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ABSTRACT

Objective: Whether immunotherapy improves long-term disability in multiple
sclerosis has not been satisfactorily demonstrated. This study examined the effect of
immunotherapy on long-term disability outcomes in relapsing-remitting multiple

sclerosis.

Methods: We studied patients from MSBase followed for 21 year, with 23 visits, 21
visit per year and exposed to a multiple sclerosis therapy, and a subset of patients
with 215-year follow-up. Marginal structural models were used to compare the
hazard of 12-month confirmed increase and decrease in disability, EDSS step 6 and
the incidence of relapses between treated and untreated periods. Marginal structural
models were continuously re-adjusted for patient age, sex, pregnancy, date, disease

course, time from first symptom, prior relapse history, disability and MRI activity.

Results: 14,717 patients were studied. During the treated periods, patients were
less likely to experience relapses (hazard ratio 0.60, 95% confidence interval 0.43-
0.82, p=0.0016), worsening of disability (0.56, 0.38-0.82, p=0.0026) and progress to
EDSS step 6 (0.33, 0.19-0.59, p=0.00019). Among 1085 patients with =15-year
follow-up, the treated patients were less likely to experience relapses (0.59, 0.50-

0.70, p=10"°) and worsening of disability (0.81, 0.67-0.99, p=0.043).

Conclusions: Continued treatment with multiple sclerosis immunotherapies reduces
disability accrual (by 19-44%), the risk of need of a walking aid by 67% and the

frequency of relapses (by 40-41%) over 15 years. A proof of long-term effect of
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immunomodulation on disability outcomes is the key to establishing its disease

modifying properties.

Classification of evidence: Il
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TEXT

Introduction

Prevention of long-term disability accrual is currently the main goal of multiple
sclerosis (MS) treatment. The available immunotherapies mitigate clinical and
subclinical inflammation within the central nervous system." Some of these therapies
reduce disability accrual over the short-term (<3 years).>® Extension studies and
randomised clinical trials suggested that timely immunotherapy may delay
conversion to clinically definite MS,*® accumulation of disability> *° and death.™
However, observational studies reported conflicting results. One study did not find
differences in disability outcomes between interferon B and no treatment (even
though contrasting trends were seen when interferon § was compared to historical
and contemporary untreated controls).”® Conversely, interferon B and glatiramer
acetate were shown to mitigate disability accrual over ten years in the UK MS Risk

Sharing scheme.*>

A proof of long-term effect of immunomodulation on the accumulation of MS-related
neurological disability is the key to establishing its disease modifying properties.
However, conclusive evidence is still lacking and it is unlikely that it will arise from

randomised trials.

Here we present results from the largest international observational MS cohort,
whose aim was to compare worsening and improvement of disability and incidence
of relapses during periods of treatment vs. no treatment with MS immunotherapies
over more than 15 years of follow-up. We hypothesised that continued treatment is
associated with substantially reduced hazard of disability worsening over the long

term. Comparisons of observational data between treated and untreated patients are
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obfuscated by strong indication bias, and randomised clinical trials that would
address this question are neither feasible nor ethical. Therefore, this study used
observational data analysed with marginal structural models to adjust for time-

dependent confounding of treatment allocation.

Methods

Study design

This study compared long-term disability outcomes during periods under treatment
and periods not under treatment recorded in an observational cohort of patients with
MS and eligible for immunotherapy. The study estimated frequencies of relapses and
disability accumulation or improvement events in patients who were hypothetically
always exposed vs. never exposed to disease modifying therapies for MS. Because
these two extreme scenarios are rarely directly observed, and if so, outcomes are
usually strongly confounded by indication bias, we have used counterfactual
framework to estimate causal associations between long-term exposure to therapies
and outcomes (confirmed worsening or improvement of disability, incidence of
relapses, EDSS step 6) based on the observed periods under treatment and not
under treatment recorded in a single cohort. The counterfactual framework enables
an analyst to quantify the probability of reaching disease outcomes under
hypothetical conditions when the observed cohorts would remain always treated vs.
never treated for the full duration of the follow-up period (“pseudo-cohorts”;
Supplementary Figure 1 and 5), and continuously re-adjusted for confounders of

outcomes with a marginal structural model.*
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Standard approvals

The MSBase registry is an international observational MS cohort, with contribution
mainly from academic MS centres, registered with the WHO International Clinical
Trials Registry Platform [ACTRN12605000455662].*% " The study was approved by
the Melbourne Health Human Research Ethics Committee and the site institutional

review boards. Patients provided written informed consent, as required.

