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Abstract: Introduction: The Performance of Upper Limb version 2.0 (PUL 2.0) is increasingly used
in Duchenne Muscular Dystrophy (DMD) to study longitudinal functional changes of motor upper
limb function in ambulant and non-ambulant patients. The aim of this study was to evaluate changes
in upper limb functions in patients carrying mutations amenable to skipping exons 44, 45, 51 and
53. Methods: All DMD patients were assessed using the PUL 2.0 for at least 2 years, focusing on
24-month paired visits in those with mutations eligible for skipping exons 44, 45, 51 and 53. Results:
285 paired assessments were available. The mean total PUL 2.0 12-month change was −0.67 (2.80),
−1.15 (3.98), −1.46 (3.37) and −1.95 (4.04) in patients carrying mutations amenable to skipping exon
44, 45, 51 and 53, respectively. The mean total PUL 2.0 24-month change was −1.47 (3.73), −2.78 (5.86),
−2.95 (4.56) and −4.53 (6.13) in patients amenable to skipping exon 44, 45, 51 and 53, respectively.
The difference in PUL 2.0 mean changes among the type of exon skip class for the total score was not
significant at 12 months but was significant at 24 months for the total score (p < 0.001), the shoulder
(p = 0.01) and the elbow domain (p < 0.001), with patients amenable to skipping exon 44 having
smaller changes compared to those amenable to skipping exon 53. There was no difference within
ambulant or non-ambulant cohorts when subdivided by exon skip class for the total and subdomains
score (p > 0.05). Conclusions: Our results expand the information on upper limb function changes
detected by the PUL 2.0 in a relatively large group of DMD patients with distinct exon-skipping
classes. This information can be of help when designing clinical trials or in the interpretation of the
real world data including non-ambulant patients.
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1. Introduction

Duchenne muscular dystrophy (DMD) is a X linked disorder with mutations in the
dystrophin Xp21 gene resulting in a reduction of dystrophin, a protein that is essential for
the stability of the sarcolemma. The diagnosis of DMD is still often achieved after the age
of 4 years but the onset of clinical signs is often around the age of 2 to 3 years, at the time
when boys fail to achieve the ability to walk fast, run and jump/hop. Historically, DMD
boys lose ambulation by the age of 12 years followed by severe respiratory and cardiac
impairment leading to death by the age of 18. The introduction of glucocorticoid therapy
and improvement in standards of care have changed the natural history of patients affected
by DMD, slowing the predictable pattern of progression, improving quality of life and
survival.

Over the past two decades several studies have reported natural history data in boys
and young adults affected by Duchenne muscular dystrophy [1–6]. The availability of
new therapeutical approaches specifically targeting subgroups of mutations, such as those
eligible for skipping individual exons or those targeting non-sense mutations has shown the
need to better understand whether the various genotype subgroups have distinct patterns
of progression [7–14]. A few studies have been performed to study longitudinal functional
changes in DMD patients with different types of mutations (deletion, duplication, small
mutations) and, within the group of deletions, among the subgroups eligible for skipping
individual exons, focusing on those skipping 44, 45, 51 and 53 that are the most frequent
in DMD boys [2,15,16]. As the clinical trials have been mainly designed for ambulant
boys, the great majority of the natural history studies have focused on motor function tests
that are relevant for ambulant boys, such as the six minutes walking test (6MWT) and
the North Star Ambulatory Assessment (NSAA) [2,15–18]. Recent studies have reported
that there is a difference among the individual subgroups that is not yet significant after
12 months but becomes more marked with increasing follow up [2,18]. Patients carrying
mutations amenable to skipping exons 53 and 51 have a lower baseline score on 6MWT
and more negative changes than the other subgroups while those with deletions amenable
to skipping exon 44 have better baseline scores and less decline [15]. Similar results have
been observed when using the NSAA [16].

Less is known about whether differences can also be found in other aspects of motor
function, such as upper limb function across the spectrum of functional abilities, including
boys who are about to lose ambulation or those who have already lost ambulation, who
rely on upper extremities for most of their daily life activities. Recently it has been reported
that the Performance of the Upper Limb assessment (PUL) can be reliably used used for
longitudinal assessment of upper limb function and its progressive impairment in both
ambulant and non-ambulant DMD boys [19–22]. These studies have shown that, using
the PUL, it is possible to follow the overall linear progression from proximal to distal
involvement; however, early signs of distal involvement can already be found in relatively
young ambulant DMD boys who still have some conserved shoulder function. While a
few studies have reported longitudinal upper limb changes in large DMD cohorts, less is
known about possible differences among subgroups eligible for skipping individual exons.
This has recently become even more important as there is increasing attention and pressure
from families and regulators to include non-ambulant older patients in clinical trials.

