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Abstract 

Using external controls based on real-world or natural history data (RWD/NHD) for drug evaluations in Duchenne muscular dystrophy 
(DMD) is appealing given the challenges of enrolling placebo-controlled trials, especially for multi-year trials. Comparisons to external 
controls, however, face risks of bias due to differences in outcomes between trial and RWD/NHD settings. To assess this bias empirically, we 
conducted a multi-institution study comparing mean 48-week changes in North Star Ambulatory Assessment (NSAA) total score between trial 
placebo arms and RWD/NHD sources, with and without adjustment for baseline prognostic factors. Analyses used data from three placebo 
arms (235 48-week intervals, N = 235 patients) and three RWD/NHD sources (348 intervals, N = 202 patients). Differences in mean �NSAA 

between placebo arms and RWD/NHD sources were small before adjustment (-1.2 units, 95% CI: [-2.0 -0.5]) and were attenuated and no 
longer statistically significant after adjustment (0.1 units (95% CI: [-0.6, 0.8]). Results were similar whether adjusting using multivariable 
regression or propensity score matching. This consistency in �NSAA between trial placebo arms and RWD/NHD sources accords with prior 
findings for the six-minute walk distance, provides a well-validated framework for baseline adjustment of prognostic factors, and supports 
the suitability of RWD/NHD external controls for drug evaluations in ambulatory DMD. 
© 2022 The Authors. Published by Elsevier B.V. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Table 1 
Factors that may differ between clinical trials and external controls and bias 
comparisons of outcomes ∗

Population 
- Inclusion and exclusion criteria, and baseline characteristics, 

especially those known or suspected to be associated with outcomes: 
e.g., age, demographics, vitals, genotype, steroid treatment history, 
functional performance 

- Representativeness of the recruitment process (e.g. recruitment 
sources, burden of participation, consent process, enrollment 
competition from other studies) 

- Completeness of follow-up; extent of and reasons for drop-out 
Outcomes 

- Outcome definitions, adjudication procedures 
- Assessment process: training and standardization of procedures 
- Ascertainment process; frequency and timing of assessments 

Setting 
- Geographies, time periods and associated demographics and 

background standards of care 
- Background treatments and care settings (e.g., center of excellence, 

community care) 
- Range of non-study treatment options available; concomitant 

medications or physical therapy 
∗A non-exhaustive list of examples. 
. Introduction 

Uses of external controls drawn from real-world data and 

atural history data (RWD/NHD) are of high interest for 
rug evaluations in Duchenne muscular dystrophy (DMD), 
nd have informed drug evaluation in other rare conditions 
1–4] . While randomized, placebo-controlled trials are the 
old standard for measuring drug efficacy and safety, a 
umber of factors complicate the methodological, practical, 
nd ethical considerations for placebo controls in DMD trials, 
specially for longer periods of follow-up beyond 48 weeks. 
ariability in rates of disease progression across individuals 

educes power to detect meaningful treatment effects with 

eadily achievable sample sizes. Safe and effective blinding 

o treatment assignment is not always feasible with invasive 
dministration procedures or tell-tale reactions to active 
herapy [5 , 6] . Small sample sizes admit baseline imbalances 
espite randomization [7] . Enrollment challenges can arise 
rom the rarity of the disease, the need for longer-term follow- 
p, and the wealth of promising investigational agents under 
linical development [8] . These challenges can become even 

ore pronounced for trials targeting genetic subtypes of DMD 

8] . The ethics of assigning patients to long-term, multi-year 
lacebo arms can also be questioned, due to the risks of 
oth extended exposure to potentially ineffective therapy and 

enial of opportunities to participate in alternative studies [9] . 
inally, even when randomized placebo arms are feasible, 

onger-term follow-up from open-label extension studies, or 
ost-market studies, without placebo controls, may be needed 

o establish long-term clinical benefit [10] . In all of these 
ituations, use of external controls from RWD/NHD sources 
olds promise for contextualizing trial outcomes, providing 

upportive comparative evidence [11 , 12] , augmenting smaller 
andomized placebo arms, or even serving as a primary 

omparator group. 
The promise of well-designed externally-controlled studies 

or drug evaluation is further supported by the passage of 
he 21st Century Cures Act (2016) in the United States, 
hich has generated an increased need for understanding and 

valuating appropriate uses of real-world data in regulatory 

ecision making [13 , 14] and development of frameworks for 
oing so [15 , 16] . Representatives of the European Medicines 
gency and the organisation for Economic Co-operation 

nd Development have also recognized the importance 
f RWD/NHD for drug evaluation [17–19] . Against this 
ackground, the possible use of RWD/NHD in DMD clinical 
rials attracts attention as a way to speed trial enrollment 
nd completion, and to enable more patients to access active 
herapies as opposed to placebos. 

At the same time, the prospect of incorporating non- 
andomized external controls into drug evaluation raises 
ignificant and well-founded concerns [20–22] . Without 
andomization there are numerous avenues through which 

ias can arise from differences between treatment groups 
23 , 24] . A non-exhaustive list of possibilities is included in 

able 1 . Particular concerns in DMD include biases arising 

rom differences in baseline ambulatory function and other 
272 
atient characteristics, dystrophin genotypes and background 

enetics, levels of physical therapy and other supportive care, 
nd dosing of corticosteroids. In addition, when outcome 
easures require the assessment of patient performance 

n functional tests, differences in assessment procedures, 
raining of evaluators, the subject’s effort level, and hope 
nd expectation of improvement could all be hypothesized 

o differentially influence recorded outcomes within versus 
utside of clinical trial settings [5 , 8 , 25 , 26] . The magnitude
f these potential biases, and the extent to which they can be 
easured or mitigated through pre-specified and well-justified 

tudy designs, will determine the suitability of using external 
ontrols in DMD. 

