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Abstract

Background: Multiple sclerosis (MS) is defined as a demyelinating disorder of the cen-
tral nervous system, witnessing over the past years a remarkable progress in the ther-
apeutic approaches of the inflammatory process. Yet, the ongoing neurodegenerative
process is still ambiguous, under-assessed, and probably under-treated. Atrophy and
cognitive dysfunction represent the radiological and clinical correlates of such pro-
cess. In this study, we evaluated the effect of one specific MS treatment, which is natal-
izumab (NTZ), on brain atrophy evolution in different anatomical regions and its corre-
lation with the cognitive profile and the physical disability.

Methods: We recruited 20 patients diagnosed with relapsing-remitting MS (RR-MS)
and treated with NTZ. We tracked brain atrophy in different anatomical structures
using MRI scans processed with an automated image segmentation technique. We also
assessed the progression of physical disability and the cognitive function and its link
with the progression of atrophy.

Results: During the first 2 years of treatment, a significant volume loss was noted
within the corpus callosum and the cerebellum gray matter (GM). The annual atrophy
rate of the cortical GM, the cerebellum GM, the thalamus, the amygdala, the globus
pallidus, and the hippocampus correlated with greater memory impairment. As for the
third and fourth years of treatment, a significant atrophy revolved around the gray mat-
ter, mainly the cortical one. We also noted an increase of the thalamus volume.
Conclusion: Atrophy in RR-MS patients treated with NTZ is regional and targeting
highly cognitive regions mainly of the subcortical gray matter and the cerebellum. The
cerebellum atrophy was a marker of physical disability progression. NTZ did not accel-
erate the atrophy process in MS and may play a neuroprotective role by increasing the

thalamus volume.
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1 | INTRODUCTION

Multiple sclerosis (MS) is an inflammatory disease of the central ner-
vous system (CNS) involving a complex combination of both demyelina-
tion and neurodegeneration (Kotelnikova et al., 2017). The most com-
mon course of the disease is relapsing-remitting MS (RR-MS), which
represents 85% of MS forms (Lublin et al., 2014).

As for the clinical expression, cognitive dysfunction is a prominent
feature of MS, occurring even in early stages of the disease (Oset et al.,
2020) and has been reported during the pre-symptomatic phases as
a potential revealing sign of the radiologically isolated syndrome (RIS)
(Menascu et al., 2019). The radiological correlate of cognitive dysfunc-
tion is generally perceived through the atrophy pattern and its sever-
ity. Recent studies focused on gray matter (GM) analysis in MS, subcor-
tical deep GM in particular, and demonstrated that it was correlated
with cognitive dysfunction in MS patients, noticeable even in the ear-
liest stages of the disease yet without consideration of the potential
effect of the ongoing treatment (Eshaghi et al., 2018; Gilmore et al.,
2009; Prins et al., 2015). The potential contributing role of treatment
adds another layer of complexity to interpret factors leading to cogni-
tive impairment and atrophy progression in MS (Sotirchos et al., 2020).
Even though such therapies are known to be efficient to control the dis-
ease’s activity and disability’s progression, its impact on the neurode-
generative process and its clinical expression in terms of cognition are
mostly lacking (Compston & Coles, 2002).

Natalizumab (NTZ) is one among the therapies of RR-MS indicated
mainly in forms presenting with high disease activity or aggressive
evolution. Its efficacy is established in terms of reducing inflamma-
tion by preventing leucocytes from reaching the CNS (Polman et al.,
2006). However, the effects of such an aggressive treatment on the
neurodegenerative process in MS and its consequences upon the cog-
nitive functions remain controversial (Alvarez et al., 2021; Preziosa,
Rocca, Riccitelli, et al., 2020; Talmage et al., 2017). Studies examin-
ing atrophy evolution in MS patients treated with NTZ attributed it
to the pseudoatrophy phenomenon due to the regression of inflam-
mation in the white matter during the first year of treatment and
was as a consequence considered as a further sign of treatment
efficacy.

