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Abstract
Background and Objectives
LAMA2-related muscular dystrophy (LAMA2-MD) is a rare neuromuscular disease charac-
terized by proximal and axial muscle weakness, rigidity of the spine, scoliosis, and respiratory
impairment. No curative treatment options exist, yet promising preclinical studies are ongoing.
Currently, there is a paucity on natural history data, and appropriate clinical and functional
outcome measures are needed. We aim for deep clinical phenotyping, establishment of a well-
characterized baseline cohort for prospective follow-up and recruitment for future clinical trials,
improvement of clinical care, and selection of outcome measures for reaching trial readiness.

Methods
We performed a cross-sectional, single-center, observational study. This study included neu-
rologic examination and functional measurements among others the Motor Function Measure
20/32 (MFM-20/32) as primary outcome measure, accelerometry, questionnaires, muscle
ultrasound, respiratory function tests, electrocardiography and echocardiography, and dual-
energy X-ray absorptiometry.

Results
Twenty-seven patients with genetically confirmed LAMA2-MD were included (21 ± 13 years;
M = 9; ambulant = 7). Axial and proximal muscle weakness was most pronounced. The mean
MFM-20/32 score was 42.0% ± 29.4%, with domain 1 (standing and transfers) being severely
affected and domain 3 (distal muscle function) relatively spared. Physical activity as measured
through accelerometry showed very strong correlations to MFM-20/32 (Pearson correlation,
−0.928, p < 0.01). Muscle ultrasound showed symmetrically increased echogenicity, with the
sternocleidomastoid muscle most affected. Respiratory function was impaired in 85% of pa-
tients without prominent diaphragm dysfunction and was independent of age. Ten patients
(37%) needed (non)invasive ventilatory support. Cardiac assessment revealed QRS frag-
mentation in 62%, abnormal left ventricular global longitudinal strain in 25%, and decreased left
ventricular ejection fraction in 14% of patients. Decreased bone quality leading to fragility
fractures was seen in most of the patients.

Discussion
LAMA2-MD has a widely variable phenotype. Based on the results of this cross-sectional study and
current standards of care for congenital muscular dystrophies, we advise routine cardiorespiratory
follow-up and optimization of bone quality. We propose MFM-20/32, accelerometry, and muscle

From theDepartment of Neurology (K.B., J.D., N.A., B.G.M.E., N.C.V.), Donders Institute for Brain, Cognition and Behaviour; Department of Pediatric Neurology (K.B., C.E.E.), Donders Institute
for Brain, Cognition and Behaviour, Amalia Children’sHospital;DepartmentofRehabilitation (J.T.G.),Donders Institute forBrain, CognitionandBehaviour;DepartmentofPediatric Cardiology
(F.E.A.U.C.), Amalia Children’s Hospital; Department of Cardiology (F.M.A.H., R.N.); Department of HumanGenetics (E.-J.K.); Department of Pediatrics (A.T.M.D., J.M.T.D.), Radboud Institute for
Health Sciences, Amalia Children’s Hospital; and Department of Internal Medicine (M.C.H.J.), Radboud University Medical Center, Nijmegen, The Netherlands.

Go to Neurology.org/NG for full disclosures. Funding information is provided at the end of the article.

The Article Processing Charge was funded by the authors.

This is an open access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND), which permits downloading
and sharing the work provided it is properly cited. The work cannot be changed in any way or used commercially without permission from the journal.

Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology. 1

http://dx.doi.org/10.1212/NXG.0000000000200089
mailto:karlijn.bouman@radboudumc.nl
https://ng.neurology.org/content/9/4/e200089/tab-article-info
http://creativecommons.org/licenses/by-nc-nd/4.0/


ultrasound for assessing disease severity and progression. For definitive clinical recommendations and outcome measures, natural
history data are needed.

Clinical Trials Registration
This study was registered at clinicaltrials.gov (NCT04478981, 21 July 2020). The first patient was enrolled in
September 2020.

