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In multiple sclerosis, treatment start or switch is prompted by evidence of disease activity. Whilst immunomodulatory therapies reduce

disease activity, the time required to attain maximal effect is unclear. In this study we aimed to develop a method that allows identifica-

tion of the time to manifest fully and clinically the effect of multiple sclerosis treatments (‘therapeutic lag’) on clinical disease activity rep-

resented by relapses and progression-of-disability events. Data from two multiple sclerosis registries, MSBase (multinational) and

OFSEP (French), were used. Patients diagnosed with multiple sclerosis, minimum 1-year exposure to treatment, minimum 3-year pre-

treatment follow-up and yearly review were included in the analysis. For analysis of disability progression, all events in the subsequent

5-year period were included. Density curves, representing incidence of relapses and 6-month confirmed progression events, were separ-

ately constructed for each sufficiently represented therapy. Monte Carlo simulations were performed to identify the first local minimum

of the first derivative after treatment start; this point represented the point of stabilization of treatment effect, after the maximum treat-

ment effect was observed. The method was developed in a discovery cohort (MSBase), and externally validated in a separate, non-over-

lapping cohort (OFSEP). A merged MSBase-OFSEP cohort was used for all subsequent analyses. Annualized relapse rates were com-

pared in the time before treatment start and after the stabilization of treatment effect following commencement of each therapy. We

identified 11 180 eligible treatment epochs for analysis of relapses and 4088 treatment epochs for disability progression. External valid-

ation was performed in four therapies, with no significant difference in the bootstrapped mean differences in therapeutic lag duration

between registries. The duration of therapeutic lag for relapses was calculated for 10 therapies and ranged between 12 and 30 weeks.

The duration of therapeutic lag for disability progression was calculated for seven therapies and ranged between 30 and 70 weeks.

Significant differences in the pre- versus post-treatment annualized relapse rate were present for all therapies apart from intramuscular

interferon beta-1a. In conclusion we have developed, and externally validated, a method to objectively quantify the duration of thera-

peutic lag on relapses and disability progression in different therapies in patients more than 3 years from multiple sclerosis onset.

Objectively defined periods of expected therapeutic lag allows insights into the evaluation of treatment response in randomized clinical

trials and may guide clinical decision-making in patients who experience early on-treatment disease activity. This method will subse-

quently be applied in studies that evaluate the effect of patient and disease characteristics on therapeutic lag.
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Abbreviations: ARR = annualized relapse rate; DMT = disease modifying therapy; EDSS = Expanded Disability Status Score;
OFSEP = Observatoire Français de la Sclérose en Plaques; Td = therapeutic lag for disability; Tr = therapeutic lag for relapses

Introduction
Multiple sclerosis is a complex neuroimmunological disease

characterized by an interplay of inflammation and neurode-

generation throughout the disease course. Initiation or

switch of therapy for multiple sclerosis is frequently

prompted by disease activity, presenting as relapses, worsen-

ing of disability or new/active lesions on MRI. Whilst it is

known that multiple sclerosis therapies reduce relapse rates

and disability accrual (Tramacere et al., 2015; Lizak et al.,

2017; Brown et al., 2019) the time of onset of treatment ef-

fect is often inferred from available information concerning

pharmacodynamics of a given agent, typically available from

preclinical or post-marketing trials. The delay in full bio-

logical effect of treatment, however, does not immediately

translate into a delay to full clinical effect. This delay from

starting a therapy to reaching its full clinical effect is termed

‘therapeutic lag’ (Giovannoni et al., 2017). Information

about therapeutic lag is highly relevant to decisions regard-

ing the use of multiple sclerosis therapies, in particular dur-

ing the early weeks after the commencement of therapy.

The influence of therapeutic lag on treatment response has

been briefly explored in multiple sclerosis. A post hoc ana-

lysis of two originally negative trials in progressive multiple

sclerosis, the SPECTRIMS and PROMISE trials [Secondary

Progressive Efficacy Clinical Trial of Recombinant

Interferon-Beta-1a in MS (SPECTRIMS) Study Group,

2001; Wolinsky et al., 2007], suggested that treatment bene-

fit on 3-month confirmed disability progression develops

after a 2–2.5-year delay and is dependent on the degree of

pre-existing disability (Sormani and Giovannoni, 2016).

Thus, in clinical trials, the effect of therapy may be obscured

by therapeutic lag, particularly when the duration of such

trials is restricted to 3 years and include progressive multiple

sclerosis. Further exploration of therapeutic lag and its deter-

minants thereby depends on development of a robust

method to detect when treatments attain full clinical effect.

In this study we used the two biggest multiple sclerosis

registries, MSBase, the largest international observational co-

hort, and Observatoire Français de la Sclérose en Plaques

(OFSEP), the largest national multiple sclerosis registry, to

develop and externally validate an objective method to de-

tect the onset of full clinically manifest effect of treatment on

relapses and progression-of-disability events.

Materials and methods

Ethics statement

The MSBase registry (Butzkueven et al., 2006) (registered with
WHO ICTRP, ID ACTRN12605000455662) was approved by

the Melbourne Health Human Research Ethics Committee, and
by the local ethics committees in all participating centres (or
exemptions granted, according to applicable local laws and reg-
ulations). Written informed consent was obtained from enrolled
patients as required. The OFSEP cohort (Vukusic et al., 2020)
(registered with WHO ICTRP, ID NCT02889965) was col-
lected with approval from and in accordance with French
Commission Nationale Informatique et Libertés and French law
relative to observational research.

