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Abstract
The timed 4-stair climb (4SC) assessment has been used to measure function in Duchenne
muscular dystrophy (DMD) practice and research. We sought to identify prognostic factors
for changes in 4SC, assess their consistency across data sources, and the extent to which
prognostic scores could be useful in DMD clinical trial design and analysis. Data from
patients with DMD in the placebo arm of a phase 3 trial (Tadalafil DMD trial) and two realworld sources (Universitaire Ziekenhuizen, Leuven, Belgium [Leuven] and Cincinnati Children’s Hospital Medical Center [CCHMC]) were analyzed. One-year changes in 4SC completion time and velocity (stairs/second) were analyzed. Prognostic models included age,
height, weight, steroid use, and multiple timed function tests and were developed using multivariable regression, separately in each data source. Simulations were used to quantify
impacts on trial sample size requirements. Data on 1-year changes in 4SC were available
from the Tadalafil DMD trial (n = 92) Leuven (n = 67), and CCHMC (n = 212). Models incorporating multiple timed function tests, height, and weight significantly improved prognostic
accuracy for 1-year change in 4SC (R2: 29%-36% for 4SC velocity, and 29%-34% for 4SC
time) compared to models including only age, baseline 4SC and steroid duration (R2:8%17% for 4SC velocity and 2%-13% for 4SC time). Measures of walking and rising ability contributed important prognostic information for changes in 4SC. In a randomized trial with
equal allocation to treatment and placebo, adjustment for such a prognostic score would
enable detection (at 80% power) of a treatment effect of 0.25 stairs/second with 100–120
patients, compared to 170–190 patients without prognostic score adjustment. Combining

PLOS ONE | https://doi.org/10.1371/journal.pone.0232870 June 18, 2020

1 / 15

PLOS ONE

individual patient data may also be directed
towards the other individual institutions/
organizations that have collected and curated these
patient data. These organizations (Eli Lilly and
Cincinnati Children’s Hospital Medical Center) will
consider data requests according to their own data
sharing policies and governance.
Funding: This study was conducted within the
collaborative Trajectory Analysis Project (cTAP), a
pre-competitive coalition of academic clinicians,
drug developers, and patient foundations formed in
2015 to overcome the challenges of high variation
in clinical trials in Duchenne muscular dystrophy.
cTAP has received sponsorship from Astellas
Pharma (Mitobridge), Catabasis, FibroGen Inc.,
Italfarmaco SpA, Pfizer Inc., PTC Therapeutics,
Roche, Sarepta Therapeutics, Shire plc, Solid
Biosciences, Wave Life Sciences, Parent Project
Muscular Dystrophy, Charley’s Fund, and
CureDuchenne, a founding patient advocacy
partner and provider of initial seed funding to cTAP.
Physical function testing at Universitaire
Ziekenhuizen Leuven was funded by Fonds
Spierzieke Kinderen. cTAP was involved in study
design, analysis, manuscript preparation, and the
decision to publish. James Signorovitch, Gautam
Sajeev, Madeline Jenkins, Ibrahima Dieye, Zhiwen
Yao, and Intekhab Hossain are employees of
Analysis Group Inc., which received funding from
the study sponsors via the Collaborative Trajectory
Analysis Project (cTAP). David Cox and John
Landry are shareholders and paid employees of Eli
Lilly and Company. Susan J. Ward has received
funding from the study sponsors via the
Collaborative Trajectory Analysis Project (cTAP).
The specific roles of these authors are articulated in
the ‘author contributions’ section."
Competing interests: The collaborative Trajectory
Analysis Project (cTAP) has received sponsorship
from Astellas Pharma (Mitobridge), Catabasis,
FibroGen Inc., Italfarmaco SpA, Pfizer Inc., PTC
Therapeutics, Roche, Sarepta Therapeutics, Shire
plc, Solid Biosciences, Wave Life Sciences, Parent
Project Muscular Dystrophy, Charley’s Fund, and
CureDuchenne, a founding patient advocacy
partner and provider of initial seed funding to cTAP.
Physical function testing at Universitaire
Ziekenhuizen Leuven was funded by Fonds
Spierzieke Kinderen. cTAP was involved in study
design, analysis, manuscript preparation, and the
decision to publish. James Signorovitch, Gautam
Sajeev, Madeline Jenkins, Ibrahima Dieye, Zhiwen
Yao, and Intekhab Hossain are employees of
Analysis Group, Inc. David Cox and John Landry
are employees and shareholders of Eli Lilly and
Company. Susan J. Ward has received funding

Prognostic factors for changes in the timed 4-stair climb in DMD

measures of ambulatory function doubled prognostic accuracy for 1-year changes in 4SC
completion time and velocity. Randomized clinical trials incorporating a validated prognostic
score could reduce sample size requirements by approximately 40%. Knowledge of important prognostic factors can also inform adjusted comparisons to external controls.

Introduction
Duchenne muscular dystrophy (DMD) is a progressive, debilitating neuromuscular disorder
occurring in approximately 15.9 to 19.5 per 100,000 live births, based on estimates from the
United States and United Kingdom [1, 2]. DMD results in progressive muscle-wasting, loss of
ambulation during adolescence, and death by early adulthood [3]. Over the last decade substantial progress has been made to identify and develop targeted therapies to treat the underlying cause of DMD [4]. However, although several drugs [5–9] have been tested in late-phase
placebo-controlled trials, conditional or full regulatory approval has thus far been secured for
only two novel drugs in the ambulatory setting: ataluren for nonsense mutation DMD [10],
and eteplirsen for exon 51 skippable mutations [11].
A major challenge in the design of DMD clinical trials, and in the interpretation of their
results, is heterogeneity in patients’ rates of disease progression [5, 6, 8, 9]. To address this,
investigators have sought to enrich trial populations for patients with less variable prognoses
over the duration of a trial. Such enrichment efforts have been implemented through the use
of selected patient characteristics, in particular age, duration of steroid use and baseline performance on the primary functional endpoint, to define inclusion/exclusion criteria and to stratify randomization in clinical trials. However, even in trials incorporating these approaches,
observed variability in functional outcomes remains large, spanning improvement in function
for some patients to complete loss of function in others.
At the same time, evidence has emerged that additional patient characteristics, particularly
those measuring different aspects of ambulatory function, have additive value as important
prognostic factors. Performance on the timed rise from supine has been associated with
changes on the six minute walk distance (6MWD) and disease progression in general [12, 13].
In addition, our earlier work has demonstrated that a composite score based on multiple baseline measures of function more than doubled prognostic accuracy for changes in 6MWD compared to predictions based on age, baseline 6MWD, and steroid use [12, 14].
Use of prognostic factors to inform clinical trial design is well-established in many therapeutic areas, including, for example, cardiovascular disease [15], renal disease [16], and oncology [17] trials. The use of prognostic enrichment has also been noted as a potentially useful
strategy for clinical trials in guidance issued by the Food and Drug Administration (e.g., see
sections IV and V of [18]). The stronger the prognostic factors, the higher their value for trial
design in terms of increasing power and decreasing sample size requirements. Better understanding of prognostic factors could be especially valuable for trials in DMD due to challenges
associated with heterogeneity in patients’ progression over time and the limited patient populations available to participate in trials.
Since DMD is characterized by progressive deficits in muscle strength, the timed 4-stair
climb (4SC) has been used as an important assessment in clinical practice and in clinical trials
[5–7, 9, 19]. In the present study we assess prognostic factors for 1-year changes in 4SC performance, develop a preliminary composite prognostic score, and assess consistency of prognostic performance across data sources. We also quantify the impacts that use of the prognostic
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score would have on sample size requirements in clinical trials. This study was conducted
within the collaborative Trajectory Analysis Project (cTAP), a pre-competitive collaboration of
drug developers, clinical experts and registries, patient advocacy groups, and data scientists
engaged in research to improve drug evaluations in DMD.

