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RESEARCH ARTICLE
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Abstract

Evaluations of treatment efficacy in Duchenne muscular dystrophy (DMD), a rare genetic

disease that results in progressive muscle wasting, require an understanding of the ‘mean-

ingfulness’ of changes in functional measures. We estimated the minimal detectable change

(MDC) for selected motor function measures in ambulatory DMD, i.e., the minimal degree of

measured change needed to be confident that true underlying change has occurred rather

than transient variation or measurement error. MDC estimates were compared across multi-

ple data sources, representing >1000 DMD patients in clinical trials and real-world clinical

practice settings. Included patients were ambulatory, aged�4 to <18 years and receiving

steroids. Minimal clinically important differences (MCIDs) for worsening were also esti-

mated. Estimated MDC thresholds for >80% confidence in true change were 2.8 units for

the North Star Ambulatory Assessment (NSAA) total score, 1.3 seconds for the 4-stair climb

(4SC) completion time, 0.36 stairs/second for 4SC velocity and 36.3 meters for the 6-minute

walk distance (6MWD). MDC estimates were similar across clinical trial and real-world data

sources, and tended to be slightly larger than MCIDs for these measures. The identified
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thresholds can be used to inform endpoint definitions, or as benchmarks for monitoring indi-

vidual changes in motor function in ambulatory DMD.

Introduction

Progressive deficits in motor function are among the first signs and symptoms of

Duchenne muscular dystrophy (DMD), an X-linked recessive disease occurring in 4.78 per

100,000 males [1,2], and typically result in loss of independent ambulation by the early

teens [3]. Clinical measurements of ambulatory motor function, including the North Star

Ambulatory Assessment (NSAA) [4,5], the six-minute walk distance (6MWD) and the

timed 4-stair-climb (4SC), have helped characterize disease progression in DMD [6–10]

and have served as primary endpoints in clinical trials of investigational therapies

[8,11,12]. These measures change over time for individuals with DMD due to (1) the

cumulative impacts of disease progression and maturation; (2) the transient impacts of

fatigue, motivation, minor injury, adaptation or other biological factors that temporarily

impact a patient’s ambulatory performance; and (3) measurement error due to assessor

effects, such as varying levels of encouragement provided, small errors in timing, or subjec-

tivity in functional scoring [13].

The present study estimates the minimal detectable change (MDC) in these measures of

ambulatory function in DMD–that is, the minimal level of change in measured function that

must be observed to be reasonably confident that true, underlying change in function has

occurred for an individual (per item 1 above) rather than only transient changes (per items 2

and 3 above) [14,15]. Understanding MDCs is important to the design and interpretation of

clinical studies, and for monitoring real-world outcomes. Definitions of disease progression

for use in clinical trial endpoints or treatment algorithms, for example, should be based on

MDCs to ensure that signal for progression is distinguished from biological and measurement

noise at the individual-patient level. To complement the MDCs, the present study also esti-

mates minimal clinically important differences (MCIDs) in motor function, i.e., differences in

function perceived as meaningful to patients [14–17].

MDCs and MCIDs represent different and complementary properties of a functional

measure [14,16,18–20]. When the MDC is smaller than the MCID, sub-clinical levels of

progression are measurable, and may be important to monitor in the context of a progres-

sive disease despite having no immediate impact on how the patient feels or functions. In

contrast, when the MDC is larger than the MCID, some fluctuations in measured function

are meaningful to patients but cannot be attributed with an acceptable level of evidence to

underlying disease progression or improvement. Sentence intelligibility in amyotrophic

lateral sclerosis, for example, has an MDC that is over eight times larger than the MCID

[21].

In DMD, MCIDs have been estimated for various measures of motor function: the 6MWD,

the NSAA total score, a transformed version of the NSAA, and timed function tests including

the 4SC [7,22–24]. However, there have been few assessments of the MDC, i.e., the degree of

change measured for an individual that can be confidently interpreted as true functional

change, or comparisons of these metrics across real-world and clinical trial settings. In the

present study we estimated MDCs based on longitudinal assessments of 6MWD, NSAA and

4SC across multiple clinical centers, networks and clinical trial placebo arms. We assessed the

sensitivity of MDCs to data source, patient age and level of motor function. Anchor-based

MCIDs for worsening were also estimated as a reference point.
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Methods

Data sources

Patient-level data from eight clinical trial arms and six real-world data (RWD) or natural his-

tory data (NHD) sources accessed by the collaborative Trajectory Analysis Project (cTAP) in

2020–2021 were used in this study (S1 and S2 Tables). Studied clinical trial placebo arms

included the phase 3 trial of tadalafil [25] (provided by Lilly), the phase 2b and phase 3 trials of

ataluren [26,27] (provided by PTC Therapeutics) and two phase 2 trials and one phase 3 trial

of drisapersen [28,29] (provided by CureDuchenne). Data were also available from two trials

of deflazacort versus prednisone [30] (provided by Marathon/PTC). Curated RWD from

DMD clinics was provided by Universitaire Ziekenhuizen Leuven (Leuven), Cincinnati Chil-

dren’s Hospital Medical Center (CCHMC) and the North Star UK database (http://www.

northstardmd.com) (NSUK). Collaborators sharing NHD were the iMDEX study (provided

by University College London on behalf of the Association Française contre les Myopathies

[AFM]), the ImagingDMD study (provided by the University of Florida) and the PRO-DMD-

01 prospective natural history study (provided by CureDuchenne). Functional assessments

available in these data sources varied as summarized in S3 Table.

Clinical co-authors of this manuscript who cared for patients at the included RWD/NHD

sources may have access to information that could identify individual participants during or

after data collection. For all data sources, only pre-existing, anonymous, de-identified data

were analyzed, and informed consent/assent was obtained as needed by data providers. RWD/

NHD sources were approved by ethics committees from each contributing institution (the

University Hospitals Leuven [Leuven], each participating center of the PRO-DMD-01 study

and ImagingDMD, and the institutional review board at the CCHMC (IRB #2010–1881). For

the iMDEX study, ethics review boards at the participating institutions approved the study

protocol, consent and assent documents. For use of the North Star UK data, this project fol-

lowed Caldicott Guardian regulations and information was entered in the database after writ-

ten informed consent was obtained from patients’ parents. All clinical investigations were

conducted according to the principles expressed in the Declaration of Helsinki.

Study measures

Meaningful changes were studied for the following motor function measures: 1) NSAA total

score [31], 2) 6MWD [12], 3) 4SC completion time, measured in seconds, and 4) 4SC velocity,

measured in stairs/second.

The NSAA evaluates motor function in ambulatory DMD based on 17 activities scored by

trained clinical staff as 0 (unable to perform independently), 1 (performs activity using a modi-

fied method but is able to complete independently), or 2 (able to perform independently with-

out modification). The NSAA total score is the sum of these activity scores and ranges from 0

(worst function) to 34 (best function). Protocols for administration of the NSAA in each data

source are summarized in S4 Table.

Assessments of 6MWD in the studied sources were based on modified American Thoracic

Society (ATS) criteria and administered by trained assessors or clinical experts [12]. Training pro-

cedures are described for each data source in S5 Table. Participants who were unable to complete

the six-minute walk test at the time of their assessment were assigned a 6MWD of zero meters.