The aim of our collaborative effort was to obtain longitudinal prospective changes
over 24 months in PUL 2.0 in a large cohort of ambulant and non-ambulant DMD patients
amenable to skipping exons 44, 45, 51 and 53.
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2. Material and Methods
2.1. Cohort Selection and Dataset Definition

Patients were recruited as part of a larger natural history study. In this study we
included all ambulant and non-ambulant patients who had a genetic diagnosis of DMD
to establish the overall pattern of 24-month changes in the whole DMD cohort and in the
subgroups carrying the three main categories of mutations (deletions, duplications, point
mutations). We then focused on more restricted criteria, only including those eligible for
skipping 44, 45, 51 and 53. Only patients who had 24-month follow up were included. The
study was approved by the institutional review board (ethics committee) of the 13 tertiary
participating centers (Catholic University, Rome; Centro Clinico Nemo, University of Mi-
lano, Milan; IRCCS Eugenio Medea Bosisio-Parini, Bosisio-Parini; IRCCS Istituto Giannina
Gaslini, Genoa; University of Messina, Messina; IRCCS Fondazione Stella Maris and Uni-
versity of Pisa, Pisa; Fondazione IRCCS Istituto Neurologico Besta, Milan; Università della
Campania Luigi Vanvitelli, Naples; Ospedale Bambino Gesù, Rome; University of Padua,
Padua; Istituto Mondino, Pavia; University of Turin, Turin; Neuromuscular Pediatric Unit,
IRCCS Istituto delle Scienze Neurologiche di Bologna, Bologna). Written informed consent
was obtained from all participants (or guardians of participants) in the study.

2.2. PUL 2.0

The PUL 2.0 includes an entry item to define the starting functional level, and 22 items
divided among shoulder level (6 items), middle level (9 items) and distal level (7 items).
The maximum score is 42 points (12 for shoulder, 17 for middle level, 13 for distal level).

In previous studies using the NSAA or the 6MWT, the changes became more obvious
after 12 months [2,15,16]. In the present study, therefore, we only included patients who
had at least 24-month follow-up.

2.3. Statistical Analysis

A longitudinal dataset with 24-month paired visits for the same cohort of patients
was analyzed to quantify differences in 24-month PUL changes according to the type of
mutation and exon-skipping class.

Descriptive statistics were prepared after subdividing the population into ambulatory
status classes (ambulant, non-ambulant), type of mutation classes (deletion, duplication,
point mutation, other), and exon-skipping classes (44, 45, 51, 53). To provide a descriptive
overview of the cohorts, patients who were ambulant at baseline but losing ambulation
during the duration of the study were also defined as transitioning patients.

Mean value and standard deviation were reported as descriptive values for the differ-
ent segments of the population.

Comparisons of difference in PUL 2.0 from the baseline to 12 and/or 24 months were
assessed using linear models adjusted with repeated measures.

The ANOVA test with Games–Howell post-hoc test and Bonferroni correction was
performed to assess differences in 12 and 24 month changes among exon-skipping classes.
Patients with missing data at baseline or 24 months were excluded from the longitudinal
analysis, while missing PUL values at 12 months were replaced by linear interpolation. The
significance level for statistical tests was set at 0.05. All data processing steps and statistical
analyses were performed in SPSS version v27 (BM Corp. Released 2020. IBM SPSS Statistics
for Windows, Version 27.0. Armonk, NY, USA: IBM Corp).

3. Results

The whole cohort consists of 311 DMD boys (215 with deletions, 26 with duplica-
tions and 70 with point mutations) with multiple assessments for a total of 808 paired
assessments, 553 from patients with deletions, 60 with duplications and 195 with point
mutations.

Within the group of 215 patients with deletions, 27 patients were eligible for skipping
exon 44, 25 patients for exon 45, 34 patients for exon 51 and 24 patients for exon 53.
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3.1. PUL 2.0

In the whole cohort, the PUL 2.0 scores ranged between 0 and 42 at baseline, 12 and 24
months.

When analyzing the paired assessments according to type of mutation, the mean total
PUL 2.0 24-month change was −2.90 (5.04) in the whole cohort, −3.02 (4.95) in patients
who had deletions, −1.72 (5.09) in patients who had duplications, −3.09 (5.27) in patients
who had small mutations.

Changes at 24 months were not statistically significant between type of mutation for
the total PUL 2.0 score and for every domain (p > 0.05).

3.2. Exon Skipping Class

Of the 552 paired assessments included in the deletion’s cohort, 285 (51.63%) were
from patients amenable to skipping exon 44, 45, 51 and/or 53. Since patients amenable to
skipping exon 51 were, in several cases, amenable to also skipping exon 53, 19 assessments
were represented in both skip groups (amenable to skip 51 and 53), for a total number of
assessments of 304 (Supplementary Table S1).

The mean total PUL 2.0 12-month change was −0.67 (2.80) in patients amenable to
skipping exon 44, −1.15 (3.98) in patients amenable to skipping exon 45, −1.46 (3.37) in
patients amenable to skipping exon 51 and −1.95 (4.04) in patients amenable to skipping
exon 53 (for details see Table 1).

