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Abstract
Background and Objectives
Progression independent of relapse activity (PIRA) is a crucial determinant of overall disability
accumulation in multiple sclerosis (MS). Accelerated brain atrophy has been shown in patients
experiencing PIRA. In this study, we assessed the relation between PIRA and neurodegenerative
processes reflected by (1) longitudinal spinal cord atrophy and (2) brain paramagnetic rim lesions
(PRLs). Besides, the same relationshipwas investigated in progressiveMS (PMS). Last, we explored
the value of cross-sectional brain and spinal cord volumetric measurements in predicting PIRA.

Methods
From an ongoing multicentric cohort study, we selected patients with MS with (1) availability
of a susceptibility-based MRI scan and (2) regular clinical and conventional MRI follow-up in
the 4 years before the susceptibility-based MRI. Comparisons in spinal cord atrophy rates
(explored with linear mixed-effect models) and PRL count (explored with negative binomial
regression models) were performed between: (1) relapsing-remitting (RRMS) and PMS
phenotypes and (2) patients experiencing PIRA and patients without confirmed disability
accumulation (CDA) during follow-up (both considering the entire cohort and the subgroup of
patients with RRMS). Associations between baseline MRI volumetric measurements and time
to PIRA were explored with multivariable Cox regression analyses.

Results
In total, 445 patients withMS (64.9% female; mean [SD] age at baseline 45.0 [11.4] years; 11.2%
with PMS) were enrolled. Compared with patients with RRMS, those with PMS had accelerated
cervical cord atrophy (mean difference in annual percentage volume change [MD-APC] −1.41;
p = 0.004) and higher PRL load (incidence rate ratio [IRR] 1.93; p = 0.005). Increased spinal cord
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atrophy (MD-APC −1.39; p = 0.0008) and PRL burden (IRR 1.95; p = 0.0008) were measured in patients with PIRA compared
with patients without CDA; such differences were also confirmed when restricting the analysis to patients with RRMS. Baseline
volumetric measurements of the cervical cord, whole brain, and cerebral cortex significantly predicted time to PIRA (all p ≤ 0.002).

Discussion
Our results show that PIRA is associated with both increased spinal cord atrophy and PRL burden, and this association is evident
also in patients with RRMS. These findings further point to the need to develop targeted treatment strategies for PIRA to
prevent irreversible neuroaxonal loss and optimize long-term outcomes of patients with MS.

Introduction
Multiple sclerosis (MS) is a chronic inflammatory, demyelinating,
and neurodegenerative disease of the CNS, which represents the
most frequent cause of nontraumatic disability in young adults.1

The accumulation of disability in MS may either occur as a
consequence of incomplete recovery from relapses (i.e., relapse-
associated worsening [RAW]) or of progression independent of
relapse activity (PIRA).2 While PIRA is typical of the progressive
forms of MS, there is increasing evidence that it can also present
early in the disease course, affecting patients with a typical
relapsing-remitting MS (RRMS) phenotype.3-6 Notably, even in
patients with RRMS, PIRA has been shown to constitute a critical
determinant of overall disability accumulation.4-6

Different than the pathophysiology of relapses, themechanisms
underlying PIRA are only partially understood. We have pre-
viously described the involvement of diffuse neurodegenerative
processes in patients with PIRA, reflected by accelerated brain
atrophy.7 It is plausible to hypothesize that spinal cord atro-
phy might also be related to the development of PIRA.
Indeed, spinal cord atrophy has been previously shown to
represent a strong predictor of physical disability and dis-
ease progression in MS8,9; moreover, accelerated cervical
spinal cord atrophy has been recently reported in a mixed
group of patients with RRMS and progressive MS (PMS)
exhibiting “silent” clinical progression.10

The presence of focal chronic inflammatory activity in patients
withMSmight also be well-associated with the development of
PIRA events. Indeed, chronic active lesions are known to cause
smoldering demyelination and axonal injury in both the
lesional and perilesional tissue,11-13 likely contributing to dis-
ability accumulation. Notably, a subset of chronic active lesions
can be detected in vivo on susceptibility-based MRI images

through the identification of a rim of paramagnetic signal.12,13

Paramagnetic rim lesions (PRLs) have been shown to consti-
tute a negative prognostic biomarker in MS, being associated
with more aggressive disease course.13

The aim of our study was to investigate whether ongoing
degeneration in the spinal cord or the presence of focal
smoldering inflammatory activity (PRLs) is associated with
PIRA. Identifying mechanisms of neurodegeneration in PIRA
will in fact enable not only the development of targeted
treatments for patients with PIRA but also to better stratify
them for the most appropriate therapeutic regimen. To ach-
ieve this goal, we studied a large multicentric cohort and
explored the following:

1. The association between longitudinal rates of spinal
cord atrophy and the occurrence of PIRA

2. The performance of cross-sectional brain and spinal
cord volumetric measurements in predicting future
evolution to PIRA

3. The association between the burden of brain PRLs
and PIRA12,13

In addition, spinal cord atrophy and PRL burden were com-
pared between patients with PMS and patients with RRMS.