Patients

The inclusion criteria for this study were clinically isolated syndrome or definite
MS.* ¥ The minimum required data consisted of follow-up 21 year, >3 disability
scores with 21 score recorded per year, a minimum dataset (to enable evaluation of
the outcomes and adjustment for confounders (see “Procedures”)) and exposure to a
MS immunotherapy during the recorded follow-up. This was to exclude patients with
benign disease course, who are unlikely to be treated, and to assure that only

contemporary controls are included.

Procedures

The data were recorded prospectively as part of clinical practice mainly at academic
MS centres, as governed by the MSBase Observational Plan. Rigorous automated

quality assurance procedure was applied (Supplementary Table 3).*’

The follow-up time was segmented into 3-month periods (to maximise the use of the
information from patients followed more frequently than the median visit frequency),

with potential confounders and intermediates of treatment effect captured in MSBase
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at each period (for a causal diagram see Supplementary Figure 2). These consisted
of time-dependent variables: treatment status (treated/untreated), treatment status
during the preceding period, pregnancy status, pregnancy status during the
preceding period, date of the period end, patient age, disease duration from the first
MS symptom, disability score, change in disability score during the preceding 3 and
12 months, number of relapses during the preceding 3 and 12 months, the numbers
of severe relapses, relapses with poor recovery and on-treatment relapses during
the preceding 12 months, and MRI activity during the preceding 12 months; and
fixed variables: sex, date of birth, date of first MS symptom, disease duration at first
visit. Only periods with MS disease modifying therapies recorded for 215 days were
classified as ‘treated’. Where no MRI information was recorded during a 3-month
period, the value ‘unavailable’ was allowed. Where no new disability data were
recorded during a 3-month period, the last previously recorded disability score was
carried over.* At every time point, treatment status was a binary variable
(treated/untreated) and each patient could contribute data to the treated and

untreated pseudo-cohorts at different time points.

Relapses were recorded by treating neurologists, defined as new symptoms or
exacerbation of existing symptoms persisting for 224 hours, in the absence of
concurrent illness/fever, and occurring 230 days after a previous relapse. Disability
was quantified with the Expanded Disability Status Scale (EDSS), excluding scores
obtained <30 days after a relapse. Neurostatus EDSS certification was required at

the participating centres.?

Presence/absence of new or enlarging T2 hyperintense lesions or contrast-

enhancing lesions on cerebral MRI was reported by treating neurologists.
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Outcomes

The study endpoints were cumulative hazards of relapses, disability accumulation
events and disability improvement events. Disability accumulation was defined as an
increase in EDSS by 1 step (1.5 step if baseline EDSS=0 and 0.5 steps if baseline
EDSS>5.5) confirmed by subsequent EDSS scores over 212 months. Disability
improvement was defined as a decrease in EDSS by 1 step (1.5 steps if baseline
EDSS<1.5 and 0.5 steps if baseline EDSS>6) confirmed over 212 months, as over
80% of such events correspond to long-term accumulation of disability.”* No carry-
over EDSS scores were utilised in calculating confirmed disability endpoints. In
addition, progression to EDSS step 6 confirmed over 212 months was evaluated in

the primary analysis.

Statistical analysis

Statistical analyses were conducted using R (version 3.0.3). In order to mitigate the
effect of intermediates/confounders of treatment allocation and disease outcomes,
marginal structural proportional hazards models were utilised.”? These models
allowed comparison of counterfactual cumulative hazards of relapses, disability
accumulation and disability improvement events between pseudo-cohorts never

treated vs. treated with immunotherapies for 15 years from their first recorded visit.*®

Marginal structural models estimated the probability of multiple events (Andersen-
Gill™) with the partial likelihood function modified with inverse probability-of-
treatment weights.”® Individual patient follow-up was right-censored at the last

recorded EDSS score.


https://doi.org/10.1101/735662
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/735662; this version posted August 23, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Kalincik et al., page 11 of 36

The stabilised non-normalised inverse probability-of-treatment weights were
calculated at each 3-month period, using the ratio of the probabilities of treatment
assignation conditional on baseline, time-dependent and stabilising variables

(estimated with multivariable logistic regression models):%

W = ﬁ _ P(Ay = aik_l Aje—1y = ai(k_—l) Y :_ 1) —
x P(Aj = Qi | Aik-1) = Qige-1y» Bi = by Tie = tiy Si = )
Here, w; represents a stabilised weight for patient i at time j. A is the treatment status
(treated/untreated) at time k, S represents stabilising variables (date of birth, date of
first MS symptom, disease duration at first visit and pregnancy status at first visit), B
represents baseline confounding variables and T represents time-dependent

confounding variables (for the confounding variables see “Procedures”).

