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Abstract

Background Early recognition of markers of faster disability worsening in paediatric-onset
multiple sclerosis (MS) is a key requisite of personalised therapy for children with MS at the

earliest possible time.

Objective To identify early predictors of rapid disability accrual in patients with paediatric-onset

MS.

Methods Using the global MSBase registry, we identified patients who were <18 years at the
onset of MS symptoms. The clinico-demographic characteristics examined as predictors of future
MS Severity Score (MSSS) included: sex, age at symptoms onset, absence of disability at the
initial assessment, and maximum Expanded Disability Status Scale (EDSS) score, relapse
frequency, and presence of brainstem, pyramidal, visual, or cerebellar symptoms in the first year.
A Bayesian log-normal generalised linear mixed model adjusted for cumulative proportion of

time on higher-efficacy disease-modifying therapies (DMTs) was used to analyse the data.

Results 672 patients (70% female) contributing 9357 visits were included. The median age at
symptoms onset was 16(quartiles 15-17) years. Older age at symptoms onset (exp(p)=1.10[95%
Credible Interval:1.04,1.17]), higher EDSS score (1.22[1.12,1.34]), and pyramidal
(1.31[1.11,1.55]), visual (1.25[1.10,1.44]), or cerebellar (1.18[1.01, 1.38]) symptoms in the first
year were associated with higher MSSS. MSSS was reduced by 4% for every 24% increase in

the proportion of time on higher-efficacy DMTs (0.96[0.93,0.99]).

Conclusions A relatively later onset of MS in childhood, higher disability, and pyramidal,

visual, or cerebellar symptoms during the first year predicted significant worsening in disability



in patients with paediatric-onset MS. Persistent treatment with higher-efficacy DMTs was

associated with a reduced rate of disability worsening.

Key messages

¢ Clinical prognostic markers in the first year from symptoms onset could help predicting the
risk of faster disability worsening in children with multiple sclerosis (MS).

e Apart from more substantial disability during the first year, these markers also include
presence of pyramidal, visual, or cerebellar symptoms.

e Persistent treatment with higher-efficacy disease-modifying therapies has the potential to

modify the risk of faster disability accrual in children with MS.

Data availability statement

MSBase is a data processor, and warehouses data from individual principal investigators who
agree to share their datasets on a project-by-project basis. Each principal investigator will need to

be approached individually for permission to access the datasets.



Introduction

Multiple sclerosis (MS) is relatively rare among children, with incidence ranging from 0.13 to
0.66 per 100000 children per yeart, compared to an average of 8 cases per 100000 adults?. In
children, its clinical course is highly inflammatory with frequent exacerbations (relapses),
especially during the initial years following symptoms onset.®# The long-term prognosis of
paediatric-onset MS is often poor, with significant limitations in physical capacity reported as
early as the third decade of life.> With advent of higher-efficacy disease-modifying therapies
(DMTSs), the past decade has seen substantial advances in clinical management of adult-onset
MS. These therapies are most effective in preventing long-term disability when started during the
early, typically highly active years after clinical MS onset.®” Two observational studies®® and a
randomised clinical trial*® have recently provided novel insights that will help guide treatment of
paediatric-onset MS, paving the way for a more liberal use of higher-efficacy DMTs. Early
identification of children at risk of faster disability worsening is a requisite of targeted early use
of these therapies, with the aim of optimising long-term outcomes in paediatric-onset MS. Prior
studies have identified several potential imaging and clinical prognostic markers available in
paediatric-onset MS.5>811-13 |n this study, we used a large multi-national cohort to identify
predictors of disability as early as first year after the clinical onset of paediatric MS, considering
their potential for guiding the use of higher-efficacy DMTs. Of particular interest was the

information conveyed by the phenotype of early relapses.

Methods

Participants



We used the international MS registry, MSBase (WHO International Clinical Trials Registry
Platform [ACTRN12605000455662]), which prospectively collects observational data as part of
routine clinical care from 129 centres in 34 countries, as per the MSBase study protocol.141®
Demographic and longitudinal clinical and radiological data from MSBase cohort was extracted

in April 2021.

