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Abstract

Becker muscular dystrophy (BMD) is a rare hereditary neuromuscular disease, caused by a genetic defect in the Duchenne Muscular
Dystrophy (DMD) gene. We studied the natural history of respiratory function and its affecting factors in 23 adult BMD patients. These
important data are needed for (future) clinical trials in BMD but are largely lacking. Patients had a median age of 51 years (28-78y) and
median follow-up duration of 14 years (2-25y). We analysed 190 pulmonary function measurements with a median interval of one year
(1-17y) and measured a 1.00% decline of Forced Vital Capacity percent predicted (FVC%pred) per year (p =0.004). Loss of ambulation
significantly increased the annual rate of FVC decline and was dependent of patient’s body mass index (BMI; p=0.015), with increases in
BMI correlating with an even more rapid deterioration of FVC. A decline in Medical Research Council (MRC) sum score was significantly
correlated with a decline in FVC (p=0.003). We conclude that adult BMD patients experience a significant but mild respiratory decline.
However, this decline is significantly more rapid and clinically relevant after loss of ambulation, which warrants a more vigilant follow-up

of respiratory function in this subgroup.
© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Becker muscular dystrophy (BMD) is an X-linked
neuromuscular disease, caused by a genetic defect in the
Duchenne Muscular Dystrophy (DMD) gene, leading to a
deficient, less functional dystrophin protein. In contrast,
DMD is caused by a complete absence of dystrophin
protein and is accompanied by a more severe phenotype.
In general, in-frame mutations lead to a BMD phenotype
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and out of frame mutations to DMD, although exceptions
occur [1]. BMD is a rare disease with a prevalence of
around 2.5/100.000 [2]. Patients with BMD are clinically
characterized by progressive weakness and atrophy of the
proximal limb muscles, with symptom onset usually in
adolescence. However, BMD phenotypes vary notoriously
from a DMD-like clinical progression with severe limb-girdle
muscle weakness and cardio-respiratory complications to mild
symptoms such as fatigue or muscle cramps.

Natural history studies in BMD are very rare and
longitudinal studies exploring respiratory function in BMD
patients are largely lacking [3,4]. In contrast, much more
is known on cardiac complications in BMD, with dilated
cardiomyopathy and/or conduction abnormalities as typical
features [5].
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Novel (genetic) therapies are being developed for DMD
but might also be applicable in some BMD patients [6]. With
these emerging potential treatments on the horizon, a thorough
understanding of natural disease progression is important, as
well as the availability of valid outcome measures. In DMD,
forced vital capacity (FVC) has been proposed as a reliable
outcome measure for respiratory function, suggesting that this
parameter might also be relevant to follow-up BMD patients
[7].

Here, we studied the rate of respiratory decline in a
cohort of adult BMD patients and explored clinical variables
associated with this deterioration.

2. Patients and methods
2.1. BMD patients and data collection

In this retrospective study, we included 23 adult (>18
years) patients with genetically confirmed BMD: 14 patients
were followed at the neuromuscular reference centre at
University Hospitals Leuven (Leuven, Belgium) and 9
patients at the University Hospital Angers (Angers, France).
Additional inclusion criteria were the availability of at
least two spirometry measurements at different time points
and measurable skeletal muscle weakness on the Medical
Research Council (MRC) sum score (<59/60 points). The
last additional criterion for inclusion was applied to increase
phenotypic homogeneity.

We collected the following data from the patients’
medical files: age at symptom onset, first symptom(s),
ambulatory status, body mass index (BMI), presence of
proximal and/or distal weakness in arms and legs, MRC
sum score, contractures, scoliosis, scapular winging, calf
hypertrophy, cause of death, genetic defect, family history,
left ventricular ejection fraction (LVEF), presence and type of
cardiomyopathy, cardiac conduction abnormalities, pacemaker
implantation, history of heart transplantation, FVC, FVC
percent predicted (FVC%pred), forced expiratory volume in
1 s (FEV1), FEVI1 percent predicted (FEV1%pred), peak
expiratory flow (PEF) and ventilatory support (Table 1).

