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Abstract.

Background: LAMAZ2-related muscular dystrophy (LAMA2-MD) and SELENON-related myopathy (SELENON-RM) are
two rare neuromuscular diseases characterized by proximal and axial muscle weakness, scoliosis, spinal rigidity, low bone
quality and respiratory impairment. Cardiac involvement has previously been described in retrospective studies and case
reports, but large case series and prospective studies in unselected cohorts are lacking.

Objective: The objective of this study is to conduct prevalence estimations, perform cardiac phenotyping, and provide
recommendations for clinical care.

Methods: In this case series including two time points, we conducted comprehensive assessments with electrocardiography
(ECG) and transthoracic echocardiography (TTE). ECGs were systematically assessed for a large subset of variables. TTE
included left and right ventricular ejection fraction (LVEF/RVEF) and left ventricular global longitudinal strain (GLS), the
latter being a more early and sensitive marker of left ventricular dysfunction.
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Results: 21 LAMA2-MD (M =5; 204+ 14 years) and 10 SELENON-RM patients (M =7; 18 £ 12 years) were included.
In most patients, QRS fragmentation and Q waves, markers of heterogeneous ventricular activation, were present both at
baseline and at follow-up. GLS was abnormal (age specific in children, >~18% in adults) in 33% of LAMA2-MD and 43%
of SELENON-RM patients at baseline. Reduced LVEF (<52% in males, <54% in females and <55% in pediatric population)
was observed in three LAMA2-MD patients at baseline and in none of the SELENON-RM patients. GLS and LVEF did not
change between baseline and follow-up. RVEF was normal in all patients.

Conclusion: ECG abnormalities and abnormal GLS are prevalent in LAMA2-MD and SELENON-RM, yet abnormal LVEF
was only seen in LAMA2-MD patients. One LAMA2-MD patient had a clinically relevant deterioration in LVEF dur-
ing 1.5-year follow-up. We advise routine screening of all patients with LAMA2-MD or SELENON-RM with ECG and
echocardiography at diagnosis, minimally every two years from second decade of life and if new cardiac signs arise.

Keywords: Muscular dystrophy, myopathy, electrocardiography, echocardiography, global longitudinal strain, ventricular
dysfunction, left, ventricular dysfunction, right, cardiomyopathy, dilated, atrioventricular block

LIST OF ABBREVIATIONS

ACE inhibitor  angiotensin-converting enzyme
inhibitor

ARB angiotensin receptor blockers

CMR cardiac magnetic resonance
imaging

DMD Duchenne muscular dystrophy

ECG electrocardiography

EACVI European association of
cardiovascular imaging

GLS global longitudinal strain

ICD implantable cardio-defibrillator

LAMA2-MD  LAMA2-related muscular
dystrophy

(i)LBBB (incomplete) left bundle branch
block

LV left ventricle

LVEF left ventricular ejection fraction

MDCI1A merosin-deficient congenital
muscular dystrophy type 1A

MFM-20/32 motor function measurement
20/32

PH pulmonary hypertension

(i)RBBB (incomplete) right bundle branch
block

RV right ventricle

RVEF right ventricular ejection fraction

SELENON SELENON(SEPN1)-related

(SEPN1)-RM  congenital myopathy

TDI tissue doppler imaging

TTE transthoracic echocardiography

2P biplane

3D tridimensional

3p triplane

INTRODUCTION

LAMAZ2-related muscular dystrophy (LAMA2-
MD) and SELENON(SEPNI1)-related congenital
myopathy (SELENON-RM) are rare neuromuscular
diseases characterized by slowly progressive axial
and proximal muscle weakness, early-onset spinal
rigidity, scoliosis, low bone quality and respiratory
impairment [1-3]. LAMA2-MD and SELENON-
RM are caused by pathologic variants in the
LAMA?2 and SELENON (SEPNI) genes, coding for
the laminin alpha2 subunit and selenoprotein N,
respectively. Currently, no curative treatment options
exist for neither LAMA2-MD nor SELENON-RM,
but promising preclinical studies are ongoing [4,
5]. Supportive care from rehabilitation and allied
health care in combination with optimal respiratory,
nutrition and orthopedic management is essential
for preventing or treating severe complications in
LAMA2-MD and SELENON-RM [6, 7]. Cardiac
involvement in these two neuromuscular diseases
has been reported in previous retrospective studies
and case series/reports. Our recent scoping review
showed that left ventricle (LV) systolic dysfunc-
tion and arrhythmia were most frequently seen in
LAMAZ2-MD, while in SELENON-RM right ventri-
cle (RV) dysfunction secondary to respiratory failure
was most prevalent [8]. However, prevalence esti-
mations and disease specific recommendations are
not available for both neuromuscular diseases. There-
fore, the general consensus statements on muscular
dystrophies and congenital myopathies are accepted
as alternatives for cardiac screening in LAMA2-MD
and SELENON-RM patients [6, 7]. In these state-
ments, screening every two years by a cardiologist is
advised in all patients. By our case series including
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two time points in LAMA2-MD and SELENON-RM
patients we aim to perform cardiac phenotyping, to
do prevalence estimations on cardiac involvement,
to assess cardiac disease progression, to optimize
clinical care by providing disease specific cardiac
screening recommendations and to do suggestions
for the design of a future natural history study. In
this manuscript, we jointly discuss LAMA2-MD
and SELENON-RM since they are both ultrarare
neuromuscular diseases. Further, they have similar
clinical phenotypes, including distribution of muscle
weakness, age of onset, bone complications, respira-
tory insufficiency and the prevalence of contractures,
which made them fit in the same study protocol.
Moreover, prospective natural history studies and
cross-sectional studies on cardiac function of both
muscle diseases were lacking [8]. Since promising
new therapies are being developed, they both are
in need of appropriate outcome measures in order
to reach trial readiness [1]. Similar approaches have
been applied in other muscle diseases, and are effi-
cient and may lead to new insights by learning
from the similarities and differences between two
diseases [9].