Methods
Participants
From the Swiss Multiple Sclerosis Cohort (SMSC)—an obser-
vational multicentric studywith standardized collection of clinical
and MRI data14—we enrolled all patients with (1) diagnosis of
MS according to the 2017 revisions of McDonald criteria15; (2)
availability of an MRI scan including 3-dimensional echo planar

Glossary
3D-EPI = 3-dimensional echo planar imaging; BPF = brain parenchymal fraction; CDA = confirmed disability accumulation;
CSA = cross-sectional area; DMT = disease modifying therapy; EDSS = Expanded Disability Status Scale; FLAIR = fluid-
attenuated inversion recovery; HR = hazard ratio; ICC = intraclass correlation coefficient; IRR = incidence rate ratio; MD-
APC = mean difference in annual percentage CSA change; MPRAGE = magnetization-prepared rapid gradient-echo; MS =
multiple sclerosis; PIRA = progression independent of relapse activity; PMS = progressive MS; PRL = paramagnetic rim lesion;
QSM = quantitative susceptibility mapping; RAW = relapse-associated worsening; RRMS = relapsing-remitting MS; SMSC =
Swiss Multiple Sclerosis Cohort; T2LV = T2 lesion volume; TIV = total intracranial volume; WML = white matter lesion.
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imaging (3D-EPI); (3) availability of regular clinical/
conventional MRI follow-up in the 4 years preceding the 3D-
EPI scan; and (4) age between 18 and 80 years. All patients
participating in the SMSC between January 2012 and March
2022were enrolled in the study if meeting the inclusion criteria.

The study follows the Strengthening the Reporting of Ob-
servational Studies in Epidemiology guideline for reporting
observational studies.16

Clinical Data
As part of the SMSC study, all patients underwent regular,
standardized neurologic evaluations (performed at least an-
nually), with the calculation of the Expanded Disability Status
Scale (EDSS) score performed by certified raters.17,18 The
occurrence of relapses was recorded at each visit (further
details are reported in eMethods 1, links.lww.com/WNL/
D228). Confirmed disability accumulation (CDA) was de-
termined as an increase in the EDSS score using a roving
reference,3 confirmed at least after 6 months, of (1) ≥1.5
points if baseline EDSS was 0; (2) ≥1.0 point if baseline EDSS
was between 1.0 and 5.5; and (3) ≥0.5 points if baseline EDSS
was greater than 5.5. Episodes of CDA occurring in the ab-
sence of relapses (1) between the EDSS increase and the
precedent reference visit (performed at least 90 days before
the EDSS increase) and (2) between the EDSS increase and
the confirmation of disability progression were considered as
PIRA.7

According to the clinical evolution during the 4-year follow-up
preceding the 3D-EPI scan, we distinguished

1. Patients experiencing PIRA: presenting at least 1
episode of PIRA during the observation

2. Patients experiencing RAW: presenting at least 1
episode of CDA not fulfilling the criteria of PIRA

3. Patients without episodes of CDA during the entire
follow-up

No patients experienced both PIRA and RAW during the
observation.

MRI Data
MRI scans were acquired at each center with protocols opti-
mized for homogeneous signal-to-noise ratio (eTables 1 and 2,
links.lww.com/WNL/D228).

We included all brain MRI scans performed as part of the
SMSC study during the 4-year clinical follow-up. Those
included 3D T1-weighted, 1-mm isotropic magnetization-
prepared rapid gradient-echo (MPRAGE), covering also
the upper cervical cord, and 3D 1-mm isotropic fluid-
attenuated inversion recovery (FLAIR) images. An addi-
tional 3D-EPI acquisition was available at the end of the
clinical follow-up for each patient; a concomitant post-
contrast T1-weighted sequence was available for 93.3% of
the patients.

MRI Analysis
MRI analysis encompassed the following:

1. The quantification of longitudinal spinal cord atrophy
rates, estimated by using all the available time points
for each patient

2. The assessment of spinal cord and brain volumetric
measurements at baseline (including exclusively the
scans acquired ≤6 months from the beginning of
clinical follow-up)

3. The detection of brain PRLs on susceptibility-
weighted images, which were available for a single
scan per patient (at the end of the clinical follow-up)

The study design is graphically summarized in Figure 1.

