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appearing before age 6 [2], leading to a loss of ambulation 
(LOA) and impairment of respiratory and cardiac muscles 
that is the main death cause [3].

Improvements of standard of care therapy, have signifi-
cantly delayed LOA onset, from a mean age of 8.5 years 
before the advent of steroids, to 13 to 14 years in the last two 
decades [4]. Besides the administration of glucocorticoids 
the main treatment strategy for DMD currently involves a 
multidisciplinary approach [1].

Open therapeutic issues include cardiorespiratory com-
plications, psychological and social disturbances, and the 
pediatric to adult care transition [5]. Indeed, DMD patients 
are at a high risk of developing anxiety and depression, cog-
nitive function disorders, including intellectual disability, 
attention deficit hyperactivity disorder, obsessive-compul-
sive disorder [6, 7]. In addition, the transition to adult care 
is accompanied by challenges due to the complex healthcare 
needs associated with the progression of the disease [8, 9]. 
Notwithstanding the clinical variability, although the typical 

Introduction

Duchenne Muscular Dystrophy (DMD), an X-linked reces-
sive neuromuscular disorder due to the absence or deficiency 
of dystrophin protein, has a global incidence of 1 in 5000 
live male births [1]. The absence of dystrophin produces 
progressive skeletal muscle degeneration and weakness, 
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Abstract
Duchenne Muscular Dystrophy (DMD) is an X-linked recessive neuromuscular disorder primarily affecting males, caused 
by mutations in the dystrophin gene. The absence of dystrophin protein leads to progressive skeletal muscle degeneration. 
Recent advances in the therapeutic landscape underscore the need to identify appropriate outcome measures to assess 
treatment efficacy in ambulant and non-ambulant DMD patients, across clinical and research settings. This is essential for 
accurately evaluating new treatments and attributing therapeutic benefits.

It is crucial to establish a robust correlation between outcome scores and disease progression patterns. This task is 
challenging since functional test performance may be influenced by different patient’s characteristics, including the physi-
ological evolution of the neurodevelopment together with the disease progression. While widely used DMD outcomes such 
as the North Star Ambulatory Assessment, the 6-Minute Walking Test, the 4 stairs climbed, and the Performance of the 
Upper Limb exhibit reliability and validity, their clinical significance is influenced by the wide phenotype and progression 
variability of the disease.

We present and discuss the features (relevance, quantifiability, validity, objectivity, reliability, sensitivity, specificity, 
precision) of available DMD outcome measures, including new potential measures that may be provided by digital tools 
and artificial intelligence.
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age of death was in late twenties, nowadays DMD patients 
have been surviving up to the 30s and beyond, with a median 
life expectancy of 28.1 years for patients born after 1990 
[10]. Big therapeutic advancements, including gene therapy, 
are emerging, but the determination of the most suitable 
treatment for each patient remains challenging, given the 
disease high phenotypic variability and progressivity [11]. 
Understanding disease progression in research and clinical 
practice is also challenging because DMD can affect the 
normal growth and development of the brain, thus impact-
ing physiological neurodevelopmental growth patterns. As a 
result, it is complicated to distinguish between impairments 
caused by the disease itself and those related to impaired 
developmental processes [1]. Indeed, mutated isoforms of 
dystrophin expressed in the brain cause modifications in the 
volume and organization of brain Purkinje cells, impacting 
synaptic neurotransmission with the possible development 
of cognitive deficits, impairment of learning abilities, and 
potential behavioral issues [1].

With the increased number of clinical trials in DMD over 
the past two decades [1], the dialogue between stakeholders 
(physicians, regulators, biostatisticians) has become crucial.

Much consideration has been given to outcome measures 
for treatment efficacy and safety, in clinical and research 
settings, in ambulant and non-ambulant DMD patients [12], 
to attribute appropriate value to the new therapies.

We aim to provide a comprehensive DMD outcome mea-
sure description and challenges related to their identification, 

optimization, validation and application, within the frame-
work of clinical research methodology, taking into account 
the evolving therapeutic landscape and the more recent 
knowledge and technology advancements.

