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Background
High-efficacy disease-modifying therapies have been proven to slow disability accrual in adults with relapsing-remitting multiple sclerosis (MS). However, their impact on disability worsening in paediatric-onset MS, particularly during the early phases, is not well understood. We evaluated how high-efficacy therapies influence transitions across five disability states, ranging from minimal disability to gait impairment; and secondary progressive MS (SPMS) in patients with paediatric-onset MS. 
Methods
Longitudinal data were obtained from the international MSBase registry and the Italian MS Register. The primary outcome was the time to change in disability state: minimal disability (Expanded Disability Status Scale [EDSS] 0-1·5), mild disability (EDSS 2·0-2·5), moderate disability (EDSS 3·0-3·5), gait impairment (EDSS≥4·0), and clinician diagnosed SPMS. A multi-state model was constructed to simulate the natural course of MS, modelling the probabilities of both disability worsening and improvement simultaneously. 
Findings
[bookmark: _Hlk157548379]A total of 5224 patients (71% female) with median age at MS onset 15·93 years were included. High-efficacy therapies (alemtuzumab, cladribine, daclizumab, fingolimod, mitoxantrone, natalizumab, ocrelizumab, rituximab, or autologous haematopoietic stem cell transplantation) reduced the risk of disability worsening across the disability states. The largest reduction (HR 0·41 [95% CI: 0·31,0·53]) was observed in patients who were treated while in the minimal disability state, compared to those remained untreated. The benefit of high-efficacy therapies declined with increasing disability. Patients with minimal disability who received low-efficacy therapy also experienced a reduced hazard (0·65 [0·54,0·77]) of transitioning to mild disability, in contrast to those who remained untreated. 
Interpretation
Treatment of paediatric-onset relapsing-remitting MS with high-efficacy therapy substantially reduces the risk of reaching significant disability milestones. This reduction in risk is most pronounced among patients treated with minimal or mild disability. Children with relapsing-remitting MS should be treated early with high-efficacy therapy, before developing significant neurological impairments, to better preserve their neurological capacity over the long term. 
Funding
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Research in context
Evidence before this study
We searched the PubMed database from inception to June 20, 2023, using the terms (paediatric multiple sclerosis OR pediatric multiple sclerosis) AND (progression OR worsening) AND (recovery OR improvement) AND (disease-modifying treatment OR disease-modifying therapy OR disease-modifying drug). Previous studies have contributed valuable insights into the attainment of disability milestones in patients with paediatric-onset MS compared to those with adult-onset MS. High-efficacy disease-modifying therapies have been shown to effectively reduce the risk of disability in children with MS. However, the risk of transitions across the entire spectrum of disability and its response to high-efficacy therapies, has not yet been explored. This knowledge gap limits clinicians’ ability to prevent irreversible disability through evidence-based treatment strategies.
Added value of this study
This study demonstrates a substantial, clinically meaningful reduction in the risk of disability worsening as a consequence of high-efficacy therapy among patients with paediatric-onset MS, mostly before they develop disability that would limit their capacity. Patients who were treated with high-efficacy therapy during the initial phase of minimal disability experienced the most substantial reduction in the risk of disability worsening, in stark contrast to patients treated with low-efficacy therapy or those who remained untreated.
Implications of all the available evidence
Our findings suggest that patients with paediatric-onset MS presenting with minimal disability derive the greatest benefit from high-efficacy therapies. From the point of view of maximising the effectiveness of therapy, early administration of high-efficacy therapy is a favourable approach to treatment of paediatric-onset MS.

