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Aim: To report the efficacy and safety of ataluren in patients with nonsense mutation Duchenne muscular
dystrophy (nmDMD) from the phase III, 72-week, placebo-controlled period of Study 041. Materials
& methods: Inclusion criteria: boys with nmDMD aged ≥5 years, on a stable corticosteroid regimen
for ≥12 months, and baseline 6-minute walk distance (6MWD) ≥150 m. Randomization: 1:1, ataluren
(40 mg/kg/day):placebo. Primary end point: slope of 6MWD change (average rate of change). Secondary
end points: changes in 6MWD, time to 10% persistent worsening in 6MWD, North Star Ambulatory
Assessment score, timed function tests and safety. Study populations: intention-to-treat; patients aged
≥7 to ≤16 years with baseline 6MWD ≥300 m and stand from supine ≥5 s; patients with baseline 6MWD
300–400 m. Results: In the intention-to-treat population (n = 359), over 72 weeks, ataluren reduced the
rate of 6MWD decline by 21% (p = 0.0248), reduced the average 6MWD change (p = 0.0248), delayed time
to 10% persistent worsening in 6MWD (p = 0.0078), and reduced North Star Ambulatory Assessment total
score decline (p = 0.0235), change in 10 m walk/run time (p = 0.0422) and change in time to climb four
stairs (p = 0.0293) versus placebo. In the 6MWD 300–400 m subgroup (n = 169), ataluren reduced the rate
of 6MWD decline by 30% (p = 0.0310) versus placebo. Ataluren treatment benefits were seen in secondary
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end points in this subgroup, except for change in time to descend four stairs. In the 6MWD ≥300 m and
time to stand from supine ≥5s subgroup (n = 185), there was a 9% slower rate of 6MWD decline for
ataluren versus placebo over 72 weeks (p = 0.3626). Ataluren reduced change in time to climb four stairs
(p = 0.0179) versus placebo in this subgroup; no treatment benefits were seen for other secondary end
points. Ataluren was well tolerated (serious adverse events: ataluren, 7.1%; placebo, 6.8%); no deaths
occurred. Conclusion: Long-term ataluren treatment has a favorable benefit–risk profile, slowing motor
function decline in the largest phase III nmDMD study to date.

Plain language summary: Results from a phase III clinical trial describing the effect of treatment with
ataluren on muscle function decline & assessing its safety in patients with nmDMD
What is this article about? This article describes findings from Study 041. Study 041 was a clinical trial
that aimed to confirm if ataluren, a treatment for people with nonsense mutation Duchenne muscular
dystrophy (nmDMD), worked compared with placebo (a substance with no therapeutic effect) in a large
number of participants with nmDMD over a period of 72 weeks. Ataluren has previously been compared
with placebo in 48-week clinical trials. The aim of Study 041 was to confirm if ataluren slows muscle
function decline compared with placebo and to assess ataluren safety results over 72 weeks.
What were the results? In a group of 359 participants, ataluren slowed the decline in the participants’
ability to walk, physical function and ability to perform everyday activities that rely on lower limbs and
upper limbs compared with placebo over 72 weeks. There were no safety concerns associated with taking
ataluren. Results from this study were similar to those from previous ataluren clinical trials.
What do the results of the study mean? These results helped to confirm that ataluren slows muscle
function decline compared with placebo, without safety concerns, in participants with nmDMD over
72 weeks in the largest phase III study of nmDMD yet.
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Duchenne muscular dystrophy (DMD) is a rare, progressive, neuromuscular disorder [1]. DMD is caused by a
mutation in the DMD gene, leading to the absence of functional dystrophin protein that provides mechanical
stability to muscle cells during contraction [1]. Approximately 10–15% of patients with DMD have a nonsense
mutation in the DMD gene (nonsense mutation Duchenne muscular dystrophy [nmDMD]). This results in a
premature stop codon in the dystrophin mRNA, preventing translation of full-length, functional dystrophin [2,3].

Ataluren is indicated for use by patients with nmDMD and was identified by high-throughput screening [4].
Even though the precise molecular target for ataluren is unknown, it is thought to promote protein production
by enabling the ribosomal readthrough of mRNA containing a premature stop codon (the highest readthrough of
ataluren is at UGA, followed by UAG, and then UAA) [4]. This enables the expression of a full-length functional
dystrophin protein [5]. Ataluren functions at the level of translation; it does not interfere with transcription or
mRNA stability and does not alter the levels of mRNA with premature stop codons or wild-type mRNA [5].

In a randomized, placebo-controlled, phase IIb study (Study 007; NCT00592553), although the primary end
point was not met, ataluren (40 mg/kg/day) slowed the rate of decline of walking ability and achieved the targeted
mean 30 m difference between ataluren and placebo in 6-minute walk distance (6MWD) over 48 weeks [6,7].
The benefit–risk of ataluren was affirmed in the phase III Ataluren Confirmatory Trial in DMD (ACT DMD;
NCT01826487) [7,8]. In ACT DMD, the change in 6MWD between ataluren- and placebo-treated patients in the
intention-to-treat (ITT) population was not significant; however, the effect of ataluren was more evident in the
prespecified subgroup of patients with a baseline 6MWD of ≥300 m to <400 m. Ataluren was well tolerated and
had a favorable safety profile in both Study 007 and ACT DMD [6,8].

The long-term safety and effectiveness of ataluren was evaluated in real-world, routine clinical practice in the
Strategic Targeting of Registries and International Database of Excellence (STRIDE) Registry, the first international,
observational safety and effectiveness study of ataluren in patients with nmDMD [9–11]. Results from the STRIDE
Registry demonstrated that long-term, real-world treatment with ataluren plus standard of care (SoC) delays time
to loss of ambulation (LoA) and decline in forced vital capacity in individuals with nmDMD [9–11].
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PTC124-GD-041-DMD (Study 041; NCT03179631) was a phase III confirmatory trial of ataluren in patients
with nmDMD, with a 72-week, double-blind, placebo-controlled phase followed by a 72-week, open-label phase.
Study 041 was conducted as a specific obligation to contribute to the comprehensive data on ataluren summarized
above. Here, we describe the efficacy and safety results from the 72-week, placebo-controlled treatment period of
Study 041. Our primary objective was to determine the effect of ataluren on ambulation, assessed by the 6-minute
walk test (6MWT).

