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Background: The vast majority of magnetic resonance imaging (MRI) studies on multiple sclerosis (MS) covered
the spinal cord (SC), if at all, incompletely.

Objective: To assess SC involvement in MS, as detectable by whole SC MRI, with regard to distribution across
vertebral levels and relation to clinical phenotypes and disability.

Methods: We investigated SC MRI with sagittal and axial coverage. Analyzed were brain and SC MRI scans of 17
healthy controls (HC) and of 370 patients with either clinically isolated syndrome (CIS, 27), relapsing remitting
MS (RRMS, 303) or progressive MS (PMS, 40). Across vertebral levels, cross-sectional areas were semi-
automatically segmented, and lesions manually delineated.

Results: The frequency of SC lesions was highest at the level C3-4. The volume of SC lesions increased from CIS to
RRMS, and from RRMS to PMS whereas lesion distribution across SC levels did not differ. SC atrophy was
demonstrated in RRMS and, to a higher degree, in PMS; apart from an accentuation at the level C3-4, it was
evenly distributed across SC levels. SC lesions and atrophy volume were not correlated with each other and were
independently associated with disability.

Conclusion: SC lesions and atrophy already exist at the stage of RRMS in the whole SC with an accentuation in the
cervical enlargement; SC lesions and atrophy are more pronounced in the stage of PMS. Both contribute to the
clinical picture but are largely independent.

1. Introduction

Multiple sclerosis (MS) is an autoimmune inflammatory disease of
the central nervous system affecting both the brain and spinal cord (SC).
Demyelinating lesions are easy to visualize by magnetic resonance im-
aging (MRI) even in the individual patient at the early stage, whereas the
detection of atrophy at the early stage usually requires analyses across or
between groups. The majority of MRI studies on MS have focused on the
brain, although the SC contributes to disability in MS (Kearney et al.,
2015b). SC MRI is more challenging because of the smaller anatomical
size of the SC compared to the brain and because of the greater prone-
ness to artifacts of SC MRI compared to brain MRI. Early MRI studies on

SC changes in MS have suggested selective planimetric measures from
axial slices as surrogate of disease progression (Losseff et al., 1996)
possibly reflecting axonal loss (Lycklama et al., 2003). Later, numerous
studies were performed and even meta-analyzed. SC atrophy seems to be
greater in progressive MS (PMS) than in relapsing-remitting MS (RRMS)
and to correlate with disability (Casserly et al., 2018; Song et al., 2020).
Although the contribution of SC lesions to the clinical picture is beyond
doubt during demyelinating attacks (Compston and Coles, 2008), their
role for long term disability is less clear. Early studies did not find such a
relation (Kidd et al., 1993; Lin et al.,, 2003; Lycklama et al., 2003;
Nijeholt et al., 1998) and a later study demonstrated a contribution of
only longitudinally extensive SC lesions (Amezcua et al., 2013).
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However, most studies on the SC in MS covered it only in part. Of the
studies with complete coverage of the SC, only few applied sagittal and
axial slices, which improves detectability of SC lesions (Breckwoldt
et al., 2017; Galler et al., 2016; Weier et al., 2012) and has therefore
been recommended (Kearney et al., 2015b). It also enables precise
determination of atrophy across the whole SC (Klein et al., 2011; Mina
etal., 2021) and of SC lesion load. In this retrospective cohort study, we
investigated a large cohort of patients with available SC MRI, covering
the SC down to the conus medullaris with both sagittal and axial slices,
to assess SC lesions and atrophy with regard to the distribution across
vertebral levels, association with clinical phenotypes, and correlation
with disability.

2. Methods
2.1. Participants

This retrospective analysis was part of the single center cohort study
on MS at the Technical University of Munich (TUM-MS), which was
approved by the internal review board and performed in accordance
with the Declaration of Helsinki. Patients had given written informed
consent for the use of their clinical and paraclinical data for research
purposes. Inclusion criteria were a diagnosis of clinically isolated syn-
drome (CIS) or MS, an age between 18 and 60 years, and a disease
duration of <20 years. To achieve a uniform classification of patients, all
patients were reclassified according to the 2017 diagnostic criteria
(Thompson et al., 2018) in the context of this study. CIS patients were
defined by a first clinical event suggestive of RRMS and fulfilling the
criteria for dissemination in space but not fulfilling the criteria for
dissemination in time. MS patients comprised those with a relapsing-
remitting (RRMS) or a progressive course (PMS). Further inclusion
criteria were availability of a score on the Expanded Disability Status
Scale (EDSS), of a standardized quality-checked and processed brain
MRI (based on a protocol exclusively used between 2009 and 2017), and
of a SC MRI with coverage from the lower edge of the second vertebra to
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the conus medullaris in both the sagittal and axial plane. The maximum
interval between either pair of the three measures (EDSS, SC MRI, brain
MRI) was set to 400 days. We also defined two subgroups by the
availability of further clinical scores in the same time frame. The first
subgroup comprised patients with available scores at the Nine-Hole Peg
Test (Feys et al., 2017) and 25-Foot Walk Test (Motl et al., 2017). The
second subgroup comprised patients with an available score at the
Multiple Sclerosis Inventory of Cognition (MuSIC), which yields one
score for cognition ranging from zero to 30 and one score for fatigue
ranging from three to 21 (Calabrese et al., 2004; Yaldizli et al., 2014).
SC MRI data of the healthy controls (HC) were taken from our in-
house database. These subjects were scanned in the context of medical
examinations performed because of symptoms that retrospectively could
not be related to a severe or chronic neurological disorder (e.g., transient
sensory symptoms due to mechanical irritation of a peripheral nerve).