Introduction
Approximately 4-8% of patients with multiple sclerosis (MS) experience symptoms before the age of 18 years, according to data from national registries in Sweden and Italy.1,2 Prior research revealed that children are more likely to recover from relapses than adults with MS, which is potentially underpinned by their enhanced remyelinating capacity and less pronounced cumulative CNS damage at an early age.3-6 As a consequence, worsening of disability tends to be initially relatively slower among patients with paediatric-onset MS. Nonetheless, paediatric-onset MS leads to earlier, significant physical limitations, potentially as early as the third decade of life.7,8 Disease-modifying therapies, including first-line injectables (interferon beta, dimethyl fumarate, and glatiramer acetate),9,10 teriflunomide,11 and high-efficacy therapies (fingolimod12 and natalizumab13-15) reduce the risk of disability worsening in patients with paediatric-onset MS.1,2,16-18 However, it is not fully understood how disease-modifying therapies of varying potency modify the disability trajectory from minimal to more substantial disability in patients with paediatric-onset MS.
The Expanded Disability Status Scale (EDSS) is widely employed to assess disability in MS. It is a categorical measure ranging from 0 to 10 in 0.5-step increments, with 0 representing no impairment and 10 indicating death from MS. Its main limitation is its non-linear nature, whereby a unit increase in EDSS does not correspond to a constant accrual of disability. For instance, the clinical impact of change from EDSS 2·0 to 3·0 is more significant than an increase from EDSS 0 to 1·0.19 Furthermore, the lower end of the EDSS spectrum is more variable and assessor dependent.20,21 Both these characteristics of EDSS pose challenges for comparisons of disability trajectories among individuals. By modelling disability states instead of the crude EDSS scores, we overcame the inherent asymmetry and variability associated with the EDSS, thus enhancing both the precision of our conclusions and their clinical relevance. 
In this study, we modelled the natural course of MS in patients with paediatric-onset MS, progressing from a state of minimal disability to pronounced gait impairment and secondary progressive multiple sclerosis (SPMS) using a multi-state Markov model. Further, we evaluated its change due to exposure to high- and low-efficacy disease-modifying therapies, compared to no treatment. We hypothesised that disease-modifying therapies attenuate the natural progression of disability, particularly during the lowest disability states.

Methods
Study design and participants
This study is a longitudinal analysis of data from the MSBase registry and the Italian Multiple Sclerosis Register. MSBase (WHO registration ACTRN12605000455662) is an international registry of MS patients from 151 centres across 41 countries22 and the Italian MS Register is a nationwide database of MS patients from 178 Italian MS centres.23 Both registries prospectively record longitudinal clinical, paraclinical, and demographic information from patients with MS. 
Patients aged younger than 18 years at onset of MS symptoms with a confirmed diagnosis of relapsing-remitting MS were included, conditional on the availability of at least four EDSS scores recorded within intervals no longer than 12-months.
Eight centres from the Italian MS Register contributed data to the MSBase registry. To avoid duplication of records, only data from one of the registries were retained for these centres (data from MSBase for six centres and from Italian Register for two centres).
Ethics approval for the prospective registries, MSBase and the Italian MS Register was obtained from the Melbourne Health Human Research Ethics Committee and the University/Hospital Ethics Committee of Bari, respectively. Written informed consent was obtained from all enrolled patients or their guardians. Data for this study was extracted on April 1, 2022 from MSBase and on May 31, 2022 from the Italian MS Register.
Procedures
The primary outcome was defined as the time to transition from entry state to one of the five disability states: minimal disability (EDSS 0-1·5), mild disability (EDSS 2·0-2·5), moderate disability (EDSS 3·0-3·5), gait impairment (EDSS ≥4·0), and SPMS. EDSS scores recorded within 30 days of a previous relapse were excluded. Furthermore, EDSS scores and their changes were confirmed over a minimum of 6 months in order to identify transitions between states. Diagnosis of SPMS was made by treating clinicians as per the Lublin definition of clinical course.24,25
Statistical analysis
A semi-parametric (Cox) time-homogenous multi-state Markov process model was developed with five states: minimal; mild; and moderate disability; gait impairment; and SPMS. A Markov model predicts the probability of future transitions between different disability states over time based on the current disability status and patient characteristics. We simulated the natural course of MS by modelling both disability worsening and improvement simultaneously. Transitions to higher disability states represent disability worsening and transitions to lower states represent disability improvement. The model assumes that a patient can only exist in one state at a time, and that SPMS acts as an absorbing state, from which a patient cannot return to one of the four relapsing-remitting MS states. The time scale for transitions was the time-on-study, with origin (baseline) being the date of first EDSS score. This definition of origin is not subject to bias in datasets with variable times of patient entry (i.e., left truncation). Patients were censored at the time of their last recorded visit. No risk of informative censoring was identified.
All possible transitions between the five studied states are presented in Figure 1 which illustrates the natural course of disability in patients with MS. The Markov model assumes that transition rates are dependent on the clinical and demographic characteristics of patients. At each of the possible transitions in the worsening of disability towards SPMS, the model was therefore adjusted for available potential confounders identified based on clinical judgment and existing literature (appendix p 1): sex, age at onset of MS symptoms, time from symptom onset to confirmed diagnosis of relapsing-remitting MS, disease duration at each EDSS assessment, and annualised relapse rate during the time spent at each state. Exposure to therapy was modelled using a categorical variables: (i) treatment with high-efficacy disease-modifying therapy (alemtuzumab, cladribine, daclizumab, fingolimod, mitoxantrone, natalizumab, ocrelizumab, rituximab, or autologous haematopoietic stem cell transplantation),  (ii) treatment with low-efficacy therapy (dimethyl fumarate, glatiramer acetate, interferon beta, or teriflunomide), and (iii) no treatment during the time at a disability state (reference). At least 3 months exposure to the treatment was required to account for therapeutic delay.26 To adjust for geographic heterogeneity, the model was adjusted for country of patients’ residence. 
Smoothed plots of the scaled Schoenfeld residuals against time was inspected to assess the validity of the proportional hazards assumption. Linearity in the relationship between the outcome and each continuous covariate was assessed by plotting martingale residuals against the covariate. 
The multi-state model was estimated using the R package ‘mstate’.
Role of the funding source
The funder of the study had no role in study design, data collection, data analysis, data interpretation, or writing of the report.