We focussed mainly on FVC as the measure of respiratory
function, since FVC was previously shown to be one of
the most important parameters to monitor respiratory muscle
function in the related muscle disease DMD [8]. The Ethics
Committees approved this retrospective study.

2.2. Methodology of FVC, MRC sum score and LVEF
measurement

Pulmonary function tests were performed with Jaeger®
spirometers by a group of trained professionals at the
pulmonology department. Thus, no bedside testing was
done. All patients received the same instructions and were
inquired for smoking behaviour. Only the best result of three
consecutive measurements was noted. For measurements in
sitting position, non-ambulatory patients were allowed to
stay in their wheelchair and were positioned in front of

[m5+;January 13, 2021;14:51]

Neuromuscular Disorders xxx (xxxx) xxx

the spirometer. Measurements in supine position in non-
ambulatory patients were performed after transferring them
onto a gurney. Spirometers were volume-calibrated twice a
day, biologically calibrated once a week and received standard
maintenance once a year. Reference values of the Global Lung
Function Initiative were used (GLI 2012) [9].

The MRC sum score (0-60 points) was measured as part
of the standard of care by manually testing strength in six
individual muscle groups at both sides: shoulder abduction,
elbow flexion, wrist extension, hip flexion, knee extension
and foot dorsiflexion [10].

The LVEF was calculated following the guidelines of
the European Society of Cardiology and measured with
GE® echocardiography devices by trained professionals [11].
Methodology of testing was similar in both centres.

2.3. Statistical analysis

Statistical analyses were performed using RStudio®
Desktop (Open Source License, version 1.2.5001). All
available patient data were used for analyses. Descriptive
statistics are stated as percentages, median (range) or mean
(standard deviation, SD) where appropriate. We used Linear
mixed models (LMM; Ime4 and ImerTest packages) to
analyse longitudinal changes of lung function, with patient
identification as a random effect to avoid pseudoreplication.
These models contained age at measurement as a fixed
effect, as well as a random slope for patients’ age, to
allow for differences in rate of pulmonary function decline
between patients (reflecting disease heterogeneity). The LMM
analysing the correlation of patient characteristics with FVC
decline, contained each of the analysed variables as a fixed
effect, as well as an interaction term between the amount
of years since loss of ambulation and BMI. Multiple linear
regression was used for the analysis of cross-sectional data
(the correlation between the clinical neurological examination
at the time of each patients’ last visit and the FVC values at
that time). All statistical models are detailed in Supplementary
Table 1. Significance level was determined at ¢ = 0.05.

3. Results

3.1. Demographic, clinical, and genetic features of the adult
BMD cohort (Table 1)

The 23 adult BMD patients had a median age of 51
years (range 28-78y), a median age at symptom onset of
10 years (range 3-40y) and median follow-up duration at
our hospitals of 14 years (range 2-25y). The 23 patients
had 190 pulmonary function measurements and the median
interval between these measurements was one year (range 1—
17y). At the most recent clinical examination, all patients
suffered from proximal weakness in the legs, 19 patients
additionally experienced proximal weakness in the arms
(83%) and eight patients presented scapular winging (50%,
8/16). Twelve patients showed calf hypertrophy (52%). There
was a significant positive correlation between the presence
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Table 1

Clinical, cardio-respiratory and genetic features of the BMD patient cohort.

P Age at  Symptoms  Current Age at first Current Current Proximal Distal Calf Contractures Most recent Ventilation CMP DMD-gene In / out of
symptom at onset age (y) pulmonary BMI disease  weakness weakness hypertrophy FvC (age at defect frame
onset (y) assessment (kg/m?)  stage (Yopred) start) mutation