We retrospectively identified patients who were younger than 18 years of age at symptoms onset,
with diagnosis of relapsing-remitting MS, clinically isolated syndrome, or radiologically isolated
syndrome,'®1” and had been followed up annually in one of the MSBase centres. Children with
onset MS course classified as ‘progressive’ were excluded. Patients had to have 2 visits at least
12 months apart with disability score recorded and their first neurological assessment completed
within one year from symptoms onset. Patients who participated in randomised clinical trials

were excluded (due to lack of exact information about treatment exposure).
Outcomes

The study years were split into two non-overlapping periods: data from first 12 months after
symptoms onset were used to define the early prognostic factors and disability outcomes were

assessed after the first 12 months of disease.

The primary outcome was the Multiple Sclerosis Severity Score (MSSS)*, a rank of disability
normalised for disease duration. EDSS scores recorded within 30 days of a relapse were
excluded from the analyses. Heterogeneity in the assessment of EDSS scores was minimised

through Neurostatus certification.® We analysed multiple eligible MSSS scores per patient.

Secondary outcome was 6-month confirmed EDSS score>3. The time of reaching this outcome

was the time when an EDSS score>3 was reached for the first time, with confirmation requiring



that a score of >3 was sustained over >6 months and remainder of the recorded follow-up. Only

scores recorded >30 days after a prior relapse were considered for confirmation.

Potential prognostic markers

Potential predictors investigated included sex, age at symptoms onset, absence/presence of
disability at the initial assessment (EDSS 0), and maximum EDSS score, relapse frequency, and
presence of brainstem, pyramidal, visual, or cerebellar symptoms (either a relapse with the
recorded corresponding symptom or worsening in EDSS with the relevant functional system
score>0) during the first 12 months. Early activity on MRI of the brain was categorised as
absence of a new lesion/ presence of at least one new hyperintense T2 lesion or gadolinium-
enhancing T1 lesion/ no record from the first 12 months of the disease. The MSBase study
protocol recommends that cerebral MRI is performed annually. The used scanning protocols
reflect local clinical practices, and represent a broad range — varying from 2D (non-gapped or
gapped) or 3D protocols, including a T2/FLAIR/proton density and TL/MPRAGE sequences. A
proportion of centres uses gadolinium contrast for routine scans, and an small number of centres

uses lesion detection softwares to aid radiology reporting.

Statistical analysis

The primary analysis used log-normal generalised linear mixed effect model to identify
predictors of MSSS disability rank among the clinical characteristics recorded in the first year

following presentation of MS.

We conducted a secondary analysis with time to reach 6-month confirmed EDSS score 3 as the

outcome of interest. A Bayesian proportional hazards model with parametric baseline hazard
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modelled using cubic M-splines was designed to identify predictors of reaching the EDSS

milestone.

The models were developed within a Bayesian framework and were estimated with Markov
chain Monte Carlo sampling. We specified either non-informative flat priors or weakly
informative normal priors because we have little prior information for all the parameters to be
estimated and we wanted our data to dominate over the prior distribution. Convergence of the
simulated chains were accelerated by standardising the continuous covariates to mean 0 and
standard deviation 1. A total of 80000 iterations were performed simulating 2 chains of 40000
iterations. 60000 samples were used for inference because the first 10000 of each chain were
used as burn-in. The chain convergence was assessed by trace plots and Rhat values with values
<1.1 indicating convergence. Posterior predictive check was performed to evaluate model fit by
comparing the observed outcome with the simulated dataset from the posterior predictive
distribution. Generalised linear mixed effect modelling was performed using the R package

brms?° and proportional hazards model was implemented using the R package rstanarm?..