We therefore investigated the magnitude of these biases 
n comparisons of 48-week changes in the North Star 
mbulatory Assessment (NSAA) between clinical trial 

ettings and RWD/NHD. The NSAA was designed and 

alidated to measure 17 functional components of particular 
elevance for ambulant DMD that mark disease progression 

nd are important to patients and caregivers [27 , 28] . The 
SAA score has been used as a primary or secondary 

ndpoint in clinical trials enrolling ambulatory boys with 

MD [29–32] , included in open-label extension studies [33–
5] , and studied in several natural history studies and real- 
orld databases [27 , 36] . In assessing the consistency of 
SAA outcomes across data sources, the present study builds 
n our prior study of the consistency of the six-minute walk 

istance (6MWD) test across data sources in DMD [37] . We 
lso identify prognostic factors for 48-week change in NSAA 

otal score and evaluate different approaches to mitigating the 
isk of bias by adjusting for these prognostic factors when 

omparing to external controls. 
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. Methods 

.1. Data sources 

Patient-level data from three clinical trial placebo 

rms and six RWD or NHD sources accessed by the 
ollaborative Trajectory Analysis Project (cTAP) were used 

n this study ( Tables A.1 and A.2 ). Clinical trial placebo 

rm data came from three phase 3 trials in ambulatory 

MD: the tadalafil DMD trial (patients primarily enrolled 

nd followed from 2013 to 2015) [38] , the ACT-DMD 

rial of ataluren (2013–2015) [35] , and the DEMAND 

II trial of drisapersen (2011–2013) [39] , provided to 

TAP by Lilly, PTC Therapeutics and CureDuchenne, 
espectively. Curated RWD came from Universitaire 
iekenhuizen Leuven (2011–2016), the North Star UK 

atabase (2005–2015; http://www.northstardmd.com), and 

incinnati Children’s Hospital Medical Center (CCHMC) 
2004–2016). Collaborators contributing NHD were the DMD 

talian Group (2008–2013), the iMDEX study (2012–2018) 
40] , and the PRO-DMD-01 prospective natural history 

tudy (2012–2016) [41] . Data from the iMDEX study 

ere provided to cTAP by University College London on 

ehalf of the Association Française contre les Myopathies 
AFM). Data from the PRO-DMD-01 study were provided 

y CureDuchenne. 

.2. Ethics approvals 

RWD/NHD sources were approved by ethics committees 
rom each institution (the University Hospitals Leuven 

Leuven], Catholic University, Rome [DMD Italian Group], 
ach participating center of the PRO-DMD-01 study, and 

he institution review board at the CCHMC [IRB #2010–
881]). For the iMDEX study, ethics review boards at the 
articipating institutions approved the study protocol, consent 
nd assent documents. 

For use of the North Star UK data, this project followed 

aldicott Guardian regulations and information was entered in 

he database after written informed consent was obtained from 

atients’ parents. Only anonymous, de-identified data were 
nalyzed. All clinical investigations were conducted according 

o the principles expressed in the Declaration of Helsinki, 
ollowing Caldicott Guardian approval. 

For all data sources, informed consent/assent was obtained 

or each participant or caregiver as appropriate before the 
tudy procedures were conducted. 

.3. Study measures 

.3.1. Outcome assessments 
The primary outcome in this study was 48-week change 

n the NSAA total score ( �NSAA). The NSAA consists of 
7 activities and was developed to evaluate changes in motor 
bility in ambulatory DMD. Patients’ performance on each 

ctivity is scored by trained clinical staff as either 0 (unable to 

erform independently), 1 (performs activity using a modified 
273 
ethod but is able to complete independently) or 2 (able 
o perform independently without modification). The NSAA 

otal score is the sum of scores across all activities and ranges 
rom 0 to 34, with higher scores indicating better function. 
etails of administration of the NSAA in each center are 

ummarized in the Appendix ( Table A.3 ). 
In the tadalafil, ACT DMD and DEMAND III trials, 

atients had outcome assessments at regular intervals over 
he duration of the 48-week trial. Final assessments occurred 

t 48 weeks and change in NSAA total score between the 
aseline and week 48 visits were calculated. RWD/NHD 

ources, in contrast, had different visit frequencies reflecting 

eal-world care or different protocol specifications (as in the 
ase of PRO-DMD-01, which included follow-up visits every 

 months). To facilitate comparison to �NSAA assessed 

n trials, changes in NSAA in RWD/NHD were calculated 

ased on pairs of visits separated by approximately 48 weeks 
between 9 and 13 months). �NSAA was then linearly 

escaled to estimate 48-week changes. If a patient lost 
mbulation prior to his endpoint visit, or if a linear re-scaling 

f his change in NSAA resulted in a projected NSAA at 48 

eeks of less than zero, the patient was assumed to have 
ost the ability to complete the NSAA by week 48 and their 

NSAA was set to the negative of their baseline NSAA. 

.3.2. Potential prognostic factors 
The availability of prognostic factors by data source is 

ummarized in Table A.4 . Age, height, weight, type of 
teroid (deflazacort or prednisone), and baseline NSAA total 
core were available in all data sources except the DMD 

talian Group and are known to be prognostic of changes 
n ambulatory function [20] . The availability of additional 
nown prognostic factors varied across data sources. In the 
adalafil, ACT DMD and DEMAND III trial placebo arms, 
nd in Leuven, PRO-DMD-01 and iMDEX, timed rise from 

oor, 4-stair climb (4SC) and 10-meter walk/run (10MWR), 
nd the 6MWD were all available. Primary analyses were 
ased on pooling data across these six sources, as they had the 
argest number of prognostic factors in common and available 
or adjustment. 

