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ASL   Arterial spin labelling 
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BOLD  Blood-oxygen-level-dependent 

CIS  Clinically isolated syndrome 
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FLAIR  Fluid attenuation inversion recovery 
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GRF   Gaussian random field 

ICA  Independent component analysis 

KCC  Kendall’s coefficient of concordance  

MNI  Montreal neurological institute 

MS   Multiple sclerosis 

NAWM  Normal-appearing white matter 

MPRAGE   Magnetisation prepared rapid acquisition gradient echo 

MRI   Magnetic resonance imaging 

PMd   Dorsal premotor cortex 

RR-MS  Relapsing-remitting multiple sclerosis 

ROI   Region-of-interest 

rs-fMRI   Resting-state fMRI 

SP-MS  Secondary progressive multiple sclerosis 

SPM   Statistical parametric mapping 

TMS  Transcranial magnetic stimulation 

VOI   volume-of-interest 
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Summary 

 

The overall aim of the present PhD project was to study inter-regional and intra-

regional resting-state functional connectivity in patients with multiple sclerosis 

(MS). The studies on inter-regional connectivity were focused on the motor rest-

ing-state network. MS is characterised by inflammatory demyelination and axonal 

degeneration of the central nervous system that cause widespread impairment of 

neuronal signal transmission along cortico-cortical and cortico-subcortical connec-

tions affecting the functional integration within brain networks. The three papers 

comprising this thesis are based on resting-state functional magnetic resonance 

imaging (fMRI) data of 42 patients with MS (27 relapsing-remitting MS (RR-MR) 

and 15 secondary progressive MS) and 30 matched healthy controls.  

 

FMRI during motor tasks has revealed altered functional connectivity in MS but it 

is unclear how much motor disability contributed to these abnormal functional 

interaction patterns. The influence of impaired task performance can be circum-

vented by studying functional connectivity of the motor system using resting-state 

fMRI. Paper I and II examined inter-regional motor resting-state connectivity in 

MS using group independent component analysis. Patients with MS showed a 

spatial expansion of motor resting-state connectivity in deep subcortical nuclei but 

not at the cortical level compared with healthy controls (Paper I). Specifically, the 

anterior and middle parts of the putamen, adjacent globus pallidus, anterior and 

posterior thalamus, and subthalamic region showed a stronger functional coupling 

with the motor network in patients with MS. The more widespread motor connec-

tivity in the basal ganglia indicates less efficient funnelling of neural processing in 

the executive motor cortico-basal ganglia-thalamo-cortical loops in MS. Paper II 

tested the hypothesis that the dorsal premotor cortex (PMd) would express an in-

crease in motor resting-state connectivity with increasing clinical disability ex-

pressed by the Expanded Disability Status Scale (EDSS) in patients with MS. We 

found an increase in functional coupling between the left PMd and the motor rest-

ing-state network with increasing EDSS in RR-MS which presumably reflects 

adaptive cortical reorganisation to maintain motor function in the relapsing-

remitting stage of the disease.  

 

 



 vii        

Paper III examined how MS affects local brain connectivity by estimating the 

regional homogeneity of the blood-oxygen-level-dependent (BOLD)-signal in the 

whole brain. Patients with MS showed a decrease in regional homogeneity in the 

upper left cerebellar hemisphere, specifically lobules V and VI, compared with 

healthy controls. Within the MS-group, regional homogeneity of left cerebellar 

regions comprising Crus I and the dentate nucleus showed a negative correlation 

with the EDSS scores. This study indicates that MS impairs regional connectivity 

in the cerebellum. The reduced homogeneity of regional BOLD-signal fluctuations 

suggests a disintegration of synchronous cerebellar processing presumably caused 

by a functional disruption of cortico-ponto-cerebellar and spino-cerebellar inputs 

induced by MS lesions. Together, these studies highlight that inter-regional and 

intra-regional resting-state connectivity can be used to identify different aspects of 

disease-related brain changes in MS.   
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Summary in Danish 

 

Det primære formål med dette ph.d.-projekt var at undersøge inter-regional og 

intra-regional ’resting-state’ funktionel konnektivitet af hjernen hos patienter med 

multipel sklerose (MS). Studierne omhandlende inter-regional funktionel 

konnektivitet fokuserer på hjernens motoriske netværk. MS er kendetegnet ved 

spredt inflammatorisk demyelinisering og axonal degeneration, som forstyrrer 

neurotransmission langs de kortiko-kortikale og kortiko-subkortikale baner. Den 

afbrudte neurotransmission påvirker den funktionelle integration indenfor hjernens 

neurale netværk. De tre manuskripter, som udgør denne ph.d.-afhandling, er 

baseret på funktionel magnetisk resonans (fMRI) data optaget under hvile (resting-

state) af 42 MS patienter (27 relapserende-remitterende MS (RR-MS) og 15 

sekundær progressiv MS) og 30 matchede raske kontrolpersoner. 

 

Tidligere fMRI studier optaget under en motorisk opgave har vist ændret 

funktionel konnektivitet hos patienter med MS, men det står ikke klart hvor meget 

den motoriske dysfunktion påvirker interaktionen mellem hjerneområderne. Vi har 

i dette arbejde omgået indflydelsen af motorisk dysfunktion ved at anvende 

resting-state fMRI til at estimere funktionel konnektivitet indenfor det motoriske 

netværk ved MS. Vi undersøgte, hvorledes den inter-regionale konnektivitet 

indenfor det motoriske netværk er påvirket hos patienter med MS (manuskript I og 

II) ved at analysere data med independent component analysis. Sammenlignet med 

raske kontrolpersoner viste MS patienterne et spatielt mere udbredt konnektivitets-

mønster af de dybe kerner, men et uændret kortikalt motorisk netværk. Mere 

specifikt viste putamen’s anteriore og midterste del, tilstødende globus pallidus, 

anteriore og posteriore del af thalamus, samt det subthalamiske område en 

stærkere funktionel kobling med det motoriske netværk hos patienter med MS 

sammenlignet med raske personer. Den mere udbredte motor konnektivitet i basal 

ganglierne indikerer en mindre effektiv neural bearbejdning i det kortiko-basal 

ganglie-thalamo-kortikale kredsløb. I manuskript II testede vi hypotesen, at dorsal 

premotor kortex (PMd) vil blive mere funktionelt forbundet med det motoriske 

netværk ved øget sygdomsgrad (udtrykt ved Expanded Disability Status Scale 

(EDSS)) hos patienter med MS. Vi fandt en øget kobling af venstre PMd til det 

motoriske netværk ved stigende sygdomsgrad hos patienter med RR-MS, hvilket 
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muligvis afspejler adaptiv kortikal reorganisering til formål at opretholde den 

motoriske funktion i den relapserende-remitterende fase af sygdommen.  

 

Manuskript III undersøgte hvorledes MS påvirker den regionale konnektivitet i 

hjernen ved at estimere regional homogenitet af blood-oxygen-level-dependent 

(BOLD)-signalet. MS patienter viste et fald i den regionale homogenitet i venstre 

øvre del af cerebellum, mere specifikt i lobuli V og VI, sammenlignet med raske 

kontrolpersoner. Regional homogenitet i venstre cerebellare områder, som 

inkluderede nucleus caudatus og crus I, korrelerede negativt med EDSS hos 

patienter med MS. Dette studium viser, at den regionale konnektivitet i cerebellum 

er afficeret ved MS. Den nedsatte regionale konnektivitet i cerebellum kan skyldes 

en disintegration af kortiko-ponto-cerebellare og spino-cerebellare inputs 

forårsaget af den af MS læsioner afbrudte neurotransmission. Tilsammen 

understreger denne serie af arbejder, at inter-regional og intra-regional resting-

state konnektivitet kan anvendes til at identificere forskellige aspekter af sygdoms-

relaterede ændringer i hjernen ved MS.  
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Introduction 

The overall aim of this PhD project is to study disease-related changes in inter-

regional and intra-regional resting-state connectivity in patients with multiple 

sclerosis (MS). The studies on inter-regional connectivity focus on the motor rest-

ing-state network. This project was motivated by recent developments in func-

tional magnetic resonance imaging (fMRI) that includes a new paradigm - ‘rest-

ing-state’ - and new analytical approaches to address functional integration of the 

brain rather than functional segregation that have dominated the past decade of 

fMRI studies. An inherent problem of previous task-based fMRI studies investi-

gating the motor system in MS is that disease-related impairment itself changes 

the functional interaction pattern, rendering the interpretation of results difficult. 

Resting-state fMRI (rs-fMRI) circumvents this problem because any patient re-

gardless of motor impairment can cooperate to the ‘resting-state’ condition.  A 

functional connectivity approach also seems suited to the study of MS since the 

disease is characterised by impaired neuronal signal transmission causing func-

tional disconnection of brain regions [1]. This thesis is based on three scientific 

papers. Two of the papers study inter-regional resting-state connectivity of the 

motor network (Paper I and II), while one paper studies intra-regional resting-state 

connectivity considering the whole brain (Paper III). 
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Background 

Multiple sclerosis 

Multiple sclerosis (MS) is an autoimmune inflammatory demyelinating disease 

affecting the central nervous system [2]. The target of damage in MS is the myelin 

sheath which is essential for effective axonal signal conduction. Hence, neuronal 

signal transmission is delayed or disrupted along cortico-cortical and cortico-

subcortical connections leading to loss of neuronal synchronisation and functional 

disconnection amongst brain regions [3,4]. The impaired functional cross-talk 

between brain regions are possibly related to the various neurological symptoms 

and impairment encountered in patients with MS. In this respect, MS can be re-

garded as a ‘multiple disconnection syndrome’ [1,5].  

 

The clinical hallmark of the disease is the recurrence of relapses of acute neuro-

logical symptoms followed by partial or complete recovery [6]. In most patients 

the clinical course is initially characterised by the occurrence of relapses followed 

by remission and therefore called relapsing-remitting MS (RR-MS). Patients are 

clinically stable between relapses, but sub-clinical disease activity detectable with 

routine magnetic resonance imaging (MRI) might be present. Within a period of 

10 years, half of the patients will experience a clinical course with gradual accu-

mulation of disability while the clinical relapses subside. This phase of the disease 

is called secondary progressive MS (SP-MS) [6]. The clinical relapse is the conse-

quence of an acute inflammatory demyelinating brain lesion and axonal injury that 

leads to interruption of axonal conduction [3,7,8]. Remission of symptoms is re-

flected by an interplay of inflammation, demyelination, axonal damage, remyeli-

nation, and brain reorganisation [4,9,10]. Patients may suffer from various neuro-

logical symptoms such as visual disturbances, paresis, spasticity, disturbed sensa-

tion, ataxia and cognitive impairment depending on the location and extension of 

the focal lesions. The target of disease modifying therapies such as Interferon-beta, 

Glatiramer acetate, and Natlizumab is to slow down or halter disease progression 

by reducing relapse-rate [10,11] because incomplete recovery from relapses 

gradually leads to long-term disability. The Expanded Disability Status Scale 

(EDSS) is used world-wide in MS-clinics and clinical trials in order to rate disease 
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progression in MS where higher scores indicate more disability [12] (details on the 

EDSS are provided in the section ‘Covariates’).  

 

The current view on MS has in recent years been expanded from a focal, inflam-

matory demyelinating white matter disease to a diffuse disease of the central nerv-

ous system with an important neurodegenerative component. Modern MRI tech-

niques and pathological studies have revealed that tissue damage in MS extends 

way beyond white matter plaques visible on conventional MRI such as T1, T2-

weighted, and fluid attenuation inversion recovery (FLAIR). Tissue changes are 

detected in the normal-appearing white matter (NAWM), defined as the tissue that 

appear normal on conventional MRI, and a mixture of focal lesions and diffuse 

pathology also occur in cortical and deep grey-matter. Moreover, the neurodegen-

erative component of the disease is not solely an epiphenomenon to inflammatory 

demyelination, but occurs early in the disease course [13]. 

 

The organisation of the motor system 

Since this thesis focuses on the brain motor network in patients with MS the fol-

lowing section presents a brief introduction to the organisation of the motor sys-

tem. Emphasis will be on the circuits between the cerebral cortex, the basal gan-

glia and the cerebellum, because knowledge of these circuits is needed to under-

stand Paper I and III.    

 

The cortical motor system comprises the sensori-motor cortex and the premotor 

regions (Figure 1.). The sensori-motor cortex is divided into the primary motor 

cortex (M1 or Brodmann area (BA) 4) situated anteriorly to the central sulcus and 

the primary somatosensory cortices (BA 1, 2 and 3) situated posteriorly to the 

central sulcus [14]. The primary motor cortex and somatosensory cortex are organ-

ised in a somatotopical fashion. The motor homunculus illustrates the somatotopy 

of the primary motor cortex where the leg control area is localised medially, while 

the hand, face and tongue control areas are laterally situated. The fingers, hands, 

and face are represented disproportionately large corresponding to their involve-

ment in tasks that require highest precision and finest control [15]. The primary 

motor cortex serves in the execution of voluntary movements through its direct 

cortico-spinal projections [16,17]. Functional imaging studies have shown that the 
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somatosensory and primary motor cortices frequently are co-activated indicating a 

close functional integration between these regions [18].  

 

The premotor regions (BA 6) can be divided into the lateral premotor cortex and 

the mesial premotor cortex (Figure 1.). The mesial premotor cortex can further be 

divided into the pre-supplementary motor area (pre-SMA) rostrally and the sup-

plementary motor area proper (SMA proper) caudally. The lateral premotor cortex 

can be subdivided along the dorsal and ventral plane into the dorsal premotor cor-

tex (PMd) and ventral premotor cortex (PMv) [14]. The areas of premotor cortex 

show a much coarser somatotopy with multiple motor maps and greater functional 

complexity. It is suggested that the PMd participates in the planning and prepara-

tion of movement and that the supplementary motor area encodes sequences of 

movements, but the functions of the many premotor areas are still debated [16]. 

Also, the PMd takes part in the action selection network, and especially the left 

PMd plays the dominant role in action selection [19]. Moreover, the premotor 

cortex serves an integrative role of converging input from subcortical motor (basal 

ganglia and cerebellum) and parietal cortex afferents, and it also sends projections 

to the primary motor cortex and directly to the corticospinal tract [20]. Previous 

activation studies have attributed an important role to the PMd in motor reorgani-

sation in response to damage of the motor system in both MS and motor stroke 

[21–26]. Based on this knowledge PMd was chosen as our volume-of-interst 

(VOI) in study II.  
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Figure 1. Illustration of the cortical motor areas. The primary motor cortex (BA 4) 

is situated anteriorly to the central sulcus (blue). The premotor regions (BA 6) are 

located anterior to the primary motor cortex (yellow). The lateral part of the pre-

motor region comprises the dorsal premotor cortex (PMd) which serves as our 

VOI in study II. The image is displayed from a lateral view where the left side of 

the image corresponds to the posterior part of the brain, and the right side of the 

image corresponds to the anterior part of the brain. BA = Brodmann area; VOI = 

Volume-of-interest. BrainVoyager Brain Tutor (www.brainvoyager.com) was used 

to construct this image. 

 

 

In addition to the cortical motor areas, several motor ‘systems’ compose the motor 

system which include the corticospinal tracts, the cortico-basal ganglia-thalamo-

cortical loops, and the cortico-cerebellar circuits [27]. The cortico-basal ganglia-

thalamo-cortical loops are largely organised into segregated parallel circuits [28]. 

The functional parallel circuits link the neocortex and its corresponding striatal 

projections zones in the caudate nucleus and putamen in a clear somatotopic ar-

rangement [29]. In study I we were particularly interested in the putamen because 

it is the main input structure of the motor cortico-basal ganglia-thalamo-cortical 

loops. The posterior putamen receives cortico-striatal projections from the primary 

motor cortex and is mainly involved in executive aspects of motor control such as 

movement rate [30–32]. In contrast, the middle and anterior portions of the puta-

men receive input from premotor and prefrontal cortex and subserve higher-order 

cognitive aspects of motor control [28–30,33]. Recent rs-fMRI studies in healthy 

subjects have shown that the neuroanatomical segregation of cortico-basal ganglia-

 

http://www.brainvoyager.com/
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thalamo-cortical loops has a correlate in terms of functional connectivity. Distinct 

regions of the striatum and thalamus show a somatotopic temporal correlation of 

spontaneous blood-oxygen-level-dependent (BOLD)-signal changes which are 

consistent with the known neuroanatomical cortico-striatal and cortico-thalamic 

connectivity patterns [34,35].  An influential computational model of the cortico-

basal ganglia-thalamo-cortical loops emphasises a funnelling function of the basal 

ganglia to reduce the dimensionality of neural information [36]. A related model 

stresses the involvement of the basal ganglia in focused selection and effective 

inhibition of competing motor programs [37]. 

  

In parallel, the cortico-cerebellar circuits segregate the cerebellum into a ‘motor’ 

part (lobules V-VI) and a ‘cognitive’ part (Crus I and Crus II). A neuroanatomical 

study using transsynaptic tracers in monkeys has shown that the primary motor 

cortex sends and receives projections to lobules IV, V, VI, and VIII of the cerebel-

lar cortex, and that the prefrontal cortex (area 46) is reciprocally interconnected 

with Crus II [38]. In the human brain, resting-state functional connectivity map-

ping has confirmed this neuroanatomical segregation: primary sensory or motor 

cortical areas (i.e., motor, premotor, somatosensory, visual and auditory cortex) 

are functionally connected with cerebellar lobules V, VI, VIII, whereas prefrontal 

cortex and posterior-parietal regions are functionally connected with Crus I and II 

[39,40]. 

 

In summery, motor function is supported through the functional integration across 

an extended motor system involving the cortical motor network, the cortico-spinal 

tracts, the cortico-basal ganglia-thalamo-cortical loops and the cortico-cerebellar 

circuits. Rather than the mapping of regional brain activity alone, a connectivity 

approach seems suited to promote insights into the disease-related changes of the 

motor system in MS.  
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Methods 

Resting-state functional MRI 

To understand the principle of rs-fMRI, one needs to be familiar with task-based 

fMRI and the BOLD-signal. Task-based fMRI can measure which brain regions 

that become activated during exposure to a given stimulus (paradigm). FMRI is 

based on the measurement of the BOLD-signal, which is an indirect measure of 

neuronal activity. When neurons are active, there will be a demand of oxygen. 

However, as the cerebral blood flow that supplies oxygen increases more than the 

oxygen demand, there will be a net decrease in deoxygenated haemoglobin. De-

oxygenated haemoglobin is paramagnetic and distorts the magnetic field. The in-

homogeneities related to deoxygenated haemoglobin lead to rapid dephasing of 

excited spins which attenuates the MRI-signal. When there is a net decrease in 

deoxygenated haemoglobin, the excited spins dephase at a slower rate resulting in 

an enhanced MRI-signal – this is the BOLD-contrast [41].  In this way the local 

ratio of oxygenated haemoglobin/deoxygenated haemoglobin serves as an endoge-

nous marker of neuronal activity. Since the hemodynamic response has shown to 

correlate with the local field potentials, the activation most likely reflects the input 

and local processing of neuronal information within a region [42,43]. The basis for 

BOLD-contrast fMRI is the time constant T2*. T2* reflects the combined effect 

on transverse relaxation of spin-spin interaction (T2) and of the dephasing effect 

caused by field inhomogeneity. Gradient-echo (GE) echo-planar imaging (EPI) is 

most often used for fMRI because it has high T2* sensitivity, and is thus sensitive 

to the amount of deoxygenated haemoglobin. In addition, GE-EPI has a low repe-

tition time making it possible to form a single slice MR-image in as little as 70-

100 ms. Multiple adjacent slices, e.g. 30 slices, covering the whole brain can thus 

be acquired in about 2000 to 3000 ms.  

 

As opposed to task-based fMRI, rs-fMRI is acquired without a paradigm when the 

subject is at rest. This implies that the subject is lying still in the scanner with eyes 

closed (or visual fixation on a cross-hair) but remains awake, and is instructed to 

refrain from any voluntary cognitive or motor activity. Rs-fMRI measures the 

spontaneous fluctuations of the BOLD-signal in the low-frequency (< 0.1 Hz) 

domain of the whole brain while the subject is at rest. Within functional brain net-
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works, the regional BOLD-signal oscillates in synchrony, and thus provides an 

index of functional connectivity [44,45]. The method was first described by 

Biswal et al. in 1995 where they demonstrated that the low-frequency fluctuations 

in BOLD-signal at rest were temporally correlated between the left and right sen-

sori-motor cortex and suggested that the resting oscillating BOLD-signal had a 

physiological origin [45]. Colleagues have replicated this finding and extended it 

to various distributed cortical systems such as the visual, language and auditory 

network [46,47]. The rs-fMRI method has since been extensively applied to study 

functional connectivity of different brain networks in the healthy brain and in a 

wide range of pathological conditions [46–50]. 