Nevertheless, these previous studies focused mainly on the white
matter and specific structures such as the corpus callosum by mea-
suring its index as a representative marker of atrophy in MS patients
(Arpin et al., 2016). Lesion burden progression was also a subject of
interest and showed no significant correlations with atrophy evolu-
tion and cognitive impairment in MS patients (Preziosa, Rocca, Ric-
citelli, et al., 2020). As for GM, findings about the effect of NTZ remain
dispersed (Ciampi et al., 2017; Preziosa, Rocca, Pagani, et al., 2020;
Preziosa, Rocca, Riccitelli, et al., 2020).

Thus, we chose to shed light on the effect of NTZ on the brain
atrophy progression in RR-MS patients while focusing on both WM
and GM structures and its correlates in terms of disability progression
and cognitive impairment. We also aimed to investigate whether atro-
phy is a regional phenomenon that may potentially be considered as a

biomarker of the disease progression.
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2 | METHODS

2.1 | Study design and participants

2.1.1 | Participants
We conducted an observational longitudinal study in the department
of neurology of Fattouma Bourguiba Hospital in Monastir Tunisia from
2015 to 2020. We included patients diagnosed with RR-MS according
to McDonald criteria 2017 and who were switched to NTZ during the
period of study.

Inclusion criteria were as follows:

- Diagnosis of RR-MS based on the 2017 Revised McDonald criteria
(Thompson et al., 2018),

- Undergoing treatment with NTZ continuously for a 1-year-period
at least, and

- No other comorbidities that may interfere with cognitive func-
tion/brain atrophy progression (epilepsy, brain tumor, stroke, etc.).

Exclusion criteria were as follows:

- Relapse or steroids and/or plasmapheresis treatment within a year
before neuropsychological assessment, and

- Existence of neurological signs that could interfere with cognitive
evaluation (e.g., significant upper limb impairment, severe ataxia, or
optic neuritis).

- The use of cognition-influencing medication prescriptions (e.g.,
antidepressants, neuroleptics or anticholinergic drugs) for at least

3 months before the neuropsychological assessment.

Demographic and clinical data

Based on the patients’ medical files, we noted:

- Gender, current age, age at disease onset, diagnosis delay, and dis-
ease duration,

- Educational level,

- Type of first-line therapy, its duration, and reasons leading to treat-

ment switch.

Detailed baseline disability according to the Expanded Disability
Status Scale (B-EDSS) defined as the EDSS score at the initiation
of NTZ. Final EDSS (F-EDSS) was assessed simultaneously when the
patient underwent his last neurological examination along with the
final MRI scan acquired in 2020. The different functions of the EDSS
score were noted: pyramidal, cerebellar, brainstem, sensory, optic, cog-

nitive functions, and the ambulation score,

- Annualrate of progression (ARP) of EDSS score defined as follows:

[F — EDSS — B — EDSS] (points)

ARP (point: =
) (points/years) Time interval separating the assessment of both EDSS scores (years)

- Annual relapse rate (ARR) (number of relapses/year) before and
after initiating of NTZ, and
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- Year of switch to NTZ and the treatment’s duration by the end of
the study period.

2.1.2 | Cognitive evaluation

During the last administration of NTZ in hospital, patients underwent,
after clear oral consent, a cognitive evaluation along with a neurolog-
ical examination including the F-EDSS assessment. We used a brief,
applicable and reliable battery of tests assessing the commonly altered

cognitive domains in MS:

- Cognitive complaint questionnaire (QPC): All participants were admin-
istered the original French 10-item yes/no questionnaire (Masson,
n.d.) assessing the presence of cognitive difficulties in the last six
months. A score > 3 pointed to the presence of considerable cog-
nitive complaint.

- Symbol digit modalities Test (SDMT): The test evaluates the visual
processing speed or efficiency. It is the most accurate a sensitive test
for information processing speed in MS patients in particular (Bene-
dictetal.,, 2017; Kalb et al., 2018).

- Verbal fluency tests: A phonological fluency test and a semantic flu-
ency test (“animals”) were used. The result consisted in the number
of correct words cited during the first minute. For both fluency tests,
repetitions were not taken into account (Barois et al., 2020). Verbal
fluency tasks in MS serve for screening purposes and the detection
of executive dysfunction (Delgado-Alvarez et al., 2021).