In the North Star UK database, rise from supine and 

0MWR were available, while in CCHMC, 4SC was available 
long with timed sit to stand and 30 ft walk/run. In the 
MD Italian Group, 10MWR and 6MWD were available, 
ut height, and steroid type were not available. Given these 
ifferences, three sets of sensitivity analyses were done, 
eparately adding data from: 1) North Star UK, 2) CCHMC, 
nd 3) DMD Italian Group, to the six data sources used in 

he primary analyses. In each of these sensitivity analyses, the 
et of prognostic factors used for adjustment was based on 

hat was commonly available across all the included sources 
 Table A.4 ). 

Dystrophin genotypes have been associated with 

ifferences in ages at loss of ambulation, long-term changes 
n function, and other clinical milestones in DMD [27 , 31 , 42] . 
he present study did not include genotypic prognostic 

actors as not all patients and data sources had genotype 
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Fig. 1. Study design: schematic for included intervals of follow-up. NSAA, 
North Star Ambulatory Assessment. 
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nformation available. The prognostic value of dystrophin 

enotypes for 48-week changes in NSAA was also expected 

o be relatively small and is the subject of a separate study 

eing conducted within cTAP. 

.4. Sample selection 

Included patients were required to meet each of the 
ollowing criteria during an interval of follow-up of 
pproximately 48 weeks in length: (1) age ≥ 5 years and 

 18 years at the first visit in the interval (referred to as the
aseline visit); (2) receiving either prednisone or deflazacort 
t the baseline visit, (3) baseline NSAA total score > 12; 
4) NSAA total score available at the endpoint visit of the 
nterval; and (5) prognostic factors listed above were non- 

issing at the baseline visit (if available at all in the data 
ource) ( Fig. 1 ). Criterion (2) above could not be applied 

xactly as specified above in the DMD Italian Group data 
ue to lack of availability of data on whether prednisone or 
eflazacort was the steroid being used. However, data on use 
f steroids (without mention of steroid type) was available 
nd used to restrict the sample to patients known to be daily 

r intermittent steroid users. 
Within the RWD/NHD sources some patients had multiple 

48-week intervals meeting the above criteria; in such cases, 
ll non-overlapping intervals were included in the analyses. 
he endpoint visit for one interval was allowed to serve as the 
aseline visit for the subsequent interval, but further overlap 

as disallowed. 

.5. Statistical analysis 

Patient characteristics and �NSAA were summarized 

cross patient intervals and by data sources. Statistical 
omparisons utilized generalized estimating equations (GEEs) 
ith an exchangeable covariance structure to account for use 
f multiple intervals from individual patients [41] . 

Mean �NSAA was compared between the clinical trial 
lacebo arms and the RWD/NHD, both with and without 
djustment for baseline prognostic factors. As adjustment 
or prognostic factors can be done by applying different 
tatistical methods with different pros and cons, we used 

wo of the most frequently used adjustment methods in 

his analysis, multivariable regression and propensity score 
274 
atching [43] . Multivariable regression is the most commonly 

sed method to adjust for baseline differences in observational 
ata and required including the available prognostic factors 
s covariates in a regression model relating �NSAA to 

ata source type. Propensity score matching is an alternative 
djustment approach that involved summarizing available 
rognostic factors into a single value (the propensity score), 
airing trial placebo and RWD/NHD patients who had very 

imilar propensity scores, and then comparing differences 
etween trial placebo and RWD/NHD groups in this matched 

ample. Differences in prognostic factors between groups 
re eliminated or reduced in this matched sample, thereby 

llowing for an adjusted estimate of differences between 

WD/NHD and trial placebo arms. 

.5.1. Multivariable regression 

In the primary analyses, three multivariable linear 
egression models were fit: (1) an unadjusted model; (2) 
 base model adjusting only for age, steroid type, and 

aseline NSAA; and (3) a full model, additionally including 

eight, weight, body mass index (BMI), 6MWD, rise from 

upine, 4SC, and 10MWR, which have been identified as 
rognostic factors for change in ambulatory function from 

revious research [20 , 44] . Estimates and 95% confidence 
ntervals (CI) for the difference in mean �NSAA between 

rial placebo arms and RWD/NHD were obtained for each 

odel. Differences in mean �NSAA across individual data 
ources were also investigated. GEEs were used to account 
or within-subject correlation. 

.5.2. Propensity score matching 

Propensity scores were estimated from a logistic regression 

odel incorporating the same covariates included in the 
egression analyses described above [45] . The propensity 

core maps each profile of baseline characteristics to 

 likelihood of appearing in the placebo arms vs. the 
WD/NHD. Patients in RWD/NHD were then matched 1:1 

o patients in the pooled trial placebo arms using nearest- 
eighbor matching on the logit of the propensity score, 
nd requiring matches to be within 20% of this measure’s 
ooled standard deviation [46] . Baseline balance between 

lacebo arms and RWD/NHD was assessed using absolute 
tandardized differences, with values < 0.1 interpreted as 
cceptable balance [43] . The difference in mean �NSAA 

etween trial placebo arms and RWD/NHD was then 

alculated in the propensity-score matched sample. GEEs 
ere used to account for within-subject correlation. 

.5.3. Sensitivity analyses 
To assess whether consistency between trial placebo arms 

nd RWD/NHD sources was sensitive to adjustment of 
ifferent sets of prognostic factors, data from North Star UK, 
CHMC, and DMD Italian Group, which included different 

ets of baseline prognostic factors, were incorporated in three 
eparate sensitivity analyses. Each sensitivity analysis added 

ne RWD/NHD data source to the set of data sources used 

n the primary analysis: the first added North Star UK, the 



F. Muntoni, J. Signorovitch, G. Sajeev et al. Neuromuscular Disorders 32 (2022) 271–283 

Table 2 
Summary statistics for unmatched and matched samples (Primary analysis). 