At 12 months, the mean of PUL 2.0 changes was not different among the type of exon-
skipping class for the total score (p = 0.15), the shoulder (p = 0.24), the elbow (p = 0.21) or
distal domain (p = 0.30). There was no difference within ambulant or within non-ambulant
patients subdivided by exon-skipping class for the total and subdomains score (p > 0.05)
(for details, see Supplementary Table S2).

The mean total PUL 2.0 24-month change was −1.47 (3.73) in patients amenable to
skipping exon 44, −2.78 (5.86) in patients amenable to skipping exon 45, −2.95 (4.56) in
patients amenable to skipping exon 51 and −4.53 (6.13) in patients amenable to skipping
exon 53.

At 24 months the mean of PUL 2.0 changes was different among the type of exon-
skipping class for the total score (p < 0.001), the shoulder domain (p = 0.01) and the elbow
domain (p < 0.001), with patients amenable to skipping exon 44 having minor changes if
compared to patients amenable to skipping exon 53. The distal domain was not different
among the type of exon-skipping class (p = 0.50). Details of 24 month-changes are shown in
Figure 1 and Table 1. There was no difference within ambulant or non-ambulant patients
subdivided by exon-skipping class for the total and subdomains score (p > 0.05) (Figure 2).

Table 1. 12- and 24-month PUL changes subdivided in exon skip classes. Key to table: ◦ = other
deletions not amenable to skipping 44, 45, 51 and 53; * = N represent the number of 24-month
paired visits.

44 (N = 66 *) 45 (N = 59 *) 51 (N = 103 *) 53 (N = 76 *)
Other

Deletions ◦
(N = 267 *)

BASELINE

Age

Mean (SD) 12.2 (6.20) 10.3 (4.34) 12.5 (4.96) 13.7 (5.93) 12.6 (5.86)

Median [Min, Max] 10.2 [3.81, 26.5] 9.49 [3.80, 25.3] 11.2 [4.59, 25.7] 13.0 [4.12, 24.8] 11.4 [3.59, 28.1]

TRANSITIONING

NO 62 (93.9%) 54 (91.5%) 86 (83.5%) 62 (81.6%) 236 (88.4%)

YES 4 (6.1%) 5 (8.5%) 17 (16.5%) 14 (18.4%) 31 (11.6%)

TOTAL PUL 2.0

Mean (SD) 35.6 (8.69) 32.9 (10.7) 26.9 (11.8) 29.4 (10.2) 30.3 (12.1)

Median [Min, Max] 39.5 [8.00, 42.0] 38.0 [3.00, 42.0] 30.0 [3.00, 42.0] 33.0 [10.0, 42.0] 36.0 [0, 42.0]
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Table 1. Cont.

44 (N = 66 *) 45 (N = 59 *) 51 (N = 103 *) 53 (N = 76 *)
Other

Deletions ◦
(N = 267 *)

12 MONTH
changes

TOTAL PUL 2.0

Mean (SD) −0.674 (2.80) −1.15 (3.98) −1.46 (3.37) −1.95 (4.04) −1.39 (3.19)

Median [Min, Max] 0 [−12.0, 5.00] 0 [−17.0, 11.0] −1.00 [−13.0,
8.00]

−2.00 [−19.0,
8.00]

−1.00 [−14.0,
7.00]

SHOULDER PUL 2.0

Mean (SD) −0.288 (1.54) −0.525 (2.26) −0.626 (1.84) −0.921 (2.16) −0.569 (1.99)

Median [Min, Max] 0 [−5.00, 3.00] 0 [−8.00, 6.00] 0 [−6.00, 4.00] 0 [−9.00, 6.00] 0 [−10.0, 6.00]

ELBOW PUL 2.0

Mean (SD) −0.394 (1.27) −0.492 (1.76) −0.718 (1.84) −0.961 (2.10) −0.710 (1.68)

Median [Min, Max] 0 [−6.00, 1.00] 0 [−8.00, 4.00] 0 [−7.00, 5.00] 0 [−10.0, 3.00] 0 [−7.00, 3.00]

DISTAL PUL 2.0

Mean (SD) 0.00758 (0.825) −0.136 (1.18) −0.112 (1.08) −0.0658 (1.06) −0.114 (1.03)

Median [Min, Max] 0 [−4.00, 2.00] 0 [−3.00, 5.00] 0 [−3.00, 3.00] 0 [−4.00, 3.00] 0 [−4.00, 3.00]

24 MONTH
changes

TOTAL PUL 2.0

Mean (SD) −1.47 (3.73) −2.78 (5.86) −2.95 (4.56) −4.53 (6.13) −3.08 (4.59)

Median [Min, Max] 0 [−13.0, 5.00] −1.00 [−18.0,
11.0]

−3.00 [−16.0,
8.00]

−4.00 [−25.0,
11.0]

−2.00 [−18.0,
9.00]

