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Abstract
Background  Comparative assessments of all available disease-modifying therapies (DMTs) in patients with highly 
active relapsing-remitting multiple sclerosis (RRMS) are lacking, even though some of these DMTs are restricted to 
this MS subpopulation. We therefore aimed to compare DMTs in patients with highly active RRMS using re-analyses of 
individual patient data (IPD) provided by study sponsors.

Methods  We searched for randomised controlled trials (RCTs) that included adult patients with RRMS and directly 
compared alemtuzumab, cladribine, dimethyl fumarate, fingolimod, natalizumab, ocrelizumab, ofatumumab, 
ozanimod, ponesimod and teriflunomide, or compared these DMTs with other drugs or placebo. Re-analyses of 
IPD for subpopulations of patients with high disease activity despite previous DMT were included in network meta-
analyses (NMAs). As there is no widely accepted definition of high disease activity in RRMS, criteria were chosen to 
cover as wide a range of definitions as possible, while being sufficiently similar across studies.

Results  We identified 14 relevant RCTs, including only 3 head-to-head comparisons of DMTs, and no relevant 
studies on natalizumab. All studies were pivotal studies for approval. The available re-analyses of IPD did not 
allow comprehensive NMAs. The main reasons for this were the overall paucity of RCTs, especially head-to-head 
comparisons, and a high risk of bias. In addition, data on patient-relevant outcomes and long-term follow-up (> 2 
years) were lacking.

Conclusion  Based on the largest possible evidence base, including previously unpublished data, our systematic 
review shows substantial evidence gaps for DMTs in highly active RRMS. This indicates a need for further research 
beyond regulatory requirements.

Trial registration  Clinical trial number: not applicable.
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Introduction
Multiple sclerosis (MS) is one of the most common neu-
rodegenerative diseases, and often has a lifelong, debili-
tating impact on patients. The most common form, 
relapsing-remitting multiple sclerosis (RRMS), accounts 
for approximately 85% of cases [1, 2]. It is characterised 
by repeated episodes of MS-specific symptoms (relapses), 
including but not limited to fatigue and motor, visual and 
cognitive impairment. Relapses are often associated with 
disability progression (e.g. loss of motor function) [1]. A 
subgroup of RRMS patients have a more aggressive dis-
ease course known as highly active MS, characterised by 
rapid physical and cognitive deterioration despite previ-
ous disease-modifying therapy (DMT), i.e., treatment 
with one or more disease-modifying drugs that target the 
underlying cause of the disease [3].

The first generation of DMTs for RRMS was introduced 
in the 1990s, with beta-interferons and glatiramer acetate 
still being important treatment options [4]. Since 2006, 
a number of DMTs for RRMS with novel mechanisms 
of action have become available in the European Union 
(EU), including alemtuzumab, cladribine, dimethyl fuma-
rate, fingolimod, natalizumab, ocrelizumab, ofatumumab, 
ozanimod, ponesimod and teriflunomide [5–14]. Some 
– cladribine, fingolimod, alemtuzumab and natalizumab 
– are restricted to patients with highly active RRMS [7, 
8, 11]. All 4 drugs have been associated with serious, 
sometimes fatal, adverse effects which lead to restrictions 
of the European market authorisation. Severe thyroid 
effects, immune thrombocytopenic purpura, nephropa-
thies, cardiovascular disease and other adverse effects, 
including fatal cases, have been reported with alemtu-
zumab [15]. Some of these cases may have occurred late 
after administration. Long-term follow-up of patients for 
48 months after the last infusion is therefore required 
[16]. In addition, cases of progressive multifocal leuko-
encephalopathy (PML) have been reported with natali-
zumab [17]. Both drugs have therefore been restricted 
to patients with highly active or rapidly progressing dis-
ease despite previous DMT [16, 17]. For cladribine and 
fingolimod serious, sometimes fatal adverse effects have 
also been observed, and the label of these drugs initially 
included patients with highly active disease only [18, 19]. 
However, to date there have been no systematic com-
parisons of the benefits and harms of DMTs in this MS 
subpopulation. Previous systematic reviews have mostly 
included patients with RRMS regardless of disease activ-
ity or have not considered all of the drugs mentioned 
above [20–25]. The Federal Joint Committee (G-BA), 
the highest decision-making body in the German health 
care system, therefore commissioned the Institute for 

Quality and Efficiency in Health Care (IQWiG), the Ger-
man health technology assessment (HTA) agency, to con-
duct an HTA with a systematic review of the comparative 
effectiveness of alemtuzumab, cladribine, dimethyl fuma-
rate, fingolimod, natalizumab, ocrelizumab, ofatumumab, 
ozanimod, ponesimod and teriflunomide in the target 
population of patients with highly active RRMS despite 
previous DMT.