The weights reflect the probability of patients’ treatment status at any time depending
on their demography and disease history, and were used to weigh contribution of a
patient pseudo-cohort at any given period. Marginal structural models are inherently
adjusted for all but the stabilising variables, including the history of the time-
dependent variables.?® In addition to clustering by patient, the models were nested
within study centre and right-censored at the last patients’ recorded EDSS. The
primary analysis combined follow-up periods from the first to the last recorded
disability score for each eligible patient, with time O defined as the beginning of the
prospective follow-up (first clinic visit with a recorded EDSS). Each patient was
allowed to contribute multiple treated and untreated periods to the analysis,
depending on their treatment status at the given time (Supplementary Figure 1).
Treatment was modelled as a time-dependent variable, relative to the time 0. For the

summary of the study protocol see Supplementary Table 2. As a confirmatory
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analysis, we have repeated the primary analysis in a subset of patients followed for

215 years from their first recorded visit.

Tests of statistical inference were carried out at a=0.05. To assess stability of the
associations estimated by the marginal structural models, non-parametric bootstrap

with 1000 replicates was carried out.

Sensitivity analyses

Seven sensitivity analyses were completed. Two analyses evaluated the effect of
immunotherapy among patients with relapsing-remitting and progressive (primary
and secondary) disease forms separately. A sensitivity analysis that examined the
effect of segmentation of recorded follow-up into study periods was carried out by
extending the study periods to 6 months. A sensitivity analysis among patients with
complete follow-up from MS onset was carried out by restricting inclusion to the
patients with their first recorded EDSS within the initial 3 months from the date of the
first MS symptom. Another sensitivity analysis utilised the rigorously acquired
prospectively recorded cohort from the MSBASIS sub-study, which requires
prospective enrolment within 12 months from the first MS symptom and complete
capture of EDSS functional system scores and MRI data.?’ Finally, we have
generalised the analysis to cohorts defined by disease duration and patient age by
using two alternative definitions of baseline (time 0): the first recorded MS symptom
(i.e. clinical onset of MS) and date of birth. This experimental approach was aimed at

exploring the possibility of reconstructing disease trajectories over time expressed as
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MS duration or patient age among patients with incomplete follow-up and with left-

side censoring.

Data availability statement

The data analysed in this study are the property of the individual contributing
centres. They can be made available upon reasonable request for the purpose of
replication of the analyses included in this study and at the discretion of the principal

investigators.

Results

Study population

Of the 34,007 patients included in the MSBase cohort as of 16/06/2015, 14,717
patients fulfilled the inclusion criteria and 1085 had 215 years of follow-up recorded
from their first visit (Figure 1, Supplementary Table 4). The most common reason for
exclusion was the lack of sufficient follow-up required for the analysis. A large
proportion of these patients had only been enrolled in MSBase within 2 years prior to
the database lock and have not yet accumulated sufficient data. The excluded
patients tended to be captured later in their disease and with shorter prospective
follow-up than the included patients (Table 2). Demographic information at first study
visit was in keeping with the known epidemiology of MS (71% female, mean age 36
years, median disability EDSS step 2; Table 1). Median visit interval was 6 months,
similar to most randomised clinical trials. Patients were exposed to immunotherapies
for 69% of the prospectively recorded cumulative follow-up of 102,978 patient-years

(median per-patient follow-up of 6 years). The most represented therapies were
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interferon B / glatiramer acetate (59% of follow-up time), followed by natalizumab
(5%) and fingolimod (4%). The patients with 215-year follow-up were exposed to
immunotherapies for 63% of the time over the median follow-up of 17 years. The
time on higher-efficacy therapies was relatively less represented in this cohort
compared to the full cohort, as natalizumab and fingolimod have only become

available in 2006 and 2011, respectively.

