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ABSTRACT

Background: The ability to assess brain and cord atrophy simultaneously would improve the efficiency of MRI to track disease evolution.
Objective: To test a promising tool to simultaneously map the regional distribution of atrophy in multiple sclerosis (MS) patients across the brain and cord.

Methods: Voxel-based morphometry combined with a statistical parametric mapping probabilistic brain-spinal cord (SPM-BSC) template was applied to standard T1-
weighted magnetic resonance imaging (MRI) scans covering the brain and cervical cord from 37 MS patients and 20 healthy controls (HC). We also measured the cord
area at C2-C3 with a semi-automatic segmentation method using (i) the same T1-weighted acquisitions used for the new voxel-based analysis and (ii) dedicated spinal
cord phase sensitive inversion recovery (PSIR) acquisitions. Cervical cord findings derived from the three approaches were compared to each other and the goodness
to fit to clinical scores was assessed by regression analyses.

Results: The SPM-BSC approach revealed a severity-dependent pattern of atrophy across the cervical cord and thalamus in MS patients when compared to HCs. The
magnitude of cord atrophy was confirmed by the semi-automatic extraction approach at C2-C3 using both standard brain T1-weighted and advanced cord dedicated
acquisitions. Associations between atrophy of cord and thalamus with disability and cognition were demonstrated.

Conclusion: Atrophy in the brain and cervical cord of MS patients can be identified simultaneously and rapidly at the voxel-level. The SPM-BSC approach yields

similar results as available standard processing tools with the added advantage of performing the analysis simultaneously and faster.

1. Introduction

MS is an inflammatory demyelinating disease (Lassmann, 2019)
where focal brain and cord lesions produce disability (Filippi et al.,
2012). Resulting symptoms include cognitive, visual, sensorimotor and
autonomic impairment (Lublin et al., 2020). Progressive neuro-
degeneration (Schmierer et al., 2004) resulting in brain, particularly
deep gray matter atrophy (e.g. thalamus) (Eshaghi et al., 2018) and cord
atrophy (Eden et al., 2019; Valsasina et al., 2012), is a prominent
component. Its accumulation over time is associated with the accrual of
disability (Geurts et al., 2012), and although present in patients
throughout the course of MS it is more severe in progressive MS patients
and those transitioning to a progressive form of the disease (Bischof
et al., 2022; Casserly et al., 2018; Fisniku et al., 2008). However, while
the clinical eloquence of spinal involvement is recognized (Ciccarelli
et al.,, 2019; Kearney et al., 2015b; Kearney et al., 2014; Lukas et al.,
2015; Rocca et al., 2017; Schlaeger et al., 2014), clinical trials typically
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report only on neuroimaging outcome measures above the foramen
magnum, such as number of brain lesions and global brain volume
changes. Indeed, the implementation of harmonized spinal cord
advanced acquisitions in the large number of centers usually involved in
MS clinical trials is technically challenging and adds acquisition time to
the scan session, not ideal for both the clinical trial sponsor and the
patients. Reporting topographically defined atrophy measures simulta-
neously in the brain and spinal cord at the voxel-level using standard
brain acquisitions extended to the upper cervical cord could impact
clinical trials by enhancing sensitivity to disease related changes,
reducing between-centre differences, improving the utility of MRI to
track disease evolution in the real-world setting, and also increasing
patients’ comfort by reducing scan time. The development of a proba-
bilistic brain and spinal cord (BSC) template (Blaiotta et al., 2018) — that
is embedded in the SPM framework — now enables the simultaneous
assessment of structural changes in the brain and cervical cord by using
standard brain T1-weigthed acquisitions extended to the upper cervical
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spinal cord (Azzarito et al., 2020). In this study we assess this user
friendly and fully automated approach (i) to address its clinical validity
in MS patients, and (ii) to compare atrophic changes in the cervical cord
and their goodness to fit to clinical scores against standard approaches of
measuring total cross-sectional area (CSA) at the cervical level C2-C3
from phase sensitive inversion recovery (PSIR) images (Olney et al.,
2018; Papinutto et al., 2015; Papinutto and Henry, 2019; Schlaeger
et al., 2014) and from the same T1-weigthed scans used for the voxel-
based approach (Liu et al., 2015; Papinutto et al., 2020b; Papinutto
et al., 2018).

