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Summary The Lancet Regional
Background In multiple sclerosis (MS), predicting at symptom onset who will develop early and severe disability is an Health - Europe

oy S O . . 2025;53: 101302
unmet need with significant therapeutic implications. Here we propose the Barcelona-Baseline Risk Score (BRS)

model to predict long-term disease outcomes in a flexible and generalisable manner. Published Online xo0x
https://doi.org/10.

. . . 1016/j.lanepe.2025.
Methods Using prospectively acquired data from the Barcelona first-attack cohort, we created the Barcelona-BRS 5,

model as a set of six Weibull survival models of time to an Expanded Disability Status Scale score of 3.0, built
with flexible combinations of predictors, including sex, age at first attack, and number and topography of T2
lesions, among others, adaptable to data availability. Data-driven risk groups were identified and compared in
terms of long-term clinical and MRI outcomes, including relapse-associated worsening (RAW), progression
independent of relapse activity (PIRA), conversion to secondary progressive MS (SPMS), lesional and brain
volumetric data, and patient-reported/administered clinical scores, through Kaplan-Meier and mixed-effects
models. Finally, we externally validated our model in a completely unseen cohort.

Findings We included 1074 patients (737 [69%] female, mean age: 31.7 years) with a first demyelinating attack. Over a
median follow-up of 11.9 years, 375 (35%), 298 (28%), and 94 (8.8%) developed RAW, PIRA, and SPMS, respectively.
Weibull models included age at first attack, number of brain T2 lesions, and disability at first visit as main predictors.
Four data-driven groups of increasing risk of unfavourable outcomes were created: Light-Green-BRS (N = 258), Dark-
Green-BRS (N = 319), Orange-BRS (N = 321), and Red-BRS (N = 176), which, over time, behaved significantly
differently across disability, quality of life, and MRI measures, being the Red-BRS the group with worst outcomes
(p < 0.01). The results in the external validation cohort (N = 139, 100 female [72%)], 34 years) mirrored those of
the original one.

Interpretation The robustness, flexibility, and generalisability of the Barcelona-BRS model support its consideration
as a ready-to-use tool for clinical practice.
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Articles

Research in context

Evidence before this study

Over the last 25 years, several predictive models of mid- and
long-term prognosis in multiple sclerosis (MS) have been
proposed, with the ultimate aim of helping clinicians in their
decision-making processes while deepening into the
mechanisms driving disability accumulation. To evaluate the
current evidence of predictive models on MS, we carried out a
structured review of the published scientific literature in
MEDLINE, Scopus, Google Scholar, and PubMed for relevant
reports published in any language from Jan 1, 1995, to
September 1, 2024, using search terms that included
“multiple sclerosis”, “demyelinating attack”, “inflammatory-
demyelinating disease”, “clinically isolated syndrome”, or
“demyelination”, AND “predictive model”, “prediction”,
“prognostic model”, “risk stratification”, or “risk assessment
tool”. We found that many of the models proposed so far
have been defined in the context of treatment response, and
most of them have focused on just a few predictors of the
same kind at a time instead of integrating all possible
predictors into the same model. This has hampered the
development of comprehensive risk scores to be used in the
clinic, which would be, on the other hand, very useful for an
optimal approach to individual patients’ disease, in line with
the concept of personalised medicine.

Introduction

Multiple sclerosis (MS) is a condition characterised by
inflammation and demyelination of the central nervous
system (CNS), with significant clinical and pathological
variability.! It commonly affects young adults, leading to
long-term disability,”* and impacts quality of life and
work ability, causing societal and economic conse-
quences.” In 85% of cases, MS begins with a clinically
isolated syndrome (CIS), often followed by relapses in a
relapsing-remitting phase.” These relapses can result in
permanent disability if recovery is incomplete (relapse-
associated worsening, RAW). However, the primary
mechanism of disability in MS is progression inde-
pendent of relapse activity (PIRA).“°

Recent years have seen a rise in disease-modifying
treatments for MS.’ Some drugs can effectively reduce
CNS inflammation and alter the disease’s natural his-
tory. High-efficacy treatments, particularly in early
stages, have shown the most success in preventing
disability,” though they carry risks of side effects and
high costs. For milder cases, moderate-efficacy treat-
ments may suffice, though predicting the best treatment
strategy early in the disease remains challenging.

Over the last few years, big efforts have been made to
predict MS prognosis, mainly focusing on treatment
response.*"* However, comprehensive models inte-
grating multiple factors for personalised care are lack-
ing. In other fields, such as cardiovascular research and

Added value of this study

In this paper, we present the Barcelona-BRS model, which
effectively classifies patients into distinct risk groups for
several mid- and long-term clinical and MRI outcomes,
confirming the association between older age at first attack,
male sex, spinal cord (or multifocal) first-attack topographies,
greater disability scores at first visit, greater T2 lesion burden
and contrast-enhancing lesions with an unfavourable
prognosis. Here we provide evidence of the robustness and
generalisability of the model, through externally validating its
coefficients in a completely unseen cohort of people with
early MS. Model coefficients, which can be directly applied to
individual patients to estimate their personalised risk, and
data-driven thresholds to be applied to such risks, to classify
people with MS into risk groups (BRS groups), are also
provided in this paper.

Implications of all the available evidence

The proposed Barcelona-BRS model is a risk assessment tool
to be used at the first demyelinating attack, which is based on
traditional risk factors such as age, sex, and lesion burden. It
provides a ready-to-use solution for clinicians aiming to
predict long-term outcomes and personalise treatment plans
for MS patients.

ischaemic heart disease, tools like the Framingham
score have advanced clinical management. A similar
risk score for MS prognosis, adaptable across clinical
settings, is yet to be introduced.

This study aims to build the Barcelona-Baseline Risk
Score (Barcelona-BRS) to predict long-term prognosis at
the first demyelinating attack, using clinical, biological,
and radiological data. It consists of a flexible risk
assessment tool at the first attack, valid for almost any
clinical setting, even with limited available data. The
ultimate goal of the Barcelona-BRS, tested in an
external, independent cohort, is to assist clinicians with
the decision-making process concerning personalised
therapeutic approaches for MS through risk stratifica-
tion at the first demyelinating attack.

