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A B S T R A C T   

Focal lesions may affect functional connectivity (FC) of the ventral and dorsal networks in the cervical spinal 
cord of people with relapsing-remitting multiple sclerosis (RRMS). Resting-state FC can be measured using 
functional MRI (fMRI) at 3T. This study sought to determine whether alterations in FC may be related to the 
degree of damage in the normal-appearing tissue. Tissue integrity and FC in the cervical spinal cord were 
assessed with diffusion tensor imaging (DTI) and resting-state fMRI, respectively, in a group of 26 RRMS par-
ticipants with high cervical lesion load, low disability, and minimally impaired sensorimotor function, and 
healthy controls. Lower fractional anisotropy (FA) and higher radial diffusivity (RD) were observed in the 
normal-appearing white matter in the RRMS group relative to controls. Average FC in ventral and dorsal net-
works was similar between groups. Significant associations were found between higher FC in the dorsal sensory 
network and several DTI markers of pathology in the normal-appearing tissue. In the normal-appearing grey 
matter, dorsal FC was positively correlated with axial diffusivity (AD) (r = 0.46, p = 0.020) and mean diffusivity 
(MD) (r = 0.43, p = 0.032). In the normal-appearing white matter, dorsal FC was negatively correlated with FA 
(r = − 0.43, p = 0.028) and positively correlated with RD (r = 0.49, p = 0.012), AD (r = 0.42, p = 0.037) and MD 
(r = 0.53, p = 0.006). These results suggest that increased connectivity, while remaining within the normal 
range, may represent a compensatory mechanism in response to structural damage in support of preserved 
sensory function in RRMS.   

1. Introduction 

Cervical spinal cord (CSC) pathology is an important cause of 
disability for people with relapsing-remitting multiple sclerosis (RRMS). 
Advanced quantitative magnetic resonance imaging (MRI) measures of 
cord tissue integrity and function have the potential to provide 

information on pathology beyond atrophy and lesion burden, two 
routinely-used markers that each come with limitations in representing 
disease progression and explaining clinical impairment. Further char-
acterization of tissue injury in the CSC, which encompasses both focal 
lesions and microscopic changes in the normal-appearing tissue, can be 
obtained with diffusion tensor imaging (DTI). DTI indices in the spinal 
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cord have been shown to be sensitive to demyelination in both lesioned 
and normal-appearing tissue (Klawiter et al., 2011) and have demon-
strated correlations with disability (Ciccarelli et al., 2007; Kearney et al., 
2015; Naismith et al., 2013). 

Beyond structural damage, widespread alterations in neuronal acti-
vation probed with functional MRI (fMRI) have been observed in the 
brain of people with RRMS. Increases in functional connectivity (FC), 
shown using resting-state fMRI (rs-fMRI), were found to be associated 
with cognitive impairment (Cader et al., 2006; Hawellek et al., 2011) 
and overall disability (Faivre et al., 2016), particularly in the sensori-
motor network (Strik et al., 2021). Task-based fMRI studies in the CSC 
have shown increased activation and overall altered recruitment pat-
terns in response to tactile stimuli in RRMS (Agosta et al., 2008a; Agosta 
et al., 2008b; Valsasina et al., 2012), with more pronounced effects in 
patients with more severe disability (Valsasina et al., 2010). One study 
also found a link between extent of recruitment during tactile stimula-
tion and fatigue (Rocca et al., 2012). Potentially, therefore, resting-state 
patterns of neuronal activity in the cord may also be altered. The only 
previous resting-state study of the cord in MS, performed at 7T, found no 
global differences in FC between MS participants and controls, but 
observed complex effects of lesion location, column-wise and in the 
rostro-caudal axis, on different seed-based connectivity metrics in 
within-segment networks (Conrad et al., 2018). The impact of MS pa-
thology on CSC resting-state connectivity beyond those observations 
remains largely unknown, and the relationship between FC and tissue 
damage beyond focal lesions has not yet been assessed. Investigating this 
phenomenon is relevant to clinicians, as it would aid understand the 
potential impact of lesions on clinically hidden functional changes, the 
exhaustion of which eventually leads to irreversible disability. Such an 
assessment is also particularly important in patients with low disability, 
as they are those for whom strategies can still be implemented to prevent 
neurological decline, should a target for intervention be identified. 