Methods
Data sources and study population
This study used data shared with cTAP from three different sources: placebo arm data from Eli
Lilly’s phase 3 trial of tadalafil in patients with DMD (NCT01865084), and real-world data
from DMD centers in Leuven, Belgium (Leuven) and at the Cincinnati Children’s Hospital
Medical Center (CCHMC) in Cincinnati, Ohio. At the time of this study, these constituted all
data sources accessed by cTAP with available data on the 4SC test.
Tadalafil DMD trial. The Tadalafil DMD Study Group Trial (Tadalafil DMD Trial) was a
randomized, double-blind, placebo-controlled phase 3 trial of tadalafil, which enrolled ambulatory boys with DMD aged 7 to 14 years, who had at least 6 months of steroid use prior to
trial recruitment, and baseline 6MWD between 200 and 400 meters [5]. Patients were randomly assigned to receive placebo, low dose tadalafil (0.3 mg/kg), or high dose tadalafil (0.6
mg/kg) daily for 48 weeks [5]. Trial assessments, including timed function tests, occurred
every 12 weeks. Only those patients randomized to placebo were included in the present study.
The study protocol and consent forms for the use of data from Eli Lilly’s phase 3 trial of tadalafil in patients with DMD were approved by the institutional review/ethics boards at each participating medical center and conducted in accordance with the Declaration of Helsinki and
other international ethics guidelines. The phase 3 trial data used in this study were de-identified and thus no institutional review board (IRB) approval was required for the de-identified
data used in this analysis.
Leuven. Data were collected from boys diagnosed with DMD who were routinely monitored in the pediatric neurology clinic at Universitaire Ziekenhuizen in Leuven, Belgium. This
ongoing study has been approved by Ethische Commissie Onderzoek, the Ethics Committee
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. The database
available for the present study included 158 boys with DMD and clinic visits as recent as February 2017. Assessments of timed function tests occurred approximately every 6 months, and
included the timed 4SC, 10-meter walk/run, and rise from supine, as well as concurrent assessments of height, weight, and steroid use.
CCHMC. Natural history data were obtained from electronic medical records of patients
with DMD receiving care at CCHMC. The data was fully de-identified and was collected
under an IRB-approved clinic registry, CCHMC IRB #1, which captures clinical data from
clinic visits with informed consent from patients and care givers to participate in the clinic registry at CCHMC. The database available for the present study spanned the years 2003 to 2016
and included 480 boys diagnosed with DMD. Functional assessments occurred every 6 months
to 1-year, and included timed 4SC, timed 30-foot walk/run, and timed sit to stand.

Study measures
Outcomes. The primary outcome measures in this study were the annualized changes in
4SC velocity (Δ4SC velocity) and 4SC completion time (Δ4SC time) over an approximately
1-year period (8 to 16 months). While 4SC completion time (recorded in seconds taken to
complete the test) may be more clinically interpretable, 4SC velocity (measured in stairs/second) may have desirable statistical properties. It was not the purpose of this study to assess the
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relative statistical value of these measurement scales. Both have been considered in planned
analyses of DMD clinical trials. Both measures were investigated here to assess sensitivity of
prognostic factors to choice of 4SC measurement scale.
Annualized changes in 4SC were calculated by dividing the change observed between two
assessments by the elapsed time (in years) between those assessments. Patients who could not
complete the 4SC due to loss of ability to climb stairs had their velocities set to zero and their
completion times set to 12 seconds; completion times exceeding 12 seconds were also truncated to 12 seconds, as this reflects the typical maximum recording of 4SC completion times in
real-world clinical practice. Sensitivity analyses using a threshold of 30 seconds, which has
been used as the maximum recording time in some clinical trials [6, 7] were also conducted.
The analyses on the velocity scale also serve as a sensitive analysis for the issue of truncation of
completion times, since, on the velocity scale, larger completion times are translated into
smaller velocities approaching zero. The current study is not intended to recommend appropriate cut-off times for clinical trials or clinical practice, but rather to assess the sensitivity of
prognostic factors to different cutoff times. 4SC assessments that were not performed for other
reasons (e.g., bone fracture) were considered missing.
There were some differences across data sources in how 4SC times were assessed and
recorded, and in availability of data on loss of ability to climb stairs. In Leuven and the Tadalafil DMD Trial placebo arm, task completion occurred when the patient’s second foot reached
the last step, whereas in CCHMC task completion occurred when the patient’s leading foot
reached the last step. Additionally, the inability to complete the 4SC due to the loss of ability to
climb stairs was not captured in clinical practice data available from CCHMC. Consequently,
the 4SC time and velocity data from CCHMC reflects data only from patients who were able to
complete the test. In contrast, the inability to complete the 4SC test was explicitly recorded at
all visits in Leuven and the Tadalafil DMD Trial placebo arm.
Prognostic factors. In all three data sources prognostic factors assessed included demographics and vitals (age, height, weight, body mass index [BMI]), duration of steroid use (�1
year vs. <1 year), current deflazacort use (yes/no), and timed function tests. Apart from 4SC,
the available timed function tests differed across data sources. The 10 meter walk/run and
timed rise from supine were available in Leuven and the Tadalafil DMD Trial; in CCHMC, the
30-foot walk/run and timed sit to stand were available in lieu of these two tests. Patients (in the
Tadalafil DMD Trial and Leuven) who were unable to complete the 10-meter walk/run and
rise from supine tests, or those who took longer than 12 seconds to complete, had their times
set to 12 seconds for analysis. Velocities for these timed function tests were set to zero for
patients who had lost the function being assessed by the test.