Two sensitivity analyses of the primary outcome in relation to relapse in first year were
performed: one in which we investigated whether relapse phenotypes (classified as brainstem,
pyramidal, visual, and cerebellar) are predictive of MSSS disability rank, and one in which
relapse frequency was separated into frequency of relapses with complete and incomplete
recovery. We also assessed sensitivity of the primary analysis to only partially available
radiological findings by including available brain MRI data recorded in the first year from MS

onset.

All models were adjusted for cumulative proportion of time on higher-efficacy DMTs

(alemtuzumab, cladribine, daclizumab, fingolimod, mitoxantrone, natalizumab, ocrelizumab, or

11



rituximab) during the follow-up, age at the onset of MS symptoms and age at each visit (for the
secondary analysis of time to EDSS score 3, age at the EDSS milestone or last recorded visit). In
combination, these adjustments also account for disease duration. The secondary analysis was
also adjusted for the number of EDSS scores recorded during each year of the follow-up, as this
is a known modifier of the risk of capturing confirmed EDSS worsening.??> We included a
random effect term for country to account for potential inter-country variability of prognostics

and assessment.
Results

We included 672 patients from 30 countries (Figure 1). Demographic and clinical characteristics
of the included patients are reported in Table 1. The median age at MS onset was 16 (quartiles

15-17) years (97% of the cohort represents adolescents<18 years) and majority were female

(70%). At the time of entry to the MSBase registry, median EDSS score was 1.5 (quartiles 1.0-
2.5) with a mild median improvement to 1.0 (0.0-2.0) at the end of the median follow-up period
of 3.3 (quartiles 1.2-7.3) years. Of the 672 patients, 671 had clinically isolated syndrome and 1
patient had radiologically isolated syndrome at inclusion. The majority (88%) of patients
converted to relapsing-remitting MS during the recorded follow-up, including the patient with
radiologically isolated syndrome (median time to MS ...). 91% of the patients fulfilled the 2017

McDonald diagnostic criteria.

Table 2 lists the details of treatment with different DMTs during the available study follow-up.
510 (76%) of 672 patients were treated with DMTSs. Of them, 396 started a DMT before the age
of 18 years; 108 started a higher-efficacy and 288 a lower-efficacy (interferon beta, glatiramer
acetate, dimethyl fumarate, or teriflunomide) DMT. Median disease duration at the time of

initiation of their first DMT was shorter in children compared to patients who commenced DMT
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after age 18 years (23 vs. 53 weeks). Of the children with MRI data recorded during the first year
of their disease, 39% vs. 31% had at least one new MRI lesion reported if they started a DMT
before vs. after age 18, respectively. The variability in the use of DMTs in children across

countries is represented in Figure 2.

Of the included patients ... (...%) first presented with symptoms of MS before age 11.

In the primary analysis (Figure 3), older age at MS onset (exp(p)=1.10 [95% credible interval:
1.04, 1.17]) and a higher EDSS score (1.22 [1.12, 1.34]) in the first year of the disease were
associated with higher MSSS disability rank accounting for disease duration. Each 1 step (one
standard deviation) increase in EDSS score was associated with increase in MSSS by 22%. Male
sex was not found to be predictive of future MSSS (0.96 [0.83, 1.11]). The presence of
pyramidal (1.31 [1.11, 1.55]), visual (1.25 [1.10, 1.44]), or cerebellar (1.18 [1.01, 1.38])
symptoms in year 1 were also predictive of higher MSSS. EDSS 0 at the initial assessment was
weakly indicative of a favourable prognosis (0.87 [0.71, 1.07]). The trace plots and posterior
predictive fit of the primary model are available in the supplemental materials (Supplemental

Figures 1 and 2).

We identified 30 patients (out of 672) who reached EDSS score >3 after year 1. The secondary
analysis (Figure 4) showed that children who were relatively older at symptoms onset (Hazard
Ratio, HR=6.95 [95% credible interval: 3.67, 13.46]) or experienced pyramidal symptom (3.61
[1.22, 12.18]) in the first year were at a substantially higher risk of reaching EDSS score 3. The
hazard of reaching EDSS score 3 in male children appeared to be 2-fold higher than in female
children (2.09 [0.90, 4.48]), although the association did not reach the level of statistically

supported evidence.