Thus, we sought to determine whether: (1) FC abnormalities could be 
detected in minimally disabled participants with evidence of tissue 
damage beyond lesions; (2) FC was also related to the degree of non- 
lesional tissue damage; and (3) FC was related to sensorimotor clinical 
function. 

2. Materials and methods 

2.1. Data acquisition 

Twenty-eight participants with RRMS (Thompson et al., 2018) and 
25 sex- and age-matched healthy controls (HC) were consecutively and 
prospectively enrolled. Inclusion criteria for patients included an 
Expanded Disability Status Scale (Kurtzke, 1983) (EDSS) score ≤ 2, and 
known CSC involvement based on the presence of cervical lesions on the 
most recent clinical MRI. Two RRMS participants were excluded upon 
visual inspection of the data (39-year-old female, heavy distortions in 
the DTI data; 42-year-old female, poor fMRI quality owing to presence of 
metal in clothing). The final sample consisted in 26 participants with 
RRMS and 25 healthy controls (Table 1). All studies were approved by 
the local institutional review board and signed informed consent was 
obtained prior to participation. 

Participants completed a sensorimotor exam including the Timed Up 
and Go test (Nilsagard et al., 2007) (TUG) and lower extremity vibration 
threshold measurements using a Vibratron-II device (Newsome et al., 
2011). The average time of two TUG trials was calculated. Vibration 
testing was performed bilaterally on the big toe using a descending 
method of limits, and the average right and left thresholds were 
averaged. 

On the same study day, participants were scanned on a 3T Philips 
Elition (Philips Medical Systems, Best, The Netherlands) using a 16- 
channel neurovascular coil for reception and a 2-channel body coil for 
signal transmission. Physiological data were acquired using chest bel-
lows and a peripheral pulse oximeter with a sampling rate of 496 Hertz 

(Hz). Images were centered at the C3/C4 disk space and covered the 
same superior-inferior field of view. The acquisition protocol included 
the following sequences.  

- Sagittal T2-weighted turbo spin echo, TR/TE = 2500/100 ms, α =
90◦, FOV = 160 × 250 mm2, 18 slices, voxel size 0.8 × 1 × 2mm3 

(reconstructed to 0.49 × 0.49 × 2mm3).  
- PD/T2*-weighted axial anatomical scan: multi-echo Fast Field Echo 

(mFFE), TR/TE = 700/8ms, α = 28◦, FOV = 160 × 160 mm2, 14 
slices, voxel size 0.65 × 0.65 × 5mm3 (reconstructed to 0.31 × 0.31 
× 5mm3). 

- Resting-state functional run: 3D axial multishot gradient echo, vol-
ume acquisition time = 2.46 s, TE = 20 ms, α = 8◦, FOV = 150 ×
150mm2, 14 slices, voxel size 1 × 1 × 10mm3 (reconstructed to 0.59 
× 0.59 × 5mm3), 200 dynamics (~8 min), EPI factor = 9.  

- Cardiac-triggered, single-shot EPI diffusion sequence: TR = 5 beats 
(~4000 ms), TE = 77 ms, SENSE (RL) = 1.8, FOV = 80 × 57.5 ×
70mm3, 14 slices, resolution = 1.1 × 1.1 × 5mm3, averages = 3. A 
single-shell acquisition was used with 15 directions at b = 750 s/ 
mm2. 

2.2. Image processing 

All processing steps were performed using FSL v6.0.4 (Smith et al., 
2004) and Spinal Cord Toolbox (SCT) v4.0.2 (De Leener et al., 2017) 
unless specified otherwise. 