In the present article we report the results of this 
review. The full report (in German) and protocol are 
available on the IQWiG website [26, 27], including an 
English translation of the core report [28].

Materials and methods
IQWiG’s general HTA methods are described in its 
methods paper [29]. We also followed the PRISMA NMA 
extension for reporting systematic reviews with NMAs 
[30].

Inclusion criterion: high disease activity
There is no generally accepted definition of highly active 
RRMS. Current MS guidelines [31–37] and reviews [3, 
38, 39] either do not provide a clear definition or list 
several competing definitions, based either on different 
operationalisations of relapse frequency, occurrence of 
brain lesions, disability progression or disability severity 
at diagnosis, or combinations of these features. Similarly, 
the Summaries of Product Characteristics do not pro-
vide a consistent definition. Instead, they use definitions 
of disease activity pre-specified in the pivotal studies of 
each DMT. High disease activity is usually defined by 
the relapse rate and new CNS lesions on magnetic reso-
nance imaging (MRI). Definitions in clinical studies vary, 
but are usually based on the occurrence of at least one 
relapse in the previous year, combined with the occur-
rence of multiple T2-weighted lesions and/or at least 
one gadolinium-enhancing (Gd+) T1-weighted lesion, 
despite previous DMT.

In this systematic review, we proposed an approximate 
definition of high disease activity based on patient-rele-
vant features and MRI characteristics. Our definition was 
based on 3 manifestations of disease activity:

(1)	a purely clinical manifestation independent of MRI 
activity, defined as ≥ 1 relapse with severe functional 
impairment in the past 12 months or ≥ 2 such 
relapses in the past 24 months;

(2)	a mixed clinical and MRI manifestation consisting 
of ≥ 1 relapse in the past 12 months or ≥ 2 relapses in 
the past 24 months, each associated with ≥ 3 new or 
enlarged T2-lesions or ≥ 1 Gd+ T1 lesion;
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(3)	an MRI-only manifestation, requiring the appearance 
of numerous new or enlarged lesions in the past 12 
months, but no documentation of relapse activity.

We included the third definition because we assumed 
that many new or enlarged lesions were indicative of 
a possibly undocumented clinical manifestation. As 
T2-lesions persist over time, only new or enlarged 
T2-lesions were included in the assessment of current 
activity. Gd+ T1 lesions do not persist for more than 4 to 
6 weeks, so any T1 activity indicates current inflamma-
tory activity. For all manifestations included in our defi-
nition, a sufficiently highly dosed and complete course 
of treatment with at least one DMT was required before 
high disease activity could be diagnosed. This previous 
treatment had to take into account the latency period of 
the DMT (e.g. 3 months for interferons), in order for the 
treatment to be fully effective. In addition, no more than 
12 months should have elapsed between the end of the 
last DMT and the start of study treatment.

Selection of studies
We searched for randomised controlled studies (RCTs) 
that included adult patients with RRMS who met any of 
the 3 criteria for high disease activity described above. 
Regardless of the definition of disease activity, all patients 
had to have received at least one adequate initial course 
of DMT. This means that a diagnosis of high disease 
activity could only be made when the previous treatment 
was fully effective, i.e. after at least 3 to 6 months of treat-
ment. Possible initial treatments included interferon-β 
1a, interferon-β 1b, glatiramer acetate, dimethyl fumarate 
and teriflunomide, administered according to the Euro-
pean Medicines Agency (EMA) label.

Patients could be treated with any of the 10 DMTs 
according to the EMA label. As they were to be com-
pared with each other, we only included studies that 
compared one of these DMTs directly or with another 
drug or placebo that could serve as a common compara-
tor in a network meta-analysis (NMA), i.e. that was used 
as a comparator for at least 2 DMTs of interest. Because 
disability progression in MS occurs over a longer period 
of time, the minimum follow-up period had to be at least 
2 years for at least a part of the study population.

We analysed the comparative effectiveness using patient-
relevant outcomes. Therefore, we excluded MRI-based 
assessments of disease activity alone and restricted our 
analyses to the following outcomes: overall survival; relapses 
(annual relapse rate [ARR], number of patients with ≥ 1 
confirmed relapse); disability progression according to the 
Expanded Disability Status Scale (EDSS), to be confirmed 
after 24 weeks; disability severity according to the Mul-
tiple Sclerosis Functional Composite (MSFC) status; walk-
ing ability; fatigue; visual impairment; and health-related 

quality of life (HRQoL). Harms were assessed by means of 
serious adverse events (SAEs), treatment discontinuation 
due to adverse events (AEs) and specific AEs (PML, serious 
infections, serious neoplasms and serious secondary auto-
immune disorders).