SHOULDER PUL 2.0

Mean (SD) −0.652 (1.98) −1.58 (3.41) −1.21 (2.60) −2.05 (3.11) −1.36 (2.80)

Median [Min, Max] 0 [−8.00, 3.00] 0 [−9.00, 6.00] 0 [−9.00, 5.00] 0 [−11.0, 4.00] 0 [−12.0, 5.00]

ELBOW PUL 2.0

Mean (SD) −0.773 (1.74) −0.932 (2.38) −1.44 (2.38) −2.14 (3.21) −1.31 (2.16)

Median [Min, Max] 0 [−6.00, 1.00] 0 [−8.00, 4.00] −1.00 [−8.00,
4.00]

−2.00 [−12.0,
6.00] 0 [−10.0, 3.00]

DISTAL PUL 2.0

Mean (SD) −0.0455 (1.12) −0.271 (1.45) −0.301 (1.41) −0.329 (1.52) −0.412 (1.35)

Median [Min, Max] 0 [−6.00, 2.00] 0 [−4.00, 5.00] 0 [−4.00, 4.00] 0 [−6.00, 6.00] 0 [−6.00, 4.00]
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Figure 2. Baseline, 12- and 24-month PUL scores (mean and SD) subdivided in exon-skipping classes
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skip 53). and to ambulatory status (red: ambulant, blue: non-ambulant). Key to figure: Total score
(A,B), shoulder domain (C,D), elbow domain (E,F), distal domain (G,H).

4. Discussion

The PUL 2.0 is increasingly used to study longitudinal changes of functional motor
upper limb function in DMD in both clinical and research settings. Because of the rapidly
growing number of ongoing or planned trials using the PUL in cohorts eligible for skipping
individual exons including non-ambulant patients, there has been increasing interest in
defining possible trajectories of PUL 2.0 changes according to exon-skipping classes. To date,
very few studies have explored the progression of upper limb function in relation to exon-
skipping classes. A large international study focused on ambulatory and non-ambulatory
DMD patients eligible for exon 53-skipping used quantitative magnetic resonance imaging
and different functional tools (Brooke score, motor function measure, hand grip and
key pinch strength, and upper limb distal coordination, MoviPlate) but did not include
the PUL [23]. The only study evaluating PUL across exon-skipping classes (version 1.2)
reported that patients eligible for skip 53 and skip 51 had lower scores compared to those
eligible for skipping exon 44. However, the smaller cohort of 137 participants was probably
underpowered to demonstrate significant differences between exon-skipping classes [24].

We analyzed for the first time the 24-month pattern of progression in a cohort of DMD
patients amenable to skipping exons 44, 45, 51 and 53.

In previous studies using other functional measures, such as the NSAA or the 6MWT,
the changes became more obvious after 12 months; hence, in the present study, we only
included patients who had at least 24 months of follow up. The pattern of changes in
upper limb functions was similar to that observed in ambulant patients using the 6MWT
and NSAA [15,16,25], with individuals eligible for skipping exons 51 and 53 showing
a faster progression that those eligible for skipping exon 44. The difference among the
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individual exon-skipping classes was not significant at 12 months but reached significance
at 24 months.

These results are in line with previous observations based on muscle biopsies showing
different residual dystrophin expression in the subgroups of deletion of exon 44 that can
also be associated with milder phenotypes [25]. Other factors such as modifier genes that
were not studied in our cohort may also account for the variability observed [26].

Our results suggest a different progression of changes in patients with distinct geno-
type classes over 24 months mainly at the shoulder and elbow domains. However, these
results should be interpreted with caution. Because of the observational nature of the
study, we included all the patients eligible for skipping exon 44, 45, 51 and 53 and a num-
ber of variables, such as number of patients, age or baseline PUL, could therefore not be
randomised across the individual subgroups.

Another limitation is that the genotype frequencies may not reflect the natural preva-
lence of the individual subgroups as a number of patients skipping exon 51 and 53 and, to
a lesser extent, exon 45, could not be included in the study because they were enrolled in
clinical trials.

Despite these limitations, which are shared with all other observational studies re-
porting natural history data in exon-skipping classes, our findings suggest an effect of the
genotype class on progression.

In this paper we also identified some differences between exon-skipping classes from
the whole DMD cohort and from the group including all deletions. The recruitment of DMD
patients in trials with therapies targeting specific genetic classes is often a major challenge.
The possibility of using genotypically matched control groups, especially when selected
according to strict age or functional criteria, is limited by the few available longitudinal
natural history data. While there is evidence that, especially with increasing follow up,
there is a difference in progression among individual exon classes on several measures,
including LOA [15–17], it has also been reported that the difference between individual
exon classes and the mean changes in the whole DMD cohort or in the category with
deletions is negligible on a 12-month follow up [18]. A recent study suggested that, at least
for a 12-month follow up, genotype class accounted for approximately 2% of variation in
one-year changes in the NSAA motor function endpoints [27]. Because of this, a few recent
studies have used genotypically unmatched whole DMD cohorts as external comparators,
with the suggestion to apply propensity matching or other methods to reduce variability
between the samples [28,29].

