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Introduction
Multiple sclerosis (MS) is a chronic immune-
mediated inflammatory disorder of the central 
nervous system characterized by demyelination 
and neurodegeneration.1 Two broad categories 
divide the disease into relapsing–remitting (RRMS) 
and progressive (PMS) phenotypes. RRMS is 
characterized by attacks of new or worsening 
 neurological deficits with or without return to 
baseline while PMS commonly presents with pro-
gressive worsening of neurologic disability.2 While 
there is currently no cure for the disease, over a 
dozen disease-modifying therapies (DMTs) are 
approved by regulatory agencies for the treatment 
of disease activity primarily based on reducing 
relapses and formation of new magnetic  resonance 
imaging (MRI) lesions.

The majority of DMTs treat disease activity by 
depleting inflammatory cells, preventing their migra-
tion into the central nervous system and mitigating 
formation of new focal white matter lesions. This 
efficacy for treating disease activity has prompted tri-
als of many of the same DMTs in people with PMS, 
but most failed to halt disease progression, likely due 
to the late intrathecal inflammatory process occur-
ring in the setting of an intact blood–brain barrier 
that is more difficult to target.3–6

Age appears to be a strong predictor of MS dis-
ease activity. With increasing age, relapse fre-
quency and new inflammatory MRI lesions 
decline;7–9 however, there is scarce evidence on 
age-dependent changes in DMT efficacy in treat-
ing disease activity. The goal of this study was to 
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perform a meta-analysis of all blinded, rand-
omized clinical trials of DMTs for RRMS to 
examine whether reductions in disease activity 
on a group level as measured by annualized 
relapse rate (ARR), new T2 lesions, and gadolin-
ium-enhanced lesions are dependent on age. We 
hypothesized that age will negatively correlate 
with reductions in ARR, new T2 lesions, and 
gadolinium-enhanced lesions in people with 
RRMS. Establishing an association between 
aging and DMT efficacy will help predict treat-
ment response in patients and inform treatment 
decisions given the inherent risks of adverse 
effects, particularly in elderly patients with MS, 
and the high cost of DMTs.

Methods

Search strategy and selection criteria
We searched PubMed from the database inception to 
May 2020 for clinical trials of DMTs for the treat-
ment of RRMS. The “clinical trial” filter in PubMed 
was applied and key words for screening included 
“multiple sclerosis” in conjunction with either “inter-
feron” (n = 908), “glatiramer acetate” (n = 211), 
“dimethyl fumarate” (n = 35), “fingolimod” (n = 89), 
“siponimod” (n = 5), “ozanimod” (n = 6), “terifluno-
mide” (n = 25), “cladribine” (n = 37), “alemtu-
zumab” (n = 34), “mitoxantrone” (n = 54), 
“natalizumab” (n = 107), “rituximab” (n = 22), 
“ocrelizumab” (n = 10), “daclizumab” (n = 36), and 
“laquinimod” (n = 13). Eligibility criteria included 
blinded randomized phase III clinical trials in adult 
patients with RRMS, intervention with any of the 
aforementioned pharmacological agents for at least 
1 year, the inclusion of a placebo control arm or inter-
feron beta as the active comparator arm, availability 
of baseline patient characteristics including mean 
age, and outcome measurements including ARR, 
new T2 lesions, and/or gadolinium-enhanced lesions. 
Studies were excluded if more than 10% of the trial 
population consisted of patients with PMS. Full texts 
of all articles were obtained based on the assessments 
of titles and abstracts, and additional information 
from supplementary data was gathered when appli-
cable. The screening process is depicted in the 
Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses flow diagram (Figure 1).10

Data analysis
Extracted data included clinical trial characteristics 
(name of trial, year of publication, interventions, 

study duration, sample size), mean age of trial sub-
jects, and outcome measures (ARR, new T2 
lesions, and gadolinium-enhanced lesions). When 
mean values were not available, the reported 
median values were used. The analytic methods 
were adopted from a meta-analysis by Weideman 
et  al.11 Data analysis was conducted in statistical 
software R v.3.3.1 (RStudio v.1.0).12,13

Calculating ARR, new T2 lesions, and 
gadolinium-enhanced lesions reduction
Drug efficacy was measured by percent reduction 
in ARR, new T2 lesions, and gadolinium-
enhanced lesions of the drug group against the 
placebo group. Using ARR as the example, this 
was calculated as

%ARR reduction
ARR

ARR
drug

placebo

= −








 ⋅1 100%

where ARRdrug represents the ARR of the drug 
group and ARRplacebo represents the ARR of the 
placebo group at the end of the trial. The ratio 
of ARRdrug to ARRplacebo can be viewed as the 
number of relapses occurring on treatment to 
the number of relapses occurring while on pla-
cebo. Thus, ARR reduction is roughly equiva-
lent to the relative risk reduction in relapse 
occurrences.

