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A B S T R A C T

Background: We aimed to evaluate the implications for clinical trial design of the generalised boundary-shift
integral (GBSI) for spinal cord atrophy measurement.
Methods: We included 220 primary-progressive multiple sclerosis patients from a phase 2 clinical trial, with
baseline and week-48 3DT1-weighted MRI of the brain and spinal cord (1 × 1 × 1 mm3), acquired separately.
We obtained segmentation-based cross-sectional spinal cord area (CSA) at C1-2 (from both brain and spinal cord
MRI) and C2-5 levels (from spinal cord MRI) using DeepSeg, and, then, we computed corresponding GBSI.
Results: Depending on the spinal cord segment, we included 67.4–98.1% patients for CSA measurements, and
66.9–84.2% for GBSI. Spinal cord atrophy measurements obtained with GBSI had lower measurement varia-
bility, than corresponding CSA. Looking at the image noise floor, the lowest median standard deviation of the
MRI signal within the cerebrospinal fluid surrounding the spinal cord was found on brain MRI at the C1-2 level.
Spinal cord atrophy derived from brain MRI was related to the corresponding measures from dedicated spinal
cord MRI, more strongly for GBSI than CSA. Spinal cord atrophy measurements using GBSI, but not CSA, were
associated with upper and lower limb motor progression.
Discussion: Notwithstanding the reduced measurement variability, the clinical correlates, and the possibility of
using brain acquisitions, spinal cord atrophy using GBSI should remain a secondary outcome measure in MS
studies, until further advancements increase the quality of acquisition and reliability of processing.

1. Introduction

Spinal cord atrophy is a common feature of multiple sclerosis (MS),
can be detected in vivo using MRI, and is one of the main substrates of
disease progression (Furby et al., 2010; Rashid et al., 2006; Gass et al.,
2015; Rocca et al., 2011). As such, spinal cord atrophy can be used to
monitor disease progression, and has been included in clinical trials
evaluating medications with putative neuroprotective effects in MS
(Brownlee et al., 2017; Kearney et al., 2015, 2014; Cawley et al., 2018).

In our previous studies (Moccia et al., 2019; Prados et al., 2020), we
have adapted the boundary-shift integral (BSI) technique developed for
the brain, to be applied to the spinal cord, obtaining the first

registration-based method for longitudinal assessment of spinal cord
atrophy. This technique, called generalised BSI (GBSI) (Moccia et al.,
2019; Prados et al., 2020), significantly reduced measurement error by
providing a direct comparison in a joint analysis (i.e., registration of all
images in a common space) (Moccia et al., 2019; Altmann et al., 2009),
when compared with an indirect comparison of separate segmentations
(i.e., numerical subtraction of segmentation values at different time-
points) (Moccia et al., 2019). The latter approach can be compromised
by differences in spinal cord coverage, miss-segmentations and/or
changes in spinal cord curvature (Prados and Barkhof, 2018; Moccia
et al., 2019). Reductions in measurement noise using GBSI could be
particularly relevant to clinical trials, that, so far, have failed to show
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any significant treatment effect on spinal cord atrophy, especially in
progressive MS patients (Giovannoni et al., 2020; Ciccarelli et al.,
2019), where this outcome measure provides the strongest clinical
correlates (Moccia et al., 2019; Ciccarelli et al., 2019).

The previous findings on the use of GBSI need to be confirmed in
larger cohorts of progressive MS, including a broader range of clinical
and patient-reported outcomes. Additionally, registration-based spinal
cord atrophy measurements should be compared at different spinal cord
levels and, ideally could be derived also from brain scans. In the present
study, we re-analysed a phase 2 clinical trial on primary progressive MS
(PPMS) to: 1) compare spinal cord atrophy measurements using seg-
mentation- and registration-based methods, with possible implications
for clinical trial design (e.g., measurement variability, image noise
floor); 2) compare spinal cord atrophy measurements obtained from
routine brain (C1-2) and dedicated spinal cord MRI (C1-2 and C2-5),
using segmentation- and registration-based methods; 3) explore pos-
sible clinical correlates, also in relation to conventional brain MRI
measures; and 4) explore possible treatment effect.

2. Methods

2.1. Study design

This is a secondary analysis on PPMS patients who participated in
the ARPEGGIO phase 2 clinical trial (A Randomized Placebo-controlled
trial Evaluating Laquinimod in primary progressive multiple sclerosis,
Gauging Gradations In MRI and clinical Outcomes). The ARPEGGIO
trial was a randomised, double-blind, parallel-group, placebo-con-
trolled study. Patients were randomised in a 1:1:1 ratio to receive oral
Laquinimod 0.6 mg or 1.5 mg, or placebo once daily, from January
2015 to April 2016, at 85 sites in 10 countries. Duration of the core
study was 48 weeks (Giovannoni et al., 2020).