Study design
Changes in 4SC were studied over intervals of follow-up that were approximately 1-year in
length (Fig 1). For each data source, we identified all intervals (i.e. pairs of clinic visits) meeting each of the following criteria: 1) the first clinic visit in the pair, defined as the baseline visit,
had 4SC time < 12 seconds and information available for all prognostic factors of interest; 2)
the baseline visit and a follow-up visit, defined the outcome visit, were separated by approximately 1 year (8 to 16 months); 3) 4SC was assessed at both the baseline and outcome visits.
Separate study samples were constructed in this fashion for each data source. Patients from the
Tadalafil DMD Trial contributed one ~1-year interval each, corresponding to the approximately 1-year between the baseline and 48-week assessments in the trial. Patients from Leuven
and CCHMC could have multiple pairs of ~1-year intervals meeting the aforementioned criteria. For these patients, all non-overlapping ~1-year intervals were included in the analyses.
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Fig 1. Study design. Changes in timed 4-stair climb (4SC) were evaluated over approximate 1-year follow-up intervals
(8–16 months). 4SC, 4-stair climb; BMI, body mass index.
https://doi.org/10.1371/journal.pone.0232870.g001

The outcome visit for one interval was allowed to serve as the baseline visit for a subsequent
interval, but further overlap was disallowed.
Δ4SC time = (4SC time at outcome visit - 4SC time at baseline visit)/ time in years between
outcome and baseline visits. Δ4SC time > 0 indicates worsened performance; Δ4SC time < 0
improved performance.
Δ4SC velocity = (4SC velocity at outcome visit - 4SC velocity at baseline visit)/ time in years
between outcome and baseline visits. Δ4SC velocity > 0 indicates improved performance;
Δ4SC velocity < 0 indicates worsened performance.

Statistical analyses
Baseline characteristics were summarized for each data source using means and standard deviations (SD) for continuous variables and counts and percentages for categorical variables. Observed
Δ4SC velocity and Δ4SC completion times were also summarized for each data source.
Fitting prognostic models. Multivariable regression models for the Δ4SC velocity were fit
in each data source to assess the importance of the candidate prognostic factors. Three models
were fit: (1) a base model that contained only age, baseline 4SC velocity, and duration of steroid
use; (2) an intermediate model that incorporated current deflazacort use, measures of walk/run
and rising function, in addition to the factors in the base model, and (3) a full model that incorporated height, weight, and BMI, in addition to the factors included in the intermediate model. In all
models, generalized estimating equations, with an exchangeable covariance structure were used to
account for repeated measures in Leuven and CCHMC. A similar set of models were fit for 4SC
completion time in each data source, with the corresponding timed function test completion
times replacing velocities used as baseline predictors in the intermediate and full models.
Assessing prognostic value. The prognostic value of each model was measured by calculating the root mean squared prediction error, which was computed as the SD of the difference
between observed and model-predicted Δ4SC velocity. To visually assess the performance of
each model, scatterplots of the observed versus model-predicted Δ4SC velocity were generated.
R2 values were also calculated to measure the percentage of variation in Δ4SC velocity
explained by each model. Box plots of the observed Δ4SC velocity, stratified by quartiles of predicted change, were used to assess model calibration. Finally, contributions of predictors to the
overall prognostic value of the model was assessed by estimating R2 values for multivariable
models obtained by separately adding each predictor to the base model, and separately removing each predictor from the full model. Because the rise from supine and 10-meter walk/run
were not assessed in data from CCHMC, these predictors were replaced with sit to stand and
30-foot walk/run tests, respectively. Similar analyses were carried out for Δ4SC time.
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Sensitivity analyses. Two sets of sensitivity analyses were conducted. First, the analyses
were repeated with 4SC completion times for patients who had lost the ability to climb stairs
set to 30 seconds. In this sensitivity analysis, patients with 4SC completion times exceeding 30
seconds had these times truncated to 30 seconds (rather than 12 seconds as in the primary
analyses). Second, the models were re-fit using 1-year intervals defined based on visits 10 to 14
months apart rather than 8 to 16 months apart as in the primary analyses.
Impacts on trial sample size. Simulations were used to quantify the extent to which use
of a prognostic score could reduce sample size requirements for randomized controlled trials
in DMD. These simulations assumed that changes in 4SC velocity are normally distributed,
hypothesized a treatment effect on mean Δ4SC velocity of 0.25 stairs/second, assumed a type I
error rate of 0.05, and considered different scenarios for the level of variability of Δ4SC velocity
(SD of Δ4SC velocity either 0.5, 0.6, or 0.7 stairs/second). For each scenario, power to detect
the treatment effect was estimated for two possible statistical analyses: 1) an unadjusted analysis and 2) an analysis adjusting for a baseline prognostic score with an R2 of 0.35.

Results
Baseline sample characteristics
Δ4SC velocity was available from 92 patients (contributing 92 ~1-year intervals) from the
Tadalafil DMD Trial, 67 patients (235 ~1-year intervals) from Leuven, and 212 patients (543
~1-year intervals) from CCHMC (Table 1). Baseline characteristics are summarized in
Table 2. Patient demographics were generally similar across all three sources at the start of the
~1-year intervals analyzed. Duration of steroid use was longer in CCHMC and in the Tadalafil
DMD Trial than in Leuven. Patients in CCHMC and Leuven predominantly received deflazacort at baseline; in the Tadalafil DMD Trial, steroid use at baseline was evenly split between
deflazacort and prednisone. Patients in the Tadalafil DMD Trial had slightly worse function at
baseline, on average, as indicated by their lower North Star Ambulatory Assessment (NSAA)
total score and longer completion times (lower velocities) on the available timed function tests.

Observed Δ4SC velocity and Δ4SC time
4SC velocity declined over the ~1-year period in all three data sources: mean Δ4SC velocity
was -0.06 stairs/second (SD = 0.65) in Leuven, -0.18 stairs/second (SD = 0.41) in the Tadalafil
Table 1. Sample selection in each data source.
Tadalafil DMD
Trial

Leuven

CCHMC

Step 1: All patients

116

158

480

Step 2: Patients with at least 2 4SC visits

116

90

261

111 (111)

70
(1011)

230
(877)

Step 4: Patients and intervals meeting eligibility criteria and having non-missing data on prognostic factors at
baseline visit of the interval

92 (92)

67 (711)

213
(684)

Step 5: Patients in Step 4 with non-overlapping intervals

92 (92)

67 (235)

212
(543)

Step 3: Patients with 4SC visits approximately 1-year apart (and total # of such intervals)

4SC, 4-stair climb; CCHMC, Cincinnati Children’s Hospital Medical Center; DMD, Duchenne muscular dystrophy.
Steps 3, 4, and 5 show number of patients (intervals) meeting each criterion. In step 3, for the Leuven and CCHMC databases, ~1-year intervals were identified on the
basis of having 4SC visits 8–16 months apart. For the Tadalafil DMD trial, the ~1-year intervals reflect the ~1-year between the baseline and 48-week assessments in the
trial.
https://doi.org/10.1371/journal.pone.0232870.t001
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Table 2. Baseline sample characteristics in each data source.
Tadalafil DMD Trial Placebo Arm