1* 40 Gait 67 48 229 A LL N N N 2.56L N N del exons In

difficulties (82%) 48-49
2* 10 Gait 59 45 33.0 w LL4+UL+SY N An+K 2.03L N Slight del exons In
difficulties (54%) hypertrophy 45-48
(due to arterial
hypertension)
3 8 Proximal 38 26 252 A LL N Y An 6.07L N N del exons In
weakness (121%) 45-49
LL
4 14 Falls 64 39 27.2 w LL4+UL+S N N An+K+H 4.16L N Dilated exon 71 Out
(95%) ¢.10258dup
5 4 Proximal 48 25 26.8 w LL4+UL+S Y Y An+K+E 1.74L N N del exons Out
weakness (38%) 3-7
LL
6 10 Proximal 48 44 294 w LL +UL+SY N An+E 0.77L N Dilated del exons In
weakness (18%) 5-9
LL
7 6 Falls & gait 40 28 31.8 w LL+UL Y Y An+K+H 1.74L N N del exons In
difficulties (38%) 45-49
8 34 Gait 68 50 29.8 A LL+UL N N N 3.69L N N del exons In
difficulties (126%) 45-47
9 12 Falls 58 51 394 ' LL+UL Y Y An+K+H 139L N Dilated ¢.3603 NA
(35%) +3insTA
10 16 Fatigue & 51 46 28.4 A LL+UL Y Y An 45L CPAP, Dilated del exons In
cramps (106%) OSAS (45y) 48-53
11 14 Fatigue & 54 33 28.2 A LL+UL N Y N 4.14L N Dilated del exons In
cramps (114%) 45-47
12 6 Fatigue 43 25 25.5 A LL N Y N 5.14L N N del exons In
(101%) 45-48
13* 24 Fatigue 78 57 27.5 D (78y) LL+UL Y N An 2.64L CPAP, Dilated del exons In
(64%) OSAS (64y) 45-48
14 24 Fatigue 50 28 27.7 w LL+UL Y N E 1.7L (40%) N Dilated, heart  dupl exons NA
transplant (25y) 64-79
15 4 Fatigue 41 23 20.5 w LL+UL+S Y N K 2.16L NIV at N splice site  NA
(43%) night (35y) mut
IVS2-1G
->T
16 9 Gait 48 38 25.2 D (48y) LL+UL N Y N 4.67L N Dilated del exons In
difficulties (96%) 45-49
& proximal
weakness
LL
17 5 Gait 63 47 22.1 w LL+UL Y Y N 5.1L N N del exons In
difficulties (123%) 45-47
18 6 NA 55 39 342 A LL N Y N 2.86L N N del exons In
(71%) 45-47
19 5 Fatigue 51 39 19.5 W LL+UL Y N N 0.34L (9%) Continuous N dupl exon 2 Out
NIV (39y)

20%x20 22 Fatigue 56 42 22.5 A LL+UL+ SY Y N 4.82L N Dilated del exons In

20* (112%) 45-49

21 3 Gait 28 24§ 35.0 w LL+UL N N N 1.06L N (mild N del exon 5 In

difficulties (28%) OSAS)

22 12 Fatigue 29 22 f 18.8 A LL+UL+S Y Y N 493L N N del exons In

(95%) 45-47
23 5 Gait 31 29 22.1 w LL4+UL+S Y N N 3.5L (69%) N N exon 75 NA
difficulties c.10567
g->T;
p.Glu3523

Becker Muscular Dystrophy (BMD), Patient (P), Body Mass Index (BMI), Forced Vital Capacity, (FVC), cardiomyopathy (CMP), percentage of predicted
(%pred), Duchenne Muscular Dystrophy (DMD), Yes (Y), No (N), Not Available (NA), Ambulatory (A), Wheelchair bound (W), Deceased (D), scapular
winging (S), upper limbs (UL), lower limbs (LL), Ankles (An), Knees (K), Hips (H), Elbows (E), Non-invasive ventilation (NIV), Continuous positive airway
pressure (CPAP), Obstructive sleep apnoea syndrome (OSAS), deletion (del), duplication (dupl), mutation (mut). Patients with active or past smoking behaviour
are indicated with an asterisk (*). ¥ P21 and P22 had pulmonary function tests during childhood (at ages 7/8/9/11/13y (P21) and age 12y (P22)) but these
were within normal ranges and not included in the statistical analysis. The indicated age at first pulmonary assessment in the table for these patients was the
age at first spirometry in adulthood. For all other patients no prior data of pulmonary function tests were available.
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Table 2
Cardiac complications and therapies in BMD patients.

