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Abstract.
Background: Studies 4658-201/202 (201/202) evaluated treatment effects of eteplirsen over 4 years in patients with Duchenne
muscular dystrophy and confirmed exon-51 amenable genetic mutations. Chart review Study 4658-405 (405) further followed
these patients while receiving eteplirsen during usual clinical care.
Objective: To compare long-term clinical outcomes of eteplirsen-treated patients from Studies 201/202/405 with those of
external controls.
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Methods: Median total follow-up time was approximately 6 years of eteplirsen treatment. Outcomes included loss of ambu-
lation (LOA) and percent-predicted forced vital capacity (FVC%p). Time to LOA was compared between eteplirsen-treated
patients and standard of care (SOC) external controls and was measured from eteplirsen initiation in 201/202 or, in the SOC
group, from the first study visit. Comparisons were conducted using univariate Kaplan-Meier analyses and log-rank tests,
and multivariate Cox proportional hazards models with regression adjustment for baseline characteristics. Annual change in
FVC%p was compared between eteplirsen-treated patients and natural history study patients using linear mixed models with
repeated measures.
Results: Data were included from all 12 patients in Studies 201/202 and the 10 patients with available data from 405. Median
age at LOA was 15.16 years. Eteplirsen-treated patients experienced a statistically significant longer median time to LOA by
2.09 years (5.09 vs. 3.00 years, p < 0.01) and significantly attenuated rates of pulmonary decline vs. natural history patients
(FVC%p change: –3.3 vs. –6.0 percentage points annually, p < 0.0001).
Conclusions: Study 405 highlights the functional benefits of eteplirsen on ambulatory and pulmonary function outcomes up
to 7 years of follow-up in comparison to external controls.

Keywords: Duchenne muscular dystrophy, eteplirsen, dystrophin, loss of ambulation, 6-minute walk test, forced vital capacity

INTRODUCTION

Duchenne muscular dystrophy (DMD) is a severe,
degenerative, X-linked neuromuscular disease which
is caused by mutations in the DMD gene encoding
dystrophin, a protein with a key role in upholding
the structure of muscle fibers [1]. The most com-
mon mutations are deletions flanking exon 51, which
account for 13% of all DMD cases and result in the
failure of dystrophin synthesis due to disruptions to
the transcriptional open-reading frame [2]. The inci-
dence of DMD in the United States (US), Canada,
France, and the United Kingdom is approximately
one in 3,500 to 5,000 newborn boys, similar to that
reported globally in a 2020 meta-analysis, of 19.8 per
100,000 newborn boys, i.e., ∼1 in 5,000 [3–6].

As patients with DMD age, they experience pro-
gressive damage and degeneration of muscle fibers
due to the absence of functional dystrophin. Hall-
marks of DMD include progressive loss of motor
function, frequent falls and developmental delay,
beginning around the age of two to three years [7].
The initial development of motor skills typically
plateaus around age seven and most boys lose ambu-
lation by their early to mid-teens [8, 9]. However,
patients experience substantial heterogeneity in clin-
ical trajectory; treatment regimens [1, 2] and the type
of mutations of the DMD gene [3–8] are among
the factors associated with disease progression. Res-
piratory failure and cardiomyopathy then develop
gradually, contributing to a life expectancy of under
30 years [10].

Eteplirsen, the first disease modifying therapy for
patients with DMD with confirmed exon-51 skip-
amenable mutations [11] approved by the US Food

and Drug Administration, is a phosphorodiamidate
morpholino oligomer that hybridizes with pre-mRNA
transcripts of the DMD gene [12]. This interaction
allows the restoration of the mRNA open reading
frame in patients with mutations amenable to exon
51 skipping, leading to the production of an internally
truncated yet functional dystrophin protein [12, 13].

Patients’ functional outcomes in clinical trials are
typically measured using the six-minute walk test
(6MWT) [8, 14], timed function tests [15], and the
North Star Ambulatory Assessment (NSAA) [16, 17].
These assessments have been used in clinical and
natural history studies of DMD to monitor disease
progression until loss of ambulation (LOA) [18–23].
LOA is a critical disease milestone for patients and
families, and consequently is an important outcome in
regulatory evaluations and health technology assess-
ment of new DMD therapies [9, 22, 24]. An important
clinical outcome for patients with DMD is forced
vital capacity (FVC). The percent-predicted FVC
(FVC%p) measures respiratory decline in patients
with DMD. FVC%p begins to decline between the
ages of 7 and 10 years in untreated patients with DMD
and declines linearly at approximately 5–6% per year
among those 10 to 18 years old, irrespective of corti-
costeroid treatment [9–12]. The steady deterioration
requires increased levels of clinical intervention as
the FVC%p drops below critical thresholds, impact-
ing quality of life [13, 14].

