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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 6 MWD,
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 Francaise 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 O (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 S MWD 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 45C 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 45C, 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, 6 MWD >75 meters or 45C 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.

MDC:s 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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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.0304984.9001

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 45C 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 45C 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 6SMWD 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.

PLOS ONE | https://doi.org/10.1371/journal.pone.0304984  July 10, 2024 5/18


https://doi.org/10.1371/journal.pone.0304984.g001
https://doi.org/10.1371/journal.pone.0304984

PLOS ONE Meaningful changes in motor function in DMD

All patients 2.78

RWD/NHD 277
Trial Placebo Arms 2.80

0 1 2 3
NSAA total score

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.0304984.9002

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
MDOC 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 SMWD 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 45C 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).
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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.0304984.9003

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 6 MWD, 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 SMWD (60 meters among those with baseline
6MWT between 75 and 200 meters) than for boys with higher baseline 6 MWD performance
(~34 meters in boys with baseline 6MW'T 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
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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 S MWD (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 6SMWD 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, 6 MWD 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-naive boys.

Consistency of MDC estimates across data sources

MDOC 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 45C 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 45C 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 45C 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 45C 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 45C 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 6 MWD and 4SC in DMD. A
longitudinal study in 2013 [7] estimated the standard error of measurement (SEM) for 6 MWD
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 6 MWD 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 6 MWD 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 6 MWD 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 45C 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]: FEMS 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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