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Multiple sclerosis lesions in motor tracts from
brain to cervical cord: spatial distribution and
correlation with disability
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Despite important efforts to solve the clinico-radiological paradox, correlation between lesion load and physical disability in
patients with multiple sclerosis remains modest. One hypothesis could be that lesion location in corticospinal tracts plays a key
role in explaining motor impairment. In this study, we describe the distribution of lesions along the corticospinal tracts from the
cortex to the cervical spinal cord in patients with various disease phenotypes and disability status. We also assess the link between
lesion load and location within corticospinal tracts, and disability at baseline and 2-year follow-up. We retrospectively included
290 patients (22 clinically isolated syndrome, 198 relapsing remitting, 39 secondary progressive, 31 primary progressive multiple
sclerosis) from eight sites. Lesions were segmented on both brain (T,-FLAIR or T,-weighted) and cervical (axial T,- or
T,*-weighted) MRI scans. Data were processed using an automated and publicly available pipeline. Brain, brainstem and spinal
cord portions of the corticospinal tracts were identified using probabilistic atlases to measure the lesion volume fraction. Lesion fre-
quency maps were produced for each phenotype and disability scores assessed with Expanded Disability Status Scale score and pyr-
amidal functional system score. Results show that lesions were not homogeneously distributed along the corticospinal tracts,
with the highest lesion frequency in the corona radiata and between C2 and C4 vertebral levels. The lesion volume fraction in the
corticospinal tracts was higher in secondary and primary progressive patients (mean = 3.6+2.7% and 2.9+2.4%), compared to
relapsing-remitting patients (1.6+2.1%, both P < 0.0001). Voxel-wise analyses confirmed that lesion frequency was higher in pro-
gressive compared to relapsing-remitting patients, with significant bilateral clusters in the spinal cord corticospinal tracts
(P < 0.01). The baseline Expanded Disability Status Scale score was associated with lesion volume fraction within the brain
(r=0.31, P < 0.0001), brainstem (r=0.45, P < 0.0001) and spinal cord (r=0.57, P < 0.0001) corticospinal tracts. The spinal
cord corticospinal tracts lesion volume fraction remained the strongest factor in the multiple linear regression model, independently
from cord atrophy. Baseline spinal cord corticospinal tracts lesion volume fraction was also associated with disability progression
at 2-year follow-up (P =0.003). Our results suggest a cumulative effect of lesions within the corticospinal tracts along the brain,
brainstem and spinal cord portions to explain physical disability in multiple sclerosis patients, with a predominant impact of intra-
medullary lesions.
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Introduction

The clinico-radiological paradox, i.e. the weak relationship
between radiological findings and clinical consequences, is a
still unsolved issue in multiple sclerosis (Barkhof 2002;
Healy et al., 2017). One hypothesis could be that lesion lo-
cation, in addition to lesion load, plays a key role in explain-
ing disability. In particular, progressive phenotypes of
multiple sclerosis are most often characterized by a worsen-
ing pyramidal syndrome of lower and, to a lesser extent,
upper limbs (Lublin et al., 2014), suggesting a corticospinal
tract (CST) involvement. Both clinical and MRI studies have
provided evidence to support this hypothesis. First, patients
with a solitary demyelinating lesion in the CST, mainly in
the spinal cord lateral columns or anterior medulla, can de-
velop progressive motor impairment, clinically very similar
to progressive multiple sclerosis (Lattanzi et al, 2014;

Keegan et al., 2016). Similar observations were reported in
progressive multiple sclerosis patients with few (i.e. two to
five) lesions (Keegan et al., 2018). Finally, in patients with
more than five lesions but unilateral motor progression, the
probability to detect lesions is higher in the CST correspond-
ing to the motor deficit than on the contralateral side (Sechi
et al., 2019). However, these subgroups only represent a
small portion of multiple sclerosis patients, who tend to
have many more lesions and bilateral symptoms. In add-
ition, these results were based on visual MRI assessment
without quantitative measurement of motor tract damage.
To date, quantifying CST damage from the motor cortex to
the spinal cord using MRI has not been fully explored in mul-
tiple sclerosis patients. In the brain portion of the CST, cross
sectional studies revealed a moderate association between
motor dysfunction and T,-hyperintense (Riahi et al., 1998;
Daams et al., 2015) and T;-hypointense (Tovar-Moll et al.,
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2015) lesion volumes. Metrics derived from diffusion tensor
and magnetization transfer imaging in the brain CST also cor-
related with the pyramidal functional system score (Wilson
et al., 2003) and other specific clinical metrics reflecting motor
function such as ankle and hip strength (Reich et al., 2008;
Fritz et al., 2017) and the Timed 25-Foot Walk test (TWT)
(Tovar-Moll et al., 2015). In the spinal cord, magnetization
transfer metrics in the lateral columns were correlated with
ankle flexion strength (Zackowski ez al., 2009), and diffusion
metrics were correlated with Expanded Disability Status Scale
(EDSS), 9-Hole Peg Test (9HPT), and TWT scores (Naismith
et al., 2013). Lastly, in a recent study dedicated to lesion distri-
bution in the cervical spinal cord, the lateral columns were
more frequently affected by lesions in patients with progressive
compared to relapsing phenotypes, and were significantly cor-
related with EDSS score (Eden et al., 2019).

In the present study, we extend these investigations from
the cortex to the cervical spinal cord, by specifically assessing
CST lesion load in a large population of multiple sclerosis
patients (7 =290) with various disease phenotypes and a
wide range of disability status. After processing the data
using an automated and publicly available pipeline, we (i) de-
scribe the distribution of multiple sclerosis lesions along the
CST for each disease phenotype; (ii) assess the association be-
tween CST lesion load and location, and disability at base-
line; and (iii) evaluate the association between CST lesion
load and location, and disability progression after 2 years.