2.2. Population

Inclusion and exclusion criteria have been reported previously
(Giovannoni et al., 2020). Briefly, inclusion criteria were: aged
25–55 years; diagnosis of PPMS (Polman et al., 2011); 3.0–6.5 on the
Expanded Disability Status Scale (EDSS) at baseline; documented wor-
sening of clinical disability in the 2 years prior to screening; and a
Functional System Score (FSS) ≥ 2 for the pyramidal system or gait
impairment due to lower limb dysfunction. Exclusion criteria were:
clinical history of any MS exacerbations or relapses; any other neuro-
logical disorder (e.g., cervical spinal cord compression, vitamin B12
deficiency); previous use of immunosuppressive/cytotoxic agents, ex-
perimental/investigational drugs and/or MS-specific treatments (e.g.,
Fingolimod, Dimethyl Fumarate, Glatiramer Acetate, Interferon-β, La-
quinimod).

2.3. MRI acquisition and processing

Sagittal 3D T1-weighted isotropic images (1 × 1 × 1 mm3) of the
brain and the cervical spinal cord were acquired separately at baseline,
week 24 and week 48, within 14 days of the scheduled clinical visit.
MRI scans were acquired using scanners from multiple vendors with
different field strengths (e.g., 1.5 T and 3 T), and using different ac-
quisition parameters (optimised for each), following site certification;
no software/hardware upgrades were allowed between baseline and
follow-up scans. MRI scans were quality controlled and collected cen-
trally at the VUmc in Amsterdam. For the purposes of the present study,
we included the baseline and week-48 MRI scans.

For the primary analysis of the ARPEGGIO trial, spinal cord area at
C1-2 level was determined using the NeuroQLab, a segmentation-based
method using a Gaussian mixture modelling (Lukas et al., 2004; Liu
et al., 2016; Daams et al., 2014). After definition of the spinal cord
subsection to be segmented, watershed segmentation of the spinal
cavity and surrounding cerebrospinal fluid was performed, and mean
upper cervical spinal cord area (MUCCA) was computed (Daams et al.,
2014). Percent change of spinal cord area was calculated using the
following formula: MUCCA = 100*(week 48 MUCCA - baseline
MUCCA)/baseline MUCCA.

In the present study, masks of C1-2 and C2-5 levels were obtained
from dedicated spinal cord MRI acquired at each time point, using the
DeepSeg tool within the Spinal Cord Toolbox (version 4.0), a fully-au-
tomated segmentation method based on convolutional neural networks,
which automatically identified different spinal cord levels (Fig. 1) (De
Leener et al., 2017; McCoy et al., 2019). Similarly, masks of upper
spinal cord (C1-2 level) were obtained from brain MRI, when this part
of the anatomy was included in the sagittal acquisition (Fig. 2). Percent
change of cross-sectional spinal cord area (CSA) was calculated using
the following formula: CSA = 100*(week 48 CSA - baseline CSA)/
baseline CSA. For GBSI, we followed the previously described pipeline
(Moccia et al., 2019; Prados et al., 2020). Briefly, after straightening the
spinal cord at both time points, a 3D symmetric and inverse-consistent
affine registration to the half-way space between baseline and follow-up
images was performed using 9 degrees-of-freedom (DOF) (translation,
rotation and skew, each in three directions); masks were resampled to
the same space using linear interpolation to the halfway space. This
method does not generate any bias between baseline and follow-up
images as the exact same image processing pipeline is applied to both
timepoints. The probabilistic boundary-shift region-of-interest was then
adaptively estimated from baseline and follow-up spinal cord segmen-
tations. The GBSI was ultimately computed and the percent volume
change was measured (Fig. 1; Fig. 2). For subsequent analyses, we ex-
cluded scans that showed ± 5% atrophy rate for both CSA and GBSI
measurements at a given spinal cord level (e.g., ± 5% atrophy rate on
both CSA at C1-2 level from brain MRI and GBSI at C1-2 level from
brain MRI, on both CSA at C1-2 level from spinal cord MRI and GBSI at

Fig. 1. Spinal cord MRI processing using SCT and GBSI. Reference points were manually set at C1, C2 and C5 on sagittal spinal cord scans (a). Then, masks of C1-2 (b)
and C2-5 (c) spinal cord levels were obtained from spinal cord images acquired at each time point using the DeepSeg tool within the SCT (version 4.0) (sagittal planes
are presented, with axial planes in the inset). The probabilistic boundary-shift region-of-interest was then adaptively estimated from baseline and follow-up spinal
cord segmentations and the GBSI integral was ultimately computed for C1-2 (d for sagittal plane, e for axial plane) and C2-5 (f for sagittal plane, g for axial plane).
CSA: cross-sectional spinal cord area; GBSI: generalised boundary-shift integral; MRI: magnetic resonance imaging; SCT: spinal cord toolbox.
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C1-2 level from spinal cord MRI, or on both CSA at C2-5 level from
spinal cord MRI and GBSI at C2-5 level from spinal cord MRI). The 5%
cut-off corresponds to 2 standard deviations in the rate of annual spinal
cord loss in healthy controls in our previous study (Prados et al., 2020).

Looking at brain MRI, from the original clinical trial dataset, we
extracted number of new T2 lesions, T2 lesion volume change, T1 lesion
volume change, and percent brain volume change (PBVC), at baseline
and week 48 visits. Full details of acquisitions and processing have been
previously reported (Giovannoni et al., 2020).