For 4SC, both completion times and velocities were studied, as both of these metrics have

been used in clinical trials. The velocity scale, calculated as 4 divided by the 4SC completion

time and reported in units of stairs/second, addresses skewness in the distribution of comple-

tion times arising from very long completion times for patients with poor function. Patients
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who were not able to complete the 4SC due to loss of function were assigned 4SC velocities of

zero. In scaling the 4SC to stairs/second, we represent the average velocity across all four stairs

without assuming or implying that velocities are constant across all four stairs. Conduct and

recording of the timed 4SC can vary across RWD/NHD and clinical trial settings, particularly for

patients with poor function. In RWD sources, for example, assessors may not require a patient

with very poor function to attempt the test, resulting in missing completion times without a

recorded reason. In contrast, protocol-driven assessments in clinical trials yield more complete

conduct and recording of the 4SC, and thus greater representation of longer completion times. To

assess the impact of differences in data collection settings we conducted separate analyses, stratified

by type of data source (clinical trial or RWD/NHD), while also truncating 4SC completion times

at 12 seconds or 30 seconds across all data sources. Completion times greater than 12 seconds are

rare in RWD/NHD sources; thresholds of 30 seconds are commonly applied in clinical trials.

In addition to the outcome measures listed above, the present study used the Functional

Motor Scale (FMS) as an anchor for the estimation of MCIDs for worsening. The FMS, an

8-point physician grading of motor function [31], was only available from CCHMC data.

Higher FMS scores correspond to greater functional impairment: a score of 1 indicates mild

abnormalities in gait and ability to climb stairs without assistance; a score of 2 indicates more

apparent gait abnormalities and requirement for a railing or support for stairs; a score of 3

indicates ability to walk and arise from a chair independently, but inability to negotiate stairs

without help; a score of 4 indicates that independent walking is the primary means of mobility,

but that a walker, braces or other means of support is necessary, along with inability to rise

from a chair independently; scores of 5 or higher indicate that a wheelchair is the primary or

necessary means of mobility.

Statistical methods

Three different methods were applied to estimate meaningful differences in function, each cor-

responding to a different concept of meaningfulness: (1) estimation of MDCs, (2) estimation

of anchor-based MCIDs and (3) a supportive distribution-based method using a one-half of

the measure’s standard deviation in the study population.

MDCs. Patients included in the estimation of MDCs were aged�4 to<18 years and

receiving steroids at the start of their follow-up. Separate study samples were drawn for each

outcome measure, with patients required to have a minimal level of baseline motor function

on the specified outcome: NSAA >12, 6MWD >75 meters or 4SC time <12 seconds. A

patient’s first visit meeting all of these criteria served as his index visit. Patients with fewer than

two outcome assessments following the index assessment were excluded.

MDCs were estimated via longitudinal modeling of functional trajectories as described by

Van der Elst et al. [32]. In particular, patient-specific functional trajectories over time were

modeled with spline curves, based on both fixed and random effects of age and adjustment for

data source in a mixed effects model. Best fitting models were selected based on the Akaike

Information Criterion (AIC) to determine the appropriate level of flexibility in the splines. In

this formulation, the fitted curve for each patient represents their true, underlying functional

trajectory, such that deviations of the observed functional assessments above and below that

curve represent measurement error and other transient factors influencing measured function.

The distribution of these deviations was inspected for symmetry and summarized across all

patients as the residual standard error (RSE) for the fitted model (Fig 1). MDC thresholds cor-

responding to 80% and 90% confidence in true change (improvement or worsening) were cal-

culated based on RSEs as described in S1 Text. To assess the sensitivity of these estimates,

analyses were stratified by type of data source, age and baseline function.
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Anchor-based MCIDs. Anchor-based MCIDs were estimated using the FMS score as an

anchor within data from CCHMC. Included patients were aged�6 to<18 years, receiving ste-

roids for at least 6 months, had a starting FMS score of 1 or 2, and functional assessments

spanning intervals of approximately 48 weeks. Regression models were used to estimate the

mean 48-week change in 4SC velocity or NSAA total score for patients with a 1-point worsen-

ing in FMS score (i.e., from 1 to 2, or from 2 to 3) versus those with no change in FMS over the

48-week period. Very few patients with 4SC and NSAA assessments over 48 weeks experienced

a>1 point worsening. (Likewise, very few patients experienced an improvement in FMS (i.e.,

from 2 to 1) Given this small number of improving patients, we did not have sufficient data to

estimate separate MCIDs for improvement. Generalized estimating equations were used to

account for use of multiple non-overlapping intervals of follow-up from individual patients.

An anchor-based MCID analysis was not conducted for the 6MWD because none of the stud-

ied data sources included the 6MWD alongside the FMS or other suitable anchors. Pearson

correlations between changes in the FMS anchor and changes in the NSAA and 4SC outcomes

were measured to assess the suitability of the anchor.

Half standard deviation. As a reference point, half-SD estimates [33] for each measure

were calculated across all patient visits in the pooled sample overall and stratified by age. The

half SD is a commonly used, distribution-based approach recommended as supportive for esti-

mation of meaningful change [34], though, unlike the MDC and anchor-based MCID, it is

without specific grounding in clinical meaning or statistical reliability [33].

Results

Data source descriptions, including characterization of steroid use, are provided in S1 and S2

Tables.

MDCs

Sample sizes, mean ages, and follow-up times for the MDC analyses of NSAA total score,

6MWD and 4SC are summarized by data source in S3 Table.

Fig 1. Illustration of an individual’s fitted and observed functional trajectory, and estimation of the standard

error of measurement.

https://doi.org/10.1371/journal.pone.0304984.g001
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NSAA total score. A total of 5,917 assessments from 1,012 patients were studied (1,598/

269 assessments/patients from clinical trials [median follow-up time: 11.1 months] and 4,319/

743 assessments/patients from NHD studies [median follow-up time: 35.6 months]). The

MDC threshold indicative of>80% confidence in true change in NSAA total score was 2.8

units in the pooled data from all sources, and almost identical in RWD/NHD and trial placebo

arms (2.77 and 2.80 units, respectively) (Fig 2). MDC estimates in individual data sources ran-

ged from 2.5 to 3.2 units (S6 Table). The pooled MDC for 90% confidence was 4.2 units.

6MWD. A total of 3,701 assessments from 625 patients were studied (2,135/350 assess-

ments/patients from clinical trials [median follow-up time: 11.0 months] and 1,566/275 assess-

ments/patients from NHD studies [median follow-up time: 29.6 months]). The MDC

threshold for >80% confidence in true change in 6MWD was 36.3 meters in the pooled data

from all sources, 39.1 meters in natural history studies and 34.2 meters in trial placebo arms

(Fig 3). MDC estimates in individual data sources ranged from 30.5 to 41.6 meters (S7 Table).

The pooled MDC for 90% confidence was 54.5 meters.

4SC time and velocity. A total of 6,402 assessments from 1,029 patients were studied

(2,436/425 assessments/patients from clinical trials [median follow-up time: 11.0 months] and

3,966/604 assessments/patients from NHD studies [median follow-up time: 36.2 months]).