[m5+;January 13, 2021;14:51]

Neuromuscular Disorders xxx (xxxx) xxx

P Cardiac complications (age) Cardiac medication

2 Hypertrophic CMP (36) & RBBB (NA) Beta-blocker, ACE-I, diuretic
4 Dilated CMP (NA) N

5 Borderline low LVEF (39), Total AV block: pacemaker (47) Beta-blocker, ACE-I

6 Dilated CMP (NA) N

8 AV-block type 1 (50) Beta-blocker, ARB

9 Dilated CMP (NA), Total AV block: pacemaker (NA) N

10 Dilated CMP (47) Beta-blocker, ARB, calcium antagonist
11 Dilated CMP (53) Beta-blocker, ACE-I

13 Dilated CMP (56), total AV block: pacemaker (73) Beta-blocker, ACE-I

14 Dilated CMP (18), heart transplantation (25) Beta-blocker, ARB

16 Dilated CMP (42) N

20 Dilated CMP (42) ACE-1

21 RBBB (NA) Beta-blocker, ACE-I

Only patients suffering from cardiac complications are mentioned in this table. Cardiomyopathy (CMP), Right Bundle Branch Block (RBBB), Not available
(NA), Left Ventricular Ejection Fraction (LVEF), Atrioventricular (AV), Angiotensin Converting Enzyme Inhibitor (ACE-I), No (N), Angiotensin II receptor

blocker (ARB).

of calf hypertrophy on the one hand and MRC sum score
(»=0.040) and FVC (p=0.007) on the other hand. This
suggests that calf hypertrophy was observed most often in
patients in earlier disease stages. Two patients had mild
scoliosis, not requiring treatment (14%, 2/14). Eleven patients
(48%) had contractures in at least one location: nine patients
in the ankles, six in the knees, three in the hips and three in
the elbows (Table 1). In total, 14 patients were wheelchair-
bound (61%), with a median age at loss of ambulation of
30 years (range 12-60y). Two of these patients had died,
one of cardiac arrest (P13, aged 78y) and one of unknown
cause (P16, aged 48y). Four patients required positive airway
pressure treatment (17%): two were treated with non-invasive
ventilation (NIV, one at night, one continuously) because
of restrictive lung disease and two with continuous positive
airway pressure therapy (CPAP) for obstructive sleep apnoea
syndrome (OSAS). One additional patient was referred for
a polysomnography and was diagnosed with mild OSAS,
not requiring treatment (P21). The same referral criteria for
the evaluation of the need for NIV/CPAP were employed in
both centres. During follow-up consultations, it was standard
practice to inquire for clinical symptoms such as fatigue,
dyspnoea, orthopnoea, matinal headache and monitor the
FVC with regular pulmonary function tests [12]. Patients
with OSAS had an average BMI of 30.3kg/m? (SD +5.23),
compared to 26.6kg/m? (SD =+ 4.12) in the others (p =0.264).
Five patients (22%) were active or past smokers and are
indicated with an asterisk in Table 1.

Ten patients suffered from cardiomyopathy (43%), of
which nine had a dilated cardiomyopathy The other
patient had a mild hypertrophic cardiomyopathy due to
arterial hypertension. Six out of ten patients received
treatment with Angiotensin Converting Enzyme (ACE)-
inhibitors (or Angiotensin II receptor blockers when
indicated), complemented with beta blockers in five
of them and additional diuretics in one (Table 2).
One patient required a heart transplantation at the
age of 25 years (P14, Tables 1 and 2), which was
followed by lifelong immunosuppressive treatment with

Table 3

Estimates and p-values of pulmonary function test parameters vs. ageing.
Parameter estimate p-value
FVC%pred —0.996 0.004
FvC —0.068 <0.001
FEV1%pred —1.378 <0.001
FEV1 —0.072 <0.001
PEF —0.102 <0.001