MATERIAL AND METHODS
Study design

This case series including two time points in
adult and pediatric patients with LAMA2-MD or
SELENON-RM is part of the LAST STRONG
Study: a study on LAMA2-MD and SELENON-
RM To Study Trial Readiness, Outcome measures
and Natural history. A full overview on the LAST
STRONG study protocol can be found elsewhere
[1]. Cardiac examination took place at baseline
and after one-year follow-up. A key summary
of the cardiac results at baseline was already
published elsewhere [2, 3]. The study has been
approved by the medical ethical reviewing commit-
tee Region Arnhem — Nijmegen (NL64269.091.17;
2017-3911) and is registered at ClinicalTrials.gov
(NCT04478981).

Study population

Patients were recruited non-selectively and con-
secutively in the period of August 2020 to June 2021.
Inclusion criteria include a genetic confirmation of
LAMA2-MD or SELENON-RM by two recessive

(likely) pathologic variants in the LAMA?2 gene, or
typical clinical and histological alterations combined
with genetic confirmation in a first degree relative.
Exclusion criteria were an insufficient understanding
of the Dutch language and the unwillingness of the
patient or his/her legal representatives to provide writ-
ten informed consent for participation in our study.
All patients performed motor function measurement
20/32 (MFM-20/32) as part of the LAST STRONG
Study. Spirometry (percentage predicted of forced
expiratory volume in the first second (FEV1%)) was
performed in patients > 5 years.

Cardiac assessment

Electrocardiography

Standard 12-lead electrocardiogram (ECGQG)
recordings were conducted at baseline and at
one-year follow-up. All ECGs were systematically
assessed for heart rate, conduction times, Q, R, S
amplitudes and were compared to normative values
corrected for age and sex [10]. For the patients of 40
years or older, normative values of the group aged
22 to 39 years were used, since it concerns only
a few patients who all were slightly older than 40
years, and no normal values for these parameters
were available [10]. Heart rate, conduction times and
Q, R, S amplitudes were considered normal when
having a z-score between -2 to+2 [10]. All ECGs
were assessed for rhythm disorders, heart axis, QRS
fragmentation, (abnormal) Q waves, poor R wave
progression, (incomplete) right or left bundle branch
blocks ((i)RBBB or (i)LBBB) and low QRS voltages
(microvoltages). QRS fragmentation, (abnormal)
Q waves, poor R wave progression, (i)RBBB and
())LBBB are markers of heterogeneous ventricular
activation and are known to predict worse cardiac
outcome in neuromuscular diseases [11-14]. QRS
fragmentation was defined as the presence of an
additional R-wave or notching in the nadir of the
R-wave or S-wave, or the presence of more than one
R’ without a typical bundle branch block [15]. Q
waves were defined as the first negative deflection
of the QRS complex. Poor R wave progression
was established when R wave amplitude in lead
V2 was <to the R wave amplitude in V3 [16, 17].
For a complete bundle branch block, QRS duration
needed to be >120 ms in adults, >100 ms in children
aged 4 to 16 years and >90ms in children below
4 years. For an incomplete bundle branch block,
QRS duration needed to be between 110-120 ms in
adults, between 90—100 ms in children aged 4 to 16
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years, and between 80-90 ms in children aged less
than 4 years [18]. An (i)RBBB was defined by an
increase in QRS duration combined by rsr’, rsR’
or rSR’ in V1 or V2. An (i)LBBB was defined by
an increase in QRS duration combined by a broad
notched or slurred R wave (RR’) in leads I, aVL,
V5 and V6 [18]. Low QRS voltages were defined
as a QRS complex of <5Smm in I, II and II, or
<10mm in aVL, aVR, aVF and V1-V6 [19]. All
ECGs were assessed by two assessors (KB and
FU for pediatric patients; KB and FH for adults)
and all the results were subsequently checked
by two others (EB and RE). In case of disagree-
ment, ECGs were discussed until consensus was
reached.

Echocardiography

Conventional transthoracic echocardiography
(TTE) with speckle tracking and tissue doppler
imaging (TDI) was performed by European asso-
ciation of cardiovascular imaging (EACVI) TTE
certified sonographers using commercially available
ultrasound systems (Affiniti70 General, Philips
Healthcare, Best, the Netherlands for adult partic-
ipants; or Vivid E9 or Vivid E95, GE Healthcare
Ultrasound, Horten, Norway for pediatric partici-
pants) [20]. Offline analysis was performed using
dedicated software (AGFA Enterprise Imaging Car-
diology version 8.1.2, AGFA HealthCare, Mortsel,
Belgium). Strain analyses were performed offline
using vendor-independent software (2D Cardiac
Performance Imaging, TomTec Imaging Systems,
Munich, Germany). All measurements were done
according to the EACVI recommendations for
cardiac chamber quantification. Left ventricular
ejection fraction (LVEF) was considered decreased
if <52% in males, <54% in females and <55% in the
pediatric population [21, 22]. A LVEF of up to 40%
is considered as mildly abnormal, of 30-40% as
moderately abnormal and <30% as severely abnor-
mal [22]. A deterioration of LVEF between baseline
and follow-up was defined as a minimal decrease
of 5% in LVEF, and was considered clinically
relevant if in addition there was a decrease in LVEF
category (i.e. normal, mildly abnormal, moderately
abnormal and severely abnormal) [23]. LVEF was
determined through several methods in accordance
with routine clinical care, with decreasing accuracy:
3D ejection fraction, triplane, biplane, Teichholz B
mode, Teichholz M mode and eyeball. Since it was
not feasible to acquire 3D LVEF in all patients due to
artefacts caused by thorax deformities among others,