When we analyzed the differences between the individual exon classes and the total
DMD cohort and the subgroup including all deletions, we found that some of the individual
exon classes, such as exon 44 and 53, reached statistical significance at 24 months when
compared to the mean changes in the whole cohort or in the cohort including all deletions.

In conclusion, our results provide novel information on the upper limb function
changes detected by PUL 2.0 in a relatively large group of DMD patients with distinct
exon-skipping classes. The patterns of change and the differences observed suggest that
this factor should be taken into account when designing clinical trials or in the interpreta-
tion of the real-world data also including non-ambulant patients. The data of this study
could be useful in establishing the effects of intervention with therapeutical approaches
specifically targeting these groups of mutations, such as antisense oligonucleotides. This
is particularly important at the present time, since new generations of these drugs are
becoming increasingly available in clinical trials.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/children10040746/s1, Table S1: Details of number of assess-
ments/patients included in the exon- skipping class analysis; Table S2: 12- and 24-month PUL
changes subdivided in exon-skipping classes and ambulatory status. * = N represents the number of
24-month paired visits.

https://www.mdpi.com/article/10.3390/children10040746/s1
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Children 2023, 10, 746 9 of 11

Author Contributions: Conceptualization, C.B. (Claudia Brogna), G.C. and E.M.; methodology,
C.B. (Claudia Brogna), M.P., G.C. and E.M.; software, C.B. (Claudia Brogna), G.C.; validation, C.B.
(Claudia Brogna), M.P., G.C., A.DA., E.P., L.B., V.A.M.S., E.A., S.M., A.P., M.G.D., C.B. (Claudio
Bruno), F.S.R., A.B., R.B., R.M., E.S.B., L.P. and E.M.; formal analysis, C.B. (Claudia Brogna), G.C. and
E.M.; investigation, C.B. (Claudia Brogna), M.P. and G.C.; resources, C.B. (Claudia Brogna), G.C. and
E.M.; data curation, C.B. (Claudia Brogna), G.C. and Italian DMD Group; writing—original draft
preparation, C.B. (Claudia Brogna) and E.M.; writing—review and editing, C.B. (Claudia Brogna),
M.P., G.C., A.D., E.P., L.B., V.A.M.S., E.A., S.M., A.P., M.G.D., C.B. (Claudio Bruno), T.M., F.S.R., A.B.,
R.B., R.M., E.S.B., L.P. and E.M.; visualization, C.B. (Claudia Brogna), M.P., G.C., A.D., E.P., L.B.,
V.A.M.S., E.A., S.M., A.P., M.G.D., C.B. (Claudio Bruno), T.M., F.S.R., A.B., R.B., R.M., E.S.B., L.P. and
E.M.; supervision, C.B., M.P., G.C., A.DA., E.P., L.B., V.A.M.S., E.A., S.M., A.P., M.G.D., C.B. (Claudio
Bruno), T.M., F.S.R., A.B., R.B., R.M., E.S.B., L.P. and E.M.; project administration, C.B. (Claudia
Brogna), G.C., E.M.; funding acquisition, C.B. (Claudia Brogna). All authors have read and agreed to
the published version of the manuscript.

Funding: Claudia Brogna is funded by a grant from the Italian Ministry of Health (GR-2019-12370504).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of Università Cattolica del Sacro Cuore (protocol
code numbers 61 0014186/17, approved on 21 March 2017).

Informed Consent Statement: The study was approved by the Ethical Committees of all the partici-
pating centers.

Data Availability Statement: All data is contained within the article.

Acknowledgments: Italian DMD group: Matteo Villa, Martina Penzo, Maria Sframeli, Michela
Catteruccia, Gianpaolo Cicala, Martina Ricci, Silvia Frosini, Bianca Buchignani, Giacomo De Luca,
Enrica Rolle, Roberto De Sanctis, Nicola Forcina, Giulia Norcia, Luigia Passamano, Alice Gardani,
Riccardo Not, Melania Giannotta, Anna Capasso, Daniela Leone, Riccardo Zanin, Gianluca Vita,
Chiara Panicucci, Claudia Dosi. We acknowledge support from Telethon Network of Genetic BioBank
(GTB12001D to E.P) and the Eurobiobank network. E.P., and L.B. authors of this publication are
members of the European Reference Network for Neuromuscular Diseases—Project ID N◦ 870177. In
addition R.Battini thanks the support of RC 2021 of Italian Ministry of Health for IRCCS FSM.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Pane, M.; Mazzone, E.S.; Sivo, S.; Sormani, M.P.; Messina, S.; D’Amico, A.; Carlesi, A.; Vita, G.; Fanelli, L.; Berardinelli, A.; et al.