Inverse probability-of-treatment weights

Stabilised non-normalised inverse probability-of-treatment weights for each patient
and at each time point were built based on the probability of receiving
immunotherapy at any given 3-month period conditional on patients’ demographic
information, MS history and previous treatment exposure (for full list of baseline,
time-dependent and stabilising variables, see Methods). The weights followed an
expected distribution, centred around 1 and with only minor fluctuations over 15
years in both pseudo-cohorts, indicating good model specification (Supplementary

Figure 3).

Disease outcomes among all eligible patients

In the full study cohort, the pseudo-cohort treated continuously was less likely to
experience relapses than the untreated pseudo-cohort (annualised relapse rate 0.32
vs. 0.46, respectively; hazard ratio [HR] 0.60, 95% confidence interval [95%CI] 0.43-
0.82, p=0.0016). Cumulative hazard of relapses in the treated vs. untreated cohorts

was estimated at approximately 5 vs. 8 relapses at 15 years from first recorded visit,
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respectively (Figure 2). The difference between the treated and the untreated

patients increased proportionally over time .

The treated cohort was less likely to experience 12-month confirmed disability
accumulation events relative to the untreated cohort (HR 0.56, 95%CI 0.38-0.82,
p=0.0026). Cumulative hazard of disability accumulation in the treated vs. untreated
cohorts reached 1.0 vs. 1.5 events at 15 years, respectively (Figure 2). The
difference between the treated and the untreated patients only became apparent at 3
years from first recorded visit and tended to increase with time. The bootstrap of the
cumulative hazard of disability accumulation showed that the results of the primary
analysis were robust to sampling variability (mean bootstrapped HR 0.57, standard

error 0.06, Supplementary Figure 4).

The probability of reaching 12-month confirmed EDSS step 6 was markedly lower in
the treated than the untreated cohort (HR 0.33, 95% CI 0.19-0.59, p=0.00019, Figure
3). Within 15 years from first visit, 13% of the treated cohort and 35% of the

untreated cohort reached EDSS step 6.

The probability of 12-month confirmed disability improvement events tended to be
greater in the treated (0.21) than the untreated cohort (0.18) during the initial 4 years
of follow-up. After year 4, the increment in the cumulative hazards was similar in the
two pseudo-cohorts (Figure 2).Therefore, this trend did not reach the defined

threshold for statistically significant difference (HR 1.10, 95%CI 0.98-1.30, p=0.094).

The analysis in relapsing-remitting MS-only confirmed the results of the primary
analysis, demonstrating differences in relapse frequency (annualised relapse rate
0.35 vs. 0.56; HR 0.49, 95%Cl 0.42-0.58, p<10™°), disability accumulation (HR 0.68,

95%CI 0.52-0.88, p=0.004) and disability improvement (HR 1.13, 95%CI 0.95-1.34,
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p=0.17). On the contrary, the analysis in progressive disease forms did not find any
differences in disability accumulation (HR 0.92, 95%CIl 0.81-1.05, p=0.22) or
improvement (HR 1.38, 95%CI 0.85-2.26, p=0.19) between the treated and

untreated pseudo-cohorts.

The sensitivity analysis using 6-month instead of 3-month study periods confirmed
the results of the primary analysis. The treated cohort experienced lower frequency
of relapses (annualised relapse rate 0.31 vs. 0.40, respectively; HR 0.54, 95%ClI
0.49-0.59, p<10°), lower hazard of disability accumulation (HR 0.74, 95%CI 0.62-
0.88, p=0.0005) and greater probability of disability improvement than the untreated

cohort (HR 1.26, 95%CI 1.11-1.42, p=0.0002).

Disease outcomes among patients with 215-year follow-up

The results of the analyses among the 1085 patients with 215-year prospective
follow-up from their first visit were in keeping with the results reported in the full study
cohort. The treated cohort was less likely to experience relapses than the untreated
cohort (annualised relapse rate 0.33 vs. 0.44, respectively; HR 0.59, 95%CI 0.50-
0.70, p=10"). Confirmed disability progression events were relatively less frequent in
the treated cohort (HR 0.81, 95%CI 0.67-0.99, p=0.043). The probability of disability
improvement did not differ between the treated and the untreated cohorts (HR 0.91,

95%CI 0.69-1.2, p=0.54).