13



The sensitivity analysis (Figure 5) modelling phenotypes of relapses recorded during year 1
showed that the presence of brainstem relapse in the first year was a favourable prognostic sign
(exp(P)=0.81 [95% credible interval: 0.69, 0.94]). Second sensitivity analysis, which separated
the information about relapses during year 1 into the frequency of relapses with complete and
incomplete recovery, showed that a higher MSSS disability rank was seen among patients with
greater number of relapses with incomplete recovery (1.15 [1.01, 1.31]). In comparison, the
association between relapses with complete recovery and MSSS was 1.06 [0.95, 1.18]. Third
sensitivity analysis included available MRI data from the first year of disease among 279
patients. It suggested that the presence of a new hyperintense T2 lesion or gadolinium-enhancing
T1 lesion tended to predict a marginally lower future MSSS (0.81 [0.66, 0.99]). Of note, 91% of
the patients with at least one new MRI lesion in year 1 were treated with DMTs and 64% of them
were treated with higher-efficacy therapies. On the other hand, 77% of the patients with no new
MRI lesion in the first year were treated with DMTs of whom only 38% were treated with

higher-efficacy therapies.

Across all the models, we have explored an adjusted association between the time treated with
higher-efficacy DMTs and the probability of less severe disability. Importantly, a longer time
spent on higher-efficacy DMTs was associated with improved disease prognosis. A 4% lower
MSSS (0.96 [0.93, 0.99]) was estimated for a 24% (one standard deviation) increase in the
proportion of time patients spent on higher-efficacy DMTSs. A 41% reduction in the hazard of
reaching EDSS score 3 was estimated for a 28% increase in the proportion of time spent on

higher-efficacy DMTSs.

Discussion
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Using the largest multi-national MS registry, we have studied predictors of disability available
within one year from the onset of multiple sclerosis symptoms in children. This approach enables
clinicians to prognosticate as early as during clinically or radiologically isolated syndrome. The
study showed that more severe disability in children and adolescents<18 years with paediatric-
onset MS is predicted by several clinical characteristics observed during the first year of the
disease. These include older age at MS onset, more severe disability during the first year of the
disease, and presence of pyramidal, visual, or cerebellar symptoms or signs, which are all
predictive of higher disability rank (quantified with MSSS and accounting for time from MS

onset).

Interestingly, visual symptoms, presenting either as a relapse or abnormal findings on a
neurological assessment, were also predictive of disability worsening. This is in contrast to
findings from some of the other cohort studies, which suggested favourable prognosis of initial
visual symptoms in adults and children diagnosed with MS2324, On the other hand, a recent study
in an Italian cohort of 123 patients with paediatric-onset MS identified optic nerve lesions on

brain MRI at disease onset as predictors of 9-year disability®.

There is a consensus that older age at MS onset, higher EDSS, and presence of pyramidal
symptoms are associated with more severe disability in the future.>? Newly, we have identified
early cerebellar symptoms as being predictive of higher MSSS disability rank in paediatric-onset
MS. This observation complements the negative prognostic value of early cerebellar signs in
adults with MS.?6 Our previous study in adult MS identified lower rate of complete recovery
from pyramidal and cerebellar relapses.?” In our present study, an association between the
frequency of relapses early after MS onset with disability outcomes was only weak. This

suggests that regenerative capacity within the CNS among children shortly after the onset of MS
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is probably substantial, thus mitigating the short- to medium-term impact of the early

inflammatory episodes on long-term deterioration of neurological function.?8

In contrast with a study from a cohort of 127 children in Kuwait, which reported an increased
risk of secondary progression in paediatric MS patients with brainstem involvement at MS onset,
our sensitivity analysis identified brainstem relapse in the first year as a favourable prognostic
marker of slower disability accrual.?®>2> We have previously shown a similar association among
10513 adults with MS?6 and a higher likelihood of complete recovery from relapses that present
with brainstem symptoms?’. Interestingly, recovery of brainstem functional system score within