White matter lesions (WMLs) were automatically segmented,19

and the results were manually reviewed. In patients with PIRA,
the occurrence of new and enlarging lesions during follow-up
was assessed by performing a longitudinal systematic compari-
son of all FLAIR images available during the observation period
per each patient; automatic results20 were manually reviewed.

For spinal cord morphological analysis, we measured the mean
cross-sectional area (CSA) acrossC2-C3 vertebral levels using the
DeepSeg algorithm from the Spinal Cord Toolbox (version
5.3.0),21 using MPRAGE images as input. The C2-C3 in-
tervertebral disk was manually labeled in each scan to ensure
optimal placement, and all pipeline steps weremanually reviewed.

Volumes of whole brain, thalamus, and cerebral cortex were
obtained with SAMSEG (version 7.2.0),22 after manual check
of the reconstructions. The volumes were then normalized
dividing by the total intracranial volume (TIV) to obtain the
brain parenchymal fraction (BPF), thalamic fraction, and
cortical fraction, respectively.

The presence of PRLs was assessed independently by 2 trained
raters (A. Cagol; S.L.)—blinded to patients’ identity—on both
(1) unwrapped filtered phase and (2) quantitative susceptibility
mapping (QSM).23 PRLs were defined as discrete FLAIR hy-
perintense lesions either completely or partially surrounded by a
rim of paramagnetic signal, clearly evident in at least 1 contrast
between unwrapped phase and QSM (Figure 2). The chronic
nature of PRLs was ensured by excluding all lesions showing
gadolinium enhancement on postcontrast T1 images from the
evaluation; for patients in whom contrast injection was not
performed at the time of the 3D-EPI scan (6.7% of the cohort),
PRLs were confirmed only if the corresponding lesions were
present on a 3D-FLAIR image acquired ≥6 months prior.

Statistical Analysis
The statistical analysis was conducted in R24 and included the
following:

1. Comparisons of baseline C2-C3 CSA between
(1) patients with PMS and patients with RRMS
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and (2) patients who during follow-up developed
PIRA and patients without CDA (considering
both the entire cohort and patients with RRMS
only). We used linear regression models with
C2-C3 CSA as dependent variable and pa-
tient group as independent variable, adjusting
for age, sex, disease duration, TIV, disease-
modifying therapy (DMT) class, and MRI protocol.

Further details are reported in eMethods 1
(links.lww.com/WNL/D228).

2. Investigation of longitudinal rates of cervical spinal
cord atrophy with linear mixed-effect models,25 using
the C2-C3 CSA at each given time point as dependent
variable. The CSA was log-transformed to quantify its
annual percentage change from the slope over time.
Models included patients and MRI protocol as

Figure 1 Study Design

Baseline scans were considered the MRI scans acquired ≤6 months from the beginning of clinical follow-up. 3D-EPI = 3-dimensional echo planar imaging;
BPF = brain parenchymal fraction; CSA = cross-sectional area; PIRA = progression independent of relapse activity; PMS = progressive multiple sclerosis;
RRMS = relapsing-remitting multiple sclerosis.

Figure 2 Examples of PRLs in 2 Patients of the Cohort

(A and C) Unwrapped-phase images and
(B and D) quantitative susceptibility map-
ping images. PRLs are indicated by the
arrows. PRL = paramagnetic rim lesion.

4 Neurology | Volume 102, Number 1 | January 9, 2024 Neurology.org/N

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.n
eu

ro
lo

gy
.o

rg
 b

y 
U

ni
ve

rs
ite

 d
e 

L
au

sa
nn

e 
on

 1
0 

Ja
nu

ar
y 

20
24

http://links.lww.com/WNL/D228
http://neurology.org/n


random intercepts, and a random slope on time. As
fixed-effect covariates, we considered time, age at
baseline, sex, disease duration at baseline, TIV, DMT
class at baseline, and the interactions between age at
baseline and sex with time. To compare the rates of
spinal cord atrophy between patient groups, we
introduced the interaction term between patient
group and time in the abovementionedmodels. Effect
size was expressed as mean difference in annual
percentage CSA change (MD-APC). Rates of spinal
cord atrophy were compared between (1) patients
with PMS and patients with RRMS and (2) patients
who during follow-up developed PIRA and patients
without CDA (considering both the entire cohort
and patients with RRMS only). As a sensitivity
analysis, the comparison between patients with PIRA
and patients without CDA was also performed after a
1:1 nearest neighbor propensity score matching of
the groups, including age at baseline, sex, disease
duration at baseline, DMTs class at baseline, and
disease phenotype as criteria.