the LVEF method with the highest accuracy available
in both visits was used for statistical analysis. In
case the same method could not be performed at
follow-up, the best alternative method at follow-up
was used instead. Global longitudinal strain (GLS) is
an early marker of left ventricular (LV) dysfunction
and was considered abnormal if below —18% (i.e.,
>-18%) in adults and were age specific in the
pediatric population [24, 25]. GLS was measured at
baseline in 3D or, in the absence of the 3D method,
in triplane (3P) or from apical four-chamber views
(A4C). If possible the same methods were used at
follow-up.

Statistical analysis

Descriptive statistics were used to summarize our
data in IBM SPSS Statistics 25.0.0.1 for Windows
(SPSS, Inc., Chicago, IL). Values are mean =+ SD,
unless otherwise stated. Spearman’s correlation was
used to assess correlations between number of leads
with QRS fragmentation, number of leads with Q
waves, LVEF, GLS, MFM-20/32, FEV1% and age. A
Spearman’s correlation was considered as moderate
(r=0.40-0.59), strong (r=0.60-0.80) or very strong
(0.80-1.0) [26]. A paired sample t-test was used to
compare LVEF, GLS, the number of leads with QRS
fragmentation and the number of leads with Q waves
between baseline and follow-up. An independent
sample #-test was performed to compare the number
of leads with QRS fragmentation, the number of leads
with Q waves, LVEF and GLS between ambulant
and non-ambulant patients. An independent sample
t-test was further used to compare LVEF, GLS, MFM-
20/32, FEV1% and age between patients with and
without QRS fragmentation, Q waves, poor R wave
progression, (in) complete right bundle branch block
and sinus arrhythmia. A Chi-square test was used to
compared the presence of QRS fragmentation and Q
waves between ambulant and non-ambulant patients.
In cases of missing data, patients were excluded from
this specific sub analysis. Differences were consi-
dered significant if p <0.05. Due to the descriptive
character of our study, we did not perform correction
for multiple testing.

Data availability

Anonymized data not published within this article
will be made available by reasonable request from
any qualified investigator.
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RESULTS

Study population

Twenty-one LAMA2-MD patients M =5, F=16)
and 10 SELENON-RM patients (M =7, F = 3) under-
went ECG and echocardiography at our hospital at
baseline and after one-year follow-up. The mean
age at baseline was 20+ 14 years (range: 3 to
50 years) (LAMA2-MD) and 18 £ 12 years (range:
3 to 42 years) (SELENON-RM). All patients had
genetic confirmation before enrollment in the study
[2]. Eight (38%) LAMA2-MD patients and eight
(80%) SELENON-RM patients were ambulant. The
mean MFM-20/32 total score was 42% 429 in
LAMAZ2-MD patients and 71% =+ 15 in SELENON-
RM patients. The mean FEV1% was 56% + 24 in
LAMAZ2-MD patients and 42% =+ 15 in SELENON-
RM patients. During the study, one LAMA2-MD
patient (patient 15, nine years) died due to post anoxic
encephalopathy after cardiopulmonary arrest follow-
ing asphyxiation. One LAMA2-MD patient (patient
17, 31 years) declined further cardiac follow-up
at our hospital due to the high perceived bur-
den of participating in the LAST SRONG study

combined with personal circumstances. The echocar-
diographic data at baseline of one SELENON-RM
patient (patient 10, 11 years) was lost due to technical
problems. At baseline, three LAMA2-MD patients
used cardiac medication, including beta blockers
and ACE inhibitors. These medications were ini-
tiated before inclusion in this study by their own
health care providers because of impaired cardiac
function, one in childhood, one in adolescence and
one in adulthood. Off note, the pediatric patient had
cardiomyopathy with dilation of the left and right
ventricle combined with severe insufficiency of the
mitral valve, which improved after initiation of heart
failure therapy with digoxin and captopril. Currently,
her cardiac function is stable using metoprolol and
lisinopril. None of the SELENON-RM patients used
cardiac medication. An overview on key patients’
characteristics can be found in Table 1 and has been
published elsewhere [2, 3]

LAMA2-MD

Baseline
ECG was performed in 21 patients (Table 2, Sup-
plementary Table 1). Heart frequency, heart axis, and

Overview on patients’ characteristics

Demographics Baseline (mean & SD (range)) After 1 year (mean =£ SD (range))
LAMA2-MD

N of patients 21 19

Age at examination (years) 20+ 14 (3 to 50) 21+ 15 (4 to 51)

Males (n (%)) 6/21 (29%) 6/19 (32%)

BMI - child (kg/m2)

18.2+3.4 (13.9t0 23.7)

19.0£3.9 (13.7 to 25.9)

BMI - adult (kg/m2)

20.0£3.9 (13.0to 25.5)

21.3£3.0(16.9 to 25.4)

Ambulant (%)

8/21 (38%)

8/19 (42%)

Blood pressure (mmHg)