Introduction
Laminin α2–related muscular dystrophy (LAMA2-MD) is a
congenital muscular dystrophy with a clinical phenotype
ranging from a severe congenital muscular dystrophy type 1A
(MDC1A) (complete merosin deficiency) to a milder, late-
onset LAMA2-MD (partial merosin deficiency).1 Key features
include axial and proximal muscle weakness, delayed motor
milestones, early-onset spinal rigidity, joint contractures,
scoliosis, and respiratory insufficiency.1 In addition, patients
may experience epileptic seizures and show characteristic
diffuse brain white matter lesions on MRI.2 Manifesting
symptoms of patients with a severe form of LAMA2-MD
include postnatal hypotonia, a weak cry, and reduced spon-
taneous movements.1 Facial weakness, macroglossia, pro-
truding tongue, and progressive limitation of extraocular
movements are common later in life. Contrarily, most patients
with a mild form of LAMA2-MD present during (early)
childhood with delayed motor milestones.1 The clinical di-
agnosis of LAMA2-MD is confirmed by 2 recessive (likely)
pathogenic variants in the LAMA2 gene (OMIM-number
156225). Currently, no curative treatments exist, but pre-
clinical studies are ongoing.3,4 To pave the way toward clinical
trials, it is essential to identify and characterize patients clin-
ically and genetically and to select sensitive, patient-friendly,
and sustainable clinical and functional outcome measures.
Previous clinical studies have been performed to characterize
the natural history of patients diagnosed with LAMA2-MD,
showing a significant rate of change in Motor Function
Measurement 32 (MFM-32) score in nonambulant patients
(aged 5–17 years), a linear annual decline in forced vital

capacity (FVC) (percentage predicted) in patients with com-
plete merosin deficiency, cardiac ventricular dysfunction and
rhythm disturbances, and pneumonia as the main cause of
death.5,6 However, these studies had several major limitations,
including a limited subset of outcome measures, an absence of
convenient muscle visualizing techniques, an absence of bone
quality assessment, and a limited age range. Prospective cross-
sectional and natural history studies including a large subset of
clinical, functional, and imaging outcome measures in a cohort
with variable and large age range and disease severity are
missing. In this study, we present a cross-sectional study on
LAMA2-MD, which fills in this gap. Hereby, we aim for deep
clinical phenotyping and to establish a well-characterized
baseline cohort of patients with LAMA2-MD for prospective
follow-up and recruitment for future clinical trials. Moreover,
we want to validate the use of a large subset of outcome
measures in LAMA2-MD. We finally aim to contribute to op-
timal clinical management for patients withLAMA2-MD across
the life span. The primary outcome measure is the Motor
Function Measure 20/32 (MFM-20/32) because it evaluates
fine and gross motor ability and is generally accepted as a
reliable and valid method to measure disease severity and
progression in patients with neuromuscular diseases.7

Methods
Study Design
This cross-sectional study in adult and pediatric patients with
LAMA2-MD is part of the LAST STRONG Study: a study on
LAMA2-MD and SELENON-RM To Study Trial Readiness,

Glossary
6MWT = 6-Minute Walk Test; 10MWT = 10-Meter Walk Test; BMI = body mass index; CIS = Checklist Individual Strength;
DEXA = dual-=energy X-ray absorptiometry; DMD = Duchenne muscular dystrophy; EK2 = Egen Klassifikation version 2;
ECG = electrocardiogram; FEV1% = percentage of predicted forced expiratory volume in 1 second; FVC% = percentage of
predicted forced vital capacity; FVC = forced vital capacity;GLS= global longitudinal strain;GTFT=Graded andTimedFunction
Tests; HFMS = Hammersmith Functional Motor Scale; HHD = Handheld dynamometry; INQoL = Individualized
Neuromuscular Quality of Life; IPA = Impact on Participation and Autonomy; LAMA2-MD = LAMA2-related muscular
dystrophy; LVEF = left ventricular ejaction fraction;MDC1A =merosin-deficient congenital muscular dystrophy type 1A;MEP =
Maximum Expiratory Pressure;MFM-20/32 = Motor Function Measure 20/32; miniBEST = Mini Balance Evaluation Systems
Test; MIP = Maximum Inspiratory Pressure; MRC = Medical Research Council; PBS = Pediatric Balance Scale; PCF = peak
cough flow; PedsQL = Pediatric Quality of Life Inventory; PedsQL NMM = Pediatric Quality of Life Inventory Neuromuscular
Module; PedsQL MFS = Pediatric Quality of Life Inventory Multidimensional Fatigue Scale; RAND-36 = Research and
Development-36; SNIP = Sniff Nasal Inspiratory Pressure; SVMgs = the gravity subtracted sum of vector magnitudes; TUG =
Timed Up and Go Test; TDI = tissue Doppler imaging; TTE = transthoracic echocardiography; VC = vital capacity.
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Outcome measures and Natural history, a prospective, single-
center, observational study with repeated measurements. An
overview on the LAST STRONG study protocol can be found
elsewhere.8

