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Abstract 

Background. Spatio-temporal evolution of cord atrophy in MS has not been investigated 

yet.  

Objective. To evaluate voxel-wise distribution and 1-year changes of cervical cord atrophy 

in a multicenter MS cohort. 

Methods. Baseline and 1-year 3D T1-weighted cervical cord scans and clinical evaluations 

of 54 healthy controls (HC) and 113 MS patients (14 clinically isolated syndromes [CIS], 77 

relapsing-remitting [RR], 22 progressive [P]MS) were used to investigate voxel-wise cord volume 

loss in patients vs HC, 1-year volume changes and clinical correlations (SPM12). 

Results. MS patients exhibited baseline cord atrophy vs HC at anterior and posterior/lateral 

C1/C2 and C4-C6 (p<0.05, corrected). While CIS patients showed baseline volume increase at C4 

vs HC (p<0.001, uncorrected), RRMS exhibited posterior/lateral C1/C2 atrophy vs CIS, and PMS 

showed widespread cord atrophy vs RRMS (p<0.05, corrected). At 1-year, 13 patients had clinically 

worsened. Cord atrophy progressed in MS, driven by RRMS, at posterior/lateral C2 and C3-C6 

(p<0.05, corrected). CIS patients showed no volume changes, while PMS showed circumscribed 

atrophy progression. Baseline cord atrophy at posterior/lateral C1/C2 and C3-C6 correlated with 

concomitant and 1-year disability (r=-0.40/-0.62, p<0.05, corrected). 

Conclusions. Voxel-wise analysis characterized spinal cord neurodegeneration over 1-year 

across MS phenotypes and helped to explain baseline and 1-year disability.  
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Introduction 

The spinal cord is clinically eloquent and is often affected by multiple sclerosis (MS).1 Focal 

and diffuse lesions, especially in the cervical cord, are common in MS patients,2 who usually 

develop cervical cord atrophy, as a result of demyelination and axonal loss.1 

Cord atrophy occurs in relapsing-remitting (RR) MS, but becomes more severe and 

prominent in progressive (P) MS phenotypes.1, 3, 4 Longitudinal assessments found a decrease of 

cord cross-sectional area (CSA) both in RRMS and in PMS, with variable rates of CSA reduction.4-7 

On the other hand, in patients with clinically isolated syndrome (CIS) cord atrophy seems to be 

absent or very limited.4, 8 Cord atrophy is clinically relevant, as confirmed by several studies 

detecting a significant relationship between CSA reduction and severity of clinical disability.1, 3-5, 7, 

9, 10 Cord atrophy progression may contribute to explain disability worsening at short- or medium-

term follow-up (1-5 years),4, 5, 7 whereas such a relation seems to be lost in longer follow-ups, 

suggesting a plateauing effect.11, 12 

Recent advances in image post-processing have allowed a rapid segmentation of the spinal 

cord along large portions, using a method based on active surfaces (AS)13 or on deep learning14 as 

implemented in the Spinal Cord Toolbox,15 and the assessment of cord atrophy profiles at different 

levels. The same method also allowed reformatting the spinal cord perpendicularly to its cord centre 

line13, 16 and performing voxel-wise analyses of cervical cord atrophy.9, 10 This methodology was 

also used to assess the regional distribution of T2-hyperintense9, 17 and T1-hypointense10 cervical 

cord lesions. To date, these methods have been applied only in cross-sectional studies.  

Here, we hypothesized that the application of voxel-wise techniques to longitudinal, high-

resolution MRI scans of MS patients may help to characterize the spatial evolution of cervical cord 

atrophy in disease phenotypes not only at different levels, but also within the transverse cord 

section. Such a framework may help to identify specific baseline atrophy profiles that may be 

relevant for concomitant and subsequent disability. 
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To test this hypothesis, we used voxel-wise analysis to further explore within- and across-

plane distribution and changes over 1-year of cervical cord atrophy in a multicenter MS cohort, in 

which we already characterized global and level-specific cervical cord atrophy in MS.4 Associations 

between cord atrophy and baseline and 1-year disability were also investigated.  

 

Methods 

Ethics committee approval. Approval was received from Local Ethical standards 

committees; written informed consent was obtained from all participants prior to enrolment. 

Participants. Participants are part (34%) of a prospective cohort (www.magnims.eu), 

enrolled between May 2010 and March 2016 in a previous study.4 All participants underwent a 

clinical and MRI evaluation at baseline and after 1 year. From the original cohort,4 we excluded 

subjects from two centres, because follow-up scans for both healthy controls (HC) and MS patients 

(necessary for the present analysis) were not available (Figure 1). To be included, MS patients had 

to have stable treatment during the past 6 months and received no corticosteroids during the last 

month. CIS patients had to have a first episode suggestive of CNS demyelination and a clinical 

assessment within three months from clinical symptoms. Exclusion criteria were: history of cervical 

cord/brain trauma, severe cord compression (radiologically defined) on previous MRI, diagnosis of 

neuromyelitis optica and other MS mimickers; major comorbidities; history of drug/alcohol abuse; 

inability to undergo MRI; pregnancy or breastfeeding.  

Clinical assessment. Within two days from baseline and 1-year MRI, MS patients underwent 

a complete neurological evaluation, with rating of the Expanded Disability Status Scale (EDSS) 

score and functional system (FS) subscores.18 At 1-year, patients were clinically worsened if EDSS 

score increased ≥1.0 point when baseline EDSS was <6.0, or if EDSS score increased ≥0.5 point 

when baseline EDSS was ≥6.0.19 EDSS changes were confirmed during a second visit after three-

months. Disease-modifying treatments and occurrence of relapses during the follow-up were 

recorded. Considering the similarity of clinical, histopathological and imaging features in primary 
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and secondary PMS20 and considering the low number of patients, secondary and primary PMS 

were grouped together.  