 

The physiological meaning of the BOLD-signal fluctuations during rest and the 

functional role of the organised pattern of activity are not completely understood. 

Evidence points towards slow spontaneous modulations in firing rate and gamma 

local field potential as the neuronal correlate of the low-frequency fluctuations in 

the resting-state BOLD [51,52]. Given the observation that the resting-state net-

works are present in the infant brain [53] and persist during different states of con-

sciousness [54,55] and across primate species [56], it is stated that examining the 

brain at rest gives insight into the more intrinsic functional organisation of the 

brain [44]. A few studies have shown that resting-state functional connectivity 

reflects structural connectivity, but the relation between function and structure in 

the brain is not straightforward. Thus, regions with little or no structural connec-

tivity can exhibit functional connectivity suggesting that functional correlations 

can be mediated indirectly by a third region [57]. While it is estimated that the 

brain consumes 60-80% of its energy to support communication among neurons 

and its supporting cells, the additional energy consumption when performing a 

task is a little as 0.5-1% of the energy budget [58]. This implies that important 

brain processes continuously take place during the resting-state. Several sugges-

tions have been made for the functional role of the correlated fluctuations in the 

resting-state BOLD-signal. One option is a role in the maintenance and renormali-

sation of synaptic contact [51]. Another possibility is to balance excitation and 

inhibition in order to respond more rapidly to external inputs [58]. Also a role in 

organising and coordinating neuronal activity in regions that commonly work in 

concert has been suggested. Finally, a role in the memory of earlier use and a 

readiness for future actions has been proposed [44,58]. A resting-state network 
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that has received much attention is the so-called default-mode network (DMN). 

The DMN is a set of brain regions located in the posterior cingulate cortex and 

ventral anterior cingulate cortex that are characterised by showing higher activity 

during the resting-state than during a cognitively demanding task [48,59]. The 

functional meaning of this network is not clarified but it has been proposed to be 

related to mental processes such as mind-wandering, introspection, remembering 

the past and planning the future [60–62]. The network has shown to be sensitive to 

pathology such as Alzheimer’s disease [63] and MS [64–68]. It is beyond the 

scope of this work to address the DMN further.  

 

Analysis of resting-state functional MRI data 

Pre-processing of resting-state fMRI data 

Before entering statistical analysis, the images are pre-processed. Pre-processing 

involves several steps including motion correction, co-registration, spatial nor-

malisation, spatial smoothing, temporal high-pass filtering, and nuisance variable 

regression. In the following section each of these steps are described in short.   

 

Motion correction (realignment)  

Even minor head motion may have large influence on the MRI-signal. This is be-

cause some voxels will be moved to other part of the brain which might have dif-

ferent signal intensity (e.g. a white matter voxel is moved into a grey matter 

voxel). This effect is most prominent at edges in the image e.g. the edge of the 

brain and near the ventricles. In this work, we have tried to prevent motion in the 

head coil by immobilising the head with special cushions and by carefully instruct-

ing the subject to refrain from movement. Additional residual movements can be 

reduced by realigning a time-series of images to a reference image (realignment). 

Furthermore, in this work effect of residual motion was handled by a linear filter 

based on a Volterra expansion of the estimated movement parameters [69].  

 

Co-registration 

In order to localise brain connectivity, the functional data are mapped onto high-

resolution and high-contrast structural images (co-registration) using a six-

parameter rigid-body transformation. Rigid-body transformation does not change 

the size or shape of an object.  
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Spatial normalisation 

The brain of each individual is different in shape and size, and in order to make 

inter-individual comparisons, it is necessary to normalise the structural and func-

tional images to a standard brain/template [70]. A modern template is the Montreal 

Neurological Institute (MNI 305) template based on the MRI scans of 305 young 

healthy right-handed subjects (239 male, 66 female, mean age 23.4) [71].  

 

Spatial smoothing 

Spatial smoothing involves blurring of fMRI data across adjacent voxels in order 

to maximise the functional signal-to-noise ratio and to improve the validity of 

statistical testing at a cost of spatial resolution. The smoothing procedure sup-

presses non-spatially distributed noise by averaging neighbouring voxels. When 

applying a smoothing filter that average over an area that involves adjacent voxels 

exhibiting the same BOLD-signal but different noise, the noise will be reduced 

while the signal remains unchanged. The smoothing procedure also reduces ana-

tomical differences between subjects and improves the normalisation by eliminat-

ing unnecessary fine details. Finally, Gaussian random field (GRF) theory is often 

used to control the family-wise error (FWE) in mass-univariate hypothesis testing 

for significant effects and requires the data to exhibit smoothness over several 

millimetres to be in agreement with the assumptions usually made in GRF theory 

[72]. In fMRI, smoothing is usually done by applying a Gaussian spatial filter with 

a full-width at half maximum (FWHM) of 6-12 mm. 

 

Temporal high-pass filtering 

Due to the presence of low-frequency fluctuations related to scanner drift it is of-

ten desirable to remove this effect before statistical analysis [73]. This is typically 

done by applying a high-pass filter where only frequencies above the selected cut-

off frequency pass through and hence the lower frequencies are removed. In this 

work we selected the default setting in SPM8 (Statistical Parametric Mapping) 

where oscillations with a lower frequency than 1/128 Hz (= 0.008 Hz) were re-

moved. The spontaneous low-frequency BOLD-signal fluctuations responsible for 

resting-state functional connectivity is assumed to be predominantly located in the 

low-frequency domain between 0.01 and 0.1 Hz and is therefore largely unaffected 

by the high-pass filter.  
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Some rs-fMRI studies also apply a low-pass filter in addition to the high-pass filter 

(also called a band-pass filter) in order to remove the effect of the cardiac cycle 

(frequency domain of 1-1.5 Hz) and the respiratory rate (frequency domain 0.2-0.3 

Hz) [74]. It should be noted that removal of the effect from the cardiac cycle by 

low-pass filtering only is possible with a high sampling rate (repetition time of less 

than around 400 ms) because with lower sampling rates the noise will be aliased. 

In this work we accounted for the effect of cardiac and respiratory cycles by nui-

sance variable regression (details are provided in the following section).  

 

Nuisance variable regression 

Physiological noise related to the cardiac and respiratory cycles are important con-

founds in fMRI data. The cardiac cycle causes movement of brain-tissue near lar-

ger vessels and the respiratory cycle causes changes in blood oxygenation, move-

ment of the head and of abdominal organs [75]. In this work we accounted for 

these effects by separate recordings of the cardiac cycles with an infrared pulse 

oximeter and of the respiratory frequency with a pneumatic thoracic belt. An ali-

ased Fourier expansion of these nuisance signals were projected out of the data 

using a linear regression model [76].  

Statistical inferences 

Subject feature extraction (first-level analysis) 

Statistical analysis at the first-level is carried out to determine the functional con-

nectivity pattern in each subject. In Paper I and II, the individual spatial expres-

sions of the motor component were obtained by back-reconstructing the spatial 

expressions of the group motor component for each subject. This step involved a 

regression of the recorded data from each individual with the corresponding time-

series of the group resulting in a subject-specific component expression value for 

each individual voxel. In Paper III, individual regional homogeneity maps were 

created by calculating Kendall’s Coefficient of Concordance (KCC) of each voxel 

for each subject.  

 

Between-group random effects model (second-level analysis) 

A random-effects model was employed in the group statistics. In a random-effects 

model the variability between each subject is examined in order to allow making 
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inferences about the patient population. In Paper I and II, the subject-specific 

component expression value for each individual voxel was taken to second-level 

statistical analysis entering a two-sample t-test and a multiple regression model. In 

Paper III, the group-level statistics was carried out using non-parametric permuta-

tion testing. 

 

Correction for multiple comparisons and small-volume correction 

In voxel-based fMRI analysis, a hypothesis test is performed for each brain voxel, 

which means that many thousands of statistical tests are conducted. With increas-

ing number of statistical tests, the greater the chance of a false-positive result. To 

control the number of Type I errors, it is necessary to correct the p-value for mul-

tiple comparisons. A stringent method for controlling the number of false-positive 

voxels is using Bonferroni correction where the significance level of each voxel is 

divided by the number of independent tests. While Bonferroni correction mini-

mises the chances to detect false-positive activation, it also increases the chances 

of a Type II error, or failing to detect voxels with real activation. Also, Bonferroni 

correction does not take spatial correlation or smoothness of the data into account. 

This is accounted for by using GRF theory, which estimates the number of inde-

pendent statistical test needed based on the smoothness of the data [72].  FWE-

correction is less stringent than Bonferroni correction but does not either attempt 

to control for Type II errors.  

  

When testing a hypothesis in an a priori selected brain region, the analyses may be 

restricted to only a small region which could be a few hundred or thousand voxels 

(small-volume correction). Small-volume correction is applied in study II for the 

PMd because we had a strong hypothesis regarding the change in connectivity. 

Since small-volume correction ignores all other voxels in the brain except for the 

VOI, it leads to a less severe correction factor.  

Inter-regional connectivity (study I and II) 

Independent component analysis (ICA) and a region-of-interest (ROI) analysis are 

two popular ways to analyse rs-fMRI data. Using a ROI-approach, a map of the 

temporal correlations of the BOLD-signal time courses is calculated by specifying 

a ROI beforehand and cross-correlating it with all other voxels’ time courses in the 

brain. In this study we applied spatial ICA to identify brain networks that show 
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temporally correlated fluctuations in the BOLD-signal [77]. ICA has shown to be 

well-suited to detect resting-state networks in a number of studies [47,66,77,78]. It 

is a data driven technique that takes into account the time course of BOLD-signal 

fluctuations in all voxels in the brain. In contrast to a ROI-based analysis, ICA has 

the advantage of not introducing any spatially bias from a pre-defined ROI. A 

sophisticated algorithm decomposes the resting-state data into a selected number 

of components that are maximally statistically independent. Each component is 

associated with a spatial map. Some components will reflect noise and others will 

reflect functional networks. Figure 2 gives an overview of the steps involved in the 

data analysis using ICA. Details regarding each step can be found in Paper I and 

II. Two major difficulties are associated with ICA. First, the results are highly 

dependent on the number of components to be extracted which has to be defined a 

priori. Second, the components are not ranked during the decomposition and 

whether a component represents noise or a functional network has to be decided 

by the researcher [54]. The latter can partly be overcome by using a template-

matching procedure to identify components. In this work, the number of extracted 

independent components was fixed to 20, and using a template-matching proce-

dure, six spatial maps with functional relevance were identified (Figure 3.). The 

motor network comprised a single independent component whereas other func-

tional networks were split into several components e.g. the memory function net-

work and the DMN (Figure 3.). Since this study was on the motor system, we lim-

ited our second-level analysis to the motor component. 
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Figure 2. Summary sketch of the data analysis of study I and II. The inter-regional 

functional connectivity analysis comprised the following steps: 1. Pre-processing 

of the echo-planar imaging (EPI) MR data; 2. Data reduction; 3. Application of the 

ICA algorithm; 4. Selection of the independent component representing the motor 

network; 5. Back-reconstruction to single-subject spatial maps; 6. Statistical infer-

ence. ICA = Independent component analysis; EDSS = Expanded Disability Status 

Scale; MS = Multiple sclerosis; HC = Healthy controls.  
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Figure 3. Functional resting-state networks identified with ICA. The spatial maps 

are shown in sagittal, coronal, and axial view. A-B) right and left memory function 

network, C) default-mode network, D) primary visual cortex, E) secondary visual 

cortex, F) motor network, and G) auditory network. The statistical maps (t-scores) 

are thresholded at a liberal visualisation threshold of p < 0.01 uncorrected.  The 

images are displayed in neurological convention.  

Intra-regional connectivity (study III) 

A different approach to rs-fMRI data is to address the coherence of local activity. 

Opposed to inter-regional temporal synchrony, Kendall’s Coefficient of Concor-

dance (KCC) can be used to measure regional homogeneity which provides an 

index of intra-regional temporal synchrony. Regional homogeneity measures the 

temporal coherence among a given voxel and its nearest neighbours based on the 

assumption that neighbouring voxels within a brain cluster are temporally similar 

[79]. Thus, regional homogeneity estimates the strength of local neuronal syn-

chrony of spontaneous BOLD-signal fluctuation in neighbouring voxels. This 

approach has successfully been used to identify brain regions with abnormal local 

connectivity in pathological conditions such as neuromyelitis optica, Alzheimer’s 

and Parkinson’s disease [80–82]. In Paper III, we calculated KCC in a region of 3 

x 3 x 3 voxels and the coefficient was assigned to the centre voxel. This was re-
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peated for the whole brain forming a regional homogeneity map (W-map). Before 

performing group level statistical analysis, the W-maps were z-transformed [83] 

(by subtracting off the mean KCC of the whole brain and dividing by the standard 

deviation of all W-values in the brain mask) and smoothed. Because the KCC 

maps have been normalised, each voxel’s KCC value is relative to the mean. A 

negative KCC value therefore indicates less homogeneity than the mean KCC 

across all brain values. Figure 4 visualises regional homogeneity by showing the 

normalised regional homogeneity maps of MS patients and healthy controls (one-

sample t-test; -5 > t-value > 5). In agreement with previous studies on regional 

homogeneity, visual inspection of the regional homogeneity maps indicate that 

regions belonging to the DMN including posterior cingulate cortex/precuneus 

show significantly higher coherence than other brain regions in both MS patients 

and healthy controls [80–82].  

 

 

 
 

Figure 4. The normalised regional homogeneity maps in patients with MS (A) and 

healthy controls (B). Visual examination indicates high regional homogeneity in 

regions belonging to the DMN including the posterior cingulate cortex/precuneus. 

The images are displayed in neurological convention. The colour bar is shown at 

the bottom of the figure. MS = Multiple sclerosis; HC = Healthy controls. 
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Covariates 

Clinical assessment 

Clinical assessment of patients included a complete neurological examination with 

rating on the EDSS, which is the scale most commonly used to quantify clinical 

disability in MS [12]. It ranges from 0 to 10 on an ordinal scale where 0 equals a 

normal neurological examination and higher scores indicate more disability.  It is a 

composite score of 8 functional systems: pyramidal, cerebellar, brain stem, sen-

sory, bowel and bladder, visual, cerebral, and others. The composition of EDSS is 

a mixture of three different domains: impairment (< 4 points, reflecting the sever-

ity of individual functional systems), ambulation (4-8 points), disability and upper 

limb dysfunction (> 8 points). It is acknowledged that the EDSS is heavily 

weighted towards motor function; in particular the midrange EDSS reflects ambu-

lation. In this work we chose to rate the patients on the EDSS because it is the 

most established measure of clinical disability and related to motor function. Ca-

veats of the EDSS include the non-linearity of the scale, inter-observer variability, 

and the lack of cognitive domains [84,85].  

Lesion load 

Total T2-lesion load of cerebral white matter can be quantified from the structural 

images. Total T2-lesion load is an established measure of the global macroscopic 

white matter damage in MS but lacks pathological specificity. It represents a com-

plex process ranging from blood-brain barrier breakdown, inflammatory demyeli-

nation, fibrillary astrocytosis and remyelination [86,87]. In addition, it does not 

take into account lesion location and damage of the NAWM. The inherent lack of 

tissue specificity of the T2-lesion load measure partly explains its limited correla-

tion with EDSS popularly referred to as the clinical radiological paradox [84,85].  

 

In this work, total T2-lesion load was segmented in each patient using a semi-

automatic lesion segmentation method guided by expert knowledge [88]. The 

semi-automatic technique was chosen to reduce examiner bias and lesion assess-

ments were done by a single experienced rater (A.-M.D). Details regarding lesion 

segmentation can be found in the supplementary material of Paper I.  
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Volume of putamen and grey matter density 

The volume of putamen was quantified from the structural images. This was done 

to investigate whether atrophy of putamen was related to the observed subcortical 

difference in motor resting-state connectivity in MS patients (Paper I). Putamen 

was segmented and the volume estimated using an automated subcortical segmen-

tation tool based on the T1-weighted images implemented in the FSL software 

package (FIRST v. 1.2, FMRIB, University of Oxford, www.fmrib.ox.ac.uk/fsl) 

[89]. In a similar way, the volumes of thalamus, the caudate nuclei and globus 

pallidus were quantified and these were all significantly correlated with the 

volume of putamen. The automatic segmentation of the subcortical nuclei for each 

subject was checked by visual inspection.  

 

To further determine whether the observed group differences in motor resting-state 

connectivity resulted from underlying grey matter atrophy, we have as proposed 

by the reviewers of Paper I re-analysed the rs-fMRI data taking into account grey 

matter density of each voxel. Here the T1-weighted structural images were used to 

derive grey matter density maps using the unified segmentation approach imple-

mented in the VBM5 toolbox (http://dbm.neuro.uni-jena.de/vbm/ ) [70]. The re-

sulting grey matter density maps were included in the rs-fMRI analysis using the 

Biological Parametric Mapping toolbox that incorporates other modalities as re-

gressors in a voxel-wise fashion [90,91]. 

 

http://www.fmrib.ox.ac.uk/fsl


Aims and hypotheses 

 

21        

Aims and hypotheses 

Inter-regional resting-state connectivity of the motor network 

The aim of study I is to examine disease-related changes in resting-state connec-

tivity of the motor network at cortical and subcortical levels in patients with MS. 

The aim of study II is to characterise the relationship between motor resting-state 

connectivity of the PMd and clinical disability in patients with MS.  

Intra-regional resting-state connectivity 

The aims of study III are to examine disease-related changes in regional resting-

state connectivity in patients with MS and to characterise the relationship between 

inter-individual variations in regional homogeneity and clinical disability. Table 1 

provides an overview over the conducted studies with indication of the objectives 

for each study.  

 

We hypothesised, as described in the three papers, that:   

 

I. Patients with MS will show an expanded motor connectivity pattern relative 

to healthy controls involving subcortical brain structures that are normally 

connected to non-motor brain networks.  

II. The PMd might express an increase in motor resting-state connectivity with 

increasing clinical disability expressed by the EDSS in patients with MS 

(Paper II). 

III. Patients with MS will show an abnormal pattern of regional brain connec-

tivity (Paper III).  
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Table 1  Overview and objectives of the conducted studies 

 

Study Objectives MS HC Methods 

I 

Paper I 

To compare motor resting-state 

connectivity between MS and HC 

42 30 ICA to assess 

inter-regional connectivity 

 

II 

Paper II 

 

To examine the relationship be-

tween the coupling of PMd to the 

motor resting-state network and 

clinical disability (EDSS) in MS 

42 - ICA to assess 

inter-regional connectivity 

 

VOI analysis in PMd 

III 

Paper III 

To compare regional connectivity 

(considering the whole brain) be-

tween MS and HC 

 

To examine the relationship be-

tween inter-individual variations in 

regional connectivity and clinical 

disability (EDSS) in MS 

42 30 KCC to assess 

intra-regional connectivity 

(regional homogeneity) 

 

EDSS = Expanded Disability Status Scale; HC = Healthy controls; ICA = Inde-

pendent component analysis; KCC = Kendall’s Coefficient of Concordance; MS = 

Multiple sclerosis; PMd = Dorsal premotor cortex; VOI = Volume-of-Interest. 
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Summary of conducted studies 

In the following section an overview of the results from the three studies included 

in this thesis are presented.  

Participants 

Forty-two patients with definite MS fulfilling the revised McDonald criteria [92] 

and 30 sex- and age-matched healthy controls participated in the study. Patients 

were recruited from The Danish Multiple Sclerosis Center, Copenhagen, Denmark 

and comprised 27 patients with RR-MS and 15 patients with SP-MS. Demograph-

ics and clinical characteristics are summarised in Table 2. Only clinically stable 

patients who had not experienced a relapse in the three months preceding the MRI 

measurement were included in the study. Only healthy controls without any his-

tory of neurological or psychiatric disease and with a normal structural MRI par-

ticipated in the study. Most participants were right-handed as revealed by the Ed-

inburgh Inventory [93]. All patients were neurologically examined and clinical 

disability was rated using the EDSS [12]. Patients presented with a wide range in 

disease progression with EDSS ranging from 0-7 and a median EDSS score of 4.3. 