Forced Vital Capacity percentage of predicted (FVC%pred), Forced
Expiratory Volume in 1 s percentage of predicted (FEV1%pred), Peak
Expiratory Flow (PEF). Bold values are significant (¢ < 0.05).

methylprednisolone, azathioprine and cyclosporine. Six
patients showed cardiac conduction abnormalities (27%,
6/22): right bundle branch block in two, a first-degree
atrioventricular block in one and complete atrioventricular
block in three patients requiring pacemaker implantation.
All but one of these patients were treated with beta
blockers (Table 2). The 23 unrelated patients harboured 14
different genetic defects in the DMD-gene. Six patients (26%)
presented a positive family history for BMD. Three patients
carried an out of frame mutation and all of them had lost
ambulation, of which one already at the age of 12 years (this
patient also required NIV, P19), and the other two at the ages
of 23 and 60 years. All three patients were currently aged
well into their fifth or sixth decades corresponding to a BMD
phenotype.

3.2. The rate of pulmonary function decline and patient
features affecting this deterioration

We measured an annual decline of 1.00% of FVC%pred
(p=0.004, Fig. 1), corresponding to a loss of 0.07L FVC
per year in this BMD patient cohort (p < 0.001, Table 3).
Other spirometry parameters also declined significantly each
year: FEV1%pred declined with 1.38% per year and FEV1
with 0.07L (p < 0.001 for both). PEF declined with 0.10L
per year (p < 0.001), but PEF percent predicted data were
missing.
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Fig. 1. FVC%pred decline over time in our cohort of adult BMD patients.
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Age

Note two different overall trends in FVC percentage predicted (FVC%pred): one group of patients experienced a rapid and early deterioration of FVC%pred
(below blue prediction line) and the other patient group presented only a mild deterioration (above prediction line). This largely corresponds to ambulatory
status, with a loss of ambulation coinciding with a significantly more rapid FVC%pred deterioration. Below the line, only P21 had not lost ambulation, but
he became wheelchair-bound in the year following his last spirometry. Patients are colour-coded, and their number is annotated along their respective data
points. Circles represent FVC%pred measurements at which the patient was still ambulatory, triangles represent non-ambulatory patients. The blue prediction
line depicts the annual decline of FVC%pred with 1.00% and is the result of the linear mixed model reported in more detail in Supplementary Table 1.

Table 4

Correlation of clinical characteristics with FVC over time.

Parameter estimate p-value
Age -0.032 0.015
Years since loss of ambulation*BMI —0.003 0.015
BMI -0.016 0.344
Mutation frame 0.425 0.595
Age at symptom onset 0.026 0.356

Forced vital capacity (FVC), Body Mass Index (BMI). Bold values are
significant (¢ < 0.05), the asterisk (*) signifies an interaction term. The
interaction should be interpreted as —0.003 x Years since loss of ambulation
x BMI. For example: a patient that lost ambulation 10 years ago and has
a BMI of 25kg/m? is predicted to have a 0.75L lower FVC than a similar
ambulatory patient.

Next, we evaluated whether patient characteristics such as
BMI, genetic defect (in-frame vs. out of frame mutation), age
at symptom onset and ambulatory status correlated with the
rate of decline of FVC values over time (Table 4). The rate
of FVC decline increased significantly with each year since

loss of ambulation, and this effect was dependent of BMI (as
signified by the interaction term in Table 4). Indeed, although
all adult BMD patients in this study experienced a significant
annual decline of FVC, the non-ambulatory patients declined
significantly more rapidly (p=0.015). Fig. 1 shows two
overall trends in the data of FVC%pred over age: a group of
patients above the blue prediction line generally experienced
a mild decline in FVC%pred over time and patients below
this line deteriorated more rapidly. Most patients above the
prediction line were still ambulatory, whereas all patients
below the prediction line lost ambulation (except for P21,
but this patient also became wheelchair-bound in the year
following his last spirometry).