13 years or older 121 £19/75+ 15 118 £18/70+ 12
4 to 12 years 93+£7/57+4 100£11/61£5
3 years or younger 78/48 n.a.
SELENON-RM
N of participants 10 10
Age at examination (years) 1812 (3 t0 42) 19412 (4 t0 43)
Males (%) 7/10 (30%) 7/10 (30%)

BMI - child (kg/m?2)

16.2£3.3 (12.6 to 20.8)

16.4+3.8 (12.9to 21.4)

BMI - adult (kg/m2)

23.0£3.0 (19.1 to 26.3)

23.9£3.7 (20.0 to 28.6)

N of ambulant patients (%)

8/10 (80%)

8/10 (80%)

Blood pressure (mmHg)
13 years or older
4 to 12 years
3 years or younger

128 £24/81 £ 18
106 £6/62 £7
122/73

127 £23/81+£19
103 £11/64£8
n.a.

LAMA2-MD =LAMAZ2-related muscular dystrophy; SELENON-RM =SELENON:-related congenital
myopathy; N =number; BMI=Body Mass Index; Ambulant was defined by being able to walk 10 meter

without the need for support.
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Table 2

Overview on electrocardiographic and echocardiographic features at baseline and at follow-up

Baseline

After | year

LAMA2-MD

ECG

Conduction times/heart rates

Heart rate 87 + 15 bpm (z-score 0.31) 85 + 14 bpm (z-score 0.27)
PR 135 +20 ms (z-score —0.12) 136 £ 24 ms (z-score —0.08)
QRS 92 £ 10 ms (z-score 0.45) 96 + 12 ms (z-score 0.61)
QTc 432 4+ 27 ms (z-score 0.13) 432 + 22 ms (z-score 0.18)

Peak values

Q: I/III/V6 (z-score)

—0.31/-0.46/0.23

-0.31/-0.51/-0.07

R: I/II/aVFE/V1/V5/V6

—0.04/-0.59/-0.58/0.90/0.08/-0.25

0.27/-0.51/-0.54/0.92/-0.03/-0.23

S: I/V1/V2/V6 —0.62/0.47/0.59/0.02 —0.49/0.48/0.56/-0.17
Other ECG characteristics
QRS fragmentation 13/21 15/19
Number of leads 24413 26+1.4
Q waves 21/21 19/19
Number of leads 37+£19 36+1.8
Poor R wave progression 12/21 12/19
iRBBB 4/21 3/19
Sinus arrythmia 8/21 7/19
Echocardiography
LVEF 59+7% 57+ 10%
Abnormal LVEF 3/21 3/21
GLS —20.2+4.0% —21.4+4.8%
Abnormal GLS 4/12 3/13
SELENON-RM
ECG

Conduction times/heart rates

Heart rate 90 £ 19 bpm (z-score 0.47) 91 + 15 bpm (z-score 0.68)
PR 136 + 25 ms (z-score 0.47) 138 4+ 27 ms (z-score —0.06)
QRS 87 + 10 (z-score —0.22) 87.3 £ 10 (z-score —0.37)
QTc 415 426 (z-score —0.31) 423 £ 15 (z-score —0.06)

Peak values

Q: II/III/V6 (z-score)

—0.45/-0.33/-0.30

-0.47/-0.48/-0.30

R: I/II/aVF/V1/V5/V6

—0.17/-0.71/-0.75/0.27/-0.16/-0.32

0.061/-0.73/-0.80/0.38/-0.50/-0.54

S: I/V1/V2/V6

—0.19/-0.18/-0.17/-0.21

—0.34/0.19/0.27/-0.25

Other ECG characteristics

QRS fragmentation 8/10 7/10
Number of leads 23+14 1.8+1.3
Q waves 7/10 8/10
Number of leads 3+1.7 38+19
Poor R wave progression 8/10 7/10
iRBBB 2/10 2/10
Sinus arrythmia 5/10 4/10
Echocardiography
LVEF 61+5% 63+5%
Abnormal LVEF 0/9 0/10
GLS —20.6 £4.4% -20.1+3.5%
Abnormal GLS 3/7 2/8

LAMA2-MD =LAMAZ2-related muscular dystrophy; SELENON-RM =SELENON-related congenital myopathy;
ECG =electrocardiography; bpm=beats per minute; ms=milliseconds; iRBBB =incomplete right bundle branch
block; LVEF =left ventricular ejection fraction; GLS = global longitudinal strain; all values are mean = SD unless

otherwise stated.
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Fig. 1. Electrocardiographic characteristics in a LAMA2-MD patient (patient 2, F, 8 years, baseline). QRS fragmentation in III,
aVF and V1 (arrow); Q waves in I and aVL (open arrow); iRBBB (Rsr’ pattern in v1). iRBBB =incomplete right bundle branch block.

LAMA2-MD = LAMA2-related muscular dystrophy.

ST-segment, P wave and T wave morphology were
normal in all patients. QRS fragmentation was seen
in 13/21 patients (Figs. 1-3). Poor R wave progres-
sion was found in 12/21 patients. Q waves were
present in all patients (Figs. 1-3). Eight out of 21
patients had a sinus arrhythmia, but no arrhythmia
was observed. Three patients had an iRBBB (Fig. 1).
None of the patients met the criteria for low QRS
voltages. We found a moderate correlation between
the number of leads with Q waves and age (Spear-
man, —0.437, p<0.05). There was no difference in
MFM-20/32 score, LVEF, GLS and age between
patients with and without QRS fragmentation, poor
R wave progression and iRBBB. Furthermore, there
was no difference in ambulant status between patients
with and without QRS fragmentation and poor R
wave progression. Patients with sinus arrythmia were
significantly younger (10 & 3) than patients without
sinus arrhythmia (26 £ 15) (p <0.001).