Materials & methods
Study design & end points
Study 041 was designed and monitored in accordance with the ethical principles of Good Clinical Practice and the
Declaration of Helsinki. Written informed consent was obtained from patients or their legally accepted represen-
tative according to the International Conference on Harmonisation Good Clinical Practice and the regulatory and
legal requirements of the participating country.

This study was an international, randomized, double-blind, placebo-controlled, phase III, 72-week trial of
ataluren in patients with nmDMD, followed by a 72-week open-label period (Supplementary Figure 1). The first
patient was enrolled on 14 August 2017, and the last patient completed the double-blind treatment period on 5
March 2022.

The primary end point of the double-blind period was the slope of change (average rate of change) in 6MWD
from baseline to week 72 (m/week). Secondary end points included: changes from baseline to week 72 in 6MWD,
time to 10% persistent worsening in 6MWD, LoA over 72 weeks, a modified (16-item [excludes head lift]) North
Star Ambulatory Assessment (NSAA) total and linear score, timed function test (TFT) composite score, time to
perform TFTs (10 m walk/run, climb four stairs and descend four stairs) and the safety profile of ataluren. The
exploratory end point described is the change from baseline to week 72 in performance of upper limb (PUL) total
score and domain subscores. Visits for the analysis of these end points occurred every 12 weeks throughout the
double-blind period.

Post hoc analyses included time to 5% persistent worsening and 30 m decline in 6MWD, and LoA over 48 weeks.
Pooled analyses from the ITT populations and the 6MWD of ≥300 to <400 m subgroups (herein referred to as the
6MWD 300–400 m subgroups) of Study 041, ACT DMD and Study 007 were also performed. More information
on this is presented in the Supplementary Appendix.

The slope of change in 6MWD was selected as the primary end point of this study because this end point is a
standardized measure of ambulation and endurance of lower limb skeletal muscle and has been validated in patients
with DMD from the age of 5 years [12]. Moreover, the slope of change accounts for the time to LoA, which is not
accounted for when analyzing 6MWD change from baseline [13].

Patient eligibility
Eligibility criteria are described in full in the Supplementary Appendix. In brief, eligible patients were male, aged
5 years or older, had a confirmed genetic diagnosis of nmDMD, and provided written informed consent. Other
eligibility criteria included systemic corticosteroid use (deflazacort, prednisone/prednisolone) for ≥12 months,
with no significant changes in dosing regimen for ≥3 months before the start of study treatment. Boys were also
eligible if they had a 6MWD of ≥150 m at baseline and the ability to perform TFTs (10 m walk/run, climb four
stairs, descend four stairs and stand from supine) within 30 s at screening and baseline.

Patients were not eligible if they received prior or ongoing therapy with ataluren, received any other investigational
drug in the 6 months before the start of study treatment, or were participating in any ongoing clinical trial.

Study treatment
Patients were randomized to receive ataluren or placebo (1:1). Randomization was established and performed
centrally through an interactive response technology system to maximize the integrity and security of the random-
ization. Patients were assigned to receive ataluren or placebo using a stratified, block randomization approach to
ensure balance with respect to the predefined stratification factors, as well as for the number of patients in each
treatment group.

Patients received double-blind ataluren or placebo daily for 72 weeks. Study treatment was taken three-times
per day at doses of 10, 10, and 20 mg/kg of body weight for morning, midday and evening doses, respectively.
Information on treatment allocation and patient stratification is included in the Supplementary Appendix.
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Study populations
The as-treated population included all randomized patients who received at least one dose of study treatment,
with treatment assignments designated according to actual treatment received. This population was used to analyze
safety end points.

The ITT population, used for the analysis of efficacy end points, included all patients randomized to receive
ataluren or placebo regardless of whether they received a different study treatment from one to which they were
originally randomized. Patients in this population were required to have a valid 6MWT baseline result, and at
least one valid post-baseline 6MWT result. The ITT population was included in a pooled analysis with the ITT
populations from ACT DMD and Study 007 (Supplementary Appendix) [6,8].

A prespecified subgroup of patients with a baseline 6MWD of 300–400 m was used for assessing ataluren
efficacy. Patients with these baseline characteristics have been shown to be a ‘transition phase’ group of patients who
experience a linear rate of muscle function decline and are, therefore, more sensitive than a broader population for
capturing ataluren treatment effects within the time frame of a clinical trial [7,8]. Patients with a baseline 6MWD
of >400 m are likely to experience relative stability throughout the duration of a clinical trial, making it difficult
to ascertain favorable impact on disease progression as assessed by 6MWD. Patients with a baseline 6MWD of
<300 m are in a phase of steep decline and will likely lose ambulation rapidly and with a greater degree of variability.
This makes it challenging to determine the impact on 6MWD regardless of the presence of a therapeutic benefit [8].

Another prespecified subgroup included patients in the ITT population who met the following additional
criteria: ≥7 years to ≤16 years of age with a 6MWD of ≥300 m and a time to stand from supine of ≥5 s at baseline
(herein referred to as the 6MWD ≥300 m and time to stand from supine ≥5 s subgroup). This was the primary
analysis population and was used for the primary and secondary efficacy end point analyses. This subgroup was
selected in an attempt to further optimize the characteristics of the 6MWD 300–400 m subgroup and to select
for a population in whom treatment effect could be better captured. Patients in this subgroup were expected to
experience a linear rate of decline during the 72-week treatment period; previous data suggested that patients with a
6MWD of ≥300 m were unlikely to lose ambulation during the study, and those with a time to stand from supine
of ≥5 s would likely experience functional decline [8]. Therefore, based on previous studies, the 6MWD ≥300 m
and time to stand from supine ≥5 s subgroup was selected as the primary analysis subgroup because it was intended
to represent patients who were in the consistent decline phase of nmDMD, whereas the ITT population was more
heterogeneous because it included patients who were younger than 7 years of age and were therefore more likely to
be in the stable disease phase [8,14,15].

Statistical analysis
Study hypothesis

The study hypothesis was that the slope of change in 6MWD from baseline to week 72 would be 1.0 m/week
lower in the ataluren arm than the placebo arm within the 6MWD ≥300 m and time to stand from supine ≥5 s
subgroup.

