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Key Messages

•	 European Union regulators consider SV95C an acceptable secondary efficacy endpoint in clinical tri-
als of ambulant DMD patients ≥5 years of age for regulatory purposes.

•	 Importantly, regulators stipulate that SV95C should be measured by using a validated and suitable 
wearable device that can quantify ambulation directly and continuously in a real-world environment. 
The only device currently validated for the digital assessment of SV95C in clinical trials is ActiMyo®, 
a class I medical device that includes two strap-based sensors worn on the ankle.

•	 Recent regulatory qualification of SV95C constitutes a major breakthrough in the adoption of novel 
digital endpoints in drug development. Wearable technology allows functional assessments to be trans-
ferred to the community environment – reducing patient and caregiver burden in clinical trials. By 
providing high-quality and meaningful efficacy data, they will enable more efficient drug development 
and could expedite registration and access of new therapies for diseases with unmet medical needs.
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Abstract
Background: Functional outcome measures used to assess 
efficacy in clinical trials of investigational treatments for rare 
neuromuscular diseases like Duchenne muscular dystrophy 

(DMD) are performance-based tasks completed by the pa-
tient during hospital visits. These are prone to bias and may 
not reflect motor abilities in real-world settings. Digital tools, 
such as wearable devices and other remote sensors, provide 
the opportunity for continuous, objective, and sensitive 

Disclaimer: The views expressed in this article are the personal views of 
the author(s) and may not be understood or quoted as being made on 
behalf of or reflecting the position of the regulatory agency/agencies 
or organizations with which the author(s) is/are employed/affiliated.

This is an Open Access article licensed under the Creative Commons 
Attribution-NonCommercial-4.0 International License (CC BY-NC) 
(http://www.karger.com/Services/OpenAccessLicense), applicable to 
the online version of the article only. Usage and distribution for com-
mercial purposes requires written permission.
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measurements of functional ability during daily life. Main-
taining ambulation is of key importance to individuals with 
DMD. Stride velocity 95th centile (SV95C) is the first wearable 
acquired digital endpoint to receive qualification from the 
European Medicines Agency (EMA) to quantify the ambula-
tion ability of ambulant DMD patients aged ≥5 years in drug 
therapeutic studies; it is also currently under review for the 
US Food and Drug Administration (FDA) qualification. Sum-
mary: Focusing on SV95C as a key example, we describe per-
spectives of multiple stakeholders on the promise of novel 
digital endpoints in neuromuscular disease drug develop-
ment. © 2021 The Author(s)

Published by S. Karger AG, Basel

Introduction

Duchenne muscular dystrophy (DMD) is an X-linked 
recessive disorder caused by mutations in the gene that 
encodes the protein dystrophin [1]. DMD is character-
ized by muscle degeneration that worsens with age. De-
spite the availability of glucocorticoid treatment, patients 
are expected to be nonambulatory and wheelchair depen-
dent by age 13 [2, 3]. A number of different therapeutic 
interventions have been studied in DMD, including dys-
trophin gene therapy [4]. Despite recent US Food and 
Drug Administration (FDA) approvals, unmet needs for 
patients with DMD remain [4], as none of the currently 
available treatments stop the progressive course of the 
disease.

Functional outcome measures for assessing patients 
with neuromuscular disease in clinical trials have tradi-
tionally consisted of timed tests and motor scales assessed 
during hospital visits [5, 6]. One common complaint 
about traditional measures is that they may not capture 

real-world benefits [7]. Moreover, timed tests may be 
burdensome to patients with more severe disease. The 
most frequently used clinical outcome assessments 
(COA) in clinical trials, the 6-min walk test [2] and the 
North Star Ambulatory Assessment [8], assess mobility 
in ambulatory patients and are designed to evaluate peak 
patient performance intermittently within a controlled 
environment (i.e., on assigned days within a hospital or 
clinic). Such assessments may be prone to bias and do not 
always accurately represent function during daily life [5, 
9]. Multiple external factors including motivation, fa-
tigue, time of day, maturity, developmental stage, and be-
havior are known to affect performance on these assess-
ments [10, 11]. These issues can be compounded in 
younger children or those with attention or learning dif-
ficulties [12, 13]. Together, these challenges may serve as 
barriers to successful drug development in DMD [14].