- 10/36 Spatial recall test (SPART): The test assesses learning capac-
ity and long-term visuospatial retention. It has been shown to be
the most sensitive measures for detecting memory impairment in
patients with MS (Dent & Lincoln, 2000; Gerstenecker et al., 2016).

213 | MRI

All patients were scanned using the same MRI system operating at
1.5 Tesla (Philips, Ingenia) within the MRI unit of Fattouma Bourguiba
hospital. An MS-standardized protocol was used which included 5-mm
slices obtained in axial T2, axial FLAIR, sagittal T1, sagittal FLAIR, and
axial T1 before and after administration of gadolinium. T1-weighted
sequence was used as an input for the image-processing pipeline.
Baseline-MRI (B-MRI) scan was available for all patients at the ini-
tiation of treatment with NTZ. Being part of the routine control, each
patient underwent one MRI control per year in order to rule out a pro-
gressive multifocal leukoencephalopathy and the occurrence of new
active lesions. We compared the baseline scan with the MRI scans at
two different timepoints (at 2 years and 4 years of treatment) in order

to ascertain the development of atrophy.

2.1.4 | Brain segmentation

Segmentation of brain structures based on each subject

T1-weighted MRI was performed automatically using auto-

mated recon-all FreeSurfer processing pipeline (version 5.3.0;
http://surfer.nmr.mgh.harvard.edu) to obtain the cortical surface

reconstruction and tissue-class segmentation boundaries. No manual
editing was performed to keep methods as automated as possible,
and scans with segmentation errors/failures were excluded (Yaakub
et al., 2020). The quality of brain segmentation was assessed by a
neuroimage data processing expert and then by two neurologists
trained to interpret MRI scans of inflammatory diseases of the CNS
for further quality validation. A total of 34 regions per hemisphere
were segmented. We extracted the volume of the following anatomical
regions: intracranial (IC) (excluding the volume of ventricles), the
total, sub-cortical and cortical GM, the total white matter (WM), the
hippocampus, the corpus callosum (CC), and the amygdala along with
different sub-cortical GM regions (thalamus [T], putamen [PT], globus
pallidus [GP], and caudate nucleus [CN]). For bilateral structures, the
sums of the right and left volume fractions were used for analysis. For
anatomical and subcortical tissue region labeling, a fully automated
processing pipeline (FreeSurfer) is deployed as detailed in Fischl et al.
(2002, 2004). FreeSurfer first affinely registers each T1-weighted
MRI to a shared common space using MNI305 (Collins et al., 1994)
atlas. Next, the variation in the white matter intensity is quantified to
remove the B1 bias field estimation. A skull stripped algorithm is then
applied using a deformable template model (Ségonne et al., 2004).
Following this nonlinear volumetric the MNI305 atlas, a simple label
propagation algorithm is used to propagate the labels of the image
template in the common atlas to the target-registered T1-weighted
image (Fischl et al., 2002, 2004). The FreeSurfer-generated volumes
are then measured following this step.

Assessment of the progression of brain atrophy was based on the
comparison of volumes of different structures at different timepoints
of the treatment period with NTZ (at 2 years and 4 years of treatment)
(Figure 1).

For each anatomical structure, we computed the annual atrophy
rate (AAR) using two consecutive timepoints during NTZ treatment
period to investigate the progression of atrophy over time (Figure 1).

We  defined it as follows:  AAR (of the structure) =

[Volume of the structure at T(y)— Volume of the structure at T(x)]
where x and y

Time interval separating the two MRI scans (y—x)
denote the MR scan acquisition timepoints, respectively.

2.1.5 | Statistical analysis
For categorical variables, we calculated frequencies. As for quanti-
tative variables, we determined mean score (median if variable was
not normally distributed), standard deviation (interquartile deviation
if variable was not normally distributed), and minimum and maximum
of each variable. Statistical analyses were performed using SPSS (ver-
sion 22; Chicago, IL, USA). When categorical variables were normally
distributed, we used chi-square test to compare percentages. When
the size of the population of study was less than 5, we used Fisher’s
Test. For comparison between categorical and quantitative variables,
we used one-way analysis of variance (ANOVA).