Study Population
Patients were recruited nonselectively and consecutively from
September 2020 to June 2022. Inclusion criteria include a ge-
netic confirmation of LAMA2-MD by 2 recessive (likely)
pathologic variants in the LAMA2 gene or typical clinical and
histologic alterations combined with genetic confirmation in a
first-degree relative. Exclusion criteria were an insufficient un-
derstanding of the Dutch language or lack of informed consent.
If patients did not wish or were not able to visit our center, they
were offered to participate in this study through home visits.

Neurologic Examination and
Functional Measurements
Patients underwent a standard neurologic examination by 2 as-
sessors (K.B. and C.E. or N.V.). Rigid spine was defined by a
decreased flexibility in the neck or lower back. Furthermore,
muscle strength was measured using handheld dynamometry
(Citec, CT3002) in muscles with an MRC score of ≥4 and was
compared with age-specific and sex-specific reference values.9,10

Muscle strength was decreased if below the fifth percentile (P5).
The passive range of motion of the elbow, hip, knee, and ankle
joints was assessed by goniometry. Functional measurements
include MFM-20/32, Hammersmith Functional Motor Scale
(HFMS), Pediatric Balance Scale (PBS), Mini Balance Evalua-
tion Systems Test (miniBEST), and Graded and Timed Func-
tion Tests (GTFTs, time to rise from the floor, 30 seconds sit to
stand, 10-mWalk Test, 6-MinuteWalk Test, and TimedUp and
Go Test). All functional measurements were adapted to the
patient’s age and functional abilities. The MFM-20/32 was the
primary outcome measure.

Accelerometry
An accelerometer (GENEActiv Original, Activinsights Ltd,
87.5 Hz sampling) on the nondominant wrist measured the
daily activity in the home situation for 7 days. The gravity-
subtracted sum of vector magnitudes (SVMgs) was used as
the activity measure. All data were subsequently analyzed
using MATLAB R2018a Update 4 (9.4.0.902940) for win-
dows. Activity was expressed as counts per day and the per-
centage of sedentary, light, moderate, or vigorous activity
corrected for age.11-13

Questionnaires
Patients and/or their parent(s) completed age-adapted ques-
tionnaires, including PediatricQuality of Life Inventory (PedsQL)
Generic Core Scale, Neuromuscular Module (NMM) and Mul-
tidimensional Fatigue Scale (MFS), Research and Development-
36 (RAND-36), Individualized Neuromuscular Quality of Life
(INQoL), McGill Pain Questionnaire, Wong-Baker Faces Pain
rating scale, Checklist Individual Strength (CIS), ACTIVLIM,
Impact on Participation and Autonomy (IPA), and Egen Klassi-
fikation version 2 (EK2).

Muscle Ultrasound
Muscle thickness and echogenicity (quantitative grayscale anal-
ysis and visual grading using the Heckmatt score) of a set of
bilateral muscles were assessed by muscle ultrasound, using an
Esaote MyLabTwice ultrasound scanner (Esaote SpA, Genoa,
Italy) with a 3–13 MHz broadband linear transducer and a 53-
mm footprint. Themean grayscale level was determined within a
manually selected region of interest in the ultrasound image
using an in-house developed MATLAB software package (ver-
sion 2013b, Mathworks, Natick, MA).8 The muscle thickness
and echogenicity were compared with reference values and
represented by their z score.