Study size

Using 1:1 randomization, 154 patients were required in the primary analysis population (77 in the ataluren arm
and 77 in the placebo arm) to detect a difference of 1.0 m/week in the average change in 6MWD between
ataluren and placebo recipients with 85% power (two-sided α = 0.05), assuming a common standard deviation of
2.058 m/week, as was done previously in Study 007 and ACT DMD [6,8]. Assuming a premature discontinuation
rate of ∼5%, 162 patients in total (81 in the ataluren arm and 81 in the placebo arm) would be enrolled in the
primary analysis population. The ITT population was a broader, more heterogeneous population than the primary
analysis population, thus a smaller treatment difference and a bigger variation were expected. A post hoc sample size
calculation with a common standard deviation of 1.35 m/week observed in this study suggested that a sample size
of 344 patients (172 in the ataluren arm and 172 in the placebo arm) would have 85% power to detect a treatment
difference of 0.44 m/week in the average change in 6MWD over 72 weeks between ataluren and placebo recipients
in the ITT population.

Analysis of efficacy end points

For the analysis of primary, secondary and exploratory efficacy end points, unless otherwise specified, a mixed
model for repeated measures (MMRM) was employed with a random intercept. For the assessment of the primary
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end point in the ITT population, the MMRM included baseline concomitant corticosteroid type (deflazacort,
prednisone/prednisolone), baseline 6MWD category (<300 m, 300 to <350 m, 350 to <400 m, ≥400 m),
baseline 6MWD, baseline time to stand from supine (<5 s, ≥5 s), treatment, visit (as a categorical variable), the
interaction of visit and baseline 6MWD and the interaction of visit and treatment. For the 6MWD 300–400 m
subgroup, the baseline 6MWD categories were updated in the model to include 300 to <350 m and 350 to
<400 m. For the 6MWD ≥300 m and time to stand from supine ≥5 s subgroup, baseline time to stand from
supine (<5 s, ≥5 s) was removed in the testing model. The MMRM used for the analysis of individual TFTs was
the same as the model used for the primary end point, but with baseline 6MWD replaced with the baseline results
for the corresponding TFTs (10 m walk/run, climb four stairs or descend four stairs).

An additional analysis evaluated a composite end point of the average changes in 10 m walk/run time, time to
climb four stairs and time to descend four stairs. The MMRM was the same as the model used for the primary end
point, but with baseline 6MWD replaced with the average time of the three TFTs at baseline. Patients who were
unable to perform a TFT within 30 s were assigned a value of 30 s for the analysis.

The NSAA consists of 17 activities, each scored as 0, 1 or 2 [16]. In this study, a modified NSAA was implemented,
excluding head lift. This is because this activity has not been shown to perform in a hierarchical manner with other
items using Rasch analysis [16], meaning that this item displayed misfit unlike other items in the NSAA [17].

Total NSAA scores were the sum of scores from 16 activities and ranged from 0 to 32, with higher scores
indicating better function. Function loss was defined as a reduction in score from 1 or 2 at baseline to a score of 0
at the specified post-baseline visit. If an activity could not be performed owing to disease progression, a score of 0
was assigned. If fewer than 13 of the 16 activities were performed, the total score was considered missing. If 13–15
activities were performed, the total score was standardized as follows: (observed total score/number of non-missing
activities) × 16. The total score was then transformed into a linear score via logit transformation according to
Mayhew et al. [16]. Transformed scores ranged from 0 to 100 [16]. The missing assessments at postbaseline visits
were imputed using the last observation carried forward method. The MMRM used for the analysis of modified
NSAA scores was the same as the model used for the primary end point, but with baseline 6MWD replaced with
the baseline modified NSAA score (total or linear).

Time-to-event variables (time to 10% persistent worsening in 6MWD, 5% persistent worsening in 6MWD, 30 m
decline in 6MWD, and LoA) were evaluated using a log-rank test and Kaplan–Meier analysis. The Cox proportional
hazards model included baseline concomitant corticosteroid type (deflazacort, prednisone/prednisolone), baseline
6MWD category (<300 m, ≥300 to <350 m, ≥350 to <400 m, ≥400 m), baseline time to stand from supine
(<5 s, ≥5 s), baseline 6MWD (categorical variable), treatment (ataluren, placebo), analysis visit (categorical
variable), the interaction of analysis visit with baseline 6MWD and the interaction of analysis visit with treatment.
LoA was defined as a persistent inability to perform the 10 m walk/run test within 30 s at any postbaseline visit
and for all remaining visits. The median time to LoA was calculated from Kaplan–Meier estimates. Patients who
did not experience an event were censored.

The pooled analysis of Study 041, ACT DMD and Study 007 employed an analysis of covariance (ANCOVA)
model. Inferential analyses at week 48 were performed because week 48 was the latest common visit among the
three studies. Similarly, by-visit summaries were presented for the common visits among the three studies only at
baseline, week 24 and week 48.

Details of PUL statistical analyses are detailed in the Supplementary Appendix.

Results
Patient disposition & baseline characteristics
Study 041 was conducted at 69 sites in 18 countries/provinces (Supplementary Table 1). In total, 439 patients
were screened; of these, 363 were randomized to double-blind treatment (Supplementary Figure 2). Three patients
were randomized in error and therefore did not receive study treatment. Therefore, 176 patients received placebo
and 184 patients received ataluren and were included in the as-treated population (Supplementary Table 2). One
patient who received ataluren withdrew from the study before the first assessment and was not included in the ITT
population.

Baseline characteristics in the ITT population, the 6MWD ≥300 m and time to stand from supine ≥5 s
subgroup, and the 6MWD 300–400 m subgroup were well balanced between treatment arms (Table 1). In total,
179 patients (97.8%) in the ataluren group and 172 patients (97.7%) in the placebo group completed the placebo-
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Table 1. Baseline patient characteristics of the Study 041 intention-to-treat population and key subgroups.
Baseline characteristic ITT 6MWD 300–400 m 6MWD ≥300 m and time to stand

from supine ≥5 s†

Ataluren (n = 183) Placebo (n = 176) Ataluren (n = 86) Placebo (n = 83) Ataluren (n = 92) Placebo (n = 93)

Age at enrollment, years,
mean (min, max)

8.1 (5, 14) 8.2 (5, 14) 8.1 (5, 14) 8.5 (5, 14) 8.9 (7, 14) 8.9 (6, 14)

6MWD, n (%)

�300 m 21 (11.5) 21 (11.9) 0 (0) 0 (0) 0 (0) 0 (0)

