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ABSTRACT

Objective The main aim was to explore the changes in hand-grip strength in patients with Duchenne
muscular dystrophy (DMD) aged from 5 to 29 years. Secondary aims were to test the effect of
mutation, ambulatory status and glucocorticoid use on grip strength and its changes over time and to
compute the number of subjects needed for a clinical trial to stabilize grip strength.

Methods The analysis was performed on data collected during five international natural history
studies on a cohort of DMD patients. Two hundred and two patients with genetically proven DMD
were pooled from five different natural history studies. Excepting 13 patients with only one visit, the
mean duration of follow-up was 2.2 +1.6 years. A total of 977 measurement points were collected.
Grip strength was measured on the dominant side with a high precision dynamometer. The analysis
was performed using absolute values and normalized values expressed in percentage of predicted
values for age.

Results For absolute values, grip strength typically increased in ambulatory boys and decreased in
non-ambulatory patients. However, when normalized, grip strength was already reduced at age 5
years and thereafter continued to fall away from normal values. The weaker the patients, the less
strength they are prone to lose over again.

Interpretation Grip strength constitutes a sensitive and continuous outcome measure that can be
used across all stages of DMD. Its measurement is easy to standardized, can be used in ambulatory
and non-ambulatory patients and does not present any floor or ceiling effect. It is thus attractive as

an outcome measure in therapeutic trials.



Introduction

Duchenne Muscular Dystrophy (DMD) is a degenerative genetic muscle disease in which mutations in
the dystrophin gene lead to muscle fiber degeneration and gradual replacement of muscle by fat and
connective tissue. The clinical onset of symptoms usually appears in the lower limbs of boys before 4
years of age. DMD weakness typically affects proximal muscles first, with loss of distal muscle
strength and function later. Muscles of the hands are thus affected later in the disease course,
however also become progressively weakened and eventually paralyzed in the second and third
decades of life. Despite the importance in maintaining strength and independent function as long as
possible for young men with DMD[25], only few recent studies have focused on the upper limbs of
DMD patients [6, 14, 17-19]. Hand and arm function is indeed associated with many domains of daily
life activities (physical performance such as holding a glass, writing, turning a door knob, but also
psychological and social functioning), so a key element in improving these may be to preserve arm
function [9, 12].

Grip strength can be impaired from a young age in DMD, even long before the loss of ambulation [19,
25]. Itis correlated with the degree of physical disability [13, 21], is sensitive to change in the non-
ambulatory DMD population [21] and presents excellent reliability [22]. Maximal grip strength (MGS)
measured with an appropriate handgrip dynamometer is a continuous variable that does not present
any floor or ceiling effects in DMD [22]. However, these results have been observed on a rather
limited number of patients and on a limited age range. Furthermore, reporting MGS as an absolute
value rather than as a percentage of predicted values induces a confounding interference with
physiological growth [6]. Indeed stature has been shown to be the main predictor of muscle strength
during normal childhood development [5], with a smaller stature yielding lower strength. As height
influences stride length, hence the distance walked within 6 minutes. We hypothesized that
expressing MGS in percentage of predicted values rather than in absolute values could increase

sensitivity to change by reducing the confounding factors of growth and maturation.



The main aim of this study was to explore the progression of maximal grip strength during the course
of DMD over a large range of age. Secondary aims were to test the effect of ambulatory status,
glucocorticoid use and mutation on MGS and to compute the number of subjects needed for a

clinical trial aiming to stabilize grip strength.

Methods

Study design

The results of MGS were gathered from five Ethical Review Board-approved natural history studies in
DMD conducted between 2010 and 2019 (Table 1) in Paris (Institute of Myology), London (NIHR
Great Ormond Street Biomedical Research Center), Newcastle (John Walton Muscular Dystrophy
Research Center), Nijmegen (Radboud University Medical Center) and Leiden (Leiden University
Medical Center). Molecular diagnosis of DMD was the only common inclusion criteria to all protocols.
All patients or legal guardians for patients younger than 18 years of age gave written informed
consent prior to participation in the studies.