2.4. MRI noise floor

To classify scans based on the noise floor, we used the σ (standard
deviation of the MRI signal), calculated with the following formula:

=
2

2

, where is the standard deviation of the magnitude–r-

econstructed cerebrospinal fluid (CSF) signal (Jones and Basser, 2004;
Tabelow et al., 2015; Battiston et al., 2018). In particular, the CSF ring
surrounding the spinal cord was derived by dilation of the spinal cord
mask by 2-pixel layer, and, then, by subsequent subtraction of the mask
once; any value of voxels within the extracted ring that were> 2
standard deviations above the mean were discarded to avoid the in-
clusion of values from nerve roots or other spurious signal intensities
(Prados et al., 2020; Zhou et al., 2018; Sakaie et al., 2018). The stan-
dard deviation of the MRI signal in this CSF ring was calculated to
compute the root power of the noise, and, then, used to account for the
presence of noise floor. As such, σ provides the scaled signal intensity of
the images accounting for the presence of noise floor (rectified noise
floor), independently from the magnitude of the CSF signal (Jones and
Basser, 2004). This is a commonly applied measure for T1-weighted
images, where signal from the CSF is suppressed (expected to be close to
0) (Jones and Basser, 2004), and was automatically computed during
GBSI pipeline, for each spinal cord level (Prados et al., 2020). For the
purpose of our study, we classified scans based on the median σ for each
spinal cord segment.

2.5. Clinical variables

Baseline clinical variables were age, sex, disease duration and EDSS.
Using the original clinical trial dataset, we extracted the following

clinical variables corresponding to MRI acquisition timing: EDSS,
Timed 25-Foot Walk (T25FW), 9-Hole Peg Test (9HPT), Symbol Digit
Modalities Test (SDMT), and MS Walking Scale (MSWS). EDSS pro-
gression was defined as ≥1 point from baseline EDSS if EDSS at entry
was ≤5.5 or increase of ≥0.5 point if EDSS at entry was>5.5. T25FW,

9HPT, SDMT and MSWS progression was defined as ≥20% increase
from baseline score.

Assessments were performed by an examining neurologist who re-
mained unaware of the patient's safety status and was instructed not to
discuss safety issues with the treating physician, to assure an accurate
and objective evaluation (Giovannoni et al., 2020).

2.6. Treatment exposure

Patients were randomised in a 1:1:1 ratio to receive oral
Laquinimod in a dose of 0.6 mg or 1.5 mg or placebo (once daily). The
Laquinimod 1.5 dose arm was discontinued as of January 1, 2016, due
to cardiovascular side effects (patients were followed-up, but no further
treatment was given). For the purpose of the current analyses, we only
included patients with spinal cord MRI at baseline and week 48 visits,
whilst early termination visits were excluded; for treatment effect
analyses, we only included patients receiving either Laquinimod 0.6 mg
or placebo.

2.7. Statistical analyses

Baseline demographics and clinical characteristics are presented as
mean (and standard deviation), number (and percent), or median (and
range), as appropriate.

To evaluate possible implications of different spinal cord atrophy
measurements on clinical trial design (aim 1), we computed the sample
size required for a hypothetical clinical trial evaluating a neuropro-
tective medication over a one-year period. Sample size was computed
using the formula = +n Z Z2( )1 2 2

2 , where n is the required sample size
per treatment arm in 1:1 randomized parallel-groups placebo-con-
trolled trials, Zα and Z1-β are kept constant (set at 5% alpha-error and
80% power, respectively), σ is the standard deviation (from each spinal
cord atrophy measurement), and Δ is the estimated treatment effect size
(Cawley et al., 2018; Altmann et al., 2009). Effect size was derived from
the spinal cord change for each atrophy measurement (percent change
of MUCCA, CSA at C1-2 level from brain MRI, GBSI at C1-2 level from
brain MRI, CSA at C1-2 level from spinal cord MRI, GBSI at C1-2 level
from spinal cord MRI, CSA at C2-5 level from spinal cord MRI, and GBSI
at C2-5 level from spinal cord MRI); different treatment effects were
simulated (e.g., 30%, 60% and 90%). As additional estimates of mea-
surement variability, we also computed coefficients of variation and
median absolute deviations.

To evaluate the possibility of deriving longitudinal spinal cord
atrophy measurements from brain MRI (aim 2), we used linear re-
gression models including spinal cord atrophy measurements from

Fig. 2. Brain MRI processing using SCT and GBSI. Reference points were manually set at C1 and C2 on sagittal brain scans (a). Then, masks of C1-2 (b) levels were
obtained from spinal cord images acquired at each time point using the DeepSeg tool within the SCT (version 4.0) (sagittal plane is presented, with axial plane in the
inset). The probabilistic boundary-shift region-of-interest was then adaptively estimated from baseline and follow-up spinal cord segmentations and the GBSI integral
was ultimately computed for C1-2 (c for sagittal plane, d for axial plane). CSA: cross-sectional spinal cord area; GBSI: generalised boundary-shift integral; MRI:
magnetic resonance imaging; SCT: spinal cord toolbox.
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brain MRI (percent change of CSA at C1-2 level and GBSI at C1-2 level
in turn) and corresponding spinal cord atrophy measurements from
spinal cord MRI (percent change of CSA at C1-2 and C2-5 levels, and
percent change of GBSI at C1-2 and C2-5 levels, respectively). Results
are presented as β-coefficients (Coeff), 95% confidence intervals
(95%CI) and p-values from linear regression models.