Due to the rarity of DMD, both clinical trial and
real-world data are scarce. However, understanding
the long-term efficacy of eteplirsen among patients
with DMD in the real world is of vital importance. To
this end, the present study compared time to LOA and
the annual rate of FVC%p decline between patients



O. Mitelman et al. / Long-Term Outcomes with Eteplirsen in DMD 41

Fig. 1. Study design and timing for studies 201, 202, and 405. Note: Patients were followed from initiation of eteplirsen treatment until the
end of data availability in all studies in which they participated.

with DMD who have a mutation amenable to exon-
51 skipping receiving eteplirsen and those receiving
SOC.

MATERIALS AND METHODS

Patients

Eteplirsen-treated patients for LOA and FVC%p
analyses

Eteplirsen-treated patients described in this anal-
ysis were enrolled in the pivotal trial of eteplirsen
and followed into an extension study, with additional
subsequent follow-up in the real world setting with
eteplirsen obtained via retrospective chart review
(Fig. 1).

The pivotal study of eteplirsen was a single
center, 24-week, double-blind, placebo-controlled
trial (Study 201; ClinicalTrials.gov identifier:
NCT01396239) with a 4-year, open-label extension
(Study 202; NCT01540409) [24, 25]. Study 201
enrolled 12 ambulatory boys with DMD with muta-
tions amenable to exon 51 skipping, aged 7 to 13
years, with baseline 6MWT values between 180 and
440 meters, and receiving a stable dose of steroids
for ≥ 24 weeks prior to enrollment. The patients
were randomized to either eteplirsen (either 30 mg/kg
[n = 4] or 50 mg/kg [n = 4]) or placebo (n = 4) [24]. In
Study 202, all 12 patients were followed for a cumu-
lative total of approximately 4 years (since the start of
Study 201) while being treated with eteplirsen [26].

Study 405 was a multicenter retrospective chart
review of 10 of the 12 patients who completed
Studies 201/202 to assess functional outcomes in
patients treated in real-world settings as they con-
tinued eteplirsen treatment. This study provides an
analysis of all available follow-up data for the entire
cohort of 12 patients with DMD receiving eteplirsen
long-term in clinical trial and real-world settings
compared to external controls, similar to previous

studies comparing eteplirsen outcomes in clinical tri-
als to those of external controls [24]. The baseline for
eteplirsen-treated patients was defined at eteplirsen
initiation, which occurred either at the start of Study
201 (for treatment arm patients) or at the start of Study
202 (for placebo arm patients).

Studies 201/202 were approved by the relevant
institutional review boards (IRB) prior to implemen-
tation, and informed consent/assent was obtained
from each subject and family before enrollment. All
but one site obtained a waiver of written informed
consent/assent by their IRB for Study 405, as it was
a retrospective observational study of minimal risk
and secondary use of de-identified clinical data, with-
out imposing any intervention or interfering with
usual patient care. One study site IRB determined
the research to meet the criteria for exemption from
IRB review, as it qualified as secondary research for
which consent was not required.

External controls for LOA analyses
External controls were drawn from two natural his-

tory databases of patients with DMD, Italian DMD
Registry (Telethon) and Leuven Neuromuscular Ref-
erence Center (NMRC) Registry (Leuven) [27], and
from the placebo arm of a previously conducted clin-
ical trial of drisapersen, DEMAND III (Fig. 2).

The Italian DMD Registry is a database of 13
participating tertiary care centers in Italy. Patients
were eligible to participate if they had a genetically-
confirmed DMD diagnosis, were aged ≥ 5 years,
were able to walk independently at least 75 meters,
and had no moderate or severe learning difficul-
ties or behavioral problems. Data collected from
routine clinical practice and curated at 12-month
intervals were available from 8 patients with muta-
tions amenable to exon 51 skipping. Most patients
were treated with corticosteroids at baseline.

The Leuven NMRC Registry is a database of
patients with DMD receiving care at a single pediatric
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Fig. 2. Flowcharts for patients who completed Studies 201/202/405 (eteplirsen-treated) and patients from external control data sources.

neurology clinic at University Hospitals in Leuven,
Belgium. This ongoing study has been approved by
Ethische Commissie Onderzoek, the Ethics Com-
mittee of the University Hospitals Leuven, and was
conducted in accordance with the Declaration of
Helsinki. Written consent from the guardians of each
participant was obtained. Patients were eligible if they
had genetically-confirmed DMD, were aged 4.5 to
17.5 years, and had no severe cognitive or behavioral
disorder impairing compliance. Study assessments
occurred approximately every 6 months, and included
the 6MWT and timed functional tests, as well as con-
current assessments of height, weight, and steroid
use. Data were available from 3 patients with muta-
tions amenable to exon 51 skipping.