Methods

Study design and participants

This retrospective analysis includes longitudinal data
from patients with a first demyelinating attack sugges-
tive of MS who have been prospectively followed up in
the ongoing Barcelona first-attack cohort. The study also
involves applying the Barcelona-BRS model to an inde-
pendent cohort from the Multiple Sclerosis Partners
Advancing Technology and Health Solutions (MS
PATHS) dataset. It was created between November 2016
and January 2022 as a learning health initiative that
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systematically gathered clinical and imaging data from
routine practice at ten MS centers in the United States,
Germany, and Spain.'

Barcelona first-attack cohort

Patients from the Multiple Sclerosis Center of Catalonia
(Cemcat) experiencing their first demyelinating attack
between 1994 and 2023, under the age of 50, were
included." Patients had to be assessed within three
months of the first attack, with brain T2 lesion data
available within 3-5 months."

External validation cohort

We used a cohort extracted from the large MS PATHS
longitudinal database (2016 onwards),” consisting of
standardised routinely acquired clinical and MRI data of
people with a confirmed diagnosis of MS."* We included
patients under 50 at the first attack, with time between
that the and the first MRI assessment of less than two
years. Of note, since the Vall d’'Hebron University
Hospital was part of the MS PATHS project, we
excluded all patients belonging to our hospital to ensure
validation independence.

Study variables

Demographic and clinical data

We obtained information on demographic data,
including sex and age at first demyelinating attack;
clinical data, including date and topography of the first
demyelinating event, presence and dates of relapses
(recorded at each visit), disability status according to the
Expanded Disability Status Scale (EDSS)" at baseline
(i-e., within three months after the first demyelinating
attack) and then (at least) annually; and data on
disease-modifying  treatment (DMT) exposure,
including starting dates and types of DMT exposure
(i-e., high efficacy drugs: monoclonal antibodies,
mitoxantrone, and cyclophosphamide; and low/mod-
erate efficacy ones: the rest). Additionally, in a subset
of patients of the Barcelona first-attack cohort who
participated in the MS PATHS study between 2016
and 2022 (i.e., the Barcelona-MS PATHS subcohort
from now on), we collected data on: general disability,
through the self-reported Patient Determined Disease
Steps (PDDS)'® (at least once); neuroperformance,
through the self-administered Multiple Sclerosis Per-
formance Tests (MSPT),"* which included the walking
speed test (WST), manual dexterity test (MDT), pro-
cessing speed test (PST), and the contrast sensitivity
test (CST) (at least once); and quality of life, through
the self-reported NeuroQoL questionnaire (at least
once).

Brain and spinal cord MR data

All patients underwent brain MRI scans (T1l-and T2-
weighted sequences, at 1.5 or 3T MRI scanners) at the
first demyelinating attack (within five months of
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symptom onset), 12 months later, and then according to
clinical practice: every 12 months for most treated pa-
tients, or at least every 5 years if untreated. Most patients
also underwent spinal cord MRI, although this was only
systematically performed at the first attack in all patients
after 2007, regardless of the topography of this first
attack. The data obtained from the brain and spinal cord
MRI included: T2 lesion number and topography at the
first attack, presence of contrast-enhancing lesions
(CEL) at the first attack, and number of new brain T2
lesions over the follow-up.

Additionally, for the Barcelona-MS PATHS sub-
cohort, brain volumetric measures, including T2 lesion
volume and brain parenchymal fraction (BPF), were
obtained from 3D T2-FLAIR and 3D T1-weighted im-
ages (isotropic voxel resolution 1 mm?®) acquired in a
Siemens 3T MR scanner. All MR parameters can be
found somewhere else.'* As exploratory outcomes, we
analysed grey matter fraction (GMF), cortical GMF
(CGMF), deep GMF (DGMF), thalamic fraction, and
white matter fraction (WMF).

Laboratory data

Some patients were assessed on the presence of IgG
oligoclonal bands (OBs) in the cerebrospinal fluid (CSF)
and serum at the first attack, tested on agarose gel iso-
electric focusing combined with immunoblotting, as
previously reported."" Presence of CSF OBs in the
absence of serum OBs was defined as ‘positive OBs’.

Statistical methods

Creation of the predictive tool

We visualised our predictive tool, the Barcelona-BRS
model, as an umbrella model made of several survival
Weibull models able to adapt to different clinical set-
tings with variable amounts of available data. It was
conceptualised as a risk stratification tool, so that pa-
tients could be classified into risk groups (or BRS
groups, from now on) (Fig. 1).

We first defined a set of potential predictors at the
first attack/early MS stages, including demographic
(age, sex), clinical (disability score at first visit, topog-
raphy of first attack), brain MRI (number of T2 lesions,
presence of infratentorial T2 and contrast-enhancing T1
lesions), spinal cord MRI (presence of T2 lesions), and
laboratory variables (positive OBs). Then, to identify the
most informative variables to be included in the
Barcelona-BRS model, a survival random forest model
of time to EDSS 3.0 was built using the full cohort
(N = 1074) including all possible predictor variables.
Random forest models are able to order the variables
associated with a given outcome, in this case time to
EDSS 3.0, based on the strength of the association.
Those variables with greatest importance (individually)
were selected (Fig. 1; Supplementary Figure S1). Of
note, disease-modifying treatment (DMT) exposure was
not included in the Weibull models, which only
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Identification of relevant predictors
(Random forest model for time to EDSS 3.0
using all patients’ data)

Building the Barcelona-BRS umbrella model:
Set of Weibull survival models of time to EDSS 3.0

Demographic

Clinical

MRI

Lab

\

Availability of data at first demyelinating attack?

Relevant predictors
Age at first attack
Sex
Topography of first attack
Disability score (EDSS) at first visit
No. brain T2 lesions at first MRI
IT lesions at first MRI
No. CELs at first MRI
SC lesions at first MRI
OBs
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X X X

X X X
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X
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Each patient could contribute to more than one model,

ifth

ey had all the required data available

each model being built

!

500 bootstrap samples for parameter estimation, for

Weibull regression coefficients () for each model are obtained
Risk scores (X’Z?) for each patient and each model they contributed to are obtained

v

Creation of the Barcelona-BRS risk groups

Patients are assigned the (median — across bootstrap samples) risk scores ()?F) of the most
informative model (0-V) they contributed to, according to their available data
Risk scores represent the log-transformed time (in years) to reach EDSS 3.0

Risk scores 1
(log-timesto =%
EDSS3.0) !