Respiratory Function
Patients (age 5 years or older) underwent spirometry in upright
and supine positions (SpiroUSB, Vyaire Medical connected to
PC Spirometry software, Spida CareFusion 2.3.0.10 for Win-
dows 7). In addition, maximum expiratory pressure (MEP),
maximum inspiratory pressure (MIP), and sniff nasal inspiratory
pressure (SNIP) were measured in upright position (Micro
RPM, Micro Medical, CareFusion, United Kingdom). Di-
aphragm ultrasound (MyLabTwice, Esaote SpA, Genoa, Italy)
was performed to assess bilateral diaphragm thickness (end-
expiratory andmaximum inspiratory thicknesses) and thickening
ratio.14

Cardiac Assessment
Heart axis (QRS axis between−30° and+90°),morphology of the
P, QRS, and T waves, ST segment morphology (elevation or
depression), the presence of repolarization disorders (poor
R-wave progression), andQRS fragmentation (additional R wave
or notching in the nadir of the R wave or S wave or more than 1
R9 without a typical bundle branch block) were assessed.15 Fur-
thermore, conventional transthoracic echocardiography (TTE)
with speckle tracking and tissue Doppler imaging (TDI) was
performed by certified sonographers using an Affinity70 General
(Philips Health care, Best, theNetherlands) for adults and a Vivid
E9 or Vivid E95 ultrasound scanner (GEHealth care Ultrasound,
Horten, Norway) for pediatric patients according to the EACVI
recommendations for cardiac chamber quantification. Left ven-
tricular ejection fraction (LVEF) was decreased if <52% in male
individuals, <54% in female individuals, and <55% in the pediatric
population.16,17 Global longitudinal strain was abnormal if above
−18% in adults and above −19.5% in children.18,19

Bone Quality
A dual-energy X-ray absorptiometry (DEXA) scan of the right
femoral neck and lumbar spine, including a vertebral fracture
assessment, was performed using the Hologic Discovery A
Horizon DXA System (S/N 303053M). For adults, osteo-
penia and osteoporosis were defined by a t score between −1
and −2.5 SD, and < −2.5 SD, respectively.20 In children, low
bone quality is defined as a z score ≤ −2.0 on DEXA scan
without a clinically significant fracture history. Osteoporosis is
defined as low bone mineral density (z score ≤ −2.0) com-
bined with a clinically significant fracture history (≥2 fragility
long bone fractures before the age of 10 years, ≥3 fragility long
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bone fractures before the age of 19 years, or the presence of
1 or more vertebral compression fractures without major
trauma or local disease).21

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. The Pearson
correlation was considered moderate (r = 0.40–0.59), strong
(r = 0.60–0.80), or very strong (r = 0.80–1.0). A paired sample
t test was used to compare the mean echogenicity of the right
and left sides. An independent sample t test was performed to
compare echogenicity and bone mineral density of the femoral
neck and lumbar spine between ambulant and nonambulant
patients. An independent sample t test was performed to
compareMFM-20/32 and accelerometry between patients with
partial and complete merosin deficiency and to assess difference
in MFM-20/32 between genotypes. A nonparametric test for
independent samples (Mann–Whitney U test) was performed
to compare the Heckmatt score between ambulant and non-
ambulant patients. If reference values are available, overlapping
confidence intervals were checked. In case of missing data, pa-
tients were excluded from specific subanalysis. Differences were
considered significant if p < 0.05. The statistical analysis plan
was published.8

Standard Protocol Approvals, Registrations,
and Patient Consents
The study was approved by the medical ethical reviewing
committee of Region Arnhem-Nijmegen (NL-number
NL64269.091.17, dossier number 2017-3911; 8 July 2020)
and was registered at clinicaltrials.gov (NCT4478981). From
all patients, or in case of children their parents or legal
guardian, informed consent was obtained for participating in
our study. A consent-to-disclose form was signed by any
identifiable person.

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

Results
Study Population
We were able to contact 31 patients with LAMA2-MD, of
whom 27 patients were included (mean age: 21 ± 13 years
(range 3–50 years), F = 18, M = 9). One Belgium patient
could not participate because of COVID-19 pandemic rules,
and 3 patients did not want to participate in scientific research
because of variable reasons, without being more or less se-
verely affected than the participants. Twenty-five patients
were of Dutch origin and 2 from the Dutch-speaking part of
Belgium (Flanders). Five patients participated through home
visits and thus underwent only part of the protocol, which is
summarized in eTable 1 (links.lww.com/NXG/A619). Key
clinical characteristics are summarized in Table 1.