As the main source of study data (including unpub-
lished data), we asked the marketing authorisation hold-
ers (MAHs) of the 10 DMTs to provide us with complete 
information on all studies of the drugs analysed, as well as 
complete clinical study reports (CSRs) for the studies (see 
Supplementary Text 1 for further details). In addition, we 
searched clinical study registries (ClinicalTrials.gov, EU 
Clinical Trials Register, ICTRP), Medline and the G-BA 
database of early benefit assessments in Germany to iden-
tify other relevant studies that may not have been identified 
in the documents provided by the MAHs. Only docu-
ments in English or German were included. Two review-
ers independently screened the titles and abstracts of the 
retrieved citations to identify potentially eligible publica-
tions. They also independently assessed the full texts. All 
documents retrieved from non-bibliographic sources were 
also screened by 2 reviewers for eligibility or relevant study 
information. Disagreements were resolved by consensus.

If a study population was not restricted to our target 
population, we asked the study sponsors to provide re-
analyses of individual patient data (IPD) to allow separate 
results for the target population.

Data extraction
Data extraction was performed by 2 reviewers; one 
extracted the data and the other checked the extracted 
data. Disagreements were resolved by consensus. The 
main sources for extraction were the study data provided 
by the sponsors. Where necessary, we used the requested 
subpopulation data.

For each relevant study, we extracted the follow-
ing information: study characteristics (citation, study 
design and duration, sample size, location, number of 
centres, study period, primary and relevant secondary 
outcomes); intervention characteristics; inclusion and 
exclusion criteria according to the study protocol; base-
line characteristics of patients in the relevant subpopula-
tion (demographic and disease-specific characteristics, 
including disease activity at baseline and prior and con-
comitant drug treatment); results for patient-relevant 
outcomes; and relevant items for assessing risk of bias.

The full datasets extracted from each study are avail-
able in the full German-language report [27].

Assessment of risk of bias and certainty of conclusions
Two reviewers assessed the risk of bias for all relevant 
studies using criteria commonly applied to RCTs [40–
49]. According to IQWiG’s methods [29], if an indirect 
comparison is based on only one study per intervention, 
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a statistically significant effect for an indirect compari-
son is only relevant if the single study has a low risk of 
bias. If more than one study with a high risk of bias con-
tributes to the contrast, the effect is considered relevant 
regardless of the risk of bias. At the level of individual 
outcomes, the risk of bias was only assessed if it was pos-
sible to compare at least 2 different DMTs. In this case, 
the risk of bias was assessed for the studies with results 
for all outcomes that could be compared.

The certainty of the conclusions of an NMA was 
determined by the number of studies that informed the 
pairwise comparisons, the inclusion of direct (i.e., head-
to-head) comparisons, the homogeneity of the studies, 
the consistency of the direct and indirect comparisons, 
and the risk of bias of the studies contributing to an 
effect.

Data synthesis and statistical methods
We aimed to compare several DMTs simultaneously 
using an NMA. In cases where an NMA was not possible, 
pairwise direct comparisons between DMTs within the 
included studies were to be used. When neither an NMA 
nor direct comparisons were possible, pairwise adjusted 
indirect comparisons were to be performed according to 
Bucher [50]. Statistical analyses were based on intention-
to-treat analyses as described in the study reports. The 
prerequisite for conducting an NMA was adequate struc-
tural quality of the study pool, i.e. a study pool that met 
the assumptions of similarity, homogeneity and consis-
tency. The requirements for these 3 criteria are described 
in Supplementary Text 2.

The following characteristics of the studies or study 
populations were considered to check the assumptions 
of similarity: age, sex, region (Organisation for Eco-
nomic Co-operation and Development [OECD] versus 
non-OECD countries), previous DMT, disease severity, 
disease duration of the target population, intervention, 
concomitant medication, study duration, study year, and 
the outcomes considered. Homogeneity was assumed if 
there was no substantial heterogeneity in the study pool 
for a given contrast that included 2 or more studies. 
Consistency was assumed if the estimates from an indi-
rect comparison were confirmed by the estimates from 
a direct comparison in a closed loop of the network. If 
any of the assumptions were rejected, no NMA was 
performed. If homogeneity or consistency could not be 
assessed because of the structure of the network or the 
number of studies, the NMA was still performed, but the 
certainty of the conclusion was downgraded. Heteroge-
neity was assessed by an interaction test. Where possible, 
inconsistency was tested locally within each loop using 
the node-splitting procedure [51].

Details on effect measures, relevance of effects and 
planned analyses are provided in Supplementary Text 2.

Patient and public involvement
Patients and the general public were involved in the full 
HTA according to IQWiG’s methods [29]. Before pub-
lishing our protocol, we invited patients with MS to a 
meeting to discuss their experiences of the disease. Seven 
participants described the symptoms that were impor-
tant to them, their experiences of different treatments 
and their side effects as well as their personal treatment 
goals and preferences. After the publication of both the 
preliminary protocol and preliminary report, a pub-
lic commenting procedure was held and the comments 
received were taken into account in the revised final ver-
sions [26, 27]. The submitted statements are available 
online [52, 53]. The changes made to the preliminary ver-
sions are described in Supplementary Text 3.