Echocardiography was performed in 21 patients, of
whom 18 patients had normal LVEF (Fig. 4, Table 2,
Supplementary Table 1). Three adult patients showed
amildly decreased LVEF (51% (F, 31 years), 44% (M,
42 years) and 40% (M, 21 years)). GLS was decreased
in four patients (—12.4% (F, 31 years); —14.8% (M,
42 years); —17.7% (F, 13 years); —18,8% (M, 14
years)), of whom two also had a decreased LVEF.
No significant abnormalities of the valves, right ven-
tricle volume/function or atria were seen. There was
a significant correlation between LVEF and GLS
(Spearman, —0.755, p<0.01) and between FEV1%
and GLS (-0.648, p <0.05). We found no correlation
between LVEF and age, MFM-32, FEV1%, num-
ber of leads with QRS fragmentation or number of
leads with Q waves, and no correlation between GLS
and age or MFM-32. There was no difference in
LVEF and GLS between ambulant and non-ambulant
patients.

One-year follow-up

ECG was performed in 19 patients (Table 2, Sup-
plementary Table 1). In one patient (patient 9) having
a normal QRS duration at baseline (109 ms), had a
striking increase in QRS duration to 130 ms (z-score
1.77) at follow-up. This was accompanied by a dete-
rioration in LVEF from 44% to 30%. Two patients
(patient 1 and patient 4) had new QRS fragmentation
(Fig. 3). The number of leads with QRS fragmenta-
tion or Q waves per patient was not changed between
baseline and follow-up. There was also no correla-
tion between the number of leads having fragmented
QRS complexes or Q waves and LVEF, GLS, MFM-
20/32 or age. There is a significant difference in
GLS between patients with (—19.8 4= 4.2) and without
(-26.6 £2.8) poor R wave progression (p=0.024).
Similar to baseline, we found a significant difference
in age between patients with (11 & 3) and without
(27 £ 16) sinus arrythmia (p =0.022).

Echocardiography was performed in 19 patients
(Fig. 4, Table 2, Supplementary Table 1). We found
no difference in LVEF and GLS between baseline and
follow-up. We found a moderate correlation between
age and LVEF (Spearman, —0.494, p <0.05). There
was no correlation between LVEF and GLS, MFM-
20/32 or FEV 1, and no correlation between GLS and
MFEM-20/32 or FEV 1.

SELENON-RM

Baseline

ECG was performed in 10 patients (Table 2, Sup-
plementary Table 1). Heart rate, QRS conduction
times, QTc times, and ST-segment, P wave and T
wave morphology were normal in all patients. One
patient had a right heart axis. QRS fragmentation was
seen in eight patients. Poor R wave progression and
Q waves were seen in seven patients. Five patients
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Ledm: 10 mm/mV Borst: 10 mm/mV
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Fig. 2. Electrocardiographic changes in a LAMA2-MD patient (patient 9, male) between baseline (42 years) and follow-up (43 years).
These electrocardiographic changes are accompanied by 14% decrease in LVEF. (A) ECG at baseline, showing QRS fragmentation in leads II
and aVF (arrow), Q waves in leads I, aVL and V2 (open arrow) and anterior fascicular block. Heart rate is 57 beats per minute (z-score —0.87),
PR is 145 ms (z-score —0.23), QRS is 109 ms (z-score 0.49) and QTc is 420 ms (z-score —0.29). (B) ECG at one-year follow-up showing QRS
fragmentation in leads II, aVR, aVF, V1 and V3 (arrow), Q waves in leads I and aVL (open arrow), poor R wave progression and anterior
fascicular block. Heart rate is 55 beats per minute (z-score —0.97), PR is 145 ms (-0.23), QRS is 130 ms (z-score 1.77) and QTc is 410 ms
(z-score —0.57). LAMA2-MD = LAMA2-related muscular dystrophy; LVEF = left ventricular ejection fraction; ECG = electrocardiography.

had a sinus arrhythmia and two an iRBBB. None
of the patients met the criteria for low QRS volt-
ages. We found no correlation between the number
of leads with QRS fragmentation or the number of
leads with Q waves, and LVEF, GLS, MFM or age.
We found no difference in GLS, MFM-20/32, age

or ambulant status between patients with and with-
out QRS fragmentation. Furthermore, MFM-20/32
was decreased in patients with an iRBBB (49 + 8%)
compared to patients without an iRBBB (79 + 6%)
(»<0.001). There was no difference in MFM-20/32,
LVEF, GLS and age between patients with an with-
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Fig. 3. QRS fragmentation and Q waves per lead in LAMA2-MD and SELENON-RM patients at baseline and follow-up. (A)
number of LAMA2-MD patients with QRS fragmentation per lead at baseline; total n=21. (B) number of LAMA2-MD patients with QRS
fragmentation per lead at follow-up; total n=19. (C) number of SELENON-RM patients with QRS fragmentation per lead at baseline; total
n=10. (D) number of SELENON-RM patients with QRS fragmentation per lead at follow-up; total n=10. (E) number of LAMA2-MD
patients with Q waves per lead at baseline; total n=21. (F) number of LAMA2-MD patients with Q waves per lead at follow-up; total
n=19. (G) number of SELENON-RM patients with Q waves per lead at baseline; total n=10. (H) number of SELENON-RM patients
with Q waves per lead at follow-up; total n=10. LAMA2-MD = LAMA2-related muscular dystrophy; SELENON-RM = SELENON-related

congenital myopathy.

out Q waves, poor R wave progression and sinus
arrythmia.