2.2.1. Anatomical preprocessing 
Cord segmentations were obtained on the sagittal T2 and axial mFFE 

scans using sct_deepseg_sc, and both images were co-registered. Vertebral 
levels were automatically identified on the sagittal T2 using SCT and 
transformed into mFFE space. In order to include anatomically consis-
tent regions between participants, only slices corresponding to the C3 
and C4 vertebral levels were retained for further analysis. Grey matter 
(GM) masks were obtained on the mFFE image using sct_deepseg_gm, and 
manually corrected where necessary. In the presence of lesions 
obscuring GM/WM boundaries, the ‘butterfly’ shape provided by the 
segmentation model was used as a starting point, and information on 
GM contour gained from adjacent slices. WM masks were obtained by 
subtracting the GM from the cord mask. Slicewise cross-sectional area 
(CSA) and GM CSA, corrected for cord angle, were obtained and aver-
aged within slices at the C3 and C4 vertebral levels. Lesion masks were 
drawn manually on the MS participants’ mFFE images by an experi-
enced neuroradiologist (CMK) using ITK-SNAP. Lesion fraction within 
the volume of interest was calculated for GM and WM as the proportion 
of voxels within the lesion mask to the respective tissue masks. 

Table 1 
Demographic and clinical measures for the control and MS groups.   

Healthy Controls (n =
25) 

Multiple Sclerosis (n =
26) 

p-value 

Sex at birth 14F/11 M 16F/10 M NS 
Age (years)a 28.9 ± 6.1 31.8 ± 6.1 NS 
Years of diseaseb – 2.6 (0.1–20.0) – 
EDSSb – 0.5 (0–2) – 
TUG (seconds)a 6.10 ± 1.06 7.30 ± 1.87 0.008** 
Vibration 

thresholda 
1.29 ± 0.49 1.81 ± 1.31 0.07 

Sensorimotor data were not available for one control participant (28-year-old 
male). All comparisons performed with Student’s t-tests, except sex at birth with 
a chi-square test. 
EDSS = Expanded Disability Status Scale score; NS = non-significant; TUG =
Timed Up and Go. Significant at **p < 0.01. aIndicates mean ± standard devi-
ation; bindicates median (range). 
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2.2.2. fMRI processing 
fMRI preprocessing was conducted using SCT and in-house code 

implemented in Matlab R2018b and Python 3.6.9. First, data were 
motion-corrected, including the extraction of x- and y-plane motion 
parameters. sct_deepseg_sc was used on the resulting mean functional 
image to obtain cord and CSF masks, which were manually edited where 
necessary. Whole-slice masks were obtained by subtracting the dilated 
cord and CSF masks from the whole image. Physiological signals cor-
responding to the respiratory cycle and cardiac rhythm were calculated 
using AFNI-RETROICOR (Glover et al., 2000). Structured noise signals 
within the global and CSF masks were identified slicewise using prin-
cipal component analysis, as described in Barry et al. (Barry et al., 2016). 
The obtained physiological, CSF and global signal, and motion correc-
tion parameters were regressed out from the functional run at each 
voxel. The denoised time-series were then band-pass filtered with a 
Chebyshev Type II filter using cutoffs of 0.01 and 0.10 Hz. 

GM regions of interest (ROIs) were created by segmenting GM on the 
anatomical mFFE and registering both images to functional space, par-
titioning the resulting mask into quadrants, and discarding the central 
GM commissure. To ensure adequate ROI selection, slices were retained 
only when GM ROIs were ≥ 4 voxels in the reconstructed resolution 
(~1.7 mm3); this was based on practical experience obtaining robust 
segmentations. Average time-series were obtained for each GM horn. 
Pearson correlation coefficients and corresponding Fisher z-scores, 
correcting for first-order autocorrelation as described by Rogers et al. 
(2008), were computed for each slice between the ventral, and the 
dorsal GM horns. Median ventral and dorsal network FC z-scores (sub-
sequently referred to as ventral and dorsal z-scores) for each subject 
were calculated across slices at the C3 and C4 levels concurrently. The 
temporal signal-to-noise ratio (tSNR) was calculated voxelwise, after 
nuisance regression and before band-pass filtering, as the ratio of the 
mean signal over time over the standard deviation of the time-series. The 
voxelwise tSNR values were then averaged within the GM to obtain one 
value per subject. 