To evaluate possible clinical correlates of each spinal cord atrophy
measurement (aim 3), we used different stepwise linear regression
models (one for each MRI variable) with backward selection with
p= 0.20 as the critical value for entering clinical variables in the model
(EDSS progression, T25FWT progression, 9HPT progression, SDMT
progression, and MSWS progression). For the purposes of this analysis,
we considered both spinal cord MRI variables (percent change of
MUCCA, CSA at C1-2 level from brain MRI, GBSI at C1-2 level from
brain MRI, CSA at C1-2 level from spinal cord MRI, GBSI at C1-2 level
from spinal cord MRI, CSA at C2-5 level from spinal cord MRI, and GBSI
at C2-5 level from spinal cord MRI), as well as brain MRI variables
(number of new T2 lesions, T2 lesion volume change, T1 lesion volume
change and PBVC). To evaluate differences in spinal cord atrophy be-
tween Laquinimod 0.6 mg and Placebo (aim 4), we used linear re-
gression models. Results are presented as Coeff, 95%CI and p-values.

As possible confounders of spinal cord atrophy measurements, we
included the following covariates to the statistical models: age, sex,
height, country and baseline CSA (Oh et al., 2014).

Stata 15.0 was used for data processing and analysis. Results were
considered statistically significant when associated with p-values <
0.05.

3. Results

3.1. Patient disposition

Patient disposition and reasons for exclusion are reported in Fig. 3.
Among patients with baseline and week 48 visits and with MRI acqui-
sitions suitable for analyses, we were able to compute CSA at C1-2 level
from brain scans in 98.1% of patients (211/215), in 84.2% of patients
for GBSI at C1-2 level from brain scans (181/215), in 67.4% of patients
for CSA at C1-2 and at C2-5 level from spinal cord scans (114/169), and
in 66.9% of patients for GBSI at C1-2 and at C2-5 level from spinal cord
scans (113/169). For comparison, we were had access to data from 220
patients with MUCCA values, number of new T2 lesions, T2 lesion vo-
lume change, T1 lesion volume change and PBVC from the original
clinical trial.

Demographic and clinical features of included patients are reported
in Table 1.

3.2. MRI noise floor

Image quality was determined using the median value of σ (stan-
dard deviation of the MRI signal within the CSF surrounding the spinal
cord) at each spinal cord level. The lowest median standard deviation
was found for brain MRI at the C1-2 level (σ = 43.3), followed by
spinal cord MRI at the C1-2 level (σ = 57.0), and spinal cord MRI at the
C2-5 level (σ = 76.5). Representative images are presented in Fig. 4.

3.3. Spinal cord atrophy

Spinal cord atrophy measurements obtained with GBSI
(-1.5 ± 3.4% at C1-2 level from brain MRI; −1.8 ± 3.1% at C1-2
level from spinal cord MRI; −1.5 ± 3.6% at C2-5 level from spinal
cord MRI) had a slightly larger rate of atrophy and a significantly
smaller standard deviation, when compared with corresponding CSA
values (-0.9 ± 4.2% at C1-2 level from brain MRI; −1.1 ± 4.1% at
C1-2 level from spinal cord MRI; −1.5 ± 4.7% at C2-5 level from
spinal cord MRI) and MUCCA values (-0.9 ± 3.1%) (Fig. 5), resulting
in smaller sample size estimates, smaller coefficients of variation and

smaller median absolute deviations (Table 2). Results were confirmed
when considering the subset of patients with MRI scans with a noise
floor above the median (Supplementary Material 1a), those with
availability of all measurements (Supplementary Material 1b), and
those with stable EDSS (Supplementary Material 1a), ruling out selec-
tion bias.

3.4. Spinal cord atrophy from brain scans

Longitudinal spinal cord atrophy measurements obtained from
brain MRI scans were related to the corresponding measurements from
dedicated spinal cord scans for both CSA (Fig. 6a-b) and GBSI (Fig. 6c-
d).

3.5. Clinical correlates

Looking at spinal cord atrophy measurements, patients with
T25FWT progression presented with more pronounced longitudinal
spinal cord atrophy using GBSI at C1-2 level from brain MRI (Coeff = -
1.24; 95%CI = -2.30, −0.19; p = 0.02), and GBSI at C2-5 level from
spinal cord MRI (Coeff = -1.47; 95%CI = -2.18, −0.75; p < 0.01)
(Table 3). Patients with 9HPT progression presented with more pro-
nounced longitudinal spinal cord atrophy using GBSI at C1-2 level from
brain MRI (Coeff = -0.92; 95%CI = -1.33, −0.52; p < 0.01)
(Table 3). Patients with MSWS progression presented with more pro-
nounced longitudinal spinal cord atrophy using GBSI at C1-2 level from
brain MRI (Coeff = -1.86; 95%CI = -2.44, −1.27; p < 0.01), and
GBSI at C1-2 level from spinal cord MRI (Coeff = -1.73; 95%CI = -
2.38, −1.07; p < 0.01) (Table 3). No significant clinical correlates
were detected for longitudinal spinal cord atrophy using MUCCA, CSA
at C1-2 level from brain MRI, CSA at C1-2 level from spinal cord MRI,
and CSA at C2-5 level from spinal cord MRI (Table 3).