In January 2017, Duchenne UK, Parent Project Mus-
cular Dystrophy (USA), Duchenne Parent Project (Neth-
erlands), and Duchenne Parent Project Onlus (Italy) co-
funded a workshop to review endpoints currently used in 
DMD clinical trials and to assess gaps [5]. The group in-
dicated that advances in digital tools such as wearable de-
vices and other remote sensors provide the opportunity 
to develop clinically relevant outcome measures through 
the collection of reliable, objective efficacy data from the 
patient’s daily life. Indeed, the adoption of qualified digi-
tally measured endpoints provides an opportunity to ac-
curately and continuously assess the potential benefits of 
an investigational therapy in a real-world setting [15].

Maintaining ambulation is of major importance to in-
dividuals with DMD. Hence, the ability to measure this 
parameter accurately and objectively in a community set-
ting is critical for the assessment of investigational thera-
pies. Digital-based wearable sensors – including biaxial 

What is SV95C?

Stride velocity 95th cen�le (SV95C) represents the minimal velocity of the 5% most rapid strides taken 
by a pa�ent in a real-world se�ng [19]. Data generated to support the qualifica�on of SV95C by the 
European Medicines Agency included an evalua�on of accuracy to measure stride length and velocity, 
an es�ma�on of cumula�ve �me of recorded data required to ensure reliable data with low varia�on, 
es�mated compliance, correla�on with other validated endpoints, and sensi�vity to detect change [10]
(Table 1). 

Importantly, regulators s�pulate that SV95C should be measured by a validated and suitable wearable 
device that is able to quan�fy ambula�on directly and in a con�nuous manner in a real-world 
environment. Requirements for suitable technologies include precision, reproducibility, and user-
friendliness; they should also have the capacity to record maximal performance and/or gather 
informa�on on a pa�ent's baseline performance [10]. The first validated device of this kind is the 
Ac�Myo® [20]. 

Fig. 1. What is SV95C? Description of 
SV95C and the data used to support its 
qualification by the European Medicines 
Agency. SV95C, stride velocity 95th cen-
tile.
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accelerometers – have been studied in DMD; DMD pa-
tients differ from typically developing youth in total steps 
and step frequency at the highest step rates or speeds [16]. 
The digital parameters of total steps per day and steps at 
the highest rate decline with disease progression and are 
correlated with traditional endpoints, such as 10-m veloc-
ity in meters per second [17, 18]. However, these moni-
tors only provide accurate step counts and do not mea-
sure the instantaneous stride length of each stride. In ad-
dition, the definitions of high step rate have been 
arbitrarily set and are not based on a total distribution of 
stride velocities. A recent long-term natural history study 
of laboratory-based gait kinematic parameters in DMD 
demonstrated that stride length declines more than ca-
dence (steps per minute) with disease progression – as 
does self-selected walking speed (the product of step 
length and cadence) [18]. Furthermore, steroids produce 
an increase in stride length in the 1-year period typically 
employed in clinical trials, which independently confirms 
the need to precisely measure step length and stride veloc-
ity in DMD [17].

Stride velocity 95th centile (SV95C), measured at the 
ankle by using a valid and suitable wearable device, is the 
first digital endpoint to receive qualification from the Eu-
ropean Medicines Agency (EMA) (Fig. 1). SV95C quanti-
fies a patient’s ambulation ability directly and reliably in 
a continuous manner in the home environment as an in-
dicator of maximal performance. EU regulators consider 
it an acceptable secondary endpoint in clinical trials of 
ambulant DMD patients ≥5 years of age as well as a qual-
ified measure to quantify a patient’s baseline performance 
in such studies (EMA 2019). SV95C is also currently un-
der review for FDA qualification (FDA 2018). ActiMyo®, 
a class I medical device (Fig. 2) that includes two strap-
based sensors worn on the ankles and/or wrists, was used 
to collect SV95C data for the endpoint qualification.

