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Abstract: Multiple sclerosis (MS) is a chronic inflammatory demyelinating and degenerative disorder
of the central nervous system. Accelerated brain volume loss (BVL) has emerged as a promising
magnetic resonance imaging marker (MRI) of neurodegeneration, correlating with present and
future clinical disability. We have systematically selected MS patients fulfilling ‘no evidence of
disease activity-3′ (NEDA-3) criteria under high-efficacy disease-modifying treatment (DMT) from
the database of two Belgian MS centers. BVL between both MRI scans demarcating the NEDA-3
period was assessed and compared with a group of prospectively recruited healthy volunteers who
were matched for age and gender. Annualized whole brain volume percentage change was similar
between 29 MS patients achieving NEDA-3 and 24 healthy controls (−0.25± 0.49 versus−0.24 ± 0.20,
p = 0.9992; median follow-up 21 versus 33 months; respectively). In contrast, we found a mean BVL
increase of 72%, as compared with the former, in a second control group of MS patients (n = 21) whom
had been excluded from the NEDA-3 group due to disease activity (p = 0.1371). Our results suggest
that neurodegeneration in MS can slow down to the rate of normal aging once inflammatory disease
activity has been extinguished and advocate for an early introduction of high-efficacy DMT to reduce
the risk of future clinical disability.

Keywords: multiple sclerosis; brain volume loss; NEDA-3

1. Introduction

Multiple sclerosis (MS) is a chronic demyelinating and degenerative disorder of the
central nervous system (CNS) affecting nearly three million people worldwide [1]. The
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clinical course is usually characterized by subacute exacerbations of neurological dysfunc-
tion (termed relapses)—in most cases followed by at least partial recovery—and/or a more
slowly evolving progression of disability. Autoimmune inflammatory responses play a
crucial role in the formation of demyelinating lesions, which are visible as focal hyperinten-
sities on T2-weighted magnetic resonance imaging (MRI) and constitute the pathological
basis for the relapses [2]. Brain volume loss (BVL), as a surrogate of brain atrophy, has
recently emerged as a popular MRI marker of neurodegeneration in MS, strongly associated
with concurrent and future disability at both the physical and cognitive level [3,4]. The rate
of BVL is approximately 0.05–0.3% per year in the general population, depending on the
age category [5], while this process appears to advance three to five times more rapidly in
subjects with MS, irrespective of the clinical phenotype [6]. Notably, shrinkage of cortical
and deep gray matter structures appears to be more pronounced and relevant to clinical
outcome measures, as compared with white matter volume decrease [3,4].

Current disease-modifying treatment (DMT) for MS primarily acts by reducing in-
flammatory processes. The term ‘no evidence of disease activity-3’ (NEDA-3) has been
introduced to identify patients receiving such DMT who are completely free from new
relapses, MRI lesion accrual and clinical disability worsening [7]. NEDA-3 is a composite
measure with a possible twin significance: i.e., no detectable evidence of inflammation (as
manifested by the absence of new relapses and MRI lesions) nor neurodegeneration (as
deduced from the clinical stability). Clinical assessment, however, might be insufficient to
reveal early degenerative changes, e.g., due to the initial compensatory effect of adaptive
brain plasticity and/or functional reorganization [8–10], which stresses the need for more
sensitive indicators. Indeed, the proportion of patients under DMT maintaining a NEDA-3
status considerably drops with longer follow-up duration, as compared with findings from
shorter phase III trials, and the ability of the NEDA-3 label to predict future disability and
sustained treatment response remains unsure [11]. To date, the question whether the rate
of BVL in MS patients with NEDA-3 (and thus being totally free from visible inflammatory
activity) differs from that of normal aging has not been intensively studied yet.

2. Materials and Methods
2.1. Objective

We have conducted an observational case-control study at the Universitair Zieken-
huis (UZ) Brussel and Nationaal Multiple Sclerose Centrum (NMSC) Melsbroek (Bel-
gium). Approval was granted by the ethics committees of both centers (internal reference:
2018/417—Belgian Unique Number: 143201837786). The main goal was to compare the
rate of annualized BVL between healthy controls and patients with MS who obtained a
NEDA-3 status under high-efficacy DMT during the evaluation period. This objective
can be translated into addressing the more relevant pathobiological question of whether
neurodegeneration, under the form of accelerated BVL, continues in MS despite seemingly
optimal control of inflammatory activity.

2.2. MS Patients

To form the case group, a systematic and rigorous selection procedure was applied on
the complete neurological databases of the UZ Brussel and NMSC Melsbroek, in a stepwise
order described hereunder and displayed in Figure 1.