Leuven

CCHMC

Number of ~1-year intervals

92

235

543

Number of patients

92

67

212

Age (years)

9.36 ± 1.79
9.13 [7.00, 14.58]

9.10 ± 2.73
8.84 [3.17, 17.42]

8.81 ± 2.73
8.51 [2.42, 18.54]

Height (cm)

125.17 ± 8.73
126.00 [108.80, 147.20]

122.08 ± 10.60
122.50 [92.60, 154.00]

120.81 ± 12.24
120.20 [80.00, 167.30]

Weight (kg)

30.92 ± 8.86
28.40 [17.20, 61.40]

28.36 ± 9.86
25.40 [14.20, 70.00]

28.85 ± 10.54
26.75 [12.20, 88.94]

BMI (kg/m2)

19.54 ± 4.31
18.01 [13.16, 35.02]

18.53 ± 3.77
17.43 [12.10, 32.22]

19.20 ± 3.72
18.44 [12.73, 37.21]

39.19 ± 24.42
35.83 [6.83, 112.46]

29.11 ± 26.71
23.52 [0.00, 121.43]

43.05 ± 31.36
40.32 [0.00, 196.32]

Demographics, mean ± SD, median [range]

Steroid use
Steroid duration (months), mean ± SD
Current deflazacort, n (%)

44 (47.83)

178 (75.74)

448 (82.50)

Current steroid use, n (%)

92 (100%)

198 (84.26)

499 (91.90%)

NSAA total score

22.13 ± 6.03
22.50 [9, 34]

24.54 ± 6.43
26.00 [10, 33]

24.72 ± 5.93
26.00 [7, 34]

6MWD (meters)

348.71 ± 39.29
355.00 [216, 410]

365.96 ± 87.76
376.00 [0, 620]

-

5.1 ± 2.3
4.6 [1.5, 11.6]

3.8 ± 2.4
3.2 [1.1, 11.9]

2.6 ± 1.5
2.2 [0.8, 10.4]

0.97 ± 0.46
0.87 [0.34, 2.67]

1.42 ± 0.75
1.27 [0.34, 3.77]

1.96 ± 0.91
1.82 [0.38, 5.00]

7.6 ± 3.8
6.6 [1.8, 17.2]

6.5 ± 8.4
4.5 [1.4, 108.0]

-

0.15 ± 0.11
0.13 [0.00, 0.56]

0.22 ± 0.14
0.21 [0.00, 0.74]

6.4 ± 1.7
6.2 [2.9, 10.9]

5.5 ± 2.3
4.9 [1.5, 20.4]

1.69 ± 0.48
1.61 [0.92, 3.45]

2.07 ± 0.69
2.04 [0.49, 6.54]

Sit to stand, time (seconds)

-

-

2.9 ± 2.3
2.1 [0.9, 21.6]

Sit to stand, velocity (1/seconds)

-

-

0.46 ± 0.20
0.48 [0.05, 1.11]

30-foot walk/run, time (seconds)

-

-

4.4 ± 1.1
4.1 [2.2, 10.7]

30-foot walk/run, velocity (feet/second)

-

-

7.28 ± 1.64
7.32 [2.80, 13.64]

Ambulatory and timed function tests, mean ± SD

4-stair climb, time (seconds)
4-stair climb, velocity (stairs/second)
Rise from supine, time (seconds)
Rise from supine, velocity (1/seconds)
10-meter walk/run, time (seconds)
10-meter walk/run, velocity (meters/second)

-

6MWD, 6-minute walk distance; BMI, body mass index; CCHMC, Cincinnati Children’s Hospital Medical Center; cm, centimeters; DMD, Duchenne muscular
dystrophy; kg, kilograms; m2, meters squared; n, number of intervals; NSAA, North Star Ambulatory Assessment; SD, standard deviation.
Timed function tests in baseline table are calculated without imputation.
https://doi.org/10.1371/journal.pone.0232870.t002

DMD Trial, and -0.12 stairs/second (SD = 0.56) in CCHMC. Correspondingly, completion
times for 4SC increased over the ~1-year period in all three data sources: mean Δ4SC time in
Leuven was 0.7 seconds (SD: 2.2, range: [-4.3 to 10.2]) 2.0 seconds (SD: 2.9, range: [-7.4, 8.6])
in the Tadalafil DMD Trial, and 0.5 seconds (SD: 1.5, range: [-4.5, 9.2]) in CCHMC. The ability
to complete 4SC was lost in 17 (7.2%) of the 235 intervals from Leuven, and 6 (6.5%) of the 92
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Table 3. Models for Δ4SC velocity in each data source.
Leuven (n = 235)

Tadalafil DMD Trial Placebo Arm
(n = 92)

CCHMC (n = 543)

Base model

Full model

Base model

Full model

Base model

Full model

Coefficient (95%
CI)

Coefficient (95%
CI)

Coefficient (95%
CI)

Coefficient (95%
CI)

Coefficient (95%
CI)

Coefficient (95%
CI)

Intercept

-1 (-1.88, -0.13)�

5.53 (-0.07, 11.13)

0.98 (0.66, 1.29)

0.74 (-3.19, 4.66)

0.77 (0.55, 0.99)���

3.02 (1.15, 4.89)��

Age (years)

0.03 (-0.02, 0.08)

0.04 (-0.02, 0.09)

-0.08 (-0.11,
-0.05)���

-0.03 (-0.07, 0.01)

-0.06 (-0.08,
-0.04)���

-0.05 (-0.09,
-0.02)��

Steroids � 1 year 1 vs. 0

0.26 (-0.05, 0.56)

0.42 (0.16, 0.69)��

-0.15 (-0.33, 0.03)

-0.29 (-0.47,
-0.11)��

-0.16 (-0.28,
-0.04)��

-0.24 (-0.37,
-0.10)���

Timed 4-stair climb velocity

0.29 (-0.09, 0.66)

-0.17 (-0.66, 0.31)

-0.16 (-0.25,
-0.07)���

-0.6 (-0.74,
-0.46)���

-0.12 (-0.16,
-0.07)���

-0.42 (-0.50,
-0.34)���

Current deflazacort 1 vs. 0

0.16 (-0.01, 0.33)

0.16 (-0.02, 0.34)

0.01 (-0.12, 0.14)

Timed 10-meter walk/run
velocity

0.22 (-0.07, 0.50)

0.27 (0.17, 0.37)���

-

Timed rise from supine
velocity

1.41 (0.25, 2.56)�

1.83 (1.13, 2.53)���

-

Timed 30-foot walk/run
velocity

-

-

-

-

0.13 (0.08, 0.18)���

Timed sit to stand velocity

-

-

-

-

0.72 (0.31, 1.13)���

2

BMI (kg/m )