Looking at brain measurements, patients with EDSS progression
presented with increased number of new T2 lesions (Coeff = 2.95;
95%CI = 0.61, 5.29; p = 0.01), higher T2 lesion volume change
(Coeff = 1075.53; 95%CI = 479.09, 1671.97; p < 0.01), and more
pronounced PBVC (Coeff = -0.40; 95%CI = -0.54, −0.26; p < 0.01).
Patients with T25FWT progression presented with higher T1 lesion
volume change (Coeff = 142.88; 95%CI = 23.78, 261.97; p = 0.01).
Patients with SDMT progression presented with increased number of
new T2 lesions (Coeff = 2.66; 95%CI = 0.49, 4.84; p = 0.01), higher
T2 lesion volume change (Coeff = 266.56; 95%CI = 21.54, 511.58;
p = 0.03), and more pronounced PBVC (Coeff = -0.46; 95%CI = -0.58,
−0.33; p < 0.01).

3.6. Treatment effect

As previously reported (Giovannoni et al., 2020), the ARPEGGIO
clinical trial failed to show any significant treatment effect on percen-
tage brain volume changes (primary outcome measure) (Laqui-
nimod = -0.454% and Placebo = -0.438%; p = 0.90), obtained using
Structural Image Evaluation, using Normalization, of Atrophy (SIENA)
(Giovannoni et al., 2020). However, Laquinimod and placebo did differ
statistically in number of new T2 lesions (0.7 vs 1.6; p < 0.01), T1
lesion volume change (0.0 vs 0.0 mL; p = 0.04), and T2 lesion volume
change (0 vs 3 mL; p = 0.01), whilst no differences were detected in
rate of EDSS progression (17% vs 23%; p = 0.42), and change in
T25FWT score (0.05 vs 0.30 s; p = 0.24). In our current post-hoc
analysis, we found that no treatment effect was detected with any of
spinal cord atrophy measurements (Table 4).

4. Discussion

In the present study, we explored the clinical correlates and im-
plications for clinical trials of segmentation- versus registration-based
measurements of spinal cord atrophy in progressive MS, obtained at
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different cord levels from both routine brain and dedicated spinal cord
MRI acquisitions. The registration-based method (GBSI) resulted in
clinically meaningful measurements of spinal cord atrophy and rela-
tively low sample sizes, and, thus, could be a candidate secondary
outcome measure for clinical trials in MS. Deriving spinal cord atrophy
measurements from sagittally acquired volumetric brain MRI scans
using the GBSI would allow the use of spinal cord atrophy in multi-
centre studies, where acquiring high quality MRI of the spinal cord may
be difficult to achieve.

Overall, in line with previous studies comparing CSA and GBSI
(Moccia et al., 2019; Prados et al., 2020), we confirm that GBSI mea-
surements provide similar spinal cord atrophy rates (1.5–1.8%/year),
when compared with CSA (0.9–1.5%/year) (Moccia et al., 2019; Prados
et al., 2020; Casserly et al., 2018), but have smaller related standard
deviations, coefficients of variation and median absolute deviations.

Fig. 3. Patient disposition. Patient disposition flow diagram shows number of included and excluded patients. Reasons for exclusion from the original trial population
were early termination, lack of upper spinal cord segments included in brain MRI, lack of dedicated spinal cord MRI, SCT failure, GBSI failure, and implausible
(> 5%) atrophy rates on both CSA and GBSI at each spinal cord level. Total number of patients with each MRI measure is presented. CSA: cross-sectional spinal cord
area; GBSI: generalised boundary-shift integral; MRI: magnetic resonance imaging; SCT: spinal cord toolbox.

Table 1
Demographics and clinical features.

Population (n = 220)

Age, years 46.5 ± 6.8
Sex, male 118 (53.6%)
Baseline EDSS 4.5 (3.0–6.5)
Disease duration, years 3.4 ± 3.2
Height, cm 172.0 ± 9.8
Country, n 10

Baseline demographics and clinical features are reported for
included patients.
EDSS: expanded disability status scale.
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Fig. 4. MRI noise floor. Figure shows sagittal plane of brain and spinal cord images above (upper row) and below (lower row) the median noise floor (axial plane in
the inset). Different spinal cord levels are reported (C1-2 from brain MRI, C1-2 from spinal cord MRI, and C2-5 from spinal cord MRI). Standard deviation of the MRI
signal (σ) within the CSF surrounding the spinal cord is reported for each image. CSA: cross-sectional spinal cord area; GBSI: generalised boundary-shift integral; MRI:
magnetic resonance imaging.