Disease duration was defined as years since first symptom and ranged from 3-43 

years with a median of 11.5 years. Total lesion load of cerebral white matter 

ranged from 1.8 to 126.3 ml with a median lesion load of 21.4 ml.  

Magnetic resonance imaging 

We performed 20-minutes rs-fMRI of the whole brain followed by structural MRI 

at 3 Tesla. During the ‘resting-state’ condition subjects were instructed to rest with 

their eyes closed without falling asleep, and refrain from any voluntary cognitive 

or motor activity. The cardiac cycles were monitored with an infrared pulse oxi-

meter placed on patients’ index finger and the respiratory frequency was 

monitored with a pneumatic thoracic belt. Patients continued to take their usual 

medication. All subjects were asked to refrain from caffeine, cigarettes or alcohol 

intake six hours prior to the scanning session [94]. Structural MRI scans of the 

whole brain were acquired using a magnetisation prepared rapid acquisition gradi-

ent echo (MPRAGE) sequence, a turbo spin echo sequence and a FLAIR se-

quence. The structural scans were used in the pre-processing of the functional 

images and to quantify total lesion load of cerebral white matter. 
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Study I: Motor resting-state connectivity in patients with MS 

Statistical analysis 

This study was conducted on the group of MS patients and healthy controls. Group 

ICA was applied to the rs-fMRI data to characterise motor resting-state connec-

tivity. Group analysis and regressions were done in SPM8 and employed random-

effects models (http://www.fil.ion.ucl.ac.uk/spm/). Group difference in the expres-

sion of motor resting-state connectivity was tested with a two-sample t-test with 

gender introduced as covariate. We also performed an exploratory analysis to as-

sess the effect of the individual MS phenotypes. 

 

Within the group of MS patients, we further tested for a linear relationship be-

tween the observed group difference in motor resting-state connectivity of the 

subcortical regions and individual EDSS scores, lesion load and disease duration, 

respectively. Age and gender were introduced as covariates. In a post-hoc analysis, 

we quantified the volume of putamen in each patient to test whether inter-

individual variations in putaminal volume showed a linear relationship with the 

observed subcortical changes in motor resting-state connectivity. To further de-

termine whether the observed group differences in motor resting-state connectivity 

resulted from underlying grey matter atrophy, we have re-analysed the rs-fMRI 

data taking into account voxel-wise grey matter density using the Biological Pa-

rametric Mapping toolbox [90,91].  

 

We corrected for multiple comparisons across the whole brain by applying the 

FWE-method as implemented in SPM using a cluster extent threshold of p < 0.01. 

A corrected pFWE-value below 0.05 at the cluster level was considered statistically 

significant. We report various statistical trends that did not survive correction for 

multiple comparisons but exceed an uncorrected p-value of p < 0.001 at the voxel 

level.  

 

 

 

 

  

http://www.fil.ion.ucl.ac.uk/spm/
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Results 

Group-ICA identified a bilateral motor resting-state network comprising the 

pericentral lateral and mesial sensori-motor cortex, supplementary motor cortex, 

secondary somatosensory cortex, the sensori-motor territory of the cerebellum, 

putamen, and thalamus. Descriptive maps of the motor resting-state network of the 

two groups were largely corresponding in terms of their spatial expression as 

shown in Figure 5.  

 

The between-group comparison showed a spatial expansion of motor resting-state 

connectivity in deep subcortical nuclei in patients with MS (Figure 6.). In the right 

hemisphere, the anterior and middle parts of the putamen, adjacent globus pal-

lidus, anterior and posterior thalamus, and subthalamic region showed stronger 

functional connectivity with the motor resting-state network in the MS group 

compared with healthy controls (pFWE = 0.005; peak Z-score = 3.97 at voxel (x, y, 

z): 9, -13, -8). Homologous subcortical areas in the left hemisphere showed a simi-

lar trend towards an increase in motor resting-state connectivity (pFWE = 0.191; 

peak Z-score = 4.00 at voxel (x, y, z): -12, -4, 4). No cortical area displayed a sig-

nificant increase or decrease in motor resting-state connectivity in patients with 

MS relative to healthy controls. All the between-group differences persisted when 

we removed the left-handed participants from the analysis. Also, the between-

group differences remained significant after voxel-wise correction for grey-matter 

atrophy.  

 

A similar subcortical pattern of increased motor resting-state connectivity emerged 

in patients with SP-MS when compared with healthy controls (pFWE < 0.001; peak 

Z-score = 4.28 at voxel (x, y, z): -12, -4, 4), but the difference in subcortical nuclei 

was not significant when comparing RR-MS with healthy controls. No significant 

differences in motor resting-state connectivity were detected between RR-MS and 

SP-MS. Patients with MS did not show any significant linear relation between 

motor resting-state connectivity and the EDSS scores, disease duration and lesion 

load in those subcortical regions displaying a significant between-group effect. 

Furthermore, no significant relation was detected between putaminal volume and 

motor resting-state connectivity of the putamen.  
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Figure 5. Descriptive maps of the motor resting-state network in healthy controls 

and patients with MS. The motor resting-state connectivity maps of the two groups 

are largely corresponding in terms of their spatial expression. The images are dis-

played in neurological convention. HC = Healthy control; MS = Multiple sclero-

sis. 

 

 
 

Figure 6. Increases in motor resting-state connectivity of subcortical nuclei in 

patients with MS relative to healthy controls. In the right hemisphere, the rostral 

part of the putamen and adjacent globus pallidus as well as the thalamus and sub-

thalamic nucleus showed significantly stronger motor resting-state connectivity in 

patients with MS. A similar trend was seen for homologous areas in the left hemi-

sphere. The colour coding represents t-values, ranging from 2.38 to 5.  
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Study II: Motor resting-state connectivity of premotor cortex 

Statistical analysis 

This study is based exclusively on rs-fMRI data of the MS patients. Group ICA 

was applied to the rs-fMRI data of MS patients to characterise motor resting-state 

connectivity. We performed between-subject analysis using a random-effects re-

gression model implemented in SPM8. Our analysis was limited to a spherical 

VOI representing the PMd taken from a previous motor fMRI activation study on 

motor recovery after stroke [22]. A spherical VOI with a diameter of 16 mm was 

centred over the right PMd using the MNI coordinate (x, y, z): 32, -10, 54 and a 

symmetrical coordinate in the PMd of the left hemisphere [22]. For each VOI, we 

extracted the first eigenvariate of the motor component expression. The first ei-

genvariate was used as the dependent variable in a general linear model testing for 

a linear relation between inter-individual variations in the regional expression of 

the motor resting-state connectivity in PMd and individual EDSS scores including 

age as a covariate of no interest. Post-hoc, we further explored the relationship 

between motor resting-state connectivity of PMd and clinical disability in the 

separate groups of RR-MS and SP-MS using a similar multiple linear regression 

model. We corrected for multiple comparisons by Bonferroni correction and con-

sidered a corrected p-value below 0.05 statistically significant.  
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Results 

Group ICA performed on the group of MS patients identified a bilateral motor 

resting-state network with a similar spatial pattern as described in study I (Figure 

5.). Regression analyses identified a positive linear relation between the expres-

sion of motor resting-state connectivity in left PMd and clinical disability as ex-

pressed by the individual EDSS scores. The more MS patients were clinically af-

fected (i.e., the higher the individual EDSS score), the stronger was the functional 

coupling between the left PMd and the motor resting-state network (Figure 7.; p < 

0.006; R2 = 0.18). When the group of patients with RR-MS was considered alone, 

an even stronger positive relationship was observed in the left PMd (Figure 8A.; p 

< 0.001; R2 = 0.55). In contrast, patients with SP-MS showed no significant rela-

tionship between motor connectivity of left PMd and individual EDSS scores 

(Figure 8B.). No significant relation between motor resting-state connectivity of 

right PMd and individual EDSS scores was detected in the aggregated group of 

MS patients or in the separate groups of RR-MS and SP-MS.  

 
 

Figure 7. A significant positive linear relation is seen between the regional ex-

pression of motor resting-state connectivity in left PMd and EDSS scores. The first 

eigenvariate of the VOI encompassing left PMd for each subject (y-axis) plotted 

against clinical disability (EDSS, x-axis) with the regression line. PMd = Dorsal 

premotor cortex; EDSS = Expanded Disability Status Scale; RR = Relapsing-

remitting MS (blue circles); SP = Secondary progressive MS (red triangles). 
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Figure 8. The relationship between the regional expression of motor resting-state 

connectivity in left PMd and clinical disability in the separate groups of patients 

with RR-MS and SP-MS. The first eigenvariate of the VOI encompassing left 

PMd for each subject (y-axis) plotted against clinical disability (EDSS, x-axis) 

with the regression line. Patients with RR-MS show a significant positive linear 

relation between the regional expression of motor resting-state connectivity in left 

PMd and EDSS scores while no significant relationship was detected in the group 

of SP-MS patients. PMd = Dorsal premotor cortex; EDSS = Expanded Disability 

Status Scale; RR-MS = relapsing-remitting MS (blue circles); SP-MS = secondary 

progressive MS (red triangles). 

 

Study III: Regional brain connectivity in patients with MS 

Statistical analysis 

This study was based on rs-fMRI data of MS patients and healthy controls. We 

performed a voxel-wise between-group comparison of regional homogeneity using 

non-parametric permutation tests to identify brain regions of altered regional con-

nectivity in patients with MS compared with healthy controls. In the group of MS 

patients, we also performed a multiple linear regression analysis to identify brain 

regions where regional homogeneity correlated with clinical disability expressed 

by the EDSS score. Age was included as a confounding covariate in both analyses.   
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We corrected for multiple comparisons by controlling the FEW-rate at the cluster 

level considering all brain voxels. Cluster forming thresholds was set at p < 0.01 

(two-tailed test) and a corrected pFWE-value at the cluster level below 0.05 was 

considered statistically significant. Clusters with a corrected pFWE below 0.15 are 

reported as trends. 

 

Results 

The between-group comparison revealed a cluster in the upper left cerebellar 

hemisphere where regional homogeneity was significantly reduced in MS patients 

relative to healthy controls (pFWE = 0.020; peak Z-score = 4.63; peak coordinate (x, 

y, z) = (-18, -46, -26)).  Regions with decreased regional homogeneity were lo-

cated in lobules V and VI with extensions into lobule IV and the vermis (Figure 

9.). Similar trends in regional homogeneity were also present in the corresponding 

regions of the right cerebellum of MS patients. Even at a liberal statistical thresh-

old (p < 0.15, FWE-corrected), no area displayed a significant increase in regional 

homogeneity in patients with MS relative to healthy controls. 

 

Regional homogeneity of left cerebellar posterior regions comprising Crus I with 

extension into Crus II as well as the dentate nucleus showed a negative correlation 

with EDSS in patients with MS (Figure 10.; pFWE =  0.031; peak Z-score = 4.52 at 

voxel (x, y, z): -21, -82, -32). The more MS patients were clinically affected (i.e., 

the higher the individual EDSS score) the weaker was regional homogeneity in the 

left cerebellar regions. Symmetrical area of the right cerebellum comprising Crus I 

and parts of Crus II showed a similar trend towards a negative linear relationship 

between regional homogeneity and individual EDSS scores. 
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Figure 9. Decrease in regional homogeneity of cerebellar regions in patients with 

MS relative to healthy controls. Figure 9A. Representative coronal slices of t-

maps representing voxels with decreased regional homogeneity in MS compared 

with healthy controls. A single cluster in left cerebellar regions comprising lobule 

IV, V, and VI, with a lobule V predominance, showed significantly reduced re-

gional homogeneity in patients with MS (cluster pFWE =  0.020; peak Z-score = 

4.63 at voxel (x, y, z): -18, -46, -26)). A similar trend was seen for homologous 

regions of the right cerebellar hemisphere. Uncorrected t-values are shown for 

clusters reaching clusterwise significance level (pFWE < 0.05) or a trendwise level 

(pFWE < 0.15). The colour coding represents uncorrected t-values, ranging from 2.7 

to 5. Figure 9B. Left cerebellar cluster mean and standard error bars of the mean 

normalised KCC value are shown for healthy controls and MS patients. Figure 

9C. Right cerebellar cluster mean and standard error bars of the mean normalised 

KCC value are shown for healthy controls and MS patients. The individual sub-

jects’ KCC maps have been normalised to reflect change in KCC from the mean 

KCC of the whole brain. Thus, the negative mean KCC of the MS group reflect 

voxels with less regional homogeneity compared with the global mean. KCC = 

Kendall’s Coefficient of Concordance; HC = Healthy controls; MS = Multiple 

sclerosis.  
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Figure 10. Linear decrease in regional homogeneity of cerebellar regions and 

clinical disability in the MS group. Figure 10A. Representative coronal slices of t-

maps representing voxels where KCC correlated with EDSS scores in patients 

with MS. A single cluster in the left cerebellar posterior lobe comprising Crus I 

and the dentate nucleus show a significant negative relationship with EDSS scores 

(pFWE =  0.031; peak Z-score = 4.52 at voxel (x, y, z): -21, -82, -32). A similar 

trend is seen for homologous regions of the right cerebellar hemisphere. Uncor-

rected t-values are shown for clusters reaching clusterwise significance level (pFWE 

< 0.05) or a trendwise level (pFWE < 0.15). The colour coding represents uncor-

rected t-values, ranging from 2.7 to 5. Figure 10B. Left cerebellar cluster mean 

normalised KCC for each subject (y-axis) plotted against clinical disability (EDSS, 

x-axis) with a regression line. Figure 10C. Right cerebellar cluster mean normal-

ised KCC for each subject (y-axis) plotted against clinical disability (EDSS, x-

axis) with a regression line. The individual subjects’ KCC maps have been nor-

malised to reflect change in KCC from the mean KCC of the whole brain. Thus, 

the negative mean KCC in the MS group reflect voxels with less regional homo-

geneity compared with the global mean. KCC = Kendall’s Coefficient of Concor-

dance; EDSS = Expanded Disability Status Scale; RR = Relapsing-remitting MS 

(blue circles); SP = Secondary progressive MS (red triangles). 
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Discussion 

 

In this chapter the main results of the present studies are discussed. Various results 

of the exploratory analyses are discussed in more details within each of the respec-

tive papers. Further the overall strengths and limitations shared by these studies 

will be addressed. 

  

Subcortical motor resting-state connectivity (Paper I)  

Previously only a few rs-fMRI studies have addressed the motor network in MS, 

but these were either pilot studies of methodological character [95,96] or the corti-

cal motor network was superficially covered among many different resting-state 

networks [67,97]. An early pilot study reported weaker functional connectivity 

between left and right primary sensori-motor areas [96] which could not be repli-

cated in a later study by the same group [95]. In a recent study, Roosendaal et al. 

(2010) found no differences in the expression of motor resting-state connectivity 

between patients with RR-MS and healthy controls [67]. In contrast, patients pre-

senting with clinically isolated syndrome (CIS) showed enhanced motor resting-

state connectivity of the right premotor and sensory cortices relative to healthy 

controls [67]. Likewise, increased motor resting-state connectivity of the left cere-

bellum and right frontal lobe was reported in very early MS [97]. The results of 

these studies point in different directions. However, it is not straightforward to 

compare the results because the studies by Lowe et al. used a ROI-approach while 

Roosendaal et al. and Faivre et al. have applied ICA. Our study is the first to ex-

clusively focus on the motor resting-state network in a large cohort of MS patients 

covering the motor network at both cortical and subcortical levels. We found that 

the anterior and middle parts of the putamen, adjacent globus pallidus, anterior and 

posterior thalamus, and subthalamic region showed stronger functional connec-

tivity with the motor network in patients with MS compared with healthy controls. 

To our knowledge this is the first study reporting evidence that MS results in a 

stronger functional integration of subcortical components of the cortico-basal gan-

glia-thalamo-cortical loops into the motor network. It is unlikely that atrophy of 

deep brain nuclei including the putamen were responsible for the subcortical 

change in motor resting-state connectivity in MS since no significant correlation 
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between volume of the putamen and the regional expression of motor resting-state 

connectivity was detected. Also, voxel-wise atrophy correction methods confirmed 

that regional atrophy did not account for the between-group difference in motor 

resting-state connectivity. 

 

The expression of stronger motor resting-state connectivity in the anterior and 

middle portion of the putamen in MS shows that the ‘cognitive’ motor territories 

of the striatum are more strongly integrated into the functional motor network. The 

capability to reduce the dimensionality of neural information and extract the rele-

vant information content has been identified as an important function of the basal 

ganglia [36] which includes focused selection and effective inhibition of compet-

ing motor programs [37].The integration of more rostral basal ganglia territories 

into the motor network indicates a decrease in funnelling neural processing in the 

motor cortico-basal ganglia-thalamo-cortical loops. The reduced spatial funnelling 

within the basal ganglia might be functionally beneficial or detrimental to motor 

function in MS. On the one hand, the inclusion of more cognitive territories of the 

anterior and middle putamen into the motor network might represent a compensa-

tory mechanism to facilitate or maintain motor function. Alternatively, reduced 

funnelling of information in the basal ganglia might adversely affect the fine-

tuning of skilled movements. This important question remains to be addressed in 

longitudinal rs-fMRI studies of patients with MS, which link gradual change in 

subcortical motor resting-state connectivity to the progression of motor disability.  

 

The exploratory phenogroup analysis suggested that the subcortical changes in 

motor resting-state connectivity are present in both RR-MS and SP-MS with the 

latter group showing a more consistent effect. We did not detect significant differ-

ences between RR-MS and SP-MS. Considering that the SP-MS group has more 

motor impairment (as indicated by higher EDSS scores) and longer disease dura-

tion, one might expect motor resting-state connectivity to differ between RR-MS 

and SP-MS. However, our study was not designed to assess phenotype differences 

and therefore the groups were neither sufficiently large [98,99] nor matched in size 

and gender [100] to capture possible differences with sufficient statistical power. 

Alternatively, the subcortical expansion of motor resting-state connectivity might 

peak relatively early during the disease and the lack of a significant difference 

between RR-MS and SP-MS might be caused by a ceiling effect. 
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Cortical motor resting-state connectivity (Paper I and II) 

No cortical region showed an increase or decrease in motor resting-state connec-

tivity in patients with MS relative to healthy controls. This negative finding con-

firms two previous rs-fMRI studies which failed to detect consistent differences in 

motor resting-state connectivity between patients with MS and healthy controls 

[67,95]. We infer that the core features of cortical motor resting-state connectivity 

are robustly expressed in MS despite the widespread tissue damage. Other brain 

networks may be more susceptible to MS-related tissue damage. In fact, other 

studies have reported that MS causes a decrease in functional connectivity in non-

motor resting-state networks, for example the DMN in RR-MS [64] and progres-

sive MS [66] and between the hippocampi in MS patients with intact spatial mem-

ory [101]. 