300 to �350 m 40 (21.9) 37 (21.0) 40 (46.5) 37 (44.6) 29 (31.5) 32 (34.4)

350 to �400 m 46 (25.1) 46 (26.1) 46 (53.5) 46 (55.4) 33 (35.9) 31 (33.3)

≥400 m 76 (41.5) 72 (40.9) 0 (0) 0 (0) 30 (32.6) 30 (32.3)

Corticosteroid use, n (%)

Deflazacort 79 (43.2) 73 (41.5) 37 (43.0) 35 (42.2) 41 (44.6) 41 (44.1)

Prednisone/prednisolone 104 (56.8) 103 (58.5) 49 (57.0) 48 (57.8) 51 (55.4) 52 (55.9)

Baseline time to stand from supine, n (%)

�5 s 62 (33.9) 55 (31.3) 16 (18.6) 15 (18.1) 0 (0) 0 (0)

≥5 s 121 (66.1) 121 (68.8) 70 (81.4) 68 (81.9) 92 (100) 93 (100)

†Primary analysis subgroup (≥7 years to ≤16 years of age with a 6MWD of ≥300 m and a time to stand from supine of ≥5 s at baseline).
6MWD: 6-minute walk distance; ITT: Intention-to-treat; max: Maximum; min: Minimum.

Table 2. Treatment-emergent adverse events experienced by patients in the Study 041 as-treated
population.
n (%) Ataluren (n = 184) Placebo (n = 176)

At least one TEAE 157 (85.3) 149 (84.7)

Maximum severity of TEAEs

Mild 67 (36.4) 63 (35.8)

Moderate 77 (41.8) 70 (39.8)

Severe 13 (7.1) 16 (9.1)

Life-threatening 0 (0) 0 (0)

Fatal 0 (0) 0 (0)

At least one treatment-related TEAE 32 (17.4) 36 (20.5)

Probable 10 (5.4) 9 (5.1)

Possible 22 (12.0) 27 (15.3)

At least one TESAE 13 (7.1) 12 (6.8)

At least one treatment-related TESAE 2 (1.1) 0 (0)

Probable 0 (0) 0 (0)

Possible 2 (1.1) 0 (0)

Discontinued study owing to TEAE 0 (0) 0 (0)

Discontinued study owing to treatment-related TEAE 0 (0) 0 (0)

Adverse events were coded using MedDRA, version 24.1. TEAEs were defined as any adverse events with an end date on or after the first dose of study drug and
up to 4 weeks after the last dose of double-blind study drug. Patients who reported two or more occurrences with the same preferred term were counted only once
for that term.
Before their first assessment, one patient withdrew from the study after receiving one dose of ataluren.
ITT: Intention-to-treat; MedDRA: Medical Dictionary for Regulatory Activities; TEAE: Treatment-emergent adverse event; TESAE: Treatment-emergent serious adverse
event.

controlled period. Reasons for discontinuation included withdrawing consent (n = 4), loss to follow-up (n = 1),
protocol noncompliance (n = 2) and other reasons (n = 5; Supplementary Figure 2).

Safety of ataluren
Treatment-emergent adverse events (TEAEs) were reported for 157 patients (85.3%) who received ataluren and
149 (84.7%) who received placebo in the as-treated population (Table 2). TEAEs were mostly mild (ataluren,
n = 67 [36.4%]; placebo, n = [35.8%]) or moderate (ataluren, n = 77 [41.8%]; placebo, n = 70 [39.8%]).

10.57264/cer-2024-0238 J. Comp. Eff. Res. (2025) e240238
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Thirteen patients (7.1%) in the ataluren group and 12 patients (6.8%) in the placebo group experienced
treatment-emergent serious adverse events (TESAEs). Among the 13 ataluren-treated patients who experienced
TESAEs, two patients (1.1%) had treatment-related TESAEs (Table 2).

The most common individual TEAEs (occurring in ≥5% of all patients) are shown in Supplementary Table 3.

Efficacy end points in the ITT population
Primary end point

The difference in the average slope of change in 6MWD over 72 weeks between the ataluren and placebo groups
was nominally significant (-0.74 m/week and -0.94 m/week in the ataluren and placebo groups, respectively;
difference [95% CI]: 0.20 [0.03, 0.38]; p = 0.0248), equivalent to a 21% slower rate of decline in the ataluren
group (Table 3).

Secondary end points

The least-squares (LS) average change in 6MWD from baseline to week 72 was -53.01 m in the ataluren group
and -67.43 m in the placebo group, representing a nominally significant treatment difference of 14.42 m (95% CI:
1.83, 27.01; p = 0.0248; Figure 1 & Table 3).

By week 72, 12/183 ataluren-treated patients (6.6%) lost ambulation compared with 20/176 placebo-treated
patients (11.4%; Table 3). Median time to LoA could not be estimated in either treatment group owing to the low
number of events. In this population, 12/12 ataluren-treated patients (100%) and 19/20 placebo-treated patients
(95.0%) who lost ambulation had a baseline time to stand from supine of >5 s (Supplementary Table 4). Results
for LoA at week 48 are described in the Supplementary Appendix (Supplementary Table 5).

There were treatment benefits in the prespecified median time to 10% persistent worsening of 6MWD in
ataluren-treated patients (74 weeks) compared with placebo (48 weeks; p = 0.0078). Ataluren-treated patients
experienced a 31% lower risk of 10% persistent worsening in 6MWD compared with placebo by week 72; 48.1%
of ataluren-treated patients and 61.9% of placebo-treated patients had 10% persistent worsening in 6MWD by
week 72 (hazard ratio [HR]: 0.69; 95% CI: 0.52, 0.91); Figure 2 & Table 4). Results for time to 5% persistent
worsening and 30 m decline in 6MWD are described in the Supplementary Appendix (Supplementary Table 6 &
Supplementary Figure 3).

Ataluren-treated patients experienced a nominally significant lower decline in NSAA total score than placebo-
treated patients (difference [95% CI]: 0.9 [0.1, 1.6]; p = 0.0235), and in NSAA linear score (difference [95% CI]:
2.3 [0.3, 4.3]; p = 0.0246; Table 5). Relative declines in both total and linear NSAA scores were approximately
19% smaller in the ataluren arm than in the placebo arm.