Results
Relevant studies and subpopulations
29 studies met the inclusion criteria for our review 
(Fig. 1). Most of these studies were identified by screen-
ing the documents provided by study sponsors. Four 
studies were identified by searching study registries, as 
they did not investigate any of the 10 DMTs listed in the 
protocol as an intervention, but as a comparator. Of the 
29 studies, 14 were included in direct or indirect com-
parisons of different DMTs, because they had a common 
comparator with at least one other DMT or provided a 
direct comparison of 2 DMTs. As shown in Table 1, the 
14 relevant studies investigated alemtuzumab (n = 1), 
cladribine (n = 1), dimethyl fumarate (n = 2), fingolimod 
(n = 2), ocrelizumab (n = 2), ofatumumab (n = 2), ozani-
mod (n = 1), ponesimod (n = 1) and teriflunomide (2 stud-
ies comparing teriflunomide with placebo and 3 studies 
comparing teriflunomide with either ofatumumab or 
ponesimod). None of the studies of natalizumab, includ-
ing the pivotal AFFIRM and SENTINEL studies [54, 
55] and the REVEAL study [56], met our inclusion cri-
teria. The AFFIRM study included only treatment-naïve 
patients, while in the SENTINEL study natalizumab was 
administered in combination with interferon, which is 
not an approved regimen according to the EMA label 
for natalizumab [11]. The REVEAL study did not meet 
the inclusion criterion of a minimum follow-up period 
of 2 years. One additional study of natalizumab met our 
inclusion criteria, but was not included in the compara-
tive NMAs due to a lack of common comparators with 
other DMTs. All relevant studies were pivotal studies 
conducted for the approval of the DMTs. We did not 
identify any post-approval studies.

All studies included patients with RRMS or relaps-
ing MS (RMS), but with a wider range of disease activity 
and previous treatments than specified in our review. For 
our target population, the MAHs provided re-analyses 
of IPD for all DMTs except for dimethyl fumarate and 
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Fig. 1  Flowchart of information retrieval a: Reasons for exclusion were wrong population (n = 3), wrong intervention (n = 3), study duration less than 2 
years (n = 11); b: Reasons for exclusion were wrong population (n = 23), wrong intervention (n = 6), wrong comparator (n = 1), no RCT (n = 5), study duration 
less than 2 years (n = 12), no full publication available, only conference abstracts, posters etc. (n = 39); CSR = clinical study report
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ocrelizumab. Therefore, the following 4 studies could 
not be included in our analysis: CONFIRM, DEFINE 
(relevant comparison in both studies: dimethyl fuma-
rate versus placebo), OPERA I and II (ocrelizumab ver-
sus IFN-β 1a), leaving subpopulations of 10 studies and 
7 DMTs for comparison (see Supplementary Table 2 for 
the definitions of the relevant subpopulations as applied 
by the study sponsors). As shown in Table 1, only a small 
part of the study populations matched the definition of 
the target population. In most studies, only 30–75% of 
the total study population had previously been treated 
with a DMT. Together with the criterion of high disease 
activity, this resulted in very small target populations in 
some cases, e.g. less than 10% of the total study popula-
tion in the studies CLARITY, FREEDOMS, OPTIMUM 
and RADIANCE B. In the end, our review included 1640 
patients in the target population.

Network characteristics
For the ARR outcome, the relevant studies can be 
grouped into 2 subnetworks. One subnetwork (Fig.  2a) 
includes the studies investigating cladribine, fingoli-
mod, ofatumumab, ponesimod and teriflunomide and is 
grouped around the common comparators placebo and 
teriflunomide. The other subnetwork (Fig.  2b) consists 
only of an indirect comparison of alemtuzumab and oza-
nimod via the common comparator IFN-β 1a. We did not 
identify any studies that connected the 2 subnetworks. 
Apart from the 3 studies that compared ofatumumab or 
ponesimod with teriflunomide, there were no studies that 
directly compared the DMTs with each other.

Data for individual outcomes
At the outcome level, the number of studies included 
ranged from 1 for HRQoL (OPTIMUM study, ponesimod 

Table 1  Size of study populations and target populations included in analyses for comparison of DMTs in patients with highly active 
RRMS despite previous DMT
Comparison Population size
Studya Study population Pre-treated with DMT Highly active disease despite previous 

DMTb

NIntervention NComprator NIntervention
(%)

NComparator
(%)

NIntervention
(%)

NComparator
(%)