Genetic Characteristics
All patients had genetic confirmation before enrollment in the
study (Table 2).2,22-30 The Dutch founder mutation (homo-
zygous and compound heterozygous) was most prevalent
(c.5562+5G>C splice site mutation in exon 38). No indi-
viduals were excluded from this study because of variants of
unknown significance.

Neurologic Examination
Facial muscle weakness was observed in 21/27 patients
(Figure 1 and Table 3). All patients had skeletal muscle
weakness, most pronounced in axial and proximal muscles.
Themedian sumMRCwas 35/60 [IQR 24–50] (Figure 1 and
Table 3). Elbow, hip, knee, and ankle contractures were fre-
quent and limited muscle strength scoring. Biceps, triceps,
knee, and Achilles heel deep tendon reflexes were absent or
reduced in 25/27 patients. Sensation was normal in all pa-
tients. Seven of 27 patients had a macroglossia, a high arched
palate was found in 17/27 patients, while 13/27 patients
had an elongated face. Rigid spine was seen in all, and
scapular winging including scapular dyskinesia was ob-
served in 17/24 patients. We were unable to assess scapular
winging in some patients because of the inability to actively
and/or passively move the arms (muscle weakness, con-
tractures) combined with spinal or chest deformities. Both
pseudohypertrophy and hypotrophy, especially of the calf
musculature, were seen. Nineteen out of 27 patients had
a spinal deformity (scoliosis and/or lordosis) or had un-
dergone surgical correction.

Functional Measurements
A detailed overview is listed in Table 3.

Motor Function Measurement 20/32
Domain 1 (standing and transfers) of MFM-20/32 was
most severely affected, while domain 3 (distal muscle
function) was relatively spared. MFM-20/32 was higher
in patients with partial (52.1% ± 18.8%) than complete
(22.5% ± 8.5%) merosin deficiency (p = 0.002) (Figure 2).
Patients with the compound homozygous Dutch founder
mutation were less affected (90.4% ± 1.1%) than patients
with the c.3799_3821del allele (13.9% ± 8.4%) (p < 0.001).
There was no correlation with age. MFM-20/32 correlated
moderately with PedsQLNMM filled in by mothers (0.589,
p < 0.05) and muscle weakness subscale of INQoL (−0.585,
p < 0.05).

Mini-Balance Evaluation Systems Test
Four of 15 adult patients performed the MiniBEST. Antici-
patory movements and reactive postural control were most
severely affected, while sensory orientation and dynamic gait
were relatively spared.

Pediatric Balance Scale
Three of 12 children performed the PBS. One child achieved
the maximum score. “Standing unsupported with 1 foot in
front” and “standing on one leg” were most severely affected.
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Hammersmith Functional Motor Scale
The HFMS was performed in 19/27 patients. The items “lifting
head from supine,” “propping on extended arms,” and “stepping”

were most severely affected. “Sitting on a plinth or chair” and
“putting 1 hand on top of the head” were less severely affected.

Graded and Timed Function Tests
Seven of 27 patients performed the 6MWT (percentage pre-
dicted: 68.6% ± 26.5%). Two patients had a walked distance
above the lower limit of normal: 558 m (female, age 32 years)
and 460 m (female, age 7 years).31,32 Seven patients performed
the Timed Up and Go Test (TUG), with a delay >10% in 3
patients in the cognitive task version. Four patients were able to
perform the 30-second sit-to-stand test (mean number of 11.8
± 4.1 stands). Seven patients were able to climb and descend 4
steps, of whom 4 and 5 patients were able to dowith alternating
steps and without the use of their hands, respectively. Nine
patients were able to independently raise from the ground to
a standing position, of whom 5 needed a nearby object for
support and 2 needed the support of their hands on the ground.

Handheld Dynamometry
The foot flexor muscles had the highest percentage of the
predicted strength (right: 75% ± 42%; left: 68% ± 45%), with
3 patients having bilateral strength above the lower limit of
normal (Table 3).