2.2. MRI acquisition and processing

SC MRI was performed on several scanners, but we finally restricted
our analyses to three 3-Tesla scanners (Philips Ingenia, Philips Achieva
dStream, Siemens Magnetom Verio) that contributed to > 90% of the
data. A spine coil was used and optionally an anterior body coil. All
scans included 2D T2-weighted (w) turbo spin echo sequences in sagittal
and axial orientation. Sagittal scans had a slice thickness of 2 mm with a
gap of 0.2 mm, axial scans had a slice thickness of 4 mm with a gap of 1
mm. Typical field of view (FOV) of axial scans was 115 mm with an in-
plane spatial resolution of 0.4 mm (ranging from 0.3 mm to 0.5 mm);
they were acquired in three consecutive stacks. Sagittal scans had a
typical FOV of 250 mm with an in-plane spatial resolution of 0.9 mm
(ranging from 0.8 mm to 1 mm). An overview on our in-house pro-
cessing pipeline is given in Fig. 1. All scans were converted to NIFTI file
format and segmented with the software BrainSeg3D, Version 2.2.1
(https://lit.fe.uni-lj.si/tools.php?lang = eng). First, we segmented the
SC area in axial scans using a region-growing algorithm that had to be
initialized by manual setting of a seed point within the SC in each slice.

subregion & lesion evaluation

registration to
super-resolution

Fig. 1. Processing pipeline for spinal cord images. (A) Median sagittal (sag) slice of a native T2-weighted (TSE, turbo spin echo) sequence is shown. Red rectangles
correspond to the three stacks of the axial sequence. White lines correspond to axial (ax) slices in B, C, and D. (B/C/D) Axial slices of T2-weighted (turbo spin echo)
images are shown (B, native; C, after manual lesion segmentation; D, spinal cord segmentation. (E) Registration of axial and sagittal images to a common space. (F)
From the caudal end of vertebra C2 to the conus, the spinal cord was divided into 19 equal segments along the spinal cord centerline. These segments correspond to
the levels labeled C3-C8, T1-T12, and L1. For regions not covered by axial slices (arrow), spinal cord segmentation was interpolated. (G) Lesion segmentation after
transformation into a common space. Note that segmentation was first performed based on the axial slices, but that later calculation of level-wise volumes (spinal
cord and lesions) was performed in the common space for attribution of volumes to spinal cord segments. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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Manual corrections of the outline were performed when necessary. Le-
sions were segmented fully manually. This segmentation was performed
by two medical students (LH and VP). To achieve a consensus segmen-
tation, they consulted a senior neuroradiologist (JK) when they were
uncertain or when their lesion segmentation did not match with the
written neuroradiological report. After an intensive training period su-
pervised by JK, we performed a cross-validation (LH and VP) in 25 pa-
tients, of whom 15 had SC lesions, indicating very good agreement
(mean voxel-wise Dice coefficient of atrophy/lesions: 0.98/0.79).
Additionally, the lower edge of the second cervical vertebra (C2) as well
as the conus medullaris were separately marked in the sagittal images.
These segmentations were evaluated using an in-house python-based
algorithm. We registered axial and sagittal scans with the software
SimpleITK v1.20 to obtain one common space per patient with an
isotropic resolution of 0.5 mm. In this space, we also registered seg-
mentations of the axial slices. The stacks of the axial slices covered the
SC from the lower edge of vertebra C2 to the conus medullaris in most
cases. As acquisitions were planned manually in clinical routine, few
slices were missed in some cases; the regions T6 and T7 (border between
middle and caudal stack), and L1 (conus medullaris) were covered by >
90% and the remaining regions by > 95%. To account for gaps between
stacks, we linearly interpolated the curvature and thickness of the
missing region. The common space of axial and sagittal slices, covering
the full SC, was subdivided in 19 regions between the C2 landmark and
the conus medullaris. Division into 19 equally large regions was based
on the total stretched length of the skeletonized spine along the cranio-
caudal axis (i.e., the spinal centerline). As lower anatomical landmark,
we preferred the conus medullaris over adjacent vertebrae, as the po-
sition of the conus medullaris shows a substantial variation in location
between T12 and L2 even in healthy controls (Qu et al., 2017) so that the
lumbar enlargement might not be co-registered precisely across sub-
jects. In analogy to the nerve roots, these 19 regions were named C3-C8,
T1-T12, and L1. Assuming equal distances between the root entry zones
of the SC, which is roughly the case in the upper SC, a region labelled [C
or T]x approximately covers the part of the SC between the entry zones
of the roots [C or T]x and [C or T]x + 1, whereas the maximum of the
lumbar enlargement corresponds to T11. These topographic relations of
our 19 segments were confirmed by thorough visual inspection of our
images. To account for body size (Healy et al., 2012; Oh et al., 2014), the
mean cross-sectional area in mm? (perpendicular to the centerline) was
calculated per region. The mean of these 19 values, the mean cross-
sectional area, was taken as a normalized volume measure of the
whole SC. Lesion volumes of all 19 regions were calculated and summed
up.