MRI acquisition and conventional MRI analysis. All centres used the same 3.0 T scanners at 

baseline and follow-up (Hospital Vall d’Hebron, Barcelona: Siemens Magnetom Trio; UCL London 

and IRCCS San Raffaele Scientific Institute: Philips Achieva; Neurocenter of Southern Switzerland, 

Lugano, and University of Heidelberg, Mannheim: Siemens Magnetom Skyra; University of 

Campania “L. Vanvitelli”, Naples: General Electric Signa HDtx; University of Oxford: Siemens 

Magnetom Prisma) to acquire sagittal 3D T1-weighted scans covering the whole-cervical cord,4 

used for atrophy analysis. The MRI protocol also included: a) cervical cord sagittal short-tau 

inversion recovery or T2-weighted/dual-echo fast spin-echo (for cervical cord lesion count); b) 

brain dual-echo fast spin-echo or T2-fluid-attenuated inversion recovery (for brain T2-hyperintense 

lesion volume (LV) assessment); and c) brain sagittal 3D T1-weighted (for T1-hypointense LV and 

global brain volumetry assessment) (Supplementary Table 1).4  

Cord atrophy assessment. Figure 2 shows the main workflow of MRI data processing. 

Sagittal T1-weighted cervical cord images underwent axial reformatting and 1-mm thickness 

resampling to obtain normalized cord CSA between C1 and C7 with the AS method and the Jim 

software.4, 13 Baseline and follow-up cord images and binary cord masks were straightened in planes 

perpendicular to the estimated cord centre line.13 This was necessary to reduce differences in cord 

curvature between time points, due to variability of subject’s positioning within the scanner, and to 

allow subsequent image registration.6, 21 Then, baseline and 1-year T1-weighted cord images from 

all HC were non-linearly registered using SPM12 and pairwise registration,22 generating an 

unbiased half-way cord image for each subject. Interparticipant neck length variability was 

corrected by rescaling images to the median cervical cord length of HC (i.e, 117 mm); inter-center 

geometry differences were adjusted by cropping all images to the common inner field-of-view 

(66x246 mm2). Straightened T1-weighted cord images and corresponding masks from HC and MS 

patients were then rigidly co-registered (using trilinear interpolation to save cord output masks) to 
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average half-way HC cord image from all sites, serving as cord template, using Jim7. Specifically, 

rigid registration consisted of a translation and rotation in the x-y plane and a scaling factor along 

the cranio-caudal direction.10, 16 This was done to avoid deforming cord masks and to minimize any 

bias on subsequent atrophy evaluation. Finally, cord masks were smoothed (full-width at half 

maximum Gaussian kernel=1x1x2 mm3).16  

Statistical analysis. Brain T2 LV and T1 LV were log transformed. Baseline comparisons of 

demographic, clinical and conventional brain and cord MRI measures between HC and MS patients 

and among phenotypes were performed using two-sample t tests, Chi-square tests (as appropriate 

according to data normality), Kruskall-Wallis tests and ANOVA models adjusted for age, sex and 

site (SPSS software, version 26.0). The following post hoc contrasts were used: HC vs CIS, CIS vs 

RRMS, and RRMS vs PMS. Repeated-measures ANOVA models adjusted for age, sex, site and 

follow-up duration assessed longitudinal changes of clinical/conventional MRI metrics, using the 

above-mentioned post hoc contrasts.  

 The voxel-wise analysis of cord atrophy distribution was performed using SPM12, including 

age, sex and site (and follow-up duration for longitudinal analyses) as confounding covariates. Total 

cord volume was also included as confounding covariate to privilege the detection of regional on 

whole-cord atrophy differences. Full factorial models assessed baseline and 1-year cord atrophy 

differences between HC and MS patients and among phenotypes. Within-group voxel-wise changes 

of cord atrophy over time were investigated using paired t tests, while time-by-group interactions of 

cord atrophy progression were tested using full factorial models.  

Linear regression models (SPSS 26.0) assessed correlations between: 1) baseline clinical 

and baseline cord/brain MRI metrics; and 2) follow-up EDSS score and baseline cord/brain MRI 

metrics (including also baseline EDSS as confounding covariate). Likewise, SPM12 multiple 

regression models assessed correlations of baseline regional cord atrophy with: 1) baseline 

clinical/conventional MRI variables; and 2) follow-up EDSS score (including also baseline EDSS 

as confounding covariate). Results were tested at p<0.05, clusterwise family-wise error (FWE) 
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corrected for multiple comparisons; uncorrected results (p<0.001) were also reported. Clusters of 

cord atrophy surviving at these two statistical thresholds were then superimposed on a custom-made 

region-label cord mask in the normalized space to label atrophy clusters.10, 16 

Validation analysis. To test stability of our results against the multicenter study design, we 

repeated the main regional cord atrophy statistical analyses using subjects from one site only 

(IRCCS San Raffaele Scientific Institute). 

 

Results 

Demographic, clinical and conventional MRI. Sixty-three HC and 148 MS patients were 

screened. After excluding 9 HC and 35 MS patients because of inadequate image post-processing 

(artefacts, n=4 HC/10 MS; unsuccessful registration, n=5 HC/15 MS, Figure 1), data from 54 HC 

and 113 MS patients were finally included. There were 14 CIS, 77 RRMS and 22 PMS patients 

(Table 1), with the following distribution: n=5/13 HC/MS from Barcelona; n=7/15 HC/MS from 

London; n=9/29 HC/MS from Lugano; n=5/12 HC/MS from Mannheim; n=14/22 HC/MS from 

Milan; n=6/14 HC/MS from Naples; and n=8/8 HC/MS from Oxford. MS patients were not 

significantly different from HC in terms of global brain volume and whole-cervical CSA (Table 1). 