DEMAND III (DMD114044; NCT01254019)
was a 48-week, randomized, double-blind, placebo-
controlled phase 3 trial to investigate the efficacy
of drisapersen in boys with DMD [28]. Patients
were aged > 5 years at baseline, had 6MWT of ≥ 75
meters at baseline, had systemic corticosteroid treat-
ment for ≥ 6 months before the start of the trial, and
received a stable corticosteroid dose and regimen
for ≥ 3 months prior to screening. The placebo arm
of DEMAND III (n = 60 with complete data) is an
important source of additional patients with muta-
tions amenable to exon 51 skipping and was included
in order to increase the number of patients in the SOC
group for a more robust analysis. At baseline, the
DEMAND III cohort is comparable to the eteplirsen
cohort on key parameters, including age, 6MWT,
ten-meter walk run test (10MWR), time to rise, and
corticosteroid use.

Patients in these three sources (N = 71) who met the
following criteria were included in the LOA external

control group and are collectively referred to as the
“SOC group” throughout the paper: 1) genetically-
confirmed DMD amenable to exon 51 skipping
therapy; 2) treated with corticosteroid therapy; and
3) ambulatory with 6MWT assessment available at
baseline and at least 1 assessment post-baseline. The
baseline was defined as the first available study visit
that fulfilled the inclusion criteria.

External controls for FVC%p analyses
The Cooperative International Neuromuscular

Research Group Duchenne Natural History Study
(CINRG DNHS) was one of the largest prospective
natural history studies of DMD conducted to date,
comprising 440 patients with DMD across all ages
[26]. Assessments of respiratory function (including
FVC%p) were conducted every 3 months for 1 year,
then at 18 and 24 months, and annually thereafter. For
the analysis of FVC%p, the exon 51 CINRG DNHS
cohort (n = 20) was used as a comparator, comprised
of corticosteroid -treated patients between the ages of
10 and 18 years and with mutations amenable to exon
51 skipping. As for the other external control cohorts,
the baseline was defined as the first available study
visit that fulfilled the inclusion criteria.

Patients from additional eteplirsen studies for
FVC%p analyses

Data from two additional eteplirsen studies were
used to provide context for the rate of FVC%p decline
among patients in this analysis. First, PROMOVI
(NCT02255552) was a large, phase 3, US-based,
multi-center study that compared 79 eteplirsen-
treated patients for up to 96 weeks with untreated
external controls [29]. This study measured exon
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skipping and dystrophin production and assessed
functional outcomes including change from baseline
6MWT and the annual rate of change in FVC%p. Sec-
ond, Study 204 (NCT02286947) was an open-label,
multicenter study designed to evaluate the safety and
tolerability of eteplirsen treatment in boys aged 7
to 21 years with a diagnosis of DMD and muta-
tions amenable to exon 51 skipping. All patients
were receiving a stable dose of oral corticosteroids
or had not received corticosteroids for at least 24
weeks prior to study drug administration, and were
minimally ambulatory or non-ambulatory. A total of
52 eteplirsen-treated patients from PROMOVI and
20 eteplirsen-treated patients from Study 204 were
included as benchmarks for the eteplirsen cohort in
this study.

Outcome measures

Time to LOA was measured from initiation of
eteplirsen in Studies 201/202 or, in the SOC group,
from the first study visit. LOA was defined as the first
occurrence of the inability to complete the 6MWT as
recorded in Studies 201/202, 100% wheelchair use in
the retrospective chart review in Study 405, or inabil-
ity to complete the 6MWT as recorded in the SOC
group. The 6MWT was performed according to pub-
lished methods [30] modified for use in patients with
DMD in both the eteplirsen-treated and SOC group.
The 6MWT is not routinely performed in real-world
settings and thus a different definition was used in
Study 405, consistent with previous use of continu-
ous wheelchair used to define LOA in natural history
studies [31]. Among patients who did not experience
loss of ambulation during follow-up, time to loss of
ambulation was censored at the end of data availabil-
ity. Data end was defined as disenrollment from Study
202 for patients who did not participate in the Study
405, the date of the last visit to the medical center
before the cutoff date for chart review for patients
who were assessed retrospectively in Study 405, and
at the date of the last available follow-up assessment
in the SOC sources.

Four patients in the chart review Study 405 had
uncertainty with respect to the precise date of LOA.
In these cases, the date was imputed based on all
the information available. For two of these patients
participating in 405 who had the milestone of full-
time wheelchair use recorded to the month, the exact
date was imputed as the midpoint of that month. For
two patients who were recorded to lose ambulation
at an unspecified date during Study 202, the date of

the milestone was imputed as the midpoint between
the last recorded visit with 6MWT values > 0 meters
and the last visit in Study 202.

In Study 405, Study 202, PROMOVI, and the
CINRG DNHS, FVC%p was calculated using the
NHANES III equation, derived by Hankinson et al.
[32]. Standing height was available in Study 405,
whereas height was calculated using ulnar lengths for
patients in Study 204, PROMOVI, and the CINRG
DNHS, because some non-ambulatory patients were
not able to stand [33]. In Studies 201/202, FVC%p
was calculated by each study site using the method-
ology described by Polgar and Promadhat [34], using
measured standing height, as these earlier studies
evaluated ambulatory patients treated with eteplirsen
[16].