-0.19 (-0.33,
-0.05)��

0.02 (-0.08, 0.12)

-0.1 (-0.14, -0.05)���

Height (cm)

-0.05 (-0.10, -0.01)�

-0.01 (-0.04, 0.03)

-0.02 (-0.04,
-0.01)��

0.11 (0.03, 0.20)��

-0.01 (-0.06, 0.05)

0.06 (0.03, 0.08)���

Weight (kg)
2

2

Model R (adjusted R )
RMSE

0.08 (0.05)

0.29 (0.21)

0.17 (0.16)

0.36 (0.33)

0.16 (0.16)

0.30 (0.29)

0.39

0.35

0.59

0.52

0.51

0.47

Δ4SC, annualized change in 4-stair climb; BMI, body mass index; CCHMC, Cincinnati Children’s Hospital Medical Center; CI, confidence interval; cm, centimeters; kg,
kilograms; m2, meters squared; n, number of participants; RMSE, root-mean squared error. Statistical significance: ��� p < 0.001, �� p < 0.01, � p <0.05
https://doi.org/10.1371/journal.pone.0232870.t003

intervals from the Tadalafil DMD Trial. As noted above, this information was not available in
data from CCHMC.

Models for Δ4SC velocity time and Δ4SC time
Δ4SC velocity. Results from the base and full multivariable models for Δ4SC velocity are
presented in Table 3. Model coefficients and R-squared values from the intermediate model
for Δ4SC velocity were similar to the full model and are shown in S1 Table. Overall, the base
model explained 17% and 16% of the variation of Δ4SC velocity in Leuven and CCHMC
patients, respectively. In these data sources, older age and longer duration of steroid use and
higher baseline 4SC velocity were associated with declines in 4SC velocity over the ~1-year
period. Among patients from the Tadalafil DMD Trial, 8% of the variation in Δ4SC velocity
was explained by the predictors included in the base model, with none of them being statistically significant.
In all three data sources, the full model, additionally including timed function tests (rise
from supine, 10 meter walk/run, or sit to stand and 30 foot walk/run) and additional patient
characteristics (current steroid use, height, weight, and BMI), explained a greater proportion
of the variation in Δ4SC velocity (29% in the Tadalafil DMD Trial, 36% in Leuven, and 30% in
CCHMC). In the full models fit in Leuven and CCHMC, longer duration of steroid use and
greater velocities of 10-meter walk/run and rise from supine (or 30-foot walk/run and sit to
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Fig 2. Power to detect a treatment effect of 0.25 stairs/second with and without adjustment for prognostic score
under different trial arm sample sizes, assuming the SD of Δ4SC velocity is 0.6. Δ4SC, annualized change in 4-stair
climb; SD, standard deviation. Δ4SC velocity = (4SC velocity at outcome visit - 4SC velocity at baseline visit)/ time in
years between outcome and baseline visits. Δ4SC velocity > 0 indicates improved performance; Δ4SC velocity < 0
indicates worsened performance. R-squared due to prognostic model assumed to be 0.35 in all scenarios. While a SD
of Δ4SC velocity of 0.6 was used for this illustration, a similar pattern of greater power to detect a treatment effect when
adjustment is made for the prognostic score also holds for lower and higher SDs of Δ4SC velocity (S3 and S4 Figs).
https://doi.org/10.1371/journal.pone.0232870.g002

stand) at baseline were associated with greater improvements in 4SC velocity. Higher 4SC
velocity at baseline was associated with a decrease in Δ4SC velocity over the 1-year period.
Scatterplots of the observed versus model-predicted Δ4SC velocity, and box plots of the
observed Δ4SC velocity, stratified by quartiles of predicted change illustrate the improvement
in prediction of Δ4SC velocity with the addition of the prognostic factors in the full model (S1
and S2 Figs). Models were further evaluated by inspection of residuals plotted relative to predicted values, which were consistent with adequate model specification. In addition, use of
generalized estimating equations rendered the models robust to potential non-normality of
residuals. The contributions of each prognostic factor when removed from the full model,
added separately to the base model, and studied in isolation are summarized in S2A–S2C
Table. In general, the addition of velocities for 10-meter walk/run, rise from supine (or, 30
foot walk/run, sit to stand in CCHMC), and current deflazacort use to the base model resulted
in the greatest increases in R2 while removing baseline 4SC velocity from the full model
resulted in the largest decreases in R2.
In a randomized trial with equal allocation to treatment and placebo arms, baseline adjustment for such a prognostic score would enable a treatment effect of 0.25 stairs/second on
Δ4SC velocity to be detected with approximately 120 total patients, compared to 180 total
patients without use of the prognostic score (at 80% power) (Fig 2). Power gains with adjustment for prognostic score under additional scenarios are shown in S3 and S4 Figs.
Δ4SC time. Results from the base and full multivariable models for Δ4SC time are presented in S3 Table. Overall, the base model explained 13% and 11% of the variation of Δ4SC
time in patients from Leuven and CCHMC, respectively, with older age and longer duration of
steroid use associated with worsening outcomes. In the Tadalafil DMD Trial, the base model
explained 2% of the variation of Δ4SC time with none of the predictors being statistically significant. Results of the intermediate model for Δ4SC time are shown in S4 Table.
Compared with the base model, the full model explained a greater proportion of the variation of Δ4SC time from all three data sources (29% in the Tadalafil DMD Trial, 34% in Leuven,
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and 34% in CCHMC). Associations of the predictors with Δ4SC time were generally very similar to those seen for Δ4SC velocity. The contributions of each prognostic factor when removed
from the full model, added separately to the base model, and studied in isolation are summarized in S5A–S5C Table. In general, the addition of 10-meter walk/run, rise from supine, and
current deflazacort use to the base model resulted in the greatest increases in R2 while removing baseline 4SC completion time from the full model resulted in the largest decreases in R2.
Sensitivity analyses. Results from both sets of sensitivity analyses were very similar to the
primary analyses in all three data sources: R2 for models for each set of analyses are summarized in S6A and S6B Table.