30 days after onset of a relapse is greater in paediatric MS compared to adults.?®

A recent study documented higher chance of disability accumulation over the long-term in
patients with paediatric-onset MS with more radiological activity (>2 new T2 lesions) in the first
2 years of the disease.2 We investigated MRI activity in the first year and found that the presence
of a new hyperintense T2 lesion or gadolinium-enhancing T lesion was a positive prognostic
marker, predictive of lower MSSS disability rank. This could be at least partly attributed to the
personalisation of treatment choice in children with radiologically more active MS, where
higher-efficacy therapies have now become available. In fact, a considerable number of patients
included in the present study commenced natalizumab, fingolimod, or dimethyl fumarate before
age 18. Importantly, the proportion of time that patients were treated with higher-efficacy DMTs

was consistently associated with less severe disability across all our analyses.

Evidence that supports the use of higher-efficacy therapies in paediatric MS is emerging. So far
the only phase 3 clinical trial reported an effect of fingolimod on reducing disability in paediatric
MS.1% Two recent observational studies suggested better disease activity control with higher-

efficacy therapies®®, but did not examine its cumulative effect. Our study is the first to show a
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significant slowing of disability accumulation associated with a longer time spent on higher-

efficacy therapies among patients with paediatric-onset MS.

This study is limited by the size of the eligible study cohort — mainly determined by the low
prevalence of paediatric-onset MS and the requirement to capture and monitor the disease within
one year from its first clinical presentation. However, in the context of the data that are presently
available globally, this cohort is considered large. The cohort from the large international
registry represents patients from 30 countries from all populated continents. Detailed clinical
follow-up, including disability quantified with EDSS score, from the earliest stages after first
clinical presentation of paediatric-onset MS from different geographical regions allowed us to
capture the heterogeneity in approaches to treatment, due to differences in drug licensing and
availability. The use of multi-national registry data creates potential for further heterogeneity in
patient selection and inclusion; this heterogeneity was modelled through inclusion of a random
effect in the analyses. The Bayesian approach serves to provide more accurate estimates than
conventional frequentist approach by accounting for a greater degree of uncertainty in parameter
estimation. Unlike the frequentist approach, Bayesian modelling is not reliant upon the large
sample theory and thereby further offsets the limited availability of data from paediatric-onset
MS to enable unbiased estimation of the value of prognostic markers. The international
multicentric nature of the registry limited our ability to utilise harmonised, detailed, volumetric
MRI information to further enhance prognostics. However, we were able to incorporate a
simplified analysis of the prognostic value of early radiological activity among patients in whom
brain MRI data were recorded. Information about spinal cord involvement early in MS carries a
valuable prognostic value. However, the data on spinal cord lesions was unavailable in most of

the patients and was not included in the analysis. Body mass index represents another recently
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confirmed prognostic marker in MS. As MSBase does not systematically capture patients’
weights, evaluation of this information is better suited for inception cohorts.

In summary, this study identified readily accessible clinical characteristics that will help
clinicians prognosticate disability trajectories in patients with paediatric-onset MS as early as
within a year from the first symptom of MS. These include age at the onset of paediatric MS and
overall disability as well as presence of pyramidal, visual, or cerebellar symptoms/signs during
the first year of the disease. The accrual of disability is reduced among patients who persist with
treatment with higher-efficacy DMTs. The improved prognostic information and initial insights
into the effect of persistent potent immunotherapy are key steps towards personalisation of

therapy for children with MS.
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Table 1. Demographic and clinical characteristics of patients included in the study

Characteristic

Median (quartiles)?