 

In our group of MS patients, we characterised the relationship between motor rest-

ing-state connectivity of the PMd and EDSS based on the hypothesis that the PMd 

might express an increase in motor resting-state connectivity with increasing clini-

cal disability (study II). While no between-group difference in the cortical expres-

sion of motor resting-state connectivity was detected in study I, resting-state con-

nectivity of the left PMd increased linearly with clinical disability in the group of 

MS patients in study II. Our findings extends the study by Roosendaal et al. on 

patients with CIS that showed enhanced connectivity of right premotor cortex with 

the motor network relative to healthy controls [67]. However, they did not detect a 

correlation with clinical parameters (EDSS and cognitive performance) which 

might be explained by the limited disability in CIS patients [67]. In line with our 

results a motor activation fMRI study revealed enhanced activation of ipsilateral 

PMd and motor cortex with increasing EDSS scores during a simple four-finger 

flexion-extension task of the right hand in RR-MS [102]. Furthermore, a recent 

study using transcranial magnetic stimulation (TMS) to investigate functional con-

nectivity between left PMd and the contralateral primary motor cortex in RR-MS 

showed that disease progression is accompanied by impairment in both excitatory 

and inhibitory connectivity originating from the PMd [103]. Together these find-

ings suggest that the PMd plays a prominent role in cortical motor organisation 

associated with increasing functional impairment in MS.  
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The relationship between motor resting-state connectivity of left PMd and clinical 

disability was only consistent in patients with RR-MS, but not in the SP-MS 

group. In the RR-MS group, the individual variations in EDSS scores accounted 

for more than half of the total variance in the data. In contrast, the coupling of 

PMd to the motor resting-state network was not related to EDSS scores in the 

group of patients with SP-MS. These findings are suggestive of different patterns 

of cortical motor reorganisation taking place in RR-MS as opposed to SP-MS 

which might be due to differences in the underlying pathophysiology [104]. Alter-

natively, the lack of correlation in the SP-MS group could indicate that cortical 

reorganisation of the motor resting-state network is a finite phenomenon of the 

relapsing-remitting stage of the disease which is lost in SP-MS patients with in-

creasing brain damage. Another explanation for the observed differences between 

the phenogroups could be due to a ceiling effect of motor impairment in patients 

with SP-MS to produce changes in motor resting-state connectivity. Regardless of 

the underlying reason for the observed differences, our results imply that future 

studies should consider the groups of RR-MS and SP-MS as separate entities when 

investigating a clinical correlate to motor resting-state connectivity. In addition, no 

correlation between motor connectivity of right PMd and clinical disability in pa-

tients with MS was observed in this study. This could be related to the fact that 

almost all patients were right-handed having a dominant left hemisphere. How-

ever, this negative finding needs to be re-examined in larger patient cohorts which 

also include a significant number of left-handed patients.  

 

Impaired regional functional connectivity in the cerebellum (Paper III) 

In the same cohort of subjects, we assessed regional homogeneity of each voxel 

which reflects the local synchrony of regional neuronal activity. Regional homo-

geneity was reduced in lobules V and VI of the left cerebellar hemisphere in pa-

tients with MS relative to healthy controls. Further, patients with higher EDSS 

scores displayed less regional homogeneity in the left cerebellum comprising Crus 

I and the dentate nucleus. The cerebellum is critically involved in the temporal as 

well as the spatial integration of neural inputs from both descending cortical affer-

ents (cortico-ponto-cerebellar projections) and ascending spinal afferents (spino-

cerebellar projections) [105]. The reduced cerebellar regional homogeneity might 

indicate that the temporo-spatially coherent integration of incoming cortico-ponto-
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cerebellar and spino-cerebellar information is disintegrated in patients with MS, 

presumably due to a functional disruption of neurotransmission in these pathways 

induced by MS lesions. The notion of dysfunctional neural integration in the cere-

bellum is supported by a series of  positron emission tomography studies which 

found bilateral reductions in cerebellar resting-state glucose metabolism in early 

RR-MS which was ascribed to the remote effect of demyelinating lesions (i.e., 

crossed cerebellar diaschisis) [106–108]. In addition, two activation fMRI studies 

have revealed decreased inter-regional functional and effective connectivity during 

motor task in MS involving cerebellar regions [109,110]. Our results significantly 

extend these findings suggesting that the MS-related disruption in long-range 

functional connectivity not only compromise the integration of cerebellar process-

ing into functional brain networks but also impairs synchronous information proc-

essing in local cerebellar units. 

 

When interpreting the present results, the neuroanatomical organisation of the 

cerebellum has to be taken into account. Several lines of research have provided 

converging evidence that Crus I and Crus II represent the ‘cognitive’ cerebellum 

and lobules V-VI primarily represent the ‘motor’ cerebellum [38–40]. The be-

tween-group difference in regional homogeneity was located in motor territories of 

the cerebellar hemisphere that are connected with cortical motor regions, namely 

the cerebellar lobules V and VI. Motor symptoms are common in MS and are 

mainly caused by lesions located in the cortico-spinal tract. The reduced regional 

homogeneity in the motor cerebellum might reflect another mechanism causing 

motor impairment, presumably by the disintegration of cortico- and spino-

cerebellar information.  

 

The individual reduction in regional homogeneity did not correlate with increasing 

clinical disability in the motor territories of the cerebellum but rather in regions 

subserving cognition (e.g. Crus I). The association between clinical disability and 

reduced regional homogeneity in cognitive areas of the cerebellar cortex might be 

attributed to the ‘resting state’ condition during which the fMRI data were re-

corded. The ‘resting-state’ represents a more introspective state in which cognitive 

operations like daydreaming take place [60]. In fact, specifically Crus I has shown 

to be functionally connected with a network of cortical regions similar to the DMN 

[39]. It is particularly interesting that the left dentate nucleus also expressed a 
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stronger reduction in regional homogeneity with increasing clinical disability. The 

dentate nucleus receives input from purkinje cells of the cerebellar cortex and 

functions as the major cerebellar output channel before reaching primary motor, 

premotor, oculomotor, prefrontal, and posterior parietal areas of the cortex via 

synapses in the thalamus and basal ganglia [111,112]. Therefore, the subcortical 

reduction in cerebellar regional homogeneity is a consequence of the loss of tem-

poral synchrony of neural activity of the cerebellar cortex. The results are com-

patible with the hypothesis that local disintegration of regional connectivity in the 

cerebellum only translates into clinical dysfunction, if a dysfunctional regional 

connectivity is also expressed ‘downstream’ in the dentate nucleus. An additional 

link between an alteration of the dentate nucleus and clinical disability has re-

cently been shown by a structural MRI study which focused on regional T2 hy-

pointensities suggestive of pathologic iron deposition in MS. In good agreement 

with our study, regional T2 hypointensity in dentate nucleus was found to be the 

sole variable that was correlated with ambulatory impairment and the EDSS score 

[113].  

 

No other brain region showed a significant alteration in regional homogeneity and 

thus the increased inter-regional connectivity of subcortical nuclei with the rest-

ing-state motor network (study I) was not accompanied by alterations in regional 

resting-state connectivity. This implies that functional connectivity in subcortical 

structures of the cerebral and cerebellar hemispheres are differentially affected by 

MS. A possible explanation why the regional homogeneity measurement appears 

to be more sensitive to changes in regional connectivity within the cerebellum 

might be due to a higher spatial density of neural processing in the cerebellum as 

opposed to the cerebral hemisphere.  

 

Strengths and limitations 

In this series of studies we chose to study MS patients with rs-fMRI because the 

method is particularly suited to study functional connectivity in patients with neu-

rological disability such as motor disability. In task-based fMRI confounds are 

introduced by differences in task performance, attention and habituation which 

render the interpretation of the resulting activation patterns difficult [114]. Rs-

fMRI does not require patients to engage in a task, and the connectivity patterns 
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are therefore not confounded by task performance. Hence, our findings could re-

flect true functional reorganisation which implies a longer lasting change in synap-

tic efficiencies or connections in response to diffuse injury of motor pathways.  

 

Our results are strengthened by the comprehensive filtering of cardiac, respiratory 

and several nuisance signals prior to the rs-fMRI analyses. These physiological 

effects in addition to neuronal activity are known to produce signal changes in 

fMRI time-series (cardiac and respiratory effects) [73,76]. Such signal changes 

could give rise to correlations resembling those observed in rs-fMRI [115]. In the 

current work we addressed these issues by acquiring a comprehensive resting-state 

dataset containing 480 volumes (20 minutes acquisition) for each subject on a 3T 

scanner and by separate recordings of cardiac and respiratory cycles. 

 

A general advantage of rs-fMRI is that the method is non-invasive and that all 

brain networks can be acquired in one scan. This series of studies also illustrate 

how different measures of functional connectivity can be obtained from the same 

data e.g. inter-regional connectivity and local connectivity. The various analytical 

approaches, however, also render comparison of studies difficult. Another strength 

is that resting-state functional connectivity is not limited to mono-synaptic connec-

tions, but is suited to measure polysynaptic connectivity e.g. cortico-striatal (as 

shown in study I) or cortico-cerebellar connectivity [35,39]. However, the fact that 

rs-fMRI is sensitive to indirect connectivity by reflecting correlation rather than 

direct anatomical projections also challenge the interpretation. There is no infor-

mation about the directionality of connections and when three regions show syn-

chronous fluctuations, it is not possible to discern whether all the regions are con-

nected or whether two regions show correlations mediated by connections to a 

third region in common [57].  

 

The heterogeneity of MS patients with respect to neurological symptoms, distribu-

tion and quantity of lesions, the unpredictability of the disease course and the 

composition of disease modifying therapies and symptomatic treatment impose a 

general challenge when studying patients with MS. It is possible that differences in 

treatment (e.g. anticholinergica, antispastica, antiepileptica) could affect the 

BOLD-signal. We chose not to make any changes to the patients’ medication in 

relation to the MRI-scan since most patients have taken the medication for years 
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and thus, the removal might affect the BOLD-signal even more. We have con-

trolled for other confounders known to influence the BOLD-signal such as the 

consumption of coffee, cigarettes and alcohol prior to the scan [94]. 

 

Reduced cerebral perfusion which also includes the deep grey matter has been 

detected in MS [106,116–118]. As perfusion measures were not acquired in these 

studies, we cannot estimate the impact of altered perfusion on our result. A recent 

study did not find any associations between high connectivity and high or low 

mean perfusion levels and concluded that BOLD resting-state connectivity and 

levels of perfusion provide information about two distinct forms of differences 

between individuals [119]. Future resting-state studies in MS should simultane-

ously assess cerebral perfusion using e.g. arterial spin labelling (ASL) to 

strengthen the drawn conclusions about altered functional connectivity [120].   

 

A general caveat of rs-fMRI is that it is by definition acquired in an uncontrolled 

state which means that the subject could have fallen asleep during the acquisition. 

Using simultaneous electroencephalography (EEG) measurements inside the MRI-

scanner could objectively verify whether the subject slept during the rs-fMRI ses-

sion. The acquisition of simultaneous rs-fMRI and EEG data is not a trivial task 

and it was therefore abandoned in this study. Instead, the participants were care-

fully instructed to stay awake during the rs-fMRI acquisition, and after the scan 

asked whether they have slept. However, recent rs-fMRI studies have suggested 

that the resting-state networks persist during sleep [55,121], which implies that the 

expression of the motor resting-state network might not be affected by early light 

sleep.    

 

Finally, the interpretation of rs-fMRI data is not trivial. Whether the disease-

related changes in resting-state connectivity reflect beneficial reorganisation to 

maintain the function of a distinct brain network or rather represent the direct 

damage induced by pathology can not always be discerned from rs-fMRI data 

alone. Multimodal imaging such as rs-fMRI data in combination with structural 

MRI (e.g. volume measurements) or diffusion-weighted imaging (DWI) (e.g. mul-

tiple diffusion metrics of specific brain structures) would add valuable information 

to the interpretation. In Paper I we considered the volume of putamen and voxel-

wise grey matter density when interpreting our result. Also, when interpreting the 
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functional significance of a cross-sectional study one should exert caution as such 

studies only provide a glimpse of the disease-related changes in connectivity. A 

longitudinal design could yield more information about brain motor reorganisation 

in relation to disease progression or clinical recovery after a relapse.  

 

Conclusions  

In this work rs-fMRI was used to assess disease-related changes in inter-regional 

motor connectivity and in regional functional connectivity in patients with MS. 

The main conclusions are:  

 

Study I confirmed our hypothesis that patients with MS show more widespread 

motor resting-state connectivity of subcortical structures that are normally con-

nected to non-motor brain networks. In patients with MS more rostral territories of 

the basal ganglia subserving cognitive aspects of motor control are functionally 

integrated into the motor network, while cortical motor resting-state connectivity 

is preserved. The expansion of subcortical motor connectivity in MS could indi-

cate less efficient funnelling of neural processing in the executive motor cortico-

basal ganglia-thalamo-cortical loops.  

 

Study II confirmed our hypothesis that the PMd express an increase in motor rest-

ing-state connectivity with increasing clinical disability in patients with MS. The 

left PMd show stronger coupling to the motor resting-state network with increas-

ing clinical disability, and this effect was stronger when considering the group of 

RR-MS patients alone. This increase in functional coupling presumably reflects 

adaptive cortical motor reorganisation to maintain motor function which appears 

to be limited to the relapsing-remitting stage of the disease. 

 

Study III confirmed our hypothesis that patients with MS would express an ab-

normal pattern of regional brain connectivity. MS is associated with impaired re-

gional connectivity in the left cerebellum; regional homogeneity was reduced in 

lobules V and VI in patients with MS relative to controls. Further, patients with 

higher EDSS scores displayed less regional homogeneity in Crus I and dentate 

nucleus. The reduced homogeneity of regional BOLD-signal fluctuations suggests 

a disintegration of synchronous cerebellar processing in MS presumably caused by 

  



Discussion 

 

44 

a functional disruption of cortico-ponto-cerebellar and spino-cerebellar inputs 

induced by MS lesions.  

 

Future directions 

Future studies on motor resting-state connectivity in patients with MS should in-

clude more elaborate measures of motor function and performance e.g. the nine-

hole-peg test, grip strength, maximum finger-tapping frequency, and other behav-

ioural measures inspired from studies on motor stroke [21,22]. It would also be 

interesting to assess the possible differences in motor resting-state connectivity 

between the MS phenotypes in larger studies that are adequately matched for mo-

tor impairment and in size, age, gender, and handedness [98–100]. In the future, it 

will be important to evaluate whether multi-centre studies using rs-fMRI in pa-

tients with MS provide meaningful results, as the application of the method in a 

multicentre setting often is a prerequisite for use in clinical trials [122].  

 

Longitudinal studies are needed to investigate whether rs-fMRI can reliably cap-

ture acute functional reorganisation triggered by a clinical motor relapse [123] as 

well as changes in resting-state connectivity during motor rehabilitation and phar-

macological therapy [124]. Objective markers to identify patients at high risk for 

an unfavourable clinical evolution are an important topic in MS research and 

would be a major advance towards the goal of outcome prediction and personal-

ised medicine. A longitudinal study during the acute phase of a motor relapse 

comparing patients with a favourable and poor motor outcome could clarify 

whether patients with a reduced capacity of spontaneous functional recovery could 

be identified from their motor resting-state connectivity profile.  

 

A multimodal imaging approach would benefit future rs-fMRI studies in MS. For 

instance, in relation to this project, DWI could provide measures of fractional ani-

sotropy of the cerebellar peduncles which could help to gain understanding into 

the pathophysiology behind the cerebellar impairment in regional homogeneity. 

Furthermore, the simultaneous application of rs-fMRI and diffusion tensor MRI 

tractography would allow to trace the cortico-spinal tract and the transcallosal 

hand motor fibres to evaluate whether changes in motor resting-state connectivity 

in MS is associated with a higher degree of microstructural tissue damage within 
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these tracts [125,126]. It would also be interesting to elucidate how measures of 

regional atrophy derived from structural MRI influences regional homogeneity. 

Future rs-fMRI studies should also include simultaneous measures of perfusion 

using e.g. ASL to account for regional changes in cerebral perfusion on functional 

connectivity in MS [117,118]. From a clinical perspective it would be interesting 

to know whether a MRI profile that includes resting-state connectivity in combina-

tion with other MRI modalities could yield clinically meaningful information. One 

could imagine that a comprehensive MRI profile of an individual MS patient pro-

viding information about phenotype, the balance between inflammation vs. degen-

eration and the capacity of functional recovery could help to guide the individual 

selection of therapy in the future.  
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In multiple sclerosis (MS), disease-related tissue damage 
delays and disrupts neuronal signal transmission along cor-
tico-cortical and cortico-subcortical connections,1 affecting 
functional connectivity. Resting-state functional magnetic 
resonance imaging (rs-fMRI) can be used to study altera-
tions in functional brain connectivity in MS because the 
low-frequency (<0.1 Hz) blood-oxygen-level-dependent  
(BOLD)-signal fluctuations at rest are temporally corre-
lated in functional brain networks.2,3

A few rs-fMRI studies addressed functional connectivity 
of the motor network in MS. These studies were either 
methodological pilot studies4,5 or the motor network was 
only one of many resting-state networks that were studied.6,7 
Moreover, these studies produced conflicting results.4–7 An 
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Abstract
Background: Multiple sclerosis (MS) impairs signal transmission along cortico-cortical and cortico-subcortical 
connections, affecting functional integration within the motor network. Functional magnetic resonance imaging (fMRI) 
during motor tasks has revealed altered functional connectivity in MS, but it is unclear how much motor disability 
contributed to these abnormal functional interaction patterns.
Objective: To avoid any influence of impaired task performance, we examined disease-related changes in functional 
motor connectivity in MS at rest.
Methods: A total of 42 patients with MS and 30 matched controls underwent a 20-minute resting-state fMRI session 
at 3 Tesla. Independent component analysis was applied to the fMRI data to identify disease-related changes in motor 
resting-state connectivity.
Results: Patients with MS showed a spatial expansion of motor resting-state connectivity in deep subcortical nuclei but 
not at the cortical level. The anterior and middle parts of the putamen, adjacent globus pallidus, anterior and posterior 
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compared with controls.
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early study reported weaker inter-hemispheric connectivity 
between the left and right primary sensorimotor cortex,5 but 
this finding was not replicated in a later study.4 Roosendaal 
et al. found no abnormalities in motor resting-state connec-
tivity in patients with relapsing–remitting MS (RR-MS), 
while patients with clinically isolated syndrome showed 
enhanced connectivity of the right premotor and sensory 
cortices relative to healthy controls.7 Likewise, increased 
motor resting-state connectivity of left cerebellum and right 
frontal lobe was reported in very early MS.6

In addition to the assessment of cortical functional con-
nectivity, rs-fMRI can be applied to study functional con-
nectivity of deep brain structures such as the basal ganglia.8,9 
Here we studied a cohort of MS patients with a wide range 
of disease progression using rs-fMRI to identify alterations 
in subcortical and cortical motor resting-state connectivity. 
We expected to find expanded motor connectivity relative 
to healthy controls. The putamen is the main input structure 
of the motor cortico-basal ganglia-thalamo-cortical loops. 
Therefore, we were particularly interested to see whether 
the putamen would display a more widespread connectivity 
pattern within the motor network in MS relative to healthy 
controls. We further asked whether inter-individual varia-
tions in motor resting-state connectivity in MS would cor-
relate with clinical disability, disease duration or lesion 
load of cerebral white matter.

Material and methods
Participants
A total of 42 patients with definite MS fulfilling the revised 
McDonald criteria10 and 30 sex- and age-matched healthy 

controls participated in the study (Table 1). The study was 
approved by the scientific ethics committee of Copenhagen 
and Frederiksberg Communities (protocol no. KF01–
131/03). All subjects gave written informed consent.

Healthy subjects had no history of neurological or  
psychiatric disease and had a normal structural magnetic 
resonance imaging (MRI). Most participants were right-
handed according to the Edinburgh Inventory.11 Patients 
were recruited from a large MS clinic, The Danish Multiple 
Sclerosis Center, Rigshospitalet, Copenhagen, Denmark. 
Only clinically stable patients were recruited and, in total, 
27 patients with RR-MS and 15 patients with secondary 
progressive MS (SP-MS) were included. Clinical details 
are summarised in Table 1. Exclusion criteria were a 
relapse in the 3 months preceding the MRI-scan, neuro-
logical co-morbidity, signs of depression or other psychi-
atric disorders, and major concomitant medical disorders 
that may influence regional BOLD-signal fluctuations. 
Three patients and one control received anti-hypertensive 
medication for mild hypertension, one control was treated 
with a lipid-lowering drug, and one patient was treated 
with a lipid-lowering drug and acetylsalicylic acid for car-
diovascular disease prevention. All patients were neuro-
logically examined and clinical disability was rated using 
the Expanded Disability Status Scale (EDSS).12 The EDSS 
scores ranged from 0–7 with a median score of 4.25. 
Disease duration ranged from 3–43 years with a median of 
11.5 years. Patients with SP-MS had higher EDSS scores 
(p<0.001), longer disease duration (p=0.005), and higher 
T2-lesion load (p=0.086) than RR-MS patients (Wilcoxon 
rank-sum test). Incidentally, the sex distribution differed 
between the SP-MS and RR-MS group, with a higher 
number of male individuals in the SP-MS group (p=0.005).

Table 1. Demographics and clinical characteristics.