When 4SC completion times were truncated at 12 seconds, the MDC threshold indicative of

>80% confidence in true change in 4SC time was 1.30 seconds in the pooled data from all

sources. Estimates were almost identical in RWD/NHD and trial placebo arms (1.30 and 1.31

units, respectively) (Fig 4). MDC estimates in individual data sources for 4SC time truncated at

12 seconds ranged from 1.05 to 1.90 units (S8 Table). When truncating completion times at 30

seconds, MDC estimates at 80% confidence were systematically higher, ranging from 1.9 to 5.0

seconds across data sources (S9 Table).

Fig 2. Magnitude of change in NSAA total score required to have 80% confidence that true change has occurred.

https://doi.org/10.1371/journal.pone.0304984.g002
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When 4SC outcomes were studied on the velocity scale, MDCs were less sensitive to

whether completion times were truncated at 12 seconds or at 30 seconds. The MDC thresholds

for 4SC velocity with 80% confidence was 0.35 stairs/second when pooled across all data

sources, regardless of truncation threshold. For truncation at 30 seconds, estimated MDCs

with 80% confidence were 0.36 and 0.33 stairs/second, respectively, for NHD/RWD and clini-

cal trials; source-specific estimates ranged from 0.27 to 0.44 stairs/second (Fig 5, S8 and S9

Tables). The pooled MDC for 90% confidence was 0.53 stairs/second.

Subgroups based on age and function. As clinical trials in DMD often require enrolment

by age and baseline function, MDC estimates were explored in subgroups based on these fac-

tors. For NSAA total scores, MDC estimates were similar across all three age groups (i.e.,�7,

7–12, and>12 years; ranging from 2.7 to 2.8 NSAA total score units) and were slightly higher

for boys with lower vs. higher baseline function (S6 Table).

For 6MWD, the MDC estimates were higher in younger boys: 43.4 meters in boys aged�7

years compared to 35.6 meters among boys aged 7–12 years or older than 12 years. The MDC

was also higher for boys with lower baseline 6MWD (60 meters among those with baseline

6MWT between 75 and 200 meters) than for boys with higher baseline 6MWD performance

(~34 meters in boys with baseline 6MWT above 200 meters) (S7 Table).

For 4SC completion times, MDC estimates were lower among younger boys, and higher

among patients with worse baseline function (S8 and S9 Tables). For 4SC velocity, MDC esti-

mates were similar across age groups, and higher among patients with better baseline function

(S8 and S9 Tables).

Anchor-based MCIDs

For the NSAA total score, 156 patients (306 48-week intervals) were studied. An average

change of 2.2 units in the NSAA total score was associated with a 1-unit worsening in the

Fig 3. Magnitude of change in 6MWD (meters) required to have 80% confidence that true change has occurred.

https://doi.org/10.1371/journal.pone.0304984.g003
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Fig 4. Magnitude of change in 4SC time (seconds) required to have 80% confidence that true change has occurred.

https://doi.org/10.1371/journal.pone.0304984.g004

Fig 5. Magnitude of change in 4SC velocity (stairs/second) required to have 80% confidence that true change has occurred.

https://doi.org/10.1371/journal.pone.0304984.g005
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FMS. For the 4SC velocity, 182 patients, (376 intervals) were studied. An average change of

0.30 stairs/second in the 4SC was associated with a 1-unit worsening in FMS. Pearson correla-

tions between changes in the FMS anchor and changes in NSAA and 4SC were small, at -0.24

and -0.20, respectively.

Half-SD

Half-SD measures were 4.4 units for NSAA total score (ranging from 2.3 to 5.4 across 1-year

age groups) and 79.4 meters for 6MWD (ranging from 34.4 to 90.9 across 1-year age groups).

When 4SC completion times were truncated at 12 seconds, the half-SD was 1.9 seconds (rang-

ing from 0.6 to 2.1 across 1-year age groups). When completion times were truncated at 30 sec-

onds, the half-SD for 4SC was 4.8 seconds (ranging from 0.6 to 6.4 across 1-year age groups).

Half-SD estimates for 4SC velocity were similar regardless of truncation times: 0.42 and 0.44

stairs/second, respectively, when truncating at 12 and 30 seconds, with estimates ranging from

these levels to as low as 0.29 stairs/second across 1-year age groups.

Discussion

The primary finding of this study was that if an individual patient with DMD worsened in

measured function by at least 3 units of the NSAA total score, or 40 meters of 6MWD, or 0.35

stairs/second for the 4SC, then in each case one can be at least 80% confident that he had expe-

rienced disease progression. The corresponding thresholds for >90% confidence were 5 units

for the NSAA, 55 meters for 6MWD and 0.55 stairs/second for the 4SC. The inverse also held:

functional improvement exceeding these thresholds indicated, with the corresponding levels

of confidence, that a patient had truly improved their function. These MDC thresholds slightly

exceeded MCIDs for worsening estimated for NSAA total score (2.2 units) and 4SC velocity

(0.3 stairs/second) from the present study and were in the range of MCIDs estimated for

6MWD from a prior study (6 to 46 meters) [23]. Individual patient changes in function

exceeding these MDCs are likely to be clinically meaningful.

These MDC thresholds were highly consistent for the NSAA total score across the studied

data sources and subpopulations. For the other measures, 6MWD and 4SC velocity, special

attention should be paid to the baseline level of motor function when applying MDCs to spe-

cific populations, as the estimated MDCs were found to be more sensitive to this characteristic.

All findings were based on steroid-treated boys and may not generalize to steroid-naïve boys.

Consistency of MDC estimates across data sources

MDC estimates for the NSAA total score and 6MWD were similar across pooled clinical trial

arms and pooled RWD/NHD sources. Differences among individual data sources were small

relative to the size of the MDCs. This may be due to the broad consistency in assessment proto-

cols and clinical evaluators for these two tests across clinical trials and the RWD/NHD sources

included here. The importance of standardized evaluator training for the reliability of NSAA

scores is well-documented [13]. The consistency of levels of variation in NSAA total scores in

the present study, as reflected in estimated MDCs across multiple RWD/NHD and clinical

trial settings, suggests that such training efforts have been effective across the included care

centers. The fact that many centers in which RWD/NHD were collected were also clinical trial

centers may have also contributed to the similarities in MDC estimates across data sources.

In contrast, MDC estimates for the 4SC completion time varied across data sources, most

likely due to systematic differences in 4SC test conduct and recording. In particular, assessors in

real-world clinical practice may not require a patient to attempt a 4SC test when very poor func-

tion or inability is anticipated, and the test becomes very burdensome for patients. Within
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clinical trials, in contrast, protocol-driven consistency in assessment is more likely. Truncation

of 4SC completion times at 12 or 30 seconds increased the consistency across data sources,

though sensitivity to the specific truncation threshold remained. We also investigated MDCs

for the 4SC velocity which, as the mathematical inverse of the completion time, is less sensitive

to outlying high completion times. The MDCs for 4SC velocity were highly consistent across

data sources and choice of truncation threshold. We conclude that 4SC velocities are more

robust to differences in test conduct across care settings. Greater consistency in the conduct

and recording of 4SC completion times–especially consistency in how long to allow an unas-

sisted attempt and objective documentation of inability or the decision not to conduct a test–

would help improve the consistency of 4SC completion times across RWD/NHD and clinical

trial settings.

