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I. Detailed MRI acquisition and processing methods 

 

Image acquisition  

MRI data were obtained on a 3T GE Signa Excite HD 12.0 8-channel scanner. Structural images 

included a 3D T1-weighted (IR-FSPGR, repetition time (TR) 5.9ms, echo time (TE) 2.8ms, inversion 

time (TI) 900ms, flip angle (FA) 10º, field-of-view (FOV) 25.6×19.2cm2 (256×256 matrix with phase 

FOV 0.75), 1×1mm2, 180 1mm slices) and a 2D T2-FLAIR scan (TR 8500ms, TE 120ms, TI 2100ms, FA 

90º, echo train length 24, FOV 25.6×19.2cm2 (256×256 matrix with Phase FOV 0.75), 1×1mm2, 48 3mm 

slices). Rs-fMRI was obtained via axial echo-planar imaging with TR 2500ms, TE 30ms, FA 90º, 

acquisition matrix 64×64, FOV 24×24cm2, and slice thickness 4mm, and each run contained 240 

volumes. During acquisition, subjects were instructed to keep their eyes closed, remain motionless, stay 

awake, and not to think of anything in particular.  

 

T2 lesion, ICV, and thalamic volumes 

T2 lesion volume (T2LV) was assessed on T2-FLAIR images via a previously described semi-

automated edge contouring method [1]. Intracranial volume (ICV) was determined on 3D-T1 images 

using SIENAX (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/). Thalamic volume was calculated using FIRST. 

Prior to analysis, 3D-T1 images were inpainted using a lesion-filling method to help prevent intensity-

related misclassification of tissue as gray matter of CSF [2].  

 

Rs-fMRI data preprocessing 

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


Rs-fMRI data was preprocessed using AFNI and FSL. Preprocessing steps were: 1) discarding the 

first four volumes; 2) removal of central spikes; 3) slice timing correction; 4) head motion correction via 

rigid registration; 5) global intensity normalization to ensure the comparability of signals among different 

individuals; 6) removal of skull and non-brain tissue; 7) band-pass filtering to retain frequencies between 

0.01 and 0.1Hz; 8) linear and quadratic detrending; 9) regressing out motion parameters (including six 

head motion parameters, the same parameters at the previous time step, and both sets of parameters 

squared), white matter (WM) mean and cerebrospinal fluid (CSF) signals (GM and CSF was determined 

by segmentating the 3D T1-weighted images and were registered to the functional space); 10) spatial 

smoothing with a Gaussian kernel of 6 mm full width at half maximum. After these steps, three MS 

patients and two HCs were excluded due to excessive head motion (>3mm translation, or >3degrees 

angular motion, or >0.5mm mean frame-wise displacement). To obtain the warp field of functional space 

to the MNI space for each subject, we combine the rigid transformation of functional data to the 3D-T1 

image and the nonlinear transformation of 3D-T1 image to the MNI template. 

 

Thalamic seed regions and functional connectivity analysis 

In this study, we used a previously published stereotactic MNI-space thalamic atlas consisting of four 

different subregions for each hemisphere [3, 4]. The four thalamic nuclei (Figure 1) were: 

1) Anterior thalamic nuclei (ATN): lateral dorsal and anterior nuclei; 

2) Lateral thalamic nuclei (LTN): ventral nucleus; 

3) Medial thalamic nuclei (MTN): mediodorsal, medioventral, paraventricular, habenular and 

subparafascicular nuclei; 

4) Posterior thalamic nuclei (PTN): pulvinar, lateral posterior, suprageniculate, limitans and posterior 

nuclei. 



These predefined thalamic nuclei in MNI space were registered to individual native functional space 

using the inverse warp field and used as seeds . For each subject, a voxel-wise whole-brain map for each 

set of thalamic nuclei  was obtained by calculating the cross-correlation between the mean time series of 

the seed region and that of each voxel of the whole brain and converting to z-scores (Z map) via Fisher r-

to-z transformation in the native functional space . Then, the Z maps were normalizedto the MNI space 

using the warp filed mentioned above. 

 

Statistical analysis 

To determine within-group rsFC maps, individual maps were entered into a voxel-wise one-sample t-

test that generated z-score maps of regions exhibiting significant positive and negative FC for each seed 

and each group. Group rsFC maps from both MS patients and HCs were combined using an ‘‘OR’’ 

operation to generate a combined mask, which was used to constrain subsequent between-group analyses. 

Then, the rsFC maps within this mask were entered into voxel-wise two-sample t-tests to evaluate 

between-group rsFC differences, with age, sex, education level, T2LV, thalamic volume, and ICV 

included as covariates.  

 To investigate the associations between rsFC and fatigue and cognition, voxel-wise interaction 

analyses between MS and HC groups were conducted within the combined mask mentioned above, 

controlling for age, sex, education level, T2LV, thalamic volume, and ICV. We focused specifically on 

the interaction effects to better elucidate regions whose connectivity was differentially (i.e. adaptively or 

maladaptively) associated with these outcomes in MS, as opposed to regions normally associated in both 

groups (MS and HC).  A post-hoc comparison between relapsing-remitting (RR) and secondary 

progressive (SP) MS subgroups was also performed to evaluate whether results might be driven by a 

specific group. 



Gaussian random field theory was used for cluster-level multiple comparison correction of all results 

(Z>2.3; p<0.05 corrected), which was implemented in FSL (easythresh) This approach corrects for 

multiple comparisons at the family-wise level while accounting for the spatially correlated nature of 

individual voxel-wise comparisons. 
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II. Comparison of MS subgroups 

 

 
Figure S1: Resting state functional connectivity (rsFC) maps of the thalamic nuclei for sub-group MS patients. rsFC maps for 
RR (yellow) and SP (blue) MS patients separately and overlaid together for display; red areas indicate overlapping rsFC for 
both groups. The left column indicates rsFC maps generated by left thalamic nuclei, and vice versa. 

 

 
Figure S2: Brain regions showing significant FC differences between RR and SP MS patients (Z>2.3; p<0.05, Gaussian random 
field theory corrected), when seed regions were located in the left lateral thalamic nuclei. 

 