Unmatched Matched 

Placebo arms 
N = 235 intervals 
(235 patients) 

RWD/NHD 

N = 348 intervals 
(202 patients) 

Absolute Std. 
diff. 

Placebo arms 
N = 179 intervals 
(179 patients) 

RWD/NHD 

N = 179 intervals 
(138 patients) 

Absolute Std. 
diff. 

Age (years) 9.1 ±1.8 9.1 ±2.3 0.00 9.1 ±1.8 9.2 ±2.2 0.02 
Height (cm) 124.4 ±9.8 121.8 ±10.8 0.26 123.6 ±10.1 123.6 ±10.7 0.00 
Weight (kg) 29.4 ±9.3 28.5 ±9.4 0.09 29.4 ±10.0 29.0 ±9.1 0.05 
BMI (kg/m2) 18.6 ±3.9 18.8 ±3.7 0.04 18.8 ±4.1 18.6 ±3.6 0.07 
Deflazacort Use, N (%) 108 (46.0) 243 (69.8) 0.50 102 (57.0) 97 (54.2) 0.06 
NSAA total score 23.3 ±5.9 25.1 ±6.0 0.30 24.1 ±5.9 24.0 ±6.1 0.01 
6MWD (m) 368.0 ±59.1 384.3 ±76.4 0.24 375.5 ±59.2 372.7 ±68.9 0.04 
Timed 4 stair climb 
(velocity) (1/s) 

0.26 ±0.14 0.35 ±0.17 0.60 0.28 ±0.15 0.28 ±0.14 0.02 

Timed 10-meter walk/run 
(velocity) (m/s) 

1.75 ±0.51 2.04 ±0.52 0.56 1.85 ±0.51 1.86 ±0.47 0.02 

Timed rise from supine 
(velocity) (1/s) 

0.17 ±0.16 0.21 ±0.11 0.29 0.18 ±0.11 0.18 ±0.10 0.00 

6MWD: six-minute walk distance; BMI: body mass index; RWD/NHD: real-world data/natural history data; NSAA: North Star Ambulatory Assessment. Note: 
N represents number of ∼48-week intervals. Summary statistics in table are Mean ± SD, unless specified otherwise. 
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econd added CCHMC, and the third added DMD Italian 

roup. Adjustment factors included in each of the three 
ensitivity analyses were limited to those available in all the 
ncluded data sources. 

.5.4. Effects of calendar year 
Effects of time period on 48-week changes in NSAA in 

WD/NHD sources were assessed by adding year categories 
s covariates into the primary regression analysis. Year 
ategories were selected ad hoc based on the distribution 

epresented in the RWD/NHD sources ( Table A.5 and 

igure A.1 ). 

.5.4. Subgroup analysis 
Finally, as several current and upcoming trials in 

mbulatory DMD are evaluating treatments to be administered 

arlier in life and enrolling patients from younger ages, we 
lso assessed the consistency of mean �NSAA across data 
ources specifically among younger patients, by repeating the 
ultivariable regression analyses in a subgroup of patients 

ge ≥ 5 to < 8 years. 

. Results 

.1. Baseline characteristics and outcomes 

The primary analysis included 437 patients, contributing a 
otal 583 ∼48-week intervals of follow-up for �NSAA. The 
hree clinical trial placebo arms contributed 235 patients (235 

ntervals). The pooled RWD/NHD (Leuven, PRO-DMD-01, 
nd iMDEX) included 202 patients (348 intervals). 

Patients in the placebo arms had similar mean ages to 

atients in the RWD/NHD group at baseline (9.1 vs. 9.1 

ears, respectively) ( Table 2 , left panel) . The median age 
as 8.8 years (range 5.3 to 14.6 years) in the placebo arms 

nd 8.7 (range 5.0 to 16.4) in the RWD/NHD. However, 
275 
atients in the placebo arms were less likely to be treated 

ith deflazacort (46.0% vs. 69.8%, respectively), and had 

ubstantially poorer performance on 6MWD, timed 4SC, 
imed 10MWR, and timed rise from supine. The median 

SAA total score at baseline was 23.0 (range 13 to 34) in the 
lacebo arms and 26.0 (range 13 to 34) in the RWD/NHD. 
lacebo arms were also enriched for nonsense mutations (via 
lacebo arms from ataluren trials) and patients amenable 
o skipping of exon 51 (via the DEMAND III placebo 

rm). 
Overall, the distribution of �NSAA had a mean of −3.0 

 −3.8 in placebo arms, and −2.5 in RWD/NHD). The median 

range) of 48-week changes in NSAA total score in placebo 

rms and RWD/NHD sources were −3.0 ( −16.0 to + 5.0) and 

1.9 ( −22.8 to + 9.8), respectively. 

.2. Assessment of prognostic factors 

In the base model, baseline age, NSAA, and steroid 

ype were all statistically significant predictors of �NSAA. 
owever, after adjustment for the additional prognostic 

actors in the full model, age was no longer statistically 

ignificant. In the full model, higher baseline NSAA, greater 
eight and higher BMI were associated with mean declines in 

SAA over 48 weeks, while greater weight, deflazacort use 
vs. prednisone), better performance on 6MWD and timed 

unction tests, were associated with mean increases in NSAA 

ver 48 weeks ( Table 3 ). The full model explained 28% of 
he variability in �NSAA whereas the base model accounted 

or only 17% of variability in �NSAA. 