Brain MRI was performed at a 3 Tesla scanner Achieva (Philips
Medical Systems, Netherlands). Standardized brain MRI comprised a 3D
spoiled gradient echo T1-weighted (T1w) sequence (voxel size = 1 mm
isotropic, TR = 9 ms, TE = 4 ms) and a turbo-spin echo T2-weighted
fluid-attenuated inversion recovery sequence (voxel size = 1.0 x 1.0
x 1.5 mm, TR = 10,000 ms, TE = 140 ms, TI = 2750 ms). Brain images
were processed with the software package SPM12 and its toolboxes
CAT12 (Computational Anatomy Toolbox, version 916, https://www.
neuro.uni-jena.de/cat12/) and LST (lesion segmentation tool, version
2.0.15, https://www.applied-statistics.de/). White matter (WM) lesions
were segmented from FLAIR and T1-weighted images by the lesion
growth algorithm (Schmidt et al., 2012) as implemented in LST. After
lesion filling, as implemented in LST, we applied CAT12 to generate
normalized images of grey matter (GM), WM, and cerebrospinal fluid.
Brain volume was calculated by the sum of brain WM and GM. Total
intracranial volume was determined by a reverse brain mask approach
(Keihaninejad et al., 2010).

2.3. Statistical analysis

To approach normal distribution and for visualization, the natural
logarithm of brain and SC lesion volumes was calculated. To avoid
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negative values, 1 was added to volumes in uL beforehand. For group
comparisons, we used t-tests for all pairs of groups. Global volumes are
illustrated by violin plots. Plots across SC levels display mean values and
their standard error. SC lesion incidence across vertebral levels (per-
centage of patients with lesions) is illustrated by a frequency plot. To
correlate SC (and brain) parameters with clinical scores, CIS and RRMS
patients were assigned to one group (for the relatively low number of CIS
patients). We applied simple and partial correlation models. The latter
were performed at two levels. At each level, one clinical score served as
response variable and age, sex, disease duration, total intracranial vol-
ume, and scanner (three scanners modelled by one factor variable with
three levels) as explanatory variables that were regarded as control
variables. At the first level (partial-1), one out of four explanatory var-
iables of interest was included, namely either SC lesion volume, or SC
volume (atrophy), or brain WM lesion volume, or brain volume (atro-
phy); this resulted in four partial correlation models. At the second level
(partial-2), all of the same four explanatory variables of interest were
included as explanatory variables of interest, this resulted in one further
partial correlation model. The correlation models resulted in 4 x 16
statistical tests that were, however, not independent. To address the
issue of multiple statistical tests, we applied a statistical threshold of p <
0.001, corresponding to 50 independent tests, but also reported the
uncorrected p values. Moreover, clinical scores were correlated to level-
wise SC measures. As these analyses were primarily performed to
localize effects identified by the correlation models, only simple corre-
lations using Spearman’s rank correlation coefficient without correc-
tions for multiple comparisons were performed. All analyses were
performed with the software R (version 3.6.3); plots were generated
with its package ggplot2.

3. Results
3.1. Study participants

From our database, we identified 556 patients aged between 18 and
60 years with an established diagnosis of CIS or MS, with a disease
duration of <20 years, at least one SC MRI, one well-processed and
quality-checked brain MRI, and one documented EDSS score (the latter
two within the predefined interval of 400 days). Since three 3 Tesla
scanners contributed to > 90% of all images, we restricted the dataset
for analysis to these three scanners. Of the 556 preselected SCI MRI, 404
were acquired at one of the three scanners and showed sagittal and axial
coverage at least from the lower edge of C2 to the conus medullaris.
Because of poor image quality, 34 SC MRI were excluded during image
processing resulting in 370 datasets for analysis. We also identified 20
suitable HC with available SC MRI (including the required coverage); of
these, three were excluded during image processing because of poor
image quality. Key characteristics of the final cohort are summarized in
Table 1.