Long term natural history data in ambulant boys with Duchenne muscular dystrophy: 36-month changes. PLoS ONE 2014, 9,
e108205. [CrossRef]

2. Ricotti, V.; Ridout, D.A.; Pane, M.; Main, M.; Mayhew, A.; Mercuri, E.; Manzur, A.Y.; Muntoni, F. The NorthStar Ambulatory
Assessment in Duchenne muscular dystrophy: Considerations for the design of clinical trials. J. Neurol. Neurosurg. Psychiatry
2016, 87, 149–155. [CrossRef]

3. McDonald, C.M.; Henricson, E.K.; Abresch, R.T.; Duong, T.; Joyce, N.C.; Hu, F.; Clemens, P.R.; Hoffman, E.P.; Cnaan, A.;
Gordish-Dressman, H.; et al. Long-term effects of glucocorticoids on function, quality of life, and survival in patients with
Duchenne muscular dystrophy: A prospective cohort study. Lancet 2018, 391, 451–461. [CrossRef]

4. Goemans, N.; van den Hauwe, M.; Wilson, R.; van Impe, A.; Klingels, K.; Buyse, G. Ambulatory capacity and disease progression
as measured by the 6-minute-walk-distance in Duchenne muscular dystrophy subjects on daily corticosteroids. Neuromuscul.
Disord. 2013, 23, 618–623. [CrossRef] [PubMed]

5. Goemans, N.; Vanden Hauwe, M.; Signorovitch, J.; Swallow, E.; Song, J. Collaborative Trajectory Analysis P. Individualized
Prediction of Changes in 6-Minute Walk Distance for Patients with Duchenne Muscular Dystrophy. PLoS ONE 2016, 11, e0164684.
[CrossRef] [PubMed]

6. Mazzone, E.; Vasco, G.; Sormani, M.P.; Torrente, Y.; Berardinelli, A.; Messina, S.; D’Amico, A.; Doglio, L.; Politano, L.; Cavallaro,
F.; et al. Functional changes in Duchenne muscular dystrophy: A 12-month longitudinal cohort study. Neurology 2011, 77, 250–256.
[CrossRef] [PubMed]

7. Khan, N.; Eliopoulos, H.; Han, L.; Kinane, T.B.; Lowes, L.P.; Mendell, J.R.; Gordish-Dressman, H.; Henricson, E.K.; McDonald,
C.M.; Eteplirsen, I.; et al. Eteplirsen Treatment Attenuates Respiratory Decline in Ambulatory and Non-Ambulatory Patients
with Duchenne Muscular Dystrophy. J. Neuromuscul. Dis. 2019, 6, 213–225. [CrossRef] [PubMed]

https://doi.org/10.1371/journal.pone.0108205
https://doi.org/10.1136/jnnp-2014-309405
https://doi.org/10.1016/S0140-6736(17)32160-8
https://doi.org/10.1016/j.nmd.2013.05.006
https://www.ncbi.nlm.nih.gov/pubmed/23770101
https://doi.org/10.1371/journal.pone.0164684
https://www.ncbi.nlm.nih.gov/pubmed/27737016
https://doi.org/10.1212/WNL.0b013e318225ab2e
https://www.ncbi.nlm.nih.gov/pubmed/21734183
https://doi.org/10.3233/JND-180351
https://www.ncbi.nlm.nih.gov/pubmed/30856119


Children 2023, 10, 746 10 of 11

8. McDonald, C.M.; Shieh, P.B.; Abdel-Hamid, H.Z.; Connolly, A.M.; Ciafaloni, E.; Wagner, K.R.; Goemans, N.; Mercuri, E.; Khan, N.;
Koenig, E.; et al. Open-Label Evaluation of Eteplirsen in Patients with Duchenne Muscular Dystrophy Amenable to Exon 51
Skipping: PROMOVI Trial. J. Neuromuscul. Dis. 2021, 8, 989–1001. [CrossRef]

9. Mendell, J.R.; Goemans, N.; Lowes, L.P.; Alfano, L.N.; Berry, K.; Shao, J.; Kaye, E.M.; Mercuri, E.; Eteplirsen Study Group and
Telethon Foundation DMD Italian Network. Longitudinal effect of eteplirsen versus historical control on ambulation in Duchenne
muscular dystrophy. Ann. Neurol. 2016, 79, 257–271. [CrossRef]

10. Servais, L.; Montus, M.; Guiner, C.L.; Ben Yaou, R.; Annoussamy, M.; Moraux, A.; Hogrel, J.Y.; Seferian, A.M.; Zehrouni, K.; Le
Moing, A.G.; et al. Non-Ambulant Duchenne Patients Theoretically Treatable by Exon 53 Skipping have Severe Phenotype. J.
Neuromuscul. Dis. 2015, 2, 269–279. [CrossRef]

