
Supplementary Material 

In the following pages we describe in detail the demographic data of the participants and the 

functional magnetic resonance imaging (fMRI) analyses. Moreover, a series of post-hoc analyses 

were performed to qualify the main findings reported in this paper. 
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Participants 

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

comprised 12 MS patients with an acute motor relapse. All patients fulfilled the revised McDonald 

criteria.[1] Eleven patients had relapsing-remitting MS and one patient had secondary progressive 

MS. All patients presented with acute motor deficits including paresis of the left (n=5) or right 

(n=7) upper limb. Additional symptoms are listed in table 1 along with the clinical characteristics.  

All patients were right-handed as revealed by the Edinburgh Inventory.[2] Patients were 

neurologically examined including Expanded Disability Status Scale (EDSS) score by the same 



neurologist at inclusion and follow-up.[3] The relapse was treated with a three-day course of 

intravenous methylprednisolone 1 g daily which was initiated after the first scan. Written informed 

consent was obtained from all patients prior to scanning, and all protocols were approved by the 

local scientific ethical committee (protocol no. KF01–131/03).  See table 1 for further details on the 

participants. 

 

 

Magnetic Resonance Imaging  

MRI was performed on a Siemens 3.0 Tesla Magnetom Trio Scanner. The first resting-state fMRI 

(rs-fMRI) scan was performed within 24 hours after relapse onset, while the second rs-fMRI was 

obtained 6 to 21 days after relapse onset. Echo planar imaging (EPI) was used for rs-fMRI 

(TR=2490ms, TE=30ms, 3×3×3mm resolution, FOV=192×192mm, 42 interleaved slices) and 480 

brain volumes were acquired over 20 minutes. During rs-fMRI, 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 and 

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

medication as usual. Smoking and caffeine intake was matched between first and follow-up scans 

for each subject. 

 

Pre-processing 

The fMRI data were pre-processed using statistical parametric mapping software (SPM8, 

http://www.fil.ion.ucl.ac.uk/spm). The first two brain volumes were excluded from analysis to 

allow for T1 equilibrium. The EPI images were motion corrected by a six-parameter rigid body 

realignment to the time series mean using a two-step procedure, and spatially normalised to a 

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


symmetrical version of the Montreal Neurological Institute (MNI) 305 template. The fMRI scans 

from patients with left upper limb paresis were flipped as if all patients had left cerebral lesions and 

right upper limb paresis. Further pre-processing steps included spatial smoothing (Gaussian kernel, 

6 mm full-width at half maximum) and high-pass filtering (1/128 Hz cut-off frequency). Prior to the 

statistical analysis, we ensured that the estimated volume to volume translational movement was 

below 1.5 mm. To further reduce the possibility that effects of motion played a role in the analysis 

we used a 24-parameter expansion of the estimated motion parameters to explain residual effects of 

motion.[4] These motion effects and physiological noise caused by the heart beat and respiration 

was modelled using multiple linear regression.[5] This enabled us to model resting-state signal 

changes related to physiological noise. Further details regarding image acquisition and pre-

processing of the rs-fMRI data are described in a previous study.[6]  

 

Resting-state connectivity analysis 

Independent component analysis (ICA) was applied to the fMRI data to separate functional brain 

networks that show temporally correlated BOLD-signal fluctuations.  The spatial ICA was based on 

the infomax algorithm using the Group-ICA-Toolbox for fMRI (http://icatb.sourceforge.net/) with 

the number of components fixed at 20. The sensorimotor network and two control networks - the 

primary visual and the default-mode network were identified by a template matching procedure in 

the GIFT software. This 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 and from Damoiseaux et al. 2006 [8] (default-mode 

network) as follows: the sensorimotor network as BA 1, 2, 3, 4 and 6; the visual network as BA 17, 

18, and 19 and default-mode network as BA 7, 11, 20, 23, 31, 32, and 37.[6] 

http://icatb.sourceforge.net/


 

Statistical analysis  

We aimed at capturing acute changes in motor resting-state connectivity occurring in the 6-21 days 

after motor relapse (i.e. between the first and second rs-fMRI session). Specifically, we wished to 

test which brain regions showed a reduction in motor resting-state connectivity in proportion to 

clinical remission using the Randomise tool (http://fsl.fmrib.ox.ac.uk).[9] We used a random 

permutation test to assess for changes in motor resting-state connectivity (time 2 – time 1) including 

the improvement in EDSS score as a covariate (time 2 – time 1). The same analysis was performed 

for two non-motor networks, the primary visual and default-mode network. Correction for multiple 

comparison was done using cluster-wise maximum permutation statistics with a two-sided entry 

threshold of p<0.01. Clusters surviving a threshold of pFWE<0.05 corrected for multiple 

comparisons over the whole brain were considered statistically significant.  