Ataluren-treated patients experienced nominally significant smaller LS average increases (corresponding to less
decline in function) from baseline than placebo-treated patients in 10 m walk/run time (difference [95% CI]: -0.78
[-1.53, -0.03] s; p = 0.0422) and time to climb four stairs (difference [95% CI]: -1.06 [-2.02, -0.11] s; p = 0.0293),
but not in time to descend four stairs (difference [95% CI]: -0.29 [-1.30, 0.72] s; p = 0.5749; Table 6). Relative
differences between ataluren and placebo in change in 10 m walk/run time, time to climb four stairs, and time to
descend four stairs from baseline to week 72 were -20.4%, -17.9% and -5.5%, respectively. Longitudinal changes
from baseline to week 72 in individual TFT items for the ITT population are included in the Supplementary
Appendix (Supplementary Figure 4).

Changes in PUL scores and results from the pooled analysis of the Study 041, ACT DMD and Study 007 ITT
populations are described in the Supplementary Appendix (Supplementary Table 7 & Supplementary Figure 5).

Efficacy end points in the 6MWD 300–400 m subgroup
Primary end point

The difference in the average slope of change in 6MWD over 72 weeks between the ataluren and placebo group was
nominally significant (-0.77 m/week and -1.11 m/week in the ataluren and placebo groups, respectively; difference
[95% CI]: 0.34 [0.03, 0.64]; p = 0.0310), equivalent to a 30% slower rate of decline in the ataluren group (Table 3).

Secondary end points

LS average change in 6MWD from baseline to week 72 was -55.78 m in the ataluren group and -79.99 m in the
placebo group, representing a nominally significant treatment difference of 24.21 m (95% CI: 2.22, 46.20; p =
0.0310; Table 3).
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Figure 1. Mean change from baseline in 6-minute walk distance in the intention-to-treat population over 72 weeks.
Baseline was defined as the maximum measurement of valid day 1 and day 2 6MWD values. Patients who lost
ambulation during the study were assigned a value of 0 for the first visit and set as missing for all subsequent visits
while they participated in the study.
6MWD: 6-minute walk distance; ITT: Intention-to-treat; SE: Standard error.

By week 72, 5/86 ataluren-treated patients (5.8%) lost ambulation compared with 10/83 placebo-treated
patients (12.0%; Table 3). Median time to LoA could not be estimated in either treatment group owing to the
low number of events. Results for LoA at week 48 are described in the Supplementary Appendix (Supplementary
Table 5).

Ataluren reduced the risk of 10% persistent worsening in 6MWD by 47% compared with placebo (HR: 0.53;
95% CI: 0.35, 0.79). The median time to decline to this critical milestone was 74.3 weeks in the ataluren group and
36.1 weeks in the placebo group (p = 0.0011; Figure 2 & Table 4). Results for time to 5% persistent worsening and
30 m decline in 6MWD are described in the Supplementary Appendix (Supplementary Table 6 & Supplementary
Figure 3).

Ataluren-treated patients experienced a nominally significant lower decline in LS mean NSAA linear score than
placebo-treated patients (difference [95% CI]: 3.3 [0.1, 6.4]; p = 0.0419), but not in NSAA total score (difference
[95% CI]: 1.1 [-0.1, 2.4]; p = 0.0837; Table 5). Relative declines in total and linear NSAA scores were 20% and
25% smaller, respectively, in the ataluren arm than in the placebo arm.

In ataluren-treated patients, nominally significant differences were observed compared with placebo for 10 m
walk/run time (difference [95% CI]: -1.29 [-2.54, 0.04] s; p = 0.0429) and time to climb four stairs (difference
[95% CI]: -2.29 [-3.88, -0.69] s; p = 0.0050), but not for time to descend four stairs (difference [95% CI]: -0.97
[-2.69, 0.76] s; p = 0.2714; Table 6). Relative differences between ataluren and placebo in change in 10 m walk/run
time, time to climb four stairs and time to descend four stairs from baseline to week 72 were -30.2%, -30.3% and
-17.3%, respectively.

Changes in PUL scores are described in the Supplementary Appendix (Supplementary Table 7).

Efficacy end points in the 6MWD ≥300 m & time to stand from supine ≥5 s subgroup (primary
analysis subgroup)
Primary end point

The average slope of change in 6MWD over 72 weeks was -1.14 m/week and -1.25 m/week in the ataluren and
placebo groups, respectively (difference [95% CI]: 0.11 [-0.13, 0.36]; p = 0.3626), equivalent to a 9% slower rate
of decline in the ataluren group (not significant; Table 3).
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Figure 2. Median time to a 10% persistent worsening in 6-minute walk distance. (A) Intention-to-treat population.
(B) 6MWD 300–400 m subgroup. Time to a 10% persistent worsening in 6MWD was defined as the last time that
6MWD was not 10% worse than baseline. Patients who did not have a 10% persistent worsening in 6MWD were
censored at the time of the last 6MWT during the double-blind period. Owing to COVID-19, some patients’ week 72
visits were delayed and the final data collection for the double-blind period occurred at week 90 or later.
6MWD: 6-minute walk distance; 6MWT: 6-minute walk test; HR: Hazard ratio; ITT: Intention-to-treat.
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Table 4. Time to 10% persistent worsening in 6-minute walk distance in the intention-to-treat population and
key subgroups over 72 weeks.

ITT population 6MWD 300–400 m 6MWD ≥300 m and time to stand
from supine ≥5 s†

Ataluren (n = 183) Placebo (n = 176) Ataluren (n = 86) Placebo (n = 83) Ataluren (n = 92) Placebo (n = 93)

Patients with 10% persistent
worsening by week 72, n (%)

88 (48.1) 109 (61.9) 41 (47.7) 59 (71.1) 58 (63.0) 71 (76.3)

Patients censored, n (%) 95 (51.9) 67 (38.1) 45 (52.3) 24 (28.9) 34 (37.0) 22 (23.7)

Time to 10% persistent worsening Kaplan–Meier estimate, weeks

Median (95% CI) 74.3 (59.1, NA) 48.0 (36.0, 60.9) 74.3 (49.1, NA) 36.1 (24.1, 49.0) 36.7 (36.0, 60.0) 35.6 (23.7, 48.0)

Min, max 0.1, 91.4+ 0.1, 90.0+ 0.1, 91.4+ 0.1, 90.0+ 0.1, 91.4+ 0.1, 90.0+
Log-rank p-value 0.0078 0.0011 0.0659