Patients, n (% female)

672 (70)

Age at symptom onset, year, n (%)

inclusion, days

<10 19 (3)
10-12 31 (5)
13-15 178 (26)
16-17 444 (66)
Age at symptom onset, year 16 (15-17)
Age at inclusion, year 17 (15-18)
Disease duration from symptom onset to 71 (26-181)

Follow-up duration, days

1204 (446-2651)

Disease course, n (%)

At inclusion

Clinically isolated syndrome 671 (99.85)
Radiologically isolated syndrome 1 (0.15)
At censoring
Clinically isolated syndrome 73 (11)
Relapsing-remitting 593 (88)
Secondary progressive 6 (1)
EDSS score
At inclusion 1.5 (1.0-2.5)
At censoring 1.0 (0.0-2.0)
Annualised visit density 9 (4-19)

dunless otherwise indicated
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Table 2: Treatment with disease-modifying therapies during study period

Disease-modifying
therapy

Number (%2) of
patients treated

Recorded time on
therapy in years;

Number (%?) of
patients treated

Median (quartiles) | before age 18
Alemtuzumab 2 (0.30) 2.6 (2.3,2.8) 0 (0)
Cladribine 8 (1.19) 1.2 (0.5,1.7) 1(0.15)
Daclizumab 2 (30) 2.4 (1.6, 3.3) 0 (0)
Fingolimod 143 (21.28) 2.7 (1.0,4.5) 43 (6.40)
Mitoxantrone 7 (1.04) 1.4 (0.6, 1.6) 2 (0.30)
Natalizumab 117 (17.41) 2.6 (1.7, 4.3) 57 (8.48)
Ocrelizumab 25 (3.72) 1.5(0.8,2.1) 4 (0.59)
Rituximab 13 (1.93) 0.5(0.5,1.1) 7 (1.04)
Interferon beta 361 (53.72) 25(1.1,4.9 273 (40.63)
Glatiramer acetate 88 (13.09) 1.4 (0.6, 3.1) 55 (8.18)
Dimethyl fumarate 59 (8.78) 1.3 (0.5, 2.6) 23 (3.42)
Teriflunomide 25 (3.72) 1.1 (0.8, 2.2) 8(1.19)

@ Denominator is total number of patients (672) included in the study
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Figure Legends

Figure 1: CONSORT chart of patient disposition

Figure 2: Variability in the use of higher-efficacy disease-modifying therapies in children

with MS across MSBase centres in the (A) World and (B) Europe and Middle East

Figure 3: Primary analysis: early predictors of MSSS disability rank

The plot shows parameter estimates, exp(}), and 95% credible intervals from the Bayesian log-
normal generalised linear mixed effect model with random effects for patient and country,
adjusted for age at each MSSS score. Brainstem, pyramidal, visual, and cerebellar symptoms
refer to either a relapse with the recorded corresponding symptom or worsening in EDSS with

the relevant functional system score >0.

Figure 4: Secondary analysis: early predictors of 6-month confirmed and sustained EDSS 3

The plot shows hazard ratio and 95% credible intervals from the Bayesian mixed effect survival

model of time to EDSS score 3, with a random effect for country, adjusted for number of EDSS

scores recorded during each year of the follow-up and age at EDSS milestone or last visit.

Brainstem, pyramidal, visual, and cerebellar symptoms refer to either a relapse with the recorded

corresponding symptom or worsening in EDSS with the relevant functional system score >0.
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Figure 5: Sensitivity analyses: MRI activity and phenotypes of early relapses as predictors

of MSSS disability rank

The plots show parameter estimates, exp(p), and 95% credible intervals from the Bayesian log-
normal generalised linear mixed effect models with random effects for patient and country,
adjusted for age at each MSSS score. MRI activity (left) and phenotypes of the relapses (right)

recorded during the first year were analysed as dummy variables.

Supplemental Figure S1: Trace plot of the Bayesian log-normal generalised linear mixed

effect model of the primary analysis

Supplemental Figure S2: Posterior predictive fit of the Bayesian log-normal generalised

linear mixed effect model of the primary analysis

Supplemental Table: List of MSBase contributors
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