Disease outcomes among patients followed from disease onset

The sensitivity analysis that included only patients with first EDSS follow-up recorded

<3 months after the first MS symptom identified 2194 eligible patients followed over
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15,084 patient-years (69% female, mean age 31 years, median EDSS step 2,
median follow-up 6 years, median visit interval 4 months). It replicated the results of
the primary analysis for relapse incidence (showing lower hazard of relapses in the
treated cohort, HR 0.51, 95%CI| 0.38-0.68, p=10~; Figure 4) and disability
accumulation (lower hazard of disability accumulation in the treated cohort, HR 0.59,
95%CI 0.39-0.88, p=0.011). This sensitivity analysis also found a greater probability
of disability improvement in the treated vs. untreated cohort (HR 1.36, 95%CI 1.02-

1.80, p=0.038).

The sensitivity analysis utilising the prospective MSBASIS sub-study included 1291
patients followed over 7239 patient-years (69% female, mean age 31 years, median
EDSS step 2, median follow-up 5.5 years, median visit interval 4 months). Similarly,
this sensitivity analysis found superior outcomes in the treated cohort compared to
the untreated cohort for relapse incidence (HR 0.39, 95%CI 0.31-0.50, p=10""),
disability accumulation (HR 0.47, 95%CIl 0.24-0.93, p=0.031) and disability

improvement (HR 1.36, 95%CI 1.04-1.79, p=0.025; Figure 4).

Long-term disease outcomes throughout the duration of the MS and life

span

When the time variable in the full study cohort was defined as the time from the first
MS symptom (Supplementary Figure 5), the treated pseudo-cohort was less likely to
experience relapses (annualised relapse rate 0.32 vs. 0.47; HR 0.54, 95%CI 0.45-
0.65, p=10'% Figure 5) and disability accumulation events (HR 0.69, 95%CI 0.55-

0.85, p=0.0007). No evidence of difference between the treated and the untreated
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pseudo-cohorts in disability improvement was found (HR 1.20, 95%CI 1.96-1.50,

p=0.1).

Similarly, when the study follow-up was organised by patient age (Figure 5), the
treated pseudo-cohort experienced a lower frequency of relapses (annualised
relapse rate 0.32 vs. 0.46; HR 0.53, 95%Cl 0.43-0.65, p=10°) and disability
accumulation events (HR 0.68, 95%CI 0.55-0.85, p=0.0006). The probability of
disability improvement did not differ between the compared pseudo-cohorts (HR

1.20, 95%CI 0.95-1.50, p=0.13).

Discussion
Principal findings

This observational study in 14,717 patients from the global MSBase cohort, including
1085 patients with =15-year recorded follow-up, demonstrated that continued
immunotherapy reduces the risk of disability accrual in relapsing-remitting MS by 19-
44% and the risk of impaired gait requiring use of a walking aid by 67% over 15

years.

The reduction in accumulation of disability was observed on the background of a 40-
41% reduction in the frequency of MS relapses, an observation that is in keeping
with the previous knowledge.! Interestingly, we only observed a trend towards more
likely improvement in disability in patients treated during early stages of MS. After a
phase of accelerated disability improvement observed during the initial 4 years of

follow-up, the probability of disability improvement became similar in the treated and
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untreated cohorts. This observation was confirmed statistically as a 36% higher
chance of disability improvement among patients who were followed prospectively

from disease onset.

Comparison with other studies

In agreement with our conclusion, several previous studies showed reduced
disability during treatment with immunotherapies.? ® The results of our study are
supported by a study of 5,610 patients enrolled in the UK Risk Sharing Scheme,
which showed, using Markov and multilevel continuous models, that treatment with
interferon B or glatiramer acetate was associated with a 24% decrease in disability
accrual over up to 6 years."® * An MSBase study among 2,466 patients with
relapsing-remitting MS suggested that continuous exposure to interferon B or
glatiramer acetate for 10 years was associated with a mean mitigation of disability
accrual by 0.86 EDSS steps.?® Re-assessment of the pivotal trial of interferon p-1b at
16 years (n=372), using recursive partitioning, showed that earlier exposure to
interferon B was associated with a decreased hazard of reaching disability
milestones or death.® A propensity score-weighted analysis in 1,504 patients showed
that patients treated with interferon 3 were less likely to reach EDSS step 24
(restricted ambulatory capacity) than untreated patients over up to 7 years.” In
keeping with our previous studies, we did not observe an overall effect of pooled
immunotherapies in non-selectively treated cohorts with progressive disease forms.*
However, this observation does not rule out the possibility that some therapies can
slow down progression of disability in progressive disease phenotypes with