DMT vs. IFN-β 1a
Alemtuzumab vs. IFN-β 1a
  CARE-MS II 436 231 426 (98) 202 (87) 363 (83) 199 (86)
Ocrelizumab vs. IFN-β 1a
  OPERA I 410 411 107 (26) 117 (29) n.r. n.r.
  OPERA II 417 418 113 (27) 103 (25) n.r. n.r.
Ozanimod vs. IFN-β 1a
  RADIANCE B 433 441 123 (28) 126 (27) 17 (4) 17 (4)
DMT vs. placebo
Cladribine vs. placebo
  CLARITY 433 437 113 (26) 142 (32) 13 (3) 17 (4)
Dimethyl fumarate vs. placebo
  CONFIRM 359 363 101 (28) 111 (31) n.r. n.r.
  DEFINE 410 408 162 (40) 172 (42) n.r. n.r.
Fingolimod vs. placebo
  FREEDOMS 425 418 181 (43) 169 (40) 34 (8) 28 (7)
  FREEDOMS II 358 355 264 (74) 259 (73) 75 (21) 69 (19)
Teriflunomide vs. placebo
  TEMSO 359 363 102 (28) 90 (25) 39 (11) 32 (9)
  TOWER 372 389 126 (34) 135 (35) 66 (18) 68 (17)
DMT vs. DMT
Ofatumumab vs. teriflunomide
  ASCLEPIOS I 465 462 274 (59) 280 (61) 121 (26) 122 (26)
  ASCLEPIOS II 481 474 286 (59) 293 (62) 135 (28) 147 (31)
Ponesimod vs. teriflunomide
  OPTIMUM 567 566 242 (43) 245 (43) 33 (6) 45 (8)
  Natalizumab No relevant studies were identified.
DMT disease modifying therapy, IFN interferon, N number of patients per study/population, n.r. not reported, RRMS relapsing-remitting multiple sclerosis
aFor references of the available studies, see Supplementary Table 1
bFor information on the definition on highly active disease despite previous DMT in the individual studies, see Supplementary Table 2
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Fig. 2  Comparisons for the outcome of annual relapse rate; including all DMTs with available data on subpopulations with highly active RRMS despite 
previous DMT treatment.Numbers indicate the number of studies per comparison and the total number of patients included. DMT = disease modifying 
therapy; N = total number of patients; RRMS = relapsing-remitting multiple sclerosis
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versus teriflunomide) to 10 for ARR (all studies for which 
subpopulation data were provided; see Supplementary 
Table 1 for references). Comparisons for specific out-
comes are shown in Figs.  2 and 3 and Supplementary 
Fig.  1. This variation in numbers is due to the varying 
availability of outcome data in each study. While MS-
specific outcomes such as ARR and EDSS-based disabil-
ity progression were assessed in all studies, other equally 
important outcomes such as fatigue, disability severity 
(as measured by the MSFC) and visual impairment were 
either not assessed in all studies or the results were not 
comparable. The latter was mostly due to the different 
types of analyses or instruments used. Supplementary 
Table 3 provides an overview of the outcomes that were 
included in the comparative analysis and, if not, the rea-
sons for their exclusion.

Assessment of the certainty of the NMA results
As mentioned above, we identified only 2 direct compari-
sons between DMTs (ofatumumab versus teriflunomide 
and ponesimod versus teriflunomide). No studies were 
identified that allowed an indirect comparison of these 
DMTs. Therefore, it was not possible to test the assump-
tion of consistency for any of the comparisons. The simi-
larity of the relevant studies was assessed using the study 
information and baseline patient characteristics provided 
by the study sponsors (see Supplementary Tables 4 and 
5), and it was concluded that all studies and populations 

were sufficiently similar to be considered in one analy-
sis. The assumption of homogeneity was tested for all 
pairwise comparisons involving at least 2 studies. Sta-
tistically significant heterogeneity was identified for the 
teriflunomide versus placebo comparison for 2 outcomes 
(ARR and treatment discontinuation due to AEs). For 
the ARR outcome, heterogeneity was resolved by either 
excluding 1 of the 2 studies from the NMA and exam-
ining the 2 resulting analyses for qualitatively different 
results, which did not occur (see Table 2). For treatment 
discontinuation due to AEs, the majority of comparisons 
between DMTs were inconclusive in both analyses due to 
the low precision of the estimates. Therefore, the com-
parison between teriflunomide and placebo was excluded 
from the network. In consequence, only the results of the 
direct comparisons (ofatumumab versus teriflunomide 
and ponesimod versus teriflunomide) were considered; 
comparisons of fingolimod with other DMTs were not 
possible for this outcome.

Most of the DMTs in the network could only be com-
pared using indirect comparisons, which by their nature 
provide limited certainty of evidence.