.3. Multivariable regression adjustment 

Mean (standard deviation [SD]) of �NSAA was −3.8 

nits (4.6) in the pooled placebo arms and −2.5 units (4.2) 
n the pooled RWD/NHD, indicating similar means and 
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Table 3 
Prognostic factors for �NSAA (multivariable regression model). 

Baseline characteristics Estimate SE P-value 

Intercept 34.95 7.39 < 0.0001 ∗
Placebo (reference: RWD/NHD) 0.12 0.35 0.72 
Age (yrs) −0.18 0.11 0.12 
Height (cm) −0.34 0.06 < 0.0001 ∗
Weight (kg) 0.59 0.11 < 0.0001 ∗
BMI −0.94 0.19 < 0.0001 ∗
Deflazacort (reference: prednisone) 1.47 0.33 < 0.0001 ∗
NSAA total −0.16 0.05 0.0012 ∗
6MWD (m) 0.01 0.00 0.00086 ∗
4-stair climb (1/s) 5.34 1.51 0.00041 ∗
10 meter walk/run (m/s) 1.52 0.66 0.021 ∗
Rise from floor (1/s) 2.24 2.68 0.40 

6MWD: six-minute walk distance; BMI: body mass index; RWD/NHD: real- 
world data/natural history data; NSAA: North Star Ambulatory Assessment; 
∗p < 0.05. 
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Fig. 2. a. Mean �NSAA in RWD/NHD and trial placebo arms in unadjusted 
and adjusted analyses using multivariable regression. b. Mean �NSAA in 
individual data sources in unadjusted and fully adjusted analyses using 
multivariable regression. NSAA, North Star Ambulatory Assessment. 
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evels of dispersion across groups. This difference in mean 

NSAA between placebo arms and RWD/NHD sources, 
hough small in magnitude, was statistically significant 
rior to adjustment ( −1.2 units, 95% CI: [ −2.0, −0.5]). 
his difference was attenuated and no longer statistically 

ignificant after adjustment for prognostic factors, decreasing 

o −0.6 units (95% CI: [ −1.3, 0.1]) in the base model, and 

.1 units (95% CI: [ −0.6, 0.8]) in the full model ( Fig. 2 a). 
Mean �NSAA in individual data sources ranged between 

2.3 and −4.3 units before adjustment, compared to between 

2.7 and −3.4 units in the fully adjusted model ( Fig. 2 b) ;
here were no significant differences between individual data 
ources after adjustment for prognostic factors in the full 
odel. 

.4. Propensity score matching 

Propensity score matching resulted in 358 matched patient 
ntervals (179 per group) drawn from 317 patients (179 

rom trial placebo arms; 138 from RWD/NHD sources). 
alance in baseline characteristics between the placebo arm 

nd RWD/NHD patients was improved in the propensity 

core matched sample ( Table 2 , right panel) . All covariate 
easures had absolute standardized differences below the 

hreshold of 0.1 indicating adequate balance between groups. 
In the unmatched sample, the difference in mean �NSAA 

etween placebo arms and RWD/NHD sources was −1.2 

nits (95% CI: [ −2.0, −0.5]). In the matched sample, these 
ifferences were numerically smaller and not statistically 

ifferent from zero (0.2 units, 95% CI: [ −0.7, 1.0]) ( Fig. 3 ) .

.5. Sensitivity analyses 

Results were generally similar in the sensitivity analyses 
ncluding North Star UK and CCHMC data, respectively 

 Table 4 ) . In the analysis incorporating North Star UK, the 
nadjusted difference in mean �NSAA of −1.1 units, 95% 

I: [ −1.7, −0.3]) between placebo arms and RWD/NHD was 
educed and no longer statistically significant after adjustment 
276 
n the full model ( −0.2 units, 95% CI: [ −0.9, 0.4]), and 

n the propensity-score matched sample (0.2 units, 95% CI: 
 −0.7, 1.0]). Similarly, in the analysis including CCHMC, a 
ignificant difference between placebo and RWD/NHD before 
djustment ( −1.4 units, 95% CI: [ −2.1, −0.8]) was reduced 

nd no longer statistically significant after adjustment in 

he full model (0.1 units (95% CI: [ −0.6, 0.8]), and in 

he propensity-score matched sample (0.1 units (95% CI: 
 −0.8, 0.9]). Unlike in the primary analyses in which no 

ignificant differences between individual data sources were 
vident after adjustment for prognostic factors, differences 
etween individual data sources were noted in the two larger 
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Fig. 3. Mean �NSAA in RWD/NHD and trial placebo arms before and 
after propensity score matching. NSAA, North Star Ambulatory Assessment; 
NHD, natural history data; RWD, real-world data. 
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ensitivity analyses samples. In particular, the estimated mean 

48-week decline in NSAA total after regression adjustment 
as significantly greater in iMDEX than in any of the other 
ata sources ( ∼2 units larger mean decline). There were no 

ifferences observed between any of the other pairs of data 
ources. 

Finally, in the sensitivity analysis including DMD Italian 

roup, the unadjusted difference in mean �NSAA of −1.4 
able 4 
ensitivity analyses. 