Measurement procedure

MGS was measured using the MyoGrip device [22] (Figure 1) every 6 or 12 months depending on the
study protocol. The Myogrip dynamometer is an electronic device specifically developed for
measuring isometric grip strength in very weak patients, but which can also be used in healthy
subjects. It measures forces in kilograms (kg) from 0 to 90 kg with a resolution of 0.01 kg and an
accuracy of 50 g over the whole range of measurement. Handle size is adjustable in a continuous way
in order to fit at best the hand size of the subjects.

The physiotherapists of all centers were trained to use the same standardized operating procedure.
All tests were performed with patients seated on a chair or in their wheelchair facing a table with the
forearm placed on the table or on the wheelchair shelf. Before each test, patients were given a
description of the grip task, a demonstration of the movement required and advice on maintaining

correct practice. If standard upper limb position described by the protocol could not be maintained



because of patient contractures, alternative positions were allowed. Trials were carried out with
strong verbal encouragement asking the patients to provide maximal voluntary isometric
contractions for 3 seconds. A rest period of about 30 seconds was respected between the trials. The
trials were considered valid or not by the physiotherapist relying on several factors (compensations,
motivation, understanding, positioning...). If the difference between two measurements was lower
than 10% of the highest, the highest was accepted. If not, a subsequent measurement was made
until two trials were within 10% with a maximum of 5 trials. The maximal value of all valid trials was
kept for further analyses.

In two of the protocols (ULENAP and pre-Acti), two visits were performed within 14 days in order to
assess the test-retest reliability of grip measurements.

Statistical analysis

MGS on the dominant side (defined as the writing/drawing hand) was analyzed using both absolute
values (in kg) and normalized values (in % of predicted values for age). Equations of predictive
models using chronological age were computed from previous data collected in healthy controls [4,
11, 22] as following: before the age of 17 years: MGS = 3.40 EXP(0.1527 x age) and after the age of 17
years: MGS = 45.66 EXP(-0.001 x age). Patients were classified according to their genotype,
ambulatory status at the time of inclusion and glucocorticoid status.

Test-retest reliability was assessed using an intraclass correlation coefficient (ICC) and a Bland-
Altman representation.

Linear mixed effects models were used to assess trends in grip changes over time. Interactions were
included separately in the model as fixed effects between time and ambulatory status,
glucocorticoids use or mutations. Models were adjusted for age at inclusion.

Sample size was calculated by simulation study in order to determine the number of subjects
required for a placebo-controlled clinical trial in which stabilization of the MGS in the treated group
over one year should be detected, with an alpha risk of 5%, and a power of 80%. Grip values were

simulated using linear mixed model included age, time, group and the interaction between age and



group. We assumed no differences of grip value at baseline, so the coefficient value for the group
where equal to 0. Beta parameters were simulated from a Gaussian distribution using results
provided by the linear mixed model. When grip strength was expressed in kg, the stabilization meant
that the grip evolution over time of treated patient was equal to the grip evolution of healthy
controls. When grip strength was expressed in % predicted values, the stabilization meant that the
change was 0%. We assumed than the variability of the treated group was the same than the DMD
population presented in this study.

Analyses were performed using R 3.3.1 software (R Foundation for Statistical Computing, Vienna,

Austria). Statistical significance was set at 0.05.