Sensitivity analyses of time to LOA

In the first sensitivity analysis, information from
case manager polls was used for the two patients who
did not participate in Study 405 and were censored
for follow up at the end of Study 202 in the main
analysis. One patient was assumed to lose ambulation
after the study completion at the date recorded by the
case manager, and a second patient was assumed to
remain ambulatory until the end of Study 405, when
he was censored for follow-up.

In the second sensitivity analysis, time from birth
to LOA was analyzed instead of time from base-
line. Although this analysis can be subject to bias, as
patients were not treated with eteplirsen since birth,
it is a commonly performed analysis in DMD stud-
ies when data on baseline prognostic factors are not
available.

In the third sensitivity analysis, the assumption that
LOA occurred in the midpoint of the interval of uncer-
tainty for patients with imprecisely recorded date of
LOA. The date of LOA was alternatively assumed to
be at the earliest date of that interval (lower bound)
or at the latest date of that interval (upper bound). For
example, for a patient with recorded date of LOA of
August 2017, the lower bound was August 1, 2017,
the midpoint was August 16, 2017, and the upper
bound was August 31, 2017.

In the fourth sensitivity analysis, the SOC group
was expanded to include patients from the CINRG
DNHS. These patients were much younger and had
better ambulatory function at baseline compared to
eteplirsen-treated patients analyzed here, and thus
were not included in the main analyses. The CINRG
DNHS patients were included in the sensitivity
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analysis if they had an exon-51 skip amenable
mutation, were ambulatory and treated with corticos-
teroids, and had 6MWT values available at baseline
(study entry). The definition of LOA in CINRG
DNHS is identical to that used in Study 405, i.e. full-
time wheelchair use. Time to LOA was compared
between eteplirsen-treated patients and this expanded
SOC group.

Statistical analyses

Time to LOA was described using Kaplan-Meier
analyses and compared between eteplirsen-treated
patients and the SOC group using a log-rank test
and multivariable Cox proportional hazards models.
Multivariable models adjusted for known prognostic
factors (age, steroid type, and baseline measures of
function) [35, 36]. A series of four adjusted analyses
was conducted to elucidate the impacts of adjustment
for different sets of prognostic factors. Specifically,
Model 1 included an indicator for eteplirsen and
adjusted for age and baseline 6MWT values, while
Model 2 adjusted for these factors plus steroid type,
10MWR performance, and rise from floor perfor-
mance. Models 3 and 4 further assessed whether
the effect of eteplirsen was associated with baseline
6MWT values to test, in particular, the hypothesis that
earlier treatment of less impaired patients might result
in greater preservation of function. Model 3 included
an indicator for eteplirsen and an interaction term
between eteplirsen and baseline 6MWT and adjusted
for age and baseline 6MWT values; Model 4 adjusted
for Model 3 variables plus steroid type, 10MWR per-
formance, and rise from floor performance. For all
analyses, the proportional hazards assumption was
tested using the Schoenfeld residuals test [37].

Comparisons of the rates of decline in FVC%p
were conducted using segmented linear mixed mod-
els with repeated measures (MMRM). The response
variable was the FVC%p calculated or reported at
each visit. Covariates included fixed effects for treat-
ment group, age at visit, treatment group by age
interaction, and random effects for patient identifier.
The annual rate of decline, in percentage points of
FVC%p, was compared to that of the natural history
cohort of exon 51 skipping–amenable untreated male
patients from the CINRG DNHS. Results from other
eteplirsen studies (Studies 201/202 only, Study 204,
and PROMOVI) are also shown.

All analyses were conducted in R version 3.6.1
(The R Foundation, Vienna, Austria) using packages
survival [17] (for time to LOA models) and lme4 [18]

Table 1
Baseline characteristics of patients included in the LOA analyses

by treatment group

Eteplirsen Standard
(Studies of Care

201/202/405)
N = 12 N = 71

Demographics
Age (years), mean ± SD 9.48 ± 1.18 8.60 ± 2.09

Median 9.75 8.60
IQR [8.68, 10.57] [7.06, 10.06]
Range [7.36, 11.03] [5.25, 15.36]

Function
6MWT (meters) 363.17 ± 42.19 350.27 ± 89.42
Timed ten-meter

walk/run velocity (m/s)
1.71 ± 0.44 1.57 ± 0.55

Timed rise from floor
velocity (s–1)

0.18 ± 0.09 0.19 ± 0.25

Steroid type
Deflazacort 8 (66.7%) 32 (46.38%)a

Prednisone 4 (33.3%) 37 (53.62%)a

Missing 0 / 12 (0.00%) 2 / 71 (2.82%)
Total follow-up time (years)