Echocardiography was performed in nine patients,
of whom all had normal LVEF (Fig. 4, Table 2,
Supplementary Table 1). GLS could be measured in
seven patients and was decreased in three patients
(-17.3 (M, 21 years); —15.8 (M, 42 years); —17
(F, 30 years)). No significant abnormalities of the
valves, right ventricle volume/function or atria were
seen. We found a correlation between age and GLS
(Spearman’s correlation, 0,821, p<0.05) or FEV1
(Spearman’s correlation, 0,800, p <0.01). There was
also a correlation between GLS and FEV1 (Spear-
man’s correlation, 0,786, p<0.05). We found no
correlation between LVEF and age, GLS, MFM-
32 or FEV1, and no correlation between GLS and
MFM-32. There was no difference in LVEF and GLS
between ambulant and non-ambulant patients.

One-year follow-up

ECG was performed in 10 patients (Table 2, Sup-
plementary Table 1). QRS fragmentation disappeared
in one pediatric (patient 8) and in one adult (patient 6)
patient. New Q waves were seen in one patient. The
number of leads with QRS fragmentation or Q waves
per patient was not changed between baseline and
follow-up. There was no differences in LVEF, GLS,
MFM-20/32 or age between patients with and with-
out fragmented QRS complexes, Q waves, iRBBB
and sinus arrhythmia.

Echocardiography was performed in 10 patients,
of whom all had normal LVEF (Fig. 4, Table 2, Sup-
plementary Table 1). GLS could be measured in eight
patients, of whom two patient had an abnormal GLS
(-14.5% (M, 43 years), —18,1% (M, 12 years). Of
one patient having an abnormal GLS (-17% (F, 31
years)) at baseline, the GLS could not be measured
at follow-up due to poor image quality. Of the other
patient having an abnormal GLS (-17.3%), the GLS
increased to just above cut-off value at follow-up
(-18.8% (M, 22 years)). There was no difference
in LVEF and GLS between baseline and follow-
up. We found a correlation between GLS and age
(Spearman’s correlation, 0.857, p <0.001) and LVEF

(Spearman’s correlation, —0.833, p <0.5). We found
no correlation between LVEF and age, MFM-20/32
or FEV1%, and no correlation between GLS, and
MFM-32 or FEV1%.

DISCUSSION

This case series on cardiac involvement in
LAMA2-MD and SELENON-RM patients fills in an
important knowledge gap on cardiac phenotyping,
prevalence estimations and cardiac disease progres-
sion. The main findings include: 1) prevalent QRS
fragmentation, 2) frequent Q waves, 3) poor R wave
progression and 4) abnormal GLS in both neuromus-
cular diseases, while 5) decreased LVEF was only
found in LAMA2-MD patients. This study enables
us to optimize clinical care by providing disease spe-
cific cardiac recommendations on clinical care and
research, which we will discuss below.

Cardiac involvement in neuromuscular diseases

Cardiac involvement is a key symptom in several
other neuromuscular diseases, including Duchenne
muscular dystrophy (DMD), limb-girdle muscular
dystrophies and myotonic dystrophy, and yearly
routine cardiac screening is recommended [27].
Clinically relevant cardiac involvement most com-
monly consists of either cardiomyopathy, conduction
defects or arrhythmias. The underlying patho-
physiology of this cardiac involvement in other
neuromuscular diseases includes myocardial fibrosis
and scarring [27-29]. Our recent scoping review on
LAMA2-MD and SELENON-RM patients showed
cardiac involvement in all ages [8]. In LAMA2-
MD, LV systolic dysfunction was prevalent, while
in SELENON-RM RYV dysfunction secondary to res-
piratory failure was frequently found. An autopsy
study showed extensive interstitial fibrosis of the
myocardium in one LAMA2-MD patient, which
has not been confirmed in larger cohorts [30].
We found no autopsy studies in SELENON-RM
patients [8]. Below we discuss the electrocardio-
graphic and echocardiographic findings and their
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Fig. 4. LVEF and GLS at baseline and change in LVEF and GLS between baseline at follow-up. (A) LVEF against age in years at
baseline. There was no significant correlation between LVEF and age in both LAMA2-MD and SELENON-RM, yet there was a tendency
of LVEF to decrease with increasing age. (B) GLS (%) against age in years at baseline. There was a significant correlation between age
and GLS in SELENON-RM (Spearman’s correlation, 0,821, p <0.05), but not in LAMA2-MD. (C) Difference between baseline LVEF and
LVEF at follow-up. A negative value implies an amelioration in LVEF, while a positive value implies a deterioration in LVEF. There was a
significant correlation (Spearman’s correlation, 0.471, p<0.05) in LAMA2-MD patients between change in LVEF and age. There was no
significant correlation in SELENON-RM patients, yet there was a tendency for a deterioration of LVEF with age. (D) Difference between
baseline GLS and GLS at follow-up. A negative value implies an deterioration in GLS, while a positive value implies a amelioration in GLS.
There was no significant correlation between change in GLS from baseline to follow-up and age for both LAMA2-MD and SELENON-
RM. LAMA2-MD = LAMA2-related muscular dystrophy; SELENON-RM = SELENON-related congenital myopathy; LVEF = left ventricular
ejection fraction; GLS = global longitudinal strain.