Log-times to EDSS 3.0

* Risk scores (log-times to EDSS 3.0) are
used to create the Barcelona-BRS groups

1
Risk scores )
(log-times to :L --> ?:;T(a (::;I:eg F-
EDSS3.0) | EI0ER
""""""" ' 2000 +an additional
boots'trap (very low-risk)
survival group with 0 brain
trees lesions at 15t MRI

function for the time to confirmed EDSS 3.0

Red BRS group

Fig. 1: Study design. Schematic view of the path to creating the Barcelona-BRS umbrella model and obtaining the derived Barcelona-BRS risk
groups. Abbreviations: BRS: baseline risk score; CELs: Contrast-enhancing lesions; EDSS: Expanded Disability Status Scale; IT: Infratentorial lesions;
MRI: Magnetic Resonance Imaging; OBs: oligoclonal bands; SC: spinal cord.
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accounted for variables that could be obtained at the
time of the first attack, but once the BRS groups were
created, to predict long-term outcomes, as explained
below (see Assessment of the association between DMT
exposure and prediction of long-term outcomes). This
allowed us to assess the effect of DMT as a time-varying
covariate in a more efficient way (since the number of
parameters to be estimated was reduced) and in each
BRS group separately.

The first Weibull model of time to EDSS 3.0 (‘model
V') was built with all possible relevant variables as pre-
dictors (Fig. 1; Supplementary Table S1). It was created
with 500 bootstrap samples without replacement of size
equal to 80% of the size of the sub-cohort with non-
missing data. Then, for each patient, we estimated a
varying number (maximum = 500) of ‘log-transformed
times (in years) to EDSS 3.0°, and the median value of
these log-times was assigned to each patient (see
Supplementary Methods 1.1 for more details). After-
wards, five additional models (models 0, I, II, III, IV)
were created following the same methodology (500
bootstrap samples for parameter estimation) but
including a decreasing number of predictor variables
(Fig. 1). The order in which variables were removed
from model V until reaching model 0 was partly based
on data availability, using our cohort as a representative
example of common practice. Model 0 contained the
minimum set of ‘important’ variables from our
perspective required to predict the outcome, considering
that it was not possible to assess all possible combina-
tions of predictors in separate models. Consequently,
these additional models (from IV to 0) were built using
increasingly larger sub-cohorts. This approach allowed
us to make use of all patients in the cohort, without the
need of imputing missing data, and provided the flexi-
bility needed for the applicability of the tool (Fig. 1).
Since the sub-cohorts used to build the predictive Wei-
bull models 0-V were not mutually exclusive, patients
could be assigned several (from 1 to 6) estimated me-
dian log-times to EDSS 3.0, depending on the amount of
available data. The median log-time of the most complex
model (i.e., the model with highest number of pre-
dictors) was considered the most accurate median log-
time to EDSS 3.0.

After assigning the most accurate median log-time to
EDSS 3.0 to each patient, we investigated the best data-
driven thresholds of such log-times to be able to classify
patients into risk groups (i.e., BRS groups). We carried
out this through running conditional inference trees on
2000 bootstrap samples, without imposing the numbers
of groups to be created (see Supplementary Methods 1.2
for more details). For each one of these 2000 bootstrap
survival trees, we recorded the number of terminal
nodes (i.e., groups) of risk. The most frequent number
of groups was considered as the number of data-driven
risk categories. The median cut-point values that
defined these terminal nodes were considered as the
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best data-driven thresholds to classify patients into risk
groups. These were then recorded to be applied to the
external validation cohort later. Afterwards, the group
with the lowest risk of reaching EDSS 3.0 was further
split into two groups based on the presence (low risk) or
absence (very low risk) of brain T2 lesions. Each final
BRS group was assigned a colour, which was then used
throughout the paper.

Of note, since patients were included in our first-
attack cohort based on clinical grounds, some baseline
MRI studies could be normal, as explained below.

Definition of long-term clinical and MRI outcomes
For all patients, we obtained information on the
following outcomes:

o McDonald 2017 criteria for MS;"”

« second clinical attack;

« confirmed and sustained disability worsening
(CSDW), which required the definition of confirmed
disability worsening (CDW) as an increase in EDSS
of 1.5, 1.0, or 0.5 EDSS points if baseline EDSS was
0, 1.0-5.0 (both included), or >5.5, respectively,
confirmed after at least 6 months; then, CSDW was
defined as a CDW where the last EDSS was equal to/
higher than the EDSS score showing the increase
used to define CDW;

confirmed & sustained EDSS 3.0: event of EDSS 3.0
confirmed after at least 6 months and sustained until
the end of the follow-up;

first event of RAW, either after the first attack: EDSS
score >1.5 during the first year after the first attack,
confirmed also during the first year, or in a subse-
quent relapse: CDW that did not occur within a
relapse-free period (RFP), defined as that period
starting 3 months after a relapse (or 6 months after
the first attack) until the next attack, where the
confirmation score could fall within or outside a
RFP.

first event of PIRA, defined as a CDW occurring
within a RFP and confirmed within a RFP;®
secondary progressive MS (SPMS), defined as
disability worsening (DW) and the reaching of an
EDSS 4.0, always using only EDSS scores that are 1
month after a relapse, confirmed at 6 months;'*
EDSS trajectories over time;

annual rate of new T2 lesions >2 (this threshold has
proven clinically relevant in studies on treatment
response, as its predictive power is evident when
observed during DMT exposure').

cumulative number of new T2 lesion trajectories.

Additional outcomes from the Barcelona-MS PATHS
subcohort included PDDS, MSPT scores (WST, MDT,
PST, CST), quality of life scores (NeuroQoL t-scores),
brain T2 lesion volume and brain parenchymal fractions
at the last MS PATHS assessment.
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Prediction of long-term multidimensional outcomes

For binary events, we built Kaplan Meier survival
models and estimated the percentages of event occur-
rence (1-survival probability) at each follow-up year for
each BRS group. For longitudinal continuous data, we
built linear mixed-effects models with random intercept
and random slope (although, for visualisation purposes,
we used splines mixed models). In these models, the
variable being explored as outcome of interest was
considered as the dependent variable, and the variable
time from first attack (in years) was considered as the
main explanatory variable, together with the BRS group
variable and the interaction term time X BRS group.
Whenever the interaction term was significant
(p < 0.05), we assumed BRS groups were significantly
associated with the longitudinal trajectories. Since BRS
groups already incorporate all risk factors, these models
were not further adjusted by any clinical or demographic
characteristics. Finally, we built linear regression
models for continuous clinical and MRI variables
measured at a given time point (i.e., at the last MS
PATHS evaluation), including PDDS, MSPT, Neuro-
QoL, and brain volumetric data, adjusting for disease
duration at that time point.