superimposed episodic inflammatory activity.*
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In contrast to our results, a propensity score-matched analysis in 2,656 patients did
not find any evidence of difference in the probability of reaching EDSS step 26 (use
of unilateral support to walk 2100 meters) between patients treated with interferon 3
and those untreated. Interestingly, a trend favouring the treated cohort was observed
when compared with historical controls, while an opposite trend was seen in the
comparison against contemporary controls.'? In the ensuing debate, the conflicting
trends were attributed to the residual selection bias and the lack of re-adjustment for
the ongoing decision process of choosing between treatment and no treatment,
which occurs continuously throughout long-term follow-up. This problem of
continuous confounding of treatment allocation was also inherent in the other prior

comparisons of longitudinal outcomes between treated and untreated patients.

Methodological considerations

The key problem in uncovering unbiased causal effect of immunotherapy on
disability accrual is therefore that of time-dependent confounding.”® Karim and

colleagues used a marginal structural Cox model®

applied to a clinic-based cohort
from British Columbia to assess the association between treatment and disability
accrual. Using marginal structural models allowed the authors to construct pseudo-
cohorts defined by their treatment status at any time point and re-adjusted for time-
dependent confounders and intermediates of treatment allocation and study
outcome.® The study demonstrated how marginal structural models can effectively
mitigate time-dependent confounding, and did not find an association between
treatment with interferon B and the risk of reaching EDSS step 26. In our present

study, we have extended the methodology used by Karim et al. to enable inclusive

analysis of all treated patients, whereby the clinical follow-up in every patient
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consists of both treated and not treated periods. In the presented models, every
patient may contribute such periods to either treated or untreated group at different
times — defined with respect to their first recorded visit, disease onset or date of birth.
Naturally, it is not possible to directly observe the outcomes of two mutually
exclusive treatment decisions in a single cohort; therefore we have utilised a
counterfactual framework which uses a well-defined statistical methodology, and
have termed the compared groups ‘pseudo-cohorts’.*® ** % This approach enabled
us to compare cumulative hazards of disability and relapse events in pseudo-cohorts
that were hypothetically treated or untreated for 15 years from their first visit (or
throughout their disease duration or life span). The assumption of such approach is
that the effect of therapy does not attenuate over time. We have observed that the
effect of therapy on relapses and worsening of disability was sustained throughout
the 15-year follow-up (see Figures 2 and 3). This observation supports continued
treatment with immunotherapies over an extended period of time. In contrast, the
trend towards a difference in disability improvement was only restricted to the initial
years following the first presentation of MS. This phenomenon is likely associated
with functional compensatory mechanisms, which become exhausted with increasing
cumulative inflammatory damage and age.** Such observation supports the notion
that in order to facilitate recovery of neurological function immunotherapies should
be commenced during early stages of MS, when a recovery from disability is

relatively more likely.

To fulfil the concept of a study cohort as a ‘group that shares defining
characteristics’, the outcomes in all patients were analysed from their first recorded
visit. Thus, the primary analysis did not require left-censoring. In order to ensure

stability of the observed associations over the long-term, we have replicated the
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primary analysis in a sub-cohort with 215 years of recorded continuous follow-up.
Furthermore, we have explored presentation of the hazards of disease outcomes in
the context of disease duration or patient age. Using the first clinical presentation of
MS or birth date as study baseline, respectively, these two sensitivity analyses have
replicated the results of the primary analyses in full. While this suggests that
combining observed periods to reconstruct disease outcomes over time that was not
observed continuously is a feasible strategy, further mathematical justification of
such approach is required. In order to eliminate the scenario when treated and
untreated cohorts are not comparable (due to strong indication bias that would lead
to the allocation of patients with ‘benign MS’ to the untreated cohort) and to fulfil the
assumption of positivity, we have restricted inclusion to only those patients who
qualified for at least one immunotherapy during the course of their disease.®* The
study cohort was exposed to injectable therapies for 59% of the studied time, to
more potent therapies for 9% of the time and was untreated for 31% of the time.
Within the treated cohort, sequencing of therapies driven by clinical reasoning could
lead to maximising the true treatment effectiveness when compared with efficacy
reported from randomised blinded trials, as expected.*® The marginal structural
models enabled us to draw inference about the causal associations between current
treatment status and the probability of recurrent disability and relapse events, while
accounting for measured confounders and intermediates of treatment allocation and
disease outcomes.®” Thus, the results presented can be considered free from

measurable bias of treatment assignation.