EDSS score, disease duration and treatment were heterogeneous among MS phenotypes. Brain T2 

LV (p<0.001) and T1 LV (p=0.001) were higher in RRMS vs CIS, but not different between RRMS 

and PMS patients. There was a trend (p=0.1) towards a lower normalized CSA in RRMS vs CIS, 

becoming significant (p<0.001) in PMS vs RRMS patients. Cord lesion number did not differ across 

phenotypes (Table 1).  

The median follow-up duration was 1.01 years (interquartile range=0.98-1.15 years) in HC 

and 1.09 years (interquartile range=0.99-1.27 years) in MS patients (p=0.14). Four patients evolved 

from CIS to RRMS; 4 evolved from RRMS to PMS. EDSS score did not change over time in the 

whole MS group (p=0.25). Thirteen patients (12%) had clinically worsened at 1-year.  
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Brain T2 LV (p=0.1) and T1 LV (p=0.9) were stable over time. Whole-cord atrophy 

progression was significantly higher in MS patients vs HC (Table 1), but not different in RRMS vs 

CIS (p=0.2), nor in RRMS vs PMS patients (p=0.6). The median number of new cord lesions at 

follow-up was 0 and the percentage brain volume change was not significantly different among 

groups (Table 1).  

Voxel-wise cervical cord atrophy analysis. Findings at baseline. Cord atrophy in MS 

patients vs HC was localized in the anterior, posterior and lateral cord columns at C1/C2, and in the 

lateral and posterior cord between C3 and C6 (p<0.05, FWE, Figure 3, Table 2).  

When looking at clinical phenotypes, we found volume increase in CIS patients vs HC in the 

posterior/lateral cord at C4 (p<0.001, uncorrected) (Figure 3, Table 2), while RRMS had significant 

atrophy vs CIS mainly in the posterior and lateral cord columns at C1/C2 (p<0.05, FWE), and PMS 

showed widespread cord atrophy vs RRMS patients (p<0.05, FWE), especially posteriorly/laterally 

at C3, C4, C5, C6 and C7 (Figure 3, Table 2).  

Findings at follow-up. Cord volume remained stable in HC during the follow-up. In MS 

patients, cervical atrophy progressed in the posterior and lateral cord columns at C1/C2, and 

between C4 and C6 (p<0.05, FWE) (Figure 4, Table 3) and was significantly greater at C1/C2 than 

in HC at time-by-group interaction analysis (p<0.001).  

Such pattern was mainly driven by RRMS, who showed a pronounced cord atrophy 

progression in these regions (p<0.05, FWE). Cord volume did not change significantly in CIS, who 

exhibited cord volume increase vs HC (p<0.001, uncorrected) in the posterior/lateral cord at C4 at 

1-year. Cord atrophy developed in the posterior/lateral cord at C1/C2, C3 and C5 in PMS patients 

(p<0.001, uncorrected) (Figure 4, Table 3). Results did not change when including baseline 

treatment/treatment change as additional confounding covariates (data not shown). Also, results 

obtained using single-site data resembled those obtained using the whole study cohort, as shown in 

Supplementary Tables 2 and 3, and Supplementary Figure 1. 
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Correlation analysis. In MS patients, a higher baseline EDSS and a longer disease duration 

were associated with higher brain T2 LV, T1 LV and cord lesion number (beta=range 0.19 to 0.28, 

p=range 0.01 to 0.001). No correlations were found between clinical variables vs whole-brain 

volumes and whole-cord CSA, both at baseline and follow-up.  

At voxel-wise analysis, significant associations were found between baseline cervical cord 

atrophy, especially in lateral C1/C2 and between C3 and C6, and baseline EDSS score (r=range -

0.40 to -0.62, p<0.05 FWE, Figure 5). This association was mainly driven by the pyramidal FS 

(r=range -0.46 to -0.59, p<0.05 FWE) and sphincteric FS (r=-0.55, p<0.05 FWE) (Figure 5), while 

the remaining FS subscores were not correlated with cervical cord atrophy. In addition, baseline 

cord tissue loss in lateral regions between C3 and C6 was associated with a longer disease duration 

(r=range -0.45 to -0.59, p<0.05 FWE). Higher T2 and T1 LV (r=range -0.37 to -0.41, p<0.05 FWE) 

and lower whole-brain volume (r=range 0.40 to 0.49, p<0.001 uncorrected) were associated with 

cord atrophy at posterior C6 and anterior C1/C2. Finally, a higher follow-up EDSS score was 

predicted by higher baseline cervical cord atrophy in posterior/anterior C4-C6 regions (r=range -

0.77 to -0.87, p<0.05 FWE, Figure 5).  

 

Discussion 

 In this study, a voxel-wise, longitudinal technique allowed us to obtain a detailed 

characterization of the spatio-temporal distribution of cord atrophy in a relatively large, multicenter 

MS group and to investigate correlations with clinical disability at baseline and after 1-year of 

follow-up.  