Assessment of the association between DMT exposure and
prediction of long-term outcomes

Cox proportional hazards models were built, where the
binary outcome (e.g., developing a second attack) was
the dependent variable and the BRS group was the main
predictor of time to reaching the binary outcome,
together with DMT exposure as a time-dependent vari-
able. Whenever the DMT variable was significant
(p < 0.05), we assumed there was an association between
DMT exposure and the risk of developing the outcome
(immediately)  afterwards. Furthermore, survival
Kaplan—-Meier models for each binary outcome (and the
derived heatmaps of event occurrence at every year after)
were built for patients with an early DMT exposure
(within 12 months of symptom onset) and those with a
late DMT exposure (DMT initiation after 3 years of
symptom onset).

External validation analysis

Study variables included demographic data (sex and age
at symptom onset), clinical data (PDDS, from which we
estimated the first EDSS, MSPT, and NeuroQoL), brain
MRI data from 3D T2-FLAIR and 3D T1-weighted im-
ages (T2 lesion volume/number of T2 lesions estimated
from T2 lesion volume and other volumetric measures).
Some of these variables were used as predictor variables
of the BRS model (although some of them required
some translation to be used in the BRS [see
Supplementary Table S2]). The coefficients of the most
appropriate BRS model based on data availability in the
validation cohort (Supplementary Table S3), which in
our case was model 0, were directly applied, without any

re-estimation or re-calibration, to predict the log-times
to EDSS 3.0 in that external cohort. These predicted
log-times to EDSS 3.0 were then used to create the BRS
groups, after applying the data-driven thresholds ob-
tained in the original cohort. Some other variables were
instead used as long-term outcomes (e.g., PDDS/
MSPT/NeuroQoL data, T2 lesion volumes, and brain
tissue fractions at last follow-up). These outcomes were
predicted by the BRS group through linear regression
models adjusted for disease duration. We wused
bootstrap-based methods to estimate the uncertainty
around our predictions (please see Supplementary
Methods 1.3 for more details). As a sensitivity anal-
ysis, we investigated the consistency across BRS model
predictions after performing data imputation in the
validation cohort.

All analyses were carried out in RStudio 2021.09.0
Build 351. Bootstrap-based analyses were carried out
manually. The rest of the analyses were carried out us-
ing freely available R packages.

Ethics approval

The ethics committee of Vall d’Hebron Hospital
approved the study (XMG-INT-2014-01), and informed
consent was obtained from all participants.

Role of funding source

None of the funding sources disclosed has had a major
role in the writing of the manuscript or in the decision
to submit it for publication. None of the funding sour-
ces disclosed has had any role in data collection, analysis
or interpretation, study design, patient recruitment, or
any aspect pertinent to the study. None of the authors
has been paid to write this article by any pharmaceutical
company.

Results

Descriptive statistics

Out of a total of 1561 patients who were seen at Cemcat
with a first episode suggestive of a demyelinating attack
until February 2024, we finally included 1074 patients
(Fig. 2). Over a median follow-up period of 11.9 years
(IQR 6.1, 19.4), 538 (50%) had a second attack, 375
(35%) developed some RAW (i.e., at the first attack or at
subsequent relapses), although only 128 (12%) devel-
oped RAW at subsequent relapses, and 298 (28%)
developed PIRA. Table 1 shows the main demographic,
clinical, and MRI data at study baseline and over the
follow-up. Of the 1074 patients, 450 (42%) participated
in the MS PATHS study, conforming the Barcelona-MS
PATHS subcohort.

Creation of the predictive tool

Six survival Weibull models were built as described in the
Methods section. The most complex model (model V)
was built with the smallest number of patients (N = 407).
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Fig. 2: A. Patient Flowchart. Out of a total of 1561 patients with a first demyelinating attack seen at Cemcat, 1074 finally met our inclusion
criteria. Abbreviations: IQR: interquartile range. B. This panel shows the most informative times (in years) to EDSS 3.0, which correspond to the
median times (across bootstrap samples) of the most informative model for each patient (A). Fig. 3A also shows the data-driven thresholds to
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However, it showed the greatest Harrell's C (0.79), indi-
cating the highest accuracy. Instead, model 0 was built
with the largest number of patients possible (N = 1074—
all) but had the lowest Harrell's C value (0.72).
Supplementary Table S3 shows the regression co-
efficients for all Weibull models. Fig. 2 shows the dis-
tribution of the most informative median log-times to
EDSS 3.0. In the Barcelona first-attack cohort, no patients
were assigned the log-times to EDSS 3.0 from model
0 since all patients had the minimum required data to
build at least model I.

When investigating the best data-driven thresholds to
create risk groups, we found that patients could be
classified as:

+ Red BRS: median log-time to EDSS 3.0: <3.49 years,
N = 176 [16.4%],

» Orange BRS (median log-time to EDSS 3.0: >3.49
and <4.24 years, N = 321 [29.9%)),

+ Green BRS (median log-time to EDSS 3.0: >4.24
years, N =577 [53.7%]), being this group further split
into Light Green BRS (N = 258 [24.0%]) and Dark
Green BRS (N = 319 [29.7%)]), as explained (Fig. 2).

Table 1 shows the baseline and follow-up patient
characteristics for each BRS risk group.