Discussion
This study identified prognostic factors for ~1-year change in 4SC completion time and velocity among patients with DMD. We found that timed function tests other than 4SC, measures
of walking and rising ability in particular, along with height, weight, and BMI added significant prognostic value for change in 4SC—well beyond that provided by age, baseline 4SC, and
steroid duration. The proportion of variation explained by the addition of these factors was
approximately doubled across all data sources.
Recently, we assessed prognostic factors for 1-year change in 6MWD in an earlier study
sample of patients from the Leuven database [12]. A key finding of that study was that a combination of multiple baseline measures of ambulatory function provided significantly enhanced
prognostic accuracy compared with using only age, baseline 6MWD, and steroid use. These
findings are echoed in the present study of 4SC outcomes, further highlighting the value of
combining multiple measures of function into composite prognostic scores in DMD. In addition, consistent with the prior study of prognostic factors for 6MWD, combining multiple
measures of baseline function increases prognostic value even as those baseline measures are
well correlated with each other [12]. Both of these studies also found that patient age no longer
carries significant prognostic value after already accounting for multiple measures of baseline
function along with height and weight. This indicates that knowing how a patient performs on
several different measures of ambulatory function is more important to their prognosis over
the next year than knowing their age. While this may at first seem counter-intuitive for a progressive disease, the lower prognostic importance of age accords with the observed heterogeneity across patients in rates of progression of ambulatory function in DMD. Different patients
progress at different ages [20], and different measures of function progress at different times,
and thus combining several measures of ambulatory function provides a more accurate prognosis than relying on any single measure alone, or on age.
Inclusion criteria for clinical trials in ambulatory DMD have traditionally been defined
based on three conventional prognostic factors: age, steroid use for at least a defined period of
time (3 or 6 months), and the baseline value of the primary endpoint (e.g., 6MWD or 4SC) [5–
8, 21]. As the natural history of DMD has become better characterized, the ranges of these
characteristics have varied, and generally narrowed [5, 22], with the aim of defining a subset of
patients with more homogenous rates of progression in whom power to demonstrate treatment effects would be increased. In addition, primary analyses of clinical trials have typically
adjusted for these conventional baseline factors (age, steroid use, and baseline assessments of
the primary endpoint) in an effort to improve precision of estimated treatment effects. The
present study is the second to demonstrate that composite prognostic scores can more than
double the prognostic accuracy versus that provided by the conventional factors [12]. This
indicates that composite prognostic scores for DMD present important opportunities for
improving trial design and analyses. Many decisions in trial design are ultimately aimed at
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managing variation in outcomes or enriching for drug-modifiable patients. The more accurately one can predict outcomes, the better one can manage outcome variation and enrichment. Thus, these trial design decisions can be improved by use of an accurate prognostic
score. For example, enrichment of a trial population (or a pre-specified subgroup) for patients
with more homogenous and drug-modifiable trajectories will be more precise when the inclusion/exclusion criteria used to define the population are based on thresholds of an accurate
composite prognostic score, instead of thresholds of individual characteristics with substantially lower prognostic value. When selecting baseline characteristics for stratifying randomization or for adjustment in statistical analyses of the treatment effect, it is usually not practical to
stratify or adjust for more than 2 or 3 baseline characteristics. The stronger the prognostic factors that can be used, the greater the increase in power via stratification and adjustment. Use
of a single composite prognostic score that already incorporates multiple baseline characteristics and doubles explained variation would be statistically superior to use of any combination
of age, baseline 4SC, and steroid use.
Apart from parallel group randomized trials, a better understanding of prognostic factors
for functional outcomes in DMD is needed to guide matched or adjusted comparisons to
external control groups for single arm trials and long-term extension studies, and for augmentation of randomized placebo groups with external controls. A key step in the incorporation of
external controls is mitigating the risk of bias due to differences in patient characteristics
between non-randomized groups. It is usually not feasible to match on or adjust for all characteristics. Rather, the goal is to account for baseline differences in important prognostic factors.
Thus, knowledge of important prognostic factors, or validated prognostic scores, is essential
for making credible comparisons to external controls—and for avoiding the infeasibility or
reductions in power that could arise from a desire to adjust for factors that are actually not
prognostic.
This study has several strengths beginning with the inclusion of data from more than 350
boys diagnosed with DMD (n = 371) from three different sources. In addition, the general consistency of findings across data sources bodes well for the future construction of a well-validated prognostic score that performs well across data sources and can thus be reliably applied
to clinical trials. In particular, despite known differences in specific measures between sites,
such as differences in timed function test availability and assessment protocols, similar
improvements in prognostic performance were observed when timed function tests were
incorporated into the models. The use of different timed function tests in CCHMC in particular, i.e., 30 foot walk/run and sit to stand rather than 10 meter walk/run and rise from supine,
qualitatively validates the models developed using the other data sources, and suggests that
these tests are capturing aspects of patients’ function that are biologically and statistically
meaningful for prognosis.
In some cases, however, the differences across the data sources included in this study present some limitations. As discussed in the methods section we did not have explicit recording
of loss of stair climbing ability in the CCHMC data used for these analyses, and both realworld data sources seemed to halt timed function tests earlier than observed in the clinical trial
placebo arm. It should also be noted that the Tadalafil DMD Trial imposed stricter inclusion
criteria of baseline 6MWD between 200 and 400 meters and >6 months stable steroid use [5],
whereas the study samples for the other data sources required only 4SC time < 12 seconds.
This is reflected by patients in the Tadalafil DMD Trial having worse performance on baseline
functional measures, and a larger average decline in 4SC over the 1-year period, compared
with the other sources. The real-world data sources also included more heterogeneous intervals of time between visits than the clinical trial. We conducted a number of sensitivity analyses to account for these differences across data sources, including use of different 4SC cutoffs
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(12 and 30 seconds), studying both 4SC completion time and velocity, and considering different windows of follow-up time to approximate 1-year change (8–16 months and 10–14
months). Our main findings were robust to these changes.
This study has demonstrated that composite prognostic scores for 4SC are likely to be feasible and to be important for clinical trial design, and that development of a consensus-based
composite prognostic score is warranted. Additional prognostic factors should also be investigated, and might include other functional measures such as the NSAA [23–25] and measures
of muscle strength, which have been correlated with functional status [26]. Imaging assessments of bone density and changes in lean body mass [27], cardiac and pulmonary measures
[28, 29], dystrophin genotypes, genetic modifiers and other biomarkers could also be investigated in future analyses. Use of a prognostic score in clinical trial design and interpretation
requires several steps beyond those conducted in the present study. Most importantly, a consensus score, ideally based on multiple data sources, will need to be developed and validated,
and achieve clinical acceptance. In addition, the small (but not negligible) effort that it would
take to calculate and interpret the score will need to be viewed as worthwhile relative to the
gains that can be achieved in power and/or lower sample size requirements. Research to
address these steps is currently being conducted within cTAP.