Mean ± SD 5.72 ± 0.90 1.34 ± 1.04
Median 6.06 0.92
IQR [4.95, 6.29] [0.92, 0.92]
Range [4.13, 6.88] [0.69, 4.03]

Notes: aDue to 2 patients having missing values for the steroid type
at baseline, the percentages of patients with deflazacort and pred-
nisone are based on n = 69 patients and add up to 100%. Mean ± SD
shown for continuous characteristics; count (percentage) shown for
categorical characteristics. Patient characteristics for the eteplirsen
sample were measured at eteplirsen initiation (at the start of 201
or 202). This sample includes patients included in the Kaplan-
Meier analyses (n = 83); 9 standard-of-care patients were excluded
from the Cox analyses (n = 74) due to missing characteristics on
baseline timed functional tests or steroid information. Abbrevia-
tions: 6MWT: six-minute walk test; IQR: interquartile range; SD:
standard deviation.

(for FVC%p MMRM). P-values were reported based
on a two-sided test, and a type-I error level � of 0.05
was used to assess statistical significance.

RESULTS

Patients and baseline characteristics

Twelve eteplirsen-treated patients from Studies
201/202/405 and 71 external control patients from the
Italian Telethon database (N = 8), Leuven database
(N = 3), and DEMAND III (N = 60) were included in
the analysis (Fig. 2).

The baseline characteristics of the eteplirsen-
treated and external control patients with DMD are
listed in Table 1. The mean ages of eteplirsen-treated
(9.48 years) and external control patients (8.60 years)
were similar. Additionally, the eteplirsen-treated and
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Fig. 3. Kaplan-Meier curves for time from baseline to LOA by treatment group. Abbreviations: CI: confidence interval; LOA: loss of
ambulation.

external control patients’ baseline functional test per-
formance was comparable, including for the 6MWT
(363.17 [SD: 42.19] versus 350.27 [89.42] meters),
10MWR (1.71 [0.44] versus 1.57 [0.55] m/s), and
timed rise from floor velocity (0.18 [0.09] ver-
sus 0.19 [0.25] s–1) values. Rates of treatment
with corticosteroids were identical between the two
groups, with 100.0% of both the eteplirsen-treated
patients and the SOC group patients treated with
corticosteroids at baseline. However, the types of cor-
ticosteroids used differed between the two groups.
A higher proportion of eteplirsen-treated patients
(66.7% [n = 8]) than external control patients (46.8%
[n = 32]) received deflazacort at baseline, while a
higher proportion of external control patients than
eteplirsen-treated patients (53.6% [n = 67] versus
33.3% [n = 4]) received prednisone. For 2 patients in
the SOC group (from DEMAND III) baseline steroid
type was unknown. The total follow-up time dif-
fered between the two groups, with eteplirsen-treated
patients followed for an average of 5.72 (SD: 0.90)
years, while external control patients were followed
for an average of 1.34 (1.04) years.

Patient characteristics for the eteplirsen-treated
patients and for the external control group by individ-
ual data source are shown in Supplementary Table 1.
Patients were comparable at baseline across most
characteristics between the different data sources;
however, there were important differences in the
length of follow-up. The mean (SD) follow-up was
3.16 (1.12) years in the Leuven cohort, 3.88 (0.35)
years in the Italian Group cohort, and 0.92 (0.03)

years in the DEMAND III cohort. All 48 weeks of
data available in DEMAND III were used, without
any extrapolation of data or modeling after 48 weeks.

The patient characteristics at eteplirsen initiation
were similar between the group of eteplirsen-treated
patients who participated in the chart review stud-
ies (Study 405; n = 10) and those who did not (n = 2)
(Supplementary Table 2).

Comparison of time to LOA

Unadjusted analyses
Over the approximate 4 to 7-year follow-up, 7

of 12 patients in the eteplirsen-treated group lost
ambulation and 14 of 71 external controls lost ambu-
lation during the 1 to 4-year follow-up (Fig. 3). When
times to LOA were compared between groups using
the unadjusted Kaplan-Meier analyses accounting
for the shorter duration of follow-up among exter-
nal controls, a longer time to LOA was observed for
eteplirsen patients. Specifically, the median time to
LOA was 5.09 years in the eteplirsen-treated group,
compared to 3.00 years for the external controls
(Table 2). This difference of 2.09 years, favoring
eteplirsen, was statistically significant based on the
log-rank test (p < 0.01) (Fig. 3).