The interaction between loss of ambulation and BMI
manifests as a larger acceleration of annual FVC decline
after loss of ambulation for patients with an increasing
BMLI. In contrast, BMI was not significantly correlated with
FVC decline in ambulatory patients. In a post-hoc analysis,
we evaluated whether wheelchair-bound patients experienced
an increase in BMI due to sedentarism. However, we did
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Table 5

Estimates and p-values of clinical and cardiological parameters vs. FVC.
Parameter estimate p-value
MRC sum score 0.077 0.003
Deltoid paresis —0.230 0.782
Limb contractures 0.308 0.623
LVEF <0.001 0.984

Forced vital capacity (FVC), Medical Research Council sum score (MRC sum
score), left ventricular ejection fraction (LVEF). Bold values are significant
(¢ < 0.05).

not observe a difference in BMI based on ambulatory
status (p=0.297). All adult BMD patients experienced a
slight increase in BMI with ageing (40.19kg/m? per year,
p < 0.001), irrespective of their ambulatory status.

Finally, patients with a higher age at symptom onset or
an in-frame mutation (vs. out of frame) both showed a trend
towards slower FVC decline, but these effects failed to reach
significance.

3.3. Correlation of FVC with the clinical neurological
examination and LVEF

Next, we analysed if the clinical neurological examination
at our patients’ last visit was correlated to their FVC at that
time (Table 5). Data were corrected for patients’ age. Only the
MRC sum score correlated with FVC values, with a decline
in skeletal muscle force correlating with lower FVC values
(»p=0.003). For every point lost on the MRC sum score,
0.08L FVC was lost, indicating that a loss of 12.5 points
on the MRC sum score was associated with a loss of 1L
FVC. We did not find a correlation between FVC and other
parameters of the clinical neurological examination such as
proximal arm weakness, particularly deltoid muscle paresis, or
limb contractures (in at least 1 limb). There was no correlation
between LVEF and FVC (p=0.984).

4. Discussion

Our study in a cohort of adult BMD patients revealed
an annual decline of respiratory function of 1.00% of
FVC%pred. Furthermore, all evaluated parameters of the
pulmonary function tests deteriorated significantly each year,
including FVC, FEV1%pred, FEV1 and PEF. Loss of
ambulation significantly increased the annual rate of FVC
decline and was influenced by patient’s BMI. Indeed, an
increase in BMI in wheelchair-bound patients was correlated
with an accelerated FVC decline, whereas in ambulatory
patients BMI and FVC were not significantly correlated. A
decline in MRC sum score was significantly correlated with
a decline in FVC, indicating a relation between skeletal and
respiratory muscle function. The patient group in this study
was comparable to the usual phenotype of BMD patients,
with a similar average age at symptom onset and loss of
ambulation, as well as similar rates of dilated cardiomyopathy

[5].
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4.1. Respiratory function decline in adult BMD patients

We studied for the first time the evolution of respiratory
function in BMD patients over time. In analogy, an annual
decline in FVC%pred of around 5% from the age of 12 years
(which coincides with loss of ambulation) has been shown
previously in DMD patients [13]. It is not surprising that the
annual rate of respiratory decline we observed in this BMD
cohort was much slower (1%) than in DMD patients (5%),
since the BMD clinical phenotype is usually milder.

Interestingly, respiratory decline in this BMD population
was mainly driven by non-ambulatory patients. Indeed,
patients that remained ambulatory showed a trend towards
FVC decline over time that was statistically significant, but
had a minimal effect size (Fig. 1, Table 4). Adult ambulatory
BMD patients in this study only lost 0.03L FVC per year and
would thus only experience a decline of 1L FVC after more
than 33 years. Conversely, patients with a BMI of 25kg/m?
experienced a more than threefold increase in the rate of FVC
decline after loss of ambulation, and patients with a higher
BMI deteriorated even more rapidly.

We established that a significant respiratory decline can
be expected in adult BMD patients, predominantly after
loss of ambulation. An enhanced vigilance for respiratory
complications is warranted in this subgroup.

In contrast to DMD, where scoliosis often develops rapidly
after loss of ambulation during childhood, which adds to
increased respiratory comorbidity in DMD, only two adult
BMD patients had a mild scoliosis in this study. Although
scoliosis is indeed less common in BMD in comparison
with DMD, clinical and radiographic monitoring for this
complication is warranted and referral for spinal fusion should
be made when necessary [14].