Materials and methods

Participants

Two hundred and ninety patients from eight centres were retro-
spectively included in the study. They were part of a previous
study focused on cervical spinal cord lesion distribution (Eden
et al., 2019). Inclusion criteria were: (i) at least 18 years of age;
(ii) a diagnosis of clinically isolated syndrome (CIS), relapsing-
remitting multiple sclerosis (RRMS), secondary progressive mul-
tiple sclerosis (SPMS), or primary progressive multiple sclerosis
(PPMS); the CIS patients had to fulfil the 2017 revisions of
McDonald criteria for dissemination in space, and not for dis-
semination in time (Thompson et al., 2018); (iii) available brain
MRI images, including at least a 3D Tj-weighted and T,-FLAIR
or T,-weighted brain scans; (iv) available spinal cord images cov-
ering the entire cervical cord, including at least an axial T,-
weighted or T,*-weighted and sagittal T,-weighted scans.
Contrary to our previous work, all patients had both axial and
sagittal scans with full coverage of the cervical cord in the two
orientations, as lesions located in the lateral part of the spinal
cord are often missed on sagittal scans; and (v) no diagnosis of
degenerative cervical myelopathy or spinal cord trauma. The
study was approved by each local institutional review board, and
informed written consent was obtained from all participants.

Clinical assessment

At baseline, age, sex, disease duration and disease phenotype
were collected. Overall neurological disability was assessed

BRAIN 2020: 143; 2089-2105 | 2091

using the EDSS (7 =290, 100%) (Kurtzke 1983). The degree of
motor impairment was assessed using the pyramidal functional
system score (7 =206, 71%). The TWT was used to assess
lower limb function (n =222, 77%) and the 9HPT upper limb
function (n =118, 41%) (Fischer et al., 1999). At 2 years, the
EDSS, and the pyramidal functional system score were available
for 198 (68%) and 150 (52%) patients, respectively.

MRI data acquisition

Scans were acquired on 3 T MRI systems (Philips or Siemens),
with varying protocols across sites as detailed in Supplementary
Table 1. Brain sequences included: 3D T,-FLAIR (7 =243,
84%), axial PD/T,-weighted images (1 =278, 96%) used for
brain lesion identification and 3D T,-weighted images (7 = 290,
100%) used for both brain CST identification via atlas registra-
tion and atrophy measurement. Spinal cord sequences included
axial T,*-weighted (n=198, 68%) or T,-weighted images
(n=92, 32%) from C1 to C7 vertebral levels, sagittal T,-
weighted (7 =290, 100%) and short TI inversion recovery
(STIR) images (1 = 80, 28%).

MRI data processing

Data were processed with an automated pipeline and publicly
available (Fig. 1), using the Spinal Cord Toolbox v3.2.7
(De Leener et al., 2017; https://github.com/neuropoly/spinalcord
toolbox), and Anima Toolbox (https://github.com/Inria-Visages/
Anima-Public). Quality controls were performed after each
processing step and systematically reviewed.

Brain MRI data processing

Focal T, lesion segmentation

Brain and brainstem T, hyperintense lesions were first automat-
ically segmented using a method based on 3D convolutional net-
works on 3D T,-FLAIR or axial T,-weighted images (Valverde
et al., 2017) (Fig. 1, step 1). The network was fine-tuned for
each centre multi-contrast data using a subset of 10 subjects
manually segmented, and then used to infer on the remaining
subjects. All binary lesion masks were then reviewed and manu-
ally corrected by two experienced raters (A.K., A.G.), blinded to
clinical data.

Registration to ICBM template space

Intra-subject registration between the T,-FLAIR (or T,-weighted)
and T,-weighted data (Fig. 1, step 2a) was achieved using rigid
transformations (Commowick e al, 2012). Rigid, affine, and
non-linear (Suarez et al., 2012) transformations were successively
computed (Fig. 1, step 2b) from the 3D T;-weighted patient
space and the ICBM template space (1 mm isotropic).

Lesion load quantification

The CST were identified after registering brain (Archer et al.,
2018) and brainstem (Tang et al., 2018) probabilistic atlases to
patient space (Fig. 1, step 3). For the brain, the CST descending
from the primary motor cortex were considered (M1-CST). For
each patient, total brain volume and the brain parenchymal
fraction were computed from the 3D T;-weighted images using
an automatic segmentation method (Avants et al, 2011).
Absolute lesion volume and normalized lesion volume were
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All lesion masks in a Lesion Frequency Map
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Figure | Processing pipeline. Brain data processing: (1) semi-automatic lesion segmentation on 3D T,-FLAIR or axial T,-weighted images
(when 3D T,-FLAIR was not available); (2a) intra-subject linear registration between T,-FLAIR and T -weighted images; (2b) Affine and non-lin-
ear registration between T,-weighted images and the T, ICBM | mm isotropic template space; and (3) quantification of lesion volume fraction
based on brain and brainstem CST atlases. Spinal cord data processing: (1) manual lesion segmentation on axial T,*-weighted images; (2) slice-
wise non-linear registration to the PAM50 template; and (3) Quantification of lesion volume fraction based on a spinal cord CST atlas. To create

the lesion frequency maps, brain and spinal cord lesion masks were averaged in the ICBM and PAM50 space, respectively.

computed in the native space of lesion masks. Absolute lesion
volume refers to the total lesion volume within a region while
normalized lesion volume refers to the total lesion volume with-
in a region normalized to the volume of the region.

To validate the use of these atlases to identify the CST instead
of patient tractography data, we compared the CST absolute le-
sion volume computed on a subset of 43 patients using both the
atlas-based and tractography-based methods (Supplementary
Fig. 1). In these patients, the CST descending from the primary
motor cortex was identified using probabilistic tractography
and a set of filtering regions of interest (Chouteau et al., 2019).
The results of the two methods were highly correlated
(Spearman  correlation  coefficient r=0.71, P < 0.0001;
Supplementary Fig. 2).

Spinal cord MRI data processing

Focal lesion segmentation

Nine raters manually segmented the axial T,-weighted or T,*-
weighted images and the sagittal T,-weighted and STIR images

used for the former study, and the inter-rater reliability was
assessed in a subset of 10 patients (Eden ez al., 2019) (Fig. 1,
step 1). Only axial images with full coverage of the cervical
cord were used in the present study and the axial lesion masks
were systematically reviewed (A.K.), with complementary infor-
mation from sagittal data. All raters were blinded to clinical
data.