Results

Population description

A total of 202 subjects (5.0-28.7 years) were included in this cohort study (see Table 1). At baseline,
92 patients were ambulatory and 110 were non-ambulatory. With the exception of 13 subjects who
had only one visit, the mean follow-up duration was 2.2 + 1.6 years (range: 0.04-6.53 years). A total
of 977 measurement points was collected. Eighty-six ambulatory patients (93%) were treated with
glucocorticoids, whilst only 53 non-ambulatory patients (48%) were. Fifty-nine patients had
mutations amenable to exon skipping for exon 53, 28 for exon 44; 15 for exon 45, 25 for exon 51, 74
patients had other deletions (4 mutations amenable to exon skipping for exon 8, 3 for exon 43, 8 for
exon 50, 3 for exon 52, 8 for exon 55 and 23 others) or other mutations (7 duplication, 2 insertion, 4

missense, 12 nonsense mutations), and 1 had an unknown mutation.

Grip strength measurement reliability
Test-retest reliability was assessed on 104 independent measurements (Figure 2). The intraclass

correlation coefficient was 0.977.



Grip strength change during the life of DMD patients

Absolute values of MGS increased by 0.23 kg/year on average in ambulatory boys and decreased by -
0.34 kg/year in non-ambulatory patients (Figure 3.A). When expressed as percentage of predicted
values for age, MGS decreased in both groups (Figure 3.B). This decrease was significantly more
important in ambulatory patients compared to non-ambulatory patients (-4.95 % points per year vs. -

2.53 % points per year; p<0.001).

Effect of DMD mutation, corticosteroid treatment and ambulatory status on grip strength
Glucocorticoids had a positive effect on muscle strength since the subjects without glucocorticoids
were 6.3% weaker than patients treated with glucocorticoids (p<0.001). However patients treated
with glucocorticoids lost significantly more strength (significant difference of -2.84 % points per year,
p<0.001).

Patients amenable to exon skipping 45, 51 and 53 were significantly weaker than patients amenable
to exon skipping 44 (significant difference of 13.7%, 9.3% and 13.9%, respectively, p<0.05). However
the latter group lost significantly more strength per year (-5.8 % points per year) than patients
amenable to exon skipping 45 and 53 (significant difference of 3.0 % points per year and 2.7 % point

per year, respectively).

Computation of the patient number needed for stabilizing grip strength during a therapeutic trial
Following the methodology specified in the Methods section, the number of patients per arm needed

for a clinical trial is presented in Table 2.

Discussion

We showed that maximal grip strength expressed in percentage of predicted value counterbalances
the cofounding effect of growth during childhood and can be used as continuous variable to measure

the functional decline due to Duchenne muscular dystrophy across all stages of the disease. The



analyses demonstrated the decrease of grip strength in a large population of DMD patients aged
from 5 to 30 years compared to normal values. It is often suggested that upper limb function begins
to deteriorate in DMD around the age of 9-12 years when assessed using scales [7, 8, 18]. This
statement is partly due to the ceiling effect of scales. The use of high precision dynamometry and
normalized values clearly demonstrates that grip strength decline can be captured at a younger age,
as early as 5 years of age, as already underlined in the CINRG longitudinal study cohort [1] or other
studies [19, 25]. The changes in grip strength described in the present study are perfectly in line with
those recently published on a part of the cohort by Ricotti et al [20]. However, the clinical
meaningfulness of these changes has yet to be established; for example, upper limb functional
limitations are most likely not clinically significant at 5 years of age, since DMD boys have sufficient
strength for daily tasks, as well as full range of motion and ability to compensate for their strength
deficit. In the context of a clinical trial, the relatively well-preserved muscles could offer the
opportunity to study the effect of disease modifying drugs by way of measuring a stabilization (or
even an improvement) in strength in response to therapies, where scales may suffer from a ceiling or
a floor effect.

The age-dependence of MGS changes suggests that its decline was inversely proportional to age. The
weaker the patients, the less strength they are prone to lose over again. Similar exponential-like
decrease have already been observed for other variables. For example, forced vital capacity, which is
a variable generally expressed in percentage of predicted values, was also described as exponentially
decreasing in DMD patients of equivalent ages [2, 10]. Outcome measures are generally presented in
absolute values. The six-minute walk test (6MWT) has been the most widely used primary endpoint
in therapeutic trials. The distance (in m) of the 6BMWT is generally described as improving up to age
of 7 due to maturation effect, before reaching a plateau and then declining [15]. This inversed U-
shaped curve was also observed in MGS absolute values, where patients improved up to roughly 12

years and then decreased afterwards. A powerful way of minimizing the cofounding factors of



growth and maturation is to express performance in percentage of predicted values for the
considered variables [16]. This is particularly critical in children as they are growing [5].