 

Effects of motion 

Due to a concern that the correlations observed were caused by spurious correlations arising from 

motion we reanalysed the data following the procedure outlined in Power et al. 2012.[10] We 

calculated frame-wise displacement from estimated motion parameters assuming a 20 cm diameter 

sphere, and excluded volumes (and the following volumes due to spin history effects) whenever the 

FD exceeded 0.5 mm. We also calculated the volume to volume root mean squared change in the 

BOLD-signal over the entire volume (DVARS) and likewise excluded volumes (and following 

volumes) exhibiting a signal change of 0.5% or above. Removal of these volumes were applied in 

the temporal filtering procedure (by regressing out the volume) to ensure that the temporal filtering 

was still valid. All other pre-processing, ICA and analysis steps remained unchanged. The results of 

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


this analysis remained unchanged with the only difference that the significant cluster in the motor 

area was slightly reduced in size (Figure S1).  

 

 

Fig S1: Changes in motor resting-state connectivity with exclusion of volumes due to motion.  

Post-hoc analyses. The figure corresponds to figure 1 in the main manuscript but with 

preprocessing and analysis done with volumes excluded. The volume of the activated area was 

reduced from 339 voxels (9.2 mm
3
) to 329 voxels (8.9 mm

3
) when excluding volumes affected by 

motion as defined by the criteria mentioned above. 

 

Post-hoc we investigated if there were any correlation between disease duration, gender, and age 

and the change in EDSS score. This analysis did not reveal any significant correlations. The results 

for correlation with disease duration were (one sample t-test): p=0.39, t=0.90, df=10, whereas the 

result for correlation with gender was p=0.12, t=-1,73, df=10 and finally age: p=67, t=0.44, df=10. 

However, the limited sample size in our study does not allow us to make definite claims or analyses 

concerning the effect of disease duration, gender or age.  

 



Comments on the MS lesion location 

We were interested in identifying a common reorganisation pattern independent of the location of 

the MS lesion. Therefore, we performed neither contrast-enhanced nor spinal cord MRI to localise 

acute MS lesions. Most likely plaques in cervical spinal or subcortical brain white matter or brain 

stem were responsible for the arm paresis in the majority of patients. The cortico-subcortical output 

pathways of the cortico-spinal tract are affected by both cerebral or spinal cord lesions and it can 

therefore be argued that they share the same pattern of intracerebral motor reorganisation. Indeed, 

the results demonstrate that rs-fMRI is capable of linking very early changes in motor resting-state 

connectivity to functional remission after an acute motor relapse regardless of the location of the 

acute MS lesion.  

 

 



Table 1: Clinical characteristics of patients 

Patient 

# 

Age,yr/ 

Sex 

Days 

between 

scans 

Affected 

upper 

limb, 

R/L 

Additional 

relapse 

symptoms* 

Clinical 

Remission 

EDSS 

Scan1 

EDSS 

Scan2 

Disease 

duration 

Disease-

modifying 

Treatment 

1 46/M 10 R Paresis of R leg + 3.0 1.0 1 - 

2 46/M 9 L 

Paresis and 

↓position sense 

in L leg, 

Dizziness, 

Double vision 

+ 6.0 3.5 6 GA 

3 28/M 11 R 

Hypoesthesia R 

hand 

Paraparesis 

+ 5.0 4.0 3 - 

4 35/F 8 L Paresis of L leg + 4.0 2.5 6 IFN-β 

5 36/F 9 R Paresis of R leg 

+ 

Fatigue of 

R arm 

with use 

3.5 2.5 13 NTZ 

6 45/M 8 L 

Paresis of L leg 

and 

paraesthesia in  

legs ↓Attention, 

↓Concentration 

+ 4.0 2.5 7 NTZ 

7 32/F 7 R 

Paresis of R leg. 

Hypoesthesia R 

arm, 

Paraesthesia in 

R leg, 

Dysaesthesia 

face R 

+ 3.5 2.0 0 - 

8 59/F 11 R Paresis of R leg + 6.5 6.5 16  

9 35/F 21 L 

Paresis of L leg 

Paraesthesia in 

legs 

+ 3.5 3.5 1 IFN-β 

10 25/F 10 L  + 4.0 2.5 6 NTZ 

11 45/M 7 R Paresis of R leg 

+ 

Partial 

recovery 

6.0 5.0 4 - 

12 55/F 6 R Paresis of R leg + 4.5 3.5 24 NTZ 

Median 

(range) 

Nb 

41 

(25-59) 

7F/5M 

9 

(6-21) 

 

 

7R/5L 

  

4.0 

(3.0-

6.5) 

3.0 

(1.0-

6.5) 

6 

 (0-24) 
 

EDSS = Expanded Disability Status Scale; F = female; GA = Glatiramer acetate; IFN-β = Interferon 

beta; L = left; M = male; NTZ = Natalizumab; R = right; *Additional relapse symptoms associated 

with the upper limb paresis 
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