Patients

Longitudinal clinical and demographic data from 125 centres in
37 countries were extracted from the MSBase registry in
November 2018 and from 39 French centres in the OFSEP co-
hort in December 2018. One additional non-MSBase non-
OFSEP centre from Cambridge was included in the MSBase co-
hort (only patients given alemtuzumab) (Tuohy et al., 2015).
The following inclusion criteria were applied prior to enrolment:
diagnosis of multiple sclerosis or clinically isolated syndrome as
per the 2005 or 2010 McDonald criteria (Polman et al., 2005,
2011), commencement of and persistence on a disease modify-
ing therapy (DMT) for at least 12 months, minimum 3-year pre-
treatment follow-up, yearly follow-up during the treatment
epoch (defined below) and presence of the minimum dataset.
Patients were diagnosed with clinically isolated syndrome at the
time of start of their treatment, and with 53 year follow-up
from their first symptom. The minimum dataset consisted of pa-
tient age, sex (categorized as female and male), multiple sclerosis
duration at baseline, disease phenotype (clinically isolated syn-
drome, relapsing-remitting, secondary progressive, primary pro-
gressive, progressive-relapsing), disability information
[quantified with Expanded Disability Status Score (EDSS)]
(Kurtzke, 1983) at baseline and two subsequent time points at
least 6 months apart and, where applicable, date of treatment
cessation.

Baseline was defined as the start of the index DMT (including
a new therapy or treatment switch). The prospective follow-up
period was defined as the time from the first to the last available
EDSS. A treatment epoch was defined as time including 3 years
prior to baseline and 1 year (for the effect on relapses) and 5
years (for the effect on disability; see below) after baseline.

All available and sufficiently represented DMTs were included
in the analysis. A therapy was viewed as sufficiently represented
for application of the method described below in ‘Proof of prin-
ciple: the method to identify therapeutic lag’ section if more
than 200 events (relapses or progression-of-disability events)
occurred during the analysed treatment epoch. Duration of
treatment effect after the last dose was estimated according to
pharmacodynamics, clinical experience or previous evidence
(Stellmann et al., 2017), as follows [in keeping with our previ-
ous work (Kunchok et al., 2020)]: 4 years after the last dose for
alemtuzumab (Coles et al., 2017), 14 days for dimethyl fumar-
ate, 7 days for all interferon therapies and glatiramer acetate
(Stellmann et al., 2017), 30 days for fingolimod (David et al.,
2012), 180 days for mitoxantrone (Hartung et al., 2002), 60
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days for natalizumab (Sheremata et al., 1999), 270 days for rit-

uximab or ocrelizumab, and 5 years for autologous haemato-

poietic stem cell transplant (Sormani et al., 2017). Treatment

with DMTs was only allowed as a monotherapy. The two treat-

ment epochs were merged if a period of DMT interruption,

with subsequent commencement of the same therapy, was

shorter than the duration of treatment effects. Treatment gaps

exceeding the abovementioned periods were recorded as separ-

ate treatment epochs. In patients in whom multiple eligible base-

lines were identified multiple treatment epochs per patient were

studied. Multiple epochs per patient were treated as

independent.

All data were prospectively collected during routine clinical

care predominantly from tertiary multiple sclerosis centres

(Kalincik and Butzkueven, 2019; Vukusic et al., 2020).

Information was entered near real-time (usually at the time of a

clinic visit) into the iMed patient record or online MSBase data

entry system for MSBase or EDMUS patient record for OFSEP

(Confavreux et al., 1992). Data were subject to standardized

data quality processes (Supplementary Table 1) (Kalincik et al.,

2017; Vukusic et al., 2020).

Study outcomes

This study evaluated the time from treatment start to its full

clinically manifest effect on relapses and disability progression

events.

Relapses were defined as the occurrence of new symptoms or

the exacerbation of existing symptoms for at least 24 h in the

absence of concurrent illness or fever, and occurring at least 30

days after a previous relapse (Schumacher et al., 1965). In the

primary analysis, relapses were analysed as recorded by the

treating neurologist.

Confirmed progression of disability was defined as an increase

in EDSS by 1.5 steps if baseline EDSS was 0, increase by 1 step

if baseline EDSS was between 1 and 5.5 or increase in EDSS by

0.5 step if baseline EDSS was above 5.5, confirmed at least 6

months later (in the absence of a relapse within 30 days prior to

the confirmatory EDSS) and sustained for the remainder of the

treatment epoch (Kalincik et al., 2015). The pretreatment base-

line EDSS was as documented at the first recorded visit and re-

baselined at the commencement of the index DMT. Progression

of disability independent of relapse activity was defined as 6-

month confirmed progression of disability (see above), where the

increase in disability could not be attributed to a preceding re-

lapse (Lorscheider et al., 2019). This was ensured by the absence

of a recorded relapse between the EDSS leading to the progres-

sion-of-disability event and the most recent preceding EDSS.

The minimum on treatment follow-up period differed according

to the studied outcome. For the analysis of the time to the full ef-

fect of DMTs on relapses, patients required a minimum of 1 year

on-treatment follow-up. All relapses recorded during this year

were used in the analysis. For analysis of disability outcomes,

patients were treated for at least 1 year and treatment epochs of 5

years post-baseline were analysed on an ‘intention-to-treat’ basis.

This means that all disability progression events recorded during

the 5-year period were analysed, irrespective of the actual treat-

ment status. These differences in analytical approaches are moti-

vated by the observation that the effect of DMTs on relapses are

short term, whereas the effect on disability is cumulative (Brown

et al., 2019). This resulted in two distinct, but overlapping, cohorts
for the analysis of the two studied outcomes.