 Considering baseline cord/brain atrophy assessment, whole-cervical cord normalized CSA 

and normalized brain volume were not significantly lower in MS patients than HC, a finding 

probably related to the high proportion of CIS and RRMS. Despite this, a regional loss of cord 

tissue, significant at corrected threshold, was detected. In line with previous voxel-wise MRI 

studies9, 10, 16 and pathological data,23 atrophy clusters were mainly located along the posterior and 
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lateral cord boundaries. This suggests a higher sensitivity of regional than global atrophy 

quantification, with global assessment probably being able to disclose a significant cord 

involvement when diffuse cord tissue loss exceeds a certain extent. In addition, results indicate a 

greater vulnerability to MS-related damage of posterior and lateral rather than anterior cord 

columns, resembling previous lesional,10 atrophy4, 10 quantitative MRI24-27 and pathological23 

investigations.   

 Baseline cord atrophy location in the different MS phenotypes also presented some 

interesting features. While CIS patients showed circumscribed cord volume increase in the 

posterior/lateral cord at C3/C4, cervical cord tissue loss was significant in RRMS in the lateral cord 

at C1/C2, and was more severe and widespread at all cord levels in PMS patients. Previous studies 

generally detected no cord atrophy in CIS patients vs HC;4, 8, 9 however, some evidence of increased 

cord volume at early disease stages was found,28 which might be due to inflammation or edema-

related expansion. In line with previous studies,4, 9, 10 cord atrophy in RRMS patients was limited to 

the lateral columns at C1/C2. Conversely, in PMS patients atrophy was distributed across all levels, 

reinforcing the notion that severe cord tissue loss is a typical feature of progressive phases1, 16 and 

that a cranio-caudal gradient of cord involvement occurs over MS disease course.4  

 The novel analysis method we used allowed to define the spatial profiles of cord atrophy 

progression across and within cord levels, which were never investigated before. To date, voxel-

wise studies of cord volume loss were performed only cross-sectionally.9, 10, 16 The extension to 

longitudinal designs required registering straightened baseline and follow-up cord T1-weighted 

images in a half-way space, used for the creation of a reference cord template. This was achieved by 

using symmetric diffeomorphic registration,22 which was originally tested on brain 3D T1-weighted 

images, but was potentially designed to work with any pair of longitudinal MRI scans, also acquired 

from other structures than the brain.22 As illustrated in Figure 2, the workflow of data processing 

required several steps, each potentially introducing some uncertainty. The most critical steps were 

indeed the pair-wise and the rigid registration, failing in 20 subjects. Nevertheless, such analysis 
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was feasible in the majority of study subjects, and was sensitive enough to detect gradients of cord 

atrophy progression in line with MS pathophysiology. The application of this technique to other 

conditions characterized by an uneven distribution of cord damage (e.g., amyotrophic lateral 

sclerosis, infectious diseases, vitamin B12 deficiency) might be appealing to monitor cord damage 

progression and potential effects of treatment.  

Our analysis confirmed a significant reduction of cord volume over time in all phenotypes, 

except for CIS, whose cord appear to be ‘swollen’ when compared to HC even after 1-year. This 

reinforces the notion that cord atrophy progression is a hallmark of established MS,4-6, 29 while cord 

inflammation seems to be prevalent in CIS patients.4, 8, 30 Stability of cord volume over time may 

also be explained by the low proportion of CIS (n=3, 23%) converting to RRMS during the follow-

up, and by the lack of use of disease-modifying treatments in this group. Interestingly, atrophy 

progression occurred in the remaining MS phenotypes even if the number of new cervical cord 

lesions at 1-year was very low, suggesting a relative independence between new lesion formation 

and cord volume loss. The most hit cord regions were posterior regions at C1/C2 and C4 

(significant at the time-by-group interaction analysis vs HC). Once again, these data confirm that 

the upper cervical cord is particularly vulnerable to MS,4, 10, 31 possibly because of a higher myelin 

content and white matter fiber density. Also, the preferential involvement of the posterior cord 

suggests a greater susceptibility to MS-related damage of dorsal columns.24, 26, 32 Contrary to some 

previous studies5, 7 but in line with others,4, 33 we did not find a clear-cut difference of atrophy 

progression rates between RRMS and PMS. However, RRMS patients exhibited the most 

widespread pattern of cord tissue loss at 1-year vs baseline. This may be due to early inflammation 

to be resolved, more evident progression of demyelination and axonal loss in this phenotype 

compared to PMS, or the presence of gliosis and reactive astrocytosis in this latter group.4, 34, 35 On 

the other hand, the limited sample size of PMS patients may have also played a role.  

Baseline cervical cord atrophy, especially in posterior regions between C4 and C6, was 

associated with clinical disability and disease duration. Of note, there was a peculiar correlation 
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between cord atrophy and pyramidal and sphincteric FS, reinforcing the importance of cord damage 

to explain locomotor impairment16 and bladder or bowel control problems. Moreover, cord atrophy 

and brain damage were associated (in terms of lesion extent and brain volume loss), suggesting that 

cord tissue loss might be, at least partially, originated by Wallerian degeneration of long-fiber 

tracts.  

Baseline cord atrophy in the posterior and anterior cord at C4/C5 had a significant 

association with clinical disability at 1-year follow-up (adjusted for baseline disability). This is not 

the first study showing an association between cord atrophy and short-term disease progression,4, 5, 7 

and reinforces the importance of cord damage in explaining subsequent disease course, at least 

when follow-up duration is relatively short.  

This study is not without limitations. First, we had to discard images from a relatively large 

number of subjects, since the current analysis technique is sensitive to even small quality issues. 