2. Subjects and methods
2.1. Standard protocol approvals, registrations, and patient consents

The Committee on Human Research at the University of California,
San Francisco (UCSF) approved the study protocol and written informed
consent was obtained from all participants.

2.1.1. Primary research question

The primary research question of this study was to assess the validity
of simultaneous voxel-based morphometry measures to assess brain and
spinal cord volume decreases.

2.1.2. Classification of evidence

This study provides Class II evidence that brain and cord atrophy can
be reliably captured with the proposed voxel based morphometry (VBM)
approach and that patients with the secondary progressive form of MS
show more atrophy than relapsing remitting patients.

2.1.3. Participants and study design

Thirty-seven patients with a preexisting diagnosis of MS according to
the revised McDonald criteria (20 relapsing remitting -RR-, 17 second-
ary progressive -SP-) and 20 healthy controls (HC) with no history of
psychiatric, neurological, or cognitive disease were recruited. De-
mographic and clinical characteristics of the participants in the study are
reported in Tables 1 and 2.

Table 1

Subjects’ demographic and main clinical characteristics. Note, that age is sta-
tistically different (p < 0.05) when comparing healthy controls with multiple
sclerosis patients (but not when comparing RR patients vs SP patients) while sex
is not different across all the different groups.

Table 2

Summary of clinical scores of patients with multiple sclerosis.
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All patients (N
=37)

RR patients (N
= 20)

SP patients (N
=17)

Healthy RR patients SP patients
controls
N 20 20 17
Age (years)
Mean +/- SD 42.05+/-14.15 57.55 +/- 6.70 58.05 +/-9.10
Q1/Median/Q3 26.5/45.5/53.5 52.25/56.50/ 55.00/59.00/
64.25 64.50
Sex (F/M) 12/8 9/11 10/7
Disease Duration
(years) - 18.90 +/- 8.10 23.70 +/-10.20
Mean +/- SD 12.00/17.50/ 14.50/21.00/
Q1/Median/Q3 23.00 30.50
EDSS
Q1/Median/Q3 - 1.50/1.75/3.00 5.25/6.00/6.50
Range 1.00/5.00 3.00/6.50

EDSS

Q1/Median/Q3 1.50/4.00/6.00 1.50/1.75/3.00 5.25/6.00/6.50

Range 1.00/6.50 1.00/5.00 3.00/6.50
MSSS

Q1/Median/Q3 0.85/2.95/5.30  0.65/0.90/2.25 3.50/5.35/6.40

Range 0.30/8.15 0.30/4.80 1.70/8.15
PASAT

Q1/Median/Q3 43.00/52.50/ 48.75/53.5/ 34.50/46.5/

Range 57.50 58.00 56.00

15/60 38/60 15/60

T25-FW (sec)

Q1/Median/Q3 4.35/5.05/7.40 4.00/4.40/4.00 6.40/7.80/
Range 3.20/32.40 3.20/7.40 19.95
4.45/32.40

9-HPT dominant arm (sec)

Q1/Median/Q3 19.25/21.55/ 18.75/20.85/ 21.10/23.35/
Range 24.75 22.35 28.60
16.00/33.60 16.00/29.50 17.95/33.60
9-HPT non-dominant arm
(sec) 20.40/22.25/ 19.90/21.55/ 21.50/24.00/
Q1/Median/Q3 25.80 23.80 30.75
Range 17.20/54.50 17.20/28.10 17.75/54.50
SDMT
Q1/Median/Q3 36.75/46.75/ 45.25/49.00/ 33.00/39.75/
Range 51.00 51.00 49.50
24.50/92.50 30.00/92.50 24.50/66.00