Step 1 A shortlist was generated on 24 August 2018 containing all unique patients with
MS who were under treatment with natalizumab, fingolimod, or ocrelizumab
in one of both centers at that time. Patients who had received treatment with
alemtuzumab or cladribine in the 5 preceding years (and in whom no other
subsequent DMT had been administered thereafter) were also added.

Step 2 The most recent (before 24 August 2018) brain MRI including 3D T1-weighted and
fluid-attenuated inversion recovery (FLAIR) images was tracked in all candidates
obtained from step 1 and labeled as MRI-1. We subsequently searched for the
brain MRI including 3D T1-weighted and FLAIR images which was performed
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the closest to the day 24 months prior to MRI-1; the latter was labeled as MRI-0. A
minimum interval of 12 months between MRI-0 and MRI-1 was deemed manda-
tory to enable sufficient between-group BVL contrastation. Only patients who
had been continuously treated with natalizumab, fingolimod, or ocrelizumab
between MRI-0 and MRI-1, or those who had received alemtuzumab or cladribine
prior to MRI-0 (and in whom no other DMT was administered between MRI-0
and MRI-1), were retained. The substantial disparity in retention between the
two study sites (i.e., 64% versus 18%) after this step might be explained by fun-
damental differences with regard to the general working environment and/or
facilities at both centers. The UZ Brussel is a classic academic hospital where
the vast majority of patients followed at the MS unit are referred to the in-house
radiology department for MRI evaluation, using a standardized protocol with
3D FLAIR and T1-weighted imaging in each subject. In contrast, the NMSC
Melsbroek is a not a general hospital but a tertiary center specifically focusing
on the neurological management, multidisciplinary care, and rehabilitation of
individuals with MS. The latter has a larger database (which is also reflected by
the higher number of patients resulting from step 1) but relies on referral to other
hospitals for MRI monitoring, introducing radiological heterogeneity and thereby
reducing the likelihood of meeting the inclusion criteria of step 2.

Step 3 MRI-0 was compared with MRI-1, as well as with each available intermediate
brain MR. Patients were removed if, at any point throughout the follow-up period,
there was (a) at least one new or increased hyperintense lesion on FLAIR imaging
or (b) contrast enhancement on T1-weighted imaging.

Step 4 We identified the neurological report that chronologically preceded MRI-0 first,
as well as the report that was the first to follow MRI-1 (respectively labeled as
R-0 and R-1). All interim reports were screened for the occurrence of MS relapses;
defined as subacute new or worsening neurological deficits, disabling and present
for at least 24 h, and in the absence of fever/infection or a more appropriate
alternative explanation. Expanded Disability Status Scale (EDSS) scores were
recorded from R-0 and R-1 [12]. If not available in these reports, EDSS scores
were reconstructed by the study team to the best of their ability based on the
information in the patient records. Patients with evidence for one or more MS
relapses, as well as those with significant EDSS progression, between R-0 and R-1,
were not retained. The following criteria were used to define significant EDSS
progression: at least 1.5 points if the R-0 score was 0, at least 1.0 points if the R-0
score was 1.0–5.0, or at least 0.5 points if the R-0 score was 5.5 or higher [13].

Step 5 In parallel, steps 1 to 4 also resulted in the identification of MS patients with
evidence of disease activity (EDA) while being on high-efficacy DMT between
MRI-0 and MRI-1, who served as an additional control group.

2.3. Healthy Controls

A group of healthy volunteers who had already undergone a 3D T1-weighted and
FLAIR MRI of the brain between 2015 and 2018 (i.e., MRI-0), in the context of a separate
study conducted at the UZ Brussel (n = 46) [14], was invited for a repeat exam (i.e., MRI-1)
for the purpose of our project (original ethical approval of the REF14 study was amended).
MRI-0 and MRI-1 were executed under the same methodological circumstances.