Pearson’s correlation coefficient was used to compare the mean

values of two quantitative variables (Mann-Whitney test if variables
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FIGURE 1 Studydesign

were not normally distributed). For parameters that were not normally
distributed, non-parametric approaches were used (Kruskal-Wallis
test). The Pearson correlation coefficient, r, was indicative of the
degree of correlation: O indicated a positive association; that is, as the
value of one variable increases, so does the value of the other variable.
A p-value less than .05 was considered statistically significant in all of
the different adopted statistical tests.

2.1.6 | Ethics

Since the treatment and follow-up were managed according to usual
clinical practice, ethics committee approval was not required. Never-
theless, informed oral consent was obtained from all participants to

undergo the cognitive evaluation.

3 | RESULTS

3.1 | Population of study
Twenty patients were finally included in our study among the 25 eligi-
ble MS-patients undergoing NTZ treatment. We excluded one patient

who was epileptic with history of two status epilepticus and four

2 year-MRI

patients with distorted segmentation results in order to avoid errors
in volume estimation.

3.2 | Characteristics of the population of study at
baseline

Baseline findings are summarized in Table 1.

One patient was treatment-naive when NTZ was initiated. The
choice of induction therapy was based on his age at disease onset (<18
years old) and the aggressive form of the disease (>2 relapses during
the first year).

As for the B-EDSS, the highest scores were noted in ambulation
(2.1+2.6 points), pyramidal function (2+1 points), and cerebellar func-
tion (1.13+1.6 points) (Figure 2).

3.3 | Clinical progression of the disability
After initiation of treatment, the ARR decreased from 1.6 + 1
relapse/year before the initiation of NTZ to 0.2 +1 relapse/year after
switching to NTZ (p = 0.325).

The mean F-EDSS score was of 3.8 + 2.26 points [1, 6.5] which

was higher than the mean B-EDSS. Yet, the difference remains statis-
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TABLE 1 Baseline characteristics in patients at the initiation of NTZ treatment

Baseline characteristics
Sex ratio (male:female)

Educational level

Current age (years) [min; max]
Mean age of onset (years) [min; max]
Mean disease’s duration (years) [min; max]

Type of the first relapse

Diagnosis’s delay (years)

First-line disease-modifying therapy

Induction therapy

Reasons to switch to second-line therapy

Mean baseline-EDSS [min; max]

Results

Primary
Secondary

Superior

Motor
Visual
Cerebellar

Brainstem

Beta-1b interferon (Betaferon)
Beta-1a interferon (Rebif)

Beta-1a interferon (Avonex)

Poor adherence to treatment

Mean AAR [min; max]

WILEY- >

Increase of number of lesions in MRI control

Presence of active lesions in MRI control

Side effects of treatment

Abbreviations: AAR, annual atrophy rate; EDSS, Expanded Disability Status Scale; MRI, magnetic resonance imaging.

35

25

2
| | ‘
o

PyramidF

"

o
n

-0,5

Sensory Cerebellar

EMean B-EDSS ®Mean F-EDSS m Mean ARP

Cognitive

Bladder and bowel

0.66(8:12)

8

5

12

34 +7.5(20;45]
26 +6[17;35]
8+5.5[2;23]
11

2
2
5
1+1.8[0; 6]
8
&
8
1
6
1.6 + 1[0; 4]
6
4
2
3.

5+25[1;6]

Visual

FIGURE 2 Function-based mean B-EDSS and F-EDSS scores at baseline and final timepoints along with their corresponding annual

progression rates
Abbreviation: ARP, annual rate of progression
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TABLE 2 Results of the cognitive and psychiatric evaluation in our patients

Test/questionnaire
QPC (mean + SD; [min; max]) Altered QPC (n)

Verbal fluency (mean + SD) altered verbal fluency (n)

Phonemic fluency (mean number of words/min+ SD) altered phonemic fluency (n)

SDMT (mean =+ SD; [mix; max])

SPART: immediate recall (mean + SD; [mix; max]) SPART: delayed recall (mean score + SD)

(a) ©)

FIGURE 3
(b) sagittal plane, and (c) axial plane

tically insignificant (p = 0.954). Increase in the ambulation score (p =
0.000, r = —0.834) and the cerebellar function (p = 0.000, r = 0.911)
were the main significant variations (Figure 2).