3.2. Spinal cord lesion volumes and atrophy across vertebral levels

Whole SC lesion volumes (Fig. 2A) differed between groups
increasing from HC (none) to CIS (p < 0.05), from CIS to RRMS (p <
0.001), and from RRMS to PMS (p < 0.001). These differences were
observed across almost all vertebral levels; among the groups of CIS,
RRMS, and PMS, we observed a similar spatial distribution of lesions
with the highest frequency at the level C4 (Fig. 2B). Frequency plots
across vertebral levels showed a comparable behavior (Fig. 2C). Whole
SC atrophy was observed in PMS (Fig. 3A) compared to all other groups
(p < 0.001). The remaining pair-wise comparisons yielded one further
significant result, namely smaller mean SC areas in RRMS compared to
HC (p = 0.01). Across vertebral levels, both absolute (Fig. 3B) and
relative (Fig. 3C) differences were most pronounced at the cervical
enlargement.
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Table 1
Key characteristics of participants.
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Control subjects CIS RRMS PMS CIS, RRMS, and PMS
N 17 27 303 40 370
EDSS 27 303 40 370
9HPeg and 25FWalk 14 214 17 245
MusSIC 13 195 8 216
Females 11 14 209 22 245
(%) (65%) (52%) (69%) (55%) (66%)
Age 28.6 + 6.1 35.4+9.9 35.0+9.1 47.7 + 6.9 36.4 +£9.8
in years 28.5 35.4 34.8 47.9 35.9
[20.8-43.3] [20.1-55.4] [18.0-59.5] [31.5-59.6] [18.0-59.6]
Disease duration 0.4+08 28+4.5 83+58 32+49
in years 0.08 0.5 6.4 0.6
[0.02-3.3] [0.0-19.6] [1.0-19.9] [0.0-19.9]
Patients with at least one SC lesion N (%) 0 6 230 36 272
0%) (22%) (76%) (90%) (74%)
EDSS n.d. 1.2+ 1.0 1.6 £ 1.4 51+18 1.9+ 18
1.0 [0.0-3.5] 1.5 [0.0-8.5] 5.2 [1.5-9.0] 1.5 [0.0-9.0]
9HPeg nd. 17.8 £ 2.6 19.0 + 4.4 242+ 7.5 19.3 + 4.8
16.9 18.2 22.8 18.2
[14.2-23.6] [13.5-54.5] [17.0-49.8] [13.5-54.5]
25FWalk n.d. 3.9+07 44 +1.1 9.3+7.1 4.7 £2.5
4.1 4.2 6.9 4.2
[2.7-5.1] [2.5-14.0] [3.6-29.8] [2.5-29.8]
Cognition n.d. 258 +4.1 25.7 £ 4.0 19.8 +£ 3.7 255+ 4.1
(MuSIC) 26.0 [14-30] 26.0 [10-30] 20.0 [15-26] 26.0 [10-30]
Fatigue n.d. 6.0 £ 3.5 7.9+45 11.9 + 4.6 7.9+45
(MuSIC) 4.0 [3-13] 7.0 [3-21] 12.5 [3-17] 7.0 [3-21]
Disease modifying drugs /
None/DMF/FTY/ 26/0/0 244/4/6 31/1/0 301/5/6
Glat/INF/Mitox/ 0/1/0 16/27/0 1/3/1 17/31/1
NTZ/RTX/Sin 0/0/0 6/0/0 1/1/1 7/1/1
Scanner
Achieva/Ingenia/ Verio 13/2 14/2 191/16 29/2 234/20
2 11 96 9 116

Values are given in mean =+ standard deviation and in median [range].

9HPeg, Nine-Hole Peg Test; 25FWalk, 25-Foot Walk Test; CIS, clinically isolated syndrome; DMF, Dimethyl fumarate; EDSS, Expanded Disability Status Scale; FTY,
Fingolimod; Glat, Glatiramer acetate; INF, Interferon B; Mitox, Mitoxantrone; MuSIC, Multiple Sclerosis Inventory Cognition; n.d., not determined; NTZ, Natalizumab;
PMS, progressive multiple sclerosis; RRMS, relapsing-remitting multiple sclerosis; RTX, Rituximab; SC, spinal cord; Sin, steroids in intervals, i.e. pulsed methyl-

prednisolone therapy.

3.3. Relation of spinal cord lesions and atrophy

Global values of SC lesions and atrophy did not correlate with each
other in the whole cohort (Pearson’s r = —0.005, p = 0.9). Unexpectedly,
such a relation was not even observed when comparing the 99 patients
without any SC lesion (i.e., a SC lesion volume of zero) to those 99 pa-
tients with the largest SC lesion volume (t-test, p = 0.7). Plots of SC mean
cross-sectional areas across vertebral levels, separately for both groups,
neither suggested such a relation at any SC level (Fig. 4).

3.4. Associations of disability and MRI measures across phenotypes of MS

Simple and partial correlation models of all four global MRI pa-
rameters of interest (SC lesions, SC atrophy/volume, brain WM lesions,
brain atrophy/volume) with EDSS and demographic parameters are
shown in Table 2. Simple correlations with EDSS yielded significant
associations of all four MRI parameters of interest across the whole
group of patients and of SC lesion volume within the CIS/RRMS group.
The association of level-wise SC lesion volumes with EDSS was signifi-
cant with similar effect sizes (standardized correlation coefficient B)
across vertebral levels and groups (Fig. 5A); the smaller group of pa-
tients with PMS showed large confidence intervals. SC atrophy was
significantly associated with EDSS only across the whole group of pa-
tients. Caudally, the strength of this association decreased (Fig. 5B).
Partial correlation analyses of whole brain and whole SC MRI parame-
ters of interest gave a similar picture (Table 2). Again, the association of
SC lesions with EDSS was robust in the CIS/RRMS group and across the
whole group; however, the association of SC atrophy with EDSS lost
significance even in the whole group. Common models, including all

four MRI parameters of interest, yielded significant independent con-
tributions of only SC lesions, and brain WM lesions.