Prediction of clinical outcomes
All long-term clinical outcomes differed across the BRS
groups. For instance, whereas 77 (44%) of the patients
in the Red BRS group reached confirmed and sustained
EDSS 3.0 during the follow-up, this outcome was only
achieved by 9 (3.5%) of the Light Green BRS one.
Similarly, whereas 42% of patients within the Red BRS
group had >1 PIRA event during the follow-up, only
19% of the Light Green BRS experienced that outcome.
Kaplan Meier estimations of the cumulative proba-
bilities of reaching each one of the clinical outcomes at
each year of follow-up until year 20 were significantly
different across BRS groups (all log-rank p-values
p < 0.01) (Fig. 3). The four BRS groups also behaved
differently in terms of EDSS trajectories over time, be-
ing the Light Green BRS group the one with the
smallest annual EDSS increase: -0.026 (95%
CI -0.043, —0.010), p = 0.002, and the Red BRS group

the one with the highest: 0.055 (0.037, 0.073), p < 0.001
(Fig. 2; Supplementary Table S4).

Finally, using only the Barcelona-MS PATHS sub-
cohort, the four BRS groups also behaved differently
regarding the self-reported and self-administered tests:
Light Green BRS patients showed the mildest PDDS
and neuroperformance scores, followed by the Dark
Green BRS, Orange BRS, and Red BRS groups
(Supplementary Figure S2). For the NeuroQoL scores,
the four BRS groups also behaved differently, especially
for the function scores: the perception of upper and
lower extremity function was significantly worse in the
Red BRS group than in the Light Green BRS one, being
the Dark Green BRS and Orange BRS consistently be-
tween both extreme BRS groups (Supplementary
Figure S3).

Prediction of MRI outcomes

Light Green BRS patients showed the lowest rate of
reaching >2 new T2 lesions/year, followed by the Dark
Green BRS group, and very closely by both the Orange
BRS and the Red BRS groups (log-rank p-value <0.001)
(Fig. 3). Regarding the cumulative number of new T2
lesions trajectories over time, the Light Green BRS
group also behaved very differently from the other three,
especially from the Orange BRS and Red BRS groups,
which behaved almost identically (Fig. 2; Supplementary
Table S5).

Using the Barcelona-MS PATHS subcohort, we also
found that the four BRS groups behaved differently in
terms of T2 lesion volumes assessed at the last MS
PATHS assessment, especially total T2 lesion volume
and periventricular T2 lesion volume (Supplementary
Figure S2): patients from the Red BRS risk group had,
on average, 11.16 (95% CI 5.11, 17.22) mL greater lesion
volume than the Light Green BRS group at last MS
PATHS assessment (p < 0.001). Dark Green BRS and
Orange BRS had intermediate behaviours, worse than
Light Green BRS but better than Red BRS. Similarly,
Red BRS patients had smaller global and regional brain
parenchymal fractions than the Light Green BRS. These
differences were mainly evident for the BPF (-0.020
[95% CI -0.036, —0.003], p = 0.019) (Supplementary
Figure S2) and the DGMF (-0.002 [-0.003, —0.0006],
p = 0.005) (Supplementary Figure S4).

create risk groups, thanks to 2000 survival trees. As explained in the results section, we found three data-driven groups: Red BRS (estimated
median time to EDSS 3.0 below or equal to 3.49 years, N = 176 [16.4%]), Orange BRS (estimated median time above 3.49 and below or equal
4.23 years, N = 321 [29.9%]), and green-BRS (median time above 4.23 years, N = 577 [53.7%]). C. Weibull model of time to EDSS 3.0 for the
four Barcelona-BRS groups. D. Estimated EDSS trajectories over time for the four Barcelona-BRS risk groups. For visualisation purposes, this
figure shows the trajectories using mixed splines models. However, regression estimates of the slopes over time have been obtained through
linear mixed-effects models (see Supplementary Table S3). E. Estimated trajectories of cumulative number of new T2 lesions over time for each
one of the four Barcelona-BRS risk groups from the first demyelinating attack (time = 0 years). As can be observed, and as also shown in Fig. 4
(heatmap for different outcomes), the light green-BRS group behaved very differently from the other three, and especially from the Orange BRS
and Red BRS groups, which behaved almost identically. The regression estimates of the slopes over time have been obtained through linear
mixed-effects models (see Supplementary Table S4). Abbreviations: BRS: baseline risk score; EDSS: Expanded Disability Status Scale.