Results
Table 1 summaries the demographic and clinical characteristics of patients included in the analyses. A total of 5224 patients with paediatric-onset MS (appendix p 2), predominantly female (71%) were studied. The median (first, third quartiles) age at MS onset was 15·93 (14·20, 17·07) years with a median (first, third quartiles) time from first symptom to diagnosis of MS of 2·03 (0·41, 8·12) years. During the study follow-up, 4930 out of 5224 patients (94%) received disease-modifying therapies. Among them, 1514 patients started therapy before the age of 18 years. The median (first, third quartiles) disease duration at the time of initiation of first therapy among the treated was 2·24 (0·25, 8·53) years. Details regarding treatment with different disease-modifying therapies are provided in Table 2. The sequential exposure to therapies throughout the study is presented in an alluvial plot (appendix p 3).
5224 patients collectively contributed 91613 visits. During the median (quartiles) observation period of 5·05 (2·53, 9·09) years, 2622 transitions were recorded in 1701 patients. The most frequent transition (651) was observed from minimal disability to subsequent state of mild disability, followed by 557 transitions in the reverse direction - from mild disability back to minimal disability (appendix p 4). Tables 3 and 4 present the transition specific hazard ratios (HR) and corresponding 95% confidence intervals (95% CI). The benefit of high-efficacy therapy was the greatest in early disease with minimal disability and decreased with increasing disability. Patients who were treated with high-efficacy disease-modifying therapy while having minimal disability were the least likely to transition up to the next disability state (mild disability). Their hazard of transition was 59% lower compared to those who were untreated (HR 0·41 [95% CI: 0·31, 0·53]). Patients who received high-efficacy therapy during the state of mild disability had a 41% lower hazard of transition to the subsequent state of moderate disability, in comparison to those who were untreated (0·59 [0·40, 0·86]). In patients with moderate disability, high-efficacy therapy yielded a clinically significant 33% reduction in the hazard of transition to gait impairment, when compared to untreated patients (0·67 [0·46, 1·00]). However, the corresponding 95% CI marginally includes the null value of 1, indicating uncertainty in the estimate, presumably due to fewer transitions from the moderate disability to gait impairment.
Treatment with low-efficacy therapy also reduced the likelihood of disability worsening compared to those who were untreated, although to a lesser extent in comparison to the high-efficacy therapy. Patients who were treated with low-efficacy therapy during the minimal disability state had a 35% reduced hazard of transition to the next (mild) disability state (0·65 [0·54, 0·77]). Compared with patients who were treated with a high-efficacy therapy during the minimal disability state, patients who were treated with low-efficacy therapy had 1·59 times (HR 0·65 vs. 0·41) higher hazard of transitioning to the next (mild) disability state. Treatment with low-efficacy therapy was also associated with a 41% lower hazard of worsening by two states from mild disability to impairment of gait when compared to no treatment (0·59 [0·39, 0·88]).
Figure 2 (left) provides an illustration of observed disability trajectories of two included patients (patients ‘A’ and ‘B’) and (right) corresponding estimated probabilities of transition from minimal to mild disability. To illustrate the estimated impact of early choice of therapy, we explored the hypothetical probability of transitioning to mild disability if the patient ‘A’ were treated with low-efficacy therapy (counterfactual) instead of high-efficacy therapy (observed) during the minimal disability state. In this hypothetical scenario, the probability of transitioning from minimal to mild disability in patient ‘A’ would have been clearly higher. 
A higher annualised relapse rate was associated with a greater likelihood of transitioning to higher disability states (Table 3). This association was most pronounced for a 3-step transition from minimal disability to gait impairment (5·11 [3·91, 6·68]), followed by a 4-step transition from minimal disability to SPMS (4·96 [1·51, 16·31]). However, a higher annualised relapse rate also conferred a greater likelihood of disability improvement from gait impairment to moderate (1·76 [1·18, 2·62]) and mild (2·52 [1·41, 4·51]) disability (Table 4).
Overall, longer MS duration was associated with increased probability of transition to higher states of disability. However, this association was reversed for transition from gait impairment to conversion to SPMS, suggesting a minimal 6% reduction in the risk of this specific transition (0·94 [0·90, 0·97]). Longer MS duration was also consistently associated with a lower likelihood of recovery for all possible transitions from higher to lower states of disability. 
Males were at a higher risk of transition from mild to moderate disability (1·34 [1·06, 1·69]). They were also 46% less likely to experience improvement once gait impairment has been reached (0·54 [0·33, 0·89]).
Older age at onset of MS symptoms was associated with a higher likelihood of disability worsening from minimal to mild (1·04 [1·01, 1·08]), and a lower likelihood of disability improvement from moderate to minimal disability (0·90 [0·81, 0·99]). 
A sensitivity analysis that incorporated adjustments for MS diagnostic criteria (Poser, McDonald 2010, McDonald 2017) and diagnostic delay (time from symptom onset to MS diagnosis), corroborated the findings from the primary analysis (appendix p 5-6).