3.5. Associations of clinical scores and MRI measures

Simple correlation models of all four global MRI parameters of in-
terest with further clinical scores across the whole patient group are
shown in Table 2. The 25-Foot Walk test was associated with all four
MRI parameters of interest. In contrast to EDSS, the 25-Foot Walk test
showed a stronger association with SC atrophy than with SC lesion
volume; further, SC atrophy was the only parameter that showed an
independent contribution in the partial correlation model with all four
global MRI parameters of interest (partial-2). Plots across the SC levels
show a similar picture (Fig. 6). Although EDSS and 25-Foot Walk test
behave similarly, the curve of the EDSS indicates stronger associations
with SC lesions than the curve of the 25-Foot Walk test (Fig. 6A); yet
regarding SC atrophy, the curves of EDSS and 25-Foot Walk test show
the opposite behavior (Fig. 6B). Motor hand arm function, as measured
by the 9-Hole Peg test, was associated with SC lesions in an anatomically
plausible way, namely stronger in the upper SC, whereas no association
with SC atrophy was observed. We did not observe an association of
fatigue with any MRI parameter of interest.

4. Discussion

This study investigated a large cohort of patients with CIS or MS
through SC MRI with sagittal and axial coverage down to the conus
medullaris. SC lesions and atrophy independently occurred at all SC
levels but were accentuated at the cervical enlargement. SC lesions
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A) Spinal cord lesion volume Fig. 2. Spinal cord lesions across vertebral levels. (A)
l o P Violin plots show spinal cord (SC) lesion volumes
10000 I | across groups (HC, healthy controls; CIS, clinically
isolated syndrome; RRMS, relapsing-remitting multi-
ple sclerosis; PMS, progressive multiple sclerosis).
1000 & Note the logarithmic scale of the y axis. Statistical
T 1 . e . . "
significance is marked by asterisks (p < 0.05, *; p <
0.01, **; p < 0.001, ***). (B) Mean volumes and
100- standard error of SC lesions on the y axis are plotted
across vertebral levels on the x axis (C, cervical; T,
thoracic; L, lumbar) separately for HC (no lesions),
10- CIS, RRMS, and PMS. Level-wise statistical signifi-
cance is indicated by non-overlapping confidence in-
tervals. (C) Frequency plots show the percentage of
1- — patients with at least one lesion across SC levels,
He cls RRMS PMS separately for HC, CIS, RRMS, and PMS.
B) Level-wise spinal cord lesion volume
pl
150 -
HC
100- — as
— RRMS
50- PMS
0_
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contribute to the clinical picture in RRMS and PMS, whereas SC atrophy
becomes detectable in RRMS but seems to contribute to the clinical
picture later. We will discuss the characteristics of our cohort, the spatial
distribution of SC lesions and atrophy and their interplay, as well as the
contribution of SC lesions and atrophy to the clinical picture; finally, we
will acknowledge limitations of our study and give an outlook.

Our cohort comprised a relatively high number of patients scanned
in the clinical context of a tertiary center mostly to confirm the diagnosis
of MS. Our SC MRI protocol lasts longer than 30 min. According to our
experience, we operate at the edge of feasibility in clinical routine with
regard to the requirements for patients’ compliance and MRI capacity.
This is also illustrated by the fact that almost 20 percent of patients
assigned for SC MRI were actually not scanned across the whole SC.
Despite our protocol comprising sagittal and axial coverage, the pro-
portion of patients with at least one SC lesion was not considerably
higher than in early studies (Lycklama et al., 2003). This proportion was

only 25% in the patients with CIS. Of note, after reclassifying our pa-
tients according to the latest revision of the diagnostic criteria
(Thompson et al., 2018), the diagnosis of CIS has become rare. Many
MRI scans showed contrast-enhancing and none-enhancing lesions at a
time or routinely performed lumbar puncture revealed cerebrospinal
fluid specific oligoclonal bands. In consequence, many patients that had
been diagnosed with CIS formerly were reclassified to RRMS in the
context of this study. Therefore, we believe that our CIS group is difficult
to compare to other CIS cohorts. This reclassification also changed our
RRMS group, which was dominated by early stages as indicated by a
median disease duration of less than a year. Still, the percentage of 74%
of patients with at least one SC lesion was in the range of earlier studies
reporting about 80% (Lycklama et al., 2003). Because of the low number
of patients with primary and secondary PMS, we gathered these patients
to one group as done by others (Bonacchi et al., 2020). This decision can
be justified because of the absence of qualitative clinical (apart from the
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A) Mean spinal cord cross-sectional area across all levels
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Fig. 3. Mean spinal cord cross-sectional area across vertebral
levels. (A) Violin plots show spinal cord (SC) mean cross-
sectional areas across groups (HC, healthy controls; CIS, clin-
ically isolated syndrome; RRMS, relapsing-remitting multiple
sclerosis; PMS, progressive multiple sclerosis). Statistical sig-
nificance is marked by asterisks (p < 0.05, *; p < 0.01, **; p <
0.001, ***), (B) Mean SC cross-sectional areas and standard
error on the y axis are plotted across SC levels on the x axis (C,
cervical; T, thoracic; L, lumbar), separately for HC, CIS, RRMS,
and PMS. (C) For each level, mean SC cross-sectional areas
were scaled by respective means of the HC group at this level
(resulting in a mean value of 1.0 for all levels in the HC group).
(B/C) Level-wise statistical significance is indicated by non-
overlapping confidence intervals.