Current classification of outcomes

Effective outcome measures stand as a cornerstone in eval-
uating therapies. Clinical trials may significantly impact 
patient care, prioritizing outcomes aligned with the every-
day patient experience. Drawing a parallel with Galileo 
Galilei’s groundbreaking scientific revolution, it becomes 
evident that achieving remarkable results requires looking 
in the right direction (the sky) with the appropriate tools 
(telescope). In clinical trials, the right direction encom-
passes clinically meaningful outcomes, while the right tools 
consist of valid and significant endpoints. Unfortunately, 
numerous trials fall short in this regard, due to inadequacies 
in outcome selection, data collection, and reporting prac-
tices [13].

To be effective, outcome measures must possess specific 
attributes, as outlined by Piantadosi in 2005 [14] (Table 1), 
and it is imperative to understand the potential pitfalls that 
can undermine their validity.

Outcome measures can be categorized as biomarkers that 
measure biological phenomena (e.g., blood metabolites, 
electrophysiological markers, or imaging results), or clini-
cal measures that assess meaningful aspects. In therapeutic 
trials, selecting outcome measures aligned with the clini-
cal development phase is essential. Biomarkers prove most 
valuable in exploratory trials (Phase I, IIa), while clinical 
measures are better suited for efficacy trials (Phase IIb or 
III) designed to evaluate phenomena of primary interest for 
patients, such as survival, disease progression, and quality 
of life (QoL). In some scenarios, specialized assessments 
addressing disease-specific issues may be favored (e.g., 
targeting respiratory function is essential when respira-
tory complications arise). In the case of infants, toddlers, 
and young children, age-validated tools are deemed essen-
tial. Remarkably, regulatory authorities like the EMA and 
FDA although providing details about outcome measures 
and their applicability (Table 2), have not provided specific 
recommendation for the choice of measurement tools for 
specific DMD trials, as the choice must be tailored to study 
population and design.

Challenges in selecting DMD Outcome measures

Several clinical challenges undermine the choice of out-
come measures in DMD, including the clinical variability 

Table 1  Endpoint characteristics according to modified Piantadosi’s 
criteria [14]
Characteristic Meaning
Relevant Clinically important/useful. The importance 

may be function of the development phase of the 
research. For example, for early developmental 
trials evidence of biological marker activity is 
usually sufficient for clinical relevance.

Quantifiable Measured or scored on an appropriate scale, i.e. 
is able to be expressed as an amount, quantity, 
or numerical value

Valid The measure adequately represents the underly-
ing construct that it is supposed to measure

Objective Interpreted the same by all observers, even if 
some clinical endpoints, such as symptoms, 
quality of life, and other patient-reported 
outcomes may and should contain a subjective 
component

Reliable Same effect yields consistent measurements, i.e. 
under the same conditions the method can sys-
tematically reproduce the same results multiple 
times

Sensitive Responds to small changes in the effect of the 
intervention

Specific Unaffected by uncontrolled factors that can 
influence the results of a measure

Precise Has small variability, i.e. the observed scores 
tend to be aggregated around their average value
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and stratification of phenotypes together with a lack of com-
prehensive knowledge on the disease natural history.

Variability in disease progression

In ambulant DMD patients, disease progression shows sig-
nificant variability, ranging from potential improvements 
to rapid deterioration [15]. Genetic diversity among DMD 
patients is considerable and several cohort studies have 
sought to establish genotype-phenotype correlations with 
varying outcomes [15, 16]. Genotype differences influ-
ence long-term progression [17]; moreover, corticosteroids’ 
use further contributes to clinical heterogeneity, variably 
delaying the decline in muscular, pulmonary, and cardiac 
function [18, 19] with possible genotype-drug therapeutic 
interactions [20]. Additionally, several factors influence 
changes in functional tests over time, including age, base-
line ambulatory function, variations in muscle load, stress, 
fiber-type composition and maturation [16, 17, 19, 21, 22]. 
Importantly, age per se offers limited prognostic value given 
the variability in disease progression and function with time 
[23].

The onset and progression of DMD outcomes do not con-
sistently follow a stereotypical pattern. Cardiomyopathy, for 
instance, may occur earlier or later in some patients, and it 
does not always correlate with muscular weakness [24].