Discussion
This study provides insights into the effectiveness of disease-modifying therapies with different potency on the natural progression of disability from early to severe in patients with paediatric-onset MS. It shows that disease-modifying therapies reduce the risk of worsening of disability from the earliest stage of the disease in this population. Compared to low-efficacy disease-modifying therapy, high-efficacy therapy mitigates the risk of attaining disability more effectively, especially when started before patients have developed moderate or severe disability, corresponding to EDSS score ≥3.
We suggest that patients with paediatric-onset MS should be treated with high-efficacy disease-modifying therapy while they are still only affected by minimal or mild disability. In the single phase 3 randomised controlled trial conducted in children aged 10 to 17 years, fingolimod was associated with a lower annualised relapse rate and reduced accumulation of lesions on MRI than interferon beta-1a.12 Observational studies from the Italian MS Register demonstrated substantial reductions in the annualised relapse rate and disability worsening among children treated with natalizumab.14,15 More than half of the patients remained free from MRI activity throughout their treatment with natalizumab spanning up to 11 years.14 A single-centre observational study from Italy showed that high-efficacy therapies (natalizumab and immunosuppressants) considerably reduced the risk of the first relapse as well as the annualised relapse rate in children.17 A prior study of registry data reported a lower relapse rate in children treated with newer therapies (fingolimod, dimethyl fumarate, teriflunomide, natalizumab, rituximab, ocrelizumab) compared to those receiving injectables (interferon beta, glatiramer acetate).18 This is of importance, as the risk of relapses is particularly high in children.27,28 Another observational study reported that the risk of reaching significant disability milestones affecting gait (EDSS 4·0 and 6·0) in paediatric-onset MS has declined by a half between years 1993 and 2013.1 The authors suggested that the shift in practice towards starting disease-modifying therapies before age 18 may be responsible for this improvement in outcomes.1 In adults with MS, early initiation of high-efficacy therapies has been shown to result in improved disease control and superior long-term outcomes when compared to delayed initiation or escalation strategy.28-31
Our findings revealed that low-efficacy therapies are also associated with a reduced risk of disability worsening in the earliest state of the disease with minimal disability. While high-efficacy therapies are superior to low-efficacy therapies in reducing disability in paediatric-onset MS, the reduction in the risk of disability worsening associated with low-efficacy therapies is also clinically meaningful. Among patients with minimal disability, high-efficacy therapies were associated with an additional 14% reduction in the risk of disability worsening when compared with low-efficacy therapies. A previous study of 549 patients with paediatric-onset MS from the Swedish MS Registry reported no impact of treatment on disability among patients treated with first-line disease-modifying therapies (dimethyl fumarate, glatiramer acetate, interferon beta, and teriflunomide) but a reduced risk of reaching EDSS 3·0 and 4·0 (moderate disability or impaired gait, respectively) associated with second-line disease-modifying therapies (daclizumab, fingolimod, mitoxantrone, natalizumab, and rituximab), compared to no treatment.2 However, a randomised controlled trial in children, comparing dimethyl fumarate with interferon beta-1a, demonstrated reduced annualised relapse rate and MRI activity among those treated with dimethyl fumarate.10
In this study, relapses were consistently associated with a higher risk of increase in disability. This finding is consistent with the observation that relapses pose a risk for faster disability worsening in MS, including paediatric-onset MS.2,16 This includes a clinically very significant change from minimal disability directly to gait impairment. On the other hand, children are more likely to recover from relapses than adults,3 and, accordingly, we have observed that relapses are associated with a higher probability of eventual improvement in disability, including those who developed an impairment of gait after a relapse. This means that relapses represent transient events, whose reversibility depends on the ability of the CNS to recover from transient inflammatory damage. However, the magnitude of the associations of relapses with disability worsening exceeded the associations with disability improvement. This highlights the importance of preventing relapses to minimise the risk of irreversible disability.