Cox proportional hazards model

HR, ataluren to placebo (95% CI) 0.69 (0.52, 0.91) 0.53 (0.35, 0.79) 0.73 (0.52, 1.03)

Time to a 10% persistent worsening in 6MWD was defined as the last time that 6MWD was not 10% worse than baseline. Patients who did not have a 10% 6MWD
worsening were censored at the time of the last 6MWT during the double-blind period (+ indicates that the observation was censored).
The Cox proportional hazard model includes baseline concomitant corticosteroid type (deflazacort, prednisone/prednisolone), baseline 6MWD category (�300 m, 300 m to
�350 m, 350 m to �400 m, ≥400 m), baseline time to stand from supine (�5 s, ≥5 s), baseline 6MWD and treatment.
Bold p-values are significant.
†Primary analysis subgroup (≥7 years to ≤16 years of age with 6MWD of ≥300 m and a time to stand from supine of ≥5 s at baseline).
6MWD: 6-minute walk distance; 6MWT: 6-minute walk test; HR: Hazard ratio; ITT: Intention-to-treat; max: Maximum; min: Minimum.

Secondary end points

LS average change in 6MWD from baseline to week 72 was -81.83 m in the ataluren group and -90.09 m in the
placebo group (difference [95% CI]: 8.26 [-9.53, 26.05] m; p = 0.3626; Table 3).

By week 72, 5/92 ataluren-treated patients (5.4%) lost ambulation compared with 9/93 placebo-treated patients
(9.7%; Table 3). Median time to LoA could not be estimated in either treatment group owing to the low number
of events. Results for LoA at week 48 are described in the Supplementary Appendix (Supplementary Table 5).

Ataluren reduced the risk of 10% persistent worsening in 6MWD by 27% compared with placebo (HR: 0.73;
95% CI: 0.52, 1.03). Median time to decline to this critical milestone was 36.7 weeks in the ataluren group and
35.6 weeks in the placebo group (p = 0.0659; Table 4).

Ataluren-treated patients did not experience a nominally significant difference in LS mean decline in either
NSAA total score (difference [95% CI]: 0.9 [-0.2, 2.0]; p = 0.1258) or in NSAA linear score (difference [95% CI]:
2.5 [-0.2, 5.2]; p = 0.0656) compared with placebo (Table 5). Relative declines in total and linear NSAA scores
were 14.5% and 18.5% smaller, respectively, in the ataluren arm than in the placebo arm.

In ataluren-treated patients, a nominally significant difference was observed for time to climb four stairs compared
with placebo (difference [95% CI]: -1.73 [-3.16, -0.30] s; p = 0.0179), but no significant changes were seen for
other TFTs (Table 6). Relative differences between ataluren and placebo in change in 10 m walk/run time, time
to climb four stairs, and time to descend four stairs from baseline to week 72 were -19.2%, -24.8% and -4.1%,
respectively.

Discussion
Study 041 included a large, broad ITT population of 359 boys aged 5 years or older with nmDMD (Table 1).
In this heterogeneous patient group, ataluren demonstrated slowing of muscle function decline across the primary
and key secondary end points of slope of change in 6MWD, NSAA score and TFTs over 72 weeks. In the ITT
population, ataluren-treated patients had a 21% slower rate of decline in 6MWD and a difference in 6MWD of
14.42 m compared with placebo-treated patients (Table 3).

Furthermore, in this study, ataluren was associated with reductions in the risk of 10% (Table 4 & Figure 2) and
5% persistent worsening in 6MWD of 31% and 30%, respectively, and a reduced risk of 30 m decline by 31%,
compared with placebo (Supplementary Table 6 & Supplementary Figure 3). It has previously been demonstrated
that 10% persistent worsening in 6MWD is predictive of LoA, with patients who have 10% persistent worsening
in 6MWD in a 12-month period being significantly more likely to lose ambulation in 4 years [18]. It has also been
shown that patients who experience a loss of approximately 30 m in 6MWD are more likely to experience a steep
decline in 6MWD, leading to LoA [19]. Therefore, a decline of 30 m in 6MWD is considered clinically meaningful

10.57264/cer-2024-0238
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and has been shown to have real-world significance for patients, for example in terms of keeping up with their peers,
traveling to a bus stop or making it to a restroom [15]. In Study 041, ataluren-treated patients experienced a decline
of 30 m at a median time of 49.1 weeks, compared with 36.0 weeks for placebo-treated patients, giving a median
delay of 13 weeks (Supplementary Table 6 & Supplementary Figure 3). This represents a 31% reduction in the
risk of reaching this important threshold with ataluren compared with placebo. An approximately 5% persistent
worsening in 6MWD has also been established as a threshold for clinically meaningful progression for a range of
similar diseases with compromised neuromuscular and pulmonary function [6,16,20].

In the sensitive 6MWD 300–400 m subgroup (previously used in ACT DMD) [8], ataluren-treated patients had
a 30% slower rate of decline in 6MWD and a difference in 6MWD of 24.21 m compared with placebo-treated
patients (Table 3). Ataluren also reduced the risk of 30 m decline by 47% and reduced the risks of 10% and
5% persistent worsening in 6MWD by 47% and 42%, respectively (Table 4 & Supplementary Table 6). These
results may suggest that treatment differences observed in 6MWD are indicative of a clinically meaningful delay in
progressing to milestones that are prognostic for LoA in this patient subgroup. In this subgroup, ataluren-treated
patients experienced a decline of 30 m at a median of 61.1 weeks, compared with 25.0 weeks for placebo-treated
patients, representing a median delay of 36 weeks (Supplementary Table 6 & Supplementary Figure 3). This further
highlights the sensitivity of this patient subgroup and the delayed LoA experienced by patients treated with ataluren
compared with placebo. In the 6MWD ≥300 m and time to stand from supine ≥5 s subgroup, there was no
difference observed for slope of change in 6MWD or in 10% persistent worsening in 6MWD between ataluren
and placebo.