Statistical analysis

All analyses were performed using R version 3.5.3. Point and
interval estimates of distribution were expressed as means with
95% confidence intervals (CIs), or medians with quartiles, as
appropriate. All hypotheses were tested with a two-tailed 0.05
level of significance.

Proof of principle: the method to
identify therapeutic lag

The MSBase cohort was used as a discovery cohort to develop
the method to identify the duration of therapeutic lag in the ef-
fect of DMTs on relapse events. Patients diagnosed with remit-
ting relapsing multiple sclerosis or clinically isolated syndrome
(i.e. patients most likely to experience relapses) were selected for
this analysis. For each DMT a density curve of the relapse
events during the treatment epoch (3 years before and 1 year
after baseline) was produced. The Sheather-Jones criterion was
applied for optimal estimation of kernel density and bandwidth
selection of the density curve (Sheather and Jones, 1991).

The density curves were then used to identify the first local
minimum (the minimum incidence of relapses) after commenc-
ing an index DMT, by calculating the first derivatives of the
curves (Fig. 1A). This local minimum translates to the time
point at which stabilization of the effect treatment on the meas-
ured outcome is reached, therapeutic lag for relapses (Tr). A
200-event minimum for study inclusion was guided by analyses
showing that Tr is not identifiable for any DMT below this
threshold. The estimates of Tr were recalculated by (i) non-para-
metric bootstrap with 10 000 repetitions; and (ii) Monte Carlo
simulations using 80% of the cohort, without replacement, and
10 000 repetitions in order to model their probability distribu-
tions. No substantial differences between the two estimates of
Tr were found. As the Monte Carlo method is more conserva-
tive and makes no assumption that the sample is an estimate of
the true population, we chose to use the Monte Carlo method
for the remainder of analyses (principles of Monte Carlo simula-
tions are described in Supplementary Fig. 1). Gaussian mixture
models were used to identify the point associated with the max-
imum density probability where the simulations resulted in
multimodal distributions of the sought points (McLachlan and
Peel, 2000). This estimate of the point was confirmed by calcu-
lation of the point from the entire available population.

The OFSEP cohort was used to perform an external valid-
ation analysis of the proposed method to detect Tr. The valid-
ation used the same inclusion criteria and methodology as the
discovery analysis (see above). The differences in mean Tr be-
tween the MSBase and the OFSEP cohorts for each DMT were
estimated with bootstrap analyses, including their bias corrected
and accelerated 95% CIs.

To explore effects of the shape of the density curve on Tr, sta-
bility analyses were conducted. Here, the combined MSBase-
OFSEP cohort was used. First, the association between the
height of the peak in relapse density immediately prior to base-
line (driven by relapses preceding commencement of index
DMTs) and Tr was studied. Furthermore, in a series of simula-
tions, Tr was evaluated in random samples of patients from the
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combined cohort, with sequentially increasing number of total

recorded relapses in each sample.

Therapeutic lag for relapses

To estimate therapeutic lag for relapses Tr, we have used the

combined MSBase-OFSEP cohort and the method established

above. Monte Carlo simulations were used to estimate the 95%

CIs of Tr. An additional point was identified as the point of the

last ‘stable’ density of relapses prior to the peak of relapse inci-

dence that prompted initiation of index DMTs (last local min-

imum of the first derivative before treatment start) (Fig. 1A).

This point was used to calculate the pretreatment annualized re-

lapse rates (ARRs) as the relapse density divided by the cumula-

tive follow-up time prior to that point. The on-treatment ARR

was calculated from Tr to the end of treatment epoch, dividing

relapse density by the respective cumulative follow-up time. The

pre- and on-treatment ARRs and their 95% bias corrected and

95% confidence interval were then visualized.

Sensitivity analyses were performed with a more stringent def-

inition of relapses, only including events treated with corticoste-

roids or resulting in a change in EDSS.

Therapeutic lag for disability progression

The method described in ‘Proof of principle: the method to iden-

tify therapeutic lag’ was used to analyse therapeutic lag for dis-

ability progression (Td) during the 5-year post-baseline period in

patients who were treated for the minimum of 1 year from the

merged MSBase-OFSEP cohort (Fig. 1B). Patients with both

relapsing and progressive multiple sclerosis forms were included

in this analysis. An additional analysis studied therapeutic lag

for disability progression independent from relapses (TPIRA).

Finally, sensitivity analyses evaluated the robustness of results

for differential treatment persistence and follow-up (2, 3 and 5

years).

Figure 1 Density curve and first derivative of relapse (A) and 6-month confirmed disability progression (B) events prior to

and after the commencement of natalizumab. Time point 0 indicates the start of index therapy. The first post-treatment local minimum

of the first derivative, representing the point of stabilization of treatment effect, is indicated in purple. The duration of therapeutic lag on relapses

(Tr) and disability progression (Td) is indicated by double headed horizontal arrows. The last stable point prior to start of the index therapy, iden-

tified by the last pretreatment local minimum of the first derivative, is shown in orange. Pretreatment and on-treatment ARRs were calculated in

the periods indicated by dashed arrows.
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Data availability

MSBase is a data processor, and warehouses data from individ-

ual principal investigators who agree to share their datasets on

a project-by-project basis. Data access to external parties can be

granted upon reasonable request at the sole discretion of each

OFSEP and MSBase Principal Investigator (the data controllers),

who will need to be approached individually for permission.