Accelerometry
The average activity (counts per day) was correlated with the
MFM-20/32 total score (Pearson correlation, 0.889, p < 0.01).
MFM-20/32 total score was correlated with sedentary (Pearson
correlation, −0.928, p < 0.01), light (Pearson’s correlation, 0.901,
p < 0.01), moderate (Pearson correlation, 0.887, p < 0.01), and
vigorous activity (Pearson correlation, 0.530, p < 0.01). The counts
per day and percentage sedentary, light, and moderate activities
differed between patients with partial (212,825 and 93.39%, 4.71%,
and 1.69%, respectively) and complete (126,908 and 98.49%,
1.19%, and 0.16%, respectively) merosin deficiency (p = 0.005,
p = 0.005, p = 0.007, and p = 0.007, respectively).

Questionnaires
A detailed overview is listed in eTable 2 (links.lww.com/
NXG/A620).

RAND-36
The subdomain physical functioning and general health were
significantly lower than those for healthy controls (p < 0.05). The
subdomains emotional well-being and pain were found signifi-
cantly higher than those for healthy controls (p< 0.05). Therewas
no difference in all other domains compared with that in healthy
controls.

Individualized Neuromuscular Quality of Life
Weakness (60.4% ± 22.1%) and independence (60.0% ±
31.1%) were most severely affected. Patients experienced
minimal problems of muscle locking, pain, and emotions.

Checklist Individual Strength
Ten of 15 patients reported problematic fatigue (>76 of 140
points), i.e., negatively influencing the person’s performance
in the occupational and home setting. The subjective

Table 1 Demographic and Clinical Features in Patients
With LAMA2-MD

Demographics N Mean ± SD (range)

Age at examination (years ± SD) 27 21 ± 12.9 (3 to 50)

Male individuals (%) 9 (33%)

BMI (kg/m2)—adult 15 18.2 ± 1.0 (13.9 to 23.7)

BMI (kg/m2)—child 12 21.3 ± 1.2 (13.0 to 33.9)

Motor function

Facial muscle weakness 21/27

Sum MRC score (0–60)
(median [IQR])

26 35 [24 to 50]

MFM-20/32 total score (%) 26 42.0 ± 29.4% (1.0 to 91.7)

6MWT—% predicted 7 68.6 ± 26.5% (18.0 to 99.9)

Pulmonary function

Respiratory support 10/27

Noninvasive ventilatory
support

9/27

Invasive ventilatory support 1/27

Impaired respiratory function
(FVC% <80%)

17/20

FVC—% predicted 20 53.9 ± 24.8% (14 to 101)

dVC (sitting—supine) (%) 20 −1.9 ± 11.4% (−37.5 to 20.3)

Cardiac function

Decreased LVEF (%) 3/21 58.8 ± 6.8 (40.0 to 67.5)

Abnormal GLS (%) 4/12 −20.2 ± 4.0% (−24.9 to −12.4)

QRS fragmentation 13/21

Bone quality

Fragility fracture 11/27

Decreased bone density
of femoral neck
(t score)—adults

9/9 −2.6 ± 1.4 (−5.0 to −1.0)

Decreased bone density
of femoral neck
(z score)—children

7/10 −3.5 ± 1.8 (−7.2 to −1.4)

Decreased bone density
of lumbar spine
(t score)—adults

2/6 −0.3 ± 1.1 (−1.9 to 1.4)

Decreased bone density
of lumbar spine
(z score)—children

1/7 −1.0 ± 1.1 (−2.9 to 0.4)

Abbreviations: 6MWT = 6-minute walking test; BMI = body mass index; dVC
(sitting—supine) = difference in vital capacity between the sitting and supine
positions; FVC% = percentage of predicted forced vital capacity; GLS = global
longitudinal strain; IQR = interquartile range; LVEF = left ventricular ejection
fraction; MFM-20/32 = Motor Function Measurement–20/32; MRC = Medical
Research Council.
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Table 2 Clinical and Genetic Features of Patients With LAMA2-MD

ID Sex Age
Max motor
milestone

Genetic mutation
Merosin
expression in
muscle biopsy

MFM-20/32
score

Ambulant
(yes/no)

Respiratory
support
(yes/no)
(FVC%)

Cardiac function
(LVEF; GLS; ECG)