This may limit the applicability to a clinical setting. Second, the PMS group was relatively small, 

thus hampering a separate investigation of secondary and primary PMS patients. Third, age was 

different among study groups; however, it was included as confounding covariate in all statistical 

models. Fourth, the follow-up duration was quite short; as a consequence, the number of clinically 

worsened MS patients (n=13) was too small for a separate analysis. Fifth, due to inadequate image 

quality for cord tissue segmentation, atrophy was quantified on binary cord masks. Sixth, we used a 

post-processing based on cord volumes; future studies may implement analysis pipelines able to 

work directly on active shapes. Finally, rate of atrophy development over time might be close to the 

intrinsic method precision; future studies may better elucidate how reliable are regional atrophy 

results over longer follow-up periods.  

To conclude, cord atrophy progressed differentially across and within cervical cord levels 

according to MS phenotypes. Baseline cord atrophy correlated with concomitant motor disability 

and predicted clinical impairment at 1-year. Given the ability of this technique to highlight the 

differential cord involvement across phenotypes, and to disclose cord regions most hit by MS 
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pathology, such an approach might be useful to support future pharmacological and rehabilitative 

decisions for MS patients. 
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Table 1. Main demographic, clinical and conventional baseline MRI characteristics of healthy 

controls (HC) and patients with multiple sclerosis (MS) included in this study. MS patients are first 

considered as a whole, and then divided according to their clinical phenotype.  

 HC All MS 

patients 

p* CIS 

patients 

RRMS 

patients 

PMS 

patients 

p* 

Males/females 26/28 50/63 0.7+ 6/8 33/44 11/11 0.8+ 

Mean age 

[years] (IQR) 

33.9 

(25-40) 

42.8  

(33-53) 

<0.001 31.6  

(24-37) 

40.9  

(32-50)° 

56.3  

(52-62)§ 

<0.001 

Median 

disease 

duration 

[years] (IQR) 

- 8.2  

(2.5-15) 

- 0.3  

(0.2-0.4) 

8.0  

(3-15)° 

10.1  

(13-22)§ 

<0.001 

Median 

baseline EDSS 

score (IQR) 

- 2.5  

(1.5-4.5) 

- 1.0  

(0.5-2.0) 

2.0  

(1.5-3.5)° 

6.0  

(4.5-6.5)§ 

<0.001 

Median 

follow-up 

EDSS score 

(IQR) 

- 2.5  

(1.5-4.5) 

- 0.5  

(0-2.0) 

2.5  

(1.5-3.5)° 

6.5  

(5.5-7.0)§ 

<0.001 

N (%) of 

patients 

receiving 

DMT at 

baseline 

- 73 (65%) - 1 (7%) 68 (88%)° 4 (18%)§ <0.001+ 

N (%) of 

patients 

changing DMT 

during the 

follow-up 

- 23 (21%) - 2 (15%) 19 (24%) 2 (9%) 0.3+ 

Mean number 

of relapses 

during the 

follow-up 

(range) 

- 0.1 (0-2) 

 

- 0.2 (0-2) 

 

0.1 (0-2) 

 

0 (0-0) 0.2++ 

Median 

baseline cord 

lesion # (IQR) 

- 2 (0-4) - 0 (0-1) 2 (0-4) 2.5 (1-5) 0.1+ 

Median 

number of new 

- 0 (0-0) 

 

- 1 (0-2) 0 (0-0) 

 

0 (0-0.5) 0.1++ 
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cord lesions at 

follow-up 

(IQR) - 

Mean baseline 

brain T2 LV 

[ml] (SD) 

0.01 

(0.9) 

6.8  

(8.1) 

<0.001 2.4  

(5.5) 

6.9  

(7.6) ° 

9.2  

(10.3) 

<0.001 

Mean follow-

up brain T2 

LV [ml] (SD) 

0.02 

(0.9) 

6.8  

(7.6) 

<0.001 2.1  

(3.9) 

6.8  

(6.9) ° 

9.9  

(10.1) 

<0.001 

Mean baseline 

brain T1 LV 

[ml] (SD) 

- 5.4  

(6.9) 

- 2.2  

(5.1) 

5.3  

(6.1) ° 

8.3  

(9.8) 

0.002 

Mean follow-

up brain T1 

LV [ml] (SD) 

- 5.4  

(6.8) 

- 1.8  

(3.4) 

4.9  

(5.5) ° 

9.8  

(10.1) 

0.003 

Mean baseline 

normalized 

CSA [mm2] 

(SD) 

76.3 

(5.6) 

73.0 

(8.8) 

0.4 79.3 

(5.5) 

74.4  

(7.7) 

64.0  

(8.2)§ 

<0.001 

Mean 

normalized 

CSA change 

[%] (SD) 

-0.15 

(2.0) 

-1.61 

(2.6) 

0.004 0.05 

(1.3) 

-1.8  

(2.6) 

-1.9  

(2.8) 

0.01 

Mean baseline 

NBV [ml] 

(SD) 

1480 

(78) 

1440 

(91) 

0.8 1524 

(71) 

1440  

(88) 

1382  

(68) 

0.3 

Mean PBVC 

[%] (SD) 

-0.04 

(0.4) 

-0.32 

(0.8) 

0.1 0.16 

(1.1) 

-0.31  

(0.7) 

-0.79  

(0.8) 

0.1 

 

+Chi-square test; ++Kruskall-Wallis test; *age-, sex- (as appropriate) and site-adjusted ANOVA 

model  

Post hoc comparisons: °significantly different from CIS; §significantly different from RRMS 

patients. 