Results

Patients and follow-up

Of 125 421 patients (60 662 MSBase, 64 759 OFSEP)

assessed for study inclusion, the numbers of patients eligible

for analysis of time to full clinically manifest effect of ther-

apy were 9147 (5391 MSBase, 3756 OFSEP) for the relapse

outcome and 3581 (2339 MSBase, 1242 OFSEP) for the

progression-of-disability events (Supplementary Fig. 2). The

number of patients per contributing centre is shown in

Supplementary Table 2 and their clinical and demographic

characteristics are shown in Table 1. Apart from a longer

multiple sclerosis duration, the clinicodemographic details of

the included population were similar to patients who

received multiple sclerosis therapies but were excluded from

the study (Supplementary Table 3). Characteristics of the

study population stratified by therapy are available in

Supplementary Table 4.

Relapse cohort

After exclusion of insufficiently represented therapies, 11

DMTs with 11 180 treatment epochs in 9013 patients (5325

MSBase, 3688 OFSEP) were analysed (Table 1). Overall,

75% of patients were female, with a mean age at treatment

initiation of 39.9 years, a median disease duration at base-

line of 10.4 years and an ARR of 0.47 (0.27–0.74). The me-

dian pre-baseline follow-up duration was 6.6 years. Twenty-

three per cent of patients were treatment naı̈ve at baseline

and in 57% the preceding therapy was an injectable DMT.

Lack of efficacy was the most commonly reported reason

for discontinuation of the preceding DMT. Population char-

acteristics were similar between registries.

Disability progression cohort

From 3531 patients, 4088 (2682 MSBase, 1406 OFSEP)

treatment epochs were obtained and seven sufficiently repre-

sented DMTs (Table 1). The median baseline EDSS was 3

(2–4.5) and 13.7% of the cohort had progressive multiple

Table 1 Characteristics of the study population at baseline

Source Relapse cohort Disability progression cohort

MSBasea OFSEP MSBase OFSEP

Patients (% female) 5391 (74) 3756 (76) 2339 (72) 1242 (75)

Treatment epochs 6707 4473 2682 1406

Age at treatment start, years 39.52 (9.42) 40.43 (9.71) 38.96 (9.11) 40.04 (9.49)

Disease duration, years 10.26 [6.57, 15.20] 10.58 [6.91, 15.60] 10.14 [6.54, 14.88] 10.77 [7.00, 15.93]

Disability, EDSS step 2.5 [1.5, 4.0] 2.5 [1.5, 4.0] 3.0 [2.0, 4.0] 3.5 [2.0, 5.0]

Annualized relapse rate 0.50 [0.28, 0.77] 0.43 [0.26, 0.67] 0.73 [0.43, 1.20] 0.67 [0.39, 1.06]

Disease course, treatment epochs (%)

Clinically isolated syndrome 76 (1.1) 125 (2.8) 28 (1.1) 12 (0.9)

Remitting-relapsing 6631 (98.9) 4348 (97.2) 2275 (86.7) 1163 (82.7)

Secondary progressive NA NA 280 (10.7) 231 (16.4)

Primary progressive NA NA 41 (1.6) 0 (0.0)

Index treatment (%)

Alemtuzumaba 27 (0.4) 49 (1.1) Insufficient number of progression events for treatment inclusion

Natalizumab 1113 (16.6) 1061 (23.7) 513 (19.1) 471 (33.5)

Mitoxantrone 89 (1.3) 43 (1.0) 141 (5.3) 57 (4.1)

Rituximab 49 (0.7) 52 (1.2) Insufficient number of progression events for treatment inclusion

Fingolimod 1616 (24.1) 1001 (22.4) 312 (11.6) 135 (9.6)

Dimethyl fumarate 519 (7.7) 491 (11.0) Insufficient number of progression events for treatment inclusion

Teriflunomide 432 (6.4) 433 (9.7) Insufficient number of progression events for treatment inclusion

Glatiramer acetate 818 (12.2) 461 (10.3) 468 (17.4) 225 (16.0)

Interferon beta-1b 368 (5.5) 149 (3.3) 262 (9.8) 165 (11.7)

Interferon beta-1a SC 1008 (15.0) 269 (6.0) 606 (22.6) 139 (9.9)

Interferon beta-1a IM 668 (10.0) 464 (10.4) 380 (14.2) 214 (15.2)

Values are presented as mean (standard deviation) or median [quartiles] unless otherwise stated.

Baseline refers to the start of treatment. In patients in whom multiple eligible baselines were identified multiple treatment epochs per patient were studied. Patient disposition at

baseline is summarized per treatment epoch. For additional characteristics of the study population see the Supplementary material. IM = intramuscular; NA = not applicable; SC =

subcutaneous.
aIncluding three patients from Cambridge.
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sclerosis. Despite the requirement of 1-year treatment persist-

ence the index DMT was continued for a median of 4.6

years (range 2.4–5 years). Patients in the MSBase cohort had

a lower median EDSS (3 versus 3.5) and a higher proportion

of pre-baseline time on treatment (0.59 versus 0.37) than

those in OFSEP.