Patient populations relevant for clinical trials

We investigated whether MDCs varied numerically across sub-populations defined by age and

function, since clinical trials use various such criteria for enrollment. For NSAA, 6MWD, and

4SC velocity, the MDC estimates were generally similar across different baseline age groups,

whereas for 4SC time, MDC estimates were higher in older age groups. Among patients start-

ing from lower levels of function, slightly larger changes in NSAA, 6MWD and 4SC comple-

tion times were required to be confident that true change had occurred, suggesting that these

assessments can have slightly more variability as function worsens. Non-assessment, and miss-

ing functional data, as boys approach loss of function could also contribute to this pattern. For

4SC velocity, the opposite pattern was seen, wherein MDC estimates were larger for patients

starting with better function. This is consistent with the inverse relationship between 4SC

completion time and velocity, and the greater sensitivity of very fast velocities to a given small

difference in completion time. Another contributor could be variation in whether or not a boy

with better function chooses to use the rails when ascending stairs as quickly as he can, which

could be addressed with greater standardization of the 4SC test instructions. Overall we

observed greater sensitivity of MDCs to baseline function than to baseline age, consistent with

prior studies showing that baseline function explains more variability in functional change

than baseline age in DMD [6,35].

Other studies of meaningful change

Other studies have reported estimates of meaningful change for 6MWD and 4SC in DMD. A

longitudinal study in 2013 [7] estimated the standard error of measurement (SEM) for 6MWD

and 4SC time using pre-treatment data from 174 patients enrolled in the ataluren phase 2b

trial. Estimated SEMs in that study were 28.5 meters for 6MWD and 2.1 seconds for 4SC time

[7], which would yield MDC estimates at the 80% confidence level of 34.2 meters and 2.5 sec-

onds. These single-trial estimates are well-within the ranges identified in the present study

across multiple data sources, though slightly lower than our pooled MDC estimates. An impor-

tant difference in methodology and data, however, is that the estimates of test-retest reliability

in the 2013 study were based on screening and baseline assessments taken up to 6 weeks apart

among those patients who met all screening criteria and returned for baseline. The estimates

in the present study are based on longer periods of longitudinal follow-up, and are thus

accounting for transient biological variation that might extend beyond a 6 week test-retest

period. For this reason, when applying MDCs to identify changes in function over 1-year, or

longer periods, we would recommend use of the thresholds estimated from the current study.

It should be noted that there has been no general consensus on how MDC is defined in gen-

eral or in DMD. A recent study published in 2021 [36] has reported MDC estimates for timed
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function tests in DMD using a different concept and definition of MDC: “the 12-month

change in time function score divided by the standard deviation of each time function out-

come at baseline,” which can also be referred to as an “effect size” (e.g., [37,38]). Despite both

the 2021 study and the present study having reported quantities labeled as “MDC,” these stud-

ies are in fact measuring different concepts (i.e., not simply different approaches to studying

the same concept). For precision and to avoid confusion we present an example. Suppose a

population was composed of patients with both increasing and decreasing levels of function

such that the average change in function was zero. The MDC estimates in the present study

would likely remain unchanged whereas the MDC estimates from the approach applied to the

other study would necessarily be zero. The interpretation of the MDC estimate in that study,

in this case, would be that mean change in the studied population is negligible as a proportion

of baseline variation. The interpretation of the present study’s MDC estimate would be, as

described above, the minimum level of change that needs to be observed for an individual

patient to be confident he has experienced true change. Another recent study has calculated

the standard error of measurement (SEM) for the NSAA total score as 2.9–3.5 points across

ages 7–10 years [24] using intra-class correlations coefficients derived from a prior study [39].

Finally, previous studies have reported proxies for meaningful change or MCIDs based on

the half-SD or 1/3 SD methods or test-retest data [24]. As has been found for many other met-

rics, we find that half-SDs are a reasonable and conservative proxy for MCIDs for broad popu-

lations with ambulatory DMD. However, especially for 6MWD and 4SC completion times, the

half-SD can vary substantially across populations and can become overly conservative.

Other studies of anchor-based MCIDs

MCID estimates for 6MWD in DMD have been previously reported as ranging from 5.6 to

45.9 meters, depending on the level of baseline function [23], in a study of 24 boys in which

the PODCI transfer and basic mobility scale was used as an anchor. Another study has

reported MCIDs for the 4SC and other timed function tests using the Vignos scale as an

anchor and a different statistical methodology (predicting changes in the anchor using logistic

regression) [36]. The first two score levels of the Vignos scale are very similar to score levels 1

and 2 of the FMS, which was used as an anchor in the present study. The MCID for 4SC was

estimated in this prior study as 0.035 tasks per second, corresponding to 0.14 stairs/second in

the units of the present study and representing the degree of change in 4SC velocity required

to predict a 1-unit change in the Vignos scale. The degree of accuracy in that prediction was

low (AUC < 0.7) [36], consistent with the weak correlation between 4SC and FMS observed in

the present study. These MCID estimates for 4SC are not directly comparable given differences

in data and methodologies, but provide confidence that changes exceeding MDCs are mean-

ingful to patients. An anchor-based MCID for the NSAA total score, anchoring on the

6MWD, has been estimated at 3.5 units [24]. This study also conducted patient and caregiver

interviews, which identified complete loss of function in a single NSAA item or deterioration

of function in one to two items to be an important change.

Applications to clinical trials and clinical practice

An application of MDCs to clinical trials is under separate investigation by our group: a func-

tional progression endpoint defined as the time from baseline to worsening function that

exceeds the MDC. For example, our estimated MDC of 2.8 units for NSAA total, may be con-

sidered a minimum threshold for a ‘progressor’ definition, such that any patient worsening

beyond this threshold is considered to have a true worsening in function. Such endpoints may

enable event-driven trials, which can reduce the duration of placebo exposure based on
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individual rates of progression and overall treatment efficacy. Beyond clinical trials, MDCs can

help clinicians distinguish progressive functional change from transient variation in measured

function, complementing their overall clinical judgement about a patient’s individual disease

course and treatment recommendations.

When applying the current MCIDs to the interpretation of treatment effects in DMD clini-

cal trials, the following should be kept in mind. First, the presence of the word “minimal” in

MCID should not be over-interpreted. It is possible that differences in motor function smaller

than all of these estimates are meaningful for individual patients or as between-group averages

in DMD. The “minimal” in MCID means only that larger differences in function are assuredly

meaningful; the meaningfulness of smaller difference is not ruled out. Considering that the

anchors used for MCID estimation in DMD have been either non-specific to DMD (e.g.,

PODCI domains), specific functional tests (e.g., 6MWD) or broad functional categories (e.g.,

FMS in the present study) we would expect that smaller changes in motor function than the

reported MCIDs are very likely meaningful to patients and caregivers. Indeed, recent inter-

views with DMD patients and caregivers have demonstrated the importance of loss of function

on a single NSAA item or deterioration of function in one to two items [24]. In fact the FMS,

as used in the present study—where it was available in only one data source—should be rated

as a low quality anchor for MCIDs in Duchenne [40]: FMS is not assessed directly by patients,

changes in FMS have low correlations with changes in NSAA and 4SC, and the increments of

FMS represent too large a difference in motor function. We think this makes the FMS a highly

conservative anchor that most likely over-estimates MCIDs–i.e., smaller-than-MCID changes

in NSAA and 4SC are likely meaningful to patients. More sensitive quantification of the clini-

cal meaning associated with motor function changes in DMD is sorely needed to help deci-

sion-makers interpret the effects of novel therapeutics studied in clinical trials.