11. Frank, D.E.; Schnell, F.J.; Akana, C.; El-Husayni, S.H.; Desjardins, C.A.; Morgan, J.; Charleston, J.S.; Sardone, V.; Domingos, J.;
Dickson, G.; et al. Increased dystrophin production with golodirsen in patients with Duchenne muscular dystrophy. Neurology
2020, 94, e2270–e2282. [CrossRef]

12. Servais, L.; Mercuri, E.; Straub, V.; Guglieri, M.; Seferian, A.M.; Scoto, M.; Leone, D.; Koenig, E.; Khan, N.; Dugar, A.; et al.
Long-Term Safety and Efficacy Data of Golodirsen in Ambulatory Patients with Duchenne Muscular Dystrophy Amenable to
Exon 53 Skipping: A First-in-human, Multicenter, Two-Part, Open-Label, Phase 1/2 Trial. Nucleic Acid Ther. 2022, 32, 29–39.
[CrossRef]

13. Clemens, P.R.; Rao, V.K.; Connolly, A.M.; Harper, A.D.; Mah, J.K.; McDonald, C.M.; Smith, E.C.; Zaidman, C.M.; Nakagawa, T.;
CINRG DNHS Investigators; et al. Long-Term Functional Efficacy and Safety of Viltolarsen in Patients with Duchenne Muscular
Dystrophy. J. Neuromuscul. Dis. 2022, 9, 493–501. [CrossRef]

14. Clemens, P.R.; Rao, V.K.; Connolly, A.M.; Harper, A.D.; Mah, J.K.; Smith, E.C.; McDonald, C.M.; Zaidman, C.M.; Morgenroth, L.P.;
Osaki, H.; et al. Safety, Tolerability, and Efficacy of Viltolarsen in Boys With Duchenne Muscular Dystrophy Amenable to Exon 53
Skipping: A Phase 2 Randomized Clinical Trial. JAMA Neurol. 2020, 77, 982–991. [CrossRef] [PubMed]

15. Brogna, C.; Coratti, G.; Pane, M.; Ricotti, V.; Messina, S.; D’Amico, A.; Bruno, C.; Vita, G.; Berardinelli, A.; Mazzone, E.; et al.
Long-term natural history data in Duchenne muscular dystrophy ambulant patients with mutations amenable to skip exons 44,
45, 51 and 53. PLoS ONE 2019, 14, e0218683.

16. Coratti, G.; Pane, M.; Brogna, C.; Ricotti, V.; Messina, S.; D’Amico, A.; Bruno, C.; Vita, G.; Berardinelli, A.; Mazzone, E.; et al.
North Star Ambulatory Assessment changes in ambulant Duchenne boys amenable to skip exons 44, 45, 51, and 53: A 3 year
follow up. PLoS ONE 2021, 16, e0253882. [CrossRef]

17. Bello, L.; D’Angelo, G.; Villa, M.; Fusto, A.; Vianello, S.; Merlo, B.; Sabbatini, D.; Barp, A.; Gandossini, S.; Magri, F.; et al. Genetic
modifiers of respiratory function in Duchenne muscular dystrophy. Ann. Clin. Transl. Neurol. 2020, 7, 786–798. [CrossRef]
[PubMed]

18. McDonald, C.M.; Henricson, E.K.; Abresch, R.T.; Florence, J.M.; Eagle, M.; Gappmaier, E.; Glanzman, A.M.; Spiegel, R.; Barth, J.;
Elfring, G.; et al. The 6-minute walk test and other endpoints in Duchenne muscular dystrophy: Longitudinal natural history
observations over 48 weeks from a multicenter study. Muscle Nerve 2013, 48, 343–356. [CrossRef]

19. Mayhew, A.; Mazzone, E.S.; Eagle, M.; Duong, T.; Ash, M.; Decostre, V.; Vandenhauwe, M.; Klingels, K.; Florence, J.; Main, M.;
et al. Development of the Performance of the Upper Limb module for Duchenne muscular dystrophy. Dev. Med. Child Neurol.
2013, 55, 1038–1045. [CrossRef]

20. Pane, M.; Coratti, G.; Brogna, C.; Mazzone, E.S.; Mayhew, A.; Fanelli, L.; Messina, S.; D’Amico, A.; Catteruccia, M.; Scutifero,
M.; et al. Upper limb function in Duchenne muscular dystrophy: 24 month longitudinal data. PLoS ONE 2018, 13, e0199223.
[CrossRef]

21. Ricotti, V.; Selby, V.; Ridout, D.; Domingos, J.; Decostre, V.; Mayhew, A.; Eagle, M.; Butler, J.; Guglieri, M.; Van der Holst, M.; et al.
Respiratory and upper limb function as outcome measures in ambulant and non-ambulant subjects with Duchenne muscular
dystrophy: A prospective multicentre study. Neuromuscul. Disord. 2019, 29, 261–268. [CrossRef] [PubMed]