Proof of principle: the method to
identify therapeutic lag

In the discovery analysis, data from MSBase were used to

calculate the time to full clinically manifest effect of treat-

ment for relapses in nine adequately represented therapies

(Table 2). Tr was identified in all DMTs with more than

200 relapse events and ranged between 12.6 and 27.5

weeks. In the validation analysis (data from OFSEP) Tr was

identified for four of eight DMTs analysed (natalizumab, ter-

iflunomide, interferon beta-1b, subcutaneous interferon

beta-1a and intramuscular interferon beta-1a) and ranged

between 12.3 and 23.1 weeks; an insufficient number of

events were available to find the first local minimum of the

first derivative for fingolimod, dimethyl fumarate, glatiramer

acetate and interferon beta-1b. The mean Tr estimated in

MSBase and OFSEP were similar. The bootstrapped mean

(95% CI) differences in Tr (in weeks) between the registries

were 1 (–5.6, 10.7) for teriflunomide, –8.8 (–20, 5.2) for

subcutaneous interferon beta-1a, –2.6 (–20, 3.2) for intra-

muscular interferon beta-1a and 5.2 (–4.5, 22.4) for

natalizumab.

On exploration of the effects of the shape of the density

curve on Tr, no correlation between the height of the peak of

the density curve and Tr was observed (Supplementary Fig.

3). Results from a sequential analysis, analysing the number

of relapses required for stable estimates of Tr, are shown in

Supplementary Fig. 4. The minimum number of events

required to estimate a consistent and stable Tr varied in re-

sponse to variation in the shape of the relapse density curves.

For all DMTs, the variability of Tr estimates reduced with

increasing number of relapses sampled. Whilst Tr reached sta-

bility with fewer than 1000 relapses for most therapies, a

minimum of 2000 relapse events were required for stability

of Tr on natalizumab, fingolimod and glatiramer acetate.

Therapeutic lag for relapses

Time to treatment effect

In the combined MSBase-OFSEP cohort of 9013 patients

with 11 180 treatment epochs, 23 424 relapses were

recorded. For all 11 studied therapies, an increase in relapse

density preceded the initiation of the index DMT, reflecting

the events leading to commencement of new treatments, and

was followed by a subsequent decline in relapse occurrence

(Fig. 2). Initial decline in relapse density was observed even

prior to the start of index therapy; this artefact results from

delay between a relapse and commencement of next therapy

and the fact that all events within 30 days from a prior re-

lapse constitute a single relapse. The calculated time to full

clinically manifest treatment effect on relapses (Tr) is dis-

played in Table 3 and Fig. 2. Mean time to treatment effect

ranged between 9.4 and 19.8 weeks for all treatments other

than dimethyl fumarate, which showed Tr of 30.2 weeks

(95% CI 26.6–33.7). A bimodal distribution of Tr was pre-

sent for fingolimod, with 85% of estimates and the highest

density probability occurring at 12.7 weeks. For all treat-

ments, the bootstrapped Tr estimate with the highest density

probability mirrored the point identified from the entire

available population. There were insufficient number of

relapses on rituximab (304 relapses in 101 treatment epochs)

to identify Tr. Despite only 220 relapses on alemtuzumab,

Tr was identified at a mean of 16 weeks (95% CI

Table 2 Duration of therapeutic lag for relapses in discovery and validation cohorts

Discovery cohort: MSBase Validation cohort: OFSEP Difference between

means (weeks)
Patients Treatment

epochs

Relapses Duration of

therapeutic

lag (weeks)

Patients Treatment

epochs

Relapses Duration of

therapeutic

lag (weeks)

n n n Mean CI n n n Mean CI Mean CI

Natalizumab 1064 1113 3228 17.2 14.6–19.7 1011 1061 3332 12.3 10.8–13.8 5.2 –4.5–22.4

Mitoxantrone 87 89 353 23.3 19.9–26.8 – –

Fingolimod 1594 1616 3217 14.1 11.8–16.5 989 1001 1847 Insufficienta Insufficienta

Dimethyl fumarate 518 519 776 27.5 25.8–29.1 486 491 525 Insufficienta Insufficienta

Teriflunomide 432 432 424 19.2 16.8–21.6 427 433 323 17.8 14.0–21.7 1 –5.6–10.7

Glatiramer acetate 788 818 1746 15.0 13.2–16.7 441 461 1016 Insufficienta Insufficienta

Interferon beta-1b 362 368 760 12.6 11.4–13.7 140 149 376 Insufficienta Insufficienta

Interferon beta-1a SC 954 1008 2167 13.6 9.6–17.6 265 269 668 23.1 17.1–27.1 –8.8 –20–5.2

Interferon beta-1a IM 629 668 1110 18.1 15.3–21.0 448 464 882 21.4 15.4–27.3 –2.6 –20–3.2

As illustrated in the subsequent sequential analysis (Supplementary Fig. 4) 2000 relapse events were required for consistent identification of Tr in fingolimod and glatiramer acetate

in a merged MSBase–OFSEP cohort.

– = not sufficiently represented for inclusion; CI = confidence interval; IM = intramuscular; SC = subcutaneous.
aInsufficient number of events to detect Tr.
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Figure 2 Duration of therapeutic lag for relapses. Density curve indicates the ARR and duration of therapeutic lag for relapses. The first

post-treatment local minimum, representing the point of stabilization of treatment effect, is indicated in purple (Tr). The last stable point prior to

start of the index therapy is indicated in orange. Two black lines indicate the upper and lower bounds of 95% CIs. Density curves from Monte

Carlo simulations are indicated in grey.