Assigning trial weight
A weighted regression was used to account for the 
varying sample size and duration of clinical trials. 
Using methods from previous meta-analyses,14,15 
the estimated weight of each trial was calculated 
using the following formula:

Weight = n D

where n is the trial sample size and D is the trial 
duration in years. Therefore, trials enrolling 
more subjects and lasting longer will carry a 
larger weight. For trials with two treatment arms 
and one control arm, each pair of treatment ver-
sus control arms was considered an independent 
trial. To avoid double counting patients and 
falsely inflating the trial weight, the placebo 
group size used in calculating each trial sample 
size was divided by the number of treatment 
arms.
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Estimating efficacy against placebo in active 
comparator trials
For trials not using placebo, various interferon 
beta formulations were used as the active compar-
ator. To estimate drug efficacy against placebo in 
active comparator trials, we factored in an esti-
mated additional efficacy of interferon beta prepa-
rations against placebo on top of the known efficacy 
of the drug against the interferon beta control. 
Using ARR as the example, the ARR reduction of 
the drug versus placebo in active comparator stud-
ies using interferon beta can be thought of as

ARR reduction

ARR

ARR

ARR

Drug versus placebo

drug

IFN

IFN= − ⋅
−

−
1

β

ββ

ARRplacebo









 ⋅100%

This represents the additional ARR reduction that a 
drug that was compared with interferon beta (IFN-
β) would have against placebo by factoring in the 
ARR reduction that interferon beta preparations as 
a group have against placebo. By rearranging the 
equation for ARR reduction, it holds true that

ARR reduction

ARR reduction

Drug versus placebo

Drug versu

=

− −1 1
ss IFN

IFN versus placeboARR reduction

−

−







⋅

−







β

β

100

1
100





















⋅100%

An estimated single average efficacy of interferon 
beta versus placebo was determined by taking a 

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses flow diagram illustrating 
search strategy and study inclusion in the meta-analysis.
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weighted average for each interferon beta prepa-
ration in their respective trials against placebo.

Simple weighted regression
To assess the relationship between age and ARR, 
new T2 lesions, and gadolinium-enhanced lesions 
reduction, we fitted a simple weighted regression 
to all drug trials as follows using ARR as the 
example

ARR Reduction AgeW W W i Wi i i
= + +β0 1β ε

The parameter estimates of (β) [standard error 
(SE) and R2] are reported for each model, the 
subscripts Wi  are indices of the weighted terms, 
and ε is the error term.

Results
There were 26 trials of 14 DMTs enrolling 28,082 
subjects published between 1995 and 2019 that 
fulfilled inclusion criteria for the meta-analysis. 
ARR or a relapse-related metric was the primary or 
coprimary outcome in all trials except in the high-
dose interferon beta-1a trial, which reported time 
to onset of sustained disability worsening as the 
primary outcome.16 New T2 lesions were reported 
as an outcome in 18 trials and gadolinium-
enhanced lesions were reported in 19 trials. Each 
trial was assigned a weight dependent on the trial 
sample size and duration. Eleven active compara-
tor trials compared the study drug with interferon 
beta instead of placebo. Six trials compared effi-
cacy of interferon beta with placebo. Individual 
trial characteristics are shown in Table 1. For 
active comparator trials, the efficacy of the drug 
against placebo was estimated by combining the 
added estimated ARR, new T2 lesions, or gadolin-
ium-enhanced lesion reduction of interferon beta 
against placebo with the ARR, new T2 lesions, or 
gadolinium-enhanced lesion reduction of drug to 
interferon beta.

Age and ARR
The mean age of patients in all trials ranged from 
33.1 years in the CARE-MS I trial17 to 40.4 years 
in the FREEDOMS II trial.18 We modeled the 
linear regression for 26 trials as a function of age, 
and there was no significant association between 
mean age and ARR reduction [βw(SE) = –2.13 
(2.1); R2 = 0.04; p = 0.31] [Figure 2(A)].

Age and new T2 lesions
The mean age of patients in all trials ranged from 
35.4 years in the SUNBEAM trial19 to 40.4 years 
in the FREEDOMS II trial.18 We modeled the 
linear regression for 18 trials as a function of age, 
and there was no significant association between 
mean age and new T2 lesion reduction [ βw
(SE) = 1.01 (3.9); R2 = 0.003; p = 0.80] [Figure 
2(B)].

Age and gadolinium-enhanced lesions
The mean age of patients in all trials ranged from 
35.4 years in the SUNBEAM trial19 to 40.4 years 
in the FREEDOMS II trial.18 We modeled the 
linear regression for 19 trials as a function of age, 
and there was no significant association between 
mean age and gadolinium-enhanced lesion reduc-
tion [ βw (SE) = –2.25 (3.5); R2 = 0.02; p = 0.53] 
[Figure 2(C)].