Efforts have been made to categorize DMD trajectories 
[23], and researchers are exploring magnetic resonance 
imaging (MRI) for muscle composition and other biomark-
ers to categorize the disease progression and to predict clini-
cal outcomes [25].

Additionally, appropriate outcome measures to assess 
upper limb function and functional abilities across the 
ambulant to non-ambulant spectrum are required for older 

patients [26]. Signs of upper limb weakness can mani-
fest early in ambulant DMD patients, while non-ambulant 
patients exhibit variability due to the LOA timing and the 
onset of scoliosis, osteoporosis, obesity, disuse atrophy, 
contractures, and psychosocial challenges [18, 27, 28].

Importantly, it has emerged that combining multiple 
functional measures yields a more accurate prognosis then 
relying on a single measure alone [22].

Challenges in biomarkers development

DMD clinical trials have encountered substantial hurdles, 
including the lack of reliable biomarkers of disease progres-
sion [29]. Biomarkers may be classified as: (i) susceptibility/
risk, (ii) diagnostic, (iii) prognostic, (iv) disease progression 
monitoring, (v) predictive, (vi) pharmacodynamic, (vii) 
safety [30]. For the development of drugs, biomarkers are 
particularly relevant when they are validated as surrogate 
endpoints, and accordingly they may substitute a clinical 
endpoint [31]. Importantly, biomarkers that works as surro-
gate endpoints may contribute to speed up the definition of 
a drug benefit/risk balance thanks to a decreased variability 
in comparison to functional tests [29]. Similar to other rare 
diseases, the identification and validation of biomarkers for 
DMD is challenged from different points of view, including 
technical criticalities associated with the DMD multi-fac-
eted pathophysiology, the limited number of samples mir-
roring the low number of patients, the limited applicability 
of statistical models developed for non-rare diseases, and, in 
the case of more advanced technology, the increasing costs 
and the complex management of high-throughput data [29]. 
Notwithstanding the abovementioned challenges, much 
attention continues to biomarker development for DMD and 
some of them, including muscular injury biomarkers, micro-
dystrophin and MRI measurement, are commonly included 
as endpoints in clinical trials. Creatine kinase (CK) and 
other muscle proteins, initially increased, decline over time 
as the disease progresses, primarily reflecting early muscle 
mass loss. Hence, their utility in monitoring progression and 
therapy response diminishes as the disease advances [29]. 
Furthermore, CK specificity is limited due to its possible 
modification in different muscle-related disorders, age, met-
abolic changes, trauma, and physical exercise significantly 
impact its levels [29].

Muscle injury biomarkers that are stable over time could 
be explorative for assessing the effectiveness of dystro-
phin replacement and sarcolemma-stabilizing therapies in 
younger DMD patients [32]. Microdystrophin expression 
is another surrogate endpoint proposed for monitoring 
drug activity in trials investigating medications that target 
(micro)dystrophin expression [33]. However, there is the 
urgent need to identify clinically meaningful biomarkers 

Table 2  Current position of Regulatory Authority on outcome mea-
sures capturing treatment efficacy in DMD
Regulatory Author-
ity document

Outcome measure in trials

FDA No specific guidance
EMA
Guideline on the 
clinical investiga-
tion of medicinal 
products for the 
treatment of Duch-
enne and Becker 
muscular dystrophy 
(Recommended by 
EMA CHMP) [40]

• Set of candidate outcome measures includ-
ing NSAA, 6MWT, PUL (to be chosen on a 
case-by-case basis) according to (i) scientific 
question, (ii) patient age, (iii) disease stage, 
(iv) mechanism of action of the tested com-
pound, (v) study duration
• “two endpoints should be selected from the 
domains muscle strength […] and motor func-
tion. According to the motor system param-
eter estimated to be particularly affected, one 
should be selected as primary endpoint and 
the other as secondary endpoint. Effects on 
the single selected primary endpoint should 
be supported by results from the most relevant 
secondary endpoints for consistency”
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North star ambulatory assessment (NSAA)

The NSAA is a validated and reliable DMD-specific assess-
ment scale [35, 41] (Table 4), recognized as a reference out-
come measure for assessing the course of the disease and, in 
the last years, frequently chosen as the primary endpoint in 
clinical studies [41].