2.4. Brain Volume Analysis

Automated brain volume quantification was performed on the 3D T1-weighted and
FLAIR images of MRI-0 and MRI-1 in each MS patient (NEDA-3 and EDA group) retrieved
by our five-step selection procedure, as well in every control subject in whom a repeat brain
MRI was performed, using icobrain ms (icometrix, Leuven, Belgium) software for which the
method has been described earlier [15,16]. For MRI pairs stemming from real-world clinical
practice, and thus potentially obtained from different scanners (i.e., the total cohort of MS
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patients), a similarity index was calculated as the normalized mutual information after a
linear registration of the two scans. The normalized mutual information was computed
as the sum of the entropy present in each image, divided by the joint entropy after linear
registration. The MRI pairs were retained for final analysis only if this similarity index
was larger than 0.15. This threshold is based on an experiment in which the test-retest
error of icobrain ms was assessed on 155 within- and 306 between-scanner pairs acquired
on the same day. The average test-retest error for intra-scanner pairs, inter-scanner pairs
with good similarity, and inter-scanner pairs with poor similarity was 0.2%, 0.5%, and
1.5%, respectively (unpublished data). The difference in annualized whole brain volume
change (expressed as a percentage) between MS patients with a NEDA-3 status and healthy
controls was a priori selected as the primary endpoint of this study.
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Figure 1. Stepwise retention procedure of multiple sclerosis patients with a ‘no evidence of disease
activity-3’ (steps 1–4) versus ‘evidence of disease activity’ (step 5) status. Retention criteria are fully
explained in the Methods section (in brief; step 1: matching disease-modifying treatment—step 2:
suitable magnetic resonance imaging—step 3: no radiological lesion load accumulation—step 4:
absence of relapses and disability worsening—step 5: identification of patients with evidence of
disease activity, in parallel with steps 3 and 4, based on the number of retained subjects after step 2).
Resulting number of patients after each step are displayed separately for the Universitair Ziekenhuis
Brussel (a) and Nationaal Multiple Sclerose Centrum Melsbroek (b). A similarity scoring was
performed by icometrix after step 5.

2.5. Statistics

Statistical analyses were performed with GraphPad Prism version 9.0.0 (GraphPad
Software; San Diego, CA, USA). Data for which the Shapiro–Wilk test demonstrated a
normal distribution were expressed as the mean (SD); median (range) values were used
if this was not the case unless specified otherwise. Group differences were assessed by
means of unpaired Student t-tests or Mann–Whitney U tests, where appropriate. Pearson’s
r and Spearman’s ρ were calculated to measure the strength and direction of the linear
relationship between variables, where appropriate. All p values are two-tailed, unless
specified otherwise, and were declared statistically significant at the 0.05 level.

3. Results
3.1. Study Groups

Figure 1 illustrates the identification process of the MS patients with a NEDA-3 status,
as described in detail above. Our search yielded 38 potential candidates, of whom 32
showed sufficient similarity between both MRI scans for BVL measurement. Eighteen of
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them were under DMT with natalizumab, 12 with fingolimod, and 2 with alemtuzumab.
In parallel, we identified 25 MS patients with EDA, of whom 21 were retained for BVL
measurement after similarity scoring. In the EDA group, 12 subjects were under DMT with
natalizumab, 7 with fingolimod, and 2 with alemtuzumab. The control group consisted of
27 healthy volunteers. The demographics of the three groups are shown in Table 1.

Table 1. Demographics of the final groups.

NEDA-3 HC EDA

Number of subjects 32 27 21
Age (years) 1 43 (10) *,^ 48 (13) * 39 (10) ^

Gender (female/male–female/total) 23/9–0.72 16/11–0.59 14/7–0.67
EDSS score 1 3.6 (2.0)

◦
NA 4.0 (1.0)

◦

Disease duration (years) 2 12 (27) § NA 10 (35) §

Current DMT duration (years) 2 3 (9) # NA 3 (9) #

Interval between MRI exams (months) 2 22 (18) ~ 32 (28) 20 (30) ~

1 Data expressed as the mean (SD). 2 Data expressed as the median (range). * p = 0.1013, ^ p = 0.2018,
◦

p = 0.8156,
§ p = 0.9676, # p = 0.4632, ~ p = 0.7550. NEDA-3: multiple sclerosis patients with no evidence of disease activity, HC:
healthy controls, EDA: multiple sclerosis patients with evidence of disease activity, EDSS: Expanded Disability
Status Scale, DMT: disease-modifying treatment, MRI: magnetic resonance imaging, NA: not applicable.