2.1.4. Experimental design

Results obtained with the proposed SPM-BSC analysis were
compared with those obtained using existing tools that solely assess the
spinal cord. Therefore, MRI data were analysed in the following way:

1. SPM-BSC in brain and spinal cord: 3D T1-weighted brain acquisitions
extended to the upper cervical cord were analysed with the proposed
VBM pipeline implemented in SPM12 using a brain and spinal cord
template enabling statistical analysis in the spinal cord and brain
conjointly;

2. CSA at C2-C3 was obtained from (i) spine dedicated PSIR images and
(ii) the same 3D T1-weighted brain acquisitions extended to the
upper cervical cord used for the SPM-BSC approach.

2.1.5. MRI acquisition

All participants underwent MRI scanning on a Siemens 3T Skyra
scanner using either a 20- or 64-channel head-neck coil, and a 32-chan-
nel spine coil. Participants were positioned on the scanner table and
their glabella used as landmark to be moved to the scanner isocenter. A
standard high resolution T1-weighted acquisition of the brain (sagittal
3D MPRAGE, 1 mm? resolution, 176 slices per slab, repetition time
(TR)/echo time (TE)/inversion time (TI) = 2300/3/900 ms, flip angle =
9°, parallel imaging acceleration factor (iPAT) = 2, non selective
inversion pulse, 2D gradient nonlinearity filter applied, acquisition time
~5:30 min) with a large field of view (FOV) extended to include the
upper cervical cord (256 mm in the head-foot direction, 240 mm in the
anterior-posterior direction) and a single slice 2D PSIR acquisition with
an optimized protocol (axial in-plane resolution 0.78x0.78 mm?, slice
thickness 5 mm, matrix 256x256, TR/TE/TI = 4000/3.22/400 ms, flip
angle = 10°, three averages, slice selective inversion pulse, 2D gradient
nonlinearity filter applied, acquisition time: 1:50 min, magnitude and
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phase sensitive images reconstructed) were acquired for each partici-
pant (Papinutto et al., 2015) and constitute the key protocols of the
study. The 2D PSIR protocol was acquired at the C2-C3 intervertebral
disc level. Example of PSIR and MPRAGE acquisitions obtained with
both the 20- and 64-channel head-neck coils are reported in Supple-
mentary Fig. 1. A standard brain FLAIR (Fluid-Attenuated Inversion
Recovery), along with sagittal T2-weigthed, sagittal STIR (Short Tau
Inversion recovery) and axial T2*-weighted MEDIC (Multiple Echo
Recombined Gradient Echo) protocols were also acquired on the upper
cervical cord. These acquisitions were used for lesion detection.
Main parameters of these protocols were:.

e Brain FLAIR: sagittal acquisition, 1 mm?® resolution, TR/TE/TI =
5000/388/1800 ms, iPAT = 3, acquisition time ~4:45 min;

e Spinal cord sagittal T2-weigthed: 0.7x0.7 x2.4 mm?® resolution, TR/
TE = 3000/88 ms, iPAT = 2, acquisition time ~ 0:45 min;

e Spinal cord sagittal STIR: 0.7 x0.7x 2.0 mm? resolution, TR/TE/TI =
5610/51/200 ms, flip angle = 150°, iPAT = 2, acquisition time
~2:45 min;

e Spinal cord axial MEDIC: 0.4x0.4x3.0 mm® resolution, TR/TE =
740/17 ms, flip angle = 30°, iPAT = 3, four combined echoes,
acquisition time ~5:00 min.