The mean ARP of EDSS score was of 0.13 points/year. ARP of the
different functions is represented in Figure 2. The APR of the cerebel-
lar function was correlated with the AAR of the GM of the cerebellum
during the first 2 years of NTZ treatment (p = 0.033, r = —0.909).

3.4 | Cognitive and psychiatric assessment
The main findings of the different cognitive tests and questionnaires
are summarized in Table 2.

The SDMT score correlated with the cerebellar function at
baseline (p = 0.028, r = — 0.506) and during the final assessment
(p =0.002, r = —0.789). As for the SPART score, it was correlated with
the baseline thalamic volume (p = 0.008, r = —0.849).

3.5 | MRI volumetric findings and assessment of
atrophy and its clinical correlates

Different volumes of segmented structures (Figure 3) were compared

at two different time intervals:
- During the first 2 years of treatment (T1-TO)

As detailed in Table 3, the volume of corpus callosum decreased

significantly (p = 0.032) along with the cerebellum GM volume

Results
54 + 3[0;10] 16
9+2113
6 +317
20.8 + 10[0; 36]
14 + 4[6;22]4+ 1.6

©)

Results of FreeSurfer automated segmentation pipeline of T1 MRl into different anatomical brain regions in (a) the coronal plane,

(p = 0.047). The AAR of the thalamus, total GM, cortical GM, GP, and
the hippocampus correlated with SPART test score (Figure 4). As for
the ARP of the cerebellar function, it was negatively correlated with
AAR of the cerebellum GM (p = 0.033, r = -0, 909).

- During the third and fourth years of treatment (T2-T1)

Regarding the GM,, significant atrophy was noted (p = 0.038) mainly
due to cortical atrophy (p = 0.005). As for the subcortical GM, it was
globally stable. It is noteworthy that the thalamus volume increased
significantly (p = 0.016).

The AAR of the cortical GM and the cerebellum GM during the third
and fourth years of treatment were negatively correlated with the QPC
score. Categorical fluency score was positively correlated with the AAR
(T2-T1) of the putamen and the thalamus (Figure 4).

While comparing the AAR of the two first years of treatment and the
third and fourth years, we noted that the CN and the amygdala were

subject to significant progression of annual atrophy rate (Table 3).

4 | DISCUSSION

In our study, RR-MS patients treated with NTZ showed a regional atro-
phy pattern that progressed dynamically during the 4-year treatment
period. The two first years of treatment mainly reflected a reduction in
the CC volume and the cerebellum GM. The third and the fourth years
of treatment were characterized with the reduction in GM volume
mainly the cortical one. As for the cognitive profile, memory impair-
ment assed using the 10/36 SPART test correlated with the AAR of the
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of different brain regions and cognitive assessment findings. The

Abbreviations: AAR1, AAR during the first two years of NTZ therapy; AAR2, AAR during the third and fourth years of treatment; SPART-D, SPART

delayed recall; SPART-1, SPART immediate recall

cortical GM, subcortical GM including the thalamus and the GP during
the first two years of treatment. It was also associated to the AAR of
the hippocampus and the amygdala.

4.1 | The atrophy pattern: A dynamic feature

In accordance with previous studies (Andravizou et al., 2019; Arpin
et al.,, 2016; Sastre-Garriga et al., 2015; Talmage et al., 2017; Vidal-
Jordanaetal., 2013; Zivadinov et al., 2008), early WM loss is a hallmark
of the atrophy generated during the first two years of NTZ treatment.
Our study demonstrated a significant reduction in the volume of the
CC. Such wide thick WM tract might be considered as a valuable
marker of neurodegeneration in MS (Figueir et al., 2007; Yaldizli
et al., 2010). Representing a region of predilection of MS lesions, the
atrophy of CC is mainly due to the anti-inflammatory activity of the
treatment, leading to the regression of the vasogenic edema within the
demyelination plaques and causing a pseudoatrophy effect.