The NSAA, a practical test that can be easily completed 
in 10  min, allows an extensive assessment of motor per-
formance domains, finding wide use in clinical trials, both 
blinded and open-label, and observational studies [34, 41, 
42]. NSAA is quick, clear, easy to implement and specific, 
but per definition applicable only in ambulant patients. 
Some disagreement or inconsistency among the observers’ 
ratings or measurements has been reported, indicating that 
the scoring can be, at least partially, subjective. However, an 
appropriate training period for the observers is suggested to 
reduce interobserver variability [41]; no difficulties in per-
forming each item and in obtaining adequate videos with 
a hand-held camera are reported, even after a short train-
ing session. It is worth noting that the extensive applica-
tion of the NSAA, with its several items for different motor 
domains, may allow the identification of meaningful item 
subsets and contribute to the improvement of the area.

Six minute walk test (6MWT)

The 6MWT (Table 4), although not specific for DMD, has 
demonstrated validity, sensitivity and reliability, is accurate, 
simple, well-tolerated (Table 3), and may be used as a pri-
mary clinical endpoint in ambulatory DMD trials [43, 44]. 
However, the results can be affected by several factors, such 
as age, height, and weight; in addition, the test do not pro-
vide information on the specific muscle groups affected by 
DMD.

applicable for drugs acting by different mechanisms of 
action.

MRI-based measurement of fat fraction has emerged as 
a valuable and objective non-invasive tool to monitor pro-
gression. Disease progression can include muscle necrosis 
and dysfunctional regeneration with the substitution of mus-
cle tissue with fat and fibrotic material. Importantly, muscle 
fat fraction correlates with functional outcomes, predicting 
mobility decline before any functional test [34].

To enhance biomarker accuracy, some studies recom-
mend transitioning from single biomarkers to biomarker 
“panels/signatures,” a key step toward precision medicine 
[29].

Current scenario

In the assessment of motor dysfunction, the distinction 
between ambulatory and non-ambulatory patients’ perfor-
mances is crucial, considering also that most ambulatory 
patients will later become non-ambulatory. Currently, mea-
surement tools suitable for multicentric trials and, hence, 
widely employed include the Northern Star Ambulatory 
Assessment (NSAA) [35], the 6-minute walk test (6MWT) 
[36], the 4 stairs climb test (4SC) [37], and the performance 
of upper limb (PUL) which is the sole tool for both ambu-
latory and non-ambulatory patients [38]. Some additional 
timed functional assessments (Ten-Meter Walk-Run Test, 
Four-Square Step Test, Timed up and go test) are available 
[39] for evaluating neuromuscular conditions. Importantly, 
according to EMA guidelines [40], clinical trials should 
choose one of the abovementioned endpoints, often NSAA, 
as primary, nonetheless including one or more of the oth-
ers as secondary or tertiary endpoints. Table 3 classifies the 
main available outcome measures according to Piantadosi’s 
criteria.

Table 3  Classification of outcome measures in DMD according to Piantadosi’s criteria [14]
Relevant Quantifiable Valid Objective Reliable Sensitive Specific Precise

Clinical outcome
NSAA
 [35, 41, 78]

√ for ambulatory patients √ √ N.D. √ N.D. √ X

6MWT [43] √ for ambulatory patients √ √ √ √ √ X X
4SC [45] √ for ambulatory patients √ √ √ √ √ X X
PUL [38] √ √ √ N.D. √ √ N.D. N.D.
PedsQL [61] N.D. X √ X √ N.D. X N.D.
PARS-III [62] N.D. N.D. √ X √ N.D. N.D. N.D.
Cardiac MRI [54] √ √ X √ √ √ √ √
Muscle MRI [57] √ √ X √ √ √ √ √
N.D., not determined
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Performance of the upper limb (PUL)

The Performance of the Upper Limb module (PUL), often 
used as the primary endpoint for non-ambulant patients [47] 
(Table  4), was developed and validated to evaluate upper 
limb function across the spectrum of ambulant and non-
ambulant DMD patients [38]. This module, in its original 
PUL 1.2 version, has shown reliability and a correlation 
with the 6MWT in ambulant patients [48, 49]. It is also 
sensitive to differences in steroid regimes in non-ambulant 
DMD boys [47].