2.1.6. Lesion filling

White matter (WM) lesions in MS can affect tissue segmentation
spatial normalizations of MRI acquisitions. Even though the unified
normalizations (Ashburner and Friston, 2005) used in SPM may be solid
enough when the number and volume of lesions is modest (Crinion et al.,
2007), we chose to replace the lesion voxel intensity values with values
derived from the surrounding WM voxels (Gelineau-Morel et al., 2012;
Guo et al., 2019; Magon et al., 2014; Pareto et al., 2016) in the brain and
spinal cord on the 3D T1-weighted acquisitions using FSL’s lesion-filling
algorithm (version 6.0.0) (Battaglini et al., 2012). This requires a user-
defined lesion mask and white matter mask to fill lesions with local
white matter intensities. The brain portion of the T1-weighted lesion
masks were derived from FLAIR lesion masks created from the lesion
segmentation toolbox (LST) (https://www.applied-statistics.de/Ist.html
(Schmidt et al., 2012)), software package SPM12. LST lesion masks were
rigidly registered to T1-weighted brain image using FLIRT and lesion
mask boundaries were refined from T1-weighted image intensity using a
mixed-model algorithm we developed. Our mixed-model algorithm
creates a lesion probability map using a histogram of normal appearing
white matter (lower half of white matter intensity histogram) and an
ideal lesion histogram (upper half of lesion intensity histogram) that do
not overlap. The lesion probability map was calculated by dividing the
lesion histogram by the sum of the lesion and normal appearing white
matter histogram. Once the lesion probability map was produced, lesion
boundaries were adjusted and redefined. SIENAX (version 2.6) (Smith
et al., 2002) was run to obtain white matter brain masks. Since no
reliable automatic tools exist yet, lesions of the spinal cord portion of the
images were manually segmented from the T1-weighted image by a
single experienced operator (AB) using biplanar sagittal T2 and STIR
and axial T2*-weighted MEDIC images of the cervical cord for lesion
identification and confirmation. These binary masks were refined from
T1-weighted image using normal appearing white matter intensity as
done for brain lesions.

2.2. Image analysis

2.2.1. Brain-neck template

The BSC-SPM template (Blaiotta et al., 2018) encodes probabilities of
voxels in aligned images belonging to each of a number of tissue types
(Blaiotta et al., 2016). The current BSC-SPM template encodes seven
tissue types and has a field of view that incorporates the brain and the
first four cervical segments. This template is in alignment with the
existing SPM12 tissue probability template according to a 12-parameter
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affine mapping (Azzarito et al., 2020).

2.2.2. VBM pipeline for the simultaneous analysis of brain and spinal cord

The BSC-SPM template was used to segment the T1-weighted struc-
tural MPRAGE images of each individual using the unified segmentation
algorithm of the traditional VBM pipeline (Ashburner and Friston,
2005). The settings were such that a single Gaussian was used to model
intensity distributions for gray matter (GM), WM, cerebrospinal fluid
(CSF) and fat, whereas a mixture of three Gaussians was used to model
intensities of each of the non-neural tissues, soft tissues and to a mixture
of bone and air. Note that the GM/WM classification in the cervical cord
was arbitrary due to its lack of GM/WM contrast. In order to assess
morphological differences in the cervical cord, the native-space GM and
WM tissue maps identified by the above segmentation were combined to
form a neural tissue (NT) class. Then, the GM, WM and NT maps were
spatially normalised to MNI space with Dartel (Ashburner, 2007), and
modulated by the Jacobian determinants of the deformations (Good
et al., 2001). Finally, isotropic Gaussian smoothing by 6 mm full width
at half maximum was applied to the modulated tissue maps. The total
intracranial volume (TICV) was computed from the sum of the gray
matter, white matter, and CSF volumes (Ridgway et al., 2011).

2.2.3. Spinal cord cross-sectional area measurement

C2-C3 CSA was obtained from both the phase-sensitive reconstructed
PSIR images and from the MPRAGEs. For the PSIRs, CSA was measured
semi-automatically by a single operator (NP), that was blinded to the
demographic and clinical characteristics of the cohort, using the Jim
“cord finder” toolkit (Horsfield et al., 2010) with fixed settings (nominal
cord diameter 8 mm, number of shape coefficients 24, order of longi-
tudinal variation 12) after manual marker placement on the mid-sagittal
WM, directly posterior to the gray commissure (Papinutto et al., 2015).
All segmentations were visually assessed, and in the few cases in which a
lesion was located at the edge of the cord and the segmentation was not
believed to be correct, a small manual correction was performed. Min-
imal manual corrections (CSA increased 1-2.5 mm? after correction)
were made to five of the 17 SP patients and two of the 20 RR patients’
cord segmentations (19% of the whole MS patient cohort).