The association between BMI and FVC in wheelchair-
bound, but not ambulatory patients, was another interesting
finding of this study. One could hypothesize that wheelchair-
bound patients experience an increase in BMI due to
sedentarism, and consequently loss of ambulation is the only
driving factor for a more rapid FVC decline. However, in this
study no difference in BMI with respect to ambulation status
was observed. Based on these results, we would recommend
increased attention for weight gain and overweight in
BMD patients in clinical practice, especially after loss of
ambulation. Dietary advice guidelines already exist for DMD
patients [15]. Furthermore, patient organisations (such as the
Muscular Dystrophy Association) offer advice on low caloric
diets for obese BMD patients, although these are founded
on expert opinion rather than clinical trials. The decrease of
caloric intake is indeed the most important tool to facilitate
weight loss after losing ambulation because of the decrease in
mobility. A multidisciplinary approach including a dietician,
with care for a healthy and balanced diet, is certainly
recommended to avoid protein deficiency and malnutrition in
BMD patients, in analogy with recommendations in DMD
[16]. Cardiovascular health arguments are often proposed as
the main reason for a low caloric diet, but our study suggests
that a diet is also important to maintain a good pulmonary
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function in non-ambulatory BMD patients. Our results are
not surprising, considering that other studies have shown that
overweight is correlated with a lower total lung capacity in
Myotonic Dystrophy type 1 patients, as well as a decrease in
FVC and other respiratory parameters in healthy individuals
[17,18]. Regarding the prevalence of OSAS in this study (3/23
or 13%), we conclude that this is comparable to the general
male population. The prevalence of OSAS in males in the
general population is estimated at 3-7%, but overweight is
known to increase this risk up to fourfold, and the majority
of patients in this study were indeed overweight (BMI >25
in 70%) [19,20].

Next, we confirmed that a routine clinical examination with
manual skeletal muscle force grading using the MRC sum
score is relevant in the follow-up of adult BMD patients,
since a decline of this score is correlated with a worsening
of respiratory function. In contrast, we did not observe
such a relation between FVC and cardiac muscle function,
as measured by the LVEF. Although these results are not
surprising since respiratory muscles are also skeletal muscles,
it should be noted that the time of occurrence of decline
in FVC and increase in muscle weakness is different, as
clinically relevant respiratory decline only took place after
loss of ambulation. We also did not find a significant
correlation between FVC and presence of deltoid muscle
paresis or contractures. Deltoid muscle paresis (graded on
the MRC score) was specifically included in this assessment,
because it is known to serve as a warning sign for
impending respiratory failure in subacute skeletal muscular
paresis caused by neuromuscular disorders [21]. However, in
the BMD patients, that all experienced chronic respiratory
decline, no such relation was observed. A correlation between
pulmonary function tests and the Brooke score, an outcome
measure based on muscle function in the upper limbs, was
recently shown in DMD patients [22]. However, no such
data were available for analysis in this retrospective study.
Assessment of additional outcome measures based on muscle
function, that are known to be relevant in DMD, such as
the six-minute walking distance (6MWD) or the North Star
Ambulatory Assessment (NSAA) are warranted in future
prospective studies in adult BMD patients.

No in-depth genotype-based sub-analysis was performed
in this study, given the presence of 14 different mutations
in our population of 23 patients. However, we studied
differences between in vs. out of frame mutations and showed
a slower pulmonary function decline in patients with in-
frame mutations, although this was not significant. This was
probably due to the fact that only 3/23 patients had an out of
frame mutation.

Finally, this study confirmed that FVC could potentially
serve as an outcome measure in adult BMD patients because
of its significant annual decline in this population. This is
in line with previous findings in DMD patients and other
muscle diseases such as late-onset Pompe disease (LOPD),
where FVC has been proposed as a valid outcome measure
[7,21]. However, as we have demonstrated that the annual
decline in FVC in ambulatory adult BMD patients is very
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slow (although statistically significant), its relevance as an
outcome measure appears to be limited to a non-ambulatory
BMD population. This restricts the use of FVC as an
outcome measure in clinical trials, as these frequently tend
to focus on earlier disease stages (before loss of ambulation).
Nevertheless, pulmonary function tests are relatively cheap,
easily performed and widely available and the implications for
respiratory follow-up of non-ambulatory adult BMD patients
in clinical practice remain highly relevant.