[bookmark: _Int_yfH06cde]This study has benefitted from a large cohort followed over the median (first, third quartiles) of 5 years (2·53, 9·09), representing diverse paediatric populations across multiple geographic regions. This cohort represented a broad spectrum of patients with varying degrees of disability, spanning from minimal to severe. In order to mitigate the shortcomings of the EDSS, we categorised disability into 5 states: minimal disability (EDSS 0-1·5), mild disability (EDSS 2·0-2·5), moderate disability (EDSS 3·0-3·5), gait impairment (EDSS≥4·0), and SPMS. The limitation inherent in this approach is that combining all EDSS scores greater than 4·0 into a single state precludes the analysis of change of disability among patients with advanced MS. Such patients were rare in the present cohort and would require a separate study in population based on different inclusion criteria. Moreover, EDSS is largely insensitive to cognitive impairment that has been reported in nearly one third of paediatric-onset patients32; cognitive data were not systematically collected in our cohorts. Further limitation is represented by unavailability of data about several potentially relevant confounders, such as body mass index, smoking status, medical comorbidities, and socio-economic status. Information on ethnicity was incomplete and was therefore not included in the analysis. The unobserved confounders could induce built-in selection bias, leading to a gradual decay of period-specific hazard ratios during the follow-up.33 This study is also limited by the lack of information about treatment safety and its effectiveness on radiological presentation and disease activity. The international multicentric nature of the data used limited our ability to utilise harmonised quantitative MRI information which may carry additional prognostic information. On the other hand, this study models the natural course of MS by considering both disability worsening and improvement simultaneously. Separate analyses of disability worsening and disability improvement fail to consider two-way changes in disability status, necessary for holistic evaluation of the influence of treatment on disability and its mediation through the prevention of relapses. To mitigate sparse-data bias resulting from the absence of events in the exposure group, we opted not to model transitions from minimal disability to SPMS and from mild disability to SPMS in therapy exposure scenarios. In the study cohort, four instances of death were documented. Although death prevents the occurrence of the outcome of interest, acting as a competing risk for transitions between the disability states, it was not accounted for in our study design due to its very low incidence. In conclusion, this study of a large, geographically diverse cohort shows that patients with paediatric-onset MS are at risk of acquiring substantial disability, which can be mitigated through early treatment, especially with a high-efficacy disease-modifying therapy. This knowledge has implications for treatment decisions among children with MS, where the evidence from randomised controlled trials about the use of high-efficacy therapies is scarce. From the perspective of maximising the effectiveness of therapy and preserving capacity, it is advisable that high-efficacy disease-modifying therapies are started in children early, during the most inflammatory stages of their disease and before they develop neurological disability. Naturally, the decisions regarding the most appropriate therapy are multifactorial and need to consider the known short-term safety profiles of the available therapies and the individual acceptability of their administration routes. It is imperative to remain mindful of the yet-to-be-understood cumulative long-term risk of immunosuppression. The consensus from both The International Pediatric Multiple Sclerosis Study Group (IPMSSG) and European experts emphasises the paramount importance of prioritising safety in paediatric MS therapies.34,35 Consequently, there is a critical need to institute an appropriate monitoring protocol in this population, with a strong emphasis on long-term safety considerations.34,35 The presented new perspective on the long-term impact of therapies on preserving neurological function among people with paediatric-onset MS provides a useful addition to the information guiding policy governing access to disease-modifying therapies among children with MS.
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Table 1: Description of the study population.
	Characteristic
	Median (1st, 3rd quartiles)*