For the MPRAGEs, CSA was measured semi-automatically by the
same operator (NP), analogously to previous work (Papinutto et al.,
2020b; Papinutto et al., 2018). Briefly, the sagittal lesion filled MPRAGE
was resampled on the axial plane creating a packet of five contiguous
slices 1-mm thick centered at the C2-C3 intevertebral disc. CSA was
measured semi-automatically on these five slices and the average value
computed, using the Jim “cord finder” toolkit with the same settings
used for the PSIRs, after manual marker placement at the cord center of
each of the five slices. All segmentations were visually assessed, and in
the few cases in which the segmentation was not believed to be correct, a
small manual correction was performed. This occurred in three of the 17
SP patients and two of the 20 RR patients’ cord segmentations (13.5% of
the whole MS patient cohort).

On the PSIR images at C2-C3 vertebral level, the same operator
manually measured the maximum anterior-posterior diameter and
lateral diameter of the spinal canal. The product of anterior-posterior
canal diameter and lateral canal diameter was computed as a surro-
gate measure of the canal area (Papinutto et al., 2020a).

2.2.4. Clinical assessment

In MS patients, the Expanded Disability Status Scale (EDSS) and
Multiple Sclerosis Severity Score (MSSS) at MRI visit were available for
all 37 MS patients, while Timed 25-Foot Walk (T25-FW), 9-Hole Peg Test
(9-HPT), Paced Auditory Serial Addition Test (PASAT) and Symbol Digit
Modalities Test (SDMT) scores were available for all patients but one
(36).
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2.3. Statistical analyses

2.3.1. Morphometric assessments in the brain and spinal cord

To assess voxel-wise volumetric differences in the brain and spinal
cord of MS patients compared to healthy controls, separate ANOVAs for
the brain and cord were constructed with group (different MS subtypes
and HCs) as the main factor within the framework of the multiple linear
regression model of SPM. Age, sex, TICV and canal area were included as
covariates of no interest for the spinal cord analyses. This was done
because CSA has been found to depend on sex, TICV and canal area in a
group of 129 healthy subjects (Papinutto et al., 2020a). Only the first
three metrics were instead included as covariate for the brain analyses.
Moreover, to increase sensitivity we also performed a region of interest
(ROI) analysis in the deep gray matter (e.g. thalamus) (Eshaghi et al.,
2018) based on extracted binary template files derived from the Anat-
omy toolbox (Eickhoff et al., 2005). We additionally used SPM’s mul-
tiple linear regression models to test for associations between cord and
brain changes and clinical outcomes in patients adjusting for potentially
confounding effects of age, sex, TICV and canal area. A family-wise error
(FWE) correction using Gaussian random field theory was applied to
account for multiple comparisons (Friston et al., 1994) using a threshold
of p = 0.05 at the peak-level, using either cord only or GM/WM brain
masks in the different sub-analyses. The upper boundary of the spinal
cord was defined as the first slice in the inferior direction that does not
contain parts of the cerebellum, while the lower boundary was set to the
last slice in inferior direction with reliable cord segmentation after vi-
sual inspection. Only statistically significant results at the peak level (p
< 0.05) corrected for FWE are reported.

2.3.2. Cord area assessment from PSIRs and MPRAGEs

All statistical analyses were performed with JMP Pro 14 (https
://www.jmp.com/en_ph/software/new-release/new-in-jmp-and-jmp
-pro.html). Standard least squares models were used to explore corre-
lations of CSA derived from PSIRs with EDSS and MSSS and to compare
CSA among the different MS subtypes and HCs adjusting for age, sex,
TICV and canal area as covariates, with disease duration (DD) included
when assessing correlations with EDSS in patients.