Assessment of risk of bias
Across outcomes, the risk of bias was low for all stud-
ies with subpopulation data. However, for individual 
outcomes, the risk of bias was high for the results of all 
outcomes in all studies except RADIANCE B (ozanimod 

Fig. 3  Comparisons for the outcome of serious adverse events; including all DMTs with available data on subpopulations with highly active RRMS despite 
previous DMT treatment. Numbers indicate the number of studies per comparisonand the total number of patients included. DMT = disease modifying 
therapy; N = total number of patients; RRMS = relapsing-remitting multiple sclerosis
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versus IFN-β 1a) and OPTIMUM (ponesimod versus 
teriflunomide). RADIANCE B had a low risk of bias for 
all outcomes except for disability severity and walking 
ability, whereas OPTIMUM had a high risk of bias for 
all outcomes except for disability severity and walking 
ability.

Comparative effects of DMTs
Table  2 shows the NMA results for the outcomes ARR 
and SAEs, as these were assessed in all studies and com-
parable results were available for most DMTs (see Figs. 2 
and 3). However, no SAEs occurred in the RADIANCE 
B study (ozanimod versus IFN-β 1a). Therefore, a quan-
titative assessment of the effect between alemtuzumab 
and ozanimod was not performed for this outcome. As 
shown in Table 2, for most of the intended comparisons 
no relevant data were available, or only one study with a 
high risk of bias was available for at least one comparison 
of an indirect comparison. In the latter case, the available 
evidence was not sufficient to answer our research ques-
tion. Looking at the interpretable results, there were sta-
tistically significant differences between DMTs for which 
only direct comparisons were available. For the ARR out-
come, there were statistically significant differences in 
favour of ofatumumab versus teriflunomide and ponesi-
mod versus teriflunomide. There were no statistically sig-
nificant differences in the number of patients with SAEs.

For other outcomes, the interpretable results for all 
comparisons are summarised in Supplementary Tables 
6, 7 and 8. For most outcomes, comparisons across all 
DMTs were not possible due to limited data (see Fig.  2 
and Supplementary Fig.  1). Statistically significant dif-
ferences between DMTs for outcomes other than ARR 
were shown for disability progression (in favour of ofatu-
mumab versus teriflunomide) and treatment discontinu-
ation due to AEs (once in favour of ofatumumab versus 
teriflunomide and once in favour of teriflunomide versus 
ponesimod).

Discussion
Main findings
The main finding of our systematic review of 10 newer 
DMTs (alemtuzumab, cladribine, dimethyl fumarate, fin-
golimod, natalizumab, ocrelizumab, ofatumumab, oza-
nimod, ponesimod, and teriflunomide) for patients with 
highly active RRMS despite previous DMT is that there 
is a lack of comparative data to allow comprehensive 
NMAs. Due to the limited number of analyses available, 
no robust conclusions can be drawn from these results 
obtained from the NMA. We identified only 2 direct 
comparisons: ofatumumab versus teriflunomide and 
ponesimod versus teriflunomide. In the first compari-
son, ofatumumab was more effective than teriflunomide. 

The results of the second comparison were inconclusive 
because ponesimod showed better relapse control than 
teriflunomide but caused more discontinuations due to 
AEs.

Comparison with other systematic reviews
To our knowledge, our analysis is the first systematic 
review in the highly active disease population to include 
the 10 newer DMTs listed above. Several other sys-
tematic reviews comparing DMTs in MS/RRMS have 
been published, but these either only included a limited 
number of newer DMTs or included patients regard-
less of disease activity and previous treatment [20–25]. 
These reviews were also not limited to the DMTs men-
tioned above, but also included studies comparing other 
DMTs such as interferons, glatiramer acetate, rituximab 
and mitoxantrone with each other or with placebo. In 
addition, detailed assessments of similarity between 
the included studies were usually not reported, and it is 
unclear to what extent they were carried out. Therefore, 
detailed comparisons of our review with other systematic 
reviews are not meaningful because of the differences in 
the patient populations and treatments.

A meta-review published by Sormani et al. [23] 
reported methodological differences between 27 mixed 
treatment comparisons (MTCs) published between 
2010 and 2019. The authors concluded that the MTCs 
reviewed differed in important aspects, in particular the 
populations and the number of DMTs included. They 
identified only 2 MTCs that focused on patients with 
highly active and/or rapidly progressing RRMS, and 
only one of these was a systematic review. This review 
by Huisman et al. [21] compared fingolimod with natali-
zumab and dimethyl fumarate. However, the authors 
included patients regardless of previous treatment, as in 
the AFFIRM study (natalizumab versus interferon).

Strengths and limitations of the review
As mentioned above, the validity of NMAs is strongly 
dependent on sufficient similarity and homogeneity of 
the included studies [57]. However, the assessment of 
these characteristics may be limited when systematic 
reviews have to rely on journal publications and study 
registries as their main data sources. Both often provide 
insufficient information on study characteristics and 
patient populations [58, 59]. For our NMA, however, we 
had access to the CSRs of all relevant studies. These com-
prehensive documents include study protocols and com-
plete data on all items collected in a study [60] and are 
particularly helpful when a detailed description of studies 
and patients is required.