	Patients, n
	5224

	Sex, n (%)
	

	  Female
	3686 (71%)

	  Male
	1538 (29%)

	Ethnicity†, n (%)
	

	  Asian
	126 (2·4%)

	  Black
	16 (0·3%)

	  Caucasian
	4364 (83·5%)

	  Middle eastern
	187 (3·6%)

	  Missing
	528 (10·1%)

	  Other
	3 (0·1%)

	Age at MS onset (mean, SD), years
	15·24 (2·52)

	Time from MS onset to confirmed relapsing-remitting MS, years
	1·17 (0·27, 5·33)

	Time from MS onset to MS diagnosis, years
	2·03 (0·41, 8·12)

	Patients treated with any DMTs, n (%)
	4930 (94·37%)

	Time from MS diagnosis to initiation of DMT among the treated, years
	[bookmark: _Hlk157514604]2·24 (0·25, 8·53)

	Time on DMTs among the treated, years
	1·99 (0·86, 3·86)

	Patients treated with high-efficacy DMTs, n (%)
	2619 (50·13%)

	Time on high-efficacy DMTs among the treated, years
	1·88 (0·88, 3·23)

	Follow-up, years
	5·05 (2·53, 9·09)


MS=Multiple Sclerosis. SD=Standard Deviation. DMTs=Disease-Modifying Therapies.
* Unless stated otherwise.
† Patient self-report.


Table 2: Treatment with disease-modifying therapies during the study follow-up.
	Disease-modifying therapy
	Number (%)* of patients treated
	Recorded time on therapy in years;
Median (1st, 3rd quartiles)
	Number (%)* of patients treated before age 18

	Alemtuzumab
	89 (1·70)
	2·65 (1·34, 3·77)
	2 (0·04)

	AHSCT
	10 (0·19)
	-
	0 (0)

	Cladribine
	110 (2·11)
	1·04 (0·75, 1·79)
	4 (0·08)

	Daclizumab
	11 (0·21)
	0·63 (0·48, 1·91)
	1 (0·02)

	Fingolimod
	1181 (22·61)
	2·04 (0·94, 3·77)
	89 (1·70)

	Mitoxantrone
	368 (7·04)
	0·81 (0·52, 1·72)
	26 (0·50)

	Natalizumab
	1480 (28·33)
	2·11 (1·16, 3·60)
	263 (5·04)

	Ocrelizumab
	365 (6·99)
	1·52 (0·72, 2·37)
	8 (0·15)

	Ofatumumab
	1 (0·02)
	-
	0 (0)

	Rituximab
	136 (2·60)
	1·54 (0·74, 2·88)
	20 (0·38)

	Siponimod
	3 (0·06)
	†-
	0 (0)

	Interferon beta
	3920 (75·04)
	2·67 (1·12, 5·34)
	1192 (22·82)

	Glatiramer acetate
	1292 (24·73)
	1·59 (0·57, 3·47)
	168 (3·22)

	Dimethyl fumarate
	662 (12·67)
	1·16 (0·35, 2·41)
	58 (1·11)

	Teriflunomide
	247 (4·73)
	1·16 (0·42, 2·10)
	15 (0·29)


AHSCT= Autologous Haematopoietic Stem Cell Transplantation.
* Denominator is total number of patients (5224) included in the study.
† Complete data available for only 1 patient.