2.2.3. DTI processing 
Diffusion data were motion-corrected, and model fitting was per-

formed with SCT to obtain fractional anisotropy (FA), radial (RD), axial 
(AD), and mean diffusivity (MD) maps. The mean motion-corrected 
diffusion-weighted image was segmented to obtain a cord mask in 
diffusion space, and the mFFE and corresponding GM, WM, lesion, and 
vertebral levels masks were transformed into diffusion space using a 
nonlinear warp to account for distortions in diffusion-weighted images. 
Mean values for normal-appearing GM (NAGM), WM (NAWM), and 
lesioned tissue were calculated across slices corresponding to the C3 and 
C4 vertebral levels. 

2.3. Statistical analysis 

Statistical analyses were carried out in R v3.6.3 (R Core Team, 2017). 
Demographic, morphometric, DTI indices (FA, RD, AD and MD) in the 
normal-appearing and lesioned GM and WM, and FC indices (ventral 
and dorsal network z-scores) were compared between groups using 
Student’s t-test. Ventral and dorsal z-scores, and normal-appearing and 
lesioned tissue DTI metrics within the MS group, were compared within- 
subject using paired t-tests. In each group, correlations between DTI and 
FC metrics were computed using Pearson’s correlation coefficient. 
Further, we conducted partial correlation analyses to assess the rela-
tionship between DTI-derived indices and z-scores with age, disease 
duration, GM and WM lesion fraction, and tSNR of the functional 
acquisition as covariates of no interest. Finally, the relationships be-
tween connectivity z-scores and EDSS, TUG, and vibration threshold, 
and between DTI indices and EDSS were tested using Spearman’s rank 
correlation coefficient. In addition to significant findings (α = 0.05), we 
report results at the trend level (p < 0.10) due to the exploratory nature 
of this study. 

3. Results 

3.1. Group comparisons 

Demographic details and sensorimotor results are reported in 
Table 1. Participants with MS had significantly longer TUG times than 
controls (p = 0.008) but showed no difference on the vibration threshold 
test (although a trend was observed, p = 0.07). Example images, 
segmented regions of interest and quantitative DTI-derived maps for one 
control and one participant with MS are shown in Fig. 1. Representative 
functional data for one subject can be found in Supplemental Fig. 1. The 
obtained morphometric, fMRI and DTI-derived indices and group com-
parisons are reported in Table 2. 

Cord and GM CSA did not differ between the groups. The median 
lesion fraction in MS participants was 5% in the GM and 13% in the WM. 
All patients had WM lesions, and all but four had lesions in the GM. 

Exclusion of small GM horn regions (<4 voxels) resulted in the dorsal 
network z-score for one MS participant (23-year-old female) being dis-
carded. For both groups, the average ventral z-score was higher than the 
dorsal z-score (both p < 0.0001). Ventral and dorsal z-scores did not 
differ between HC and MS (Fig. 2A). There was no significant difference 
in tSNR between groups. 

Group comparisons of DTI metrics are shown in Fig. 3. There were no 
significant group differences in NAGM. GM lesions differed from control 
values for FA (p = 0.044) and RD (p = 0.019), and at the trend level for 
MD (p = 0.07). In the NAWM, FA was significantly lower (p = 0.009) 
and RD significantly higher (p = 0.032) in the MS group compared to 
controls. In WM lesions, FA was lower (p = 0.002), and both RD (p =
0.002) and MD (p = 0.001) were higher in the MS group compared to 
healthy WM. Comparisons between lesioned and NA tissue in the MS 
group are reported in Table 2. 