Conclusions

This study was conducted by cTAP, a pre-competitive consortium of academic collaborators,

patient foundations and drug developer, and included more than 1,000 patients with DMD

across more than 30 clinical care centers for neuromuscular disease from multiple institutions,

registries and countries. Comparisons between NH/RWD and placebo arm data, and the abil-

ity to study sub-groups of patients, was only possible by analyzing data from a large number of

patients, emphasizing the importance of data sharing and collaboration for DMD research.

Overall, given the relative consistency of the findings across these multiple different data

sources, the thresholds reported can inform the interpretation of functional changes in DMD

clinical practice and clinical trials.
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Institut de Myologie, Paris, France); Volker Straub, Alexander Murphy, and Anna Mayhew

(John Walton Muscular Dystrophy Research Centre, Newcastle University, Newcastle, United

Kingdom); Menno Van der Holst (Department of Orthopaedics, Rehabilitation and Physio-

therapy, Leiden University Medical Centre, Leiden, The Netherlands); Erik H. Niks, Yvonne

D. Krom, and Marjolein J. van Heur-Neuman (Department of Neurology, Leiden University

Medical Centre, Leiden, The Netherlands); Imelda JM de Groot, Merel Jansen, Maaike Pelsma,

and Marian Bobbert (Department of Rehabilitation, Donders Centre of Neuroscience, Rad-

boud university medical center, Nijmegen, The Netherlands); Johannes J.G.M. Verschuuren

(Leiden University Medical Centre, Leiden, The Netherlands).

UK NorthStar Clinical Network sites: Francesco Muntoni (lead author; email: f.munto-

ni@ucl.ac.uk; Dubowitz Neuromuscular Centre, NIHR Great Ormond Street Hospital Bio-

medical Research Centre, Great Ormond Street Institute of Child Health, University College

London, & Great Ormond Street Hospital Trust, London, United Kingdom); Adnan Manzur

(lead author; email: adnan.manzur@gosh.nhs.uk; Dubowitz Neuromuscular Centre, NIHR

Great Ormond Street Hospital Biomedical Research Centre, Great Ormond Street Institute of

Child Health, University College London, & Great Ormond Street Hospital Trust, London,

United Kingdom); Stephanie Robb, Rosaline Quinlivan, Anna Sarkozy, Pinki Munot, Gio-

vanni Baranello, Mariacristina Scoto, Marion Main, Lianne Abbott, Hinal Patel, Salma Sam-

suddin, and Vandana Ayyar Gupta (Dubowitz Neuromuscular Centre, Great Ormond Street

Hospital for Children NHS Trust, London, United Kingdom); Kate Bushby, Chiara Bertolli,

Anna Mayhew, Robert Muni-Lofra, Meredith James, Dionne Moat, and Jassie Sodhi (Institute

of Human Genetics, John Walton Muscular Dystrophy Research Centre, Newcastle); Helen

Roper, Deepak Parasuraman, Heather McMurchie, and Rosanna Rabb (University Hospitals

Birmingham NHS Foundation Trust); Karen Pysden and Lindsey Pallant (Yorkshire Regional

Muscle Clinic, Leeds General Infirmary); G Peachey, Rajesh Madhu, and Alison Shillington

(Alder Hey Childrens NHS Foundation Trust, Liverpool); Heinz Jungbluth, Jennie Sheehan,

and R Spahr (Evelina London Childrens Hospital, Guy’s and St Thomas’ NHS Foundation

Trust); E. Bateman and C. Cammiss (Royal Manchester Childrens Hospital, Manchester); L.

Groves and Nicholas Emery (The Muscle Clinic, Robert Jones and Agnes Hunt Orthopaedic

Hospital NHS Foundation Trust, Oswestry); P. Baxter, N. Goulborne, M. Senior, and E. Scott

(Sheffield Childrens Hospital NHS Foundation Trust, Sheffield); L. Hartley and Bethan Par-

sons (Cardiff and Vale University Health Board); Faye Mason, L. Jenkins, and B. Toms (Bristol

Royal Hospital for Children, University Hospitals Bristol NHS Foundation Trust, Bristol);

Claire Frimpong-Ansah (University Hospitals Plymouth NHS Trust, Plymouth); Heather Jar-

vis (Plymouth Child Development Centre,Plymouth); J. Dalgleish and A. Keddie (Armistead

Child Development Centre, Kings Cross Hospital, Dundee); Marina Di Marco and J. Dunne

(Royal Hospital for Children, NHS Greater Glasgow and Clyde, Glasgow); A. Miah (Notting-

ham University Hospitals, Nottingham); Andrea Selley (Preston Royal Hospital, Lancashire

PLOS ONE Meaningful changes in motor function in DMD

PLOS ONE | https://doi.org/10.1371/journal.pone.0304984 July 10, 2024 14 / 18

https://doi.org/10.1371/journal.pone.0304984


Teaching Hospitals NHS Foundation Trust); Michelle Geary and Jenni Palmer (Southampton

Childrens Hospital, University Hospital Southampton NHS Foundation Trust, Southampton);

Kate Greenfield (Abertawe Bro Morgannwg University Health Board, Swansea); S. MacAuley

(Royal Belfast Hospital for Sick Children, Belfast); H. Robbins and M. Iqbal (Leicester Royal

Infirmary, Leicester); Catherine Ward and Jacqui Taylor (Addenbrookes Hospital, Cambridge

University Hospitals NHS Foundation Trust, Cambridge); A. OHara and Jane Tewnion (Royal

Aberdeen Children’s Hospital, Aberdeen); Saleel Chandratre, Sithara Ramdas, M. White, and

Hayley Ramjattan (Oxford University Hospitals NHS Foundation Trust, Oxford); and J. Yirrel

(Royal Hospital for Sick Children, Edinburgh).

Imaging DMD: Krista Vandenborne (lead author; email: kvandenb@phhp.ufl.edu; Depart-

ment of Physical Therapy, University of Florida, Gainesville, Florida, USA); Harneet Arora,

Rebecca J Willcocks, Donovan J Lott, Claudia R Senesac, William T Triplett, Barry J Byrne,

Glenn A Walte, and HL Sweeney (University of Florida, Gainesville, Florida, USA); Ann T

Harrington and Gihan I Tennekoon (The Children’s Hospital of Philadelphia, Philadelphia,

Pennsylvania, USA); Kirsten L Zilke, Erika L Finanger, and Barry S Russman (Oregon Health

& Science University, Portland, Oregon, USA); Michael J Daniels and Dandan Xu (The Uni-

versity of Texas at Austin, Austin, Texas, USA); and Richard S Finkel (Nemours Children’s

Hospital, Orlando, Florida).

cTAP: The authors thank members of the cTAP Joint Steering Committee for their contri-

butions to the conceptualization of the study, interpretation of the results, and review of the

article, particularly Susan J. Ward PhD (lead author; email; susanjward@ctap-duchenne.org;

cTAP); Paolo Bettica MD, PhD (Italfarmaco SpA) and Madeleine Billeter, MD PhD (Roche).