The NSAA provides complementary information to the 6MWT on different aspects of motor function relating to
everyday functional abilities that are not captured by either the 6MWT or the NSAA alone [21]. Results of the NSAA
demonstrated that the declines in both total and linear NSAA scores were statistically steeper in placebo-treated
patients than in ataluren-treated patients in the ITT population, and in linear score for the 6MWD 300–400 m
subgroup (Table 5). In the ITT population of this study, ataluren-treated patients gained a 2.3-point advantage in
NSAA linear score compared with placebo. In ACT DMD, ataluren-treated patients gained a 1.5-point advantage
compared with placebo, highlighting that a longer treatment duration with ataluren may lead to a greater benefit
with a more pronounced separation in NSAA scores compared with placebo [8]. This may indicate a slower long-term
decline of muscle function with ataluren treatment compared with placebo; the numerically moderate treatment
differences in the 72 weeks of this study translate to clinically meaningful slowing of disease progression [22]. Modest
changes in NSAA scores were also seen in other DMD studies. Vamorolone, a corticosteroid alternative for patients
with DMD, led to an increase in NSAA score of 0.49 at week 48 when taken at 6 mg/kg/day compared with
2 mg/kg/day [23]. Unlike vamorolone, ataluren use is indicated for boys with nmDMD in addition to corticosteroids
(part of SoC). Significant differences were not observed in the 6MWD ≥300 m and time to stand from supine
≥5 s subgroup for total or linear NSAA scores, or in the 6MWD 300–400 m subgroup for total NSAA score.

TFTs, which measure functional ability and evaluate response to therapy, have also been shown to be valuable
outcome measures for patients with DMD [15,24]. Nominally significant differences between ataluren- and placebo-
treated patients were observed for 10 m walk/run time in the ITT population and 6MWD 300–400 m subgroup
and for time to climb four stairs in all three patient populations (Table 6). The differences in time to climb four
stairs between ataluren and placebo for the ITT population, the 6MWD 300–400 m subgroup and the 6MWD
≥300 m and time to stand from supine ≥5 s subgroup were -1.06, -2.29, and -1.73 s, respectively. A difference
of approximately 1.5–2.2 s is considered clinically meaningful [6,15], demonstrating the benefit of ataluren in the
6MWD 300–400 m subgroup and in the 6MWD ≥300 m and time to stand from supine ≥5 s subgroup. It
has been shown previously that functional abilities in DMD are lost sequentially, with the ability to stand from
supine being lost first, followed by the loss of ability to climb four stairs, and finally the loss of ability to walk/run
10 m [13]. This suggests that patients in the 6MWD ≥300 m and time to stand from supine ≥5 s subgroup may
be more stable than expected, which may explain why no differences were seen in the ability to walk/run 10 m
between ataluren- and placebo-treated patients.

Results from Study 041 build upon the body of evidence demonstrating that ataluren slows motor function
decline and is associated with a favorable benefit–risk profile (a consistent adverse event profile) in patients with
nmDMD [7]. To add to the totality of evidence, pooled analyses of a large, heterogeneous population of 701
patients from the ITT populations of Study 041, ACT DMD and Study 007 were performed; these results show
that ataluren treatment resulted in a reduced decline in motor function across multiple clinically meaningful end
points compared with placebo (Supplementary Figure 5). Pooled analyses can also be useful when assessing subgroup
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effects as they can increase the sample size [25]; the pooled analysis of the 6MWD 300–400 m subgroups from
these studies also showed an even greater reduction in decline in 6MWD with ataluren compared with placebo,
highlighting the consistent effect of ataluren treatment on slowing motor function decline.

As DMD progresses, all patients will eventually lose ambulation [26]. Although ataluren slows disease progression,
it does not halt it, meaning that patients receiving ataluren will still lose ambulation but the time to LoA will likely
be delayed, as demonstrated by data from Study 019 [27]. This was a phase III trial assessing ataluren safety in patients
with nmDMD who received ataluren plus SoC. In this study, ataluren plus SoC was associated with a 2.2-year
delay in LoA (p = 0.0006) compared with SoC alone in propensity score-matched patients from the Cooperative
International Neuromuscular Research Group (CINRG) Duchenne Natural History Study (DNHS) [27]. In the
STRIDE Registry, as of January 2023, ataluren plus SoC significantly delayed age at LoA by 3.5 years compared with
SoC alone in CINRG DNHS patients (data not published) [11]. In the first 48 weeks of Study 041, 4/183 ataluren-
treated patients (2.2%) and 8/176 patients who received placebo (4.5%) lost ambulation in the ITT population.
These findings are consistent with those from previous 48-week trials: in Study 007, 4/57 ataluren-treated patients
(7%) and 6/57 patients who received placebo (11%) lost ambulation; and in ACT DMD, 9/114 ataluren-treated
patients (8%) and 14/114 patients who received placebo (12%) lost ambulation (Supplementary Table 5) [6,8]. By
week 72 of Study 041, as expected with further disease progression, 12/183 ataluren-treated patients (6.6%) and
20/176 patients who received placebo (11.4%) lost ambulation. Similar LoA results were observed in the 6MWD
300–400 m subgroup both at 48 and 72 weeks. Interestingly, 12/12 ataluren-treated patients (100%) and 19/20
placebo-treated patients (95.0%) who lost ambulation had a baseline time to stand from supine of <5 s, which is
a prognostic indicator of functional decline and subsequent LoA (Supplementary Table 4) [28].

In addition to delaying time to LoA, ataluren plus SoC significantly delayed age at decline to percent-predicted
forced vital capacity of <60% and <50% by 1.8 and 2.3 years, respectively [10], demonstrating the benefits of
ataluren after LoA. Furthermore, in a study looking at off-label ataluren use in nonambulatory patients, serial
echocardiography, pulmonary lung function tests and assessment of muscle strength indicated mild attenuation
of disease progression 18–26 months after the initiation of ataluren treatment [29]. Study 041 was the first trial
of ataluren to investigate changes in upper limb function. Although there were no differences in any of the PUL
assessments in the ITT population, probably owing to the relatively young patients in this population (Table 1),
differences from baseline to week 72 were seen between ataluren- and placebo-treated patients in high-level shoulder
scores and in mid-level elbow scores in the sensitive 6MWD 300–400 m subgroup. This further demonstrates the
beneficial effect of ataluren treatment on milestones beyond those relating to ambulation (Supplementary Table 7).

Safety results for ataluren were similar to those for placebo, indicating that TEAEs were largely attributable to
underlying disease and current SoC, including concomitant corticosteroid treatment. Overall, the safety profile of
ataluren was favorable (Table 2) and consistent with previous clinical trials and the STRIDE Registry [6,8–10,27,30].
In fact, in a study of ataluren use in nonambulatory patients, a reduction in body mass index was observed [29].
There were no adverse clinical effects or relevant abnormalities in routine laboratory values [29]. In ACT DMD,
ataluren was generally well tolerated and no new safety signals were identified. The data showing clinical benefit
are particularly important when considering the fatal nature of nmDMD [8].