Fig. 5. Spinal cord atrophy rates by type of scan and
analysis technique. Box-and-Whisker plots show an-
nualised spinal cord percent volume change for the
different measurements (percent change from
MUCCA, CSA and GBSI analyses at different spinal
cord levels from brain and dedicated spinal cord MRI
scans). Mean, standard deviation and number of in-
cluded patients are reported. CSA: cross-sectional
spinal cord area; GBSI: generalised boundary-shift
integral; MRI: magnetic resonance imaging; MUCCA:
mean upper cervical spinal cord area.
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Due to the reduced measurement variability, GBSI has greater statistical
power to detect (treatment) group differences. Improved performance
of GBSI is likely the result of its processing pipeline, including
straightening, denoising and registration of the spinal cord. In addition,
GBSI boundary contours are less affected by (non-random) partial vo-
lume effects, which may bias segmentation methods (i.e., inclusion of
tissue outside of the area of interest and/or exclusion of tissue within
the area of interest), with improved performance (Moccia et al., 2019;
Prados et al., 2020; Leung et al., 2010; Tohka, 2014).

We confirmed the strong clinical correlates of spinal cord atrophy

(Brownlee et al., 2017; Ciccarelli et al., 2019). In our study, 1-year
spinal cord atrophy measurements obtained with GBSI, but not with
CSA, at different cord levels (C1-2 and C2-5) and from both brain and
spinal cord MRI acquisitions were associated with upper and lower limb
motor function, as measured by neurologists (e.g., walking test, and
hand test), and by people with MS (e.g., self-reported scale on walking
difficulties). Looking at previous longitudinal studies measuring spinal
cord atrophy in PPMS, early changes in spinal cord area are associated
with clinical changes in the long term (e.g., six to fifteen years)
(Tsagkas et al., 2019; Rocca et al., 2017; Aymerich et al., 2018). As

Table 2
Sample size calculations and measurement variability.

Total number of patients Sample size
Treatment effect

Coefficient of variation Median absolute deviation

30% 60% 90%

MUCCA 220 2073 518 230 −3.56 3.06
CSA at C1-2 level from brain MRI 211 3454 864 384 −4.57 4.13
GBSI at C1-2 level from brain MRI 181 832 208 92 −2.13 3.26
CSA at C1-2 level from spinal cord MRI 114 2528 632 281 −3.42 3.86
GBSI at C1-2 level from spinal cord MRI 113 523 131 58 −1.83 2.83
CSA at C2-5 level from spinal cord MRI 114 1581 395 176 −3.09 4.86
GBSI at C2-5 level from spinal cord MRI 113 1027 257 114 −2.37 3.33

Table shows total number of patients with successfully determined measurements, the sample size estimates in each arm in a randomized clinical trial, coefficients of
variation and median absolute deviations using annualised atrophy rates, and median standard deviation for each MRI measure; power was set at 80% and alpha-
error at 5%. Different treatment effects were simulated (30%, 60% and 90%). No adjustment for drop-out rates due to clinical reasons or MRI quality were applied.
Coefficients of variation and median absolute deviations are also reported.
CSA: cross-sectional spinal cord area; GBSI: generalised boundary-shift integral; MRI: magnetic resonance imaging; MUCCA: mean upper cervical spinal cord area.

Fig. 6. Spinal cord atrophy longitudinal changes from brain and spinal cord MRI. Scatter plots show annualised spinal cord atrophy longitudinal changes derived
from brain MRI (CSA at C1-2 level from brain MRI in a and b; GBSI at C1-2 level from brain MRI in c and d) in relation to measurements obtained with the same
technique but from dedicated spinal cord MRI (CSA at C1-2 level and CSA at C2-5 level from spinal cord MRI in a and b; GBSI at C1-2 level and GBSI at C2-5 level
from spinal cord MRI in c and d). β-Coefficients (Coeff), p-values and 95% confidence intervals (95%CI) are reported from linear regression models. CSA: cross-
sectional spinal cord area; GBSI: generalised boundary-shift integral; MRI: magnetic resonance imaging.
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such, the lack of association between spinal cord atrophy and EDSS over
one year is not surprising, and confirms that spinal cord atrophy should
be considered a short term surrogate marker of long-term disease pro-
gression (Tsagkas et al., 2019; Rocca et al., 2017; Aymerich et al.,
2018). By comparison, brain MRI variables were associated with clin-
ical measures of motor and cognitive disability (e.g., EDSS and SDMT),
suggesting they better depict the overall patient status. Of note, we
have included only longitudinal brain MRI variables (for both atrophy
and lesions), as our interest was in longitudinal spinal cord measures;
we therefore did not consider cross-sectional brain or spinal cord vo-
lume associations.

An important caveat revealed by the present study is related to
difficulties in acquiring good quality spinal cord images. Without spe-
cific emphasis on quality of spinal cord scans (secondary outcome in
ARPEGGIO), we were unable to extract the relevant outcome measure
in 5% to 35% of scans, depending on the spinal cord level, using our
automatic pipeline for spinal cord atrophy calculation. The potential
failure rate should be accounted for either in the planning phase, by
adjusting the sample size accordingly, or by implementing measures to
ensure high-quality scan acquisition. Of course, the exclusion of pro-
blematic cases from the analysis could have artificially decreased
standard deviations and sample sizes for GBSI; however, results did not
change when we included the subset of patients with homogeneous
quality of scans, with all measurements and with stable EDSS, sug-
gesting that our findings are not biased. In our previous study on
combined MAGNIMS and Queen Square spinal cord cohorts, we were
able to successfully analyse 85% of scans (Moccia et al., 2019). By
contrast, looking at the much older INFORMS clinical trial (Prados
et al., 2020), we could classify only 20% of the scans as good quality on
visual inspection.