Table 3 Duration of therapeutic lag for relapses: merged MSBase-OFSEP cohort

Patients Treatment epochs Relapses Tr (weeks)

n n n Mean CI

Alemtuzumab 76 76 220 16.0 14.6–17.3

Natalizumab 2075 2174 6560 15.0 9.8–20.1

Mitoxantrone 129 132 503 19.2 16.1–22.3

Rituximab 98 101 304 Insufficienta

Fingolimod 2583 2617 5064 12.7 9.5–15.8

Dimethyl fumarate 1004 1010 1301 30.2 26.6–33.7

Teriflunomide 859 865 747 14.9 13.4–16.4

Glatiramer acetate 1229 1279 2762 12.4 9.6–15.1

Interferon beta-1b 502 517 1136 14.0 11.4–16.7

Interferon beta-1a SC 1219 1277 2835 19.8 10.5–29.0

Interferon beta-1a IM 1077 1132 1992 16.1 13.3–18.9

IM = intramuscular; SC = subcutaneous.
aInsufficient number of events to detect Tr (duration of therapeutic lag on relapses)
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14.6–17.3) with satisfactory stability in the sequential ana-

lysis (Supplementary Fig. 4).

A sensitivity analysis restricting relapses to those necessi-

tating treatment with corticosteroids or resulting in a change

in EDSS showed consistent results for all adequately repre-

sented DMTs (Supplementary Table 3).

Magnitude of treatment effect

For each therapy, ARRs were compared in the pre- and on-

treatment periods (Fig. 3). With the exception of intramuscu-

lar interferon beta-1a, all therapies were associated with a

drop-in relapse activity on-treatment versus pre-baseline.

This suggests that over the short term, the chosen therapies

led to the desired improved control of disease activity.

Therapeutic lag for confirmed progression-of-

disability events

In the 4088 included treatment epochs from 3531 patients,

2563 disability progression events were identified across

seven DMTs. On inspection of the progression-of-disability

density curves, increase in the likelihood of progression-of

disability preceded commencement of the index DMT

(Fig. 4). Similar to relapses, progression event rates in the

pre-baseline period were highest for patients commenced on

higher efficacy therapies, natalizumab and mitoxantrone.

The occurrence of progression-events after initial stabiliza-

tion at Td resumed to increase for most studied DMTs.

However, for mitoxantrone and interferon beta-1b, the

number of progression-of-disability events continued to

decline throughout the 5-year follow-up period. The occur-

rence of relapse independent progression-of-disability events

reduced for �1–2 years after commencement of therapy and

resumed to increase thereafter for most DMTs

(Supplementary Fig. 5).

The calculated duration of therapeutic lag on progression-

of-disability events (Td) across therapies is shown in Table 4

and Fig. 4. Td for the seven sufficiently represented therapies

ranged between 30 and 52 weeks, with the exception of

intramuscular interferon beta-1a, for which the mean Td

was estimated at 70.4 weeks (95% CI 59.8–81). An insuffi-

cient number of relapse independent progression-of-disability

events (TPIRA) were present to calculate the duration of

therapeutic lag for any DMT.

Discussion
In this study, we have used the two largest multiple sclerosis

registries to develop and externally validate a method to quan-

tify the duration of clinical therapeutic lag of immunotherapies

for multiple sclerosis. We have then applied this method to es-

timate therapeutic lag with respect to two principal clinical

presentations of multiple sclerosis—relapses and progression-

of-disability—for the most commonly used immunotherapies.

Full effect of treatment on relapses is reached within 12–30

weeks after commencing therapy, whilst the full effect on dis-

ability progression is reached within 30–70 weeks.

Figure 3 ARRs in the pretreatment and on-treatment periods. The pretreatment ARR was calculated from the start of the treatment

epoch to the last point of stabilization prior to treatment start, dividing relapse density by the cumulative follow-up time prior to that point. The

on-treatment ARR was calculated from Tr to the end of treatment epoch, dividing relapse density by the respective cumulative follow-up time.
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Therapeutic lag: the clinical and the
biological perspective

When treating multiple sclerosis, timely reduction in disease

activity is required to diminish inflammation, minimize neu-

roaxonal loss and prevent long-term disability (Trojano

et al., 2009; Giovannoni et al., 2016). As treatment initiation

or switch is often prompted by ongoing disease activity,

understanding of the time required to manifest fully and

clinically the effect of therapy is essential for further thera-

peutic decisions. Phase III studies conventionally report the

effect of therapy on clinical and radiological end points over

the follow-up period in its entirety, typically spanning 2 or

Figure 4 Duration of therapeutic lag for progression of disability. Density curve representing the number of progression events per

100 patient-years and duration of therapeutic lag for progression of disability. The first post-treatment local minimum, representing the point of

stabilization of treatment effect, is indicated in purple (Td). Two vertical black lines indicate the upper and lower bounds of 95% CIs. Density

curves from Monte Carlo simulations are indicated in grey.

Table 4 Duration of therapeutic lag for disability progression: merged MSBase-OFSEP cohort

Patients Treatment epochs Disability progression Td (weeks)

n n n Mean CI

Natalizumab 965 984 615 36.4 32.7–40.1

Mitoxantrone 194 198 265 52.9 47.6–58.2

Fingolimod 446 447 250 47.2 39.4–55.0

Glatiramer acetate 674 693 412 35.6 31.0–40.2

Interferon beta-1b 415 427 360 49.3 45.0–53.6

Interferon beta-1a SC 722 745 415 30.2 27.5–33.0

Interferon beta-1a IM 572 594 246 70.4 59.8–81.0

IM = intramuscular; SC = subcutaneous; Td = duration of therapeutic lag for 6-month confirmed worsening of disability events.
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more years. Post hoc analyses have explored the differences

between treatment and comparator groups in time to first re-

lapse; this, however, is not a pure measure of the magnitude

of full clinical effect of therapy, as time to first event also

reflects the onset of clinical effect of the compared interven-

tions (Kappos et al., 2013, 2015, 2016; Traboulsee et al.,

2018).