3. Multivariable Cox proportional hazards models to
assess whether MRI measurements at baseline
(namely, C2-C3 CSA, BPF, thalamic fraction, and
cortical fraction) can predict time to PIRA. Age at
baseline, sex, disease duration at baseline, DMTs class
at baseline, and MRI protocol were included as
covariates. Effect size was expressed in terms of hazard
ratio (HR), and MRI measurements were scaled by
subtracting themean and dividing by the SD to obtain
the HR per unit of SD change. Additional analyses on
the predictive value of baselineMRImeasurements on
time to PIRA are reported in eAppendix 1 and
eTable 3 (links.lww.com/WNL/D228).

4. Comparisons in PRL burden between (1) patients
with PMS and patients with RRMS and (2) patients
who during follow-up developed PIRA and patients
without CDA (considering both the entire cohort
and patients with RRMS only). Because of the
overdispersed distribution of PRL count, between-
group comparisons were explored with negative
binomial regression models. Associations between
PRL count and age, sex, disease duration, T2 lesion
volume (T2LV), EDSS, and MS phenotype were
explored in univariable negative binomial regression
models. Effect size was expressed in terms of
incidence rate ratio (IRR). Between-group compar-
isons in PRL burden were also explored using a cutoff
of 2 PRLs per patients, as previously proposed by
Maggi et al.26 (eAppendix 2, eFigure 1, links.lww.
com/WNL/D228). As sensitivity analysis, the com-
parison in PRL count between patients with PIRA
and patients without CDA was also performed after a
1:1 nearest neighbor propensity score matching of
the groups, including age, sex, disease duration,
DMTs class, T2LV, and disease phenotype as criteria.

Interrater agreement for PRL count was calculated
with the intraclass correlation coefficient (ICC)27.

5. Assessment of the relative strength of association
between the occurrence of PIRA during follow-up
(dependent variable) and (1) C2-C3 CSA and (2)
PRL count (both measured on the same time-point
and at the end of follow-up) in a multivariable
logistic regression model (eAppendix 3, links.lww.
com/WNL/D228).

6. Sensitivity analyses to exclude the potential con-
founding effect of focal inflammatory activity during
follow-up on the estimation of spinal cord atrophy
rates and PRL count. Specifically, between-group
comparisons in spinal cord atrophy rates and PRL
count were repeated after the exclusion of patients
exhibiting relapse activity and subclinical radiologic
activity.

7. Sensitivity analysis to assess the reproducibility of
the association between PIRA and PRLs, exclusively
considering patients with PIRA episodes that
occurred less than 2 years before the PRL evaluation.
Specifically, the comparison between patients expe-
riencing PIRA less than 2 years before the PRL
evaluation and patients without episodes of CDAwas
performed after a 1:1 nearest neighbor propensity
score matching of the groups, including age, sex,
disease duration, DMTs class, and disease phenotype
as criteria.

Additional analyses, reported in the Supplementary material,
include (1) the investigation of spinal cord atrophy and PRL
burden in patients experiencing RAW during follow-up
(eAppendix 4, links.lww.com/WNL/D228); (2) sensitivity
analyses assessing potential bias resulting from the inclusion
of heterogeneous MRI protocols (eAppendix 5); (3) sensi-
tivity analyses excluding patients with primary progressiveMS
(eAppendix 6, eTables 4–7); and (4) cross-validation of the
models investigating the rates of spinal cord atrophy and the
predictors of time to PIRA to assess their generalization ability
(eAppendix 7).

Standard Protocol Approvals, Registrations,
and Patient Consents
The study was approved by the local ethics committee (Ethik-
kommission Nordwest- und Zentralschweiz PB_2016-01171);
written informed consent was obtained from all patients before
study enrollment.

Data Availability
The data that support the findings of this study may be
available on reasonable request.

Results
In total, 445 patients were included in the study; 2 patients
had to be excluded from PRL analysis because of severe
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artifacts in the 3D-EPI acquisition. For longitudinal spinal cord
atrophy analysis, 1,514 MRI scans were available (53/1,514
discarded because of insufficient quality; no patients excluded).
A baseline scan was available for 319 patients (2/319 excluded
because of insufficient MRI quality). Examples of MRI images
used for spinal cord atrophy and PRL assessment are provided
in eFigures 2 and 3 (links.lww.com/WNL/D228).