Registration to PAM50 template space

Multi-step non-linear transformations between each axial
data-set and the PAMS50 template (De Leener ef al., 2018) were
computed using registration parameters fine-tuned for this study
(Fig. 1, step 2).

Lesion load quantification

The lateral and ventral CST were identified after warping the
white matter spinal cord atlas (Lévy ef al., 2015) to native space
using inverse transformations. For each patient, the lesion count,
absolute lesion volume, and normalized lesion volume were
computed in the regions of interest (Fig. 1, step 3).
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Cross-sectional area measurement

The spinal cord was automatically segmented on the axial T,-
weighted or T,*-weighted images using a deep learning method
(Gros et al., 2019) implemented in the Spinal Cord Toolbox,
and the segmentation was manually corrected when needed.
The cross-sectional area was computed from the segmentation
(number of pixels corrected for the angle between the slice and
the cord centre line), and the values were averaged across slices
between C2—C3 vertebral levels.

Generation of brain and cervical spinal cord lesion
frequency maps

Brain and cervical spinal cord lesion frequency maps were pro-
duced in the corresponding template space by dividing the sum
of lesion masks by the sum of brain or cord masks, on a voxel-
wise basis. Consequently, map intensities represent the fre-
quency of a lesion occurring at each voxel across the whole
dataset.

Statistical analysis

The characteristics of the study population were described for
the whole cohort, for patients grouped by centre and by pheno-
type. Comparisons of the demographic data between disease
phenotypes were conducted using the Mann-Whitney U-test.
The independence between phenotypes repartition and centres
were tested using Monte Carlo simulations. Unless otherwise
specified, all tests were two-tailed and P-values were not
adjusted for multiple comparisons.

Objective |: To describe the spatial distribution of
multiple sclerosis lesions along the CST

Lesion frequency maps were produced for the whole cohort and
for patients grouped by phenotype. Difference of voxelwise le-
sion frequency between two patient groups were assessed using
permutation testing (5000 permutations, using fsl Randomise)
(Smith ez al., 2004) with unpaired #test as test statistics, and
including age, sex, disease duration and scanning site as nuis-
ance variables. Significant clusters were identified with thresh-
old-free cluster enhancement (Smith and Nichols, 2009)
(P < 0.05, corrected for multiple comparisons across space).
The anatomical location of the peak (i.e. maximum t-value) of
each significant cluster was assessed using atlas-based analysis.
The absolute and normalized lesion volume were also quantified
on the whole-CST and on brain, brainstem and spinal cord-
CST. Comparisons of these volumes within and between
patients groups were performed using the #test or the Mann-
Whitney U-test.

Objective 2: Examining the link between CST lesion
load in each region and disability at baseline

Lesion frequency maps were produced for patients categorized
by EDSS score (low EDSS: 0-2.5; moderate EDSS: 3-5.5;
severe EDSS: >6) and by pyramidal functional system score
(low pyramidal functional system score: 0; moderate pyramidal
functional system score: 1-2; severe pyramidal functional system
score: >3). Multiple linear regression models were used to as-
sess the voxelwise association between lesion location and EDSS
or pyramidal functional system score, adjusted for age, sex, dis-
ease duration and scanning site (one-tailed for positive effect).
The voxelwise analyses were repeated without adjustment for
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scanning sites. Correlations between the normalized lesion vol-
umes and clinical scores at baseline were measured using
Spearman’s correlation coefficient. Multiple linear regression
models were then built to determine the link between normal-
ized CST lesion volume (in brain, brainstem, and cervical spinal
cord), and clinical scores (e.g. EDSS, pyramidal functional sys-
tem score, TWT and 9HPT) at baseline, with adjustment for
brain parenchymal fraction and cross sectional area and poten-
tial confounding factors (age, sex, disease duration, and scan-
ning site). A backward stepwise linear regression was performed
with a significance threshold of P < 0.05. We visually checked
residuals and g-q plots, scale-location plots and residual versus
leverage plots. The absence of strong collinearity between inde-
pendent variables was checked using variance inflation factors.
Subjects with missing relevant data were excluded. Similarly,
other models were built to determine the link between whole
brain, brainstem and spinal cord normalized lesion volume and
clinical scores.

Objective 3: Determining the predictive value of
CST lesions load in each region for disability
progression at 2 years

A multivariable logistic regression was conducted to assess odd
ratios of disability progression at 2 years of follow-up for the
normalized lesion volume in the brain CST, brainstem CST, cer-
vical spinal cord CST, brain parenchymal fraction, and spinal
cord cross sectional area assessed at baseline. Analysis was
adjusted for potential confounding factors (age, sex, disease dur-
ation, scanning site, EDSS at baseline). First, disability progres-
sion was defined as an increase in the EDSS of at least 1 point if
the baseline EDSS was <35.5, or 0.5 point if the baseline EDSS
was >5.5. Second, disability progression was defined as an in-
crease of at least 1 point of the pyramidal functional system
score. These analyses were repeated in the subgroup of progres-
sive multiple sclerosis patients. Results were expressed as odds
ratios (OR) with 95% confidence intervals (CI) and the area
under the curve of the global models were computed.

Data availability

Processing pipeline as well as the data supporting the findings of
this study, including lesion frequency maps and detailed results
from voxelwise analyses are available at: https://osf.io/xqtnw/.

