

HC:relationship between fcMRI and cognitive fatigue at baseline

) S & & S ¢ & L &
'D‘?\ \‘55’0\0'& ‘Of L \o& » \09‘3 & \@%0\,7&0 i & \OQ” & @ \oez
& ST & S & L0 & S
L& R Y & R X
partial correlation coefficient partial correlation coefficient
08 0 08 08 0 08

Figure 28. — Relationship between FSMC and fcMRI at baseline. A Connection-specific partial
rank correlation coefficients for the association between functional connectivity (fcMRI) and cognitive
fatigue measured with the Fatigue Scale for Motor and Cognitive Functions at baseline. B Whole-brain
matrix of regional associations between functional connectivity (fcMRI) and motor fatigue measured
with the Fatigue Scale for Motor and Cognitive Functions at baseline. Warm colors indicate positive
relationships; lower triangle = healthy controls (HC); upper triangle = multiple sclerosis patients (MS);
regions are assigned to ten resting state networks as displayed at the bottom of the matrices according
to Cole et al. (2013)
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B.7. Analysis 4: Whole-brain matrices for longitudinal fcMRI alterations

A MS: 1 year alteration of fcMRI

alteration® M . .
015 0 0415 alteration > O:increase

alteration < 0:decrease

interaction effects with p<0.0002

Interaction effect G

weighted F-values* % . . .
9 0 19 F> 0:alteration,_ > alteration,,;

F< 0:alteration,. < alteration,,

Figure 29. — Longitudinal alterations in fcMRI. A Alterations in whole-brain functional connectiv-

162

ity (fcMRI) computed between 264 regions of interest in healthy controls (HC) and multiple sclerosis
patients (MS). The alteration is the difference between fcMRI at the 1 year follow-up and at baseline.
Positive values depict increase over time, while negative values indicate a decrease of fcMRI. B Weighted
F-values for the interaction effect between group and time-point based on analyses of variances. Com-
puted F-values were multiplied with -1 when the value for the longitudinal alteration was larger in MS
patients than controls, indicating that fcMRI increased more in MS, increased in MS and decreased
in HC, or decreased less in MS. Regions are assigned to ten resting state networks as displayed at the
bottom of the matrices according to Cole et al. (2013)
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B.8. Analysis 4: Resting state profiles of fatigue alteration over time in
MS patients and controls

A FSMC cognition subscale B FSMC motor subscale
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Figure 30. — Relationship between longitudinal alterations of functional connectivity and fa-
tigue in patients and controls. Functional connections that were significantly (p<0.0001) associated
with the change in cognitive (A) and motor (B) fatigue severity over one year in multiple sclerosis (MS)
are displayed in red. Significant associations in healthy controls (HC) are depicted in green. Functional
connections that additionally differed between groups are highlighted in yellow.
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