Supporting information
S1 Table. Intermediate models for Δ4SC velocity in each data source.
(DOCX)
S2 Table. a-c. R2 tables for Δ4SC velocity for (a) Tadalafil DMD Trial, (b) Leuven and (c)
CCHMC.
(DOCX)
S3 Table. Models for Δ4SC time in each data source.
(DOCX)
S4 Table. Intermediate models for Δ4SC time in each data source.
(DOCX)
S5 Table. a-c R2 tables for Δ4SC time for (a) Tadalafil DMD trial, (b) Leuven, and (c)
CCHMC.
(DOCX)
S6 Table. a. R2 in base, intermediate and full models for Δ4SC velocity based on primary and
sensitivity analyses, by data source. b. R2 in base, intermediate and full models for Δ4SC time
based on primary and sensitivity analyses, by data source.
(DOCX)
S1 Fig. Scatter plots for observed versus predicted Δ4SC velocity for base and full model in
each data source.
(DOCX)
S2 Fig. Observed Δ4SC velocity stratified by baseline prediction quartiles of Δ4SC velocity
for base and full model in each data source.
(DOCX)
S3 Fig. Power to detect a treatment effect of 0.25 stairs/second with and without adjustment for prognostic score under different trial arm sample sizes, assuming the SD of Δ4SC
velocity is 0.5.
(DOCX)

PLOS ONE | https://doi.org/10.1371/journal.pone.0232870 June 18, 2020

12 / 15

PLOS ONE

Prognostic factors for changes in the timed 4-stair climb in DMD

S4 Fig. Power to detect a treatment effect of 0.25 stairs/second with and without adjustment for prognostic score under different trial arm sample sizes, assuming the SD of Δ4SC
velocity is 0.7.
(DOCX)

Acknowledgments
Members of the cTAP Joint Steering Committee include: Paolo Bettica (Italfarmaco SpA),
Lawrence Charnas (Pfizer), Joanne Donovan (Catabasis), Rose Ong (Roche), and Michael
Rabbia (Roche).
The authors are grateful to patients for participating in the clinical assessments. The authors
would like to acknowledge investigators and staff from the data sources included in this study.
The authors would like to thank members of cTAP for conceptualization of this research and
review of this manuscript. At the time of this study’s conduct, Dr. Wong was affiliated with
CCHMC. Medical writing assistance was provided by Gloria DeWalt, an employee of Analysis
Group Inc.

Author Contributions
Conceptualization: Nathalie Goemans, Brenda Wong, James Signorovitch, Gautam Sajeev,
Susan J. Ward.
Data curation: Nathalie Goemans, Brenda Wong, Marleen Van den Hauwe.
Formal analysis: Brenda Wong, James Signorovitch, Gautam Sajeev, David Cox, John Landry,
Madeline Jenkins, Ibrahima Dieye, Zhiwen Yao, Intekhab Hossain.
Methodology: Nathalie Goemans.
Writing – original draft: Nathalie Goemans, James Signorovitch, Gautam Sajeev, Susan J.
Ward.
Writing – review & editing: Nathalie Goemans, Brenda Wong, Marleen Van den Hauwe,
James Signorovitch, Gautam Sajeev, David Cox, John Landry, Madeline Jenkins, Ibrahima
Dieye, Zhiwen Yao, Intekhab Hossain, Susan J. Ward.

References
1.

Mendell JR, Shilling C, Leslie ND, Flanigan KM, al-Dahhak R, Gastier-Foster J, et al. Evidence-based
path to newborn screening for Duchenne muscular dystrophy. Ann Neurol. 2012; 71(3):304–13. https://
doi.org/10.1002/ana.23528 PMID: 22451200.

2.

Moat SJ, Bradley DM, Salmon R, Clarke A, Hartley L. Newborn bloodspot screening for Duchenne muscular dystrophy: 21 years experience in Wales (UK). Eur J Hum Genet. 2013; 21(10):1049–53. https://
doi.org/10.1038/ejhg.2012.301 PMID: 23340516; PubMed Central PMCID: PMC3778339.

3.

Emery AE, Muntoni F, Quinlivan RC. Duchenne muscular dystrophy: OUP Oxford; 2015.

4.

Mah JK. Current and emerging treatment strategies for Duchenne muscular dystrophy. Neuropsychiatr
Dis Treat. 2016; 12:1795–807. https://doi.org/10.2147/NDT.S93873 PMID: 27524897; PubMed Central
PMCID: PMC4966503.

5.

Victor RG, Sweeney HL, Finkel R, McDonald CM, Byrne B, Eagle M, et al. A phase 3 randomized placebo-controlled trial of tadalafil for Duchenne muscular dystrophy. Neurology. 2017. https://doi.org/10.
1212/WNL.0000000000004570 PMID: 28972192.

6.

Bushby K, Finkel R, Wong B, Barohn R, Campbell C, Comi GP, et al. Ataluren treatment of patients with
nonsense mutation dystrophinopathy. Muscle Nerve. 2014; 50(4):477–87. https://doi.org/10.1002/mus.
24332 PMID: 25042182; PubMed Central PMCID: PMC4241581.

PLOS ONE | https://doi.org/10.1371/journal.pone.0232870 June 18, 2020

13 / 15

PLOS ONE

Prognostic factors for changes in the timed 4-stair climb in DMD

7.

McDonald CM, Campbell C, Torricelli RE, Finkel RS, Flanigan KM, Goemans N, et al. Ataluren in
patients with nonsense mutation Duchenne muscular dystrophy (ACT DMD): a multicentre, randomised, double-blind, placebo-controlled, phase 3 trial. The Lancet. 2017; 390(10101):1489–98. https://
doi.org/10.1016/s0140-6736(17)31611-2

8.

Voit T, Topaloglu H, Straub V, Muntoni F, Deconinck N, Campion G, et al. Safety and efficacy of drisapersen for the treatment of Duchenne muscular dystrophy (DEMAND II): an exploratory, randomised,
placebo-controlled phase 2 study. Lancet Neurol. 2014; 13(10):987–96. https://doi.org/10.1016/S14744422(14)70195-4 PMID: 25209738.

9.

Goemans N, Mercuri E, Belousova E, Komaki H, Dubrovsky A, McDonald CM, et al. A randomized placebo-controlled phase 3 trial of an antisense oligonucleotide, drisapersen, in Duchenne muscular dystrophy. Neuromuscul Disord. 2017. https://doi.org/10.1016/j.nmd.2017.10.004 PMID: 29203355.

10.

PTC Therapeutics. PTC Therapeutics Receives Conditional Approval in the European Union for Translarna™ For the Treatment of Nonsense Mutation Duchenne Muscular Dystrophy. 2014 [cited 2018 Jul
9]. Available from: http://ir.ptcbio.com/releasedetail.cfm?releaseid=863914.

11.

US Food & Drug Administration. FDA grants accelerated approval to first drug for Duchenne muscular
dystrophy 2016 [cited 2018 Jul 9]. Available from: https://www.fda.gov/NewsEvents/Newsroom/
PressAnnouncements/ucm521263.

12.

Goemans N, Vanden Hauwe M, Signorovitch J, Swallow E, Song J, Collaborative Trajectory Analysis
P. Individualized Prediction of Changes in 6-Minute Walk Distance for Patients with Duchenne Muscular
Dystrophy. PLoS One. 2016; 11(10):e0164684. https://doi.org/10.1371/journal.pone.0164684 PMID:
27737016; PubMed Central PMCID: PMC5063281 the Collaborative Trajectory Anlaysis Project
(cTAP) for this research. This does not alter our adherence to PLOS ONE policies on sharing data and
materials.