A revised version known as PUL 2.0 has been developed, 
improving the scoring system and item linearity, reducing 
the ceiling effect, and detecting significant changes over a 
2-year period [50]. In ambulant boys, decreasing functional 
ability measured by the 6MWT correlates with PUL 2.0 
changes [51].

MRI outcomes

The use of imaging techniques has been increasingly 
explored [52], as mentioned above for MRI applied to detect 
and track early muscle-related alterations [25].

Cardiac magnetic resonance imaging (CMRI) detects 
myocardial fibrosis. Although further validation is required, 
CMRI is a promising tool to evaluate cardiac involvement 
in DMD [53]. CMRI, due to increased sensitivity, outper-
forms echocardiography in the early detection of DMD-
related cardiomyopathy [54], that being clinically silent in 
the initial stages of the disease, progressively worsens and 
can ultimately lead to death [54, 55]. Despite the recognition 
of the importance of cardiovascular involvement, regulatory 
agencies have not yet approved any cardiac endpoint [56].

As mentioned above, the distinctive shift from skeletal 
muscle tissue to fat, accompanied by a decline in overall 
performance can be assessed through MR fat fraction anal-
ysis [34, 57]. MR application is less valuable in younger 
boys, as they have low fat fractions in early disease stages 
[34], and efforts to enhance reliability in this condition are 
ongoing [58]. A proposed correlation between MR fat frac-
tion data and clinical outcomes such as 6MWT can provide 
information about how muscle characteristics influence dis-
ease trajectories [59]. This analysis highlights the potential 
strength of imaging biomarkers for diagnosis and progno-
sis, and pave the road for further application of algorithms 
and artificial intelligence (AI) to the existing data [59]. 
While MRI findings still require validation, their potential 
to advance the comprehension and management of DMD is 
unquestionable.

Four stairs climb (4SC)

The timed 4 stairs climb (4SC), is considered a valid, reli-
able and feasible non DMD-specific measure [45] of motor 
function useful to assess dynamic balance, functional abili-
ties and falling risk in children with DMD [37, 43] (Table 4). 
It is used both in clinical trials and in clinical routine as it 
is cost-effective, although it may be not specific for muscle 
strength assessment and influenced by conditions such as 
weight gain [44, 46].

Table 4  Main tests used to evaluate outcome of DMD treatments
Type of 
outcome

Description

The North Star 
Ambulatory 
Assessment 
(NSAA) [23, 
35, 41]

• Evaluates lower limb motor performance in 17 
items, such as rising from the floor, sitting to stand-
ing, jumping, running, walking, and stair climbing
• Designed for ambulant individuals of ≥ 5 years 
of age and for younger DMD boys, categorizing 
items by expected achievements within specific 
age groups and validating them accordingly
• Item score:
o 2 in case of no modification of the activity
o 1 in case of activity changes, reaching the goal 
with no assistance
o 0 in case of not achieving the activity goal with-
out assistance

The 6-min-
ute walking 
test distance 
(6MWT) [36, 
43]

• Assesses the maximum walking distance in 
meters on a flat track within a standardized 6-min-
ute time frame
• Evaluates functional exercise capacity, fatigue 
disease progression in ambulatory DMD patients
• The patient is allowed to stop during the test (this 
will reduce the impact of the fatigue) on the test 
results
• Score: it reduces with disease worsening

Performance 
of the Upper 
Limb (PUL) 
[38]

• Assesses upper limb function (shoulder, upper 
arm, lower arm/fingers) and overall upper limb 
abilities, including daily activities that are identi-
fied as relevant by patients and clinicians
• Includes:
o 22 items with an entry item to define the starting 
functional level
o 21 items subdivided into shoulder level (4 items), 
middle level (9 items) and distal level (8 items) 
dimension
• Item score:
o a low score on the entry item excludes perfor-
mance of high-level items
o scoring options vary across the scale between 
0–1 and 0–6 according to performance
o Each dimension can be scored separately with a 
maximum score of 16 for the shoulder level, 34 for 
the middle level, and 24 for the distal level
o A total score can be achieved by adding the three 
level scores up to a max global score of 74
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biases and do not harness the full power of AI in healthcare 
[69].