In this paper, we explore the perspectives of multiple 
stakeholders on the use of digital measures and the asso-

ciated digital tools in clinical trials of DMD. We discuss 
the potential impact of novel digital endpoints, like 
SV95C, on the DMD drug development paradigm.

The Patient and Caregiver’s Perspective
Clinical outcome measures that reliably evaluate the 

wide range of DMD patient experiences, which vary sig-
nificantly from childhood through adulthood, are criti-
cally needed. In addition, currently used functional out-
come assessments are not able to detect change across the 
full spectrum of disease severity. For example, if the 6-min 
walk test or the North Star Ambulatory Assessment is the 
primary endpoint for a study, those who score poorly at 
baseline may be excluded from clinical trials on the basis 
that they are expected to become nonambulant over the 
ensuing 12 months [6, 23]. This pitfall impacts trial de-
mographics, as older patients and those who are nonam-
bulant can be excluded from clinical trials.

There are a number of fundamental challenges for pa-
tients with DMD who wish to participate in trials. As the 
duration of clinical trials continues to increase, the cost 
and burden associated with participation also increase 
[24]. In addition, patients and caregivers must find means 
of transportation to sometimes distant study sites, which 
can involve time missed from work or school as well as 
upfront travel costs [25]. These issues again limit who can 
participate in clinical trials, as the most severely impacted 
patients are typically not eligible to participate.

Moreover, visits to hospitals may be interrupted by cri-
ses, such as the COVID-19 pandemic, which has disrupt-
ed several clinical trials in which the primary endpoint 
was a hospital-based COA. Decentralization, through the 
use of endpoints measured by wearable technology in a 
home and community environment, may provide the op-
portunity for more patients to participate, as there would 
be less reliance on burdensome functional assessments 
and, crucially, trials could be designed with the patient in 
mind.

What is Ac�Myo®?

Ac�Myo® is a Class I medical device composed of a base sta�on for charging and data transferral, and 2
strap-based wearable sensors. Ac�Myo® uses precision magneto-iner�al sensors that con�nuously 
measure accelera�on, velocity and angular movements over prolonged periods with high accuracy in 
the home environment. The device was designed and validated with pa�ent input and thus has the 
poten�al to define meaningful improvements and clinical trial outcome measures for individual pa�ents 
[20]. Based on EMA-defined precision requirements, the wearable sensor Ac�Myo® is currently the only 
suitable and validated device for gathering SV95C data for use in clinical trials. Other Ac�Myo® acquired 
endpoints are likely to be developed and validated in both ambulatory and non-ambulatory 
neuromuscular diseases [21, 22]. 

Fig. 2. What is ActiMyo®? Description of 
the ActiMyo® device and its validation for 
gathering SV95C data [20–22]. SV95C, 
stride velocity 95th centile.
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The Clinician’s Perspective
Clinicians are acutely aware of the need for outcome 

measures for DMD and other neuromuscular diseases 
that can accurately assess “typical daily function” across 
a diverse spectrum of patients. Standardization of cur-
rently used assessments and assessor training across study 
sites in a clinical trial setting can be challenging because 
outcomes rely on subjective human observation and can 
vary based on disease stage and baseline level of function 
[26]. Furthermore, traditional assessments are intermit-
tent, providing only a snapshot of functional ability. For 
example, children in the early stages of DMD have a ca-
pacity reserve that may hamper objective assessment at a 
single point in time if incentivized [10, 11]. In clinical 
practice, standardization can be even more challenging 
due to the variation inherent to a real-world setting.