In the present study, failures in SCT and GBSI were related to noise,
poor contrast and/or artefacts, that are difficult to account for when
using automatic methods for spinal cord segmentation and registration.
Indeed, both segmentation (DeepSeg) and registration (GBSI) auto-
matically process MRI scans, and we only visually evaluated the images
after processing, for qualitative check of this relatively new method and
to evaluate reasons for pipeline failure. We have uniformly excluded
observations with ± 5% atrophy rate for both CSA and GBSI, which
we have previously identified as biologically implausible (i.e., more
than two standard deviations away from the rate in healthy controls)
(Moccia et al., 2019; Prados et al., 2020); this approach, though aiming
to dismiss statistical outliers (Yang and Hutcheon, 2016; Pollet and van
der Meij, 2017), has contributed to a high failure rate and may have
slightly inflated statistical power. Factors possibly affecting image
quality include gradient nonlinearity, which can be responsible for
variability of absolute spinal cord measurements between different
vendors (Papinutto et al., 2018; Cohen-Adad, 2020), and depending on
placement of the subject in the scanner, as shown in a cross-sectional
study (Papinutto et al., 2018). This effect can be reduced by using the
Jacobian determinant from nonlinear registrations to correct differ-
ences in deformation (Papinutto et al., 2018). We therefore included a
symmetric and inverse-consistent registration in the GBSI pipeline, to
align the two straightened cords in a half-way space, with each image
working as a template for the other (Papinutto et al., 2018). Also, if we
assume the presence of vendor-dependent gradient nonlinearity dis-
tortion, this would especially affect cross-sectional measurements with
absolute spinal cord volume computation. However, for the purposes of
our study, we used the percent longitudinal volume change between
timepoints, which is ideally less affected by similar vendor-dependent
gradient nonlinearity distortion at baseline and follow-up acquisitions,
than cross-sectional measurements, since in the ARPEGGIO clinical trial
sites were required to acquire baseline and follow-up MRI on the same
scanner.

Overall, acquiring good quality images was easier for the brain than
the spinal cord, as demonstrated by the variability of the MRI signal
within the CSF surrounding the spinal cord (standard deviationTa
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increased from 43 on C1-2 level from brain MRI, to 57 and 76 on C1-2
and C2-5 levels on spinal cord MRI, respectively). As such, obtaining
spinal cord atrophy measurements from brain scans could represent a
viable, efficient and clinically meaningful alternative to the more
technically challenging spinal cord image acquisition, in particular in
multi-centre settings where homogenous quality of spinal cord acqui-
sitions is difficult to achieve. So far, the possibility to derive spinal cord
measurements from brain scans has been successfully explored only in
cross-sectional studies (Prados and Barkhof, 2018; Liu et al., 2016;
Tsagkas et al., 2018). In our study, notwithstanding the large variability
of centres acquiring images with different expertise, protocols and field
strength, we found statistically significant, but small, correlation coef-
ficients between measurements derived from brain and cord scans,
being higher for GBSI than CSA (0.3 vs 0.2), suggesting that long-
itudinal spinal cord atrophy from brain scans could better be derived
using GBSI than using segmentation-based approaches (e.g., CSA).
Differences in noise floor between brain and spinal cord MRI could
explain the partial concordance of measurements and could be due to
the use of different coils, that can affect image quality at C1-2 level.
Indeed, more advanced coils, optimised for both brain and spinal cord,
can improve image quality, especially at upper cervical cord level,
when compared with conventional coils (Cohen-Adad et al., 2011).
Unfortunately, the ARPEGGIO database did not include sufficiently
detailed information on coil design at different sites to be accounted for
in the statistical models.

Sample size estimates with spinal cord GBSI (e.g., 130–250 per
treatment arm, for a 60% effect) are two-to-four fold smaller than CSA
(e.g., 400–800 per treatment arm, for a 60% effect), and are on the
same order of magnitude as for brain atrophy (the pooled rate of 1-year
brain atrophy in placebo- and Laquinimod-treated patients from the
ARPEGGIO trial (-0.45 ± 1.00%) corresponds to 215 patients per
treatment arm for a 60% treatment effect) (Giovannoni et al., 2020;
Moccia et al., 2017). In our previous study on spinal cord GBSI (Moccia
et al., 2019), we obtained even smaller estimates for both GBSI
(50–100), and CSA (200–800), considering a similar treatment effect
and also accounting for physiological spinal cord loss in healthy con-
trols. However, that previous study was conducted in much more se-
lected centres, using MRIs acquired within the Magnetic Resonance
Imaging in MS (MAGNIMS) network (Moccia et al., 2019). In the pre-
sent study, we tried to simulate similar conditions by classifying scans
based on the median noise floor; however, when including top quality
scans, atrophy variability only partly improved, with increased effect
size and reduced standard deviation for some measurements. Thus,
future clinical trials aiming to use spinal cord atrophy as a primary
outcome measure, rather than simply increase the sample size to ac-
count for drop-out rates during analyses, should focus on sites that are
able to acquire high quality images. A consensus spinal cord acquisition
protocol has been recently developed and tested in about 30 different
sites across the world, including different vendors (GE, Siemens and
Philips) and could serve as a standard for future multicentre spinal cord

MRI studies (http://www.spinalcordmri.org – Protocols). Alternatively,
longer follow-up could also be considered (Altmann et al., 2009); un-
fortunately, in the ARPEGGIO trial, no MRI scans were available be-
yond week 48.