To directly compare results obtained with the standard CSA methods
against those from the BSC-SPM approach in the spinal cord, we
extracted the value of the voxel of the smoothed and spatially normal-
ized images in which voxel-wise association with EDSS was the highest.
This value was plotted against the CSA semi-automatically measured
from the PSIR and MPRAGE images. Moreover, the association between
the semi-automatically derived CSA and EDSS and between CSA

Controls>MS patients

Relapsing remitting >Secondary progressive
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extracted from PSIRs and MPRAGEs was assessed by means of a Pearson
correlation.

3. Results
3.1. Assessing brain and cervical cord atrophy at the voxel-level

At the level of the spinal cord, MS patients showed decreased cord
volume when compared to healthy controls (Fig. 1), adjusting for age,
sex, TICV, and canal area (prwE-corr = 0.009; z = 3.7; xyz (mm) = (0,
—51, —97)). This effect was mainly driven by the SP patients, who
showed a greater cord volume decrease when compared to RR patients
(PFWE-corr = 0.01; z = 3.8; xyz (mm) = (0, —52.5, —88)) and HC (prwE-
corr = 0.001; z = 4.3; xyz (mm) = (0, —51, —97) and prwEg-corr = 0.03; z =
3.5; xyz (mm) = (4.5, —58.5, —130)), adjusting for age, sex, TICV, and
canal area. No statistically significative differences were detected be-
tween RR patients and HCs.

No differences were detected at the whole brain level with the SPM-
BSC approach between MS patients and healthy controls. Within the ROI
of the thalamus we found that MS patients showed atrophy in the
thalamus bilaterally (left: ppwg-corr = 0.02; z = 3.9 xyz (mm) = (15,
—31.5, 3.5); right: ppwE-corr = 0.03; z = 3.8 xyz (mm) = (-12, —34.5, 5)),
adjusted for age, sex and TICV. This difference was driven by SP patients
(left: prpwE-corr = 0.03; z = 3.7 xyz (mm) = (13.5, —31.5, 5); right: prwE-
corr = 0.06; z = 3.5; xyz (mm) = (-12, —34.5, 5)). However, there was no
difference between SP and RR patients. No white matter volume dif-
ferences were observed.

3.2. Cord area assessment from PSIRs and MPRAGEs

In standard least squares models, CSA of the 37 MS patients extracted
from PSIRs had a significant negative correlation with EDSS, MSSS and
T25-FW (p = 0.0022, p = 0.0093 and p = 0.0202 respectively, using also
age, sex, TICV, and canal area in the model, and additionally DD for
EDSS analyses). For the comparisons among the different MS subtypes
and HGCs, the standard least squares model including age, sex, TICV, and
canal area, gave the following results for the effect of the group: HC vs all
MS patients: p = 0.0017, HC vs RR patients: p = 0.090, HC vs SP pa-
tients: p < 0.0001, RR vs SP patients: p = 0.0022. Using bivariate fits
(see Fig. 4), the CSA semi-automatically derived from PSIRs and
MPRAGESs showed an inverse correlation with EDSS (r = -0.52 for both
the acquisitions) and a high correlation with the voxel value of the
smoothed and spatially normalized image found to have the highest
correlation with EDSS in the SPM-BSC approach (r = 0.81 for PSIR, r =

Overlay of both contrast

Fig. 1. Overlay of statistical parametric maps (uncorrected p < 0.001, for illustrative purposes) showing differences in MS patients compared to healthy controls (A),
and between secondary progressive and relapsing remitting MS patients (B) in the cervical spinal cord based on the SPM-BSC approach. C shows the spatial overlap of
the contrast healthy controls > MS patients (red) and relapsing remitting > secondary progressive MS patients (yellow). (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Associations between clinical measures and spinal cord volume maps pre-processed using SPM-BSC. A significant association was found between worse EDSS

(A), MSSS (B), 25FWT (C), 9HPT-nd (D) and cervical atrophy.