Ricotti et al. recently developed the KineDMD bio-
marker, which leverages AI to collect and analyze whole-
body movement data of patients with DMD. It focuses on 
natural movement behavior, providing a comprehensive 
and robust measure of motor capability. This biomarker can 
predict disease progression and potentially track therapy 
response [69], however, full validation in large population 
is still lacking.

Discussion

Evaluating disease progression in DMD is a significant 
challenge due to the number of variables in action, includ-
ing the heterogeneity in the severity and symptoms affecting 
this population, and the involvement of children and adults, 
as this implies that developmental maturation, puberty, and 
old age need to be considered.

Additionally, patients with DMD often exhibit neuro-
psychiatric issues that include cognitive impairment, deficit 
in attention and/or hyperactivity disorder, autism spectrum 
disorder, anxiety, and obsessive-compulsive disorder. 
These neuropsychiatric manifestations add complexity to 
the assessment and management of disease, significantly 
impacting the QoL of the patients [1] but also the sensitivity 
and precision of functional tests. Comprehensive neuropsy-
chological evaluations and tailored interventions are then 
required to support both physical and mental health needs 
of these patients, but also to develop appropriate tools to 
monitor treatment outcomes.

Assessing a meaningful change in the employed outcome 
measures, which genuinely reflects the aspects of disease 
progression important to the patients and their families, is 
urgent and crucial for comprehending the results of clinical 
trials and designing well-powered studies [70, 71]. A critical 
point for DMD trials is certainly the duration of observation, 
as for many studies only short-term results (e.g., 48 weeks) 
are available. Importantly, given the established DMD vari-
ability, longer time is likely needed to adequately measure 
benefit. Time is a primary determinant of DMD clinical 
features as, although with somehow unpredictable patterns, 
it matters for functional loss. Importantly, as mentioned 
above, a significant number of individuals with DMD have 
cognitive and behavior issues that contribute to existing 
limitations in functional outcomes and act as confounders 
for the functional assessment. Considering the complexity 
of DMD natural history and limitations in the DMD drug 
assessment, innovative approaches are more than needed. 
The Critical Path Institute (c-path - DRSC consortia) has 
launched a clinical trial simulation platform, created from a 

Patient reported outcomes measures (PROMs)

Patient-reported outcome measures (PROMs) are gain-
ing significance in clinical studies, reflecting the growing 
emphasis on the patient perspective.

Many PROMs assessing QoL in DMD patients lack 
robust evidence supporting their validity [60]. Only three 
validated and reliable Health-Related Quality of Life 
(HRQoL) instruments are available for DMD: the Pediatric 
Quality of Life Inventory (PedsQL), Personal Adjustment 
and Role Skills Scale, 3rd edition (PARS-III) [61, 62] and 
Pediatric Outcomes Data Collection Instrument (PODCI) 
[63].

While some studies have shown correlations between 
HRQoL measures and functional tests, this relationship may 
not hold when considering changes over 12 months [64]. 
Also, for PedsQL and PARS-III, some issues have been rais-
ing. The PedsQL shows limitations as it contains only few 
items specifically addressing how children adjust to chronic 
illness. Moreover, several items in the PedsQL are not 
related to specific behaviors, meaning that this tool might 
fail in capturing the factors relevant to a child’s experience 
with chronic illness [62]. A Rasch analysis has indicated that 
the PedsQL does not effectively quantify HRQoL in patients 
with DMD [62, 65]. In contrast, the PARS-III while being 
specifically designed to gauge psychosocial adjustment in 
individuals with chronic physical illnesses like DMD, lacks 
a specific cutoff score [62].

Digital tools and artificial intelligence (AI)

Traditional clinical trial endpoints have not kept pace with 
the recent progress in therapies. Many of these endpoints, 
such as the 6MWT, have remained unchanged for decades, 
despite advances in medical technology [66].