Adjusted analyses
In the analysis of time to LOA adjusting for base-

line age and 6MWT values (Model 1), the estimates
from the Cox proportional hazards model indicated
an 87.5% decrease in the risk of LOA (HR [95%
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CI]: 0.125 [0.019, 0.829]; p < 0.05) associated with
eteplirsen compared to SOC group patients (Table 3).
In addition, the estimates from Model 1 indicated a
significant association with baseline 6MWT values
(HR: 0.985 [95% CI: 0.977, 0.993]; p < 0.001). In
the analysis that adjusted for baseline age, 6MWT,
10MWR, rise from floor values, and corticosteroid
type (Model 2), the estimates were generally similar
to those of Model 1 and again indicated an 88.1%

Table 2
Median time from baseline to loss of ambulation by treatment

group

N Patients Median time to
with events LOA

(years), 95% CI

Eteplirsen 12 7 5.09 (4.87, –)
Standard of care 71 14 3.00 (2.29, –)

Abbreviations: CI: confidence interval; LOA: loss of ambulation.

lower risk associated with eteplirsen compared to
external controls (HR [95% CI]: 0.119 [0.016, 0.863];
p < 0.05). The results of Model 2 also indicated statis-
tically significant associations with baseline 6MWT
values (HR [95% CI]: 0.987 [0.977, 0.997]) and use
of deflazacort (0.234 [0.067, 0.819]) (both p < 0.05)
(Table 3). The results from a test based on Schoenfeld
residuals supported the proportionality of hazards.

The results of the Cox models with interaction
terms (Models 3 and 4) indicated that patients treated
with eteplirsen benefitted regardless of their base-
line functional level (Model 3 HR [95% CI]: 0.059
[0.005, 0.644]; Model 4 HR: 0.054 [0.005, 0.592];
both p < 0.05) (Table 4). However, the effect of
eteplirsen was stronger for eteplirsen-treated patients
with higher 6MWT values at baseline, as indi-
cated by the estimates for the eteplirsen-6MWT
interaction (Model 3 HR [95% CI]: 0.946 [0.916,

Table 3
Hazard ratio estimates from Cox proportional hazards models without interaction terms

Model 1 Model 2
HR Estimate HR Estimate

[95% CI] [95% CI]

Eteplirsen 0.125∗ [0.019, 0.829] 0.119∗ [0.016, 0.863]
Age (years) 0.966 [0.701, 1.330] 1.096 [0.720, 1.668]
6MWT (meters) 0.985∗∗∗ [0.977, 0.993] 0.987∗ [0.977, 0.997]
Timed rise from floor velocity (s–1) 0.670 [0.001, 433.675]
Timed ten-meter walk/run velocity (m/s) 1.179 [0.210, 6.616]
Steroid type: deflazacort 0.234∗ [0.067, 0.819]

C-statistic (SE) 0.726 (0.110) 0.795 (0.087)
Number of patients 74 74
Number of events 17 17

Notes: ∗p < 0.05; ∗∗∗p < 0.001. The sample was limited to patients with non-missing values for the covariates included in the adjusted model;
95% CIs are shown in parentheses, unless otherwise noted. Abbreviations: 6MWT: six-minute walk test; 10MWR: ten-meter walk/run; CI:
confidence interval; HR: hazard ratio; SE: standard error.

Table 4
Hazard ratio estimates from Cox proportional hazards models with interaction terms

Model 3 Model 4
HR Estimate HR Estimate

[95% CI] [95% CI]

Eteplirsen 0.059∗ [0.005, 0.644] 0.054∗ [0.005, 0.592]
6MWT (meters) 0.985∗∗∗ [0.976, 0.994] 0.984∗∗ [0.973, 0.995]
Eteplirsen×Baseline 6MWT 0.946∗∗∗ [0.916, 0.977] 0.949∗∗ [0.918, 0.982]
Age (years) 0.860 [0.604, 1.226] 0.961 [0.595, 1.553]
Timed rise from floor velocity (s–1) 0.794 [0.001, 862.911]
Timed ten-meter walk/run velocity (m/s) 1.758 [0.316, 9.786]
Steroid type: deflazacort 0.286 [0.077, 1.062]

C-statistic (SE) 0.809 (0.099) 0.841 (0.088)
Number of patients 74 74
Number of events 17 17

Notes: The sample is limited to patients with non-missing values for the covariates included in the adjusted model; 95% CIs shown in
parentheses, unless otherwise noted. ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001. Abbreviations: 6MWT: six-minute walk test; 10MWR: ten-meter
walk/run; CI: confidence interval; HR: hazard ratio; SE: standard error.



O. Mitelman et al. / Long-Term Outcomes with Eteplirsen in DMD 47

Fig. 4. Pulmonary function in Studies 201/202 and 405 in comparison with matched natural history controls and other eteplirsen studies.
Notes: aIncludes assessments up to Week 240 for 12 patients in Studies 201/202. Post Study 202, FVC%p data include 10 patients from
Study 405. Nominal P-values vs CINRG DNHS exon 51 patients. Height was measured as standing height in Studies 201/202/405 and as
ulnar length in Study 204, PROMOVI, and CINRG DHNS. 1Khan N, et al. J Neuromuscul Dis 2019;6 : 213-25. doi:10.3233/JND-180351
2McDonald CM, et al. J Neuromuscul Dis. 2021; Preprint: 1–13. doi:10.3233/JND-210643.