However, the pseudo-atrophy seems to be an overlapping phe-
nomenon unrestricted to white matter. In fact, demyelination is seen
in the cerebellar GM five times more than in the white matter (Gilmore
et al., 2009). Meningeal inflammation in the deep folia accommodates
a persistent inflammation in direct contact with the cortical GM of the

cerebellum (Howell et al., 2011), which explains the decrease in its GM
volume due to the anti-inflammatory effect of the treatment as demon-
strated in our study.

Regarding supra-tentorial GM, our study demonstrated a signifi-
cant loss in the cortical GM volume (p = 0.005) and, as a consequence,
the total GM (p = 0.038) during the third and fourth years of treat-
ment. At first glance, such finding might be considered atypical since
NTZ is known to slowdown the atrophy of GM beyond the two first
years of treatment once the pseudoatrophy phenomenon had taken
place (Andravizou et al., 2019; Sastre-Garriga et al., 2015). Based on
the recent studies (Calabrese et al., 2015; Ciampi et al., 2017; De Ste-
fano et al., 2021; Eshaghi et al., 2018; Sotirchos et al., 2020), it may be
postulated that GM is the main target of neurodegeneration regardless
of the disease stability, conducted treatment and regression of active
inflammatory lesions. Pseudoatrophy might be a valid hypothesis for
GM loss expanded beyond the first 2 years of treatment. Yet, data on
pseudoatrophy with the GM remain discordant, making the interpre-
tation of GM reduction even harder to fully encapsulate (De Stefano
et al,, 2021). It may be attributed to the real ongoing neurodegenera-
tive process based on several mechanisms such as mitochondrial fail-
ure, iron deposition, retrograde degeneration through white matter
lesions, and sustained meningeal inflammation (Calabrese et al., 2015;

Preziosa, Rocca, Riccitelli, et al., 2020).
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As for subcortical GM, it remained globally stable with a significant
increase in the thalamus volume which may indicate a neuroprotective
effect of NTZ by acting on specific regions of brain that are highly impli-
cated in the cognitive aspect in MS such as the thalamus (Bisecco et al.,
2021; Delucaetal.,2015; Rojas et al., 2018; Schoonheim et al., 2015).

Regarding the dynamic aspect of atrophy, the CN showed a pro-
gression of the AAR (p = 0.008). Such fact may not be specific to MS
patients treated with NTZ since it has already been established as an
early characteristic marker of atrophy in the relapsing remitted form
of the disease (Eshaghi et al., 2018). Such finding might be comprehen-
sible considering that, on a histopathological level, the CN is one of the
most affected deep GM regions by the demyelination process (Haider
etal, 2014).

4.2 | Cognitive mapping of MS patients treated
with NTZ

Exploring the relationship between the volumes and AAR of different
brain regions and the cognitive profile of MS patients helped address-
ing further the highly cognitive regions in MS patients treated with
NTZ.

As a matter of fact, 16 of our patients expressed considerable cog-
nitive complaint. The QPC score was correlated with the volume of the
cerebellum GM at baseline and the AAR of the cerebellum GM during
the third and fourth years of treatment (Figure 4). Such link could be
explained by the fact that the cerebellum pathology in MS is greatly
determinative of both physical disability and cognitive decline (Dam-
asceno et al., 2014). Cognitive dysfunction may be the result of the dis-
ruption of the cerebello-cortical loops established with the prefrontal
cortex and the lateral parietal cortex via the thalamus and the pons
(Habas et al., 2009; Krienen & Buckner, 2009). The implication of the
disruption of the same neuronal network encompasses the correlation
of the SDMT score with the cerebellar function at baseline (p = 0.028)
and during the final assessment (p = 0.002). In line with our findings,
Cerasa et al. (2012) distinguished MS patients with cerebellar clinical
signs as patients with a more considerable cognitive dysfunction com-
pared to MS patients with no clinical cerebellar signs.