Fig. 4. Comparison of spinal cord volumes between
patients without any spinal cord lesion, patients with
most spinal cord lesion volumes, and healthy controls.
Mean spinal cord cross-sectional areas and standard
error on the y axis are plotted across vertebral levels
on the x axis (C, cervical; T, thoracic; L, lumbar),
separately for the 99 patients without a single spinal
cord lesion, the 99 patients with the highest spinal
cord lesion volumes, and the 17 healthy controls.
Statistical ~ significance is indicated by non-
overlapping confidence intervals.

2
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Table 2
Simple and partial correlation analyses of clinical scores and magnetic resonance
imaging measures.

Brain Brain Spinal Spinal
Volume Lesion Cord Cord
Volume Volume Lesion
Volume
Age, all, simple -0.1 0.4 (3e- —0.01 0.09 (0.08)
(0.005%) 12" (0.8)
Sex (f > m: <0), all, 0.5 (1e- 0.1 (0.05) 0.1 (0.06) 0.1 (0.03%)
simple 25™)
Disease Duration, —0.2 (4e- 0.4 (2e- —0.2 (7e- 0.3 (le-
all, simple 04™) 18™) 04™) 06™")
Intracranial V, all, 0.9 (6e- 0.02 (0.7) 0.4 (2e- —0.02 (0.7)
simple 185™) 13"
Scanner n/a n/a (>0.3) (>0.9)
Brain Volume, all, / —0.5 (6e- 0.2 -0.1
partial-1 26" (0.002%) (0.007%)
Brain Lesion V, all, —0.5 (6e- / 0.04 (0.5) 0.2 (2e-
partial-1 26" 06™")
SC Volume, all, 0.2 0.04 (0.5) / 0.08 (0.1)
partial-1 (0.002%)
SC Lesion V, all, -0.1 0.2 (2e- 0.08 (0.1) /
partial-1 (0.007%) 06™)
EDSS
CIS/RRMS, simple -0.2 0.3 (le- -0.07 0.3 (le-
(0.003%) 09™) 0.2) 08™)
partial-1 -0.2 0.2 (4e- -0.06 0.3 (4e-
(0.001%) 05™) (0.3) 07"
partial-2 —0.3(0.2) 0.1 (0.03%) -0.07 0.2 (2e-
0.2) 05™)
PMS, simple —-0.3(0.1) 0.4 (0.02%) -0.07 0.1 (0.4)
0.7)
partial-1 —0.02 0.2 (0.3) 0.2 (0.2) 0.1 (0.4)
0.9)
partial-2 0.11 (0.9) 0.16 (0.5) 0.17 (0.5) 0.02 (0.9)
All, simple —0.2 (2e- 0.5 (5e- —0.2 (7e- 0.3 (5e-
06™) 20™) 04™) 12"
partial-1 —0.2 (4e- 0.3 (3e- -0.08 0.3 (le-
05™) 07" 0.1) 07"
partial-2 —0.3(0.2) 0.2 —-0.09 0.2 (9e-
(0.004%) (0.06) 06™)
Further Clinical Scores (All patients)
25FWalk, simple -0.2 0.2 —0.3 (3e- 0.2
(0.002%) (0.001%) 05™) (0.001%)
partial-1 -0.2 0.1 (0.09) -0.2 0.1 (0.06)
(0.01%) (0.001%)
partial-2 —0.4 (0.1) 0.06 (0.4) —0.2 (9e- 0.1 (0.08)
04™)
9HPeg, simple -0.05 0.2 (2e- —0.01 0.3 (8e-
0.4) 04™) (0.8) 06™)
partial-1 -0.1 0.2 0.004 (1.0) 0.2 (3e-
(0.07) (0.005%) 04™)
partial-2 —0.2 (0.5) 0.1 (0.07) —0.01 0.2
(0.8) (0.001%)
Fatigue, simple —0.1(0.1) 0.05 (0.4) 0.03 (0.6) 0.1 (0.2)

Effect sizes (standardized B) and, in parentheses, p values of simple correlations
(’simple’) with the four volumes in interest, namely brain white matter lesion
volume, brain volume, spinal cord lesion volume, and spinal cord volume are
given. Effect sizes (standardized B8) and p values of partial correlations ('partial’)
are also given for the four volumes and for clinical scores. Partial-1 correlations
include one variable of interest, namely one volume or one clinical score, and the
control variables of age, sex, disease duration, (total) intracranial volume, and
scanner. Partial-2 correlations additionally include the three remaining vol-
umes. Significance is indicated by one/two asterisks (p < 0.05/0.001).