3.2. Brain Volume Change

Because there was a difference of more than 10% in gender distribution and mean age
between the MS patients with NEDA-3 and healthy controls (the latter reaching a trend
towards statistical significance), a supplementary matching procedure was performed by a
study team member (GN) who was blinded to the volumetric outcomes, using MATLAB
version R2020b (MathWorks, Natick, MA, USA). Both the NEDA-3 and healthy control
groups were repeatedly resampled, drawing a subset from both groups without replace-
ment and during which three subjects were removed from each group. For each repetition
of this resampling procedure, we calculated the differences in age and gender distribution
between the two subsets, and then we chose those two subsets that had the smallest differ-
ence in both parameters. DMT representation in the MS patients with NEDA-3 changed
to 17/11/1 for natalizumab, fingolimod, and alemtuzumab, respectively. Adjusted de-
mographics and brain volume results are displayed in Table 2. No significant differences
were found for annualized whole brain and total gray matter volume change. The interval
between both MRI scans was significantly shorter in the MS patients with NEDA-3, as
compared with the healthy volunteers.

BVL was less pronounced in the MS patients with NEDA-3, as compared to those with
EDA (original unadjusted groups were used for statistical analyses, demographical data are
displayed in Table 1), as demonstrated by the 72% difference in mean (± SD) annualized
whole brain volume percentage change (−0.25 ± 0.47 versus −0.43 ± 0.63, respectively),
although this result did not reach statistical significance (one-tailed p = 0.1371). Similar
observations were made for mean (± SD) annualized total gray matter volume change
(25% difference: −0.36 ± 0.63 versus −0.45 ± 0.78, one-tailed p = 0.3263).

3.3. Correlations

Significant positive correlations were noted between annualized whole brain and total
gray matter volume percentage change in the total MS cohort (n = 53; r = 0.61, p < 0.0001),
as well as in the healthy controls (n = 27; r = 0.44, p = 0.0462). The time interval between
the two MRI exams did not correlate with annualized whole brain nor total gray matter
volume percentage change in the adjusted NEDA-3 (ρ = 0.31, p = 0.1106; ρ = 0.28, p = 0.1567;
respectively) and healthy control groups (ρ = −0.23, p = 0.2755; ρ = −0.24, p = 0.2660;
respectively) that were matched for gender and age.
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Table 2. Demographics and brain volume results of the matched groups.

NEDA-3 HC

Number of subjects 29 24
Age (years) 1,* 44 (10) ~ 46 (12) ~

Gender (female/male–female/total) 20/9–0.69 16/8–0.67
EDSS score 1 3.5 (1.9) NA

Disease duration (years) 2,^ 12 (6) NA
Current DMT duration (years) 2 2 (9) NA

Interval between MRI
exams (months) 2 21 (18)

◦
33 (28)

◦

Annualized WBV change (%) 1 −0.25 (0.49) § −0.24 (0.20) §

Annualized TGMV change (%) 1 −0.29 (0.60) # −0.29 (0.23) #

1 Data expressed as the mean (SD). 2 Data expressed as the median (range). * Data were not normally distributed
yet expressed as mean (SD) for reasons of uniformity with Table 1. ^ Data were normally distributed yet expressed
as median (range) for reasons of uniformity with Table 1. ~ p = 0.4860,

◦
p < 0.0001, § p = 0.9992, # p = 0.9668.

NEDA-3: multiple sclerosis patients with no evidence of disease activity, HC: healthy controls, EDSS: Expanded
Disability Status Scale, DMT: disease-modifying treatment, MRI: magnetic resonance imaging, WBV: whole brain
volume, TGMV: total gray matter volume.

4. Discussion

NEDA-3 has recently been launched as an ambitious treatment goal in the clinical
management of MS, striving for complete suppression of inflammatory disease activity.
In patients who have obtained such a label, a significantly lower rate of BVL was demon-
strated across the evaluation period, compared with their counterparts who did not [17,18],
although the difference with normal aging has not been extensively investigated yet. Our
study now shows a similar degree of whole brain and total gray matter volume decline
in patients with MS, as measured between two MRI time points demarcating a period
of NEDA-3, and a group of healthy volunteers who were matched for age and sex, sug-
gesting that neurodegeneration can slow down to physiological levels once inflammatory
disease activity has been silenced. These findings are in line with those from a prospective
Norwegian cohort study—to our knowledge, the only other direct comparative trial in
this field—in which 57 patients with early relapsing-remitting MS were stratified into a
NEDA-3 (49%) versus EDA (51%) category based on 1 year of follow-up. The authors did
not find a statistically significant increase in annualized subcortical gray matter volume
loss, using the freely available FreeSurfer (Charleston, MA, USA) analytical software, in the
MS patients with NEDA-3, as compared with an age- and gender-matched control group
(n = 61) without neurological or psychiatric disease (controls had a longer radiological
interval; 42 months on average), whereas the opposite was true for the MS patients with
EDA [19]. Tissue-specific BVL, particularly involving the thalamus [20], has developed as a
valuable marker and prognosticator of clinical MS severity but we provide the advantage of
presenting whole brain volume data since, overall, global brain volume changes still seem
to be more strongly associated with clinical outcome measures than regional estimates [4].
In addition, icobrain ms is one of the three quantification packages cleared by both the
European Medicines Agency and the United States Food and Drug Administration and
currently the sole application that has been independently validated for purposes related
to MS [21]. Our conclusions are seemingly contradicted by reports revealing considerable
rates of MS patients achieving NEDA-3 to have a whole BVL above the anticipated patho-
logical threshold of 0.4% per year [22–24]. However, such general cut-offs are unlikely to be
applicable to all participants and a substantial portion was under a lower-efficacy platform
DMT regimen (i.e., interferon β or glatiramere acetate), also illustrating the heterogeneity
of studies addressing this issue.