Limitations
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The main limitation of this study is inherent in the observational nature of the
analysed data that originated from a large multicentre clinical cohort. We have
mitigated the impact of inter-centre variability by applying a rigorous data quality
procedure and nesting the models within study centres. The generalisability of the
presented results may be restricted to patients followed in academic MS centres.
While we have extended the analytical methodology to enable comparison of
cumulative hazards of recurrent events, in its present form, the models do not allow
us to evaluate delayed effects (i.e. delayed disability worsening and improvement or
advancement to secondary progressive disease stage, whose risk could be
modulated by treatment exposure in the immediate or distant past) or directly
compare outcomes between multiple therapies. However, the models were adjusted
for prior treatment status (whether immediately prior to each 3-month period or the
overall cumulative treatment history), relapses, disability accumulation and
improvement. Due to our inclusive definition of treated period (215 days on
treatment), classification of immunosuppressants as untreated periods, and pooling
of low- and high-efficacy immunotherapies, the true differences between the treated
and untreated pseudo-cohorts may be underestimated. It is therefore reassuring that
clinically meaningful and consistent differences in relapse and disability outcomes
were shown despite our conservative study design. While we have mitigated the risk
of measured confounding by including a large number of potential confounders in the
models of inverse probability-of-treatment weights and by completing seven
sensitivity analyses, propensity score-based methods can be subject to unmeasured
confounding. Finally, many of the assumptions of marginal structural models are
unmeasurable. Therefore, consistency of the results across the primary and the

sensitivity analyses - among patients with different definitions of baseline and study
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period - provides additional assurance with respect to the robustness of the used

models.

Conclusions and implications

This study provides class Il evidence that long-term exposure to immunotherapy not
only reduces relapse activity but also prevents at least a fifth of neurological disability
worsening in patients with relapsing-remitting MS. In early MS, accelerated recovery
from previously accrued disability can be observed early after commencing
immunotherapy. This information is highly relevant to the therapeutic decision
process, highlighting the long-term, clinically meaningful benefits of early and

continued immunotherapy on preserving patients’ physical capacity.

FOOTNOTE

*EDSS was recorded during two consecutive 3-month periods at 84,226 time points.

These EDSS values were highly correlated, with r=0.95.
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FIGURE LEGENDS

Figure 1

Patient disposition. The data quality procedure excluded 147 patient records: 95
from centres with less than 10 enrolled patients, 49 with missing birth date or the
date of MS onset and 3 with erroneous information about disease progression.

The inclusion criteria were applied so that patients’ follow-up is of sufficient duration
to enable evaluation of at least short-term disability outcomes (21 year), with a
minimum number of data points to ensure that individual hazard of confirmed
disability worsening is non-zero (23 EDSS scores), sufficient data density to
minimise the risk of disability events that were not captured and to minimise recall
bias (=1 EDSS score per year), The minimum data set was required for calculation of
the inverse probability of treatment weights and outcomes. Patients had to be
exposed to an MS immunotherapy at least once in order to eliminate indication bias,
which is significant for untreated patients in countries where immunotherapies are
commonly available. A large proportion of patients excluded from the analysis were
enrolled in MSBase only within the prior 2 years and did not yet accumulate sufficient

follow-up information.

Figure 2

Incidence of relapses, disability accumulation and improvement in the treated and
untreated pseudo-cohorts. Cumulative hazards for unadjusted models (dashed) and
marginal structural models adjusted with inverse probability of treatment weights
(solid) are shown. Numbers of patients contributing to the treated and untreated

pseudo-cohorts are shown at multiple time points.
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Figure 3

The risk of reaching EDSS 6 (patients use a single-point walking aid to walk =100
meters) in the treated and untreated pseudo-cohorts. Cumulative hazards for
unadjusted models (dashed) and marginal structural models adjusted with inverse
probability of treatment weights (solid) are shown. Numbers of patients contributing

to the treated and untreated pseudo-cohorts are shown at multiple time points.

Figure 4

Sensitivity analyses: Comparisons of relapse frequency, disability accumulation and
improvement between treated and untreated pseudo-cohorts consisting of patients
followed from disease onset - i.e. with the first disability recorded within 3 months
from first presentation of multiple sclerosis (left) and the prospective MSBASIS
cohort (right). Numbers of patients contributing to the treated and untreated pseudo-

cohorts are shown at multiple time points.