Results

Demographic and clinical
characteristics

The baseline group consisted of 22 patients with CIS, 198
with RRMS, 39 with SPMS, and 31 with PPMS. We
observed a different repartition of disease phenotypes among
centres (P =0.0005) (Supplementary Table 2). The patient
characteristics for the whole cohort and grouped by pheno-
type, are detailed in Table 1. At 2 years, the median EDSS
remained stable at 2 (range: 0-8), but 48 of 198 patients
(24%) had an increase in their EDSS compared with base-
line. The median pyramidal functional system score was sta-
ble at 1 (range 0-5), but 29 of 150 patients (19%) had an
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Table | Baseline demographic, clinical data, and global brain, brainstem, and spinal cord MRI characteristics

All patients CIS RRMS SPMS PPMS
(n=290) (n=22) (n=198) (n=39) (n=31)
Baseline demographic and clinical data
Sex F/M 185/105 15/7 128/70 24/15 18/13
Mean + SD age, years 423+122 427 £122 382+9.38 51.9+86 565+ 126
Mean + SD disease duration, years® 9.0+9.8 46+44 6.1 +7.1 220+ 10.3 16.3+10.9
Median EDSS (range) 2.0 (0.0-8.0) 1.0 (0.0-2.0) 1.5 (0.0-8.0) 6.0 (3.0-8.0) 6.0 (1.5-8.0)
Median pyramidal functional system score (range)® 1.0 (0.0-5.0) 0.0 (0.0-2.0) 0.0 (0.04.0) 3.0 (1.0-5.0) 3.0 (0.0-5.0)
Median TWT score (range)® 5.0 (2.8-112.0) 4.0 (3.6-5.2) 4.6 (2.8-34.0) 8.9 (4.5-40.0) 8.2 (4.0-112.0)
Median 9HPT (range)® 21.7 (16.1-81.6) 21.4(18.7-283)  21.4(16.1-65.0) 340(23.4-81.6) NA
Global brain, brainstem, and spinal cord MRI characteristics
Brain
Median absolute lesion volume (range), cm® 3.5 (0-56.1) 0.7 (0.1-17.2) 3.1 (0-51.5) 7.9 (0.09-51.3) 5.9 (0.4-56.1)
Median brain parenchymal fraction (range) 0.79 (0.65-0.90) 0.79 (0.72-0.82)  0.80 (0.65—0.90) 0.76 (0.65-0.82)  0.77 (0.68-0.83)
Brainstem
Median absolute lesion volume, cm? (range) 0.6 (0-14.4) 0.1 (0-5.6) 0.5 (0-8.6) 1.8 (0-10.4) 1.3 (0-14.4)
Cervical spinal cord
Median absolute lesion volume cm? (range), 0.2 (0-2.1) 0.1 (0-0.4) 0.2 (0-2.1) 0.5 (0.1-2.1) 0.5 (0-1.6)

Median cord cross-sectional area across
C2-C3 vertebral levels (range), mm?

72.7 (44.2-12423)

69.7 (61.8-82.6)

76.2 (52.5-124.3)

63.1 (44.2-84.5)

64.0 (52.6-80.8)

*The disease duration was available for 262 subjects, the pyramidal functional system score for 206 subjects, the TWT score for 222 subjects and the 9HPT for |18 subjects.

NA = not available for PPMS patients.

increase in their pyramidal functional system score com-
pared with baseline.

Description of multiple sclerosis
lesion distribution along the CST
for the whole cohort

Lesion frequency maps

All patients except three CIS and four RRMS patients had at
least one lesion affecting their CST. Lesions were not homo-
geneously distributed along the CST (Fig. 2A). Overall,
lesions were more frequent in the corona radiata for the
brain and from C2 to C4 for the spinal cord (voxel frequen-
cies > 10%, Fig. 2A, left column), whereas lesions were less
frequent in the brainstem. In the axial plane, high lesion fre-
quency was mainly found in the medial part of the CST in
the corona radiata, whereas the entire spinal CST were high-
ly affected between C2 to C4.

Lesion volume in the brain, brainstem, and spinal
cord CST

Across all patients, the median percentage of lesion volume
within the whole CST was 1.2% [interquartile range (IQR):
0.4-2.6%]. The normalized lesion volume was higher in the
spinal CST (median: 3.3%, IQR: 0.9-8.3%) compared to
the brain CST (0.6%, 0-2.0%, P < 0.0001) and the brain-
stem CST (0%, 0-0.5%, P < 0.0001). In the corona radiata,
the normalized lesion volume was higher in the medial part
of the CST compared to the lateral part (1.1%, 0-5.6% ver-
sus 0.29%, 0-2.15%, P = 0.0001). The correlations between
the CST normalized lesion volume in the spinal cord portion
versus the brain or brainstem portion were 7=0.22

(P <0.001) and r=0.32 (P < 0.0001), respectively. The
correlation between CST lesion volume in the brain portion
versus the brainstem portion was r = 0.37 (P < 0.0001).

Description of multiple sclerosis
lesions distribution along the CST
according to disease phenotype

Lesion frequency maps

CST lesions were more frequent in progressive patients
(Fig. 2A, two right columns) compared to RRMS (third col-
umn) and CIS patients (second column). However, locations
of higher lesion frequencies were similar across phenotypes
(Fig. 2B). Lesions were more frequent in the spinal cord por-
tion of the CST in progressive versus relapsing patients. The
lesion frequency maps were similar between SPMS and
PPMS patients.

Voxelwise comparison between phenotypes

Voxelwise comparisons confirmed that lesion frequency was
higher in SPMS patients compared to RRMS patients.
Significant clusters were found in the spinal cord in the left
and right CST (Fig. 3), with a peak in the right lateral CST
at vertebral level C3-C4 (peak #-value: 5.8, P=0.002).
Significant clusters were also found in the brain, mainly in
the frontal lobes, outside the CST (peak #value in the right
frontal lobe: 5.6, P = 0.02). Similarly, lesion frequency was
higher in PPMS patients compared to RRMS patients with
significant clusters in the spinal cord, both inside and outside
the CST (Fig. 3), with peaks at C6 in the posterior spinal
cord (peak t-value: 7.5, P =0.0006) and in the right lateral
CST (peak #-value = 7.0, P =0.0008). In the brain, a small
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Figure 2 Lesion frequency in the brain, brainstem and cervical spinal cord. (A) Lesion frequency maps for the whole cohort and for
each disease phenotype. The CST are indicated in red contour. (B) Lesion frequency along the CST for each phenotype subcohort. For each axial
slice (I-mm slice thickness), the CST lesion frequency median and interquartile range are represented by a solid line and shaded region, respect-
ively. The CST segments are demarcated by dashed vertical lines. When interpreting this graph, it is important to keep in mind that the lesion fre-
quencies are normalized by the CST volume.
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Figure 3 T, lesion frequency voxelwise comparison between phenotypes. (A) Patients with SPMS versus RRMS. (B) Patients with
PPMS versus RRMS. Coronal and axial views. Only t-values of voxels from significant clusters are shown (P < 0.05, family-wise error corrected
for multiple comparisons). All analyses were adjusted for sex, age, disease duration and scanning sites. A = anterior; P = posterior; L = left; R =

right. The CST is indicated in white contour in axial views.