www.thelancet.com Vol 53 June, 2025


http://www.thelancet.com

Articles

Characteristic Overall, N = 1074  Light green BRS, Dark green BRS, Orange BRS, Red BRS, p-value
N = 258 N =319 N =321 N =176
Baseline characteristics
Sex, N (%) <0.001
Female 737 (69%) 174 (67%) 247 (77%) 230 (72%) 86 (49%)
Male 337 (31%) 84 (33%) 72 (23%) 91 (28%) 90 (51%)
Age at first demyelinating event in years, median 317 (25.9, 38.6) 32.5 (25.4, 38.9) 30.0 (25.8, 35.4) 31.7 (25.6, 38.8) 35.0 (29.7, 41.6) <0.001
(IQR)
First EDSS, median (IQR) 2.0 (1.0, 2.5) 2.0 (1.0, 2.5) 1.0 (0, 2.0) 2.0 (1.5, 3.0) 3.0 (2.0, 3.5) <0.001
Calendar year of the first demyelinating event 2007.0 (2001.2, 2008.0 (2001.0, 2008.0 (2003.0, 2006.0 (2001.0, 2007.0 (2000.0, 0.010
2014.0) 2013.0) 2015.0) 2013.0) 2014.0)
Topography of the first demyelinating event, N (%) <0.001
Optic nerve 371 (35%) 142 (55%) 133 (42%) 68 (21%) 28 (16%)
Spinal Cord 311 (29%) 67 (26%) 48 (15%) 119 (37%) 77 (44%)
Brainstem 266 (25%) 33 (13%) 107 (34%) 100 (31%) 26 (15%)
Other 126 (12%) 16 (6.2%) 31 (9.7%) 34 (11%) 45 (26%)
Categorized baseline number of brain T2 lesions, N <0.001
(%)
0 lesions 258 (24%) 258 (100%) 0 (0%) 0 (0%) 0 (0%)
1-3 lesions 155 (14%) 0 (0%) 109 (34%) 42 (13%) 4 (23%)
4-8 lesions 141 (13%) 0 (0%) 61 (19%) 61 (19%) 19 (11%)
>9 lesions 520 (48%) 0 (0%) 149 (47%) 218 (68%) 153 (87%)
Number of brain T2 lesions at baseline, mean (SD) 24.3 (34.6) 0.0 (0.0) 17.7 (20.8) 37.2 (44.3) 45.6 (36.6) <0.001
Unknown 501 139 127 150 85
0Bs, N (%) <0.001
Negative 337 (36%) 164 (77%) 111 (40%) 47 (17%) 15 (9.6%)
Positive 591 (64%) 48 (23%) 170 (60%) 232 (83%) 141 (90%)
Unknown 146 46 38 42 20
Brain contrast enhancing lesions, mean (SD) 1.4 (3.5) 0.0 (0.0) 0.7 (2.3) 1.8 (3.7) 31 (5.2) <0.001
Unknown 294 160 38 70 26
Categorized number of brain contrast enhancing <0.001
lesions, N (%)
>2 CEL 109 (14%) 0 (0%) 18 (6.4%) 43 (17%) 48 (32%)
1-2 CEL 175 (22%) 0 (0%) 58 (21%) 75 (30%) 42 (28%)
No CEL 496 (64%) 98 (100%) 205 (73%) 133 (53%) 60 (40%)
Unknown 294 160 38 70 26
Spinal cord lesions, N (%) <0.001
>3 lesions 72 (11%) 4 (22%) 19 (9.5%) 29 (16%) 20 (18%)
0 lesions 410 (61%) 149 (83%) 125 (63%) 88 (50%) 48 (42%)
1 lesion 123 (18%) 23 (13%) 35 (18%) 39 (22%) 26 (23%)
2-3 lesions 62 (9.3%) 3 (1.7%) 20 (10%) 20 (11%) 19 (17%)
Unknown 407 79 120 145 63
Presence of spinal cord lesions, N (%) <0.001
None 410 (61%) 149 (83%) 125 (63%) 88 (50%) 48 (42%)
Some 257 (39%) 30 (17%) 74 (37%) 88 (50%) 65 (58%)
Unknown 407 79 120 145 63
Contrast enhancing lesions in the spinal cord, N (%) <0.001
>0 CEL 76 (20%) 8 (11%) 19 (14%) 21 (20%) 28 (38%)
0 CEL 312 (80%) 63 (89%) 120 (86%) 83 (80%) 46 (62%)
Unknown 686 187 180 217 102
Presence of infratentorial lesions, N (%) <0.001
None 405 (46%) 198 (100%) 134 (48%) 59 (24%) 14 (9.3%)
Some 472 (54%) 0 (0%) 143 (52%) 192 (76%) 137 (91%)
Unknown 197 60 42 70 25
Follow-up characteristics
Follow-up time in years, median (IQR) 11.9 (6.1, 19.4) 10.0 (4.9, 14.5) 11.1 (6.2, 18.2) 14.7 (7.0, 21.4) 13.3 (7.8, 20.5) <0.001
DMT exposure over the follow-up, N (%) 602/1074 (56.05%)  17/258 (6.59%) 197/319 (61.76%) 239/321 (74.45%) 149/176 (84.66%)  <0.001
Low/Moderate-efficacy DMT only exposure, N (%) 420/1074 (39.11%)  11/258 (4.26%) 162/319 (50.78%) 159/321 (49.53%) 88/176 (50%) <0.001

High-efficacy DMT exposure, N (%)

182/1074 (16.95%)

6/258 (2.33%)

35/319 (10.97%)

80/321 (24.92%)

61/176 (34.66%)

(Table 1 continues on next page)
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Characteristic Overall, N = 1074  Light green BRS, Dark green BRS, Orange BRS, Red BRS, p-value
N = 258 N =319 N =321 N = 176
(Continued from previous page)
Time from first attack to first DMT in years, median 0.78 (0.47, 2.75) 521 (315, 10.83)  0.96 (0.53, 2.92) 0.76 (0.46, 2.37) 0.64 (0.39, 1.80) <0.001
(IQR)
Time from first attack to first HE DMT in years, 5.56 (1.49, 12.05) 6.07 (2.49, 7.85) 6.70 (1.25, 12.54) 5.90 (2.33, 11.70) 3.76 (0.59, 12.27) 0.5
median (IQR)
McDonald MS 2017 765 (71%) 41 (16%) 258 (81%) 297 (93%) 169 (96%) <0.001
Second demyelinating event 538 (50%) 34 (13%) 172 (54%) 209 (65%) 123 (70%) <0.001
CSsbw 384 (36%) 44 (17%) 115 (36%) 125 (39%) 100 (57%) <0.001
Confirmed and sustained EDSS 3, N (%) 187 (17%) 9 (3.5%) 29 (9.1%) 72 (22%) 77 (44%) <0.001
Confirmed EDSS 6, N (%) 53 (4.9%) 0 (0%) 5 (1.6%) 26 (8.1%) 22 (12%) <0.001
Some RAW, N (%) 375 (35%) 41 (16%) 79 (25%) 150 (47%) 105 (60%) <0.001
RAW after the first attack, N (%) 128 (12%) 5 (2%) 39 (12%) 52 (16%) 32 (18%) <0.001
PIRA, N (%) 298 (28%) 49 (19%) 82 (26%) 93 (29%) 74 (42%) <0.001
SPMS, N (%) 94 (8.8%) 1 (0.4%) 16 (5.0%) 43 (13%) 34 (19%) <0.001
T2 rate >2 lesions/year, N (%) 400 (37%) 8 (3.1%) 136 (43%) 167 (52%) 89 (51%) <0.001
Abbreviations: Barcelona-BRS: Barcelona Baseline Risk Score; CELs: Contrast-enhancing lesions; CSDW: Confirmed and sustained disability worsening; EDSS: Expanded Disability Status Scale; IQR: Interquartile
Range; MRI: Magnetic Resonance Imaging; MS: multiple sclerosis; OBs: oligoclonal bands; PIRA: progression independent of relapse activity; RAW: relapse-associated worsening; SD: standard deviation;
SPMS: secondary progressive multiple sclerosis.
Table 1: Main characteristics of the deeply phenotyped Barcelona first-attack cohort at baseline and at follow-up.
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Association between DMT exposure and long-term
outcomes

When DMT exposure was considered as a time-varying
covariate in the predictive models (see methods), it was
associated with a lower risk of developing the event
immediately afterwards, for all clinical outcomes—
although for ‘some RAW’ and ‘yearly rate of new T2
lesions>2" the association did not reach statistical sig-
nificance (Fig. 4). Significant HRs varied from 0.48
(95% CI 0330, 0.75), p = 0.001 (to predict SPMS) to 0.67
(95% CI 0.46, 0.99), p = 0.0419, (to predict first RAW
after the first attack) (Supplementary Table S6). When
the DMT exposure as time-dependent covariate was
assessed in each one of the risk groups separately, we
found that the estimated HRs were very similar across
groups—and across outcomes (data not shown). Finally,
the heatmaps built based on the Kaplan-Meier curves
but considering only DMT exposed patients showed
lower predicted risks when DMT exposure occurred
early (within 12 months) than late (after 3 years) after
the first attack (Fig. 3).