Discussion
Our meta-analysis found no significant associa-
tion between age and DMT efficacy on disease 
activity as measured by reduction in ARR, new 
T2 lesions, or gadolinium-enhanced lesion in 
clinical trials of DMTs for RRMS. We chose to 
study ARR reduction since approvals of DMTs 
are mainly based on this outcome measure. In 
addition, MRI lesions are a surrogate of ARR and 
are correlated with disease activity.20 In almost all 
RRMS trials, ARR or a similar relapse-related 
metric was used as the primary outcome, but 
studies have not examined whether ARR reduc-
tion is age-dependent. Seven subgroup analyses 
of MS drug trials studied whether there were dif-
ferences in efficacy between younger versus older 
patients.21–26 In each of these subgroup analyses 
patients were separated into two age groups of 
above and below age 40 years (with a cutoff of 38 
for one study). These results showed that patients 
in the younger age group had better treatment of 
disease activity, but due to small differences in 
treatment effect, these subgroup analyses were 
not powered to detect statistical significance of 
the effect differences between the two age groups. 
A meta-analysis of six randomized controlled tri-
als of 6693 patients with RRMS that reported 
subgroup analysis showed that patients in the 
<40 age group achieved significantly higher 
reduction of disease activity than those in the ⩾40 
age group.27 Although subgroup analyses have 
shown that DMTs have greater efficacy in 
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Figure 2. Efficacy of disease-modifying therapies against placebo on annualized relapse rate reduction (A), 
new T2 lesion reduction (B), and gadolinium-enhanced lesion reduction (C) as a function of mean baseline 
age in patients with relapsing–remitting multiple sclerosis. The corresponding trial indices are listed in 
Table 1. The gray area indicates 95% confidence interval estimates. The coefficient of determination (R2) and 
p-values are shown in the respective plots. The diameter of each circle is proportional to the weight of the 
corresponding clinical trial in the meta-analysis.
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younger patients, the studies do not describe a 
correlation between age and efficacy, thus limit-
ing strategies to predict the average efficacy of 
DMTs based on age.

Analysis of data for the study was based on meth-
ods described in the meta-analysis by Weideman 
et al., which evaluated the age-dependent efficacy 
of DMTs in trials of all MS subtypes using dis-
ease progression as the outcome.11 The original 
study found a significant age-related decline in 
inhibition of disease progression using a weighted 
regression of percent inhibition of disability pro-
gression versus mean trial age. The results support 
observations that mechanisms driving disease 
progression evolve with age. While the mecha-
nisms driving disease activity do not change with 
age, disease activity as the substrate for DMTs 
diminishes with age, which is not adequately cap-
tured in the clinical trial population that selects 
for patients with baseline active disease regardless 
of age.

Several limitations are inherent in our meta-anal-
ysis. The most significant limitation is the inac-
cessibility of individual-level data from MS 
clinical trials, which restricts us to using the mean 
patient age as reported in each trial and masks 
any age-related changes in DMT efficacy within 
each trial. Another limitation is the narrow range 
of mean age of trials for RRMS spanning from 33 
to 40 years, leaving out aggregate data for younger 
and older patients. In addition, we assume that 
class differences between DMTs exhibit similar 
age-related changes in efficacy and that different 
interferon beta preparations are equivalent when 
preparing the regression of drug to placebo for 
active comparator trials. Finally, variations among 
clinical trials, including trial design and changes 
in trial population, limit accurate assessment of 
comparative drug efficacies.28

Considering that clinical trials of DMTs for 
RRMS exclude patients over age 55, there are 
no data to suggest DMTs are either effective or 
safe in the elderly, especially in those without 
disease activity. Instead, there is growing evi-
dence showing increased prevalence of comor-
bidities in the aging MS population as well as 
greater susceptibility to treatment-related side 
effects such as infections and lymphopenia.29–31 
In addition, evidence suggests that relapses are 
rare in people with MS over age 60,31 and con-
tinuing DMTs have lower projected benefits in 

the elderly.32 Despite growing concerns regard-
ing safety and efficacy in using DMTs in the 
elderly, their continued use in this population 
may be the result of the perceived notion that 
disease inactivity is due to the effect of DMTs 
rather than the natural disease course with 
aging. Further contributing to the hesitation to 
discontinue DMT is the concern of rebound 
disease activity. The currently ongoing 
DISCOMS trial is expected to provide data on 
the safety of DMT discontinuation for stable 
MS patients over age 55.33

The age gap between the MS clinical trial popula-
tion and real-world population continues to 
widen with growing numbers of elderly people 
with MS, where the average age demographics for 
people with MS in North America are now cited 
to span the 50s to 60s.34,35 This makes clinical 
trial results less applicable to the general MS pop-
ulation in terms of age and age-related changes in 
disease activity. As the probability of active dis-
ease declines with age and susceptibility to side 
effects increases, the risks versus benefits of using 
DMTs in the elderly should be reexamined. 
Current data from clinical trials of DMTs are not 
suitable for establishing an age-dependent rela-
tionship with efficacy due to selection for patients 
with active disease. Further dedicated studies 
with a real-world population on the relationship 
between DMT efficacy and age and the safety of 
DMT discontinuation are still needed to address 
the benefits and risks of using DMTs in aging MS 
patients.
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