significant cluster was found in the left parietal lobe (peak #-
value = 6.1, P =0.04). We did not observe evidence for dif-
ferences between SPMS and PPMS patients.

Absolute and normalized lesion volume in the brain,
brainstem, and spinal cord CST

The absolute and normalized lesion volumes in the CST for
each phenotype are detailed in Fig. 4 (see also Supplementary
Table 3 for values). In the whole CST, the absolute lesion vol-
ume was lower in CIS patients compared to RRMS
(P < 0.05), SPMS and PPMS patients (P < 0.0001) and
lower in RRMS patients compared to SPMS and PPMS
patients (P < 0.0001). No significant difference was found
between SPMS and PPMS (P = 0.4). The absolute lesion vol-
ume in the brain CST was lower in CIS patients compared to
RRMS, SPMS and PPMS patients (P < 0.01) and lower in
RRMS patients compared to SPMS patients (P = 0.03). No
significant difference was found between RRMS and PPMS
(P =0.4) and between SPMS and PPMS (P = 0.4). Both the
brainstem and spinal cord CST had a lower absolute lesion
volume in CIS patients compared to SPMS and PPMS
(P < 0.0001) and in RRMS compared to SPMS and PPMS
(P < 0.0001, except for RRMS versus PPMS in the brain-
stem: P < 0.001). No significant difference was found

between CIS and RRMS patients and between SPMS and
PPMS patients. Overall, the results were the same when using
the normalized lesion volumes in the CST.

CST lesion load and location, and
disability at baseline

Lesion frequency maps

An increased lesion frequency was observed for patients
with higher EDSS score (Supplementary Fig. 3). In particu-
lar, patients with severe pyramidal functional system score
(3 or more) had higher lesion frequencies in their CST com-
pared to patients with low or medium pyramidal functional
system score (Fig. SA and B).

Voxelwise associations with disability

Voxelwise analyses showed that EDSS score (Fig. 6A),
adjusted for age, sex, disease duration and scanning sites,
was associated with lesion frequency in both the brain and
the spinal cord. The strongest correlations assessed by the #-
value were found in the right lateral CST at C4 for the spi-
nal cord (peak t-value: 7.6, P =0.0002) and in the left cor-
ona radiata, outside the CST (in the parietal lobe) for the
brain (peak #value = 6.7, P=0.0002). The pyramidal
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Figure 4 Absolute and normalized lesion volumes for each phenotype, measured in the whole CST, in the brain, brainstem
and spinal cord portion of the CST. ***P < 0.0001, **P < 0.001, *P < 0.05. For clarity, only significant differences between relapsing-remit-
ting and progressive phenotypes are reported, and not between clinically isolated syndrome and other phenotypes. For each box plot, the median
is indicated as a thick horizontal line and the interquartile range as a rectangle. The horizontal bar at both extremities of the whiskers indicates

the 5th and 95th percentiles. The circles indicate outliers.

functional system score (Fig. 6B), was associated with lesion
frequency in the spinal cord and to a lesser extent in the
brain. The strongest correlations assessed by the z-value
were found in the right lateral CST at C4 for the spinal cord
(peak t-value: 7.2, P =0.0002) and in left corona radiata,
outside the CST (in the parietal lobe), for the brain (peak ¢-
value: 5.8, P=0.0006). The voxelwise analyses were
repeated without adjustment for scanning sites. The results
were unchanged.

Relation between CST lesion load and location and
disability at baseline

Results of the univariate correlations between MRI charac-
teristics and EDSS, pyramidal functional system score, 9HPT
and TWT score at baseline are detailed in Supplementary
Table 4. Overall, the spinal cord lesion volume and the brain
and spinal cord atrophy measurements demonstrated the
highest correlations with disability scores. Results of multi-
variable models combining centre, clinical variables (age,
sex, disease duration) and MRI variables (brain, brainstem,
and cervical spinal cord CST normalized lesion volume,
brain parenchymal fraction and spinal cord cross sectional
area) are presented in Table 2. Multiple linear regression
with EDSS as a dependent variable demonstrated significant
associations, ordered by importance, with cervical spinal
cord CST normalized lesion volume, age, disease duration,
spinal cord cross sectional area, brain CST normalized lesion

volume, and brainstem CST normalized lesion volume (R* =
0.60; Table 2). By using pyramidal functional system score
as the dependent variable, we found significant associations
with cervical spinal cord CST normalized lesion volume,
age, brain parenchymal fraction and disease duration, with
an R? of 0.55 for the final model (Table 2). Multiple linear
regression with 9HPT as a dependent variable demonstrated
significant associations with age, spinal cord and brainstem
CST normalized lesion volume, with an R? of 0.36
(Table 2). Multiple linear regression with TWT as the de-
pendent variable demonstrated significant associations only
with disease duration with an R? of 0.11 (Table 2).

Both lesion volume in the whole cervical spinal cord and
in the cervical spinal cord CST were not included in the
same model since they highly intercorrelated (r=0.94,
P < 0.0001). We observed the same collinearity with the
brain measurements (r=0.83, P < 0.0001). Results of the
multiple linear models when using lesion volumes in the en-
tire structure were very similar to that restricted to the CST
(Supplementary Table 5).