In this report, we chose to express the model only in terms of age, since it avoids a possible error of
measurement in a multicenter setting, but more powerful predictive equations were obtained in
controls using hand circumference. Further studies should include a consistent estimate of stature
such as height, ulnar length or hand circumference, which has been shown to be a strong predictive
determinant of MGS [4]. It can be easily assessed even in wheelchair-bound patients with
contractures using strict measurement procedures.

Many factors influence muscle strength measurement and may act as confounding factors: genetics
(mutation, genetic modifiers), developmental factors (chronological age, growth, pubertal status,
stature), symptomatology (contractures, cognitive status), neural factors (compensation abilities,
motor strategy, neural plasticity), behavioral factors (psychological status, motivation, self-esteem),
environmental factors (social and cultural background) and obviously standards of care and
assessors. These factors may explain, at least partly, the large variability between DMD subjects.
Indeed, grip strength can be very heterogeneous among patients (see for instance Figure 3 in
Seferian et al [21] or Figures 3 and 4 in Connelly et al [2]). The decline in MGS appeared however
sensitive enough to detect a difference between exon 44 and exon 53 skippable patients, two
genotypes that are known to be slightly less and more severe, respectively [23, 24].

The European Medical Agency reported in their guidelines that "for total evidence of clinical efficacy
an effect on motor function should be supported by an effect on muscle strength" [3]. Indeed the
main function of a muscle is to contract, to produce a mechanical force, to make the movement
possible and translate it into an action. This function is primarily impaired in neuromuscular
disorders. The assessment of strength is thus a direct measure of the muscle capacity and is a key
feature to follow during the natural course of the disease but more importantly during the possible

recovery of the muscle capacity to generate force. Due to the fact that the data were gathered from



several protocols, there was unfortunately no common functional scale to use before MGS, which is
a limitation of the present work.

The constant relative decline of MGS in both ambulatory and non-ambulatory DMD subjects, the
absence of floor and ceiling effects, the good reliability of the measurements, the possibility to
standardize data acquisition and finally the direct link between muscle function and strength
production [21] makes maximal grip strength an attractive outcome measure for DMD trials. Further
work is needed to quantify minimally clinically meaningful change using functional scales and

demonstrate positive changes during interventional studies.
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Table 1. Main information of the natural history studies used in the present report.

Age range at

Study NCT Sponsor inclusion Mutations Ambulatory status N

ULENAP NCT00993161 Institut de Myologie [9.0..28.1] any non-ambulatory 51
pre-U7 NCT01385917 Généthon [6.0..20.6] exon 53 skippable both 40
pre-Acti NCT01611597 Institut de Myologie [10.7..28.7] any non-ambulatory 7

iMDEX NCT02780492 each center [4.9..18.1] any both 90
SRP-4053 NCT02310906 Sarepta [6.1..12.2] any ambulatory 14
pooled [4.9..28.7] any both 202

NCT: ClinicalTrials.gov Identifier



Table 2. Number of subjects per arm needed for a clinical trial to stabilize grip strength expressed
either in absolute or relative values.

Ambulatory patients Non-ambulatory patients
kg % point kg % point
n 45 62 121 39




Figures captions

Figure 1. The MyoGrip device.

Figure 2. Test-retest reliability assessed using ICC (A) and Bland-Altman plot (B).

Figure 3. Grip strength change with age either expressed in absolute values (A) or in percentage of

predicted value for age (B).
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Figure 3
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