Table 3: Hazard ratios (95% confidence interval [p value]) for the associations of patient characteristics with disability worsening.
	Transitions 
        (n)       





Covariates
	Minimal to mild (651)
	Minimal to moderate (95)
	Minimal to gait impairment (50)

	Minimal to SPMS (7)
	Mild to moderate (330)
	Mild to gait impairment (150)
	Mild to SPMS (4)
	Moderate to gait impairment (294)
	Moderate to SPMS (27)
	Gait impairment to SPMS (57)

	[bookmark: _Hlk132800937]Exposure to high-efficacy therapy during time spent in a state, compared to untreated
	0·41
(0·31, 0·53 [<0·0001])
	0·68
(0·36, 1·31 [0·25])
	0·55
(0·21, 1·47 [0·23])
	-*
	0·59
(0·40, 0·86 [0·01])
	0·78
(0·50, 1·24 [0·29])
	-*
	0·67
(0·46, 1·00 [0·05])
	0·67
(0·15, 3·02 [0·61])
	0·64
(0·28, 1·46 [0·29])

	Exposure to low-efficacy therapy during time spent in a state, compared to untreated
	0·65 (0·54, 0·77 [<0·0001])
	0·86 (0·55, 1·36 [0·53])
	0·52 (0·27, 1·01 [0·05])
	-*
	1·24 (0·98, 1·57 [0·07])
	0·59 (0·39, 0·88 [0·01])
	-*
	1·16 (0·90, 1·51 [0·25])
	1·85 (0·79, 4·33 [0·15])
	1·70 (0·81, 3·54 [0·16])

	Annualised relapse rate during time spent in a state
	2·08
(1·84, 2·36 [<0·0001])
	3·25
(2·65, 3·98 [<0·0001])
	5·11
(3·91, 6·68 [<0·0001])
	4·96
(1·51, 16.31 [0·01])
	1·47
(1·21, 1·79 [0·0001])
	2·80
(2·24, 3·50 [<0·0001])
	1.76
(0·49, 6·30 [0·39])
	1·79
(1·52, 2·10 [<0·0001])
	1·29
(0·65, 2·56 [0·47])
	0·65
(0·25, 1·72 [0·39])

	MS duration at visit, year
	1·03
(1·01, 1·04 [<0·0001])
	1·07
(1·04, 1·10 [<0·0001])
	1·10
(1·06, 1·14 [<0·0001])
	1·14
(1·03, 1·26 [0·01])
	1·02
(1·01, 1·04 [0·001)
	1·06
(1·04, 1·08 [<0·0001])
	0·96
(0·80, 1·14 [0·61])
	1·03
(1·02, 1·05 [<0·0001])
	1·03
(0·99, 1·08 [0·16])
	0·94
(0·90, 0·97 [0·001])

	Male sex
	0·99
(0·83, 1·17 [0·89])
	1·12
(0·72, 1·74 [0·63])
	0·78
(0·40, 1·53 [0·47])
	4.85
(0·85, 27.57 [0·08])
	1·34
(1·06, 1·69 [0·01])
	1·39
(0·99, 1·97 [0·06])
	2·60
(0·36, 18.70 [0·34])
	1·22
(0·95, 1·58 [0·13])
	1·15
(0·47, 2·83 [0·76])
	1·11
(0·57, 2·16 [0·76])

	Age at MS symptoms, year
	1·04
(1·01, 1·08 [0·02])
	1·08
(0·99, 1·18 [0·09])
	1·07
(0·96, 1·20 [0·20])
	0·89
(0·70, 1·13 [0·34])
	1·05
(1·00, 1·10 [0·06])
	1·05
(0·98, 1·13 [0·16])
	1·10
(0·67, 1·79 [0·71])
	0·97
(0·92, 1·02 [0·22])
	1·10
(0·90, 1·36 [0·35])
	0·92
(0·81, 1·05 [0·20])