In addition, for 10 of the 14 identified studies, the 
sponsors provided patient characteristics and analyses 
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for patients with high disease activity despite previous 
treatment with interferons, glatiramer acetate, dimethyl 
fumarate or teriflunomide. This was of paramount 
importance for our analyses because all relevant studies 
were designed for approval in a broader MS population, 
including treatment-naïve patients and those with active, 
but not necessarily highly active, disease. These subpopu-
lation analyses were only possible because the sponsors 
provided access to unpublished IPD. This highlights the 
value of IPD for secondary analyses of studies and sup-
ports the call for widespread availability of CSRs and 
anonymised IPD to maximise the evidence base for clini-
cal research [61, 62].

The availability of CSRs and the re-analysis based on 
data from primary studies is a major strength of our 
review. Another strength is the inclusion of patients 
who met predefined criteria for high disease activity. In 
the absence of a widely accepted definition of high dis-
ease activity in RRMS, we defined a set of criteria that 
included only patients whose disease characteristics were 
sufficiently similar across studies. The criteria were cho-
sen to cover the range of clinical manifestations of high 
disease activity as widely as possible. However, the full 
set of criteria could not be applied to any of the relevant 
studies because the data needed to select patients accord-
ingly (e.g. MRI data before study entry or data on relapses 
causing functional impairment before study entry) were 
not collected in the studies. Instead, the definition of 
the target population varied between study sponsors, 
which meant that it was not possible to examine differ-
ent subgroups of high disease activity (e.g. clinical vs. 
MRI-based) that were pre-specified in the protocol of our 
analysis. Most patients in the target population had been 
diagnosed with RRMS several years prior to entering the 
studies, and had all undergone pre-treatment with at 
least one DMT. However, as the studies began between 
2004 and 2016, and patients were diagnosed using differ-
ent versions of the McDonald criteria (the 2005 or 2010 
versions, except in one case) [27], it is not possible to rule 
out differences in patient characteristics entirely.

Treatment strategies and definitions of disease char-
acteristics have changed since the start of our system-
atic review. On the one hand, disability progression in 
RRMS is no longer considered to be exclusively related 
to relapses [63]. More importantly, treatment of RRMS 
with newer, more effective DMTs from the time of diag-
nosis is increasingly considered preferable to initial treat-
ment with interferons or glatiramer acetate [64, 65]. The 
treatment setting on which our patient selection is based 
may therefore become less common. However, this does 
not change the need for both a definition of high disease 
activity and studies that include this population, as the 
effectiveness of DMTs may still differ according to dis-
ease activity, regardless of the initial treatment.

Strengths and limitations of the evidence base
Due to our access to CSRs and the additional analyses of 
our target population, we are confident that we had the 
most comprehensive evidence base possible for highly 
active disease despite previous DMT, except for the data 
not provided by the MAHs. However, there is a general 
lack of RCTs, and those that are available often show a 
number of shortcomings:

We identified a maximum of only 2 relevant RCTs for 
each DMT, and for half of them only one. All of these 
RCTs were pivotal studies designed for and completed 
before approval. There were no relevant post-approval 
studies despite the fact that the first approvals in Europe 
were granted in 2006 (natalizumab) and 2011 (fingoli-
mod). Because of the small number of direct compari-
sons, most analyses were based on indirect evidence. 
Indirect comparisons by design have a lower certainty of 
evidence than direct comparisons, even if the assump-
tions of similarity and homogeneity are met. Here, the 
ability to assess the consistency within the NMAs is 
limited. Indirect comparisons require greater certainty 
of evidence on both sides of the comparison to provide 
interpretable results, i.e. results that require at least 2 
studies (or on 1 study with a low risk of bias) on each side 
of the comparison. As Table 2 shows, this condition was 
fulfilled only in 2 comparisons (fingolimod vs. terifluno-
mide and fingolimod vs. ofatumumab).

We did not identify any RCTs that specifically included 
our target population. In all relevant studies, the inclu-
sion criteria allowed recruitment of patients across the 
entire spectrum of active RRMS. In addition, all studies 
except one allowed for the inclusion of both treatment-
naïve and previously treated patients. We therefore asked 
the MAHs to provide us with analyses that included only 
our target population. This population was small in most 
of the studies. Both the small sample size and the lim-
ited number of direct comparative studies diminish the 
strength of the NMAs.