However, digital biomarkers, defined as quantifiable 
data measured by digital devices, are increasingly being 
used as they can provide objective and reproducible data 
from patients’ daily lives, reducing errors associated with 
subjective assessments [58, 67]. These biomarkers often 
utilize digital sensors to monitor both lower and upper limb 
movements [67], making them suitable for assessing also 
non-ambulant patients [66]. A wearable device to quantify 
patient’s ambulation ability by the measure of the stride 
velocity 95th Centile has been recently validated by the 
EMA through comparison with 6MWT and NSAA. Stride 
velocity 95th Centile is now considered acceptable as a 
secondary endpoint for ambulant DMD patients aged 5 and 
above in clinical trials [68].

Despite their potential, many digital biomarkers are 
limited in scope, primarily focusing on lower-body perfor-
mance. Additionally, they often replicate human observer 

1 3



Acta Neurologica Belgica

Digital tools, also supported by AI, and bioimaging, based 
on objective measures, should provide an evaluation that is 
not influences by the progression of the disease (Fig. 1).

Some of the most used outcomes need improvements, as 
they were validated when the disease scenario was different. 
For NSAA, a linearized scoring system has been introduced 
to convert raw scores into a linear scale (0 to 100) [73], 
enhancing the psychometric robustness of scoring across a 
broader range of disease stages and is particularly useful for 
studies over 18–24 months [58].

Integrating patient’s perspectives with functional scores 
may increase the clinical meaningfulness of outcomes 
changes, differentiating between a reduced ability and com-
plete loss of function [70]. Notably, this optimization of 
NSAA analysis reinforces the intrinsic potential of a multi-
item score as outcome measure for complex disease like 
DMD.

The influence of age is significant for several outcomes: 
children < 7 years old may show increases in 6MWT over 
a year despite muscular impairment [74]. For older DMD 
subjects, rates of decline in 6MWT usually vary. Normative 
data across age groups, genders, and body sizes facilitate 
comparisons, acknowledging the fact that performance in 
healthy volunteers changes with development and aging 
[23]. Patient stratification according to age, baseline 6MWT, 
and corticosteroid use is crucial in the trials that use the 
6MWT, and adjusting 6MWT to a percent predicted 6MWT 
could help distinguish normal growth from disease-related 
progression and treatment effects [75].

Additionally, maintaining a longitudinal history of out-
come scores in each patient improves the disease progres-
sion evaluation. Muntoni et al. recently suggested that 
understanding individual NSAA skills and their scores at 
previous assessments can provide a more granular approach 
to assessing functional status [71].

Finally, when recording NSAA data, being valuable for 
any multi-item outcome [71], it is necessary to report expla-
nations to clarify the score in case all the activities receive 
the “not obtainable” qualification, and to enhance the value 
of longitudinal data.

Linear outcomes for assessing upper limb function are 
strongly recommended, especially with the growing need to 
include older and non-ambulatory patients in clinical trials; 
importantly, factors like muscle contractures, Body Mass 
Index, and steroid variations may alter upper limb outcomes 
[58]. The relationship between PUL and overall functional 
abilities in ambulant patients is not linear, indicating that 
the rate of change is not constant across the three domains 
[51]. This non-linearity can be challenging for trial design, 
particularly when involving patients with varying functional 
abilities. Efforts are underway to predict the rate of progres-
sion for the individual domains and for the total score.

series of disease progression models derived from the data 
in the database [72]. This international platform will allow 
clinical trial sponsors to forecast changes in clinically-
meaningful endpoints, which would inform clinical trial 
protocol development with respect to inclusion criteria, end-
points, as well as the size and length and statistical analysis 
of clinical trials. Importantly, the Collaborative Trajectory 
Analysis Project has been extensively working around con-
sensus models from aggregated data and pooled modeling 
in order to improve clinical trial design [42]. Further efforts 
are needed to improve the background knowledge needed 
to properly inform the design of clinical trials and improve 
their ability to detect the value of new treatments.

Meaningful differences in clinical presentation or disease 
progression and response to treatment involves two dis-
tinct approaches: Minimal Clinically Important Differences 
(MCID) and Minimal Detectable Change (MDC) methods. 
These two approaches are used in clinical research. None-
theless, only a limited number of investigations have exam-
ined meaningful changes in various DMD outcomes [70, 
71]. This scarcity might be attributed to the fact that many 
clinical trials primarily aim to decelerate disease progres-
sion rather than enhance motor function. Table 5 summa-
rizes the approaches used in clinical research to determine 
meaningful differences in clinical presentation and response 
to treatment.