clinical relevance from case series in LAMA2-MD coronary artery disease and also in nonischemic
and SELENON-RM. cardiomyopathy [34]. However, QRS fragmentation
is a nonspecific finding and should only be inter-
preted in the presence of pertinent clinical evidence

Electrocardiographic findings
of myocardial fibrosis. We are not aware of any

QRS fragmentation was an outstanding electro- Dutch or Flemish patients that died of sudden car-
cardiographic abnormality in our LAMA2-MD and diac death, which might partly be explained by the
SELENON-RM cohorts and might indicate myocar- small cohorts combined with the lack of standard-
dial involvement. A fragmented QRS complex is a ized clinical phenotyping (including cause of death)
marker of heterogenous myocardial electrical acti- in national databases before the start of this study.
vation that can be caused by ventricular chamber We additionally found frequent Q waves in the
dilatation, myocardial scarring and fibrosis which contiguous leads, while most of those waves were not
result in a slow and inhomogeneous myocardial fitting the criteria for abnormal Q waves. Abnormal
conduction [31]. QRS fragmentation is a good pre- Q waves can be a clue for different disease entities,
dictor of mortality and cardiac events among patients for which age is an important predicting factor
with coronary artery disease or idiopathic dilated for the underlying pathophysiology [35]. In older
cardiomyopathy [15, 32]. QRS fragmentation was patients (>40 years), pathologic Q waves are often
further associated with cardiomyopathy, a lower a sign of myocardial infarction. Contrarily, in the
LVEF, more frequent arrhythmias and requirement younger patients, abnormal Q waves are mostly a
of cardiac medical therapies or cardiac device inter- sign of congenital heart disease or cardiomyopathy
vention in other neuromuscular diseases [11, 33]. unrelated to myocardial infarction. In patients with
QRS fragmentation has also been described to be a DMD, abnormal Q waves were the most common

predictor of sudden cardiac death in patients with electrocardiographic abnormality [12]. Abnormal



930 K. Bouman et al. / Cardiac Features in LAMA2-MD and SELENON-RM

Q waves were mostly at the anterolateral wall leads
(I, aVL, V4-V6), but could also appear at the
inferior wall leads (II, III, aVF). Further, abnormal
Q waves were common in patients with severe
myotonic dystrophy [36]. In LAMA2-MD and
SELENON-RM patients, we mostly saw Q waves
that did not fit our definition of ‘abnormal Q waves’.
However, pronounced Q waves were often present in
many leads, were in some patients remarkably deep
(>2mm), were seen in right-sided leads and were
>25% of depth of the QRS complex which might
indicate cardiac involvement (Fig. 1).

Poor R wave progression can be caused by multiple
underlying pathophysiological mechanisms includ-
ing anterior myocardial infarction, LV hypertrophy,
RV hypertrophy or it can be a variant of normal [37].
In DMD, tall R waves and increased R/S amplitude
in V1 are prevalent [38]. This is caused by decreased
muscle mass of the LV due to fibrosis and scarring and
results in a decreased leftward depolarization. Con-
sequently, the overall depolarization becomes more
rightward, which leads to a tall R wave in V1 and
poor R wave progression. Poor R wave progression
in LAMA2-MD and SELENON-RM might thus indi-
cate myocardial involvement.

(1)RBBB was found in some LAMA2-MD and
SELENON-RM patients. In the general population,
especially in the pediatric, an (i)RBBB can be a
benign finding [39, 40]. However, it can also rep-
resent underlying myocardial disease and can be a
predictor of mortality in certain patient populations
[40, 41]. (i)RBBB has previously been described in
other neuromuscular diseases, including DMD and
myotonic dystrophy [42]. In a French study, 34% of
the DMD patients had a RBBB, which was a predic-
tive factor associated with cardiac events [13]. An (i)
RBBB in LAMA2-MD and SELENON-RM patients
could thus reflect underlying cardiomyopathy. On the
other hand, it can also be a benign finding, since it is
mainly present in the pediatric population, sometimes
spontaneously disappears and is not related with an
abnormal cardiac function. Also sinus arrhythmia,
which was frequently seen in our (pediatric) popu-
lation, was considered as benign [43].

Echocardiographic findings

LVEF was abnormal in three (14%) LAMA2-MD
patients, both at baseline and follow-up, and in none
of the SELENON-RM patients, which is in line with
the results of our scoping review [8]. No other under-
lying pathophysiology than cardiomyopathy as part

of the LAMA2-MD disease spectrum was identified.
RV dysfunction due to severe respiratory impairment
was the most common cardiac feature previously
described in SELENON-RM. Chronic respiratory
failure causes pulmonary vasoconstriction, muscular-
ization of non-muscular arterioles, increased media
thickness, perivascular leakage and inflammatory
infiltration, leading to pulmonary hypertension [44].
Contrarily to the literature, we did not observe right
ventricle dysfunction [8]. This could be attributed
to strict respiratory follow-up in our cohort and the
prompt start of respiratory support. Strict respiratory
follow-up as part of clinical care is advised to prevent
cardiac complications.