Primary analysis Sensitivity analysis 
adding North Star U

ultivariable regression analyses 
umber of ∼48-week 

ntervals (patients) 
583 (437) 786 (569) 

nadjusted −1.2 ( −2.0, −0.5) ∗ −1.0 ( −1.7, −0.3) ∗
ull model 0.1 ( −0.6, 0.8) −0.2 ( −0.9, 0.4) 
ropensity score matching analyses 
umber of ∼48-week 

ntervals (patients) 
358 (317) 450 (408) 

efore matching −1.2 ( −2.0, −0.5) ∗ −1.1 ( −1.7, −0.3) ∗
fter matching 0.2 ( −0.7, 1.0) 0.2 ( −0.7, 1.0) 

SC, 4-stair climb; 6MWD, six-minute walk distance; 10MWR, 10-meter walk ru
enter; CI, confidence interval; DMD, Duchenne muscular dystrophy; NSAA, No
otes: Table shows difference in mean �NSAA (95% CI) between RWD/NHD a
n data from the tadalafil DMD trial placebo arm, ACT DMD placebo arm, DEMA
tudy. Each sensitivity analysis added the one mentioned data source to the core se
ge, NSAA total, deflazacort use, height, weight, BMI, 6MWD, and 4SC, 10MW
K adjusted for age, NSAA total, deflazacort use, height, weight, BMI, and 10M

djusted for age, NSAA total, deflazacort use, height, weight, BMI and 4SC ve
SAA total, height, 6MWD, and 10MWR and rise from supine velocities. 
p < 0.05. 

277 
nits, 95% CI: [ −2.1, −0.7]) between placebo arms and 

WD/NHD was reduced but remained statistically significant 
fter adjustment in the full model ( −0.9 units, 95% CI: [ −1.6, 
0.3]) and in the propensity-score matched sample ( −1.1 

nits, 95% CI: [ −1.9, −0.3]). 

.6. Effects of calendar year 

Mean changes in 48-week NSAA initially varied across 
alendar year categories ( Table A.4 , Figure A.2 ). After 
djustment for baseline prognostic factors, however, calendar 
ear effects were attenuated and not statistically significant. 
here was no evidence of a trend towards improving 

SAA change outcomes over time in the RWD/NHD after 
djustment for baseline status. 

.7. Subgroup analysis 

The subgroup analysis of younger boys was based on a 
ample of 214 intervals from 171 patients. In this subgroup 

f patients, mean age was 7.0 years (median 7.2 years); 54.2% 

ere on deflazacort, and mean (SD) of NSAA total and 

MWD were 25.8 (5.3) and 385.2 (69.6), respectively. Mean 

SD) of �NSAA was −2.4 units (4.4) from 71 intervals in 

he pooled placebo arms group, and −1.1 units (4.3) from 

43 intervals in the pooled RWD/NHD group. As in the 
ull analyses, differences were significant prior to adjustment 
 −1.4 units, 95% CI: [ −2.7 −0.2]), but attenuated and no 

onger statistically significant after adjustment for prognostic 
actors (0.6 units, 95% CI: [ −0.5, 1.8]). 
K 

Sensitivity analysis 
adding CCHMC 

Sensitivity analysis adding 
DMD Italian Group 

1018 (635) 745 (509) 

−1.4 ( −2.1, −0.8) ∗ −1.4 ( −2.1, −0.7) ∗
0.1 ( −0.6, 0.8) −0.9 ( −1.6, −0.3) ∗

406 (367) 466 (411) 

−1.4 ( −2.1, −0.7) ∗ −1.4 ( −2.1, −0.7) ∗
0.1 ( −0.8, 0.9) −1.1 ( −1.9, −0.3) ∗

n; BMI, body mass index; CCHMC, Cincinnati Children’s Hospital Medical 
rth Star Ambulatory Assessment. 
nd trial placebo arms across different analyses. Primary analysis was based 
ND III placebo arm, PRO-DMD-01 study, Leuven database and the iMDEX 

t of data sources used in the primary analysis. Primary analysis adjusted for 
R and rise from supine velocities. Sensitivity analysis including North Star 
WR and rise from supine velocities. Sensitivity analysis including CCHMC 

locity. Sensitivity analysis including DMD Italian Group adjusted for age, 
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. Discussion 

The present study is one of a series assessing the suitability 

f using NHD and RWD in drug evaluation in DMD; an 

arlier study focused on 6MWD [37] whereas the present 
tudy focused on NSAA as the outcome measure. A primary 

mpetus for these studies was the concern that patients in 

linical trials might demonstrate better functional outcomes 
han in RWD/NHD settings, perhaps due to differences in 

otivation or other factors, which would bias comparisons 
o external controls. We found no evidence of such bias in 

verage NSAA outcomes between placebo and RWD/NHD 

roups in the present study. Rather, we observed a striking 

imilarity in average 48-week changes in NSAA across 
hese groups, especially after adjustment for known baseline 
rognostic factors. Differences in mean �NSAA across data 
ources were small in magnitude at 1–2 units, which is 
maller than minimal detectable change for this measure [47] . 
urthermore, due to the large sample sizes available in the 
resent study, the plausible magnitude of differences in mean 

NSAA between the studied placebo arms and RWD/NHD 

ources was limited to ± 1 units, as indicated by tight 
5% confidence limits. Consistency across placebo arms and 

WD/NHD was also observed among younger boys aged 5–8 

ears. Taken together, these studies of 6MWD [37] and NSAA 

urther support the suitability of using external controls from 

WD/NHD, in pre-specified and well-designed studies, for 
rug evaluations in ambulatory DMD. 

Many factors differ between the placebo arms and 

WD/NHD sources evaluated in the present study and, in the 
bsence of our findings, would raise unaddressed concerns for 
se of external controls. Our findings of consistency in mean 

NSAA across data sources indicates that the net impacts of 
ll of these confounding factors are small. The generalizability 

f this finding to new clinical trials, other RWD/NHD sources, 
oys younger than 5 years, and longer-term follow-up needs 
o be evaluated on a case-by-case basis. Below, we further 
iscuss a number of the potential confounding factors that 
ould have led to differences in �NSAA across data sources, 
he limitations of our study, and overall implications for 
linical trial design and analysis in DMD. 