During the 4-year follow-up, 74 patients presented PIRA
episodes and 17 RAW episodes while the remaining 354 did
not experience CDA. Table 1 summarizes the main clinical
and MRI characteristics of the cohort; further details are
available in eTables 8–10 (links.lww.com/WNL/D228).

Spinal Cord CSA at Baseline
Compared with patients with RRMS, patients with PMS had
smaller spinal cord C2-C3 CSA at baseline (b = −4.628, 95%
CI −7.483 to −1.773; p = 0.002).

A lower spinal cord CSA was measured in patients that later
during follow-up developed PIRA in comparison with patients
who did not exhibit episodes of CDA (b = −3.188, 95% CI
−5.312 to −1.065; p = 0.003). The same comparison, when

restricted to patients with an RRMS phenotype, yielded similar
results (b = −2.678, 95% CI −5.112 to −0.245; p = 0.031).

Rates of Spinal Cord Atrophy
The annual rate of spinal cord atrophy in the entire cohort was
−1.59% (95% CI −2.79 to −0.38).

When compared with patients with RRMS, patients with
PMS presented with increased rates of spinal cord atrophy
(MD-APC −1.41, 95% CI −2.36 to −0.47; p = 0.004).

Patients experiencing PIRA during observation had in-
creased rates of spinal cord atrophy in comparison with
patients without CDA (MD-APC −1.39, 95% CI −2.18 to
−0.59; p = 0.0008). Similar results were obtained when per-
forming the same comparison exclusively in patients with
RRMS (MD-APC −1.22, 95% CI −2.17 to −0.27; p = 0.013)
(Figure 3).

After propensity score matching of patients with PIRA and
patients without CDA, a significant difference in the rates of
spinal cord atrophy was confirmed (MD-APC −1.40, 95% CI
−2.41 to −0.40; p = 0.007).

Table 1 Clinical and MRI Characteristics in the Entire Cohort and in the Subgroups of Patients

Cohort (N = 445) PIRA (n = 74) RAW (n = 17)
Patients without
CDA (n = 354)

Baseline demographic and clinical data

Female, n (%) 289 (64.9) 50 (67.6) 12 (70.6) 227 (64.1)

Age, y, mean (SD) 45.0 (11.4) 49.8 (11.8) 41.3 (8.8) 44.2 (11.2)

Disease duration, y, median (IQR) 10.3 (5.7–17.9) 14.7 (7.3–19.9) 8.3 (3.8–14.3) 9.4 (5.5–17.3)

EDSS, median (IQR) 2.5 (1.5–3.5) 3.0 (2.0–4.5) 1.5 (1.0–2.0) 2.0 (1.5–3.5)

Disease course, n (%)

RRMS, 395 (88.8) 49 (66.2) 15 (88.2) 331 (93.5)

SPMS 36 (8.1) 17 (23.0) 2 (11.8) 17 (4.8)

PPMS 14 (3.1) 8 (10.8) 0 (0) 6 (1.7)

Patients on DMTs, n (%) 378 (84.9) 58 (78.4) 15 (88.2) 305 (86.2)

Platform, n 41 5 3 33

Oral, n 241 35 9 197

Monoclonal antibodies, n 96 18 3 75

Patients with relapse activity in the year before baseline, n (%) 14 (3.1) 2 (2.7) 1 (5.9) 11 (3.1)

Patients with relapse activity in the 2 y before baseline, n (%) 37 (8.3) 5 (6.8) 1 (5.9) 31 (8.8)

MRI data

MRI scans, n 1,514 251 70 1,193

No. of scans per patient, median (IQR) 4 (3–4) 3 (3–4) 4 (3–5) 4 (3–4)

Abbreviations: CDA = confirmeddisability accumulation; DMT=diseasemodifying therapy; EDSS = ExpandedDisability Status Scale; IQR = interquartile range;
PIRA = progression independent of relapse activity; PPMS = primary progressive multiple sclerosis; RAW = relapse-associated worsening; RRMS = relapsing-
remitting multiple sclerosis; SPMS = secondary progressive multiple sclerosis.
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Baseline MRI Measurements as Predictors
of PIRA
Baseline C2-C3 CSA, BPF, and cortical fraction were all sig-
nificant predictors of time to PIRA in multivariable Cox
proportional hazard models while thalamic fraction was not.
Specifically, the HR for time to PIRA of baseline C2-C3 CSA
was 0.61 (95% CI 0.45–0.83; p = 0.001), indicating an in-
crease by 39% of the hazard of shorter time to PIRA for each
SD decrease in C2-C3 CSA. The HR for time to PIRA was
0.59 (95% CI 0.43–0.82; p = 0.002) for baseline BPF and 0.68
(95% CI 0.54–0.85; p = 0.0008) for baseline cortical fraction
(Figure 4).