3.2. Correlations between DTI and fMRI 

There were no significant correlations between DTI and FC indices in 
the control group, except for dorsal z-score which showed trends with 
FA (r = -0.37, p = 0.065) and RD (r = 0.35, p = 0.089) in the WM (data 
not shown). In the MS group, ventral network z-scores were not related 
to any of the DTI parameters (Supplemental Fig. 2). 

Several correlations were observed between dorsal z-scores and DTI 
indices in the MS group (Fig. 4). In the NAGM, dorsal z-scores were 
positively correlated with AD (r = 0.46, p = 0.020) and MD (r = 0.43, p 
= 0.032). In the NAWM, dorsal z-scores were correlated with all DTI 
indices: lower FA (r = − 0.43, p = 0.028), and higher RD (r = 0.49, p =
0.012), AD (r = 0.42, p = 0.037) and MD (r = 0.53, p = 0.006). 

Additional analyses evaluated the potential confounding effects of 
covariates (age, disease duration, GM and WM lesion fraction, and tSNR 
of the functional run) on the observed correlations. Of the six significant 
correlations above detailed, all remained significant after the addition of 
the covariates above (data not shown) except that seen between dorsal z- 
score and mean FA in the NAWM (r = − 0.39, p = 0.092). 

3.3. Associations with clinical measures in MS 

The distribution of z-scores by EDSS within the MS group is shown in 
Fig. 2B. There was no significant relationship between EDSS and either 
ventral or dorsal z-scores (p > 0.05). Regarding DTI metrics, decreased 
FA in the NAWM was significantly associated with higher EDSS scores 
(rho = − 0.42, p = 0.034), and RD showed a trend in the opposite di-
rection (rho = 0.38, p = 0.051) (Supplemental Fig. 3). TUG and vibra-
tion threshold were not correlated with z-scores (Supplemental Fig. 4). 

4. Discussion 

We used DTI and rs-fMRI to compare indices of structural integrity 
and FC in the CSC of participants with RRMS with low disability (EDSS 
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≤ 2) and controls. We found evidence of lesioned and normal-appearing 
tissue changes measured with DTI in both the GM and WM but overall 
preserved connectivity. RD and MD in the NAGM, and all indices in the 
NAWM indicative of tissue damage were significantly correlated with 
higher FC in the dorsal sensory network. These findings are discussed in 
further detail below. 

4.1. Structural changes 

Median CSC lesion fraction was 5% within GM and 13% within WM. 
While this is higher than previous reports (Eden et al., 2019), we spe-
cifically recruited patients with known CSC involvement on clinical 
scans, all with evident cord lesions. Moreover, lesion fraction was 
calculated within the C3 and C4 levels, the areas with the highest lesion 
frequency in the CSC (Eden et al., 2019). We observed no significant 
whole-cord atrophy in this sample of relatively young people with the 
RR subtype and low EDSS scores. While cord atrophy can be measured 
early in the disease course, including in clinically isolated syndrome 
(Casserly et al., 2018), this may not have been detectable with the 
current sample size. Moreover, focal lesions, which were highly preva-
lent in this group, can cause both swelling or volume loss, which may 
have competing effects on measured CSA (Biberacher et al., 2015). In 
the GM, CSA and DTI parameters were similar between MS and control 

participants, despite the high lesion load noted above. GM neuronal loss 
is not always detectable in RRMS patients with low disability (Chen 
et al., 2020), and may not yet be visible in this cohort. Additionally, the 
adequacy of DTI in probing GM damage is limited, and DTI measures 
have lower SNR in GM than WM. In the NAWM, FA and RD were 
significantly different from controls, indicating loss of fiber coherence 
and demyelination, respectively. This has been noted in several studies 
of RRMS (Cohen et al., 2017; Martin et al., 2016), and could be linked to 
the high prevalence of lesions in the imaged volumes, as damage is more 
commonly seen in regions adjacent to lesions (Moll et al., 2011; Vrenken 
et al., 2006), as well as microstructural damage (Van Hecke et al., 2009). 
FA in NAWM was also significantly correlated with EDSS score, with 
lower values found in patients with greater impairment (and a corre-
sponding trend seen with increased RD). Finally, several DTI indices 
were different in both lesioned GM and WM, reflecting demyelination 
and axonal loss (Cohen et al., 2017; Sbardella et al., 2013). In both tissue 
types, reduced FA is linked with loss of myelin and expansion of the 
extracellular space (Sbardella et al., 2013), while increased RD reflects 
the severity of myelin injury and demyelination (Klawiter et al., 2011). 
The increase in MD in WM lesions (and at the trend level in GM lesions) 
can likely be attributed to the increase in RD. AD was significantly 
higher in WM lesions compared to NAWM. A possible explanation is that 
in WM lesions past the acute stage, elevated AD may reflect cellular 