Healthy controls Patients with MS RR-MS SP-MS

Number of subjects
(men; women)

30
(15; 15)

42
(20; 22)

27
(10; 17)

15
(10; 5)

Median age in years
(range)

45
(22–69)

45
(25–64)

39
(25–59)

51
(30–64)

Handedness
right; left; ambidextrous

27; 2; 1 39; 3; 0 26; 1; 0 13; 2; 0

Median disease duration in years
(range)

n.a. 11.5
(3–43)

9
(3–27)

20
(6–43)

Median EDSS
(range)

n.a. 4.25
(0–7)

3.5
(0–6.5)

6.0
(3.5–7.0)

Median lesion load in ml
(range)

n.a. 21.4 (n=41)
(1.8–126.3)

17.4 (n=26)
(1.8–96.6)

35.8 (n=15)
(3.7–126.3)

Treatment n.a. 35 24 11
IFN-E n.a. 6 6 0
Glatiramer acetate n.a. 9 9 0
Natalizumab n.a. 5 5 0
Immunosuppresive agents n.a. 10 5 5
Other n.a. 6 0 6

MS: multiple sclerosis; RR-MS: relapsing–remitting multiple sclerosis; SP-MS: secondary progressive multiple sclerosis; n.a.: not applicable; EDSS: Ex-
panded Disability Status Scale; IFN: Interferon.
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Magnetic resonance imaging
All MRI measurements were performed on a 3.0 Tesla 
Magnetom Trio scanner. Rs-fMRI was recorded with a stand-
ard single-channel birdcage head-coil using a T2*-weighted 
echo planar imaging (EPI) sequence (TR=2490 ms; TE=30 
ms; flip angle 90°). In total, 480 whole-brain volumes were 
acquired over 20 minutes (42 contiguous axial slices; slice 
thickness=3 mm; FOV=192x192 mm; 64x64 acquisition 
matrix; voxel size=3x3x3 mm). Subjects were instructed to 
rest with their eyes closed without falling asleep, and refrain 
from any voluntary cognitive or motor activity. The cardiac 
cycle was monitored with an infrared pulse oximeter attached 
to the index finger. Respiration was monitored with a pneu-
matic thoracic belt. Participants refrained from caffeine, 
cigarettes or alcohol intake 6 hours prior to the rs-fMRI- 
session and continued to take their medication.

Additionally, three structural MRI scans of the whole 
brain were acquired using a magnetisation prepared rapid 
acquisition gradient echo (MPRAGE) sequence, a turbo 
spin echo sequence and a fluid attenuated inversion recov-
ery (FLAIR) sequence. The structural scans were used to 
estimate total lesion load of cerebral white matter in patients 
and to exclude subclinical white matter lesions in healthy 
controls (see supplementary material for detailed informa-
tion). In short, lesion load was quantified in each patient 
using a semi-automatic lesion segmentation method guided 
by expert knowledge (A.-M.D.).13 The automatic segmen-
tation did not yield optimal results in four patients, requir-
ing manual delineation of the lesions using the Jim image 
analysis package (Version 5.0, Xinapse Systems Ltd., 
Northants, UK).

Resting-state connectivity analysis
We applied independent component analysis (ICA) to the 
rs-fMRI data to identify brain networks that show tempo-
rally correlated BOLD-signal fluctuations. Data analysis 
comprised six steps: 1. pre-processing; 2. data reduction; 3. 
application of the ICA algorithm; 4. selection of the inde-
pendent component representing the motor network; 5. 
back-reconstruction to single-subject spatial maps; 6. sta-
tistical inference. We applied spatial ICA based on the info-
max algorithm using the Group-ICA-Toolbox for fMRI 
(GIFT v. 1.3g, http://icatb.sourceforge.net/)14 with the num-
ber of components fixed at 20. Comprehensive filtering 
was applied because physiological noise caused by the car-
diac and respiratory cycles cause signal changes that resem-
ble those observed in rs-fMRI (see supplementary material 
for detailed information).15

Statistical inference
All group analysis and regressions were done in SPM8 and 
employed random-effects models (http://www.fil.ion.ucl.

ac.uk/spm/). The subject-specific component expression 
value of each individual voxel was treated as the dependent 
variable in the general linear model. To compare the spatial 
expression of motor resting-state connectivity between MS 
patients and healthy controls, the subject-specific compo-
nent expression values were entered in a two-sample t-test, 
including gender as covariate,16 and statistical parametric 
maps of subject-specific component expression values 
were generated for each group. In MS patients, we tested 
which brain region showed a linear relationship between 
motor resting-state connectivity and individual EDSS 
scores, lesion load and disease duration, respectively, 
including age and gender as covariates. The correlational 
analyses within the patient group were restricted to the sub-
cortical regions showing a between-group difference in 
motor resting-state connectivity (uncorrected threshold of 
p<0.01). We also performed an exploratory analysis to 
assess the effect of the clinical MS phenotype using a facto-
rial model with a group factor (RR-MS vs. SP-MS vs. con-
trols) and age and gender as covariates.

We corrected for multiple comparisons across the whole 
brain by applying the family-wise error (FWE) method as 
implemented in SPM and using a cluster extent threshold of 
p<0.01. We considered corrected pFWE-values below 0.05 at 
the cluster level statistically significant. In addition, we 
report various statistical trends that did not survive correc-
tion for multiple comparisons but exceeded an uncorrected 
p-value of p<0.001 at the voxel level. The rs-fMRI maps 
were superimposed on a mean normalised T1-weighted 
image based on the MPRAGE brain scans of all subjects. 
Anatomical locations were inferred using the automated 
anatomical labelling (AAL) atlas.17

Since MS is accompanied by atrophy of subcortical 
nuclei including the putamen18,19, we tested whether altered 
motor connectivity in MS can be attributed to putaminal 
atrophy. In a post-hoc analysis, we quantified the volume of 
putamen in each patient and tested whether inter-individual 
variations in putaminal volume showed a linear relation-
ship with disease-related change in motor connectivity (see 
supplementary material online). To further determine 
whether the observed group differences in motor resting-
state connectivity resulted from local grey matter atrophy, 
we re-analysed the rs-fMRI data after inclusion of voxel-
wise grey matter density as covariates using the Biological 
Parametric Mapping toolbox (see supplementary material 
online).20,21

Results

Group-ICA identified a bilateral motor resting-state network 
comprising the pericentral lateral and mesial sensorimotor 
cortex, supplementary motor cortex, secondary somatosen-
sory cortex, the sensorimotor territory of the cerebellum, 
putamen and thalamus. Both groups showed largely corre-
sponding motor rs-fMRI maps (Figure 1).
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Between-group comparison revealed a subcortical clus-
ter in the right hemisphere with increased motor resting-
state connectivity in MS patients relative to controls 
(pFWE=0.005; peak Z-score=3.97 at voxel (x,y,z):9,-13,-8). 
This subcortical cluster comprised the anterior and middle 
putamen and adjacent globus pallidus as well as the  
anterior and posterior-lateral part of the thalamus and the 
subthalamic region (Figure 2; Table 2). Homologous sub-
cortical areas in the left hemisphere (Table 2) showed a 
similar increase in motor resting-state connectivity which 
did not reach statistical significance (pFWE=0.191; peak 
Z-score=4.00 at voxel (x,y,z):-12,-4,4). In contrast, no cor-
tical area displayed a significant increase in motor resting-
state connectivity in patients with MS. Further, there was 
no significant decrease in the cortical or subcortical expres-
sion of motor resting-state connectivity in MS patients 

relative to healthy controls. All the aforementioned 
between-group results persisted when we removed the left-
handed MS patients and healthy controls from the analysis 
and included gender as covariate (right subcortical cluster 
pFWE=0.048; peak Z-score=3.96 at voxel (x,y,z):9,-13,-5). 
Also, the trend increase in the left subcortical cluster was 
still present after removal of the left-handed participants 
and inclusion of gender as covariate (pFWE=0.780; peak 
Z-score=3.71 at voxel (x,y,z):-12,-4,4). Also, the observed 
group difference remained significant after voxel-wise cor-
rection for grey-matter atrophy (right subcortical cluster 
pFWE=0.014; peak Z-score=3.53 at voxel (x,y,z):12,-13,-8 
and left subcortical cluster pFWE=0.081; peak Z-score=3.46 
at voxel (x,y,z):-12,-4,4).

When we only considered patients with SP-MS, there was 
a significant increase in motor resting-state connectivity of 

Figure 1. Descriptive maps of the motor resting-state network in healthy controls and patients with MS. The statistical maps 
illustrate the expression of the motor component in each of the groups. The results are based on t-tests of the back-reconstructed 
spatial maps in a factorial model with a patient/control factor. The maps are thresholded at an uncorrected p-value of 0.01 for 
illustration purposes. Representative axial slices show the motor resting-state network of healthy controls (top figure) and patients 
with MS (bottom figure).  Axial slices are arranged from most caudal to most cranial (z-coordinates, MNI). The images are displayed 
in neurological convention. The statistical maps are superimposed on the average MPRAGE image of patients and controls.
HC: healthy control; MS: multiple sclerosis.

Figure 2. Increases in motor resting-state connectivity of subcortical nuclei in patients with MS relative to healthy controls. 
Representative axial and coronal slices of statistical maps representing voxels of higher motor component correlation in MS 
compared with healthy controls (for visualisation purposes the statistical threshold is p<0.01, uncorrected). In the right hemisphere, 
the rostral part of the putamen and adjacent globus pallidus as well as the thalamus and subthalamic nucleus showed significantly 
stronger motor resting-state connectivity in patients with MS.  A similar trend was seen for homologous areas in the left hemisphere. 
The colour-coding represents t-values, ranging from 2.38 to 5.  Axial slices are arranged from most caudal to most cranial 
(z-co-ordinates, MNI) and the coronal slices are arranged from most posterior to most anterior (y-co-ordinates, MNI). The statistical 
maps are overlaid on the average MPRAGE image of patients and controls.
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subcortical nuclei relative to healthy controls (pFWE<0.001; 
peak Z-score=4.28 at voxel (x,y,z):-12,-4,4), but the differ-
ence in subcortical nuclei was not significant when compar-
ing the RR-MS group with healthy controls. No significant 
differences in motor resting-state connectivity were detected 
between RR-MS and SP-MS in spite of significant between-
group differences in EDSS score, disease duration and gen-
der distribution. Patients with MS did not show any linear 
relation between motor resting-state connectivity and the 
EDSS scores or disease duration in those subcortical regions 
displaying a significant between-group difference, even at a 
liberal threshold of p<0.001 (uncorrected).

In the 41 patients in whom structural MRI data of suffi-
cient quality were available, the total lesion load ranged 
from 1.8 to 126.3 ml (median: 21.4 ml). The regions with 
significant between-group difference showed no linear 
relationship between motor resting-state connectivity and 
total lesion load, even at p<0.001 (uncorrected).

A multiple regression model was used to test whether 
inter-individual variations in regional motor resting-state 
connectivity of putamen were related to variations in 
putaminal volume, including individual EDSS scores, 
age and gender as covariates of no interest. While there 
was a significant negative linear relation between EDSS 
scores and bilateral putaminal volume (p = 0.014), multi-
ple regression yielded no significant linear relations 
between putaminal volume and regional motor resting-
state connectivity.

Discussion
The results provide first-time evidence for a stronger func-
tional integration of the basal ganglia and thalamus into the 

motor network in MS. Relative to healthy controls, the 
right anterior and middle putamen, adjacent globus palli-
dus, thalamus and subthalamic region showed an increase 
in motor resting-state connectivity in patients with MS. A 
similar statistical trend emerged in homologous subcortical 
regions of the left hemisphere. Since functional motor con-
nectivity was assessed at rest, our results were not con-
founded by differences in task performance, attention and 
habituation that challenge the interpretation of task-related 
fMRI studies in patients with motor impairment.22 It is also 
unlikely that atrophy of deep brain nuclei accounts for the 
subcortical change in motor resting-state connectivity in 
MS. While we found an inverse relationship between indi-
vidual EDSS scores and putaminal volume, there was no 
significant correlation between inter-individual variations 
in putaminal volume and the regional expression of motor 
resting-state connectivity. Further, voxel-wise atrophy cor-
rection confirmed that regional atrophy did not drive the 
between-group difference in motor resting-state 
connectivity.

Subcortical motor resting-state connectivity
Each cortical area makes preferential connections with spe-
cific striatal projection zones.23,24 In agreement with the 
known neuroanatomical cortico-striatal and cortico-tha-
lamic connectivity, previous rs-fMRI studies demonstrated 
a somatotopically organised functional coupling pattern 
between distinct regions in striatum, thalamus and neocor-
tex.8,25 In the human brain, the posterior putamen receives 
cortico-striatal projections from the primary motor cortex 
and is mainly involved in executive aspects of motor con-
trol such as movement rate.26,27 In contrast, the middle and 

Table 2. Cluster locations and statistics for areas showing higher motor component correlation in MS patients compared with 
healthy controls.

Area Cluster peak
coordinates

T Z-score

x y z  

Cluster right basal ganglia (197 voxels, PFWE=0.005)
Nucleus Subthalamicus 9 -13 -8 4.23 3.97
Nucleus Subthalamicus 15 -19 -5 3.67 3.49
Middle putamen, globus pallidus 21 -1 1 3.90 3.69
Anterior/middle putamen, globus pallidus 18 5 -2 3.75 3.57
Anterior globus pallidus 12 2 1 3.25 3.12
Anterior thalamus 9 -7 4 3.66 3.49
Posterior-lateral thalamus 18 -22 13 3.27 3.14
Cluster left basal ganglia (93 voxels, PFWE=0.191* trends only)
Anterior thalamus -12 -4 4 4.26 4.00
Thalamus -6 -16 13 3.11 3.00
Middle putamen, globus pallidus -21 -1 4 3.10 2.98

Coordinates and statistics marked in bold correspond to the peak coordinate of the cluster (in MNI coordinates). The information within each 
cluster is arranged according to anatomy. Also, see Figure 2. *: non-significant.
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anterior portions of the putamen receive input from premo-
tor and prefrontal cortex and subserve higher-order cogni-
tive aspects of motor control.23,24,27 Since patients with MS 
expressed stronger motor resting-state connectivity in the 
anterior and middle putamen, we infer that the ‘cognitive’ 
motor territories of the striatum are more strongly inte-
grated into the functional motor network.

The integration of more rostral basal ganglia territories 
into the motor network in MS indicates a decrease in fun-
nelling neural processing in the motor cortico-basal gan-
glia-thalamo-cortical loops. Indeed, the capability to reduce 
the dimensionality of neural information and extract rele-
vant features represents an important function of the basal 
ganglia,28 including focused selection and effective inhibi-
tion of competing motor programs.29 The reduced spatial 
funnelling within the basal ganglia might be functionally 
beneficial or detrimental to motor function in MS. On the 
one hand, the inclusion of more cognitive territories of the 
anterior and middle putamen into the motor network might 
represent a compensatory mechanism to facilitate or main-
tain motor function. Alternatively, reduced funnelling of 
information in the basal ganglia might adversely affect the 
fine tuning of skilled movements.

Remapping of cortico-striatal resting-state connectivity 
has recently been described in Parkinson’s disease. The 
rostro-ventral part of the right inferior parietal cortex 
showed a decrease in functional connectivity with the pos-
terior putamen and an increase in connectivity with the 
anterior putamen.9 Despite remarkable differences in the 
underlying pathophysiology, the reorganisation pattern 
described in Parkinson’s disease9 resembles the pattern 
observed in patients with MS. It is therefore tempting to 
speculate that a rostral shift in motor resting-state connec-
tivity represents a generic reorganisation pattern of the 
basal ganglia to brain damage rather than a disease-specific 
phenomenon.

Motor resting-state connectivity and clinical 
phenotype
Cortical motor resting-state connectivity was found to be 
normal in patients with MS. Further, we did not find a sig-
nificant relation between changes in motor resting-state 
connectivity and MS-related clinical parameters such as 
EDSS score and total lesion load. Two previous rs-fMRI 
studies also failed to detect consistent abnormalities in 
motor resting-state connectivity in RR-MS patients4,7 and 
several rs-fMRI studies did not find a correlation with 
lesion load and EDSS.5–7,30,31 Together, these results sug-
gest that the core features of cortical motor resting-state 
connectivity are robustly expressed in MS despite the wide-
spread tissue damage accumulating over later stages of the 
disease. The data further suggest that motor resting-state 
connectivity is not clearly linked to the clinical phenotype 
as reflected by global clinical (EDSS) or MRI lesion load 

measures, at least in MS patients who are affected by the 
disease for several years. More specific compensatory 
changes that impact on motor resting-state connectivity 
may indeed occur in early MS as suggested by two recent 
rs-fMRI studies in patients with very early MS6 and with  
clinically isolated syndrome.7

The exploratory sub-group analysis suggested that the 
subcortical changes in motor resting-state connectivity are 
present in both RR-MS and SP-MS, with the latter group 
showing a more consistent effect. One might expect that 
motor resting-state connectivity should substantially differ 
between RR-MS and SP-MS when considering that the 
SP-MS group showed more motor impairment (indicated by 
higher EDSS scores) and longer disease duration. However, 
no significant difference in motor resting-state connectivity 
was detected between RR-MS and SP-MS in this study. We 
wish to emphasise that this study was not designed to assess 
differences between the MS phenotypes and the groups 
were neither sufficiently large32 nor matched in size and 
gender16 to capture possible differences with sufficient sta-
tistical power. Alternatively, the subcortical expansion of 
motor resting-state connectivity might peak relatively early 
during the disease and the lack of a significant difference 
between RR-MS and SP-MS might be caused by a ceiling 
effect. In support of this hypothesis, the individual EDSS 
scores did not correlate with the increase in subcortical 
motor resting-state connectivity, suggesting that altered 
subcortical motor resting-state connectivity represents a 
disease-state marker rather than a phenotypical marker. 
However, this issue needs to be clarified in a larger patient 
sample that is matched for gender and motor disability.

Limitations and strengths of this study
The heterogeneity of MS patients with respect to neurologi-
cal impairment, distribution and quantity of lesions, the 
unpredictability of the disease course and the composition 
of disease-modifying and symptomatic treatment impose a 
general challenge when studying patients with MS. It is 
possible that differences in treatment (e.g. anticholinergica, 
antispastica, antiepileptica) could affect the BOLD-signal. 
Other factors are known to influence the BOLD-signal such 
as coffee, cigarettes and alcohol intake, the hormonal cycle 
and the cardiac and respiratory cycles. We have accounted 
for some of these confounders by filtering of cardiac and 
respiratory effects (using separate recordings of cardiac and 
respiratory cycles) and by controlling the consumption of 
coffee, cigarettes and alcohol prior to the scan. An impor-
tant strength of this study is the comprehensive resting-
state dataset containing 480 volumes (20 minute acquisition) 
for each subject acquired on a 3T scanner.

A reduced perfusion of deep grey matter including the 
basal ganglia has been detected in MS.33,34 As perfusion 
measures were not acquired in this study, we cannot esti-
mate the impact of altered perfusion of deep grey matter on 
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our result. A recent study did not find any associations 
between high connectivity and high or low mean perfusion 
levels and concluded that BOLD resting-state connectivity 
and levels of perfusion provide information about two dis-
tinct forms of differences between individuals.35 Future rs-
fMRI studies in MS should simultaneously assess cerebral 
perfusion using e.g. arterial spin labelling to strengthen the 
drawn conclusions about altered functional connectivity.

Conclusions
This cross-sectional study on motor resting-state connectivity 
provides new insights into motor reorganisation in MS, show-
ing that more rostral territories of the basal ganglia subserving 
cognitive aspects of motor control are functionally integrated 
into the motor network. Longitudinal studies are needed to 
investigate whether rs-fMRI can reliably capture acute func-
tional reorganisation triggered by a clinical relapse, as well as 
functional changes during motor rehabilitation and therapy.
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Supplementary Material 

In the following pages we describe in detail the structural and functional magnetic 

resonance imaging (MRI) analyses. Moreover a series of post-hoc analyses were 

performed to qualify the main findings reported in this paper. 