.1. Consistency across clinical trial and usual care settings 

We observed consistency in NSAA outcomes despite 
everal known or potential differences between the 
WD/NHD sources and trial settings. Compared to the 
ssessment of NSAA in RWD/NHD, patients and assessors in 

he blinded placebo arms were aware of the possibility that 
he patient was receiving active study therapy. The prospect 
f active therapy could have been hypothesized to influence 
atient motivation or hope for improvement, and to thereby 

mpact NSAA performance. External cues from caregivers 
nd assessors could have also differed between settings, and 

mpacted the NSAA performance or assessment. Inclusion 

riteria also differed; in particular the clinical trials included 

aseline thresholds for 6MWD, which was not measured 
278 
n all RWD/NHD sources, and was not used for selection 

f our study sample. Despite these specific differences, and 

ther differences that could be hypothesized, we detected no 

vidence of aggregate, net bias in mean NSAA outcomes 
etween placebo arms and RWD/NHD. 

.2. Consistency across time periods, geographies and 

linics 

Our studied data sources differed in terms of time 
eriods covered, geographic representation and specific 
linics, which in turn might be associated with different care 
atterns, including steroid treatment, and outcome assessment 
ractices. We observed consistency in mean �NSAA 

utcomes despite these differences in the primary analyses. 
nvestigation of time period effects in the RWD/NHD revealed 

o meaningful trends over time in NSAA outcomes after 
ccounting for baseline status. In addition, our findings were 
eassuringly similar across sensitivity analyses incorporating 

dditional data sources. Analyses incorporating the North 

tar UK, CCHMC, and DMD Italian Group databases, in 

articular, added patients from two large RWD sources from 

ifferent countries, with notable differences in care setting 

a single center at CCHMC and multiple centers throughout 
he UK in North Star UK and throughout Italy in the 
talian Group), steroid prescribing (predominantly prednisone 
n North Star UK, compared to predominantly deflazacort 
n CCHMC), and different functional measures available for 
aseline adjustment. 

Average NSAA outcomes were highly consistent, after 
djustment for baseline prognostic factors, across the studied 

are centers and time periods primarily representing the 
ears 2006–2016. Consequently, external control groups in 

mbulatory DMD may not be biased by differences in 

eography or time period within these ranges. However, the 
ongevity of these data sources for use as external controls 
nto the future will need to be continually evaluated on a 
ase-by-case basis. External controls should be drawn from 

ime periods and geographies that are comparable to those 
f the treated patients, and ideally from parallel groups, to 

nsure that differences in standards of care do not confound 

utcomes. 

.3. Consistency across different baseline adjustment 
ethods 

Our findings were also consistent across two different 
tatistical methods for baseline adjustment: multivariable 
egression and propensity score matching. This suggests 
hat, for avoidance of bias, adjustment for an adequate set 
f baseline prognostic factors is more important than the 
hoice of statistical method used for adjustment in this case. 
ultivariable regression did provide more precise estimates 

smaller standard errors and narrower CIs) than propensity 

core matching. This was due to the fact that including 

djustment factors in a model helps to explain some of 
he variation in the outcome [29 , 30] and, less so, to the 
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ncorporation of more of the data (since there was no need 

o exclude unmatched subjects). 
.4. Prognostic factors for change in NSAA 

The baseline factors identified as prognostic for change in 

SAA were highly consistent with those previously identified 

nd discussed as prognostic for changes in 6MWD [12] . 
ultiple baseline functional measures were highly prognostic, 

s were steroid type, height, weight, and BMI. Age did 

ot add significant prognostic value for 48-week changes 
n NSAA total score, beyond that provided by these other 
actors, but was readily available and was always included 

or adjustment in the present study. Interpretations and 

mplications of these prognostic factors, and consideration of 
heir correlation with each other and the fact that BMI is itself 
ased on height and weight, has been discussed previously 

14] . Knowledge of important prognostic factors is critical 
or comparisons to external controls. Our findings for NSAA, 
n combination with earlier results for 6MWD and timed 

SC [20 , 44] , indicate that combinations of baseline functional 
easures are strongly prognostic, and should be used for 
atching or adjustment in comparisons to external controls 

n DMD. While we did not attempt to identify an optimal set 
f baseline factors to adjust for, we observed that adjustment 
or steroid type, height, weight, BMI, and multiple functional 
haracteristics – as in our primary analysis, which adjusted 

or 6MWD, NSAA, and velocities for rise from supine, 4SC, 
nd 10MWR – provided the greatest reduction in the already 

mall differences in mean �NSAA across data sources. In 

he sensitivity analyses incorporating DMD Italian Group, 
n which, unlike the primary and other sensitivity analyses, 
djustment was not possible for steroid type, weight, and 

MI, small differences remained between placebo arms and 

WD/NHD sources, indicating the incremental importance of 
djusting for these factors. Potential impacts of differences 
n steroid dosing, regimen and age of initiation were not 
ccounted for as these data were not systematically available 
cross the data sources analyzed here. When available, the 
ssessment of and adjustment for baseline differences in these 
actors may also be relevant for comparisons versus external 
ontrols. 

Differences in dystrophin genotypes are known to 

mpact long-term outcomes in DMD [31] . While dystrophin 

enotypes might not be expected to have as large effects 
n 48-week changes in NSAA as they do on longer- 
erm outcomes and milestones, their prognostic associations 
arrant further study, which is separately underway within 

ur collaboration [48] . 