Bone quality
(L; F; #)Variant DNA (protein) Variant type

ACMG
classification Ref

1 F 31 Walking unaided 1. c.5562+5G>C r.(spl?)
2. c.7732C>T p.(Arg2578*)

1. Splice site
2. Nonsense

1. Likely
pathogenic
2. Pathogenic

2,22 ↓ 66.7% Yes No (58%) LVEF 51%; GLS −12.4% L −1.0; F −2.5; #

2 F 8 Sitting unaided 1. c. 5116C>T p.(Arg1706*)
2. c.5562+5G>C r.(spl?)

1. Nonsense
2. Splice site

1. Pathogenic
2. Likely
pathogenic

2,23 ↓ 52.1% No No (63%) LVEF 67%; QRS fragmentation;
abnormal R-wave progression;
abnormal Q waves; iRBBB

L −1.8; L −7.2; #

3 F 50 Walking unaided 1. c.5562+5G>C r.(spl?)
2. c.8548-2A>G r.spl

1. Splice site
2. Splice site

1. Likely
pathogenic
2. Pathogenic

2 ↓ 30.2% No No (68%) LVEF 56%; QRS fragmentation;
QTc time increased (475 ms)

L −1,9; F −3.6; #

4 F 32 Walking unaided c.5562+5G>C r.(spl?) (homozygous) Splice site Likely pathogenic 2 — 89.6% Yes No (59%) LVEF 61% L −0.5; F −1.3;

5 F 21 Sitting unaided 1. c.3799_3821del p.(Phe1267fs)
2. c.8541G>A p.(Trp2847*)

1. Frameshift
2. Nonsense

1. Pathogenic
2. Pathogenic

2,24 Absent 8.3% No Yes (14%) LVEF 61%; abnormal R-wave progression F −5.0; #

6 F 5 Walking aided 1. c.5562+5G>C r.(spl?)
2. c.2462_2463ins22 p.(Cys822fs)

1. Splice site
2. Frameshift

1. Likely
pathogenic
2. Pathogenic

2 ↓ 70.0% No No (73%) LVEF 56%; GLS: −21.62%;
abnormal Q waves; abnormal
R-wave progression

L −2.9; F −5.3;

7 F 10 Walking unaided 1. c.5562+5G>C r.(spl?)
2. c.1303C>T p.(Arg435*)

1. Splice site
2. Nonsense

1. Likely
pathogenic
2. Pathogenic

2,25 — 81.3% Yes No (64%) LVEF: 66%; GLS: −22.7%;
QRS fragmentation; sinus
arrhythmia; iRBBB

L −0.4; F-1.4

8 M 6 Walking unaided c.5562+5G>C r.(spl?) (homozygous) Splice site Likely pathogenic 2 — 90.0% Yes No (101%) LVEF: 60%; GLS: −24.35%; QRS
fragmentation; abnormal Q waves

L −0.9; F −1.9

9 M 42 Walking unaided c.2254G>A p.(Gly752Ser)(homozygous) Missense VOUS 26 ↓ 38.5% Yes No (42%) LVEF 44%; GLS −14.8%; abnormal
R-wave progression; left anterior
fascicular block; u wave; QRS
fragmentation

L 1.4; F −1.3

10** F 38 Walking unaided 1. c.1330T>Cp.(Cys444Arg)
2. c.5260del (p.Val1754*)

1. Missense
2. Nonsense

1. VOUS
2. Pathogenic

27 — 70.8% Yes No (59%) LVEF 64%; GLS -23.9% L 0.2; F −1.3; #

11 F 3 Sitting unaided 1. c.2049_2050del p.(Arg683fs)
2. c.5260del p.(Val1754*)

1. Frameshift
2. Nonsense

1. Pathogenic
2. Pathogenic

2,27 Absent 33.3% No No LVEF: 61%; GLS: −23.37%;
QRS fragmentation

F −2.5

12 F 13 Sitting unaided 1. c.2811_2812dup p.(Glu938fs)
2. c.3799_3821del (p.Phe1267fs)

1. Frameshift
2. Frameshift

1. Pathogenic
2. Pathogenic

2 Absent 20.8% No No (30%) LVEF: 58%; QRS fragmentation;
nonspecific repolarization disorder

F −4.1; #

13 F 13 Sitting aided 1. c.498G>A p.(Trp166*)
2. c.3799_3821del p.(Phe1267fs)

1. Nonsense
2. Frameshift

1. Pathogenic
2. Pathogenic

2,28,29 Absent 24.0% No Yes (26%) LVEF: 60%; GLS: −17.72%;
abnormal R-wave progression