The authors would also like to acknowledge investigators and staff of the following RWD/

NHD sources included in this study:

Universitaire Ziekenhuizen Leuven: Marleen Van den Hauwe (Department of Child Neu-

rology, University Hospitals Leuven, Leuven, Belgium).

CCHMC: Irina Rybalsky, K. Courtney Shellenbarger, Ann E. McCormick, Michelle N.

McGuire, Kelly Bonarrigo, Amanda E. Fowler, Mike Kiefer, Jean Bange, and Shengyong Hu

(Cincinnati Children’s Hospital Medical Center, Cincinnati, Ohio, USA).

Flora Chik, Jingyi Chen and Pang Shen, employees of Analysis Group, Inc., assisted with

medical writing and preparation of figures for this article.

Author Contributions

Conceptualization: Francesco Muntoni, James Signorovitch, Susan J. Ward.

Data curation: James Signorovitch, Gautam Sajeev, Nicolae Done, Zhiwen Yao, Ibrahima

Dieye, Henry Lane.

Formal analysis: James Signorovitch, Gautam Sajeev, Nicolae Done, Zhiwen Yao, Ibrahima

Dieye, Henry Lane.

Funding acquisition: James Signorovitch, Susan J. Ward.

Investigation: Francesco Muntoni, Nathalie Goemans, Craig McDonald, Eugenio Mercuri,

Erik H. Niks, Brenda Wong, Krista Vandenborne, Volker Straub, Imelda J. M. de Groot,

Cuixia Tian, Adnan Manzur, Laurent Servais.

Methodology: James Signorovitch, Gautam Sajeev, Nicolae Done.

Project administration: James Signorovitch, Gautam Sajeev, Nicolae Done, Susan J. Ward.

PLOS ONE Meaningful changes in motor function in DMD

PLOS ONE | https://doi.org/10.1371/journal.pone.0304984 July 10, 2024 15 / 18

https://doi.org/10.1371/journal.pone.0304984


Resources: Francesco Muntoni, Nathalie Goemans, Craig McDonald, Eugenio Mercuri, Erik

H. Niks, Brenda Wong, Krista Vandenborne, Volker Straub, Imelda J. M. de Groot, Cuixia

Tian, Adnan Manzur, Laurent Servais.

Software: James Signorovitch, Gautam Sajeev, Nicolae Done, Zhiwen Yao, Ibrahima Dieye,

Henry Lane.

Supervision: James Signorovitch, Gautam Sajeev, Nicolae Done, Susan J. Ward.

Validation: James Signorovitch, Gautam Sajeev, Nicolae Done, Zhiwen Yao, Ibrahima Dieye,

Henry Lane.

Visualization: James Signorovitch, Gautam Sajeev, Nicolae Done, Zhiwen Yao, Ibrahima

Dieye, Henry Lane.

Writing – original draft: Francesco Muntoni, James Signorovitch, Gautam Sajeev.

Writing – review & editing: Francesco Muntoni, James Signorovitch, Gautam Sajeev, Nicolae

Done, Zhiwen Yao, Nathalie Goemans, Craig McDonald, Eugenio Mercuri, Erik H. Niks,

Brenda Wong, Krista Vandenborne, Volker Straub, Imelda J. M. de Groot, Cuixia Tian,

Adnan Manzur, Ibrahima Dieye, Henry Lane, Susan J. Ward, Laurent Servais.

References
1. Emery A, Muntoni F, Quinlivan R. Duchenne Muscular Dystrophy 4th Edition: Oxford University Press;

2015.

2. Mah JK, Korngut L, Fiest KM, Dykeman J, Day LJ, Pringsheim T, et al. A systematic review and meta-

analysis on the epidemiology of the muscular dystrophies. Can J Neurol Sci. 2016; 43(1):163–77.

https://doi.org/10.1017/cjn.2015.311 PMID: 26786644

3. Duan D, Goemans N, Takeda S, Mercuri E, Aartsma-Rus A. Duchenne muscular dystrophy. Nat Rev

Dis Primers. 2021; 7(1):13. https://doi.org/10.1038/s41572-021-00248-3 PMID: 33602943

4. Swinyard CA, Deaver GG, Greenspan L. Gradients of functional ability of importance in rehabilitation of

patients with progressive muscular and neuromuscular diseases. Arch Phys Med Rehabil. 1957; 38

(9):574–9. PMID: 13459572

5. Scott E, Eagle M, Mayhew A, Freeman J, Main M, Sheehan J, et al. Development of a functional

assessment scale for ambulatory boys with Duchenne muscular dystrophy. Physiother Res Int. 2012;

17(2):101–9. https://doi.org/10.1002/pri.520 PMID: 21954141

6. Goemans N, Wong B, Van den Hauwe M, Signorovitch J, Sajeev G, Cox D, et al. Prognostic factors for

changes in the timed 4-stair climb in patients with Duchenne muscular dystrophy, and implications for

measuring drug efficacy: A multi-institutional collaboration. PLoS One. 2020; 15(6):e0232870. https://

doi.org/10.1371/journal.pone.0232870 PMID: 32555695

7. Mcdonald CM, Henricson EK, Abresch RT, Florence JM, Eagle M, Gappmaier E, et al. The 6-minute

walk test and other endpoints in Duchenne muscular dystrophy: longitudinal natural history observa-

tions over 48 weeks from a multicenter study. Muscle & nerve. 2013; 48(3):343–56. https://doi.org/10.

1002/mus.23902 PMID: 23681930

8. Ricotti V, Ridout DA, Pane M, Main M, Mayhew A, Mercuri E, et al. The NorthStar Ambulatory Assess-

ment in Duchenne muscular dystrophy: considerations for the design of clinical trials. J Neurol Neuro-

surg Psychiatry. 2016; 87(2):149–55. https://doi.org/10.1136/jnnp-2014-309405 PMID: 25733532

9. Muntoni F, Signorovitch J, Sajeev G, Goemans N, Wong B, Tian C, et al. Real-world and natural history

data for drug evaluation in Duchenne muscular dystrophy: suitability of the North Star Ambulatory

Assessment for comparisons with external controls. Neuromuscul Disord. 2022; 32(4):271–83. https://

doi.org/10.1016/j.nmd.2022.02.009 PMID: 35396092

10. Pane M, Mazzone ES, Sormani MP, Messina S, Vita GL, Fanelli L, et al. 6 Minute walk test in Duchenne

MD patients with different mutations: 12 month changes. PLoS One. 2014; 9(1):e83400. https://doi.org/