Concerns have been raised about the safety profile of givinostat, a histone deacetylase inhibitor for treating
DMD [31]. Givinostat has been reported to cause thrombocytopenia and hypertriglyceridemia [32]. Therefore,
platelet count and triglyceride level monitoring are necessary, and dose adjustments, treatment suspension or
treatment discontinuation may be required [32]. These safety concerns have not been reported with ataluren use.

Treatment effects are likely to vary owing to the heterogeneity of DMD [33], making subgroup analyses neces-
sary [25]. Historically in DMD clinical trials, subgroups have been defined by baseline levels of function to enrich
for predictable disease progression to show a more robust short-term effect, particularly when there is a concern
that the broader ITT population is not sufficiently powered to demonstrate a short-term treatment benefit [6,8].
This was the largest phase III study ever conducted in DMD; therefore, it was adequately powered to demonstrate
a significant treatment effect in the broad ITT population. The prespecified subgroups in this study (6MWD
300–400 m, and 6MWD ≥300 m and time to stand from supine ≥5 s) were selected to include patients who were
likely to experience functional decline during the study period and in whom a treatment effect could be better
captured. Both subgroups included the ≥300 m threshold in 6MWD. The use of time to stand from supine ≥5 s as
an inclusion criterion for the 6MWD ≥300 m and time to stand from supine ≥5 s subgroup was unsuccessful
in enriching for patients who experienced a treatment effect, and no differences between ataluren and placebo
were observed for 6MWD, time to 10% persistent worsening in 6MWD, NSAA, 10 m walk/run time and time
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to descend four stairs in this subgroup. This is likely because this group includes patients who have a 6MWD of
>350–400 m. Findings from natural history studies show that patients with a baseline 6MWD of >400 m have
fewer declines across multiple measures of physical function compared with patients with a baseline 6MWD of
<400 m [8,15]. This may explain why the 6MWD ≥300 m and time to stand from supine ≥5 s subgroup was less
sensitive than the ITT population and why the 6MWD 300–400 m subgroup was the most sensitive in showing a
treatment benefit for the selected end points in this study. Of the 185 patients in the 6MWD ≥300 m and time
to stand from supine ≥5 s subgroup, 60 (32.4%) had a 6MWD ≥400 m; motor function remained more stable in
these patients throughout the study than in the other patients in this subgroup, regardless of whether they received
ataluren or placebo. This may also explain why results for the primary end point and several secondary end points
in this subgroup numerically favored ataluren but did not reach statistical significance.

Considering the complexity and heterogeneity of DMD in terms of disease severity and progression, observing
statistically significant treatment effects on disease progression in the short term duration of a clinical trial is
challenging; a longer follow-up time is required to observe a true treatment effect [33]. The 18-month, placebo-
controlled period of Study 041 enabled a statistically significant treatment effect of ataluren to be attained in
a broad ITT population. This study is the first to demonstrate statistically significant delays in motor function
decline among multiple clinically meaningful outcomes with ataluren treatment compared with placebo in the ITT
population, which includes patients from 69 international sites receiving SoC, including corticosteroids. Nominally
significant differences in time to 10% persistent worsening, 5% persistent worsening and 30 m decline in 6MWD
were seen in the ITT population and the 6MWD 300–400 m subgroup. Furthermore, ataluren-treated patients
had a 36-week median delay in 30 m decline in 6MWD compared with placebo-treated patients, which may be
meaningful for patients’ quality of life. A robust treatment effect in 6MWD, TFTs and NSAA was also seen in the
sensitive 6MWD 300–400 m subgroup at a magnitude previously demonstrated in ACT DMD [8].

Factors that could be investigated further to help to contextualize the Study 041 data include the potential
variability in adherence to DMD SoC guidelines in different participating countries and the impact of the
COVID-19 pandemic, which overlapped with Study 041. The results from the open-label period of Study 041
will help to consolidate findings from the 72-week double-blind period [34].

Summary points

• Ataluren is indicated for patients with nonsense mutation Duchenne muscular dystrophy (nmDMD); it promotes
the readthrough of premature stop codons in dystrophin mRNA to enable the production of full-length
dystrophin protein.

• Study 041 was an international, randomized, double-blind, placebo-controlled, phase III, 72-week trial of
ataluren in patients with nmDMD followed by a 72-week open-label period. The primary end point of the
placebo-controlled period was the slope of change (average rate of change) in 6-minute walk distance (6MWD)
from baseline to week 72 (m/week).

• The analysis of efficacy end points was carried out in the intention-to-treat (ITT) population (n = 359) and two
prespecified subgroups: the 6MWD 300–400 m subgroup (n = 169) and the 6MWD ≥300 m and time to stand from
supine ≥5 s subgroup (n = 185).

• In the ITT population, ataluren treatment reduced the average rate of 6MWD change, equivalent to a 21%
slower rate of decline in the ataluren group compared with placebo (p = 0.0248).

• In the 6MWD 300–400 m subgroup, ataluren treatment reduced the average rate of 6MWD change, equivalent to
a 30% slower rate of decline in the ataluren group compared with placebo (p = 0.0310).

• In the 6MWD ≥300 m and time to stand from supine ≥5 s subgroup, there was a 9% slower rate of decline in the
ataluren group compared with placebo, but this was not significant (p = 0.3626).

• A 10% persistent worsening of 6MWD is a clinically meaningful milestone, which is predictive of loss of
ambulation. Ataluren treatment delayed the median time to 10% persistent worsening of 6MWD compared with
placebo in the ITT population and in the 6MWD 300–400 m subgroup (p = 0.0078 and p = 0.0011, respectively),
but not in the 6MWD ≥300 m and time to stand from supine ≥5 s subgroup (p = 0.0659).

• Ataluren was well tolerated in patients with nmDMD and had a safety profile consistent with that shown in
previous clinical trials and in the Strategic Targeting of Registries and International Database of Excellence.

• Study 041 is the largest study of patients with Duchenne muscular dystrophy to date and builds upon the body of
evidence demonstrating the benefits of ataluren in slowing motor function decline along with a favorable
benefit–risk profile in patients with nmDMD.
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