 

Index:  

1. Structural MRI and lesion load 

2. Resting-state connectivity analysis and functional resting-state networks 

3. Motor resting-state connectivity in multiple sclerosis: 

    a. Basal ganglia motor connectivity and putaminal volume  

    b. Correlation between grey matter density and motor resting-state connectivity 

    c. Effects of age  

 

Structural MRI and lesion load 

High-resolution three-dimensional structural MRI scans of the brain were acquired using 

an eight-channel surface head-coil (Invivo, FL, USA). A sagittal magnetisation prepared 

rapid acquisition gradient echo (MPRAGE) sequence (repetition time (TR)=1550 ms, 

echo time (TE)=3.04, inversion time (IT)=800 ms; 192 slices; 1 mm isotropic resolution; 

field of view (FOV)=256 mm; flip-angle=9°) was acquired. In addition, sagittal turbo 

spin echo images (TR=3000 ms, TE=354 ms; 192 slices; FOV=282 mm; voxel size 

1.1x1.1x1.1 mm3; 256x256 acquisition matrix) and sagittal fluid-attenuated inversion 

recovery (FLAIR) images (TR=6000 ms, TE=353 ms; 192 slices; FOV=282 mm; voxel 

size 1.1x1.1x1.1 mm3; 256x256 acquisition matrix) were obtained.  
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Lesion load was quantified in each patient using a semi-automatic lesion segmentation 

method guided by expert knowledge. The semi-automatic technique was chosen to reduce 

examiner bias and lesion assessments were done by a single rater with expertise in 

clinical MRI in MS (A.-M.D.). An optimised artificial neural network was used to 

automatically generate a probabilistic white matter lesion map[1]. The neural network 

uses intensity information from T1-, T2-weighted, and FLAIR images considering 3x3 

neighbouring voxels. Prior to the segmentation, the images were pre-processed to reduce 

differences in image quality between patients[1]. For each patient, the probabilistic white 

matter lesion map was overlaid on the FLAIR MRI, and the expert (A.-M.D.) tagged all 

true-positive lesions using the MIPAV v. 4.3.1 software package 

(http://mipav.cit.nih.gov/). The expert also selected a threshold for the probabilistic white 

matter lesion map which ensured an optimal fit to the lesion size identified on the FLAIR 

image. To form the final white matter lesion map from which total lesion load was 

calculated, the expert’s threshold was applied on the probabilistic white matter lesion 

map, the tagged true-positive lesions were automatically extracted, and this processed 

white matter lesion map was manually corrected if needed.  

 

The automatic segmentation did not yield optimal results in four patients, requiring 

manual delineation of the lesions using the Jim image analysis package (Version 5.0, 

Xinapse Systems Ltd., Northants, UK). To exclude any bias from mixing two lesion 

segmentation methods, we also tested for a linear relationship between motor resting-

state connectivity in regions showing a between-group difference and total lesion load 
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without these four patients (n=37) using multiple linear regression with inclusion of age 

and gender as covariates. This analysis did not change our finding that there were no 

significant linear relations between the subcortical changes in motor resting-state 

connectivity and total lesion load. In a separate analysis, we found a positive linear 

relation between inter-individual variations in total lesion load and individual Expanded 

Disability Status Scale (EDSS) scores when age was included as covariate (p=0.002). 

 

Resting-state connectivity analysis and functional resting-state networks 

Pre-processing of resting-state functional MRI data 

Image pre-processing of the echo planar imaging (EPI) images was done using statistical 

parametric mapping (SPM) software (SPM8, Wellcome Trust Centre for Neuroimaging, 

http://www.fil.ion.ucl.ac.uk/spm) implemented in Matlab 7.9 (MathWorks, 

Massachusetts, USA). The first two brain volumes were discarded to account for T1 

equilibrium effects. The remaining 480 brain volumes were realigned to the time-series 

mean for motion correction using a two-step procedure and then co-registered to the 

same-session T1-weighted MPRAGE data set using a 6-parameter rigid-body 

transformation. The MPRAGE volumes were spatially normalised to the Montreal 

Neurological Institute (MNI) 305 standard template using the unified 

segmentation/normalisation procedure as implemented in SPM8 and the same 

normalisation parameters were used to normalise the EPI images[2]. The EPI images 

were then spatially smoothed using a three dimensional isotropic Gaussian kernel of 6 

mm full-width at half maximum. Prior to application of the independent component 

analysis (ICA) algorithm, the data were temporally high-pass filtered using a discrete 
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cosine transform basis set with a cut-off frequency of 1/128 Hz to remove scanner-

induced drifts prominent at lower frequencies of the blood-oxygen-level-dependent 

(BOLD)-signal. In addition, several nuisance signals were projected out of the data using 

a linear regression model. The model was based on a Volterra expansion of the estimated 

movement parameters (24 parameters)[3], a Fourier expansion of the aliased cardiac (10 

parameters) and respiratory (6 parameters) cycles and corresponding respiration by 

cardiac cycle interaction (4 parameters)[3,4]. Also changes in respiration volume over 

time have been shown to produce correlation patterns resembling those observed in 

resting-state functional MRI (rs-fMRI)[5]. To take these changes into account a linear 

filter was included consisting of 41 delayed versions (from -20 to 20 seconds) of the 

respiration volume. 

 

Independent component analysis 

We applied ICA to the rs-fMRI data to identify brain networks that show temporally 

correlated fluctuations in the BOLD-signal. ICA is a data driven technique that takes into 

account the time course of BOLD-signal fluctuations in all voxels in the brain. In contrast 

to a region-of-interest based analysis, ICA has the advantage of not introducing any 

spatial bias from a pre-defined region-of-interest. The Group-ICA-Toolbox for functional 

MRI was used for spatial ICA statistical analysis (GIFT v. 1.3g, 

http://icatb.sourceforge.net/)[6]. From each subject the spatial eigenvectors corresponding 

to the 20 highest eigenvalues were identified using singular value decomposition. This 

step served to pre-whiten and reduce the input dimensionality of the data. This reduced 

data set of both MS patients and healthy subjects was concatenated and ICA based on the 
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Infomax algorithm was applied on the aggregate data set. ICA maximises spatial 

independence between components and produces a single set of ‘group’ components.  

The number of extracted components was fixed at 20. The independent component 

representing the motor network was identified using a template-matching procedure as 

described in the following paragraph. Every group independent component image 

contains a spatial pattern and its corresponding time course. Individual spatial 

expressions of the group motor component were obtained by back-reconstruction. This 

implies a regression of the recorded data from each individual with the corresponding 

time-series of the group component. This resulted in a spatial map of the subject-specific 

component expression value for each individual voxel. The subject-specific component 

expression values were entered into second-level statistical analysis. 

 

Functional resting-state networks 

We extracted 20 independent components from the data and six functional resting-state 

networks were identified using a template-matching procedure in the GIFT software. 

Template-matching was done by estimating a spatial correlation coefficient of the 

independent components with templates of brain networks based on Brodmann areas 

(BA) as defined in the WFU PickAtlas[7]. We defined the templates of brain networks 

combining basic knowledge of the primary brain networks (the motor, visual, and 

auditory networks) and from Damoiseaux et al. 2006[8] (memory function network and 

default-mode network) as follows: the sensori-motor network as BA 1, 2, 3, 4 and 6; the 

visual network as BA 17, 18, and 19; the auditory network as BA 41, 42, and 22; the 

default-mode network as BA 7, 11, 20, 23, 31, 32, and 37; the memory function network 
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as BA 6, 7, 9, 10, 21, 23, 31, and 40. Only independent components with a spatial 

correlation coefficient above 0.20 (except for the left-sided memory function network 

having a correlation coefficient of 0.19) have been visualised as functional brain 

networks in Fig. 1S. The motor network comprised a single independent component 

whereas other functional networks were split into several components e.g. the memory 

function network and the default-mode network. Fig. 1S shows the six functional brain 

networks: A- B) right and left memory function network, C) default-mode network, D) 

primary visual cortex, E) secondary visual cortex, F) motor network, and G) auditory 

network. Since this study was on the motor system, we limited our second-level analysis 

to the motor network.  

 

 

Fig. 1S.  

Functional resting-state networks identified with ICA. The spatial maps are shown in 

sagittal, coronal, and axial view. A-B) right and left memory function network, C) 
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default-mode network, D) primary visual cortex, E) secondary visual cortex, F) motor 

network, and G) auditory network. Significance of the independent components is based 

on t-test in a random-effects model of the subject-specific expression of each of the 

components (factorial model with a patient/control factor). The statistical maps (t-scores) 

are thresholded at a liberal visualisation threshold of p<0.01, uncorrected. The images are 

displayed in neurological convention. The statistical maps are superimposed on the 

average MPRAGE image of patients and controls. 

 

Motor resting-state connectivity in multiple sclerosis  

Basal ganglia motor connectivity and putaminal volume  

To investigate whether atrophy of putamen is responsible for the change in subcortical 

motor network expression, we post-hoc quantified the volume of putamen within the 

patient group and tested for an association with the altered motor connectivity pattern. 

The volume of putamen was estimated using an automated subcortical segmentation tool 

based on the T1-weighted images implemented in the FSL software package (FIRST v. 

1.2, FMRIB, University of Oxford, www.fmrib.ox.ac.uk/fsl)[9]. The putaminal volume 

was normalised by intracranial volume and entered the statistical analysis. We used the 

peak-voxel time-course within the right and left putamen (right peak voxel (x,y,z):21,-

1,1; left peak voxel (x,y,z):-21,-1,4)) and tested for a linear relationship with the same 

side unilateral putaminal volume using a linear multiple regression model with EDSS 

scores, age, and gender included as covariates of no interest. Additionally, we tested for a 

linear relation between bilateral putaminal volume (normalised by intracranial volume) 

and EDSS scores using linear regression. We found no significant linear relations 
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between the volumes of putamen and regional motor resting-state connectivity. We have 

in addition segmented the volumes of thalamus, the caudate and globus pallidus in FIRST 

and each of these volumes showed a significant positive correlation with the volume of 

putamen (bilateral volumes normalised by intracranial volume were entered in this 

analysis). Previous studies have shown the degree of deep grey matter atrophy to 

correlate with clinical impairment in MS[10–12]. Accordingly, in our patient cohort we 

found a significant negative relationship between the EDSS scores and bilateral 

putaminal volume (normalised by intracranial volume) using linear regression (p=0.014) 

(higher EDSS scores in patients with more pronounced atrophy of putamen). 

 

Correlation between grey matter density and motor resting-state connectivity 

To determine whether the observed group differences in motor resting-state connectivity 

resulted from local grey matter atrophy, we re-analysed the rs-fMRI data after inclusion 

of voxel-wise grey matter density as covariates using the Biological Parametric Mapping 

toolbox[13,14]. The analyses were performed in SPM5 since the Biological Parametric 

Mapping toolbox was not directly compatible with SPM8. An ANCOVA was performed 

where the rs-fMRI data served as the primary modality and the voxel-wise grey matter 

density data as the imaging regressor. The T1-weighted structural images were used to 

derive grey matter density maps using the unified segmentation approach implemented in 

the VBM5 toolbox (http://dbm.neuro.uni-jena.de/vbm/ )[2]. The grey matter density 

maps were modulated with jacobian of the non-linear part of the transformation to MNI 

space to preserve the total amount of signal while not considering head size (affine part 

of transformation). Prior to further analysis the grey matter density maps were smoothed 
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by a 6 mm full-width at half maximum isotropic Gaussian kernel and re-sampled to 

obtain the same voxel sizes across the functional and structural data. To further evaluate 

the relationship between grey matter density and motor resting-state connectivity, we 

calculated the positive correlation between voxel-wise grey matter density maps and 

motor resting-state connectivity maps for the MS patients using the Biological Parametric 

toolbox[13,14]. Several cortical regions showed a significant motor resting-state 

connectivity correlation with grey matter density including the supplementary motor area 

(Table 1S and Fig. 2S.). However, the group level difference in motor resting-state 

connectivity in the subcortical nuclei (before and after atrophy correction) did not overlap 

with the regions of significant grey matter-functional connectivity correlation (Figure 

2S.). This finding further supports that the observed group difference in motor resting-

state connectivity is not related to atrophy. Most important, the group level difference in 

motor resting-state connectivity of subcortical nuclei remained significant with and 

without correction for grey matter atrophy.  
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Table 1S Cluster locations and statistics for areas showing a significant positive 

correlation between grey matter density and motor resting-state connectivity in patients 

with MS.  

Cluster peak 

coordinates 

Region BA Cluster size  

in voxels 

PFWE 

X Y Z 

Z-score 

  48 0.01 30 -46 1 5.20 

R Supplementary motor area 6 462 0.00 15 -16 61 4.71 

R Cuneus 18 131 0.00 15 -79 31 4.67 

  222 0.00 3 2 7 4.46 

L Rolandic operculum 48 223 0.00 -39 -22 16 4.45 

R Precuneus  39 0.04 12 -43 46 4.35 

R Heschl’s gyrus 48 189 0.00 36 -22 10 4.25 

R Inferior parietal cortex  40 66 0.00 48 -52 46 3.66 

L Anterior cingulate cortex 24 158 0.00 0 38 10 3.66 

L Insula cortex 48 56 0.00 -39 14 4 3.47 

Empty fields in the left column indicate that the clusters were located within ventricles or 

white matter.   
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Fig. 2S.  

Relationship between motor resting-state connectivity and grey matter density in patients 

with MS. The figure compares the regions of significant differences in motor resting-state 

connectivity between MS and healthy controls (before and after atrophy correction) to the 

regions of significant positive correlation between grey matter density and motor resting-

state connectivity (for visualisation purpose the statistical threshold is p<0.01, 

uncorrected). Panel A shows that the group differences after correction for grey matter 

atrophy spatially overlap with the observed subcortical group differences in motor 

resting-state connectivity. Panel B shows that the group difference of subcortical nuclei 

does not encompass regions showing a significant correlation between grey matter 

density and functional connectivity. The colour coding represents correlation values 
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ranging between 0.36 and 0.70 (p<0.01, uncorrected). Axial slices are arranged from 

most caudal to most cranial (z-coordinates, MNI) and the coronal slices are arranged 

from most posterior to most anterior (y-coordinates, MNI). The statistical maps are 

overlaid on the average MPRAGE image of patients and controls. 

 

Effects of age 

The healthy controls were approximately matched to the MS population with respect to 

age. However, as each group contained a wide age-range, we performed an additional 

analysis to compare the motor resting-state network of healthy controls and MS patients 

when age was included as a covariate. We assessed this effect using a factorial model 

with a relapsing-remitting MS (RR-MS)/secondary progressive MS (SP-MS)/controls 

factor and age included as a covariate. Testing for differences in motor resting-state 

connectivity between patients (RR-MS and SP-MS) and controls yielded significant 

clusters identical to those reported in the main paper.  
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ABSTRACT 

Objective. To characterise the relationship between motor resting-state connectivity of the dorsal 

premotor cortex (PMd) and clinical disability in patients with multiple sclerosis (MS).  

Materials and methods. 27 patients with relapsing-remitting MS (RR-MS) and 15 patients with 

secondary progressive MS (SP-MS) underwent functional resting-state magnetic resonance 

imaging. Clinical disability was assessed using the Expanded Disability Status Scale (EDSS). 

Independent component analysis was used to characterise motor resting-state connectivity. Multiple 

regression analysis was performed in SPM8 between the individual expression of motor resting-

state connectivity in PMd and EDSS scores including age as covariate. Separate post-hoc analyses 

were performed for patients with RR-MS and SP-MS.  

Results. The EDSS scores ranged from 0-7 with a median score of 4.25. Motor resting-state 

connectivity of left PMd showed a positive linear relation with clinical disability in patients with 

MS. This effect was stronger when considering the group of patients with RR-MS alone, whereas 

patients with SP-MS showed no increase in coupling strength between left PMd and the motor 

resting-state network with increasing clinical disability. No significant relation between motor 

resting-state connectivity of the right PMd and clinical disability was detected in MS.  

Conclusions. The increase in functional coupling between left PMd and the motor resting-state 

network with increasing clinical disability can be interpreted as adaptive reorganisation of the motor 

system to maintain motor function which appears to be limited to the relapsing-remitting stage of 

the disease. 
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INTRODUCTION 

Patients with multiple sclerosis (MS) show altered task-related activation patterns in the motor 

system. Previous functional magnetic resonance imaging (fMRI) studies showed increased 

activation of secondary motor areas including the dorsal premotor cortex (PMd) (1–4). Because the 

disease is characterised by impaired neuronal signal transmission affecting the functional brain 

integration, the increased activation of the PMd might be paralleled by an alteration of functional 

connectivity between the PMd and the motor network in patients with MS. Functional connectivity 

can be assessed by resting-state fMRI (rs-fMRI) which measures spontaneous low-frequency (<0.1 

Hz) fluctuations in the regional blood-oxygen-level-dependent (BOLD)-signal during rest. The 

BOLD-signal fluctuations are temporally correlated within functional brain networks and thus 

provide an index of functional connectivity (5,6). The method is particularly suited for motor 

system studies in patients with motor disability such as MS because it circumvents the 

interpretational challenge of impaired task performance of task-based fMRI. Previous rs-fMRI 

studies on the motor system in MS have focused on group differences, and to our knowledge no 

study up to date has detected a clinical correlate to motor resting-state connectivity in MS (7–11). 

The aim of this study was therefore to test whether inter-individual variations in motor resting-state 

connectivity would correlate with clinical disability. Based on previous activation studies that have 

attributed an important role to the PMd in motor reorganisation in MS and motor stroke (2,3,12), we 

hypothesised that the PMd might express an increase in motor resting-state connectivity with 

increasing motor disability as reflected by the Expanded Disability Status Scale (EDSS). 

 

MATERIAL AND METHODS 

Participants 
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Forty-two patients with definite MS fulfilling the revised McDonald criteria (13) participated in this 

study (Table 1). The cohort of patients was taken from a previous study conducted by our group 

(11). Patients were recruited from The Danish Multiple Sclerosis Center at Rigshospitalet, 

Copenhagen, Denmark. Twenty-seven patients with relapsing-remitting MS (RR-MS) and 15 

patients with secondary progressive MS (SP-MS) participated in the study (Table 1). Only clinically 

stable patients who had not experienced a relapse in the three months preceding the MRI 

measurement were included in the study. MS patients with neurological co-morbidity and with 

signs of depression or other psychiatric disorders were excluded from the study. All patients were 

neurologically examined and clinical disability was rated using the EDSS which is weighted 

towards motor disability, in particular ambulation, and ranges from 0 (no disability) to 10 (maximal 

disability) (14). Apart from three patients, all  patients were right-handed as revealed by the 

Edinburgh Inventory (15). The study was approved by the scientific ethics committee of 

Copenhagen and Frederiksberg Communities (protocol no. KF01 – 131/03 with addendum) and all 

patients gave written informed consent. 

 

Magnetic resonance imaging 

Magnetic resonance imaging (MRI) measurements were performed on a 3.0 Tesla Magnetom Trio 

scanner. All rs-fMRI measurements were recorded with a standard single-channel birdcage head-

coil using a T2*-weighted echo planar imaging (EPI) sequence (TR = 2490 ms, TE = 30 ms; flip 

angle 90°). In total 480 whole-brain volumes were acquired over 20 minutes (42 contiguous axial 

slices; slice thickness = 3 mm; FOV = 192 x 192 mm; 64 x 64 acquisition matrix; voxel size = 3 x 3 

x 3 mm). Subjects were instructed to rest with their eyes closed without falling asleep, and refrain 

from any voluntary cognitive or motor activity. The cardiac cycle was monitored with an infrared 

pulse oximeter attached to the index finger. Respiration was monitored with a pneumatic thoracic 
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belt. Patients refrained from caffeine, cigarettes or alcohol intake six hours prior to the rs-fMRI-

session but continued to take their usual medication. 

 

Additionally, high-resolution three-dimensional structural MRI scans of the brain were acquired 

using an eight-channel surface head-coil (Invivo, FL, USA). A sagittal magnetisation prepared rapid 

acquisition gradient echo (MPRAGE) sequence (repetition time (TR) = 1550 ms, echo time (TE) = 

3.04, inversion time (IT) = 800 ms; 192 slices; 1 mm isotropic resolution; field of view (FOV) = 

256 mm; flip-angle = 9°) was acquired. In addition, sagittal turbo spin echo images (TR = 3000 ms, 

TE = 354 ms; 192 slices; FOV = 282 mm; voxel size 1.1 x 1.1 x 1.1 mm3; 256 x 256 acquisition 

matrix) and sagittal fluid-attenuated inversion recovery (FLAIR) images (TR = 6000 ms, TE = 353 

ms; 192 slices; FOV = 282 mm; voxel size 1.1 x 1.1 x 1.1 mm3; 256 x 256 acquisition matrix) were 

obtained. The structural scans were used in the pre-processing of the functional images and to 

estimate total lesion load of cerebral white matter. Total lesion load was quantified in each patient 

using a semi-automatic lesion segmentation method guided by expert knowledge as described 

previously (11).  