Digital tools that allow measurements of functional 
outcomes in an unprecedented longitudinal manner, us-
ing continuous real-world data collection, could provide 
valuable insight into disease progression. Once they are 
well characterized across the spectrum of disease, digital 
measures could be used to inform optimal patient man-
agement or aid in differential diagnosis. Appropriate 
endpoints derived from wearable devices may also de-
crease the time required to perform assessments while 
adding important real-world data to build confidence in 
putative therapies. The availability of objective and com-
parable data to complement a clinician’s subjective as-
sessment could provide support for decisions to contin-
ue, stop, or change a particular therapy. Moreover, gath-
ering precise and continuous measures could assist with 
tailoring a treatment plan to a particular patient’s re-
sponse, such as with steroid treatment, for which efficacy 
can be evaluated in a short period of time [27].

While wearable-derived clinical outcome measures 
have important implications in the clinical development 
of new therapies, there are currently barriers to their wide-
spread use in clinical practice. For one, there are distinc-
tions between what constitutes an ideal digital endpoint 
for clinical trials as opposed to a clinical practice tool. The 
most important factors for clinical trials are ease of use of 
the wearable device for the patients and the ability to ac-
quire robust and comprehensive efficacy data, while the 
most important consideration for clinical practice is how 
user-friendly the assessment tool is for physicians. Digital 
drug development tools – such as ActiMyo® – are cur-
rently not designed to fit into the clinical workflow, as they 
would require physicians to access the digital output. The 
digital solution would then need to be registered with the 
corresponding medical intended use and be accepted as 

standard of care and readily available to provide decision 
support to physicians in clinical practice.

The Technology Company’s Perspective
Technology companies are important partners in the 

development of new therapies for DMD. However, digital 
endpoint technology development is more nuanced than 
just the creation of a wearable device or supplying off-the-
shelf hardware. Expertise in the development of both pre-
cision hardware and algorithms, combined with effective 
data management, is essential.

Early collaboration between technology companies 
and all other stakeholders is crucial to allow for the cre-
ation of devices that measure meaningful endpoints. For 
example, working closely with patient organizations will 
lead to the development of “fit-for-purpose” devices that 
are precise enough to provide accurate and reliable mea-
surements while also being user-friendly for patients. Ef-
fective management of data security is also vital to protect 
the privacy of patients. Companies should partner with 
physicians to validate the level of performance of devices, 
define meaningful measures, and build capabilities to in-
tegrate devices into clinical studies; this could include 
training and support for clinicians, compliance monitor-
ing, and data analysis. Engagement with industry spon-
sors is also important to build normative databases for 
healthy controls, as well as untreated and treated patients. 
Finally, at all stages of the development process, technol-
ogy companies should cooperate with regulatory agencies 
to qualify derived endpoints.

Regarding intellectual property rights, endpoints are 
currently public domain and should remain solution ag-
nostic, provided a validated and suitable solution is used. 
The solution/devices are proprietary. While strategies 
vary by company, companies might protect the solution/
device through a combination of expertise, mastery in ex-
ecution, intellectual property, and trade secrets.

The Drug Developer’s Perspective
The adoption of patient-facing digital technology in 

clinical trials has the potential to improve the patient ex-
perience, which may lead to increased participation, re-
tention, and compliance [28]. In DMD drug development 
programs, the use of digital endpoints derived from wear-
able technology that are easy to use at home and have 
been qualified to reflect clinically meaningful functional 
change in a real-world environment can reduce the bur-
den of clinical trial participation and increase patient en-
gagement [10]. Such endpoints may enable studies to be 
more inclusive by widening the eligibility criteria and 
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thereby allowing for the assessment of investigational 
therapies in a broader population.

The efficient generation of accurate and reliable effi-
cacy data for an investigational treatment is essential to 
the drug development process [6]. Validated digital end-
points measured via wearable devices allow for the con-
tinuous collection of data relevant to patients’ daily lives. 
By enabling improved patient insight and high data integ-
rity, it is likely these endpoints will help expedite patient 
access to effective therapies.