Regarding memory evaluation, our study highlighted that the AAR
of GM, cortical GM, and specific regions of the subcortical GM along
with the hippocampus were associated to SPART score (Figure 4). In
fact, cortical GM includes the orbitofrontal cortex and the medial pre-
frontal cortex, which are functionally linked to the hippocampus via
a network for memory formation, maintenance, and retrieval (Benar-
roch, 2013). Furthermore, the SPART score was also correlated with
the baseline thalamic volume and with the AAR of the thalamus. Such
finding lines with the currently sparse literature pinpointing the cogni-
tive function of the thalamus in MS including specific areas such as the
ventral anterior nucleus and ventral lateral nuclei (Bisecco et al., 2015,
2021). Visuospatial memory seems to be altered in thalamus pathology,
and it is explained partly by the disruption of the thalamo-frontal cir-
cuits and the connection between the medio-dorsal thalamus and the

hippocampus (Parnaudeau et al., 2018). However, even though the AAR

of the thalamus correlated with the SPART score, the fact that the tha-
lamus volume increased significantly during the third and fourth years
of treatment and that baseline volume was already associated to a
greater SPART score could reflect that NTZ may have decelerated neu-
rodegeneration within the thalamus. Thus, memory impairment might
be just a sequela of the damage prior to the initiation of NTZ therapy or
might be due to the neurodegenerative process of the disease going at
its normal pace.

Our results also showed that SPART delayed recall test was corre-
lated with the AAR of the amygdala (Figure 4), replicating the finding
that the amygdala is linked to the visuospatial memory and psychoso-
cial functioning in pediatric onset MS patients (Green et al., 2018). The
increasing AAR of the amygdala, as shown in our study (p = 0.003),
calls for a greater attention to this structure as it may particularly
be vulnerable to the neurodegenerative process with great cognitive,
emotional, and social impact.

As for the GP, its AAR correlated, as well, with the SPART score
(Figure 4) which is plausible given the intricate involvement of deep GM
in memory. In fact, the GP is implicated in memory networks involving
subsets of cortico-basal loops (Middleton & Strick, 2000).

43 |
process

Physical disability and the neurodegenerative

The progression of the cerebellar signs was the key clinical feature that
correlated with volumetric measures. It was correlated with the AAR
of the GM of the cerebellum during the first year of treatment. Such
finding emphasizes further the crucial role of the cerebellum in causing
both physical and cognitive handicap in MS (Damasceno et al., 2014;
Weier et al., 2014).

However, our study is not without limitations. The seemingly small
sample size might be explained by the fact that Tunisia is charac-
terized with a moderate prevalence of MS ranging from 9 to 20 per
100,000 habitants and by the adopted exclusion criteria (Yamout et al.,
2020). Even though the sample size may not allow to draw definite
conclusion about the impact of NTZ on atrophy progression, it pro-
vides preliminary data that calls for further investigations. The single
timepoint assessment of the cognitive profile did not allow to better
study the cognitive aspect and its progression since the initiation
of NTZ.

5 | CONCLUSION

Through this study, we analyzed a large number of clinical, neurocog-
nitive, and MRI variables acquired at baseline and during the first 4
years of NTZ treatment. A robust and consistent finding is that atrophy
affects white matter during the first 2 years of treatment and the GM
later. A key finding to highlight is the increase in the thalamus volume,
which may indicate a neuroprotective effect of NTZ. This study also
allowed to map vulnerable highly cognitive regions involved in memory

and executive function such as the cortical GM, the cerebellar GM, the
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deep GM mainly the thalamus, the GT, and the putamen. It emphasized
the particular vulnerability of the caudate nucleus to neurodegenera-
tion with an increasing atrophy rate during the third and fourth years
of treatment.

This study also opens the door for future research that could con-
duct long-term follow-up of patients before and after the initiation of
NTZ with larger samples and appropriate controls in order to better
comprehend the supplemental impact of NTZ on atrophy progression.
By highlighting brain regions highly involved in cognition, our study
provides insight into the potential role of these structures and the pos-

sibility to use them as biomarkers of the disease progression.
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