Fig. 1. Example data for one control (25-year-old female) and one participant with MS (25-year-old female, EDSS 0, disease duration < 1 year). Shown are the mFFE 
anatomical image used for lesion identification, vertebral level identification and segmentation; the average functional image showing grey/white matter contrast 
after motion correction; grey matter horns regions of interest in functional space used to derive functional correlations; tissue type segmentations in diffusion space 
overlaid on a b = 0 image; and FA, RD, AD and MD quantitative maps. A dorsal column lesion in the MS participant is shown with a red arrow, and the corresponding 
lesion mask in DTI space in red on the segmentation image. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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responses to injury, such as gliosis and cellular infiltration (Aung et al., 
2013). 

4.2. Resting-state functional connectivity and associations with tissue 
damage 

We found that ventral connectivity was higher than dorsal connec-
tivity in both groups. This has been a consistent finding in some (Conrad 
et al., 2018; Kong et al., 2014), but not all (Eippert et al., 2017), studies 
of CSC connectivity so far. 

We observed that FC in the RRMS group was similar to controls’ in 
both networks. Preserved connectivity has previously been observed by 
Conrad et al. (2018) in 22 patients with RRMS. Such preservation may 
indicate the known ability of the central nervous system to compensate 
for tissue injury by maintaining adequate resting-state network activity. 
Here, dorsal FC was positively correlated with all indices of NAWM 
pathology, and specifically biologically relevant indices of NAGM 
damage. The interpretation of NAWM changes in FA and RD is discussed 
in the previous section. In both NAWM and NAGM, AD and MD were 
similar to the control group, but both were positively correlated with 
increased dorsal connectivity. In NA tissue, higher AD may reflect rep-
aratory processes indicative of more long-standing damage (Aung et al., 
2013) which would be found in those subjects with a compensatory 
increase in connectivity. Increased MD, while unspecific, is indicative of 
increased diffusivity and general loss of tissue integrity and likely re-
flects the accompanying changes in AD and RD. An earlier study of task- 
based fMRI in the RRMS cord showed significant associations between 
FA and MD values and increased signal change in response a proprio-
ceptive stimulation (Agosta et al., 2008b). Conrad and colleagues 
(Conrad et al., 2018) found that in-slice lateral and dorsal WM lesions 
tended to increase dorsal FC, and hypothesized that increased FC would 
be found in the MS cord, based on the brain rs-fMRI and task-based 
spinal cord fMRI literature. Increased brain resting-state FC has been 
observed in RRMS, especially in the early stage of disease before the 
accumulation of structural damage and before exhaustion of efficient 
functional compensatory mechanisms (Basile et al., 2014; Faivre et al., 
2016; Strik et al., 2021; Tommasin et al., 2018). We can therefore 
postulate that the higher FC observed in those patients with greater 
tissue damage may reflect an adaptive compensatory response in reac-
tion to tissue injury in order to preserve clinical function. Those patients 
with preserved connectivity in the presence of lesions may represent the 
ideal candidate group for whom neuroprotective strategies maintaining 
‘healthy’ network connectivity could be indicated and have maximal 
efficiency. 