13.

Mazzone ES, Coratti G, Sormani MP, Messina S, Pane M, D’Amico A, et al. Timed Rise from Floor as a
Predictor of Disease Progression in Duchenne Muscular Dystrophy: An Observational Study. PLoS
One. 2016; 11(3):e0151445. https://doi.org/10.1371/journal.pone.0151445 PMID: 26982196; PubMed
Central PMCID: PMC4794120.

14.

Goemans N, Van den Hauwe M, Sajeev G, Yao Z, McDonnell E, Ward S, et al., editors. Validation of a
prognostic score for changes in six-minute walk distance (6MWD) in patients with Duchenne muscular
dystrophy (DMD). International Annual Congress of the World Muscle Society; 2017; St. Malo, France.

15.

Pedersen TR, Olsson AG, Faergeman O, Kjekshus J, Wedel H, Berg K, et al. Lipoprotein changes and
reduction in the incidence of major coronary heart disease events in the Scandinavian Simvastatin Survival Study (4S). Circulation. 1998; 97(15):1453–60. https://doi.org/10.1161/01.cir.97.15.1453 PMID:
9576425.

16.

Irazabal MV, Blais JD, Perrone RD, Gansevoort RT, Chapman AB, Devuyst O, et al. Prognostic Enrichment Design in Clinical Trials for Autosomal Dominant Polycystic Kidney Disease: The TEMPO 3:4 Clinical Trial. Kidney Int Rep. 2016; 1(4):213–20. https://doi.org/10.1016/j.ekir.2016.08.001 PMID:
29142926; PubMed Central PMCID: PMC5678619.

17.

Fisher B, Costantino JP, Wickerham DL, Redmond CK, Kavanah M, Cronin WM, et al. Tamoxifen for
prevention of breast cancer: report of the National Surgical Adjuvant Breast and Bowel Project P-1
Study. J Natl Cancer Inst. 1998; 90(18):1371–88. https://doi.org/10.1093/jnci/90.18.1371 PMID:
9747868.

18.

U.S. Food and Drug Administration. Enrichment Strategies for Clinical Trials to Support Determination
of Effectiveness of Human Drugs and Biological Products Guidance for Industry. 2019.

19.

McDonald CM, Henricson EK, Abresch RT, Han JJ, Escolar DM, Florence JM, et al. The cooperative
international neuromuscular research group Duchenne natural history study—a longitudinal investigation in the era of glucocorticoid therapy: design of protocol and the methods used. Muscle Nerve. 2013;
48(1):32–54. https://doi.org/10.1002/mus.23807 PMID: 23677550; PubMed Central PMCID:
PMC4147958.

20.

Mercuri E, Signorovitch JE, Swallow E, Song J, Ward SJ, Group DMDI, et al. Categorizing natural history trajectories of ambulatory function measured by the 6-minute walk distance in patients with
Duchenne muscular dystrophy. Neuromuscul Disord. 2016; 26(9):576–83. Epub 2016/07/18. https://
doi.org/10.1016/j.nmd.2016.05.016 PMID: 27423700; PubMed Central PMCID: PMC5026045.

21.

Goemans N, Tulinius M, Kroksmark AK, Wilson R, van den Hauwe M, Campion G. Comparison of
ambulatory capacity and disease progression of Duchenne muscular dystrophy subjects enrolled in the
drisapersen DMD114673 study with a matched natural history cohort of subjects on daily corticosteroids. Neuromuscul Disord. 2017; 27(3):203–13. https://doi.org/10.1016/j.nmd.2016.11.013 PMID:
28169120.

22.

McDonald CM, Henricson EK, Abresch RT, Duong T, Joyce NC, Hu F, et al. Long-term effects of glucocorticoids on function, quality of life, and survival in patients with Duchenne muscular dystrophy: a

PLOS ONE | https://doi.org/10.1371/journal.pone.0232870 June 18, 2020

14 / 15

PLOS ONE

Prognostic factors for changes in the timed 4-stair climb in DMD

prospective cohort study. Lancet. 2017. https://doi.org/10.1016/S0140-6736(17)32160-8 PMID:
29174484.
23.

Ricotti V, Ridout DA, Pane M, Main M, Mayhew A, Mercuri E, et al. The NorthStar Ambulatory Assessment in Duchenne muscular dystrophy: considerations for the design of clinical trials. J Neurol Neurosurg Psychiatry. 2016; 87(2):149–55. https://doi.org/10.1136/jnnp-2014-309405 PMID: 25733532;
PubMed Central PMCID: PMC4752678.

24.

Mayhew A, Mazzone ES, Eagle M, Duong T, Ash M, Decostre V, et al. Development of the Performance
of the Upper Limb module for Duchenne muscular dystrophy. Dev Med Child Neurol. 2013; 55
(11):1038–45. https://doi.org/10.1111/dmcn.12213 PMID: 23902233.

25.

Mayhew A, Cano S, Scott E, Eagle M, Bushby K, Muntoni F, et al. Moving towards meaningful measurement: Rasch analysis of the North Star Ambulatory Assessment in Duchenne muscular dystrophy. Dev
Med Child Neurol. 2011; 53(6):535–42. https://doi.org/10.1111/j.1469-8749.2011.03939.x PMID:
21410696.

26.

Bushby K, Connor E. Clinical outcome measures for trials in Duchenne muscular dystrophy: report from
International Working Group meetings. Clin Investig (Lond). 2011; 1(9):1217–35. https://doi.org/10.
4155/cli.11.113 PMID: 22639722; PubMed Central PMCID: PMC3357954.

27.

Skalsky AJ, Han JJ, Abresch RT, Shin CS, McDonald CM. Assessment of regional body composition
with dual-energy X-ray absorptiometry in Duchenne muscular dystrophy: correlation of regional lean
mass and quantitative strength. Muscle Nerve. 2009; 39(5):647–51. https://doi.org/10.1002/mus.21212
PMID: 19347922.

28.

Bushby K, Finkel R, Birnkrant DJ, Case LE, Clemens PR, Cripe L, et al. Diagnosis and management of
Duchenne muscular dystrophy, part 2: implementation of multidisciplinary care. Lancet Neurol. 2010; 9
(2):177–89. https://doi.org/10.1016/S1474-4422(09)70272-8 PMID: 19945914.

29.

Kinnett K, Rodger S, Vroom E, Furlong P, Aartsma-Rus A, Bushby K. Imperatives for DUCHENNE MD:
a Simplified Guide to Comprehensive Care for Duchenne Muscular Dystrophy. PLoS Curr. 2015; 7.
https://doi.org/10.1371/currents.md.87770501e86f36f1c71e0a5882ed9ba1 PMID: 26331093; PubMed
Central PMCID: PMC4542198.

PLOS ONE | https://doi.org/10.1371/journal.pone.0232870 June 18, 2020

15 / 15