Similar results were obtained when considering exclu-
sively patients with RRMS at baseline, with HRs of 0.61
(95% CI 0.42–0.90; p = 0.014) for baseline C2-C3 CSA, 0.63
(95% CI 0.42–0.94; p = 0.024) for baseline BPF, and 0.60
(95% CI 0.39–0.91; p = 0.015) for baseline cortical fraction.

Baseline C2-C3 CSA, BPF, and cortical fraction were also in-
dependent predictors of time to PIRA inmodels adjusted for the
effect of T2LV (eAppendix 1, links.lww.com/WNL/D228). In a
multivariable model including all the measures of brain and
spinal cord atrophy considered (as well as T2LV), baseline
C2-C3 CSA and cortical fraction remained significant in-
dependent predictors of time to PIRA (eAppendix 1).

Paramagnetic Rim Lesions
Good interrater agreement in PRL detection was measured
(ICC 0.91, 95% CI 0.90–0.93).

PRLs were detected in 64.8% of patients. The median
(interquartile range) number of PRLs per patient in the
cohort was 2 (0–6). The number of PRLs per patient was
significantly associated with sex—with female patients pre-
senting lower PRL count (IRR 0.72, 95% CI 0.53–0.97;
p = 0.032)—but not with age and disease duration. PRL
count showed a positive association with T2LV (IRR 1.06,
95% CI 1.05–1.07; p < 0.0001) and with the EDSS score
(IRR 1.20, 95% CI 1.11–1.30; p < 0.0001).

In comparison with the RRMS group, in the PMS group
there was a higher PRL count (IRR 1.93, 95% CI 1.25–3.12;
p = 0.005). Patients developing PIRA during follow-up had
higher PRL count than patients without episodes of CDA
(IRR 1.95, 95% CI 1.34–2.92; p = 0.0008). Similar results
were found when restricting the analysis to patients with
an RRMS disease course (IRR 1.72, 95% CI 1.10–2.85;
p = 0.025) (Figure 5).

After propensity score matching of patients with PIRA and
patients without CDA, a significant difference in PRL count
between groups was confirmed (IRR 1.62, 95% CI 1.07–2.46;
p = 0.021).

Between-group differences in PRL burden were also con-
firmed when using a 2-PRL cutoff to dichotomize patients
(eAppendix 2, eFigure 1, links.lww.com/WNL/D228).

In the multivariable logistic regression model, PRL count
and C2-C3 CSA were independently associated with the

Figure 3 Group Comparisons of Spinal Cord Atrophy Rates

(A) Patients with PMS vs patients with RRMS, (B) patients experiencing PIRA during follow-up vs stable patients, and (C) patients experiencing PIRA during
follow-up vs stable patients, considering exclusively patients with RRMS at baseline. The figures display predicted marginal effects from the multivariable
mixed models. CSA = cross-sectional area; MD-APC = mean difference in annual C2-C3 cross-sectional area percentage change; PMS = progressive multiple
sclerosis; PIRA = progression independent of relapse activity; RRMS = relapsing-remitting multiple sclerosis.
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Figure 4 Survival Curves for Time to PIRA for Baseline Spinal Cord C2-C3 Cross sectional Area (A), Baseline Brain Paren-
chymal Fraction (B), Baseline Thalamic Fraction (C), and Baseline Cortical Fraction (D)

The curves display the longitudinal
evolution in patients having baseline
MRI measurements either higher
(“upper half”) or lower (“lower half”)
than the population average. Repor-
ted hazard ratio refers to the multi-
variable Cox regression models using
baseline MRI measurements as con-
tinuous variables. BPF = brain paren-
chymal fraction; CSA = cross-sectional
area; HR = hazard ratio; PIRA = pro-
gression independent of relapse
activity.
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occurrence of PIRA during the 4-year follow-up (eAppendix
3, links.lww.com/WNL/D228).

Sensitivity Analyses
In total, 4 patients with PMS and 63 patients with RRMS and
8 patients with PIRA and 59 patients without CDA experi-
enced at least 1 relapse during follow-up. After their exclusion,
the difference in spinal cord atrophy rates between patients
with PMS and RRMS (MD-APC −1.51, 95% CI −2.51 to
−0.53; p = 0.003) and between patients with PIRA and pa-
tients without CDA (MD-APC −1.19, 95%CI −2.02 to −0.36;
p = 0.006) was confirmed.