Predictive relationship between
baseline CST pathology and
disability progression at 2 years

The multivariable logistic regression model revealed that the
baseline CST spinal cord lesion volume was the only
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Figure 5 Frequency of multiple sclerosis lesions in the brain, brainstem and spinal cord for patients grouped by pyramidal
functional system score. (A) Lesion frequency maps. Pyramidal functional system score (FSS) subgroups: low pyramidal functional system
score (0), medium pyramidal functional system score (1-2), high pyramidal functional system score (= 3). The CST is indicated in red contour.
(B) Lesion frequency along the CST for each pyramidal functional system score subcohort. For each axial slice (I-mm slice thickness), the CST le-
sion frequency median and interquartile range are represented by a solid line and shaded region, respectively. The CST segments are demarcated
by dashed vertical lines. Pyramidal functional system score (py FSS) subgroups: low pyramidal functional system score (0), medium pyramidal func-

tional system score (1-2), high pyramidal functional system score (= 3). When interpreting this graph, it is important to note that the lesion fre-
quencies are normalized by the CST volume.
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Figure 6 Association between T, lesion frequency and disability. (A) Disability scored by the EDSS. (B) Disability scored by the pyram-
idal functional system score. Only t-values for significant clusters are shown (P < 0.05, family-wise error corrected for multiple comparisons). All
analyses were adjusted for sex, age, disease duration and scanning sites at a voxel scale. The CST is indicated in white contour in the axial views.

explanatory variable associated with an increased risk of
EDSS progression at 2 years [OR (95%CI): 1.09 (1.03-
1.17), P =0.003 for the spinal cord CST normalized lesion
volume expressed in percentage]. The area under the curve
of the global model was 0.74. No explanatory variable was
associated with an increased risk of pyramidal functional
system score progression at 2 years. In the subgroup of pro-
gressive multiple sclerosis patients (46 of 70 progressive mul-
tiple sclerosis patients with available EDSS evaluation at 2
years), no explanatory variable was associated with an
increased risk of EDSS progression at 2 years. Results when
using normalized lesion volume in the entire cervical spinal
cord were similar to those obtained when restricting to the
cervical spinal cord CST.

Discussion

While previous investigations were restricted either to the brain
(Riahi et al., 1998; Wilson et al., 2003; Reich et al., 2008;
Daams et al., 2015; Tovar-Moll et al., 2015; Fritz et al., 2017)
or spinal cord (Zackowski et al., 2009; Naismith et al., 2013;
Eden ez al., 2019), we explored the CST lesion load from the

brain to the cervical cord since motor deficits are likely to be
caused by cumulative damage along the tracts. We described
the lesion distribution along the CST depending on the pheno-
type and disability using lesion frequency maps and further
assessed these relationships using voxelwise statistical analyses.
We then compared the spatial difference of lesion load by meas-
uring the absolute and normalized lesion volume in the brain,
brainstem and cervical spinal cord CST. We investigated their
relative relationship with clinical measures assessing motor or
ambulatory function at baseline and 2 years.

Spatial distribution of multiple
sclerosis lesions along the CST

Focal lesions were not homogeneously distributed along the
CST, with clear predominance in the cervical spinal cord
and the corona radiata. This observation was consistent
across all phenotypes. Regarding lesions in the brain, we
found a higher lesion frequency adjacent to the frontal and
occipital horns of lateral ventricles and in the corona radi-
ata, which is in line with observations previously reported in
other MRI (Di Perri et al., 2008; Holland et al., 2012) and
histopathological (Haider et al., 2016) studies. Interestingly,
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Table 2 Multivariate linear regression of EDSS, pyramidal functional system score, JHPTand TWT

Standardized p coefficient® SE P-value
EDSS score (R? = 0.60)
Age, years 0.28 0.06 <0.0001
Disease duration, years 0.18 0.07 0.007
Normalized brain CST lesion volume 0.11 0.05 0.02
Normalized brainstem CST lesion volume 0.09 0.04 0.02
Normalized cervical cord CST lesion volume 0.31 0.04 <0.0001
Spinal cord cross sectional area, mm? —0.12 0.06 0.02
Centre®
Centre 2 —0.15 0.20 0.5
Centre 3 —0.09 0.29 0.7
Centre 5 —0.11 0.22 0.6
Centre 6 0.53 0.28 0.05
Centre 7 0.37 0.21 0.07
Centre 8 -0.09 0.22 0.7
Pyramidal functional system score (R? = 0.55)
Age, years 0.25 0.06 <0.0001
Disease duration, years 0.16 0.07 0.02
Normalized spinal cord CST lesion volume 0.32 0.05 <0.0001
Brain parenchymal fraction -0.20 0.06 0.0009
9HPT (R? = 0.36)
Age, years 0.43 0.09 <0.0001
Normalized brainstem CST lesion volume 0.23 0.09 0.01
Normalized spinal cord CST lesion volume 0.28 0.07 0.0002
TWT (R?=0.11)
Disease duration, years 0.22 0.04 <0.0001

?Except for the centre.

PPatients from Centre 4 were not included in multiple linear regression model (no disease duration available for these patients).

the M1-CST atlas fairly overlapped with high lesion fre-
quency locations in the corona radiata, in particular in the
medial part of the CST. Although this finding will require
further investigation, it could have functional consequences
since the CST in the corona radiata are known to be soma-
totopically organized (i.e. the lower limbs, the upper limbs
and the face in the medial-to-lateral direction) (Duvernoy,
1999). In the spinal cord, high lesion frequency was found
in the lateral and posterior funiculi, as previously described
in both MRI (Kearney et al., 2013; Eden et al., 2019) and
histopathological (Fog, 1950; Oppenheimer, 1978; Nijeholt
et al., 2001) studies. Unlike the brain CST, which were gen-
erally only partially affected by lesions, high lesion frequency
(i.e. > 10%) was spread over a very large portion of the spi-
nal cord CST area. Consequently, the normalized lesion vol-
ume was higher in the spinal cord CST compared to the
brain CST. These results confirm those reported in early
RRMS patients (Chouteau et al., 2019). A previous patho-
logical study also quantified demyelination at different levels
of the CST, showing higher lesion load in the spinal cord
compared to the brain (DelLuca et al., 2006). In addition, an
association between CST lesion and axonal loss was recently
reported after excluding lesion pathology in the CST above
or below the lesion of interest (Petrova et al., 2018), suggest-
ing that focal demyelination could have a significant impact
on tract-specific axonal damage.