Given the considerable variability in disease progression 
and phenotype, and the differences in patients’ ability to per-
form functional tests, it is imperative to establish a strong 
correlation between changes in outcome scores and the 
pattern of disease progression. Indeed, as the disease pro-
gresses and motor function declines, some of the traditional 
outcome measures become less effective at detecting func-
tional changes. On the other hand, PROMs which may not 
detect differences in the early stages of the disease, become 
more valuable in assessing changes as the disease advances. 

Table 5  Clinically meaningful changes. Approaches used in clinical 
research to determine meaningful differences in clinical presentation 
and response to treatment, ensuring that changes in clinical measures 
are statistically significant and clinically meaningful
Minimal Clinically Important Dif-
ferences (MCID)

Minimal Detectable Change 
(MDC)

It is a measure of the minimum 
change in a patient’s score that is 
considered clinically meaningful.
“… smallest score difference in 
the relevant domain that patients 
consider beneficial, warranting 
a change in patient management, 
provided there are no troubling 
side effects or excessive costs” 
[79].

It quantifies the change needed 
to overcome measurement 
variability. It represents the 
minimum amount of change 
in a patient’s score that can be 
confidently attributed to a vari-
ation in their condition rather 
than a measurement error. 
Importantly, small changes 
may hold statistical signifi-
cance just due to an exagger-
ated sample size, they may lack 
clinical relevance [80].
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patterns with therapeutic potential beyond human capabili-
ties [77].

In this scenario, PROMs are certainly valuable but they 
should not be expected to strictly correlate with functional 
changes, due to the possible adaptation of the individuals to 
their changed functional status and the high subjectivity of 
evaluation [58].

Conclusions

Developing and optimizing outcome measures for specific 
clinical needs, requires extensive landscaping work and 
focusing on relevance to patients.

A better understanding of the relationship between 
clinical progression in DMD and endpoints within clinical 
trial timeframe would be helpful for drug development, is 
required by regulators, and needed by all stakeholders.

To this aim, establishing robust links between outcome 
scores and disease progression patterns is essential and may 
be favored by expressing scores as a percentage of healthy 
peers’ achievements, maintaining longitudinal score histo-
ries, and avoiding temporary null scores within multi-item 
outcomes.

Many physical assessments heavily depend on a patient’s 
ability to cooperate with clinicians, follow instructions pre-
cisely, and execute the test. These assessments can be influ-
enced by the patient’s motivation, level of physical activity, 
age, psychological well-being, and attention span, that may 
significantly impact the sensitivity and precision of func-
tional tests. Ensuring consistency is of paramount impor-
tance, necessitating high standardization for the different 
evaluation tools, supported by top-quality training modules 
[58].

Despite its potential, imaging is not a routine part of the 
long-term clinical follow-up due to the lack of standardized 
protocols for image acquisition and data analysis, the high 
cost, and scan durations, which may hinder compliance in 
younger patients [58]. However, its role may increase in the 
future thanks to tech advancements. In this boosted tech 
scenario, digital sensors integrated with AI are emerging 
as promising tools for objectively and reproducibly cap-
turing functional changes and for interpreting data from 
omics analyses. Advances in omics technologies gener-
ate unprecedented data for disease modeling. As proven 
by the AI-driven platform PandaOmics, which integrates 
multiple datasets to predict biomarkers and therapeutic tar-
gets based on disease relevance and clinical trajectory [76], 
AI and machine learning, aggregating disparate data types 
may identify complex interactions and characterize disease 

Fig. 1  Qualitative scheme of the change of the detection power of the different outcome measures along with the DMD disease progression
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The quote in the title is commonly cited as a summary of a 
more elaborate sentence by Lord Kelvin1, which ultimately 
attributes the meaning of scientific knowledge to both the 
measurability of phenomena and the ability to express, in 
numerical terms, what has been measured. This reflection 
suits perfectly with clinical research also in the DMD. Our 
ability to properly measure disease manifestations and to 
detect clinically meaningful changes related to treatments, 
will be the proof of a satisfactory knowledge that may open 
the road to further improvements in patients’ lives.
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