DMD is a slowly progressive disease that worsens over 
time [29]. For this reason, registration trials in DMD can be 
long and require many patients to evaluate efficacy. This 
challenge is common for trial recruitment in rare disease 
[30]. Because digital measures such as SV95C allow deep 
phenotyping of disease characteristics in each individual 
patient, they may more sensitively assess changes in disease 
progression, thus reducing the sample size or duration re-
quired for a clinical trial when selected as primary end-
points. Following approval of an effective therapy, digital 
measures may allow for the collection of individual efficacy 
data or offer personalized disease monitoring.

Implementation of novel digital endpoints into clini-
cal trials should be supported with training and education 
of the patient, carer, and support staff to maximize user 
acceptance and to minimize missing data [10]. Further-

more, the principles of Good Clinical Practice, data pri-
vacy, and protection should be respected [15].

The Regulator’s Perspective
Stakeholders, including technology companies, patient 

groups, and consortia working to develop digital end-
points for use in drug development, are encouraged to en-
gage regulators early in the development process. Both the 
FDA and EMA have regulatory pathways that allow col-
laboration throughout the development and validation of 
a novel COA. The FDA Drug Development Tools COA 
Qualification Program [31] and the EMA qualification 
procedure of novel methodologies for medicine develop-
ment [32] are available to facilitate regulatory endorse-
ment of novel digital endpoints. However, regulatory 
qualification of a COA by the FDA or EMA is not a pre-
requisite for use as an endpoint in drug therapeutic trials.

SV95C, measured by using a valid and suitable wear-
able device in ambulant patients aged ≥5 years with DMD, 
was the first digital COA to secure an EMA qualification 
opinion as a secondary endpoint in pivotal or exploratory 
clinical trials (Fig. 1). Table 1 provides a summary of the 
validation studies that supported qualification of the dig-
ital endpoint.

This particular qualification provided valuable learn-
ings on the innovative elements to be considered for re-

Table 1. Data summaries from validation studies used to support SV95C digital endpoint qualification [10]

Objective Method Results

Demonstrate that the foot trajectory of 
ambulant patients as assessed by the 
magneto-inertial sensor corresponds to the 
real distance measured manually

Simultaneously measured distance during the 
6-min walk test using the wearable device/
system and the classical method for 31 tests 
performed by 23 patients in a broad range of 
clinical conditions

The difference between the distance measured during 
the 6-min walk test using the wearable device/system, 
and the corrected reference was within 5%

Assess the reliability of proposed gait 
variables measured by the wearable device 
and system

Studied the relationship between the recording 
period averaging and the variability of the 
measure by tracing the SYSNAV variance in 
28 patients tested in a noncontrolled setting

Good stability with low variability from 2.22 up to 
4.41% for the 95th percentile of stride length and 95th 
percentile of stride velocity, respectively, for 180 h of 
wearable device and system use

Cross-validate these measures with 
reference to clinical outcomes

Studied the relationship between stride 
velocity, stride length, and distance per hour 
and the 6-min walk test, North Star 
Ambulatory Assessment score, and 4-stair 
climbing test score in 45 DMD patients

Good correlation of 95th percentile of stride length 
and 95th percentile of stride velocity with the baseline 
6-min walk test (0.68 and 0.54, respectively) and with 
the North Star Ambulatory Assessment (0.78 and 
0.64, respectively)

At 6 months, study the sensitivity to change 
of variables measured by the wearable 
device and system

Studied 31 patients for a full 6-month period. 
Studied a subset of 20 patients (who were older 
than 6 years and walking <450 m in the 6-min 
walk test) for over 6 months. Within this 20 
patient subset, studied 7 patients for over 1 
year

Significant decline in 95th percentile of stride length 
(2.4%), median stride velocity (4.7%), and 95th 
percentile of velocity (8.5%) over 6 months for 
patients older than 6 with a baseline 6-min walk 
distance below 450 m

DMD, Duchenne muscular dystrophy; SV95C, stride velocity 95th centile.
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viewing such digital endpoints, including the data re-
quirements. These insights were also leveraged in a new 
EMA Q&A on the qualification of digital technology-
based methodologies to support approval of medicinal 
products [33].