Figure 5

Sensitivity analyses: Generalisation of the analysis to follow-up by disease duration
and patient age. Incidence of relapses, disability accumulation and improvement in
the treated and untreated pseudo-cohorts analysed by disease duration and patient
age. Cumulative hazards for unadjusted models (dashed) and marginal structural

models adjusted with inverse probability of treatment weights (solid) are shown.
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Numbers of patients contributing to the treated and untreated pseudo-cohorts are

shown at multiple time points.
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TABLES
Table 1

Characteristics of the study cohort at the first study visit

patients with

full cohort 215-year follow-
up
patients, number (% female) 14717 (71%) 1085 (73%)
age, years, mean + SD 36+ 10 33+9
age at MS onset, years, mean £ SD 309 27+ 8
disease duration, years, median (quartiles) 3 (0.7-8.2) 3.2(1.1-8)
prospective follow-up, years, median
(quartiles) 6 (3.1-10) 17 (15.6-18.8)
relapses recorded per patient, number, 4 (2-6) 8 (5-12)
median (quartiles)
EDSS scores recorded per patient, number 13 (7-21) 32 (24-43)
median (quartiles)
disability at first visit, number (%)
EDSS 0-3.5 11960 (81%) 919 (85%)
EDSS 4-5.5 1821 (12%) 129 (12%)
EDSS 6-9.5 936 (6%) 32 (3%)

disability at last visit, number (%)

EDSS 0-3.5

EDSS 4-5.5

EDSS 6-10

9655 (66%)
2440 (17%)

2622 (18%)

464 (43%)
247 (23%)

374 (34%)
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disease course at last follow-up, number
(%)

clinically isolated syndrome

relapsing remitting

secondary progressive

primary progressive (inactive)

primary progressive (active)
visit interval, months, median (quartiles)
patients with MRI recorded, number (%)
patients exposed to immunotherapies;
proportion of follow-up treated

any immunotherapy

interferon B / glatiramer acetate

teriflunomide

dimethyl fumarate

fingolimod

cladribine

alemtuzumab

natalizumab

mitoxantrone

rituximab

996 (7%)
11709 (80%)
1654 (11%)
162 (1%)
196 (1%)

6 (4-8)

13432 (91%)

14717; 69%
12879; 59%
236; 0.2%
355; 0.2%
2461; 4%
52; 0.02%
22; 0.1%
2520; 5%
751; 0.6%

33; 0.02%

Kalincik et al., page 35 of 36

7 (1%)
1038 (96%)
14 (1%)

9 (1%)

17 (2%)

7 (1%)

1020 (94%)

1085; 63%
1061; 58%
22;0.1%
4; 0.02%
149; 2%

0

0

142; 2%
135; 1%

2;0.01%

EDSS, Expanded Disability Status Scale; MS, multiple sclerosis; SD, standard

deviation
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Table 2

Comparison of the included and excluded cohorts

patients

% female

age at first recorded visit, years,
mean *+ SD

disease duration, years, median
(quartiles)

prospective follow-up, years,
median (quartiles)

disability (1st visit), EDSS,
median (quartiles)

MS course at last follow-up,
number (%)

clinically isolated syndrome

relapsing remitting
secondary progressive
primary progressive (inactive)
primary progressive (active)

SD, standard deviation

included

14717

71%

36+ 10

3(0.7-8.2)

6 (3.1-10)

2 (1.5-3.5)

996 (7%)

11709 (80%)
1654 (11%)
162 (1%)

196 (1%)
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standardised

excluded difference (d)

19290

70%

40 £ 12

7 (4-11)

4.5 (1.7-6.8)

2 (1.5-4)

4630 (24%)

11767

(61%)

2315 (12%)

193 (1%)

386 (2%)

0.29

0.15

0.68

0.00
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34,007 patients
assessed for eligibility

266 diagnosis neuromyelitis optica
10,654 insufficient disability data
—» 1,226 less than 1-year follow-up
3,863 less than 1 visit per year
3,281 no exposure to immunotherapy

\ 4

14,717 patients included —l

1,085 patients with 215-year follow-up
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cumulative hazard of EDSS 6

1.0
0.8
0.6
0.4
0.2
0.0

Progression to EDSS 6

HR: 0.33 (95%CI 0.19, 0.59); p=0.00019

time from first visit (years)

Number at risk:
untreated:5329 1560 604 191
treated: 8452 5822 2320 604
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Patients followed from disease onset
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