Abbreviations: SD=standard deviation; IQR=interquartile range; CIS=clinically isolated syndrome; 

RRMS=relapsing-remitting multiple sclerosis; PMS=progressive multiple sclerosis; 

EDSS=Expanded disability status scale; DMT=disease-modifying treatment; LV=lesion volume; 
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CSA=cord cross-sectional area; NBV=normalized brain volume; PBVC=percentage brain volume 

change. 
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Table 2. Significant between-group differences of cervical cord atrophy distribution in patients with 

multiple sclerosis (MS) with different phenotypes (full factorial model adjusted for age, sex, site 

and total cord volume, p<0.001, uncorrected, cluster extent k=10). Where clusters survive the 

family-wise error (FWE) correction for multiple comparisons, they are marked with * and the 

family-wise corrected p value is reported. 

 Cord 

level 

A/P R/L Cluster extent  t value p 

All MS 

patients vs 

healthy 

controls 

C1/C2 A L 156 4.0 <0.001 

A R 300 3.8 <0.001 

P L 1410 4.5 0.01* 

P R 1823 5.3 0.007* 

C3 A L - - - 

A R - - - 

P L 75 3.7 <0.001 

P R 223 3.6 <0.001 

C4 A L - - - 

A R 77 3.3 <0.001 

P L - - - 

P R - - - 

C5 A L 227 4.0 <0.001 

A R - - - 

P L - - - 

P R 174 3.9 0.05* 

C6 A L    

A R - - - 

P L - - - 

P R 323 3.4 <0.001 

CIS vs 

healthy 

controls 

[cord 

expansion] 

C4 A L - - - 

A R - - - 

P L - - - 

P R 10 3.7 <0.001 

RRMS vs 

CIS 

C1/C2 A L 310 3.8 0.05* 

A R 86 3.4 <0.001 

P L 1148 4.2 0.05* 

P R 282 6.5 0.001* 

PMS vs 

RRMS 

patients 

C1/C2 A L 90 3.4 <0.001 

A R 10 3.5 <0.001 

P L 397 3.8 <0.001 

P R 100 3.7 <0.001 

C3 A L 81 4.0 <0.001 

A R 681 4.2 <0.001 

P L 143 5.4 0.009* 

P R 1269 4.8 0.05* 
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C4 A L 162 4.4 <0.001 

A R 239 3.5 <0.001 

P L 496 5.2 0.01* 

P R 779 4.8 0.05* 

C5 A L 496 3.8 <0.001 

A R 413 3.9 <0.001 

P L 401 4.5 0.05* 

P R 1160 4.4 0.05* 

C6 A L 517 3.7 <0.001 

A R 1118 4.5 0.01* 

P L 517 4.4* 0.01* 

P R 457 3.8 <0.001 

C7 A L 485 4.7 0.05* 

A R 718 3.5 <0.001 

P L 406 5.0 0.01* 

P R 727 4.6 0.01* 

 

Abbreviations: CIS=clinically isolated syndrome; RRMS=relapsing-remitting multiple sclerosis; 

PMS=progressive multiple sclerosis; R=right, L=left, A=anterior, P=posterior. 
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Table 3. Significant progression of cervical cord atrophy at 1-year visit vs baseline in patients with 

multiple sclerosis (MS), considered as a whole, and in different clinical phenotypes (paired t test 

adjusted for site, follow-up duration and total cord volume, p<0.001, uncorrected, cluster extent 

k=10). Where clusters survive the family-wise error (FWE) correction for multiple comparisons, 

they are marked with * and the family-wise corrected p value is reported. Clusters significant at the 

time-by-group interaction analysis (vs HC for all MS patients) are marked with §. 

 Cord level A/P R/L Cluster extent  t value p 

All MS 

patients  

C1/C2 A R 13 3.5 <0.001 

A L 104 4.1 <0.001 

P R 556 3.2 <0.001§ 

P L 258 4.5 0.001*§ 

C3 A R - - - 

A L - - - 

P R 101 4.4 <0.001 

P L 263 3.9 <0.001 

C4 A R - - - 

A L - - - 

P R 31 3.7 <0.001 

P L 482 4.1 <0.001 

C5 A R - - - 

A L - - - 

P R 571 4.4 0.01* 

P L 1177 4.3 0.01* 

C6 A R - - - 

A L - - - 

P R 74 3.6 <0.001 

P L - - - 

RRMS 

patients 

C1/C2 A R 39 3.6 <0.001 

A L 103 4.5 0.04* 

P R 401 4.5 0.001* 

P L 352 4.7 0.001* 

C3 A R 10 4.4 0.05* 

A L 24 3.4 <0.001 

P R - - - 

P L - - - 

C4 A R 37 3.6 <0.001 

A L - - - 

P R 385 4.2 0.01* 

P L 116 3.4 <0.001 

C5 A R - - - 

A L - - - 

P R 336 4.0 0.04* 

P L 90 3.7 <0.001 
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C6 A R - - - 

A L - - - 

P R 38 3.6 <0.001 

P L - - - 

C7 A R - - - 

A L - - - 

P R - - - 

P L 22 3.4 <0.001 

PMS 

patients 

C1/C2 A R 30 4.5 <0.001 

A L 12 4.1 <0.001 

P R 23 4.3 <0.001 

P L - 3.8 <0.001 

C3 A R - - - 

A L - - - 

P R - - - 

P L 16 3.8 <0.001 

C5 A R - -  

A L - - - 

P R - - - 

P L 26 3.8 <0.001 

 

Abbreviations: CIS=clinically isolated syndrome; RRMS=relapsing-remitting multiple sclerosis; 