Regarding use as the primary endpoint for pivotal tri-
als in this setting, EU regulators consider that more ro-
bust data on the long-term correlation of SV95C with 
currently used tests (including increased sample size, lon-
ger follow-up, and expanded normative data) are needed 
[19]. Anchor-based approaches (e.g., relating a drop in 
SV95C with loss of ambulation) would help elucidate the 
clinical relevance of changes in SV95C. Additionally, the 
system currently does not offer data about walking, falls, 
stairs, time to stand, and correlation with patient well-
being, and further assessment in younger and nonambu-
lant patients is of interest.

The clinical relevance of the proposed minimal clini-
cally important difference (MCID) should also be further 
justified. It would be particularly informative for anchor-
based approaches that estimate MCID for SV95C to relate 
a drop in the SV95C to function in daily life or to another 
qualified clinician or patient assessment [19]. Previous 
analyses have indicated consistency between the MCID 
for SV95C and those for the 6-min walk test and the 
North Star Ambulatory Assessment [10, 19]. Corre-
sponding sample size estimates for SV95C illustrate the 
significant impact of the use of this digital variable as the 
primary endpoint in pivotal trials in DMD: it has been 
estimated that approximately 30 patients per arm would 
be required to detect the stabilization of the disease by the 
investigational medicinal product over a 6-month period 
using SV95C. This contrasts with the group size of 100 or 
more that is required to demonstrate stabilization using 
the 6-min walk test or North Star Ambulatory Assess-
ment as the primary endpoint [10]. This example high-
lights the tremendous potential that highly validated and 
qualified digital endpoints have, both in terms of reduc-
ing patient burden of trial participation and study design.

Conclusions and Future Directions

The recent regulatory qualification of a digital mea-
sure of ambulation, SV95C, has established a path for the 
adoption of wearable technology in DMD registration tri-
als and is considered a crucial precedent by multiple 
stakeholders for the development of novel digital end-
points in neuromuscular diseases. This qualification may 
advance the assessment of clinically meaningful func-

tional improvements in DMD, as well as other neuromus-
cular diseases, by providing reliable and valid measures of 
functioning in a real-world setting.

Indeed, the FDA/Foundation for the National Insti-
tutes of Health has expressed considerable interest in this 
endpoint, which is also being processed through the FDA 
COA Qualification Program [31, 34]. The FDA qualifica-
tion process consists of three steps: a letter of intent, a 
qualification plan, and a full qualification package. As of 
this writing, the letter of intent has been accepted, and 
submission of the qualification plan is being planned.

Wearable technology enables the transfer of function-
al assessments to the community environment, providing 
clinically meaningful outcomes for patients and caregiv-
ers and significantly reducing the burden associated with 
participation in clinical trials [35]. Digital endpoints will 
also likely make the development and registration of new 
therapies possible for a broader group of patients, ex-
panding patient access and generating data to better in-
form healthcare decisions [35, 36].

Validation and regulatory acceptance are critical for 
the adoption of new digital endpoints [37]. Clinical mean-
ingfulness, content validity, relationship with natural dis-
ease history, sensitivity to therapeutic intervention, rela-
tionship with current gold standard assessments, and 
community support must be established. Further, meth-
ods for the analysis of data derived for each endpoint, in-
cluding strategies for handling intercurrent events (miss-
ing data), need to be defined.

A critical success factor for novel digital endpoint de-
velopment is early multi-stakeholder engagement in a 
precompetitive environment, including the sharing of 
technology and the creation of confidential collaborative 
data platforms. Simultaneously, refinement and align-
ment of the regulatory procedures for qualification by the 
EMA and FDA is needed to facilitate timely validation and 
utilization of digital endpoints in drug therapeutic studies.

This study outlines strategies for the successful adop-
tion of clinically meaningful digital measures in drug de-
velopment from multi-stakeholder perspectives. SV95C 
provides the first example of a qualified digital endpoint 
and paves the way for transformation in the DMD thera-
peutic landscape.
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