 

Analysis of resting-state connectivity 

We applied independent component analysis (ICA) to the rs-fMRI data of MS patients to identify 

brain networks that show temporally correlated fluctuations in the BOLD-signal. ICA is a data 

driven technique that takes into account the time course of BOLD-signal fluctuations in all voxels 

in the brain.  Data analysis comprised the following six steps: 1. pre-processing; 2. data reduction; 

3. application of the ICA algorithm; 4. identification of the independent component representing the 

motor network; 5. back-reconstruction to single-subject spatial maps; 6. statistical inference.  
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Pre-processing 

Pre-processing of the EPI images was done using statistical parametric mapping (SPM) software 

(SPM8, Wellcome Trust Centre for Neuroimaging, http://www.fil.ion.ucl.ac.uk/spm) implemented 

in Matlab 7.9 (MathWorks, Massachusetts, USA). The first two brain volumes were discarded to 

account for T1 equilibrium effects. The remaining 480 brain volumes were realigned to the time-

series mean for motion correction using a two-step procedure and then co-registered to the same-

session T1-weighted MPRAGE data set using a 6-parameter rigid-body transformation. The 

MPRAGE volumes were spatially normalised to the Montreal Neurological Institute (MNI) 305 

standard template using the unified segmentation/normalisation procedure as implemented in SPM8 

and the same normalisation parameters were used to normalise the EPI images (16). The EPI 

images were then spatially smoothed using a three dimensional isotropic Gaussian kernel of 6 mm 

full-width at half maximum. Prior to application of the ICA algorithm the data were temporally 

high-pass filtered using a discrete cosine transform basis set with a cut-off frequency of 1/128 Hz to 

remove scanner-induced drifts prominent at lower frequencies of the BOLD-signal. In addition, 

several nuisance signals were projected out of the data using a linear regression model. The model 

was based on a Volterra expansion of the estimated movement parameters (24 parameters) (17), a 

Fourier expansion of the aliased cardiac (10 parameters) and respiratory (6 parameters) cycles and 

corresponding respiration by cardiac cycle interaction (4 parameters) (17,18). Also changes in 

respiration volume over time have been shown to produce correlation patterns resembling those 

observed in rs-fMRI (19). To take these changes into account a linear filter was included consisting 

of 41 delayed versions (from -20 to 20 seconds) of the respiration volume. 

 

Independent component analysis 
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The Group-ICA-Toolbox for fMRI was used for spatial ICA statistical analysis (GIFT v. 1.3g, 

http://icatb.sourceforge.net/) (20). From each subject the spatial eigenvectors corresponding to the 

20 highest eigenvalues were identified using singular value decomposition. This step served to pre-

whiten and reduce the input dimensionality of the data. ICA based on the Infomax algorithm was 

applied on the reduced data set. ICA maximises spatial independence between components and 

produces a single set of ‘group’ components.  The number of extracted components was fixed at 20. 

The independent component representing the motor network was identified using a template-

matching procedure in GIFT. Template-matching was done by estimating a spatial correlation 

coefficient of the independent components with a template of the sensori-motor network as defined 

by the WFU Pickatlas (21) and Brodmann areas 1, 2, 3, 4 and 6. Every group independent 

component image contains a spatial pattern and its corresponding time course. Individual spatial 

expressions of the group motor component were obtained by back-reconstruction. This involved a 

regression of the recorded data from each individual with the corresponding time-series of the group 

component and resulted in a spatial map of the subject-specific component expression value for 

each individual voxel.  

 

Statistical inference 

We performed between-subject analysis using a random-effects regression model implemented in 

SPM8 (http://www.fil.ion.ucl.ac.uk/spm/). A spherical volume-of-interest (VOI) with a diameter of 

16 mm was centred over the right PMd using the MNI coordinate (x, y, z): 32, -10, 54 and a 

symmetrical coordinate in the PMd of the left hemisphere (Fig. 1). The coordinate defining the 

centre of the PMd VOI was taken from a previous motor fMRI activation study on motor recovery 

after stroke (12). For each VOI, we extracted the first eigenvariate of the motor component 

expression. The first eigenvariate was used as the dependent variable in a general linear model 
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testing for a linear relation between inter-individual variations in the regional expression of motor 

resting-state connectivity in PMd and individual EDSS scores including age as covariate of no 

interest. Post-hoc, we further explored the relationship between motor resting-state connectivity of 

PMd and clinical disability in the separate groups of RR-MS and SP-MS using a similar multiple 

linear regression model with inclusion of age as covariate. We corrected for multiple comparisons 

by Bonferroni correction and considered a corrected p-value below 0.05 statistically significant.  

 

RESULTS 

The EDSS scores ranged from 0 - 7 with a median score of 4.25. Patients with SP-MS had higher 

EDSS scores (p < 0.001), longer disease duration (p = 0.005), and higher T2-lesion load (p = 0.086) 

than RR-MS patients (Wilcoxon rank-sum test). Incidentally, the sex distribution differed between 

the SP-MS and RR-MS group with a higher number of male individuals in the SP-MS group (p = 

0.005). 

 

Group-ICA identified a bilateral motor resting-state network in patients with MS comprising the 

pericentral lateral and mesial sensori-motor cortex, premotor cortex, secondary somatosensory 

cortex, the sensori-motor territory of the cerebellum, putamen, and thalamus (Fig. 1). Regression 

analysis identified a positive linear relation between the expression of motor resting-state 

connectivity in left PMd and clinical disability as expressed by the individual EDSS scores (Fig. 2). 

The more MS patients were clinically affected (i.e., the higher the individual EDSS score), the 

stronger was the functional coupling between the left PMd and the motor resting-state network (p < 

0.006; R2 = 0.18). No significant positive relation between motor resting-state connectivity of right 

PMd and individual EDSS scores was detected. There was also no significant negative relationship 

between motor resting-state connectivity of PMd and EDSS. When considering the group of 
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patients with RR-MS alone, the expression of motor resting-state connectivity in left PMd and 

clinical disability was highly consistent (Fig. 3A; p < 0.0001; R2 = 0.55). In contrast, patients with 

SP-MS showed no significant relationship between motor connectivity of left PMd and individual 

EDSS scores (Fig. 3B).  

 

DISCUSSION 

We found that the left PMd shows stronger coupling with the motor resting-state network with 

increasing clinical disability in patients presenting with a relapsing-remitting form of MS. Our 

finding extends a recent rs-fMRI study on patients with clinically isolated syndrome (CIS) that 

showed enhanced connectivity of right premotor and sensory cortices with the motor network 

relative to healthy controls (7). However, Roosendaal et al. did not report a correlation with clinical 

parameters (EDSS and cognitive performance) which might be explained by the limited disability in 

CIS patients (7). In agreement with our results, a motor activation fMRI study revealed enhanced 

activation of ipsilateral PMd and primary motor cortex (M1) with increasing EDSS scores during a 

simple four-finger flexion-extension task of the right hand in RR-MS (4). Furthermore, a recent 

study using transcranial magnetic stimulation (TMS) to investigate functional connectivity between 

left PMd and the contralateral right M1 in RR-MS showed that disease progression is accompanied 

by impairment in both excitatory and inhibitory PMd-to-M1 connectivity (22). Together, these 

findings provide converging evidence for an important role of the PMd in the cortical motor 

organisation triggered by MS. The results further suggest that the PMd plays a more prominent role 

with increasing functional impairment.  

 

The relationship between motor resting-state connectivity of left PMd and clinical disability was 

only consistent in patients with RR-MS, but not in the SP-MS group. In the RR-MS group, 
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individual variation in EDSS scores accounted for more than half of the total variance in the data. In 

contrast, the coupling of PMd to the motor resting-state network was not related to individual EDSS 

scores in the group of patients with SP-MS. These findings point to different patterns of motor 

reorganisation in RR-MS as opposed to SP-MS patients which might be due to differences in the 

underlying pathophysiology (23). Alternatively, this difference between SP-MS and RR-MS might 

be due to the between-group difference in disability with the SP-MS patients being significantly 

more impaired than RR-MS patients. Hence, the lack of correlation with motor resting-state 

connectivity of the PMd could be attributed to a ceiling effect of motor impairment in patients with 

SP-MS. Regardless of the underlying reason for the observed differences between the phenotypes, 

our results imply that future studies should consider the groups of RR-MS and SP-MS as separate 

entities when investigating a clinical correlate to motor resting-state connectivity.  

 

While a positive correlation between motor connectivity of left PMd and clinical disability was 

observed in this study, no correlation was detected between right PMd and clinical disability. This 

could be related to the fact that almost all patients were right-handed having a dominant left 

hemisphere. However, this negative finding should be interpreted with caution and needs to be re-

examined in larger patient cohorts including a significant number of left-handed patients.  

 

Whether the change in motor connectivity of the PMd reflects beneficial cortical reorganisation of 

the motor system to maintain motor function or rather is a reflection of MS-induced pathology 

cannot be inferred from this study. The capability of the premotor cortex to integrate converging 

input from subcortical motor (basal ganglia and cerebellum) and parietal cortex afferents, and to 

send projections to the M1 and directly to the corticospinal tract makes this area suited to promote 

functional compensation (24). A whole line of research point towards the PMd as a key area in 
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motor reorganisation in response to damage of the motor system in both MS or stroke (1–

3,12,25,26). A repeated finding in fMRI studies in MS is an enhanced activity in the PMd ipsilateral 

to the moving hand in addition to contralateral recruitment of motor areas  (1–3). In stroke, the PMd 

of the intact but also the lesioned hemisphere have shown to be involved in motor reorganisation 

(25,26). In healthy subjects, a transient disruption of the left PMd with TMS triggers compensatory 

short-term reorganisation in right PMd (27). In the light of these findings, we argue that the 

integration of PMd into the motor resting-state network with increasing clinical disability could 

represent beneficial cortical adaptation to motor system damage in MS.  

 

In conclusion, this study provides evidence of a stronger coupling of the left PMd to the motor 

resting-state network with increasing clinical disability in patients with RR-MS. Since fMRI was 

measured during rest, our results are not confounded by differences in task performance, attention 

and habituation that challenge the interpretation of task-related fMRI in neurological disabled 

patients (28). We therefore argue that our findings reflect true functional reorganisation which 

implies a longer lasting change in synaptic efficiencies or connections in response to diffuse injury 

of motor pathways.  
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FIGURE LEGENDS 

 

Fig. 1. Descriptive maps of the motor resting-state network in patients with MS with indication of 

the PMd. The statistical maps illustrate the expression of the motor component in patients with MS 

based on a between-subject random effect t-test. The maps are thresholded using the family-wise 

error method based on Gaussian random field at p < 0.05 (t > 5.53). The colour coding represents t-

values, ranging from 0 to 20. A spherical VOI with a diameter of 16 mm was centred over the right 

PMd using the MNI coordinate (x, y, z): 32, -10, 54 and a symmetrical coordinate in the PMd of the 

left hemisphere (indicated in blue). The images are displayed in neurological convention. The 

statistical maps are superimposed on the average MPRAGE image of the patients. 

 

Fig. 2. Linear increase in the regional expression of motor resting-state connectivity in left PMd and 

clinical disability in patients with MS. The first eigenvariate of the VOI encompassing left PMd for 

each subject (y-axis) plotted against clinical disability (EDSS, x-axis) with the regression line. A 

significant positive linear relation is seen between the regional expression of motor resting-state 

connectivity in left PMd and EDSS scores when age was included as covariate (p < 0.006; R2 = 

0.18). PMd = dorsal premotor cortex; EDSS = Expanded Disability Status Scale; RR = relapsing-

remitting MS (blue circles); SP = secondary progressive MS (red triangles). 

 

Fig. 3. The relationship between the regional expression of motor resting-state connectivity in left 

PMd and clinical disability in the separate groups of patients with RR-MS and SP-MS. The first 

eigenvariate of the VOI encompassing left PMd for each subject (y-axis) plotted against clinical 

disability (EDSS, x-axis) with the regression line. In patients with RR-MS, a significant positive 
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linear relation is seen between the regional expression of motor resting-state connectivity in left 

PMd and EDSS scores when age was included as covariate (Fig. 3A; p < 0.0001; R2 = 0.55). No 

significant relationship was detected between motor resting-state connectivity of left PMd and 

EDSS in the group of SP-MS patients (Fig. 3B). PMd = dorsal premotor cortex; EDSS = Expanded 

Disability Status Scale; RR = relapsing-remitting MS (blue circles); SP = secondary progressive MS 

(red triangles). 
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Table 1 Demographics and clinical characteristics 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Patients with 

MS 

RR-MS SP-MS 

Number of subjects  

(men; women) 

42  

(20; 22) 

27  

(10; 17) 

15 

(10; 5) 

Median age in years 

(range) 

45 

 (25 - 64) 

39 

(25 - 59) 

51 

(30 - 64) 

Handedness  

right; left 

39; 3 26; 1 13; 2 

Median disease duration in years 

(range) 

11.5  

(3 - 43) 

9 

 (3 - 27) 

20  

(6 - 43) 

Median EDSS 

(range) 

4.25 

 (0 - 7) 

3.5  

(0 - 6.5) 

6.0  

(3.5 - 7.0) 

Median lesion load in ml  

(range) 

21.4 (n = 41) 

(1.8 - 126.3) 

17.4 (n = 26) 

(1.8 - 96.6) 

35.8 (n = 15) 

(3.7 - 126.3) 

Treatment 35 24 11 

IFN-β 6 6 0 

Glatiramer acetate  9 9 0 

Natalizumab  5 5 0 

Immunosuppresive agents 10 5 5 

Other 6 0 6 
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MS = multiple sclerosis; RR-MS = relapsing-remitting multiple sclerosis; SP-MS = secondary 

progressive multiple sclerosis; EDSS = Expanded Disability Status Scale; IFN = Interferon.  
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Fig. 1. Descriptive maps of the motor resting-state network in patients with MS with indication of the PMd. 

The statistical maps illustrate the expression of the motor component in patients with MS based on a 
between-subject random effect t-test. The maps are thresholded using the family-wise error method based 
on Gaussian random field at p < 0.05 (t > 5.53). The colour coding represents t-values, ranging from 0 to 
20. A spherical VOI with a diameter of 16 mm was centred over the right PMd using the MNI coordinate (x, 
y, z): 32, -10, 54 and a symmetrical coordinate in the PMd of the left hemisphere (indicated in blue). The 
images are displayed in neurological convention. The statistical maps are superimposed on the average 

MPRAGE image of the patients.  
33x14mm (300 x 300 DPI)    
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Fig. 2. Linear increase in the regional expression of motor resting-state connectivity in left PMd and clinical 
disability in patients with MS. The first eigenvariate of the VOI encompassing left PMd for each subject (y-
axis) plotted against clinical disability (EDSS, x-axis) with the regression line. A significant positive linear 
relation is seen between the regional expression of motor resting-state connectivity in left PMd and EDSS 

scores when age was included as covariate (p < 0.006; R2 = 0.18). PMd = dorsal premotor cortex; EDSS = 
Expanded Disability Status Scale; RR = relapsing-remitting MS (blue circles); SP = secondary progressive 

MS (red triangles).  
70x49mm (300 x 300 DPI)  
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Fig. 3. The relationship between the regional expression of motor resting-state connectivity in left PMd and 
clinical disability in the separate groups of patients with RR-MS and SP-MS. The first eigenvariate of the VOI 

encompassing left PMd for each subject (y-axis) plotted against clinical disability (EDSS, x-axis) with the 
regression line. In patients with RR-MS, a significant positive linear relation is seen between the regional 

expression of motor resting-state connectivity in left PMd and EDSS scores when age was included as 
covariate (Fig. 3A; p < 0.0001; R2 = 0.55). No significant relationship was detected between motor resting-

state connectivity of left PMd and EDSS in the group of SP-MS patients (Fig. 3B). PMd = dorsal premotor 
cortex; EDSS = Expanded Disability Status Scale; RR = relapsing-remitting MS (blue circles); SP = 

secondary progressive MS (red triangles).  
127x89mm (300 x 300 DPI)  
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ABSTRACT 

Objective: Our aim was to use blood-oxygen-level-dependent (BOLD) functional magnetic 

resonance imaging (fMRI) to examine how multiple sclerosis (MS) affects brain connectivity at the 

local level. 

Methods: 42 patients with MS and 30 matched controls underwent resting-state fMRI at 3 Tesla to 

measure local brain connectivity. Clinical disability was assessed using the Expanded Disability 

Status Scale (EDSS). Using the Kendall’s Coefficient of Concordance, regional homogeneity of 

BOLD-signal fluctuations was calculated to estimate local brain connectivity of each voxel in the 

brain. Differences in regional homogeneity were assessed between groups to identify brain regions 

of altered regional connectivity in MS. Additionally, we performed within-group analysis to 

identify brain regions where regional homogeneity correlated with the EDSS score in the patient 

group.  

Results: Multiple sclerosis was associated with a decrease in regional homogeneity in the upper left 

cerebellar hemisphere in lobules V and VI relative to healthy controls. In patients with MS, regional 

homogeneity in left cerebellar regions comprising Crus I and the dentate nucleus showed a negative 

correlation with EDSS. Similar changes in regional homogeneity were also present in the right 

cerebellar hemisphere, but did not reach statistical significance. 

Conclusions: The results indicate that MS impairs local connectivity in the cerebellum. The reduced 

homogeneity of regional BOLD-signal fluctuations in MS might be attributed to a functional 

disruption of cortico-ponto-cerebellar and spino-cerebellar inputs resulting in a disintegration of 

synchronous cerebellar processing. The association with clinical disability indicates the clinical 

relevance of the cerebellar changes of regional homogeneity in MS.  
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INTRODUCTION 

Multiple sclerosis (MS) is characterised by disseminated inflammatory demyelination and axonal 

degeneration in the central nervous system. The disease-related tissue damage delays and disrupts 

neuronal signal transmission along cortico-cortical and cortico-subcortical connections (1) causing 

inefficient information transfer between brain regions. Accordingly, functional magnetic resonance 

imaging (fMRI) of spontaneous fluctuations in the blood oxygen level dependent (BOLD)-signal 

during the resting-state has demonstrated changes in long-range functional connectivity of MS 

patients in the motor network (2–6) and the default-mode network (7–9). 

 

In addition to studying connectivity in functional brain networks, resting-state fMRI can also be 

used to assess regional brain connectivity in a brain region. The homogeneity of resting-state 

BOLD-signal fluctuations in neighbouring voxels reflects regional brain connectivity (10). Regional 

homogeneity has successfully been used to identify brain regions with abnormal local connectivity 

in pathological conditions such as neuromyelitis optica, Alzheimer’s and Parkinson’s disease (11–

13). Here we employed regional homogeneity analysis of resting-state BOLD-signal fluctuations to 

identify brain regions that express an abnormal pattern of local functional connectivity in patients 

with MS. We were further interested to test whether inter-individual variations in regional 

homogeneity of spontaneous BOLD-signal fluctuations would correlate with inter-individual 

variations in clinical disability.  

 

SUBJECTS AND METHODS 

Patients and healthy subjects 

Forty-two patients with definite MS fulfilling the revised McDonald criteria (14) and 30 sex- and 

age-matched healthy controls participated in the study (Table 1). Most participants were right-
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handed as revealed by the Edinburgh Inventory (15). Healthy subjects had no history of 

neurological or psychiatric disease. The study was approved by the scientific ethics committee of 

Copenhagen and Frederiksberg Communities (protocol no. KF01 – 131/03 with addendum) and all 

subjects gave written informed consent. 

 

Patients were recruited from The Danish Multiple Sclerosis Center, Copenhagen, Denmark. 

Twenty-seven patients with relapsing remitting MS (RR-MS) and 15 patients with secondary 

progressive MS (SP-MS) participated in the study (Table 1). Only clinically stable patients who had 

not experienced a relapse in the three months preceding the MRI measurement were included. 

Additional neurological or psychiatric symptoms not attributable to MS were defined as exclusion 

criteria. All patients were neurologically examined and clinical disability was rated using the 

Expanded Disability Status Scale (EDSS) (16). The EDSS scores ranged from 0-7 with a median 

score of 4.3. Patients continued to take their usual medication. 