Knowledge about the behavior of other promising candidate biomarkers of neurode-
generation in MS is still limited but seems to align with the results from our study. First,
elevated and correlating levels of light chain neurofilament (NF-L), a specific component
of the neuronal cytoskeleton, have been found in the CSF and blood of individuals with
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MS [25], predicting both clinical deterioration and BVL over long-term evaluation peri-
ods [26–28]. Release of neurofilaments has not yet been compared between large cohorts
of affected patients fulfilling NEDA-3 criteria and control subjects representing normal
aging. Nonetheless, consistently low NF-L levels were observed in the serum of six Korean
patients with MS who achieved a NEDA-3 status over approximately 2 years of follow-up
after alemtuzumab treatment, with the majority of samples remaining below the assumed
limit of normality (as generated by adding two standard deviations to the mean value of
age- and gender-matched control subjects) [29]. Extension studies of the alemtuzumab
clinical development program have demonstrated that the majority of patients (approxi-
mately 50–60%) reached a NEDA-3 status each year while median yearly BVL remained
low during the entire follow-up period (years 1–5 in CARE-MS I: −0.59%, −0.25%, −0.19%,
−0.15%, and−0.20%; years 1–5 in CARE-MS II:−0.48%,−0.22%,−0.10%,−0.19%,−0.07%;
respectively) [30,31]. Second, damage to the optic nerve, which may lead to retrograde
axonal decay, is virtually ubiquitous in patients with MS and may lead to extensive tis-
sue pathology in the retina, characterized by the loss of ganglion cells and their axons,
respectively organized as the ganglion cells and inner plexiform layer (GCIPL) and retinal
nerve fiber layer (RNFL) [32]. Studies using optical coherence tomography, which is a
non-invasive technique allowing detailed in vivo imaging of the different retinal layers,
have provided consistent evidence of reduced GCIPL and RNFL thickness in patients with
MS [33], irrespective of having a previous clinical history of optic neuritis or not [34,35]; and
correlating with poor vision, global disability, compromised quality of life and, interestingly,
also with BVL on MRI [36–40]. Pisa and colleagues noted a relatively preserved RNFL in
20 subjects with MS who were categorized as NEDA-3 after a 2-year evaluation period,
compared with those not meeting the respective criteria (n = 43) [41]. In more recent work
by the same team, individuals with relapsing-remitting MS obtaining a NEDA-3 status were
free from significant in-group RNFL reduction over a mean evaluation period of 2.4 years
(13 patients; −0.27 µm/y; 95% CI: −0.89 to 0.35 µm/y; p = 0.39), but strikingly, this was
not the case in subjects with a pre-existing diagnosis of progressive MS yet still achieving
NEDA-3 criteria (11 patients; −0.56 µm/y; 95% CI: −0.98 to −0.13 µm/y; p = 0.01) [42].
Both studies, however, suffered from the lack of a control group representing physiological
RNFL thinning.