Two relationships at the trend level were observed in controls: higher 
dorsal z-score with lower WM FA and higher RD (both p < 0.10). All 
participants were under 42 years old, likely precluding age effects. A 
possible explanation may be a mediating effect of data quality (e.g. 
participant motion) that would concurrently affect DTI and FC mea-
sures. Others have warned on signal quality confounding group effects in 
rs-fMRI analysis, specifically in the context of MS (Baijot et al., 2021). 
However, the addition of tSNR as a covariate did not overall affect the 
correlations between DTI indices and dorsal connectivity. Other prop-
erties of the fMRI signal that may be specific to MS, such as intrinsic 
vascular and neuronal activity characteristics, could be further investi-
gated with methods like analysis of the amplitude of low frequency 
fluctuations (Zang et al., 2007). 

4.3. Limitations and future directions 

Some methodological considerations should be discussed. First, the 
low-pass filter cut-off was set at 0.10 Hz. A previous investigation 
showed benefit in using a higher cut-off for detecting higher correlations 

Table 2 
Comparison of anatomical, diffusion tensor imaging, and functional indices 
between groups.   

HC (n ¼
25) 

MS (n ¼
26) 

p-value  

Morphometry     
CSA, mm2 82.77 ±

10.18 
81.20 ±
6.54 

NS  

GM CSA, mm2 17.01 ±
1.62 

16.51 ±
1.24 

NS  

Percent lesion fraction 
in GMa 

– 5 (0–98) –  

Percent lesion fraction 
in WMa 

– 13 (0–75) –   

Functional 
connectivity     

Ventral network (z- 
score) 

7.14 ±
1.79 

7.67 ±
1.92 

NS  

Dorsal network (z- 
score) 

4.80 ±
1.81 

5.14 ±
1.73 

NS  

tSNR 21.95 ±
4.33 

19.63 ±
5.73 

NS   

DTI indices in NAGM     
FA 0.588 ±

0.056 
0.568 ±
0.051 

NS  

RD, mm2/s x10-4 5.70 ±
0.74 

6.00 ±
0.86 

NS  

AD, mm2/s x10-4 16.13 ±
0.65 

16.09 ±
0.97 

NS  

MD, mm2/s x10-4 9.18 ±
0.45 

9.37 ±
0.77 

NS   

DTI indices in NAWM     
FA 0.753 ±

0.048 
0.715 ±
0.052 

0.009**  

RD, mm2/s x10-4 4.23 ±
0.81 

4.78 ±
0.95 

0.032*  

AD, mm2/s x10-4 19.23 ±
0.57 

18.96 ±
0.75 

NS  

MD, mm2/s x10-4 9.23 ±
0.53 

9.51 ±
0.79 

NS   

DTI indices in GM 
lesions   

vs HC 
group 

vs MS 
group 

FA – 0.548 ±
0.070 

0.044* NS 

RD, mm2/s x10-4 – 6.25 ±
0.76 

0.019* NS 

AD, mm2/s x10-4 – 16.09 ±
1.59 

NS NS 

MD, mm2/s x10-4 – 9.53 ±
0.75 

0.07 NS  

DTI indices in WM 
lesions     

FA – 0.701 ±
0.064 

0.002** 0.08 

RD, mm2/s x10-4 – 5.12 ±
1.08 

0.002** 0.006** 

AD, mm2/s x10-4 – 19.55 ±
1.19 

NS 0.0004*** 

MD, mm2/s x10-4 – 9.93 ±
0.87 

0.001** 0.0001*** 

All values are reported as mean ± standard deviation unless specified otherwise. 
Group comparisons were performed with Student’s t-tests, and diffusion metrics 
in normal-appearing vs lesioned tissue in the multiple sclerosis group with 
paired t-tests. Dorsal network data were not available for one MS participant 
(23-year-old female) due to image quality. 
AD = axial diffusivity; CSA = cross-sectional area; DTI = diffusion tensor im-
aging; FA = fractional anisotropy; GM = grey matter; HC = healthy controls; 
MD = mean diffusivity; NA = normal-appearing; NS = non-significant; RD =