 

Insert Table 1 approximately here 

 

Magnetic resonance imaging 

Magnetic resonance imaging (MRI) measurements were performed on a 3.0 Tesla Magnetom Trio 

scanner. All rs-fMRI measurements were recorded with a standard single-channel birdcage head-

coil using a T2*-weighted echo planar imaging (EPI) sequence (TR = 2490 ms, TE = 30 ms; flip 

angle 90°). In total 480 whole-brain volumes were acquired over 20 minutes (42 contiguous axial 

slices; slice thickness = 3 mm; FOV = 192 x 192 mm; 64 x 64 acquisition matrix; voxel size = 3 x 3 

x 3 mm). Subjects were instructed to rest with their eyes closed without falling asleep, and refrain 

from any voluntary cognitive or motor activity. The cardiac cycle was monitored with an infrared 
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pulse oximeter attached to the index finger. Respiration was monitored with a pneumatic thoracic 

belt. Participants refrained from caffeine, cigarettes or alcohol intake six hours prior to the rs-fMRI-

session.  

 

Additionally, high-resolution three-dimensional structural MRI scans of the brain were acquired 

using an eight-channel surface head-coil (Invivo, FL, USA). A sagittal magnetisation prepared rapid 

acquisition gradient echo (MPRAGE) sequence (repetition time (TR) = 1550 ms, echo time (TE) = 

3.04, inversion time (IT) = 800 ms; 192 slices; 1 mm isotropic resolution; field of view (FOV) = 

256 mm; flip-angle = 9°) was acquired. In addition, sagittal turbo spin echo images (TR = 3000 ms, 

TE = 354 ms; 192 slices; FOV = 282 mm; voxel size 1.1 x 1.1 x 1.1 mm3; 256 x 256 acquisition 

matrix) and sagittal fluid-attenuated inversion recovery (FLAIR) images (TR = 6000 ms, TE = 353 

ms; 192 slices; FOV = 282 mm; voxel size 1.1 x 1.1 x 1.1 mm3; 256 x 256 acquisition matrix) were 

obtained. The structural scans were used to estimate total lesion load of cerebral white-matter in 

patients with MS and to exclude subclinical white-matter lesions in healthy controls. Total lesion 

load was quantified in each patient using a semi-automatic lesion segmentation method guided by 

expert knowledge as described previously (6).  

 

Resting-state fMRI data analysis 

Pre-processing  

Image pre-processing of the EPI images used statistical parametric mapping (SPM) software 

(SPM8, Wellcome Trust Centre for Neuroimaging, http://www.fil.ion.ucl.ac.uk/spm) implemented 

in Matlab 7.9 (MathWorks, Massachusetts, USA). The first five brain volumes were discarded to 

account for T1 equilibrium effects. The remaining 475 brain volumes were realigned to the time-
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series mean for motion correction using a two-step procedure and then co-registered to the same-

session T1-weighted MPRAGE data set using a 6-parameter rigid-body transformation. The 

MPRAGE volumes were spatially normalised to the Montreal Neurological Institute (MNI) 305 

standard template using the unified segmentation/normalisation procedure as implemented in SPM8 

and the same normalisation parameters were used to normalise the EPI images (17). The data were 

temporally high-pass filtered using a discrete cosine transform basis set with a cut-off frequency of 

1/128 Hz to remove scanner-induced drifts prominent at lower frequencies of the BOLD-signal. In 

addition to neuronal activity, cardiac and respiratory activity is known to produce signal changes in 

fMRI time-series (18). Such signal changes could in fact give rise to correlations resembling those 

observed in resting-state fMRI (19). In the current study we address these issues by acquiring high 

quality data (480 volumes on a 3T scanner) and by comprehensive filtering of cardiac and 

respiratory effects (using separate recordings of cardiac and respiratory cycles). Hence, possible 

confounding effects of residual movement and physiological signals were reduced by filtering 

several nuisance signals prior to further analysis. The filter was based on a Volterra expansion of 

the estimated movement parameters (24 parameters), a Fourier expansion of the aliased cardiac (10 

parameters) and respiratory (6 parameters) cycles and corresponding respiration by cardiac cycle 

interaction (4 parameters) (20,21). Also changes in respiration volume over time have shown to 

produce correlation patterns resembling those observed in resting-state fMRI (19). To take these 

changes into account a linear filter was included consisting of 41 delayed versions (from -20 to 20 

seconds) of the respiration volume. In addition, time-series from white matter and cerebrospinal 

fluid voxels in left and right hemispheres were included in the filter.  
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Regional Homogeneity 

The regional homogeneity was assessed using the Kendall’s Coefficient of Concordance (KCC) 

measure (also known as Kendall’s W). The KCC is calculated as, 

 

Where Ri is the sum of ranks given to the time point i,  is the mean of Ri, K is the number of 

voxels used in the KCC calculation, and n=475 is the number of time points. KCC was calculated 

in a region of 3x3x3 voxels and the coefficient was assigned to the centre voxel. This was repeated 

for the whole brain forming a regional homogeneity map (W-map). The W-map was then z-

transformed by subtracting off the mean KCC of the whole brain and dividing by the standard 

deviation of all W-values in the brain mask (22). When transforming to z-scores the W-map then 

represent values relative to the mean W in the brain for each individual subject. W-maps were 

created for each individual subject using in-house software. Finally, the W-maps were smoothed 

with a 6 x 6 x 6 mm FWHM Gaussian kernel. 

 

Statistical inference  

Since the W-maps in general are not guaranteed to be normal distributed, statistical inference at  

group level employed the nonparametric permutation method using 5000 permutations as 

implemented in the FSL software tool Randomise (http://fsl.fmrib.ox.ac.uk/fsl/randomise/). To 

identify between-group differences in the spatial expression of regional homogeneity, we compared 

the W-maps of MS patients and healthy controls using a non-parametric two-sample permutation 

test including age as a confounding covariate. In the patient group, we tested for a linear 

relationship between the voxelwise W-values and individual EDSS scores using a non-parametric 

multiple linear regression model including age as a confounding covariate. 
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We corrected for multiple comparisons by controlling the family-wise error (FWE) rate at the 

cluster level considering all brain voxels. Cluster forming thresholds was set at p < 0.01 (two-tailed 

test) and a corrected pFWE-value at the cluster level below 0.05 was considered statistically 

significant. Clusters with a corrected pFWE below 0.15 are reported as trends. The statistical maps 

were superimposed on a mean normalised T1-weighted image based on the MPRAGE brain scans 

of all subjects using Mango (http://ric.uthscsa.edu/mango/). Anatomical locations were inferred 

using the automated anatomical labeling (AAL) atlas (23) for the cerebrum and the probabilistic 

atlas of the human cerebellum (24) to accurately locate the cerebellar clusters. 

 

RESULTS 

Patients with MS showed reduced regional homogeneity in the left cerebellar hemisphere relative to 

healthy controls (pFWE = 0.020; peak Z-score = 4.63; peak coordinate (x, y, z) = (-18, -46, -26)). The 

area displaying a decrease in regional homogeneity was located in the left superior cerebellar lobe, 

including mainly the lobules V and VI extending into lobule IV and the vermis (Fig. 1). 

Corresponding regions in the right cerebellar lobule VI with extensions into lobule IV and V 

showed a similar decrease in regional homogeneity which only reached trend significance (pFWE = 

0.127; peak Z-score = 4.21 at voxel (x, y, z): 27, -67, -23). A subcortical cluster comprising right 

caudate nucleus, thalamus and globus pallidus also reached trend significance (pFWE = 0.123; peak 

Z-score = 4.01 at voxel (x, y, z): 18, 2, 22). In contrast, no area in the brain displayed a significant 

increase in regional homogeneity in patients with MS relative to healthy controls, even at a more 

liberal statistical threshold (p < 0.15, FWE-corrected).  
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  Insert Fig. 1 approximately here 

 

Regression analyses identified a single brain region in the left cerebellar posterior lobe where the 

reduction in regional homogeneity increased with clinical disability as expressed by the individual 

EDSS scores. The more MS patients were clinically affected (i.e., the higher the individual EDSS 

score), the weaker was regional homogeneity in the left cerebellar cluster (Fig. 2; pFWE = 0.031; 

peak Z-score = 4.52 at voxel (x, y, z): -21, -82, -32). The cerebellar cluster comprised Crus I with 

extension into Crus II as well as the left dentate nucleus. A homologous area in the right cerebellum 

comprising Crus I and parts of Crus II showed a similar relationship between regional homogeneity 

and individual EDSS scores, but this trend failed to reach statistical significance (pFWE  = 0.096; 

peak Z-score = 3.98 at voxel (x, y, z): 27, -70, -38).   

 

  Insert Fig. 2 approximately here 

 

DISCUSSION 

Using regional homogeneity of resting-state fluctuations in the BOLD-signal as index of local 

connectivity, we show that MS is associated with impaired local connectivity in the left cerebellum. 

Regional homogeneity was found to be reduced in lobules V and VI of the left cerebellar 

hemisphere in patients with MS relative to controls. Further, patients with higher EDSS scores 

displayed less local connectivity in the left cerebellum, comprising Crus I and dentate nucleus. 

Similar trends were present in homologous regions of the right cerebellum. The impairment of 

regional functional homogeneity ties in with previous reports which have shown that MS results in 

marked pathological changes in the cerebellar cortex (25–27). 
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The cerebellum is critically involved in the temporal as well as spatial integration of neural inputs 

from both descending cortical afferents (cortico-ponto-cerebellar projections) and ascending spinal 

afferents (proprioceptive information via spino-cerebellar projections) (28). The reduced cerebellar 

regional homogeneity might indicate that the temporo-spatially coherent integration of incoming 

cortico-ponto-cerebellar and spino-cerebellar information is disintegrated in patients with MS, 

presumably due to a functional disruption of neurotransmission in these pathways induced by MS 

lesions. The notion of dysfunctional neural integration in the cerebellum is supported by a series of 

positron emission tomography studies which found bilateral reductions in cerebellar resting-state 

glucose metabolism in early RR-MS which was ascribed to the remote effect of demyelinating 

lesions (i.e., crossed cerebellar diaschisis) (29,30). In addition, two activation fMRI studies have 

revealed decreased inter-regional functional and effective connectivity during motor task in MS, 

involving cerebellar regions (31,32). Our results significantly extend these findings suggesting that 

the MS-related disruption in long-range functional connectivity not only compromise the 

integration of cerebellar processing into functional brain networks but also impairs synchronous 

information processing in local cerebellar units.  

 

When interpreting the present results, one needs to take into account the neuroanatomical 

organisation of the cerebellum. Several lines of research have provided converging evidence that 

Crus I and Crus II represent the ‘cognitive’ cerebellum and lobules V-VI primarily represent the 

sensori-motor cerebellum. A neuroanatomcial study using transsynaptic tracers in monkeys has 

shown that the primary motor cortex sends and receives projections to lobules IV, V, VI, and VIII 

of the cerebellar cortex, and that the prefrontal cortex (area 46) is reciprocally interconnected with 

Crus II (33). Resting-state functional connectivity mapping has confirmed this neuroanatomical 
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segregation in the human brain. Primary sensory or motor cortical areas (i.e., motor, premotor, 

somatosensory, visual and auditory cortex) are functionally connected with cerebellar lobules V, 

VI, VIII, whereas prefrontal cortex and posterior-parietal regions are functionally connected with 

Crus I and II (34,35).  

 

The between-group difference in regional homogeneity was located in motor territories of the 

cerebellar hemisphere that are connected with cortical motor regions, namely the cerebellar lobules 

V and VI. Motor symptoms are common in MS and are mainly caused by lesions located in the 

cortico-spinal tract. The reduced regional homogeneity in the motor cerebellum might reflect 

another mechanism causing motor impairment, presumably by the disintegration of cortico- and 

spino-cerebellar information. This mechanism might be particularly relevant to ‘cerebellar’ motor 

deficits, but this hypothesis needs to be tested specifically in future studies. 

 

In the motor territories of the cerebellum, the individual reduction in regional homogeneity did not 

correlate with increasing clinical disability. It was rather cognitive areas in the left cerebellum (e.g., 

Crus I) and the dentate nucleus where the decrease in regional homogeneity was more pronounced 

in patients with higher disability scores. The association between clinical disability and reduced 

regional homogeneity in cognitive areas of the cerebellar cortex can be attributed to the ‘resting 

state’ condition during which the fMRI data were recorded. The ‘resting-state’ represents a more 

introspective state in which cognitive operations like daydreaming take place (36). In fact, 

specifically Crus I has shown to be functionally connected with a network of cortical regions 

similar to the default-mode network (34) which is a network associated with introspection, 

remembering the past and planning the future (37,38).  
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It is particularly interesting that the left dentate nucleus also expressed a stronger reduction in 

regional homogeneity with increasing clinical disability, including both caudal and rostral parts. 

Recent studies have shown also the dentate to be organised into motor and non-motor domains, 

where caudal part of the dentate support cognitive function and the dorso-rostral areas are linked to 

motor function (39–41).  The dentate nucleus receives input from purkinje cells of the cerebellar 

cortex and functions as the major cerebellar output channel before reaching primary motor, 

premotor, oculomotor, prefrontal, and posterior parietal areas of the cortex via synapses in the 

thalamus and basal ganglia (40,42). Therefore, the subcortical reduction in cerebellar regional 

homogeneity is a consequence of the loss of temporal synchrony of neural activity of the cerebellar 

cortex. The results are compatible with the hypothesis that local disintegration of regional 

connectivity in the cerebellum only translates into clinical dysfunction, if a dysfunctional regional 

connectivity is also expressed ‘downstream’ in the dentate nucleus. An additional link between an 

alteration of the dentate nucleus and clinical disability has been recently provided by a structural 

MRI study which focused on regional T2 hypointensities suggestive of pathologic iron deposition in 

MS. In good agreement with our study, regional T2 hypointensity in dentate nucleus was found to 

be the sole variable that was correlated with ambulatory impairment and the EDSS score (43).  

 

No other brain region showed a significant alteration in regional homogeneity. Using the same data 

set, we have recently described that the subcortical nuclei in the cerebral hemisphere showed 

increased resting-state connectivity with the motor network (6), but this change in global 

connectivity was not accompanied by alterations in regional resting-state connectivity. This implies 

that functional connectivity in subcortical structures of the cerebral and cerebellar hemispheres are 

differentially affected by MS. Interestingly, the rs-fMRI data showed neither a consistent change in 

cortical motor network connectivity nor a consistent change in regional functional connectivity in 
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motor cortical areas. These negative findings regarding cortical resting-state connectivity need to be 

confirmed in future studies including a larger sample size and a more sophisticated assessment of 

the somatotopic distribution of motor disability. A possible explanation why the regional 

homogeneity measurement appears to be more sensitive to changes in regional connectivity within 

the cerebellum might be due to a higher spatial density of neural processing in the cerebellum as 

opposed to the cerebral hemisphere.  

 

Conclusions 

This study showed for the first time that regional homogeneity is altered in patients with MS in 

regions of the cerebellum. Future studies combining regional homogeneity with measures of 

cerebellar atrophy and diffusion weighted imaging are warranted; for instance, measures of 

fractional anisotropy of the cerebellar peduncles could help to understand the pathofysiology behind 

the cerebellar changes in regional homogeneity in patients with MS. Whether regional homogeneity 

is a sensitive measure to detect changes over time (disease progression or the effects of therapy) in 

MS should be clarified by longitudinal prospective studies. 
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TABLES 

Table 1 Demographics and clinical characteristics 

  Healthy 

controls 

Patients 

with MS 

RR-MS SP-MS 

Number of subjects  

(men; women) 

30  

(15; 15) 

42  

(20; 22) 

27  

(10; 17) 

15 

(10; 5) 

Median age in years 

(range) 

45 

 (22-69) 

45 

 (25-64) 

39 

(25-59) 

51 

(30-64) 

Handedness  

right; left; ambidextrous 

27; 2; 1 39; 3; 0 26; 1; 0 13; 2; 0 

Median disease duration in years 

(range) 

n.a. 11.5  

(3-43) 

9 

 (3-27) 

20  

(6-43) 

Median EDSS 

(range) 

n.a. 4.3 

 (0-7) 

3.5  

(0-6.5) 

6.0  

(3.5-7.0) 

Median lesion load in ml  

(range) 

n.a. 21.4 (n=41) 

(1.8-126.3) 

17.4 (n=26) 

(1.8-96.6) 

35.8 (n=15) 

(3.7-126.3) 

Treatment n.a. 35 24 11 

IFN-β n.a. 6 6 0 
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Glatiramer acetate  n.a. 9 9 0 

Natalizumab  n.a. 5 5 0 

Immunosuppresive agents n.a. 10 5 5 

Other n.a. 6 0 6 

 

Legend: MS = multiple sclerosis; RR-MS = relapsing-remitting multiple sclerosis; SP-MS = 

secondary    progressive multiple sclerosis; n.a.= not applicable; EDSS = Expanded Disability 

Status Scale; IFN = Interferon. 

 

FIGURE LEGENDS 

Fig. 1. Decrease in regional homogeneity of cerebellar regions in patients with MS relative to 

healthy controls. Fig. 1A. Representative coronal slices of t-maps representing voxels with reduced 

regional homogeneity in MS compared with healthy controls. A single cluster in left cerebellar 

regions comprising lobule IV, V, and VI showed significantly reduced regional homogeneity in 

patients with MS (cluster pFWE =  0.020; peak Z-score = 4.63 at voxel (x, y, z): -18, -46, -26). A 

similar trend was seen for homologous areas in the right cerebellar hemisphere (cluster pFWE = 

0.127; peak Z-score = 4.21 at voxel (x, y, z): 27, -67, -23). Uncorrected t-values are shown for 

clusters reaching clusterwise significance level (pFWE < 0.05) or a trendwise level (pFWE < 0.15). 

The colour coding represents uncorrected t-values, ranging from 2.7 to 5. Coronal slices are 

arranged from most anterior to most posterior (y-coordinates, MNI). The statistical maps are 

overlaid on the average MPRAGE image of patients and controls. Fig. 1B. Left cerebellar cluster 

mean and standard error bars of the mean normalised KCC value are shown for healthy controls and 
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MS patients. Fig. 1C. Right cerebellar cluster mean and standard error bars of the mean normalised 

KCC value are shown for healthy controls and MS patients. The individual subjects’ KCC maps 

have been normalised to reflect change in KCC from the mean KCC of the whole brain. Thus, the 

negative mean KCC of the MS group reflect voxels with less regional homogeneity compared with 

the global mean. 

 

Fig. 2. Linear decrease in regional homogeneity of cerebellar regions and clinical disability in the 

MS group. Fig. 2A. Representative coronal slices of t-maps representing voxels where KCC 

correlated with EDSS scores in patients with MS. A single cluster in the left cerebellar posterior 

lobe comprising Crus I and the dentate nucleus show a significant negative relationship with EDSS 

scores (cluster pFWE =  0.031; peak Z-score = 4.52 at voxel (x, y, z): -21, -82, -32). A similar trend is 

seen for the right cerebellar hemisphere (cluster pFWE = 0.096; peak Z-score = 3.98 at voxel (x, y, 

z): 27, -70, -38). Uncorrected t-values are shown for clusters reaching clusterwise significance level 

(pFWE < 0.05) or a trendwise level (pFWE < 0.15). The colour coding represents uncorrected t-values, 

ranging from 2.7 to 5. Coronal slices are arranged from most anterior to most posterior (y-

coordinates, MNI).The statistical map is overlaid on the average MPRAGE image of patients and 

controls.  Fig. 2B. Left cerebellar cluster mean normalised KCC for each subject (y-axis) plotted 

against clinical disability (EDSS, x-axis) with a regression line. Fig. 2C. Right cerebellar cluster 

mean normalised KCC for each subject (y-axis) plotted against clinical disability (EDSS, x-axis) 

with a regression line. The individual subjects’ KCC maps have been normalised to reflect change 

in KCC from the mean KCC of the whole brain. Thus, the negative mean KCC in the MS group 

reflect voxels with less regional homogeneity compared with the global mean. EDSS = Expanded 

Disability Status Scale; RR = relapsing-remitting MS (blue circles); SP = secondary progressive MS 

(red triangles). 
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