	Time from MS symptoms to relapsing-remitting MS, year
	1·01
(0·99, 1·03 [0·37])
	0·97
(0·92, 1·02 [0·18])
	0·99
(0·94, 1·05 [0·78])
	0·93
(0·79, 1·10 [0·39])
	1·01
(0·99, 1·03 [0·29])
	1·00
(0·97, 1·02 [0·88])
	1·07
(0·87, 1·32 [0·53])
	0·99
(0·97, 1·01 [0·32])
	1·01
(0·96, 1·07 [0·69])
	1·02
(0·96, 1·07 [0·58])


Minimal disability: EDSS 0-1·5; Mild disability: EDSS 2·0-2·5; Moderate disability: EDSS 3·0-3·5; Gait impairment: EDSS ≥4·0; Secondary Progressive MS (SPMS): clinician diagnosed. The hazard ratios are maximum likelihood estimates.
* Transitions from minimal disability to SPMS and from mild disability to SPMS were not modelled for therapy exposure to avoid sparse-data bias due to the absence of event in the exposure group. 


Table 4: Hazard ratios (95% confidence interval [p value]) for the associations of patient characteristics with disability improvement.
	Transitions
             (n)



Covariates
	Mild to minimal
(557)
	Moderate to minimal
(41)
	Moderate to 
mild
(192)
	Gait impairment to minimal
(18)
	Gait impairment to 
mild
(38)
	Gait impairment to 
moderate
(111)

	Annualised relapse rate during time spent in a state
	1·06
(0·90, 1·24 [0·48])
	1·47
(1·00, 2·15 [0·05])
	1·07
(0·84, 1·36 [0·57])
	0·93
(0·37, 2·36 [0·88])
	2·52
(1·41, 4·51 [<0·01])
	1·76
(1·18, 2·62 [0·01])

	MS duration at visit, year
	0·96
(0·95, 0·97 [<0·0001])
	0·91
(0·86, 0·96 [<0·01])
	0·95
(0·93, 0·97 [<0·0001])
	0·82
(0·75, 0·89 [<0·0001])
	0·93
(0·90, 0·98 [<0·01])
	0·96
(0·94, 0·98 [<0·01])

	Male sex
	1·06
(0·88, 1·28 [0·54])
	1·47 
(0·78, 2·76 [0·23])
	1·22
(0·89, 1·65 [0·21])
	1·06
(0·37, 3·02 [0·91])
	0·92
(0·43, 1·96 [0·82])
	0·54
(0·33, 0·89 [0·02])

	Age at MS symptoms, year
	0·98
(0·95, 1·02 [0·32])
	0·90
(0·81, 0·99 [0·03])
	1·04
(0·97, 1·12 [0·23])
	1·00
(0·81, 1·24 [0·97])
	1·04
(0·90, 1·21 [0·58])
	1·10
(1·00, 1·21 [0·05])

	Time from MS symptoms to relapsing-remitting MS, year
	1·01
(0·99, 1·03 [0·46])
	1·05
(0·98, 1·14 [0·17])
	1·01
(0·98, 1·04 [0·63])
	0·95
(0·77, 1·18 [0·66])
	1·05
(0·99, 1·11 [0·11])
	1·04
(1·01, 1·07 [0·02])


Minimal disability: EDSS 0-1·5; Mild disability: EDSS 2·0-2·5; Moderate disability: EDSS 3·0-3·5; Gait impairment: EDSS ≥4·0. The hazard ratios are maximum likelihood estimates.




Figure Legends 

Figure 1: Transition model for disability worsening in patients with paediatric-onset MS.

Figure 2: (Left) Observed disability trajectories of two selected patients and (Right) their estimated transition probabilities of entering into the state of ‘mild disability’ from ‘minimal disability’. The solid line represents the time of treatment with high-efficacy therapy while the dashed line represents the time of treatment with low-efficacy therapy. The dark orange line denotes patient A and the blue line denotes patient B. The light orange line denotes a hypothetical (counterfactual) scenario when patient A’s transition probability was modelled with exposure to low-efficacy therapy. The coloured bands denote the 95% confidence interval of the corresponding estimates.