Unfortunately, the MAHs did not provide subpopula-
tion data for dimethyl fumarate and ocrelizumab. How-
ever, as these would have been linked to other DMTs in 
the network by the same common comparators avail-
able from other studies, this data gap did not prevent the 
other DMTs from being compared with each other. More 
importantly, the missing subpopulations represented 
only a small percentage of the total population. The most 
striking evidence gap was found for natalizumab. In the 
EU, this DMT is only approved as monotherapy for the 
treatment of patients with highly active disease despite 
previous DMT due to safety concerns [11, 66]. We did 
not identify a single RCT that included the relevant sub-
population to support its approval. The available piv-
otal studies, AFFIRM and SENTINEL, were conducted 
in different treatment settings, with AFFIRM limited to 
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treatment-naïve patients [54] and SENTINEL evaluat-
ing natalizumab in combination with IFN-β 1a only [55]. 
Post-approval studies were also lacking.

For people with highly active disease, one concern is 
that more severe relapses may accelerate disease progres-
sion. Furthermore, progression independent of relapse 
activity (PIRA) is increasingly recognised as an important 
driver of MS progression [63, 67]. Although the severity 
of relapses or PIRA was not examined as an outcome in 
any of the studies, progression-related outcomes were 
available to capture this aspect, most notably confirmed 
disability progression (EDSS-based) and severity of dis-
ability (MSFC-based).

In line with previous research [68], our evidence base 
was also limited by a lack of data on patient-relevant out-
comes, including patient-reported outcomes. Outcomes 
such as fatigue and visual impairment were not regularly 
assessed in the pivotal studies. HRQoL was a prespecified 
outcome in some studies, but still could not be assessed 
in our NMA, mainly because either data on subpopula-
tions were not provided or there was a high proportion of 
missing values, which precluded analyses. For some out-
comes, such as specific AEs, few data were provided by 
the MAHs.

In addition, we did not find any long-term RCTs (> 2 
years). This lack of long-term data was also noted by 
Gerardi et al. [69], who summarised the evidence from 
pre- and post-approval studies in MS available up to 
2017, including studies of alemtuzumab, dimethyl fuma-
rate, fingolimod, natalizumab and teriflunomide. The 
authors found that only 2 of the 16 pivotal studies fol-
lowed patients for more than 2 years. As some DMTs 
are associated with delayed, serious adverse effects, a 
comprehensive assessment of their benefits and harms 
requires comparative studies with other DMTs with 
much longer follow-up periods than the current pivotal 
studies.

The need for additional post-hoc analyses in all rel-
evant studies in RRMS indicates a large research gap in 
this therapeutic indication. The restriction of some of the 
newer DMTs for high disease activity requires compara-
tive studies in these patients. While it is not surprising 
that these were not designed prior to approval, the gen-
eral lack of subsequent research in this area leaves both 
clinicians and patients without important information for 
their specific needs.

Future research
The shortcomings described above indicate that there is a 
need for extensive but targeted research that goes beyond 
regulatory requirements. Studies designed for this pur-
pose should provide a high certainty of evidence and 
meet the needs of routine care. One possible approach 
to meeting these needs is to conduct randomised 

registry-based trials [70–73] Disease-specific registries 
can collect and document data from large cohorts of 
patients, including pre-treated patients and patients with 
high disease activity. The registry can be used to identify, 
recruit and randomise a sufficient number of patients. 
Data collection can use the existing infrastructure of the 
registry, provided that the quality of the data is sufficient 
for the intended study, thus saving costs compared to a 
conventional RCT. In addition, the duration of data col-
lection in a registry is not limited, so patient cohorts can 
be followed for several years. In any case, randomised 
registry-based trials are currently being discussed as a 
superior alternative to non-randomised trials because 
they combine feasibility, pragmatism and a high certainty 
of evidence. One example of such a study in MS was con-
ducted in a Swedish registry, comparing the effective-
ness of rituximab and dimethyl fumarate in preventing 
relapses in early RRMS [74].

Finally, the issue of de-escalation in patients whose 
MS has become inactive has recently received more 
attention [75–77], partly because disease activity may 
decrease with age, while the risk of infection and other 
AEs increases [78]. The importance of de-escalation was 
also emphasised by the patients who attended the project 
meeting at IQWiG. We therefore aimed to include stud-
ies that compared de-escalation with continuing treat-
ment, but could not identify any. Although research has 
been done in this area, the RCTs we identified did not 
primarily investigate de-escalation in patients receiving 
the 10 newer DMTs included in our review, but also in 
patients receiving first-generation DMTs such as interfer-
ons and glatiramer acetate [79–81].

Conclusions and implications
Our analysis shows that there is very limited evidence to 
assess the comparative effectiveness of newer DMTs in 
patients with high disease activity in RRMS despite pre-
vious treatment. A conclusive comparison of available 
DMTs using NMAs would require comprehensive and 
well-connected networks. The main barriers to mean-
ingful comparisons are the lack of studies specifically 
designed for this MS subpopulation, especially RCTs 
that directly compare DMTs, the overall small number 
of studies per DMT, as well as post-approval studies and 
studies with long-term follow-up. These findings call for 
research programmes that promote studies tailored to 
the above needs, beyond those required for regulatory 
approval.
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