9HPeg, Nine-Hole Peg Test; 25FWalk, 25-Foot Walk Test; All, all patients (CIS/
RRMS and PMS); B, standardized beta; CIS/RRMS, group of patients with clin-
ically isolated syndrome or relapsing-remitting multiple sclerosis; EDSS,
Expanded Disability Status Scale; f > m: <0, higher values in women translate
into negative B values; Fatigue, score of Multiple Sclerosis Inventory Cognition;
n/a, not applicable; PMS, progressive MS; SC, spinal cord; Scanner, factor var-
iable with 3 levels, number relates to smallest p value; V, volume.
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course), immunological, histopathological, or neuroimaging features
differentiating both types (Filippi et al., 2020) and very similar de-
mographic features across huge cohorts (Confavreux and Vukusic,
2006). In our PMS group, the percentage of patients with at least one SC
lesion was higher, namely 90%, yet far from 100%, indicating that even
when studied by full axial and sagittal coverage, some patients with PMS
remain free from SC lesions. Further, our patients with PMS had a longer
disease duration and were older than our patients with CIS or RRMS as
in other large cohorts (Confavreux and Vukusic, 2006). This made sta-
tistical models challenging. On the one hand, these differences between
groups are inherent to the different phenotypes and stages of the disease;
on the other hand, findings not distinguishable from mere age effects are
difficult to interpret. In addition, critical for statistical models
comprising SC and brain measures is the fact that the latter correlates
with age more strongly than the former. Regarding brain measures,
excluding age increases the risk of false positive findings whereas
including age increases the risk of false negative findings, since collin-
earity of variables enlarges confidence intervals and, thus, lowers sta-
tistical power. Against this backdrop, we decided to perform
uncorrected tests for comparisons of phenotypes but to correct for age,
sex, and disease duration in statistical models on clinical scores.

The distribution of SC lesions and atrophy across SC levels was a
main objective of our study. In line with our results, further studies re-
ported the highest frequency of lesions at the cervical enlargement
(Amezcua et al., 2013; Bot et al., 2004; Breckwoldt et al., 2017; Galler
etal., 2016; Kidd et al., 1993; Poulsen et al., 2021; Weier et al., 2012). Of
note, a recent study focusing on lesions in the corticospinal tract,
covering the brain and upper cervical SC, also reported the highest
frequency at C3/4 (Kerbrat et al., 2020). We are aware of few studies
reporting SC atrophy across SC levels. An early study focused on the
levels around C5, T2, T7, and T11 and found most atrophy at C5 and T7
similar to our results (Kidd et al., 1993). A very recent study (Mina et al.,
2021) also investigated atrophy across the whole SC. Virtually mirroring
our results, both groups of patients with PMS (59 patients with primary
and 49 with secondary MS) showed significant atrophy compared to
controls, which was most pronounced in the cervical SC but evenly
distributed in the thoracic SC. The strongest difference to our results was
that RRMS patients only showed significant atrophy in the cervical SC,
which may result from the lower number of RRMS patients. Given the
homogeneity of atrophy, the selection of few SC levels for volumetry, as
done in numerous studies (Casserly et al., 2018; Song et al., 2020),
seems to be a powerful approach to investigate SC atrophy. The accen-
tuation in the cervical enlargement, found for both measures, may be
related to the high content of GM. SC GM lesions exist, and, in contrast to
the brain, WM lesions frequently extend into GM disregarding the GM/
WM boundary (Gilmore et al., 2006; Petrova et al., 2018). Moreover,
studies using high resolution SC MRI found SC atrophy pronounced in
GM (Kearney et al., 2016; Schlaeger et al., 2014; Schlaeger et al., 2015).

An interplay of SC atrophy and SC lesions was not evident in our
study. Both measures appeared to be largely independent. This is
compatible with an MRI study investigating the cervical cord (Kearney
et al., 2015a) and histological studies as SC lesions primarily reflect
demyelination (Nijeholt et al., 2001), whereas the underlying cause of
SC atrophy is less clear (Evangelou et al., 2005; Petrova et al., 2018). On
the other hand, studies exist that reported a more direct relation be-
tween SC lesions and atrophy (Pravata et al., 2019; Sechi et al., 2021).
Further, simply because both measures develop over time, as underlined
by the high correlation with disease duration, we expected at least some
degree of correlation. Nevertheless, even when we compared those 99
patients without any SC lesion to the same number of patients with the
largest SC lesion volumes, we did not find a difference of SC volume,
neither of the global values nor across SC levels. It seems that other
factors, possibly such as the coexistence of swelling from inflammatory
edema and atrophy, exert strong and differential influences and,
thereby, cover the time-dependent component of both measures.

For the analyses of the relation of SC measures with clinical
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phenotypes and disability, we chose a granular statistical design not to
miss differences among groups and to ensure that significant associa-
tions cannot merely be attributed to collinearity among the MRI mea-
sures of interest (atrophy/volume and lesions of SC and brain). Simple
correlations with both SC measures showed the strongest associations
with EDSS across the whole patient group suggesting that these associ-
ation play an important role throughout the course of MS (rather than at
a certain stage). After correcting for other measures including MRI pa-
rameters, SC lesion volume showed an independent association with
EDSS and SC atrophy with the 25-Foot Walk Test. Our results on the
relation of SC measures with groups (clinical phenotypes) point toward
an important role throughout the course of MS indicating SC atrophy
already in RRMS and more so in PMS; differences were most pronounced
at the cervical enlargement, making it an attractive region-of-interest to
gain an estimate of SC atrophy. Our finding of an independent contri-
bution of SC atrophy to a clinical score across our whole cohort is in line
with other studies (Andelova et al., 2019; Mina et al., 2021; Tsagkas
et al., 2018) including two meta-analyses (Casserly et al., 2018; Song
et al., 2020). Of note, a recent longitudinal study demonstrated similar
atrophy rates of the SC in RRMS and secondary PMS (Tsagkas et al.,
2018). Taken together, SC atrophy appears to be a continuous process
affecting the whole SC from the beginning of the disease, becoming early
detectable at the group level, and contributing to the clinical picture in
the later course. These relations are less clear for SC lesions. Their
contribution to the clinical picture is beyond doubt during demyelin-
ating attacks (Compston and Coles, 2008), whereas evidence on the
contribution of SC lesions to sustained disability at the cohort level and,
hence, to long-term disability is sparse. Early studies did not find such a
relation (Kidd et al., 1993; Lin et al., 2003; Lycklama et al., 2003;
Nijeholt et al., 1998). A later study demonstrated a contribution pri-
marily of longitudinally extensive SC lesions (Amezcua et al., 2013).