Our findings might help the conceptual understanding of MS pathology and prevent
functional decline by advocating for a more rapid introduction of a high-efficacy DMT
regimen. MS is a complex disorder with causative mechanisms that are currently incom-
pletely understood. Relapses are attributed to peripherally activated immune cells entering
the CNS and mediating a local autoimmune response against the myelin sheath [43], but
the precise self-antigen is unknown and it remains a matter of debate whether and how
these inflammatory processes ultimately trigger neurodegeneration. Moreover, a minority
school provides reasonable arguments for a contrasting “inside-out” theory in which early
non-immunological CNS dysfunction is proposed as the initiating event in slowly progres-
sive tissue disruption, leading to inflammation and autoimmunity as secondary bystander
phenomena [44]. Mechanisms of neurodegeneration remain hypothetical as well, with
current insights mainly involving (a) axonal transection during inflammatory outbursts,
(b) energetic/mitochondrial failure in axons after long-standing demyelination, (c) cortical
damage due to meningeal aggregates of lymphoid follicles, (d) detrimental innate immune
activity within the normal-appearing white matter and at the borders of chronic smoldering
lesions, and (e) mechanisms related to (accelerated) biological aging [45]. It needs to be
determined how a NEDA-3 status relates to these points individually, but our observa-
tion of BVL, as a marker of neurodegeneration, occurring at a comparable rate between
patients with MS who are apparently free from inflammatory activity and healthy age- and
gender-matched control subjects, speaks in favor of autoimmune inflammation as primum
movens of this disorder. Previous randomized controlled trials and real-world observations
have clearly established a relationship between DMT exposure and risk reduction for
clinical deterioration in patients with a relapsing phenotype [46–48], particularly when the
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former is introduced more early in the disease course [49], and with mounting evidence
supporting the choice for agents with a high- over those with a medium-efficacy profile as
a first treatment option [50–52]. Our results add to that rationale because, at least at the
group level, a short-term decrease in brain volume appears to be predictive of a worse
clinical status at later follow-up times in patients with a clinically isolated syndrome and
relapsing-remitting MS [53,54], while it has also been shown that the preventive effect
of DMT on BVL, which appears to be more pronounced for high-efficacy agents [55], is
associated with its effect on disability progression [56].

The most important limitations of the study are caused by the retrospective data
collection in patients with MS and by the fact that brain volume quantification in these indi-
viduals relied on MRI scans acquired outside the standardized research setting. Prospective
recruitment of MS patients with NEDA-3 status risks was difficult due to the unpredictabil-
ity of the disease course and treatment response. We have tried to reduce selection bias by
applying a stringent selection procedure on complete hospital databases to generate our
case cohort. Variability between different scanners must be acknowledged as a potential
confounder [4], but we have tried to minimize this by only retaining MRI pairs that had
a similarity score above an a priori defined target, as a pragmatic compromise between
retaining sufficient study power and reducing the impact of technical heterogeneity. Re-
liability of our data in the patients with MS is supported by the presence, as biologically
expected, of a positive correlation between whole brain and gray matter volumes and by
the sizeable difference in BVL between subjects classified as NEDA-3 versus those as EDA.
The latter did not reach statistical significance but the volumetric decline in the MS patients
with EDA may have been underestimated due to the potential presence of inflammatory
edema at the time of MRI-1 (‘reverse pseudo-atrophy effect’) [3,4]. The inter-scan interval
was longer in the healthy controls, as compared to the MS patients with NEDA-3, but
significant correlations with brain volumes could not be found in the adjusted (gender- and
age-matched) groups that were used for BVL comparisons. Sample sizes were relatively
low, although, based on previously reported differences in annual percentage changes in
whole brain volume [57], a minimum of 20 individuals in each group should be sufficient to
address our primary endpoint, assuming 80% power and a 0.05 significance level. Notably,
some disease-modifying agents licensed for MS, such as teriflunomide and fingolimod,
have been associated with additional neuroprotective properties, independently from their
anti-inflammatory effect [58,59], which, unfortunately, could not be assessed in this study
because either the drug did not correspond to the inclusion criteria or patient numbers
were considered too low to conduct a meaningful sub analysis. The occurrence of missing
data (12% of the EDSS scores that were required for disability progression evaluation
during step 4 of the NEDA-3 selection procedure were not directly available in the clinical
reports and had to be reconstructed, see Materials and Methods) and the absence of more
extensive (para)clinical information, such as serum NF-L and/or Symbol Digit Modalities
Test measurements (the latter representing information processing speed) should also be
taken into account as potential limitations of our work.

In summary, we present the first study in which whole BVL in MS patients with
NEDA-3 is compared to normal aging using validated analytical software. Similar rates
were observed in both situations suggesting that neurodegeneration in MS can slow down
to physiological levels once inflammatory disease activity has been extinguished. These
findings are pathophysiologically relevant, supporting the role of autoimmune inflamma-
tion as the leading event in MS, and advocate for an early introduction of high-efficacy
DMT, although the latter does not guarantee a NEDA-3 status. Our methodological ap-
proach using similarity scores may also offer a novel strategy to validate the concept of
accelerated BVL in patients with MS, originally based on studies performed in a controlled
research environment, in the technically more challenging world of clinical routine.
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