Among the patients considered for PRL evaluation (443 of
445), 3 with PMS and 63 with RRMS and 8 with PIRA and 58
without CDA experienced relapse activity during follow-up.
After their exclusion, the difference in PRL count between
patients with PMS and RRMS patients (IRR 2.20, 95% CI
1.37–3.74; p = 0.002) and between patients with PIRA
and patients without CDA (IRR 2.04, 95% CI 1.35–3.17;
p = 0.001) remained significant.

When excluding patients with PIRA presenting either clinical
relapses or new/enlarging WMLs during the entire follow-up
(n = 17), a significant difference between patients with PIRA
and patients without CDA was confirmed, both in terms of
longitudinal spinal cord atrophy rates (MD-APC −1.13, 95%
CI −2.02 to −0.23; p = 0.015), and PRL burden (IRR 2.19,
95% CI 1.40–3.58; p = 0.001).

A significant difference in PRL count between patients with
PIRA and patients without CDA was also confirmed after
restricting the analysis to patients with PIRA episodes that
occurred less than 2 years before the PRL assessment (n = 33)
(IRR 1.93, 95% CI 1.02–3.67; p = 0.037).

Discussion
In this large, longitudinal cohort study, we found an associa-
tion between PIRA and both diffuse and focal neurodegen-
erative processes, reflected by accelerated spinal cord tissue
loss and higher burden of brain chronic active lesions. Indeed,
increased spinal cord atrophy and PRL load were not only
associated with PMS but were also evident in patients expe-
riencing PIRA compared with patients without episodes of
CDA. These results were also confirmed in patients exhibiting
RRMS, further supporting the evidence that increased neu-
roaxonal loss can occur at all disease stages. Finally, we found
that cross-sectional volumetric measures of the cervical spinal
cord, brain, and cerebral cortex may serve as predictive bio-
markers for PIRA. These results open new perspectives not
only for the identification of targeted treatments for patients
with PIRA but also for a better stratification of patients who
will develop PIRA in the future, who might well deserve tai-
lored therapeutic regimens.

When compared with patients without CDA during follow-
up, patients experiencing PIRA had increased cervical cord

Figure 5 Group Comparisons of PRL Count

(A) Patients with PMS vs patients with RRMS, (B) patients experiencing PIRA during follow-up vs stable patients, and (C) patients experiencing PIRA during
follow-up vs stable patients, considering exclusively patients with RRMS at baseline. The reported p values were obtained with univariable negative binomial
regression models. PIRA = progression independent of relapse activity; PMS = progressive multiple sclerosis; PRL = paramagnetic rim lesion; RRMS =
relapsing-remitting multiple sclerosis.
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atrophy both cross-sectionally at baseline and longitudinally
during follow-up. In patients with MS, spinal cord atrophy is
typically extensive, reflecting both demyelination and neuro-
axonal loss,28 and it is evident already during the earliest disease
phases.29 Overall, the rates of cervical cord atrophy that we
measured in this work are in line with previous studies in-
vestigating longitudinal upper cervical spinal cord area changes.30

Our findings also corroborate the vast body of literature showing
increased spinal cord atrophy in the progressive forms of MS,
including both cross-sectional and longitudinal studies.31 Several
previous investigations have shown that spinal cord volume loss
closely correlates with clinical disability30,32,33 and constitutes a
significant predictor of disease progression.8,9 Our data show
that the accumulation of disability occurring in the context of
PIRA is associated with accelerated cervical cord tissue loss.
Overall, our results are in line with a recent study,10 where an
accelerated cervical cord atrophy rate was described in relation to
“silent” progression. Remarkably, although such a study used a
novel procedure to quantify the upper cervical cord at C1 ver-
tebral level, in our study, we considered the C2-C3 CSA as a
measure of interest, which is more in line with the existing liter-
ature.30 Moreover, in our work, we showed that cervical spinal
cord atrophy is a phenomenon that also affects patients with
PIRA in the RRMS phase, hereby extending previous results.10

In our study, both brain and spinal cord volumetric measure-
ments at baseline proved to be relevant predictors of future
evolution to PIRA, reflecting an increased risk of about 40% of
shorter time to PIRA for each SD decrease. In addition, cortical
gray matter volume was associated with time to PIRA, although
this was not the case for thalamic volume in the multivariable
model. These results are corroborating previous evidence
reporting thalamic atrophy rates as relatively stable throughout
the different stages of the disease,34 as opposed to cortical
atrophy, which tends to be accelerated in patients in the pro-
gressive phase of MS.35,36 The implementation of longitudinal
rates of brain and spinal cord atrophy as markers of disease
progression in clinical practice is currently hampered by several
biological and technical factors.31,37 This considerably com-
plicates the translation of the results obtained in large pop-
ulations to the single-patient level.31,37 On the other hand, here
we show that the cross-sectional measurements of brain and
spinal cord atrophy can qualify as predictors of PIRA, sug-
gesting a path forward toward the implementation of person-
alized medicine approaches to identify patients at risk of PIRA
in clinical practice.