Fig. 3. Overlay of statistical parametric maps (uncorrected p < 0.001, for illustrative purposes) showing (A) differences (red) in MS patients compared to healthy
controls in the bilateral Thalamus based on the SPM-BSC approach. (B) Green indicates an association between worse SDMT score and greater right thalamic atrophy
(blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

0.84 for MPRAGE). CSA extracted form PSIRs and MPRAGEs were
highly correlated (r = 0.96, see Supplementary Fig. 2).

3.3. Correlation analysis with the SPM-BSC approach

In the spinal cord data, we found that a lower volume was associated
with higher EDSS (prwE-corr = 0.007; z = 3.8; xyz (mm) = (3, —50, —102)
and prwE-corr = 0.031; z = 3.7; xyz (mm) = (5, —59, —132)) and MSSS
(PFWE-corr = 0.001; z = 4.3; xyz (mm) = (0, —53, —88) and PrwE-corr =
0.005; z = 3.9; xyz (mm) = (5, —59, —122)) (Fig. 2).

In the GM ROI of the thalamus, we found an association between a
lower right thalamic volume and higher SDMT (Fig. 3) (PFwWE-corr =
0.013; z = 4.05, xyz (mm) = (15, —27, 8)). We did not find any asso-
ciations in the WM of the brain (Fig. 3).

4. Discussion

This study demonstrates the feasibility of a combined brain and
spinal cord voxel-based analysis approach in MS patients and healthy
controls within the SPM12 framework using standard brain MRI ac-
quisitions extended to the upper cervical cord. This was achieved by
investigating the between-group effect of MS patients and healthy con-
trols and correlations with clinical scores on MRI data in the brain and in
the spinal cord using the new SPM-BSC analysis and by comparing the
spinal cord results with a CSA analysis based on PSIR spine dedicated
images and on the same MPRAGE:s used for brain analyses. The SPM-BSC
proved sensitive to detect disease-associated effects in the small cohort
under investigation that were remarkable in the spinal cord and mod-
erate in the brain.

Voxel-wise analysis in the brain and spinal cord using the SPM-BSC

approach showed regional atrophy in patients when compared to
healthy controls, which was evident in the spinal cord and only to a
limited extent in the brain (thalamus only). The magnitude of cord at-
rophy was comparable to conventional analysis using CSA derived from
spinal cord dedicated acqusitions and T1-weigthed brain acquisitions
extended to the upper cervical cord. SPM-BSC and CSA from PSIR
showed a remarkable degree of atrophy in the spinal cord. There was no
difference in the atrophic changes in the spinal cord observed with the
SPM-BSC and CSA approaches when comparing HC with RR patients,
but major differences when comparing HC and RR patients with SP
patients, in line with the literature (Kearney et al., 2015a; Schlaeger
et al., 2014). This demonstrates that the SPM-BSC approach can detect
pathology-related differences at the voxel level between MS patients and
healthy controls using brain T1-weighted images extended to the spinal
cord, similarly to existing acquisitions and processing tools dedicated to
the spinal cord only. While both the CSA and SPM-BSC approaches
showed consistent associations with clinical impairment scales (i.e.
EDSS and MSSS), the voxel-based nature of the SPM-BSC approach
showed not only that voxels at the C2-C3 level were associated with the
degree of impairment, but that these clusters also included the cervical
C1 segment, where associations were even stronger (Bischof et al.,
2022). Crucially, the extent of regional atrophy was overlapping with
the identified cluster revealed by the correlations, indicating its clinical
validity.

Previous literature has indicated that thalamus is affected by atro-
phy, starting from the early stages of the disease (Blinkenberg et al.,
2000; Fabiano et al., 2003). The spatial overlap between atrophic
changes in the right thalamus and the association between the latter
with SDMT underlines the fact that the SPM-BSC approach is also sen-
sitive to brain changes. The simultaneous brain/cervical cord analysis
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Fig. 4. Correlations between voxel-based and total cross-sectional area (CSA) measurements (A: derived from PSIR, C: derived from MPRAGE) and between CSA and

EDSS (B: derived from PSIR, D: derived from MPRAGE).

allowed detection of correlations with clinical scores driven by motor
symptoms (EDSS and MSSS) located in the upper cervical cord, while
cognitive measures correlated with volume changes in the thalamus.
This finding is in line with previous studies that suggest that spinal cord
atrophy has generally a stronger correlation with patient disability
measured in terms of EDSS than brain atrophy (Rocca et al., 2017).