Unlike biological markers of treatment effect, clinical

markers of the effect of multiple sclerosis therapies cannot

be studied in individual patients. This is because the trad-

itional outcomes in multiple sclerosis trials are discrete,

rarely-occurring events. To identify their temporal trends,

such effects require evaluation at the level of large cohorts.

We have used a reproducible mathematical approach to

quantifying trends in the occurrence of relapses and disabil-

ity progression events and identify the time point at which

the frequency of events stabilizes after a new treatment has

been started (Diller et al., 2006). Invariably, commencement

of new DMTs tended to be preceded by a peak in the re-

lapse density, consistent with a relapse presently being a

major driver of therapeutic decisions (Montalban et al.,

2018). Subsequent to the relapse peak, all therapies resulted

in stabilization of relapse frequency at a new, on-treatment

level over the following 3–6-month period. This observation

is consistent with results from post hoc analyses of the piv-

otal trials of fingolimod, dimethyl fumarate and natalizu-

mab; the greatest reduction in ARR occurred within the first

3 months of treatment, with further reduction between

months 3 and 6 and a subsequent plateau over the rest of

the follow-up period (Kappos et al., 2013, 2015, 2016).

The duration of therapeutic lag is often inferred from the

timing of biological changes associated with treatment initi-

ation. Absolute T- and B-cell counts reduced 3 months and

reached steady state 9 months after starting dimethyl fumar-

ate, with an association noted between higher absolute

lymphocyte counts and shorter time to first relapse (Wright

et al., 2017). This is in keeping with our observation that

the estimate of Tr for dimethyl fumarate (7.1 months), is

longer than in other multiple sclerosis therapies.

Comparatively, fingolimod results in a reduction, and subse-

quent steady state, in lymphocyte counts within 2 weeks

after treatment begins (Francis et al., 2014), whilst in clinical

trials the proportion of patients free from relapses signifi-

cantly differed from placebo after 3–6 months (Kappos

et al., 2016). In our analysis, a mean period of 3 months

(12.7 weeks) was required for fingolimod to attain full effect

on reducing relapses, suggesting that the full effect of thera-

pies on clinical outcomes may, in some DMTs, follow the ef-

fect on biological markers with a lag. The differences

between the effect of therapies on biological and clinical

markers of multiple sclerosis highlight the complementary

value in evaluating both aspects of treatment effect in

concert.

Consistent with the increase in the incidence of relapses

that leads to commencement of new DMTs, differences be-

tween pretreatment relapse frequency highlight systematic

differences in the nature of the cohorts treated with different

therapies. Patients with the most active disease were predom-

inantly commenced on high-efficacy therapies, such as alem-

tuzumab, natalizumab, and mitoxantrone. All therapies,

with the exception of intramuscular interferon beta-1a,

resulted in a change in the ARR. This highlights that clinical

decisions to commence new therapies have, at the group

level, been successful in achieving improved control of re-

lapse activity. The inability to detect a change in ARR for

intramuscular interferon beta-1a was likely influenced by

lower pre-baseline and on-treatment ARRs in this group

compared to the other low-efficacy injectable DMTs, sug-

gesting that these patients had with less active disease.

Moreover, the results reflect a magnitude of change in ARR

in the pre-baseline versus on-treatment period, as opposed to

a comparison to placebo. Importantly, no corrections were

made for differences between the cohorts starting different

DMTs, one should therefore resist the temptation to com-

pare the results among treatments.

Therapeutic lag in controlling
worsening of disability

In our study DMTs resulted in a full effect on disability pro-

gression between 6 months and 1.3 years after commence-

ment. This is in accordance with a post hoc analysis of the

combined DEFINE and CONFIRM cohorts, where dimethyl

fumarate reduced the risk of 12-week confirmed disability

progression after 62 weeks (Kappos et al., 2015). Time to

treatment effect on disability progression is, to the authors’

knowledge, infrequently reported. In our analysis the com-

mencement of DMTs resulted in a transient attenuation in

the number of progression events, but did not abolish the ac-

cumulation of disability over time. For most therapies, the

frequency of confirmed disability progression events resumed

to increase after �2 years from starting a DMT. In particu-

lar, disability progressions occurring independent of relapse

activity were only briefly reduced by multiple sclerosis im-

munotherapy. This highlights the contribution of relapse-in-

dependent disability progression to reduced capacity in

patients with multiple sclerosis, and is supported by studies

showing that therapies delay, but do not entirely stop, dis-

ease progression (Brown et al., 2019; Lorscheider et al.,

2019). Clinical relapses, however, represent the tip of the

iceberg of episodic inflammatory activity; 5–10 new white

matter lesions are accrued for every relapse diagnosed

(McDonald et al., 1994). Radiologically apparent, yet clinic-

ally silent, episodic inflammatory activity may thus still con-

tribute to progression independent of relapse activity.

Progression-of-disability trends differed for patients receiving

mitoxantrone and interferon beta-1b; these groups experi-

enced continued reduction in the number of progression

events over the 5-year period (Le Page et al., 2008). The

interferon beta-1b and mitoxantrone cohorts were enriched

for patients with progressive disease and with greater EDSS

scores. As the probability of experiencing a progression

event reduces at higher EDSS scores (Kalincik et al., 2015),
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these differences cannot be entirely attributable to treatment

effect, but potentially to systematic differences in the rate of

transition between different EDSS steps.