Abnormal GLS was prevalent in both LAMA2-
MD and SELENON-RM patients. GLS is an
echocardiographic index of LV systolic function and
is a more reproducible and sensitive method for the
evaluation of LV function than left ventricular ejec-
tion fraction (LVEF) [45]. However, the value of
GLS in neuromuscular diseases remains unclear. In
DMD, GLS can detect subtle left ventricular systolic
dysfunction before the decline of LVEF [46]. Early
detection of cardiac dysfunction is crucial to initi-
ate cardiac medication in time in order to reverse
remodeling and improve prognosis. Both at baseline
and at follow-up, in two out of four patients with an
abnormal GLS, LVEF was abnormal. Moreover, the
only LAMA2-MD patient having a clinically relevant
decrease in LVEF between baseline and follow-up
(patient 9), had a very abnormal GLS (-14.8%) at
baseline. Although our cohort is too small and the
follow-up period is too short to statistically sup-
port GLS as an early marker of cardiomyopathy in
LAMA2-MD and SELENON-RM, both the literature
on GLS in other neuromuscular diseases combined
with the findings in our cohort point towards this
direction.

We did not find a correlation between either LVEF
or GLS and the motor function (MFM-20/32). Motor
function will therefore not be taken into account for
cardiac recommendations for clinical care.

Recommendation for clinical care

Based on the results of this case series, our
recent scoping review and on the recommenda-
tions on cardiac care in other muscle diseases,
we recommend cardiac screening with ECG and
echocardiography with GLS in all LAMA2-MD
and SELENON-RM patients by a cardiologist at
diagnosis, at least every two years from second
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decade of life and if new cardiac signs arise. We
opt for personal coordination between the parent(s)
and treating physician for the frequency of cardiac
screening in the interim period. This recommen-
dation is based on several observations in this
study, our recent scoping review and on natural
history studies in other congenital muscular dystro-
phies and congenital myopathies. First, we found a
decreased LVEF in several LAMA2-MD patients,
and prevalent abnormal GLS in both LAMA2-MD
and SELENON-RM patients. Second, our scoping
review showed decreased LVEF in LAMA2-MD
patients and RV failure in SELENON-RM patients
[8]. Third, the literature in other neuromuscular dis-
eases proposes GLS as early detector of decreased
cardiac function [46, 47]. Fourth, QRS fragmen-
tation and frequent Q waves can be a sign of
underlying myocardial involvement. The screening
interval is in line with the current clinical guidelines
on congenital myopathies and congenital muscular
dystrophies by Wang et al. [6, 7]. If abnormali-
ties are detected on ECG and/or echocardiography,
we recommend cardiac magnetic resonance imag-
ing (CMR). Furthermore, in patients with abnormal
LV function, we recommend initiating nonpharma-
cological and pharmacological interventions in line
with the heart failure guidelines [48, 49]. Nonpharma-
cological interventions include treatment adherence
and health maintenance behaviors, the latter inclu-
ding restricting sodium intake, staying physically
active, and getting vaccinations. Pharmacological
interventions include renin-angiotensin system inhi-
bition with angiotensin-converting enzyme (ACE)
inhibitors or angiotensin receptor blockers (ARBs)
as first step to reduce morbidity and mortality.

Recommendations for research

For future research, we propose long-term
prospective cardiac follow-up in a large cohort of
LAMAZ2-MD and SELENON-RM patients to further
examine the predictive value of ECG abnormali-
ties and abnormal GLS or LVEF and to optimize
the recommendations for clinical care. This calls for
international collaboration due to the rarity of these
diseases. Further, we suggest myocardial tissue cha-
racterization through CMR [50, 51]. CMR can assess
the presence of myocardial inflammation, infiltration
or fibrosis. The location of this cardiac involvement
on MRI should subsequently be correlated to the leads
on ECG with QRS fragmentation, Q waves and poor
R waves progression. This is of particular interest in

LAMA2-MD and SELENON-RM due to the ECG
(QRS fragmentation, Q waves, poor R wave progres-
sion) and echocardiographic findings that indicate
myocardial involvement. Further, CMR is a more
sensitive technique than echocardiography for early
diagnosis of cardiac involvement and for prediction
of long-term outcomes [52].

Strength and limitations

Major strengths of our study include the stan-
dardized and prospective follow-up in an unselected
cohort of LAMA2-MD and SELENON-RM patients,
with great variability in age and disease severity,
using the most sensitive echocardiographic func-
tions. This enables us to do prevalence estimations,
a more detailed cardiac phenotyping and conse-
quently disease specific recommendations. Further,
the method of ECG assessment, performed by
four (pediatric) cardiologists (FH, EB, RE and
FU) with special focus on cardiac involvement in
neuromuscular diseases and a PhD candidate in
(pediatric) neurology (KB), improves the validity
of the study. Finally, the majority of the Dutch and
Dutch-speaking Belgium patients were included,
with only minimal loss from follow-up [2]. How-
ever, the number of patients in this study is low,
which is inherent to rare neuromuscular diseases.
In LAMA2-MD relatively more woman, while in
SELENON-RM relatively more men are included.
Further, a one-year follow-up period is too short
in these slowly progressive neuromuscular diseases
in order to assess cardiac disease progression and
to determine risk factors for developing cardiac
dysfunction on the long-term. We acknowledge that
a one-year follow-up period is too short to have
expected any significant changes between the two
assessments. A major strength of the design of our
study includes the possibility to extend the follow-up
period provided that financial resources are available.
This will enable us to further adapt our recommenda-
tions on the frequency of cardiac follow-up. Finally,
due to severe thorax deformities, image quality of
the echocardiography was not always sufficient to
perform 3D LVEF and 3D GLS, resulting in missing
data in generally the most severely affected patients.

CONCLUSION
This study shows cardiac involvement in a subset

of LAMA2-MD and SELENON-RM npatients, irre-
spective of motor function. This stresses the need for
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routine cardiac screening as part of clinical care in
these patients.
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