We found higher load of PRLs in association with PIRA in
both the entire cohort and the subgroup of patients with
RRMS, reflecting an increased burden of focal chronic in-
flammatory activity and neurodegenerative processes. Overall,
in our cohort, the PRLs were detected in 65% of patients. In
comparison, previous studies have reported the presence of
PRLs in 51.3% of patients with MS (pooled data from 31 MRI
studies on 2,259 patients with MS),38 albeit with high hetero-
geneity across studies.39 With the aim of optimizing the sen-
sitivity of detection of PRLs, in our work, we considered 2MRI

contrasts—unwrapped phase and QSM—which represent the
most frequently used images for PRL detection.39 The fact that
in our cohort most patients presented PRLs is in line with
previous MRI and pathologic studies, reporting glial-driven
inflammation as a frequent phenomenon in MS despite con-
current treatment with DMTs.11,13,40 Our results also confirm
the positive association between PRL count and overall severity
of disability.13,41 The association between PRLs and both PMS
and PIRA might be explained by the neurodegenerative pro-
cesses that occur in chronic active lesions and the surrounding
white matter. This would lead to substantial neuroaxonal loss,
which represents the ultimate driver of irreversible disability.42,43

Indeed, PRLs are associated with destructive processes involving
the lesion core and periphery, including ongoing relentless
damage in perilesional tissue.13 Concordantly, previous longi-
tudinal studies have found that PRL burden may serve as a
marker of long-term clinical disability in MS, correlating with an
increased likelihood of reaching higher motor and cognitive
impairment and of transitioning to disease progression.13,44

Moreover, the presence of PRLs has been associated with in-
creased levels of serum neurofilament light chain, a marker of
neuroaxonal loss, further corroborating the evidence of an as-
sociation between PRLs and increased inflammatory-driven
neurodegenerative processes.26 The evidence that PRLs are
associated with the occurrence of PIRA can be promising for
potential applicability in patient monitoring. Because PRL
detection has been shown to be comparable across field
strengths (1.5 vs 3 T) using commercially available
susceptibility-based sequences,45 PRL evaluation might find
substantial clinical utility in everyday practice in the near future.

This study has some limitations. First, the burden of PRLs was
assessed only for a single time point for each patient, therefore not
allowing the investigation of the temporal dynamics of the re-
lationship between PRLs and PIRA. In addition, we defined a
priori a 4-year period as a plausible time interval to assess the
relationship between the occurrence of PIRA and the presence of
PRLs, considering that the paramagnetic rim of PRLs proved to
be stable over a few years.12,13,46,47 Nevertheless, to at least par-
tially address a potential bias derived by the chosen time-interval,
we performed a sensitivity analysis restricting the time interval
between PIRA occurrence and PRL evaluation to 2 years, which
confirmed the results. Second, despite the acquisition protocol
was standardized across centers, significant differences potentially
affecting volumetric analyseswere present because of the inclusion
ofMRI data obtained with heterogeneousMRI scanners and field
strengths. We aimed to limit this confounding factor by system-
atically accounting for it in the statistical analyses. Third, we
cannot completely exclude the possibility that subclinical cervical
cord focal inflammatory activity may have partially influenced the
observed rates of spinal cord atrophy. Fourth, because of the lack
of measures of upper and lower extremity function in our cohort,
subtle neurologic worsening without any effect on the EDSS
score may have been overlooked.

In this study, we show that PIRA is associated with neurode-
generative processes in the spinal cord and with the presence
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of brain chronic active lesions. Our results, together with previous
evidence showing increased CNS structural damage in
PIRA,5,7,10,48 stress the need for early recognition of PIRA in
clinical practice to prevent irreversible tissue loss. To this end,
cross-sectional measures of brain and cervical spinal cord volume
could be of value. In addition, this work is oncemore questioning
the existence of a clear distinction between relapsing-remitting
and progressive MS forms.4,7,10,49 Indeed, accelerated neuro-
degeneration was not only identified in patients with PMS but
also associated with PIRA in patients with RRMS. Therefore,
our results add to the increasing evidence4,5,7,10,49 proposing an
interpretation of MS as a continuum of inflammatory and
neurodegenerative processes, rather than a condition with
distinct disease phenotypes reflecting different pathophysio-
logic substrates.
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