.5. Generalizability to other RWD/NHD sources 

The data sources included in this study shared important 
imilarities that likely contributed to the consistency in 

ean �NSAA outcomes between RWD/NHD and placebo 

rms. Firstly, the RWD/NHD databases represent care centers 
ith extensive research and DMD clinical trial experience, 
ith NSAA assessment typically conducted by physicians, 
279 
hysical therapists, or clinical evaluators who are trained and 

xperienced in administering the NSAA and other functional 
ssessments in clinical trial settings. Our findings may or may 

ot generalize to care centers that have less experience with 

SAA assessments. In addition, the time periods represented 

y the RWD/NHD sources studied here precede the approvals 
f multiple targeted therapies for DMD. As more therapies 
re approved, differences in treatment use could introduce 
urther variation in outcomes across care centers and data 
ources. The suitability of additional follow-up data from 

hese RWD/NHD sources, or of data from other RWD/NHD 

ources, will need to be evaluated case-by-case for provision 

f external controls. 

.6. Limitations and considerations for application to 

xternal controls 

There are several issues not fully addressed in the 
resent study that will be relevant for formal comparison of 
WD/NHD external controls and specific treatment groups. 
irstly, there are additional potential prognostic factors that 
ould be evaluated for baseline adjustment. While our 
nalyses focused on steroid users and adjusted for steroid 

ype where possible, data on steroid regimen and age of 
nitiation were not consistently available in these RWD/NHD 

ources, would likely vary across time and care centers, and 

ould potentially impact patients’ outcomes. Data on lower 
xtremity contractures may affect functional test performance 
ut were not available for adjustment in this analysis. 

Secondly, data quality, in terms of collection processes, 
tandardization, recording, verification, and other factors 
ould need to be assessed across data sources used to form an 

xternal control group for regulatory evaluation. Mechanisms 
hat lead to missing data, and conventions for handling 

issing data, on functional tests such as the NSAA can 

ary across data sources. Going forward, harmonization and 

tandardized documentation of reasons for NSAA item non- 
ssessment would be valuable to address this limitation and 

aximize the research value of NSAA data collected from 

ll assessments. Thirdly, it should be noted that comparisons 
etween RWD/NHD and single-arm or uncontrolled studies 
ould require an additional layer of caution, as patients 

ncluded in single-arm trials are certain that they are receiving 

ctive therapy, whereas patients in the placebo arms included 

n the present study had only a probability of receiving 

linded active therapy. 
An alternative to replacing a placebo controlled trial design 

s to augment a smaller placebo arm with RWD/NHD [39–
1] , an approach which has been explored in DMD [49] . This 
pproach benefits from the incorporation of some randomized 

lacebo treated patients, but may exacerbate the challenge 
f achieving adequate randomization to be representative of 
he drug treated arm(s). Indeed, an augmented analysis can, 
ppropriately, have worse power than a simple analysis of 
he randomized data if outcomes are inconsistent between 

andomized placebo and the external controls that have been 

re-specified for augmentation [32] . Statistical methods for 
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sing RWD/NHD in DMD drug evaluation, including placebo 

ugmentation [32–34] and comparison of observed outcomes 
or treated patients with predictions of their untreated 

utcomes given baseline or pre-baseline prognostic factors 
50] , warrant further development and evaluation for statistical 
erformance in DMD. Importantly, all of these approaches 
an build on the foundation provided by the present findings, 
ince all methods of incorporating external controls have a 
undamental reliance on consistency in outcome measures 
cross data sources and understanding of important prognostic 
actors. 

Finally, while we have shown consistency of 48-week 

hanges in NSAA and 6MWD between RWD/NHD and 

lacebo arms, the viability of using RWD/NHD data as 
onger-term external comparator groups for longer-term trials 
r for trial extension periods needs to be assessed further. 

.7. Complementary evidence for consistency of NSAA and 

MWD 

It is noteworthy that a high degree of consistency between 

WD/NHD and placebo arms has now been demonstrated for 
8-week changes in both the NSAA, in the present study, and 

he 6MWD [37] . These commonly used functional endpoints 
iffer in how they are assessed, and in their potential sources 
f bias with the NSAA being a primarily clinician-reported 

utcome and 6MWD being a performance outcome [51] . For 
MWD, even with standardized test settings, concerns had 

entered on the risk that motivation or effort level on this 
ather long and burdensome test could vary across settings 
nd lead to differences in performance. The NSAA, on the 
ther hand, requires patients to perform a less burdensome 
et of activities, but may be considered more sensitive 
o evaluators’ judgements – especially for differentiating 

etween a score of a ‘1’ or ‘2’ for a particular task. The 
mportance of evaluator training for the reliability of the 
SAA was highlighted early in its development [25 , 26] , and 

ed to sustained efforts to standardize training across centers 
erforming this test. Across the data sources included in this 
tudy, which all incorporated standardized training for the 
SAA, the consistency in mean �NSAA is notable amid the 
ariation in geographies and time periods represented. 

.8. Collaboration 

Our goal of understanding the consistency of NSAA 

etween RWD/NHD and placebo arm settings was 
ccomplished by collaboratively analyzing a broad collection 

f data sources. The sharing of clinical data across 
ultiple institutions, registries, and geographies was a 

hallenge, but one worth overcoming for this important 
esearch goal. Collaborating through cTAP simplified and 

ccelerated this process, and highlights the importance of 
ata collection, data sharing, and collaboration for DMD 

rug development. Careful, evidence-based use of external 
ontrols can potentially reduce the number of patients that 
eed to receive placebo while advancing the development of 
280 
ffective therapies in DMD. We conclude that the high degree 
f consistency in NSAA outcomes observed in the present 
tudy, the demonstrated performance of adjustment for known 

rognostic factors, and previously observed consistency for 
MWD outcomes, together provide a strong foundation for 
he incorporation of external controls into the evaluation 

f drug effects on these outcomes in DMD. We emphasize 
hat no externally controlled study can match the rigor of a 
ell-powered, randomized, placebo-controlled study – and 

hat any use of external controls needs to be evaluated on 

 case-by-case basis and in light of the findings presented 

ere. 
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