External validation analysis

We included 139 patients from the MS PATHS dataset
who fulfilled our inclusion criteria (Supplementary
Figure S5). Patient characteristics are shown in
Supplementary Table S7. The median follow-up of the
cohort was 1.0 years (IQR 0.6, 1.2). After applying the
Barcelona-BRS model (model 0, based on data avail-
ability), we obtained the estimated log-times to EDSS 3.0
for each patient (Supplementary Figure S5) and then
applied the data-driven thresholds obtained in the orig-
inal cohort to classify patients into three BRS groups:

Red BRS (N = 10 [7.2%]), Orange BRS (N = 25 [18%)),
Dark Green BRS (N = 104 [74.8%]). Please note that
there were no patients with 0 lesions, so no patients
were classified as Light Green BRS.

All BRS groups behaved differently at the last MS
PATHS assessment in terms of all clinical and MRI
outcomes (Supplementary Figures S6-S10). These re-
sults are described in detail in the supplementary ma-
terial (Supplementary Results).

Discussion

We present the Barcelona-BRS model, a risk assessment
tool for patients after their first demyelinating attack. It
classifies patients into risk groups for mid- and long-
term clinical and MRI outcomes, confirming associa-
tions between worse prognosis and factors like older
age, male sex, spinal cord or multifocal attack topogra-
phies, higher disability scores, greater T2 lesion burden,
and contrast-enhancing lesions. We have also validated
the model externally, confirming its robustness and
generalisability in an independent cohort.

The Barcelona-BRS model consists of six Weibull
models of increasing complexity, where key predictors
like T2 lesion number and EDSS score are integral in all
models, consistent with previous findings.""* The
model adapts to varying data availability, making it
flexible for clinical use: its regression coefficients can be
directly applied to individual patients to estimate
patient-specific (log) times to EDSS 3.0 at symptom
onset. These estimated times can then be used to clas-
sify patients into risk (BRS) groups, following the
thresholds proposed in this paper.
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Fig. 3: Heatmaps of binary disease outcomes. This figure shows the estimated probabilities of reaching each one of the clinical outcomes based
on the Kaplan Meier models, for each one of the Barcelona-BRS risk groups. A. Whole cohort; B. Patients with early DMT exposure (within 12
months of CIS); C. Patients with late DMT exposure (after 3 years of CIS). Abbreviations: BRS: baseline risk score; CIS: clinically isolated syndrome;
CSDW: confirmed and sustained disability worsening; DMT: disease-modifying treatment; EDSS: Expanded Disability Status Scale; PIRA: pro-
gression independent of relapse activity; RAW: relapse-associated worsening; SPMS: secondary progressive multiple sclerosis.

www.thelancet.com Vol 53 June, 2025

11


http://www.thelancet.com

Articles

12

2017 McDonald MS

Light Green BRS (ref.) Light Green BRS (ref.)

CDMS (27 relapse) CSbw

Light Green BRS (ref.)

Dark Green BRS - Dark Green BRS — & Dark Green BRS ——
Orange BRS Orange BRS Orange BRS
Red BRS . Red BRS e Red BRS e
" DMT (vsnone) e w | DMT(vsnone)  —e— | DMT(vsnone) e "
01 1.0 100 (95%(C1) 01 10 100 (95%C1) 01 10 100 (95%Cl)
EDSS 3.0 Some RAW First RAW after first attack
Light Green BRS (ref.) Light Green BRS (ref.) Light Green BRS (ref.)
Dark Green BRS — Dark Green BRS ——— Dark Green BRS .
Orange BRS Orange BRS Orange BRS
Red BRS . Red BRS . Red BRS .
DMT (vs none) —e— HR DMT (vs none) g = HR DMT (vs none) e HR
01 10 100 (95%C1) 01 10 100 (95%C1) 01 10 100 (95%Cl)
First PIRA SPMS Yearly rate of new T2 lesions >2
Light Green BRS (ref.) Light Green BRS (ref.) Light Green BRS (ref.)
Dark Green BRS == Dark Green BRS ——® | Dark Green BRS -
Orange BRS Orange BRS Orange BRS
Red BRS —e— Red BRS ————=— | Red BRS °
DMT(vsnone) e DMT (vsnone)  —o— | DMT (vsnone) -+
o1 10 100 (g;fg, e 10 100 (9;;2(::) 01 10 100 (9530)

Fig. 4: Light green BRS group is used as reference. Please note the x-axis is displayed in logarithmic scale, for visualisation purposes. Also, the
95% Cl have been truncated at 100 to avoid excessively large figure subpanels. Details on HR (95% Cl) are shown in Supplementary Table S6.
Abbreviations: BRS: Baseline Risk Score; CSDW: Confirmed and sustained disability worsening; EDSS: Expanded Disability Status Scale; PIRA:
progression independent of relapse activity; RAW: relapse-associated worsening; SPMS: secondary progressive multiple sclerosis.

Previous predictive models for MS''"22 often
focused on specific aspects of the disease, such as
clinical or MRI data, without integrating all possible
predictors. Thus, while early models focused on clinical
predictors and identified factors like male sex, older age,
and non-optic-neuritis attacks as associated with faster
disability progression,’ more recent models have mainly
focused on MRI alone or laboratory biomarkers, such as
CSF OBs,” neurofilament light,** glial fibrillary acidic
protein,” or chitinase 3-like 1,” lacking the compre-
hensiveness needed for practical application. In 2015,
the first integrative predictive model for people with a
first demyelinating attack was proposed." It included all
possible predictors of midterm disability described so
far, as long as they could be obtained in the clinic."
Nonetheless, this model was not tested against long-
term clinical or MRI outcomes and lacked the adaptive
nature of the Barcelona-BRS model. More recently,
other integrative models have been proposed, using data
from the MS BASE dataset”* or the Swedish MS reg-
istry,” providing important insights into the disease,
although these models often lacked MRI information,
key for MS prognosis. The Barcelona-BRS model over-
comes these limitations by integrating multiple data
types into a cohesive, adaptable tool for personalised
patient risk assessment.