0.977], p < 0.001; Model 4 HR: 0.949 [0.918, 0.982],
p < 0.01).

Sensitivity analyses
The results of the first sensitivity analysis, using

assumptions about LOA for four patients informed
by case manager polls, confirmed the benefit of
eteplirsen and were consistent with the main anal-
yses (Supplementary Figure 1). Specifically, in the
unadjusted Kaplan-Meier analyses, the difference
in median time to LOA was 2.43 years in favor
of eteplirsen compared with SOC group patients
(p < 0.01) (Supplementary Table 3).

Similarly, the second sensitivity analysis com-
paring time from birth to LOA between the etep-
lirsen-treated patients and external controls indicated
a delay of 1.66 years in the median time to this mile-
stone in favor of eteplirsen (p = 0.24) (Supplementary
Figure 2 and Supplementary Table 4).

The results of the third sensitivity analysis using
different assumptions for eteplirsen-treated patients
with uncertainty in the date of LOA confirmed the
delay in LOA observed in the main analysis, which
assumed that LOA occurred in the midpoint of the
uncertainty interval (Supplementary Figure 3 and
Supplementary Table 5). When LOA was assumed
to have occurred at the lower bound of the interval,
the median time to LOA was virtually identical to
that in the main analysis (5.05 years). Alternatively,
when LOA was assumed to have occurred at the upper

bound of the interval, the median time to LOA was
5.60 years.

Finally, the results of the fourth sensitivity anal-
ysis comparing eteplirsen-treated patients with an
expanded SOC group including CINRG DNHS
patients were consistent with the results of the main
analysis. CINRG DNHS patients were on average
younger and had generally better baseline function
compared to eteplirsen-treated as well as Telethon,
Leuven, and DEMAND III patients (Supplementary
Table 6). The difference in median time from baseline
to LOA between eteplirsen-treated and SOC patients
in these analyses was 2.09 years (p < 0.05) (Supple-
mentary Figure 4 and Supplementary Table 7), while
the difference in median time from birth to LOA was
1.66 years (p = 0.24) (Supplementary Figure 5 and
Supplementary Table 8). No LOA events occurred
among CINRG DNHS patients during follow-up.

Comparison of pulmonary function (FVC%p)

In the analysis comparing pulmonary decline
among eteplirsen-treated patients and external con-
trols, the annual FVC%p decline of patients receiving
eteplirsen in Studies 201, 202, and 405 was signifi-
cantly attenuated compared to patients receiving SOC
in the CINRG DNHS comparison cohort (p < 0.0001;
Fig. 4). Over the follow-up of up to 7 years in Studies
201, 202, and 405, FVC%p declined linearly at a
rate of 3.3 percentage points per year among patients
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treated with eteplirsen while the observed rate in
CINRG DNHS external controls was 6.0 percentage
points per year [33].

DISCUSSION

DMD is a degenerative disease for which there is
currently no cure, thus, there is a great unmet need
for innovative therapies that prolong patients’ func-
tional ability and improve long-term outcomes. In
the present study, based on up to 7 years of treat-
ment, patients receiving eteplirsen had a significant
delay in the time to LOA of 2.1 years (median time
to LOA 5.1 vs. 3.0 years; p < 0.01). A delay in this
critical disease milestone is of great importance for
patients and families and also predicts a delay in
reaching subsequent milestones, including the loss of
motor abilities, development of scoliosis, peak FVC,
need for supportive ventilation, FVC of 1L, and death
[38–43]. Moreover, patients with better ambulatory
function (i.e., higher 6MWT values) at the time of
treatment initiation experienced an even greater delay
in time to LOA compared to SOC group, consistent
with a greater benefit of earlier treatment initiation.

The present LOA results are consistent with pre-
vious studies comparing patients with DMD from
Studies 201/202 [24] and PROMOVI [44] to exter-
nal controls, which indicated that eteplirsen preserves
ambulatory function in patients with DMD and muta-
tions amenable to exon-51 skipping. Moreover, the
median age at LOA for eteplirsen-treated patients
in Studies 201/202/405 (15.2 years) was higher
than the previously published ages at LOA among
patients in untreated natural history cohorts in the
DuchenneConnect study (12.0 years) and CINRG
DNHS (13.0 years) [31, 45].

A significantly attenuated decline in pulmonary
function measured by FVC%p was also observed
in the eteplirsen group versus comparable external
controls (–3.3 vs. –6.0 percentage points annually,
p < 0.0001). The rate of decline in FVC%p observed
in this study, of 3.3 percentage points per year
among eteplirsen-treated patients, is consistent with
the findings of previous studies of patients in Stud-
ies 201/202, 204, and PROMOVI. In those studies,
FVC%p declined at rates of 2.2 to 3.7 percentage
points per year, highlighting the treatment benefits
of eteplirsen compared with SOC. As a reduction
in FVC%p decline to below 5 percentage points per
year may delay critical milestones of morbidity and
mortality, the benefit of eteplirsen can be considered

clinically significant [44, 46]. In the current study,
eteplirsen slowed disease progression compared with
matched external controls, confirming the findings
observed in the first 4 years of treatment during the
prior studies [24].