MS lesions influence tissue segmentation and spatial normalizations
(Gelineau-Morel et al., 2012; Guo et al., 2019; Magon et al., 2014; Pareto
et al., 2016). Thus, performing or not performing lesion filling could
influence the sensitivity to detect a difference (in terms of type I and type
II errors) depending on the study’s statistical power from sample size.
Evaluating which is the best way of dealing with lesions was beyond the
scope of this study, therefore we decided to adopt a lesion filling method
in line with some of the most recent works in the MS field (Gelineau-
Morel et al., 2012; Guo et al., 2019; Magon et al., 2014; Pareto et al.,
2016).

This study has some limitations. Firstly, the BSC template covers only
the first four cervical segments. However, a template including more
caudal parts of the spinal cord is envisioned as part of future work using
a related algorithm (Brudfors et al., 2020) and will be available with the
next set of SPM12 updates. Secondly, the GM/WM classification in the
spinal cord based on the T1-weighted scans is arbitrary due to lack of

contrast. Thus, we summed up the probability maps of GM and WM to
generate a probability map of NT, which is a non-specific measure of
spinal cord volume.

Two different head-neck coils were used to acquire the MRI data.
However, Supplementary Fig. 1 shows that the quality of images ac-
quired with the different coils is consistent. Moreover, the distribution of
coils used was consistent across the different groups of MS patients and
HCs, therefore we believe results should not be significantly affected by
a systematic bias resulting from different tissue segmentation due to
differences in GM/WM contrast (Panman et al., 2019). A 3D filter to
correct for gradient nonlinearity would be ideal when measuring spinal
cord areas at the periphery of the FOV on MPRAGEs. However, a 2D
filter combined with the consistent positioning of subjects — performed
by a single MRI technologist at our center, using the glablella as land-
mark — render potential measurement errors (Papinutto et al., 2018)
negligible, particularly considering the cross-sectional nature of this
study. This was shown by the high correlation between CSA extracted
from the PSIRs (at the scanner isocenter) and from the 2D corrected
MPRAGE:s (at the edges of the FOV).

Finally, the cohort under investigation was small, but we believe that
it constitutes a reasonable representation in terms of demographic/
clinical distribution, atrophy differences between the different sub-



P. Freund et al.

groups, correlations of CSA values with EDSS and MSSS for the aims of
this test of the SPM-BSC framework on MS patients. The small sample
size of the cohort can explain the modest findings with the SPM-BSC
approach in the brain, where atrophy is known to be widespread and
of moderate extent when compared with the upper levels of the cervical
spinal cord (Schlaeger et al., 2014). The SPM-BSC approach could also
be slightly less sensitive in the brain when compared with the standard
brain VBM approach, considering that a lower sensitivity was detected
in the previous work on spinal cord injury patients (Azzarito et al., 2020;
Kyathanahally et al., 2021). This is a single center study with small
sample size, therefore further tests of the tool with larger datasets ac-
quired with multiple scanners at multiple centers are warranted to test
the feasibility of its usage in large clinical trials.

In conclusion, this study on MS patients provides the clinical validity
of the SPM-BSC approach for the simultaneous analysis of the brain and
cervical spinal cord atrophy measurements in the SPM framework. The
proposed method using anatomical brain T1-weighted scans extended to
the upper spinal cord (up to cervical level C4) yielded comparable re-
sults to more standard cord-specific approaches. Besides traumatic SCI
(Azzarito et al., 2020) and MS, this method is applicable to MRI studies
investigating any condition with suspected spinal cord involvement.
This approach provides a means of assessing spatially distributed
pathophysiological changes in the brain and spinal cord and their rela-
tionship with disability accumulation. The application to longitudinal
brain and spinal cord MRI data of MS patients will be assessed in future
studies.
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