Although no clear pathological mechanism has yet been
confirmed to explain this higher lesion frequency in both the
corona radiata and cervical cord, MRI and pathological
studies suggest an association between brain lesion location
and veins (i.e. high venous density) (Tallantyre et al., 2008;
Haider et al., 2016) and arterial anatomy (i.e. regions of low
arterial blood supply) (Brownell and Hughes, 1962; Holland
et al., 2012; Haider et al., 2016). As a consequence, a prom-
ising investigation avenue would be to precisely correlate spi-
nal cord lesion location with arterial and venous supply.

Association between CST lesion
load and location, and disease
phenotypes

We observed higher lesion volume in both PPMS and SPMS
compared to relapsing phenotypes in the spinal cord and the
brainstem CST, and higher lesion volume in SPMS com-
pared to relapsing phenotypes in the brain CST.
Comparison of these findings is hindered by the lack of
pathological or MRI studies describing lesion distribution in
the whole CST according to disease phenotypes. However,
when only considering the cervical section, our results are in
line with recent studies quantifying the lesion load for each
phenotype on 3D images (Kearney et al., 2015) or on
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Ti-weighted MRI (Valsasina et al., 2018). In earlier studies
where spinal cord lesion load was assessed with the
number of lesions and involved segments, similar findings
were established when comparing SPMS to RRMS
(Lycklama a Nijeholt et al., 1997; Filippi et al., 2000; Lukas
et al., 2013).

It is noteworthy that progressive patients included in our
study were significantly older and with a longer disease dur-
ation than RRMS patients, which could also partially ex-
plain the differences observed in lesion frequency maps
between phenotypes. To mitigate this effect, our voxelwise
comparisons included both age and disease duration as
covariates. Results confirmed that lesion frequency was sig-
nificantly higher in SPMS and PPMS patients compared to
RRMS patients in specific locations such as spinal cord
CST. These findings support an association between lesions
location in the spinal cord CST and progressive phenotypes.
Other clusters were also found outside the CST, in particular
in the central and posterior spinal cord of PPMS patients.
Although spinal cord grey matter lesions were more frequent
than white matter lesions in pathological studies (Gilmore
et al., 2009; Petrova et al., 2018) and were associated with
disability in MRI studies (Agosta et al., 2007; Kearney et al.,
2016), it is important to note that they were not precisely
evaluated in our cohort. The majority of patients had axial
T,* acquisition, where grey matter and multiple sclerosis le-
sion share similar signal intensity. However, both upper and
lower motor neurons are partly located in the spinal cord
grey matter. Thus, spinal cord grey matter lesions could
have a significant impact on motor function, in addition to
CST lesions. Other significant clusters were also found in
the frontal lobes of SPMS patients compared to RRMS
patients, outside the CST. In our study, only the CST
descending from the primary motor cortex (M1-CST) were
considered. However, the CST also originate in areas be-
yond M1 in the premotor areas and parietal lobe (Archer
et al., 2018). Hence, these clusters could also have an impact
on motor function.

Association between CST lesions
and disability

Our results suggest that both CST lesion load and lesion lo-
cation have an impact on motor disability. Thus, spinal cord
CST lesion volume and, to a lesser extent, brainstem and
brain CST lesion volume were independently associated with
baseline EDSS. In patients with confirmed multiple sclerosis,
the association between spinal cord lesion and disability had
long been considered as low or moderate when spinal cord
lesion load was quantified using lesion number in the sagittal
plane (Lycklama a Nijeholt et al., 1997; Lukas et al., 2013).
In contrast, recent studies showed higher association be-
tween EDSS and lesion area or volume, quantified using
both sagittal and axial acquisition (Pravata et al., 2019) or
3D phase-sensitive inversion-recovery sequence (Kearney
et al., 2015). Similar to previous studies, we showed that
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cord atrophy and patient age were independently associated
with disability (Lukas et al, 2013; Kearney et al., 2015;
Daams et al., 2015), as well as brain (Lukas et al., 2013;
Kearney et al., 2015; Daams et al., 2015; Pravata et al.,
2019) and brainstem lesions (Lukas et al., 2013; Kearney
et al., 2015; Daams et al., 2015). The spinal cord CST lesion
volume was also the only explanatory variable associated
with an increased risk of disability progression at 2 years,
which is in line with previous studies highlighting the high
prognostic value of spinal cord focal lesions on disability at
every stage of multiple sclerosis (Sombekke et al., 2013;
D’Amico et al., 2016; Kantarci et al., 2016; Brownlee et al.,
2017; Arrambide et al., 2018; Brownlee et al., 2019). In the
subgroup of progressive multiple sclerosis patients, no ex-
planatory variable was associated with an increased risk of
EDSS progression at 2 years. However, this result should be
interpreted with caution because of the limited number of
patients included in this analysis (1 = 46).

Overall, our study confirmed the predominant impact of
cervical lesions on motor disability, while the importance of
lesions specifically located within the CST remains more dif-
ficult to establish. Thus, the multivariate linear regression of
the EDSS provided similar results when the lesion volumes
were measured within or not within the CST, due to collin-
earity between these measurements. However, voxelwise
analyses showed that the most significant clusters associated
with the EDSS and the pyramidal functional system score
were within the spinal cord CST. Other studies including
patients with progressive motor deficits while having a lim-
ited number of CNS lesions also provided arguments in fa-
vour of a relationship between lesion location within the
spinal cord or brainstem CST and motor disability (Keegan
et al., 2016, 2018; Sechi et al., 2019). Similarly, magnetiza-
tion transfer imaging metrics in the spinal cord lateral col-
umn were found to correlate with motor tests such as ankle
flexion strength (Zackowski et al., 2009).