A strength of this study is the length of follow-up
time for patients with DMD. With 5.7 years on aver-
age for all patients included in Studies 201/202/405
(range: 4.13 to 6.88) and most patients having > 6
years of follow-up, this study describes the longest
follow-up of eteplirsen-treated patients to date.

Previous literature has reported associations
between deflazacort and better ambulatory function
and longer time to LOA compared to prednisone
[26, 47]. To account for the potential confounding
effect of corticosteroid type, the Cox models adjusted
for deflazacort versus prednisone treatment status
at baseline (Model 2 in Table 3 and Model 4 in
Table 4), and found associations of corticosteroid
type consistent with previous studies. These analy-
ses furthermore show that eteplirsen was associated
with delayed LOA even after adjusting for the type
of corticosteroid with which patients were treated at
baseline.

Safety

Safety data from Studies 201/202 has been re-
ported elsewhere [24]. During the combined 201/
202 and 405 chart review period, 78% of patients used
cardiac medications and 67% used pulmonary medi-
cations to treat cardiac and pulmonary complications.
The most common comorbid conditions during the
405 chart review period included obesity, long bone
fracture, osteoporosis, and anxiety. No serious renal
abnormalities were noted.

Limitations

This study has limitations which are related to
the rarity of DMD and the scarcity of both real-
world and clinical trial data of this population. First,
the statistical comparisons were conducted between
non-randomized groups and thus may be confounded
by unobserved or unadjusted baseline differences in
prognostic variables between the groups. While the
Cox models adjusted for known predictors of change
in ambulatory function and time to loss of ambula-
tion, identified in prior studies [36, 48], the potential
for confounding bias due to unobserved differences
cannot be excluded.
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Second, the small sample size in the eteplirsen-
treated group limits the precision of the treatment
effect estimate. Despite this limitation, robust and sta-
tistically significant treatment effects were detected
in both the unadjusted and adjusted time to event
analyses.

Third, the outcome definitions differed between
the data sources for the eteplirsen-treated patients
and external controls. Full-time wheelchair use was
used in conjunction with the inability to perform the
6MWT in the 201/202/405 data, while inability to
perform the 6MWT was used in the SOC group data.
This limitation stems from the fact that while the
6MWT has been used in clinical trials and natural
history studies in DMD, this test is not frequently
administered in real-world clinical practice. How-
ever, this limitation is expected to understate the
effect of eteplirsen on time to LOA compared to the
external controls, given that full-time wheelchair use
typically occurs before 6MWT = 0. Since this def-
inition was used only in Study 405 but not in any
of the external control groups in the main analy-
sis, eteplirsen-treated patients were recorded to lose
ambulation slightly earlier than if 6MWT data were
consistently available. A similarly “conservative”
approach results from the fact that some uncertainty
in the date of LOA is present in the external con-
trol data, particularly for the Leuven and Telethon
studies, which had visits every 12 months and 6
months, respectively. Since LOA was recorded at the
first visit where 6MWT = 0 but may have occurred
before that, Leuven and Telethon patients may appear
to have lost ambulation later than they did in
reality.

Differences in outcome measurement are also a
limitation for the analysis of pulmonary function, as
different equations were used for calculating FVC%p
in different studies, and height was either measured or
calculated based on ulnar length in different studies.

Finally, there were significant differences in the
available time under follow-up between the two
groups, which limits the precision of estimated long-
term effects. In particular, longer-term follow-up
for external controls with exon-51 skip amenable
mutations represented a smaller sample drawn from
natural history studies, since the larger number of
subjects receiving placebo in a clinical trial setting
had only 48 weeks of follow-up. Therefore, due to
the length of DEMAND III follow-up of 48 weeks,
eteplirsen-treated patients are compared mainly to the
Italian Telethon and Leuven patients in the long-term
comparisons.

CONCLUSIONS

In this long-term follow-up of eteplirsen-treated
patients with DMD in both a clinical trial and real-
world setting, eteplirsen-treated patients experienced
a significant delay in the time to LOA, by 2.1
years (p < 0.01), compared to patients receiving SOC
(i.e., external controls). Additionally, eteplirsen-
treated patients exhibited significantly slower rates
of pulmonary decline compared to patients receiv-
ing SOC (–3.3 vs. –6.0 percentage points annually,
p < 0.0001). These results were robust to multiple sen-
sitivity analyses, and indicate that eteplirsen may help
preserve ambulatory and pulmonary function longer
than SOC among patients with DMD.
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