22. Lilien, C.; Reyngoudt, H.; Seferian, A.M.; Gidaro, T.; Annoussamy, M.; Che, V.; Decostre, V.; Ledoux, I.; Le Louer, J.; Guemas, E.;
et al. Upper limb disease evolution in exon 53 skipping eligible patients with Duchenne muscular dystrophy. Ann. Clin. Transl.
Neurol. 2021, 8, 1938–1950. [CrossRef] [PubMed]

23. Sabbatini, D.; Fusto, A.; Vianello, S.; Villa, M.; Janik, J.; D’Angelo, G.; Diella, E.; Magri, F.; Comi, G.P.; Panicucci, C.; et al. Genetic
modifiers of upper limb function in Duchenne muscular dystrophy. J. Neurol. 2022, 269, 4884–4894. [CrossRef]

24. Bello, L.; Morgenroth, L.P.; Gordish-Dressman, H.; Hoffman, E.P.; McDonald, C.M.; Cirak, S. DMD genotypes and loss of
ambulation in the CINRG Duchenne Natural History Study. Neurology 2016, 87, 401–409. [CrossRef]

25. Anthony, K.; Arechavala-Gomeza, V.; Ricotti, V.; Torelli, S.; Feng, L.; Janghra, N.; Tasca, G.; Guglieri, M.; Barresi, R.; Armaroli, A.;
et al. Biochemical characterization of patients with in-frame or out-of-frame DMD deletions pertinent to exon 44 or 45 skipping.
JAMA Neurol. 2014, 71, 32–34. [CrossRef]

26. Bello, L.; Kesari, A.; Gordish-Dressman, H.; Cnaan, A.; Morgenroth, L.P.; Punetha, J.; Duong, T.; Henricson, E.K.; Pegoraro,
E.; McDonald, C.M.; et al. Genetic modifiers of ambulation in the Cooperative International Neuromuscular Research Group
Duchenne Natural History Study. Ann Neurol. 2015, 77, 684–696. [CrossRef]

27. Muntoni, F.; Signorovitch, J.; Sajeev, G.; Lane, H.; Jenkins, M.; Dieye, I.; Ward, S.J.; McDonald, C.; Goemans, N.; Niks, E.H.; et al.
DMD Genotypes and Motor Function in Duchenne Muscular Dystrophy: A Multi-institution Meta-analysis With Implications for
Clinical Trials. Neurology 2023, 100, e1540–e1554. [CrossRef] [PubMed]

https://doi.org/10.3233/JND-210643
https://doi.org/10.1002/ana.24555
https://doi.org/10.3233/JND-150100
https://doi.org/10.1212/WNL.0000000000009233
https://doi.org/10.1089/nat.2021.0043
https://doi.org/10.3233/JND-220811
https://doi.org/10.1001/jamaneurol.2020.1264
https://www.ncbi.nlm.nih.gov/pubmed/32453377
https://doi.org/10.1371/journal.pone.0253882
https://doi.org/10.1002/acn3.51046
https://www.ncbi.nlm.nih.gov/pubmed/32343055
https://doi.org/10.1002/mus.23902
https://doi.org/10.1111/dmcn.12213
https://doi.org/10.1371/journal.pone.0199223
https://doi.org/10.1016/j.nmd.2019.02.002
https://www.ncbi.nlm.nih.gov/pubmed/30852071
https://doi.org/10.1002/acn3.51417
https://www.ncbi.nlm.nih.gov/pubmed/34453498
https://doi.org/10.1007/s00415-022-11133-8
https://doi.org/10.1212/WNL.0000000000002891
https://doi.org/10.1001/jamaneurol.2013.4908
https://doi.org/10.1002/ana.24370
https://doi.org/10.1212/WNL.0000000000201626
https://www.ncbi.nlm.nih.gov/pubmed/36725339


Children 2023, 10, 746 11 of 11

28. Mercuri, E.; Muntoni, F.; Osorio, A.N.; Tulinius, M.; Buccella, F.; Morgenroth, L.P.; Gordish-Dressman, H.; Jiang, J.; Trifillis, P.;
Zhu, J.; et al. Safety and effectiveness of ataluren: Comparison of results from the STRIDE Registry and CINRG DMD Natural
History Study. J. Comp. Eff. Res. 2020, 9, 341–360. [CrossRef]

29. Goemans, N.; Signorovitch, J.; Sajeev, G.; Yao, Z.; Gordish-Dressman, H.; McDonald, C.M.; Vandenborne, K.; Miller, D.; Ward,
S.J.; Mercuri, E.; et al. Suitability of external controls for drug evaluation in Duchenne muscular dystrophy. Neurology 2020, 95,
e1381–e1391. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.2217/cer-2019-0171
https://doi.org/10.1212/WNL.0000000000010170

	Introduction 
	Material and Methods 
	Cohort Selection and Dataset Definition 
	PUL 2.0 
	Statistical Analysis 

	Results 
	PUL 2.0 
	Exon Skipping Class 

	Discussion 
	References