10.1371/journal.pone.0083400 PMID: 24421885

11. 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

PLOS ONE Meaningful changes in motor function in DMD

PLOS ONE | https://doi.org/10.1371/journal.pone.0304984 July 10, 2024 16 / 18

https://doi.org/10.1017/cjn.2015.311
http://www.ncbi.nlm.nih.gov/pubmed/26786644
https://doi.org/10.1038/s41572-021-00248-3
http://www.ncbi.nlm.nih.gov/pubmed/33602943
http://www.ncbi.nlm.nih.gov/pubmed/13459572
https://doi.org/10.1002/pri.520
http://www.ncbi.nlm.nih.gov/pubmed/21954141
https://doi.org/10.1371/journal.pone.0232870
https://doi.org/10.1371/journal.pone.0232870
http://www.ncbi.nlm.nih.gov/pubmed/32555695
https://doi.org/10.1002/mus.23902
https://doi.org/10.1002/mus.23902
http://www.ncbi.nlm.nih.gov/pubmed/23681930
https://doi.org/10.1136/jnnp-2014-309405
http://www.ncbi.nlm.nih.gov/pubmed/25733532
https://doi.org/10.1016/j.nmd.2022.02.009
https://doi.org/10.1016/j.nmd.2022.02.009
http://www.ncbi.nlm.nih.gov/pubmed/35396092
https://doi.org/10.1371/journal.pone.0083400
https://doi.org/10.1371/journal.pone.0083400
http://www.ncbi.nlm.nih.gov/pubmed/24421885
https://doi.org/10.4155/cli.11.113
https://doi.org/10.4155/cli.11.113
http://www.ncbi.nlm.nih.gov/pubmed/22639722
https://doi.org/10.1371/journal.pone.0304984


12. McDonald CM, Henricson EK, Han JJ, Abresch RT, Nicorici A, Elfring GL, et al. The 6-minute walk test

as a new outcome measure in Duchenne muscular dystrophy. Muscle Nerve. 2010; 41(4):500–10.

https://doi.org/10.1002/mus.21544 PMID: 19941337

13. Mazzone ES, Messina S, Vasco G, Main M, Eagle M, D’Amico A, et al. Reliability of the North Star

Ambulatory Assessment in a multicentric setting. Neuromuscul Disord. 2009; 19(7):458–61. https://doi.

org/10.1016/j.nmd.2009.06.368 PMID: 19553120

14. Copay AG, Subach BR, Glassman SD, Polly DW Jr, Schuler TC. Understanding the minimum clinically

important difference: a review of concepts and methods. The Spine Journal. 2007; 7(5):541–6. https://

doi.org/10.1016/j.spinee.2007.01.008 PMID: 17448732

15. de Vet HC, Terwee CB, Ostelo RW, Beckerman H, Knol DL, Bouter LM. Minimal changes in health sta-

tus questionnaires: distinction between minimally detectable change and minimally important change.

Health and quality of life outcomes. 2006; 4(1):1–5. https://doi.org/10.1186/1477-7525-4-54 PMID:

16925807

16. Jaeschke R, Singer J, Guyatt GH. Measurement of health status: ascertaining the minimal clinically

important difference. Controlled clinical trials. 1989; 10(4):407–15.

17. Revicki D, Hays RD, Cella D, Sloan J. Recommended methods for determining responsiveness and

minimally important differences for patient-reported outcomes. Journal of clinical epidemiology. 2008;

61(2):102–9. https://doi.org/10.1016/j.jclinepi.2007.03.012 PMID: 18177782

18. Crosby RD, Kolotkin RL, Williams GR. Defining clinically meaningful change in health-related quality of

life. Journal of clinical epidemiology. 2003; 56(5):395–407. https://doi.org/10.1016/s0895-4356(03)

00044-1 PMID: 12812812

19. de Vet HC, Terwee CB. The minimal detectable change should not replace the minimal important differ-

ence. Journal of clinical epidemiology. 2010; 63(7):804. https://doi.org/10.1016/j.jclinepi.2009.12.015

PMID: 20399609

20. McGlothlin AE, Lewis RJ. Minimal clinically important difference: defining what really matters to

patients. Jama. 2014; 312(13):1342–3. https://doi.org/10.1001/jama.2014.13128 PMID: 25268441

21. Stipancic KL, Yunusova Y, Berry JD, Green JR. Minimally detectable change and minimal clinically

important difference of a decline in sentence intelligibility and speaking rate for individuals with amyotro-

phic lateral sclerosis. J Speech Lang Hear Res. 2018; 61(11):2757–71. https://doi.org/10.1044/2018_

JSLHR-S-17-0366 PMID: 30383220

22. Mayhew AG, Cano SJ, Scott E, Eagle M, Bushby K, Manzur A, et al. Detecting meaningful change

using the North Star Ambulatory Assessment in Duchenne muscular dystrophy. Developmental Medi-

cine & Child Neurology. 2013; 55(11):1046–52. https://doi.org/10.1111/dmcn.12220 PMID: 23909763

23. Henricson E, Abresch R, Han JJ, Nicorici A, Keller EG, de Bie E, et al. The 6-minute walk test and per-

son-reported outcomes in boys with duchenne muscular dystrophy and typically developing controls:

longitudinal comparisons and clinically-meaningful changes over one year. PLoS currents. 2013;5.

https://doi.org/10.1371/currents.md.9e17658b007eb79fcd6f723089f79e06 PMID: 23867975

24. Ayyar Gupta V, Pitchforth JM, Domingos J, Ridout D, Iodice M, Rye C, et al. Determining minimal clini-

cally important differences in the North Star Ambulatory Assessment (NSAA) for patients with

Duchenne muscular dystrophy. PLoS One. 2023; 18(4):e0283669. https://doi.org/10.1371/journal.

pone.0283669 PMID: 37099511

25. Victor RG, Sweeney HL, Finkel R, McDonald CM, Byrne B, Eagle M, et al. A phase 3 randomized pla-

cebo-controlled trial of tadalafil for Duchenne muscular dystrophy. Neurology. 2017; 89(17):1811–20.

https://doi.org/10.1212/WNL.0000000000004570 PMID: 28972192

26. 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, rando-

mised, double-blind, placebo-controlled, phase 3 trial. Lancet (London, England). 2017; 390

(10101):1489–98. https://doi.org/10.1016/S0140-6736(17)31611-2 PMID: 28728956

27. 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

28. Goemans N, Mercuri E, Belousova E, Komaki H, Dubrovsky A, McDonald CM, et al. A randomized pla-

cebo-controlled phase 3 trial of an antisense oligonucleotide, drisapersen, in Duchenne muscular dys-

trophy. Neuromuscul Disord. 2018; 28(1):4–15. https://doi.org/10.1016/j.nmd.2017.10.004 PMID:

29203355

29. Voit T, Topaloglu H, Straub V, Muntoni F, Deconinck N, Campion G, et al. Safety and efficacy of drisa-

persen 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/S1474-

4422(14)70195-4 PMID: 25209738

PLOS ONE Meaningful changes in motor function in DMD

PLOS ONE | https://doi.org/10.1371/journal.pone.0304984 July 10, 2024 17 / 18

https://doi.org/10.1002/mus.21544
http://www.ncbi.nlm.nih.gov/pubmed/19941337
https://doi.org/10.1016/j.nmd.2009.06.368
https://doi.org/10.1016/j.nmd.2009.06.368
http://www.ncbi.nlm.nih.gov/pubmed/19553120
https://doi.org/10.1016/j.spinee.2007.01.008
https://doi.org/10.1016/j.spinee.2007.01.008
http://www.ncbi.nlm.nih.gov/pubmed/17448732
https://doi.org/10.1186/1477-7525-4-54
http://www.ncbi.nlm.nih.gov/pubmed/16925807
https://doi.org/10.1016/j.jclinepi.2007.03.012
http://www.ncbi.nlm.nih.gov/pubmed/18177782
https://doi.org/10.1016/s0895-4356%2803%2900044-1
https://doi.org/10.1016/s0895-4356%2803%2900044-1
http://www.ncbi.nlm.nih.gov/pubmed/12812812
https://doi.org/10.1016/j.jclinepi.2009.12.015
http://www.ncbi.nlm.nih.gov/pubmed/20399609
https://doi.org/10.1001/jama.2014.13128
http://www.ncbi.nlm.nih.gov/pubmed/25268441
https://doi.org/10.1044/2018%5FJSLHR-S-17-0366
https://doi.org/10.1044/2018%5FJSLHR-S-17-0366
http://www.ncbi.nlm.nih.gov/pubmed/30383220
https://doi.org/10.1111/dmcn.12220
http://www.ncbi.nlm.nih.gov/pubmed/23909763
https://doi.org/10.1371/currents.md.9e17658b007eb79fcd6f723089f79e06
http://www.ncbi.nlm.nih.gov/pubmed/23867975
https://doi.org/10.1371/journal.pone.0283669
https://doi.org/10.1371/journal.pone.0283669
http://www.ncbi.nlm.nih.gov/pubmed/37099511
https://doi.org/10.1212/WNL.0000000000004570
http://www.ncbi.nlm.nih.gov/pubmed/28972192
https://doi.org/10.1016/S0140-6736%2817%2931611-2
http://www.ncbi.nlm.nih.gov/pubmed/28728956
https://doi.org/10.1002/mus.24332
https://doi.org/10.1002/mus.24332
http://www.ncbi.nlm.nih.gov/pubmed/25042182
https://doi.org/10.1016/j.nmd.2017.10.004
http://www.ncbi.nlm.nih.gov/pubmed/29203355
https://doi.org/10.1016/S1474-4422%2814%2970195-4
https://doi.org/10.1016/S1474-4422%2814%2970195-4
http://www.ncbi.nlm.nih.gov/pubmed/25209738
https://doi.org/10.1371/journal.pone.0304984


30. Griggs RC, Miller JP, Greenberg CR, Fehlings DL, Pestronk A, Mendell JR, et al. Efficacy and safety of

deflazacort vs prednisone and placebo for Duchenne muscular dystrophy. Neurology. 2016; 87

(20):2123–31. https://doi.org/10.1212/WNL.0000000000003217 PMID: 27566742

31. Mayhew A, Cano S, Scott E, Eagle M, Bushby K, Muntoni F, et al. Moving towards meaningful measure-

ment: 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

32. Van der Elst W, Molenberghs G, Hilgers RD, Verbeke G, Heussen N. Estimating the reliability of repeat-

edly measured endpoints based on linear mixed-effects models. A tutorial. Pharmaceutical statistics.

2016; 15(6):486–93. https://doi.org/10.1002/pst.1787 PMID: 27681820

33. Norman GR, Sloan JA, Wyrwich KW. Interpretation of changes in health-related quality of life: the

remarkable universality of half a standard deviation. Med Care. 2003; 41(5):582–92. https://doi.org/10.

1097/01.MLR.0000062554.74615.4C PMID: 12719681

34. U.S. Food and Drug Administration. Incorporating clinical outcome assessments into endpoints for reg-

ulatory decision-making 2019.

35. Goemans N, Vanden Hauwe M, Signorovitch J, Swallow E, Song J, Collaborative Trajectory Analysis

Project. Individualized Prediction of Changes in 6-Minute Walk Distance for Patients with Duchenne

Muscular Dystrophy. PLoS One. 2016; 11(10):e0164684.

36. Duong T, Canbek J, Birkmeier M, Nelson L, Siener C, Fernandez-Fernandez A, et al. The minimal clini-

cal important difference (MCID) in annual rate of change of timed function tests in boys with DMD. J

Neuromuscul Dis. 2021; 8(6):939–48. https://doi.org/10.3233/JND-210646 PMID: 34151852

37. Aaronson N, Alonso J, Burnam A, Lohr KN, Patrick DL, Perrin E, et al. Assessing health status and qual-

ity-of-life instruments: attributes and review criteria. Qual Life Res. 2002; 11(3):193–205. https://doi.org/

10.1023/a:1015291021312 PMID: 12074258

38. Eurich DT, Johnson JA, Reid KJ, Spertus JA. Assessing responsiveness of generic and specific health

related quality of life measures in heart failure. Health and Quality of Life Outcomes. 2006; 4(1):89.

https://doi.org/10.1186/1477-7525-4-89 PMID: 17125512

39. Eagle M, MacDougall J, Mancini M, Donovan J. DMD–THERAPY. Neuromuscular Disorders. 2020; 30:

S130.

40. Devji T, Carrasco-Labra A, Qasim A, Phillips M, Johnston BC, Devasenapathy N, et al. Evaluating the

credibility of anchor based estimates of minimal important differences for patient reported outcomes:

instrument development and reliability study. BMJ. 2020; 369:m1714. https://doi.org/10.1136/bmj.

m1714 PMID: 32499297

PLOS ONE Meaningful changes in motor function in DMD

PLOS ONE | https://doi.org/10.1371/journal.pone.0304984 July 10, 2024 18 / 18

https://doi.org/10.1212/WNL.0000000000003217
http://www.ncbi.nlm.nih.gov/pubmed/27566742
https://doi.org/10.1111/j.1469-8749.2011.03939.x
http://www.ncbi.nlm.nih.gov/pubmed/21410696
https://doi.org/10.1002/pst.1787
http://www.ncbi.nlm.nih.gov/pubmed/27681820
https://doi.org/10.1097/01.MLR.0000062554.74615.4C
https://doi.org/10.1097/01.MLR.0000062554.74615.4C
http://www.ncbi.nlm.nih.gov/pubmed/12719681
https://doi.org/10.3233/JND-210646
http://www.ncbi.nlm.nih.gov/pubmed/34151852
https://doi.org/10.1023/a%3A1015291021312
https://doi.org/10.1023/a%3A1015291021312
http://www.ncbi.nlm.nih.gov/pubmed/12074258
https://doi.org/10.1186/1477-7525-4-89
http://www.ncbi.nlm.nih.gov/pubmed/17125512
https://doi.org/10.1136/bmj.m1714
https://doi.org/10.1136/bmj.m1714
http://www.ncbi.nlm.nih.gov/pubmed/32499297
https://doi.org/10.1371/journal.pone.0304984