4.2. Cardiac function in adult BMD patients

In this study, annual screening of BMD patients with
an electrocardiogram (ECG) and echocardiography was part
of the standard of care in both participating neuromuscular
centres, in compliance with the guidelines from the
European Neuromuscular Centre (ENMC) and American
Heart Association (AHA) [23,24]. The importance of rigorous
cardiac follow-up derives from the high frequency of cardiac
complications even in subclinical or mild BMD patients and
from the fact that severe left ventricular dysfunction is a
negative prognostic factor [25-27].

The frequency of cardiac complications such as
cardiomyopathy and/or arrhythmias was 57% (13/23) in
this adult BMD population and thereby comparable to the
often cited 60-75% in the literature [5,25]. The majority
of the patients in this study were treated in accordance
with the consensus guidelines, that recommend initiation of
ACE-inhibitors with or without beta blockers upon diagnosis
of cardiomyopathy (most often defined as LVEF < 55%)
[28].

In analogy with findings in DMD children, the preventive
use of perindopril or the association of eplerenone to ACE-
inhibitors might also be beneficial to the cardiac function
in BMD patients [29,30]. Both options were not performed
in the current BMD population, with the exception of one
patient (P5, Table 2), that received ACE-I because of a
drop to a borderline-low LVEF without clear arguments for
a dilated cardiomyopathy. Although the field of therapeutic
development is certainly evolving more rapidly in DMD
as opposed to BMD, novel approaches in BMD are also
noteworthy. Therapeutic options such as phosphodiesterase
type 5 (PDES)-inhibitors to increase the nitric oxide (NO)
signalling pathway have been described in the literature
with mixed results and might also be primarily useful in
earlier disease stages [31]. Furthermore, although endurance
training was not found to alter cardiac pump function in adult
BMD patients, an increase of maximum volume of oxygen
uptake (VO2max) and skeletal muscle strength was observed,
implicating the beneficial effect of active rehabilitation in
these patients [32].

In this study, four of the 13 patients developing cardiac
complications were currently still ambulatory, three had lost
ambulation prior to the development of cardiac complications
and three had only lost ambulation afterwards. Of the
three other non-ambulatory patients the temporal relation
between the development of cardiac complications and loss
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of ambulation was not discernible with certainty from the
patients’ medical files. The lack of a clear association between
loss of ambulation and cardiac complications is in agreement
with the conclusion from previous studies that there is no
direct relation between cardiac and skeletal muscle disease in
BMD patients [5].

4.3. Limitations of the study

The most important limitations of this study are its
retrospective nature and relatively small sample size.
Although it is well known that BMD 1is a clinically
heterogeneous disorder, patients from the milder end of the
disease spectrum that only display symptoms such as fatigue,
muscle cramps or hyperCKemia are not represented in this
study. However, the selection of only a subset of the disease
spectrum can sometimes be preferable to draw conclusions,
as was recently shown in another group of muscular
dystrophies, i.e. sarcoglycanopathies [33]. However, in order
to increase the understanding of disease progression for the
entire spectrum of BMD patients and develop efficacious
multimodal interventions, larger prospective natural history
studies are required in the future.

5. Conclusions

We conclude that adult BMD patients experience a
significant but mild respiratory decline. However, this decline
is significantly more rapid and clinically relevant after loss
of ambulation, which warrants a more vigilant follow-up of
respiratory function in this subgroup. Despite its significant
annual decline, FVC has rather limited potential as an
outcome measure in clinical trials in adult BMD patients. BMI
deserves special attention in clinical practice since overweight
is correlated with a significant deterioration of FVC in non-
ambulatory BMD patients. There is a significant link between
a decline in FVC and MRC sum score, but this is not observed
with LVEF.
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