The BRS groups clearly differed in terms of long-
term clinical and MRI outcomes, with the Light Green
BRS group always showing the best results, followed by
the dark-green, orange, and Red BRS groups. However,
the performance of the Barcelona-BRS model seemed to

be better for some outcomes than for others, high-
lighting the need for outcome-specific models in the
future.

The BRS groups also differed in most quality of life
scores, although for symptoms like anxiety and fatigue
the differences were less clear, suggesting they might
not be directly related to neurodegeneration or inflam-
mation.”” MRI results showed consistent differences
across groups too, with the Red BRS group showing the
most severe MRI outcomes, including T2 lesion volume
and brain atrophy, and the Light Green BRS group
having the best outcomes. Differences in brain volu-
metric measures, particularly deep grey matter fraction,
align with existing literature linking grey matter atrophy
to disability progression.*!

Looking into the actual models and those factors
associated with worse prognosis, we observed that older
age at the first attack, male sex, a first attack focused on
the spinal cord (or multifocal), a greater disability score
at first visit, a greater T2 lesion burden at first attack,
especially if there are infratentorial lesions, and the
presence of contrast-enhancing lesions were all associ-
ated with shorter times to an EDSS of 3.0. So, all these
factors were associated with greater chances of being
classified as Red BRS, the group with the worst prog-
nosis. These findings are in line with previous
literature.®'"?>%2 In this sense, this study does not reveal
new prognostic biomarkers but instead offers a reliable
and pragmatic way of combining them in the clinic after
a first demyelinating attack. A note of caution must be
made, though, since this BRS model should only be
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applied to people with a first neurological episode sug-
gestive of MS. Also, since up to a 10% of our patients
with normal MRI might be positive for anti-MOG an-
tibodies,” we should be aware that a non-deniable per-
centage of the Light Green BRS group might indeed
have an alternative diagnosis to MS, with important
therapeutic implications.

When we assessed the effects of DMT exposure (as a
time-varying covariate) on long-term outcomes, we
found that it was significantly associated with a lower
risk of developing the event afterwards, for almost all
outcomes, in line with previous studies.** Furthermore,
when patients with an early DMT exposure were
compared to patients with late exposure, those with an
early exposure had better clinical outcomes, suggesting
a protective effect of early DMT use, as also previously
described.” Interestingly, the potentially protective ef-
fects of DMT exposure in relation to future outcomes
appeared to be similar across all BRS groups (with HRs
of around 0.5 in all analyses performed—data not
shown). Also of importance, even when we accounted
for DMT exposure, the differences across BRS groups
were always maintained, being the Red BRS group the
one with worst prognosis, independently of the outcome
assessed. Nonetheless, we need to acknowledge that our
cohort started almost 30 years ago, which means that
many of our patients were only marginally exposed to
DMTs and especially high-efficacy drugs.” Therefore,
our estimations of DMT effects on long-term outcomes
should be taken with caution.

Our external validation confirmed the applicability of
the Barcelona-BRS model, even in clinical settings with
limited data. The model effectively classified patients
into risk groups, and outcomes varied as expected,
supporting its generalisability.

The main strengths of our study are the uniquely
large and rich cohort of people with a first demyelin-
ating attack included in the analysis, and the innovative
approach to build a flexible and generalisable risk
assessment tool for patient management. However,
there are some limitations which are worth mentioning.
First, although our study accounted for DMT exposure
through including a time-varying covariate in the
models of long-term outcome predictions, other statis-
tical approaches could have been considered. For
instance, the inclusion of the interactions between DMT
exposure and baseline covariates might have provided
more accurate estimations of the BRS model. This and
other, possibly more complex approaches able to ac-
count for the dynamic nature of DMT exposure and its
likely drug-specific therapeutic lag* will need to be
explored through future research.

Additionally, our model did not include laboratory or
MRI biomarkers such as neurofilament light (NfL),***
glial fibrillary acidic protein (GFAP),*** or slowly
expanding lesions (SELs),” which may become essential
as they are incorporated into routine practice. This
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means that our model could not account for important
aspects such as chronic inflammation and neuro-
degeneration, strongly related to progression and which
may be present from disease onset.! We anticipate that
future revisions of our work will need to integrate
emerging biomarkers, potentially by adding a sixth
predictive model to the Barcelona-BRS framework. This
model would estimate the Weibull coefficients for NfL
and GFAP at symptom onset alongside demographic,
clinical, and MRI measures. Additionally, if future ver-
sions of the model can account for changes in DMT
exposure and its long-term effects, the inclusion of dy-
namic neuroimaging biomarkers, such as SELs, should
also be considered.

Another important point to acknowledge is that
some of our outcome definitions are continuously sub-
ject to revision, especially as new scientific evidence
emerges, which may have led to inconsistencies in
outcome specifications. Nonetheless, we recognise the
significant efforts being made to standardise outcome
definitions, which is essential. Furthermore, as clinical
practice enables more sensitive lesion detection,
including optic nerve lesions, some patients who would
have been classified as having a normal brain MRI in
our study may instead be identified as having abnormal
brain MRI findings. This may probably imply a benig-
nisation of the BRS groups, potentially shifting their
risk profile towards a more favorable prognosis.
Consequently, further refinements of the BRS model
will be necessary as it incorporates prospective data
from clinical practice.

Finally, the external validation cohort had a relatively
small sample size and limited follow-up. This restricted
the assessment of the generalisability of our BRS model,
which will need to be investigated in future, larger, and
more modern validation cohorts. So, while the results
remain promising, particularly due to the use of robust
methods to estimate uncertainty in long-term pre-
dictions, further studies are warranted.

In conclusion, the Barcelona-BRS model is a flexible,
generalisable tool for risk stratification after a first
demyelinating attack, based on traditional risk factors
such as age, sex, and lesion burden. It provides a ready-
to-use solution for clinicians aiming to predict long-
term outcomes and personalise treatment plans for
MS patients.
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