radial diffusivity; tSNR = temporal signal-to-noise ratio; WM = white matter. 
Significant at *p < 0.05, **p < 0.01, ***p < 0.001. aIndicates median (range). 
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between regions (Barry et al., 2018). Our volume acquisition time of 
2.46 s theoretically enables the detection of signals at frequencies up to 
0.20 Hz. However, the characteristics of blood oxygen level-dependent 
fluctuations in the spinal cord have yet to be investigated in detail, 
and a more conservative 0.10 Hz cut-off as chosen here is used in most 
brain studies (Powers et al., 2018). Second, signal from the surrounding 
WM was not regressed out from the GM signal, as the relationships be-
tween possibly meaningful WM fluctuations and GM activation are not 
fully known (Mazerolle et al., 2013); this could have influenced the 
robustness of the obtained correlations (Brooks et al., 2017). Third, the 
MS group contained more female than male participants, which is 

representative of the demographic makeup of RRMS. One study sug-
gested the possibility of higher FC in healthy female participants (Con-
rad et al., 2018). Though the proportion of female participants in each 
group was matched in this study, a larger sample size would help 
disentangle the effects of disease status, age, and sex. Fourth, a detailed 
analysis of the influence of lesion location such as that performed by 
Conrad et al. (2018) was outside the scope of this project. No differen-
tiation was made between different WM tracts, and between metrics up- 
or downstream of lesions. Thus, there is variation in the neuroanatom-
ical relationship between the GM neurons and the WM tracts that were 
assessed. Moreover, the up- and downstream effects of tissue damage to 

Fig. 2. (A) Functional connectivity indices between groups. Ventral and dorsal network z-scores do not significantly differ between control and MS participants. (B) 
Distribution of z-scores by EDSS in MS participants compared to controls’ values. Note the EDSS scale is not continuous. One dorsal z-score is missing for one MS 
participant (23-year-old female) due to data quality. 

Fig. 3. Comparison of DTI values in GM and WM between controls, MS normal-appearing and lesioned tissue. †Trend level result (p < 0.10, non-significant). 
Significant at *p < 0.05, **p < 0.01, ***p < 0.001. 
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other areas of the central nervous system cannot be discounted. RRMS 
cervical lesions occur preferentially in the dorsal and lateral columns, 
which include the tracts that serve the dorsal sensory neurons (Eden 
et al., 2019), a possible explanation for the observation of increased 
connectivity being detected in the dorsal, but not the ventral network in 
this cohort. Separating different tracts for DTI measures in healthy and 
lesioned GM and WM is the next step in untangling the localized effects 
of tissue damage on connectivity. 

Participants differed on the TUG, a sensitive measure of functional 
mobility, but not on the vibration perception threshold test (although a 
trend was noted). Those measures characterize a cohort with evident 
lesional and diffuse pathology, as noted above, who experience minimal 
clinical symptoms. While no correlations between FC and sensorimotor 
function were observed, MS participants with an EDSS of 2 (highest in 
this sample) had high FC values. Inclusion of participants with more 
severe sensorimotor symptoms would be valuable to investigate the 
hypothesis that connectivity may be increased as a compensatory 
mechanism in early-stage MS. Future work will differentiate between 
ascending and descending WM tracts and examine column-specific DTI 
measures to further characterize the location and extent of tissue dam-
age in relation to FC. A more thorough assessment of FC and its relation 
to both microstructural damage and symptoms may help evaluate the 
presence, amplitude, and time course of compensatory effects, and un-
derstand the known discrepancy between radiological disease burden 
and clinical manifestations. 

5. Conclusion 

Tissue damage in the CSC was detected with DTI in a cohort of 
minimally impaired RRMS patients. While FC assessed with rs-fMRI was 
found to be intact, there was an association between the degree of tissue 
injury and connectivity strength in the dorsal network. Present findings 
indicate that the ability to maintain normal FC may be linked with the 
relative preservation of sensorimotor function in this group in the 
presence of tissue damage, and provide evidence for the presence of 
functional compensation mechanisms in the spinal cord. 
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