Finally, we confirmed the lack of treatment effect for Laquinimod on
spinal cord atrophy, as in the original ARPEGGIO analysis (Giovannoni
et al., 2020). This finding, also in light of the lack of treatment effect on
brain atrophy and on disability outcomes (Giovannoni et al., 2020),
points towards poor (neuroprotective) efficacy of Laquinimod, rather
than measurement issues.

Limitations of the present study include the relatively short follow-
up duration (48 weeks). On the one hand, this is in line with phase 2
clinical trial requirements in MS where brain atrophy is the primary
outcome measure. However, one-year follow-up is relatively short to
acquire sufficiently reliable clinical outcomes (e.g., lack of association
with EDSS progression), that could have been better studied in the long
term. Also, we used DeepSeg for spinal cord segmentation, which is an
automated method with high reproducibility, but providing smaller
volumes than other methods (e.g., NeuroQLab and Jim) (McCoy et al.,
2019; Weeda et al., 2019); we previously ruled out the impact of dif-
ferent segmentation methods on longitudinal spinal cord atrophy
measurements on GBSI, but cannot exclude results using the segmen-
tation-based method (CSA) were affected (Prados et al., 2020). Also, we
used the standard deviation of the MRI signal within the ring of CSF
surrounding the spinal cord to classify scans based on their noise floor
(Jones and Basser, 2004; Tabelow et al., 2015), which is a common
approach for low signal situations, such as for CSF on T1-weighted
images (Prados et al., 2020; Jones and Basser, 2004). This was auto-
matically computed by our pipeline, and represents the variance of the
background/CSF signal, independent from its actual scale; other mea-
sures (e.g., contrast-to-noise ratio) could be considered in the future,
but would require additional manual intervention, which is undesirable
for an automated pipeline aiming to be applied in large datasets. Fi-
nally, spinal cord acquisitions in ARPEGGIO only included T1 se-
quences, where outlining lesions is difficult; in the future, the possibi-
lity of using PSIR and T2 lesions for GBSI calculation will allow spinal
cord lesion segmentation and filling, which can make cord atrophy
estimates less variable, as has been shown for brain atrophy (Amiri
et al., 2018; Battaglini et al., 2012; Popescu et al., 2014).

5. Conclusions

Imaging the spinal cord is challenging, but clinically relevant.
Spinal cord atrophy reflects early subtle changes in motor function of
the upper and lower limbs, with possibly more obvious clinical corre-
lates in the long-term. Improvements in spinal cord acquisition, pro-
cessing and analysis (e.g., SCT and GBSI), along with the possibility of
deriving spinal cord atrophy measurements from brain MRI scans, can
enhance the application of this clinically meaningful imaging outcome
measure in multi-centre longitudinal observational studies and clinical

Table 4
Treatment effect on longitudinal spinal cord atrophy.

Placebo Laquinimod 0.6 mg Coeff 95%CI P-values

Lower Upper

MUCCA −0.81 ± 3.20 −1.38 ± 3.04 −0.25 −1.13 0.62 0.56
CSA at C1-2 level from brain MRI −1.08 ± 4.10 −1.14 ± 4.12 −0.19 −1.48 1.09 0.76
GBSI at C1-2 level from brain MRI −1.28 ± 3.40 −2.14 ± 3.51 −0.78 −1.99 0.41 0.19
CSA at C1-2 level from spinal cord MRI −0.67 ± 4.56 −1.51 ± 4.25 −0.58 −2.55 1.38 0.55
GBSI at C1-2 level from spinal cord MRI −1.47 ± 2.56 −1.97 ± 3.39 −0.56 −1.97 0.84 0.42
CSA at C2-5 level from spinal cord MRI −0.80 ± 4.77 −1.80 ± 4.73 −0.42 −2.51 1.66 0.68
GBSI at C2-5 level from spinal cord MRI −1.31 ± 4.05 −1.51 ± 2.94 −0.38 −2.09 1.32 0.65

Table shows spinal cord atrophy in relation to treatment with Placebo or Laquinimod 0.6 mg. β-Coefficients (Coeff), 95% confidence intervals (95%CI) and p-values
are reported from linear regression models adjusted by age, sex, height, country and baseline CSA.
CSA: cross-sectional spinal cord area; GBSI: generalised boundary-shift integral; MRI: magnetic resonance imaging; MUCCA: mean upper cervical spinal cord area.
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trials. Rigorous quality control will be required though, as dedicated
spinal cord scans (and the resulting measurements) remain more vari-
able than brain scans. Despite sample size not being far off from those
for brain atrophy in the ARPEGGIO study, spinal cord atrophy is des-
tined to remain a secondary outcome for the moment, given the issues
around controlling image quality in the spinal cord.
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