PMS=progressive multiple sclerosis; R=right, L=left, A=anterior, P=posterior. 
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Figure 1. Study flowchart. Flowchart showing the main steps of this study, including eligibility 

assessment, screening and analysis. The number of healthy controls (HC) and patients with multiple 

sclerosis (MS) undergoing each step, as well as reasons for exclusion, are reported.  
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Figure 2. Schematic representation of the main processing steps performed on 3D T1-weighted 

cervical cord scans before voxel-wise analysis. Using the active surface (AS) method (Jim software, 

version 7.0), cervical cord contours and corresponding cord masks are created on axially 

reformatted, 1-mm resampled 3D T1-weighted cord images. Then, T1-weighted images are 

straightened perpendicularly to the estimated cord centre line. Straightened cord images from 

healthy controls (HC) are co-registered in the half-way space (SPM12, pair-wise registration) and 

averaged to create a cervical cord template. Baseline and follow-up T1-weighted cord images and 

corresponding cord masks from all study subjects are then rigidly co-registered to the template (Jim 

software, version 7.0); finally, cord masks are smoothed (1x1x2 mm3 Gaussian kernel).  
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Figure 3. Regional distribution of cervical cord atrophy at baseline. Sagittal and axial views of 

the results of between-group comparisons of regional cervical cord atrophy at baseline. (A) All 

patients with multiple sclerosis (MS) vs healthy controls (HC); (B) clinically isolated syndrome 

(CIS) patients vs HC; (C) relapsing-remitting (RR) MS vs CIS patients; and (D) progressive (P) MS 

vs RRMS patients (color-coded for t-values, p<0.001 uncorrected, cluster extent k=50 or p<0.05, 

family-wise error [FWE] corrected, according to significance of each comparison). Abbreviations: 

A= anterior; P= posterior; L=left; R=right. 
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Figure 4. Regional distribution of cervical cord atrophy progression over time. Sagittal and 

axial views of the results of within-group analysis of regional cervical cord progression at 1-year vs 

baseline. Cord atrophy development was detected in (A) all patients with multiple sclerosis (MS); 

(B) relapsing-remitting (RR) MS patients; and (C) progressive (P) MS patients (color-coded for t-

values, p<0.001 uncorrected, cluster extent k=50 or p<0.05, family-wise error [FWE] corrected, 

according to significance of each comparison). Red boxes highlight clusters being significant at the 

time-by-group interaction analysis. Abbreviations: A= anterior; P= posterior; L=left; R=right. 
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Figure 5. Regional correlation analysis. Sagittal views showing significant correlations between 

baseline regional cord atrophy distribution and clinical/structural MR imaging variables (color-

coded for t-values, p<0.001 uncorrected, cluster extent k=50 or p<0.05, family-wise error [FWE] 

corrected, according to significance of each comparison; red-yellow=positive correlations, blue-

lightblue=negative correlations). 

(A) Significant correlations between regional cord atrophy and baseline Expanded Disability Status 

Scale (EDSS) score, pyramidal functional score (FS), sphincteric FS, disease duration (DD) and 

follow-up (FU) EDSS score (adjusted for baseline EDSS); (B) Significant correlations between 

regional cord atrophy and brain T2 lesion volume (LV), T1 LV and normalized brain volume 

(NBV). Abbreviations: A = anterior; P = posterior; L=left; R=right. 
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Supplementary Table 1. Main MRI sequence parameters used at the participating sites. 

 

Sequence Parameters Hospital Vall 

d’Hebron, 

Barcelona 

(ES) 

University 

College 

London, 

London 

(UK) 

Neurocenter of 

Southern 

Switzerland, 

Lugano (CH) 

University 

of 

Heidelberg, 

Mannheim 

(DE) 

IRCCS San 

Raffaele 

Scientific 

Institute, 

Milan (IT) 

University of 

Campania 

“Luigi 

Vanvitelli”, 

Naples (IT) 

University 

of Oxford, 

Oxford 

(UK) 

Cord 3D 

T1-

weighted 

scan 

TR/TE [ms] 2300/3.2 8/3.7 2300/5.1 1900/2.6 8/”shortest” 7.9/3.2 2300/3.59 

TI [ms] 900 860 1140 1000 “shortest” 450 900 

FA [°] 9 8 8 9 8 20 9 

FOV [mm] 256×240 256×256 256×256 240×240 250×250 250×250 266×200 

Pixel size 

[mm] 

1×1×1 1×1×1 0.98×0.98×1 0.93×0.93×

1 

1×1×1 1×1×1 1×1×0.9 

# slices 

/thickness 

[mm]/ 

orientation 

128/1/Sag 128/1/Sag 104/1/Sag 60/1/Sag 64/1/Sag 60/1/Sag 176/1/Sag 

Cord STIR/ 

DE scan 

TR/TE [ms] 4000/51 4000/ 

15-80 

PD:2000/9 

T2:3200/100 

3500/108 2463/70 2500/72 4590/67 

TI [ms] 200 - - - 200 200 70 

FA [°] 150 90 145 160 120 90 136 

FOV [mm] 280×280 256×256 330×330 300×300 248×130 250×250 250×250 

Pixel size 

[mm] 

0.62×0.62×3.3 1×1×3 0.43×0.43×3.3 0.78×0.78×

3.3 

0.48×0.48×2.5 0.97×0.97×2.5 0.6×0.6×3 

# slices 

/thickness 

[mm]/ 

orientation 

13/3/Sag 12/3/Sag 18/3/Sag 13/3/Sag 14/2.5/Sag 14/2.5/Sag 15/3/Sag 

Brain 3D 

T1-

weighted 

scan 

TR/TE [ms] 2300/2.98 6.9/3.14 2300/2.8 1900/2.4 7/3.2 6.9/2.8 2040/4.7 

TI [ms] 900 “shortest” 900 900 900 650 900 

FA [°] 9 8 9 9 8 8 8 

FOV [mm] 256×256 256×256 240×240 240×240 256×240 260×260 192×174 
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Pixel size 