This lack of evidence contrasts to our finding that SC lesions correlate
more closely with EDSS than SC atrophy. Remarkably, a study using a
methodology comparable to ours also found an association of SC lesions
and EDSS (Weier et al., 2012). Moreover, an independent contribution
of whole SC lesion volume and atrophy to disability was observed in a
two-center study (Lukas et al., 2013). Regarding our correlation ana-
lyses of SC measures with clinical scores, we observed that the time of
the 25-Foot Walk Test behaved inversely to the EDSS score in one
respect. It was more strongly related to SC atrophy than to SC lesion
volume compatible with a very recent study on differences in these
clinical scores (Koch et al., 2021). Anatomically plausible, the time of
the Nine-Hole Peg Test correlated more strongly with lesion volumes of
the upper SC than of the lower SC. Compatible with the fact that arm
function declines more slowly than walking (Timmermans et al., 2020),
the time of the Nine-Hole Peg Test was not related to SC atrophy in our
cohort. As functional (Rocca et al., 2012) and structural (Hagstrom
et al., 2017) SC measures had been related to fatigue, we finally tested
for such an association but did not observe it.

We acknowledge limitations of our study. Our methods covered the
SC from the lower edge of the second vertebra and, hence, not the entire
SC. In our cohort, patients in their first year of MS were well represented.
The fact that almost 20 percent of patients, assigned for whole SC MRI,
were actually not scanned across the whole SC may have introduced a
selection bias. We did not analyze diffuse hyperintensities, which
however occur later in the disease course making informative results
unlikely in our cohort. Our clinical data did not include further SC
symptoms such as bladder, bowel, and sexual dysfunction (Ciccarelli
et al., 2019).

Our data may be of value to plan further studies. To assess the long-
term impact of SC lesions in MS, thorough measurement of SC lesion
volume will be necessary. In contrast, SC atrophy may be relatively easy
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Fig. 6. Association of spinal cord lesions and atrophy
with clinical scores across vertebral levels. (A) Level-

©
% 04- wise simple non-parametric correlations of Expanded
c Disability Status Scale (EDSS), 25-Foot Walk Test, and
3 Nine-Hole Peg Test with spinal cord lesion volumes is
c . .
S 03- e RS = R, plotted across vertebral levels (C, cervical; T, thoracic;
“g El= : - 5 = Ee- | L, lumbar) for all patients. Of each score, color-coded
o T = —-—— = correlation measures with their 95% confidence in-
c\° = | L =~ = 25 foot walk .
0 02- _ - =t = tervals (colored areas) are displayed. For visibility,
2 = ol . T |l = Oholepegtest these values were smoothed (default function of
5 T - ~ — EDSS ggplot2). Level-wise statistical significance is indi-
—
E 01- = - cated by non-overlapping confidence intervals with
2 zero. (B) Analogous plots of spinal cord volumes (at-
g rophy) over clinical scores are displayed.
g o0o0-
Q.
UJ 1 l 1 1 U 1 1 1 1 l l 1 l ' 1 ' 1 Ll '
C3 C4 C5 C6 C7 C8 T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 L1
B) Level-wise association of clinical scores and spinal cord atrophy
€ o3-
Q
E
(]
S go-
g | EEEEEEEE.
= - 1 =
5 INERES T
o = = [ SN
L 01- - ~ = 25 foot walk
b T - == =T~
= _r | ] ] ~ il = = 9 hole peg test
c i ~ ~
% 00- === _ N — EDSS
£ 1T
»
=
©
€ 01-
I
[
Q.
(n 1 ' 1 l ' 1 l ' 1 l ' 1 ) ' l ' 1 ) '
C3 C4 C5 C6 C7 C8 T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T1l T12 L1
to measure. Studies comparing whole SC volumes with SC sections at Acknowledgments

several levels may help identify the most efficient and reliable way to
estimate SC atrophy - ideally resulting in a commonly accepted stan-
dard. Application of structural MRI with higher resolution at large scale
may allow to analyze further features of SC lesions such as location
within SC cross-sections and involvement of GM and WM (Eden et al.,
2019; Schlaeger et al., 2014; Schlaeger et al., 2015). Likewise, more
advanced sequences may enable to classify and to better quantify tissue
damage (Kearney et al., 2015b; Mariano et al., 2021; Rocca et al., 2020).

We conclude that SC lesions occur in most patients with MS across
the whole SC variably but accentuated in the cervical enlargement; they
contribute to the clinical picture in the early and late course of MS. In
contrast, SC atrophy, spatially, develops more evenly, starting early in
the course of MS but contributing to the clinical picture later.
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