Limitations

This study used data obtained from longitudinal observa-

tional registries, which may be subject to variable data qual-

ity. Data quality was, however, controlled through a

previously published data verification process (Kalincik

et al., 2017). The use of two differing sources of data

(MSBase, a global registry of self-selected predominantly

academic multiple sclerosis centres, and OFSEP, a national

cohort from academic multiple sclerosis centres) helps fur-

ther mitigate the effects of selection and reporting biases.

Second, the described method is reliant on a large number of

events in order to identify a stable, reproducible estimate of

the duration of therapeutic lag. We combine data from the

two largest multiple sclerosis registries in order to maximize

the available power. We have used objective methods to

identify therapies for which the available data were suffi-

cient, including the evaluation of the estimated Tr in relation

to the number of recorded events. Where the critical mass of

events was not reached, analyses were discontinued. As con-

firmed disability progression events are less frequent than

relapses, time to treatment effect on this outcome could only

be calculated for seven therapies in merged progressive and

relapsing multiple sclerosis cohort. Similarly, highly effective

therapies with smaller patient numbers, and newer therapies,

such as the B-cell therapies or cladribine, were not sufficient-

ly represented to qualify for inclusion. Because Tr is esti-

mated within large groups of events, it may be subject to

bias and fluctuation where the density curves are multi-

modal. We have therefore implemented additional measures

to ensure robust estimates of the lag duration, including

Monte Carlo simulations to estimate the variance, sequential

analyses to ensure consistency of results and Gaussian mix-

ture models to identify the most robustly supported Tr in

multimodal curves. Importantly, the Tr estimator was devel-

oped and externally validated in two large non-overlapping

registry datasets, with no significant differences in Tr be-

tween registries. As all relapses within 30 days from a prior

relapse constitute a single event, this refractory period, to-

gether with regression to the mean, contributes to the decline

in relapse density. Third, unmatched differences remain be-

tween the cohorts on different therapies, and any compari-

sons between treatments should be avoided. This includes

variability in the reasons for treatment switch and the use of

DMTs during the 3-year pretreatment period. These differ-

ences would most likely be associated with the height of the

peak of relapses preceding treatment switch, but would not

directly influence the time to treatment effect. It is therefore

reassuring that the height of the relapse peak did not impact

the duration of therapeutic lag. Fourth, relapses did not re-

quire confirmation with EDSS or treatment with corticoste-

roids; this may have inflated the number of relapse events

present. A sensitivity analysis with a more stringent relapse

definition was however performed, with no substantial

change in the results. Fifth, the EDSS was used as a measure

of disability progression. The EDSS has a number of limita-

tions including a floor and a ceiling effect, low intra- and in-

ter-rater reliability and at higher scores is predominantly a

measure of ambulation (Hobart et al., 2000). The issue of

variability is partially addressed through the use of specialist

neurologist EDSS raters (D’Souza et al., 2017) and the use

of a robust definition of disability progression. Additionally,

no objective measures of disability in cognitive domain or

manual dexterity were included in the analysis as they are

not routinely documented in registry data. Sixth, the require-

ment for 3-year pretreatment follow-up and 1-year treatment

persistence precludes generalizability to patients who com-

mence treatment early after multiple sclerosis onset and

those with early treatment cessation due to intolerance or

treatment failure. Seventh, the duration of treatment effect

after the last dose was based on rough estimates as per

Kunchok et al. (2020). Eighth, the use of re-baselining brain

MRI shortly after commencement of therapy, as per the pre-

sent monitoring guidelines (Wattjes et al., 2015), may have

influenced the persistence on study therapy. Where MRI ac-

tivity was detected, physicians may have been tempted to

discontinue study medication, which would thus not fulfill

the inclusion criterion of 1-year treatment persistence. This

would have, in turn, led to selective exclusion of treatment

epochs with early subclinical activity. On the other hand,

early on-treatment MRI activity may be representative of

changes immediately preceding treatment initiation or occur-

ring before the newly commenced treatment has become

fully effective, and such early MRI assessment would be

requested with the aim of creating a new radiological ‘base-

line’ rather than immediately guide continued treatment

(Montalban et al., 2018). The novel information generated

by our study will help clinicians in choosing the optimal

time for the re-baselining brain MRI after start of a new

DMT. Lastly, evaluation of the time to treatment effect on

MRI activity was not included in this study; an observation-

al cohort, with semiquantitative imaging information

acquired approximately at yearly intervals does not provide

a reliable marker of neuroradiological onset of treatment ef-

fect. To address this, a prospective study such as the ongoing

MAGNIFY-MS trial (https://ClinicalTrials.gov/show/

NCT03364036), with frequent prespecified imaging time

points (at least one MRI per month), would be needed.

Conclusion
Accurate expectations regarding the time required for full

clinically manifest treatment effect has important implica-

tions for therapeutic decisions, particularly during the initial

months after patients have commenced new multiple scler-

osis immunotherapies. In this observational study, the lag to

a measurable maximum effect of therapies on relapses and

progression of disability was 3–7 and 7–16 months, respect-

ively. Objectively defined periods of expected therapeutic lag
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for the presently used therapies allows insights into the

evaluation of treatment response in randomized clinical trials

and may guide clinical decision-making in patients who ex-

perience early on-treatment disease activity. Further explor-

ation of the influence different patient or disease

characteristics have on the duration of therapeutic lag will

allow personalization of care in patients who commence dif-

ferent therapies in various clinical scenarios.
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Camdessanché, Justine Faure, Aude Maurousset, Ivania

Patry, Karolina Hankiewicz, Corinne Pottier, Nicolas
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