Finally, voxelwise analyses showed left-right asymmetric
results in our study. The strongest correlations between the
EDSS score and lesion frequency were found in the right lat-
eral CST for the spinal cord and in the left corona radiata for
the brain. Although we do not know the dominant side of
each patient, this observation, at the population level, possibly
reflects a greater impact of dominant motor pathway lesions
on overall physical disability assessed by the EDSS. This obser-
vation will require confirmation but has already been reported
in brain studies (Dalton et al., 2012; Filli et al., 2012).

Limitations and future directions

Several limitations of this study need to be discussed. First,
technical drawbacks could influence the results on lesion dis-
tribution along the CST. Lesions located in the lateral part
of the spinal cord are often missed on sagittal scans
(Breckwoldt et al., 2017) and the combination of axial and
sagittal acquisition improves lesion detection, compared to
sagittal scans alone (Weier et al., 2012; Galler et al., 2016;
Breckwoldt e al., 2017). Thus, unlike our previous study
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(Eden et al., 2019), only patients with both sagittal and axial
data covering the entire cervical cord were included. Lesion
volumes were computed based on axial data (instead of a
weighted combination of both sagittal and axial data), lead-
ing to a higher lesion frequency in the CST than previously
reported. We also observed a lower image quality in the
lower part of the cervical spinal cord, which could partially
explain the lower lesion frequency reported at these levels
due to acquisition limitations. Indeed, the lesion load differ-
ence between the upper and lower cervical cord is in diver-
gence with pathological studies (DeLuca et al., 2006;
Petrova et al., 2018). CST lesions were also possibly under-
estimated in the brainstem, where artefacts are frequent. In
our study, 3D T,-FLAIR and axial T, images were available
in a large majority of patients and both were used to help le-
sion identification.

Second, our evaluation of the CST excluded the thoracic
and lumbar portions due to the lack of data in this area,
which is still challenging to image. Recent studies described
the distribution of multiple sclerosis lesions in the thoracic
section (Weier et al., 2012; Galler et al., 2016; Pravata et al.,
2019), and further studies are now needed to evaluate the
added value of thoracic CST lesions to explain motor dis-
ability in multiple sclerosis patients.

Third, the CST delineation is sensitive to errors of registra-
tion, especially because of the small size of these tracts. To
mitigate registration inaccuracies, a multistep registration
process, including non-linear transformations, has been tail-
ored for this dataset and all cases have been visually
inspected. For the brain CST identification, probabilistic
tractography (Chouteau et al., 2019) or atlas-based analyses
of diffusion data (Bazin et al., 2011) would have been alter-
native options. An atlas-based method on 3D T,-weighted
images was preferred in this multicentre large-scale study
due to the lack of diffusion acquisitions in some centres and
the variability of diffusion protocols used. To validate this
method, we compared the results of the atlas- and tractogra-
phy-based methods in a subset of patients. The results were
highly correlated. In addition, a joint CST atlas between the
brain and brainstem area would be of great interest, since
the atlases used in this study overlap on a few slices where
the voxel-wise weights differ. To overcome this issue, both
templates have been cropped and further connected (z = 63
in the MNI space) so that the joint atlas distribution was
consistent along the inferior-to-superior direction.

Fourth, the clinical evaluation of motor function was lim-
ited to the EDSS, pyramidal functional system score, TWT
and 9HPT. These tests do not provide unilateral and precise
evaluation of the motor function which is likely to hinder
the correlation between CST lesion load and motor disabil-
ity. As motor deficits are often asymmetric in multiple scler-
osis patients, it could be of great interest to correlate the
right and the left motor function with the associated motor
tract lesion load.

Limitations in the assessment of disability progression
must also be raised. Indeed, 2 years follow-up is a short
period of time to identify disability worsening, and disability
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progression was defined as an increase in the EDSS of at
least 1 point if the baseline EDSS was < 5.5, or 0.5 point if
>35.5, without any additional restrictive criteria (i.e. con-
firmed disability progression at 6 months).

In addition, the T, hyperintensities visible on MRI and
traditionally considered as multiple sclerosis lesions lack of
specificity for demyelination (Trapp ef al., 2018). This key
element probably explains the only moderate correlation
found between CST lesion load and motor impairment.

Finally, an important limitation of this study is the lack of
evaluation of diffuse damage along the CST, outside the
lesions. Future work could explore the benefit of including
diffusion and/or magnetization transfer-derived metrics along
the CST in order to clarify the contribution of demyelination
in CST focal lesion to remote Wallerian degeneration in the
same tract. This key question would also benefit from longi-
tudinal studies. In particular, the prognostic impact of early
CST focal lesions, related to the inflammatory demyelinating
process, on long term disability progression, probably related
to axonal and neuronal death, is a critical issue and would
have strong practical implication (Mahad et al., 2015). The
long-term goal would be to provide the clinician with a bio-
marker able to plan therapeutic decisions and support the
switch to more aggressive treatment or intensive rehabilita-
tion program in order to maintain motor function.

Conclusion

In this study, we assessed CST lesion load from the cerebral
cortex to the cervical spinal cord in a large population of
multiple sclerosis patients. We used brain and spinal cord
MRI conventional sequences, processed by an automatic
and publicly available pipeline. We demonstrated that mul-
tiple sclerosis lesions are not homogeneously distributed
along the CST, with predominant locations in the cervical
spinal cord and the corona radiata. The spinal cord, brain-
stem and brain CST lesion load are higher in progressive
compared to relapsing multiple sclerosis patients and are
associated with disability, independently from spinal cord at-
rophy. Finally, spinal cord CST lesions at baseline are associ-
ated with an increased risk of disability progression at 2
years. Overall, our results suggest a cumulative effect of
lesions within the corticospinal tracts to explain physical dis-
ability in multiple sclerosis patients, with a predominant im-
pact of intramedullary lesions. These observations help to
understand the anatomic substrate of motor impairment in
multiple sclerosis patients.
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