[mm] 

1×1×1.2 1×1×1 0.9×0.9×0.9 0.93×0.93×

0.9 

1×1×1 1.01×1.01×1.2 1×1×1 

# slices 

/thickness 

[mm]/ 

orientation 

128/1.2/Sag 180/1/Sag 192/0.9/Sag 192/0.9/Sag 192/1/Sag 166/1.2/Sag 192/1/Tra 

Brain 

FLAIR/ 

DE scan 

TR/TE [ms] 2500/16-91 3500/18-85 2670/18-79 5000/398 2910/16-80 3080/24-120 4670/27-

106 

TI [ms] - - - 1800 - - - 

FA [°] 123 90 145 120 90 90 150 

FOV [mm] 250×250 240×240 250×250 240×240 240×240 240×240 256×184 

Pixel size 

[mm] 

0.78×0.78×3 1×1×3 0.97×0.97×3.3 0.47×0.47×

0.9 

0.93×0.93×3 0.47×0.47×3 0.34×0.34×

3 

# slices 

/thickness 

[mm]/ 

orientation 

46/3/Tra 50/3/Tra 44/3/Tra 192/0.9/Sag 50/3/Tra 44/3/Tra 47/3/Tra 

 

Abbreviations: STIR=short-tau inversion recovery; DE=dual echo; PD=proton density; FLAIR=fluid-attenuated inversion recovery; Tra=transverse; 

Sag=sagittal; TR=repetition time; TE=echo time; TI=inversion time; FA=flip angle; FOV=field of view. 
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Supplementary Table 2. Significant between-group differences of cervical cord atrophy 

distribution in patients with multiple sclerosis (MS) with different phenotypes (full factorial model 

adjusted for age, sex, site and total cord volume, p<0.001, uncorrected, cluster extent k=10), 

assessed in patients enrolled in Milan for validation analysis. 

 Cord 

level 

A/P L/R Cluster extent t value p 

All MS 

patients vs 

healthy 

controls  

C1/C2 A L - - - 

A R - - - 

P L 10 3.4 <0.001 

P R 47 3.3 <0.001 

C3 A L - - - 

A R 10 3.1 <0.001 

P L - - - 

P R - - - 

C4 A L - - - 

A R 35 3.0 <0.001 

P L 10 2.9  

P R -- - - 

C5 A L 11 3.0 <0.001 

A R - - - 

P L 12 2.9 <0.001 

P R - - - 

HC vs 

RRMS  

C1/C2 A L - - - 

A R - - - 

P L 86 3.9 <0.001 

P R 15 3.1 <0.001 

C3 A L - - - 

A R 10 2.8 <0.001 

P L - - - 

P R - - - 

C4 A L 40 2.9 <0.001 

A R - - - 

P L - - - 

P R 12 2.8 <0.001 

PMS vs 

RRMS 

patients  

C1/C2 A L - - - 

A R 22 4.3 <0.001 

P L 10 4.3 <0.001 

P R 11 4.0 <0.001 

C3 A L 21 4.1 <0.001 

A R - - - 

P L 10 3.9 <0.001 

P R 14 3.8 <0.001 

C4 A L 104 4.0 <0.001 

A R 20 3.8 <0.001 

P L - - - 
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P R - - - 

C5 A L 37 4.1 <0.001 

A R 15 3.8 <0.001 

P L - - - 

P R 26 4.0 <0.001 

C6 A L - - - 

A R - - - 

P L 10 3.9 <0.001 

P R 14 3.9 <0.001 

C7 A L 67 4.2 <0.001 

A R 55 4.3 <0.001 

P L 10 4.0 <0.001 

P R 60 4.1 <0.001 

 

Abbreviations: RRMS=relapsing-remitting multiple sclerosis; PMS=progressive multiple sclerosis; 

R=right, L=left, A=anterior, P=posterior. 
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Supplementary Table 3. Significant progression of cervical cord atrophy at 1-year visit vs baseline 

in patients with multiple sclerosis (MS), considered as a whole, and in different clinical phenotypes 

(paired t test adjusted for follow-up duration and total cord volume, p<0.001, uncorrected, cluster 

extent k=10), assessed in patients enrolled in Milan for validation analysis. 

 Cord 

level 

A/P L/R Cluster extent t value p 

All MS 

patients  

C1/C2 A L - - - 

A R - - - 

P L 109 4.3 <0.001 

P R 50 4.1 <0.001 

C3 A L 10 4.0 <0.001 

A R - - - 

P L - - - 

P R 12 4.0 <0.001 

C5 A L - - - 

A R 10 3.8 <0.001 

P L 11 3.7 <0.001 

P R - - - 

C6 A L - - - 

A R - - - 

P L 45 3.7 <0.001 

P R 86 3.9 <0.001 

RRMS 

patients 

C1/C2 A L - - - 

A R 10 4.0 <0.001 

P L 32 4.1 <0.001 

P R 41 4.2 <0.001 

C6 A L - - - 

A R - - - 

P L - - - 

P R 26 3.8 <0.001 

PMS 

patients  

C1/C2 A L 16 3.7 <0.001 

A R - - - 

P L 20 3.7 <0.001 

P R 11 3.6 <0.001 

 

Abbreviations: RRMS=relapsing-remitting multiple sclerosis; PMS=progressive multiple sclerosis; 

R=right, L=left, A=anterior, P=posterior. 
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