F −1.9; #

14 M 21 Sitting unaided 1. c.819+1G>A r.spl
2. c.2651_2661del p.(Gly884fs)

1. Donor splice site
2. Frameshift

1. Pathogenic
2. Pathogenic

— 4.2% No Yes (19%) LVEF: 40%; GLS −18.5%;
QRS fragmentation;
nonspecific repolarization
disorder; QTc time increased (492 ms)

F −3.2

15 F 9 Sitting unaided c.5234+1G>A r.spl (homozygous) Splite site Pathogenic 30 Absent 30.2% No No (45%) LVEF: 60%; abnormal Q waves;
abnormal R-wave progression

#
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Table 2 Clinical and Genetic Features of Patients With LAMA2-MD (continued)

ID Sex Age
Max motor
milestone

Genetic mutation
Merosin
expression in
muscle biopsy

MFM-20/32
score

Ambulant
(yes/no)

Respiratory
support
(yes/no)
(FVC%)

Cardiac function
(LVEF; GLS; ECG)

Bone quality
(L; F; #)Variant DNA (protein) Variant type

ACMG
classification Ref

16 M 14 Sitting unaided c.3799_3821del(pPhe1267fs)
(homozygous)

Frameshift Pathogenic 2 Absent 15.6% No Yes (15%) LVEF: 68%; iRBBB; QRS fragmentation

17 F 31 Sitting unaided 1. c.498G>A p.(Trp166*)
2. c.5325dup p.(Leu1776fs)

1. Nonsense
2. Frameshift

1. Pathogenic
2. Pathogenic

2,28 — 18.8% No Yes LVEF 59%; GLS −19% F −3.8; #

18 M 14 Walking aided 1. c.5562+5G>C r.(spl?)
2. c.2811_2812dup p.(Glu938fs)

1. Splice site
2. Frameshift

1. Likely
pathogenic
2. Pathogenic

2 ↓ 57.3% No No (86%) LVEF: 59%; GLS: −18.84%; iRBBB;
QRS fragmentation; abnormal R
wave progression

L −1.3; F −3.8

19 F 40 Walking unaided 1. c.442C>G p.(Arg148Gly)
2. c.7732C>T p.(Arg2578*)

1. Missense
2. Nonsense

1. VOUS
2. Pathogenic

2 ↓ 76.0% Yes No (54%) LVEF 64%; abnormal R wave
progression; QRS fragmentation

L −0.1; F −1.7

20 F 8 Sitting unaided 1. c.5562+5G>C r.(spl?)
2. c.1303C>T p.(Arg435*)

1. Splice site
2. Nonsense

1. Likely
pathogenic
2. Pathogenic

2,25 — 51.0% Yes No (67%) LVEF: 63%; GLS: −24.86%; QRS
fragmentation; abnormal R-wave
progression

L 0.4; F −4.4

21 F 7 Walking unaided c.5562+5G>C r.(spl?)(homozygous) Splice site Likely pathogenic 2 — 91.7% No No (92%) LVEF: 57%; QRS fragmentation;
abnormal Q waves

L 0.1; F −2.3

22 M 27 Sitting aided 1. c.3799_3821del (pPhe1267fs)
(homozygous)

Frameshift Pathogenic 2 — 1.0% No Yes — —

23 M 24 Sitting aided 1. c.3799_3821del(pPhe1267fs)
(homozygous)

Frameshift Pathogenic 2 — — No Yes — —

24 F 22 Sitting aided 1. c.3799_3821del(pPhe1267fs)
(homozygous)

Frameshift Pathogenic 2 — 13.5% No Yes — —

25 F 24 Sitting unaided 1. c.640-1G>T r.spl
2. c.4645C>T p.(Arg1549*)

1. Splice site
2. Nonsense

1. Pathogenic
2. Pathogenic

2,29 Absent 25.0% No No — #

26 M 22 Sitting unaided 1. c.7732C>T p.(Arg2578*)
2. c.8979_8982dup p.Glu2995*)

1. Nonsense
2. Nonsense

1. Pathogenic
2. Pathogenic

22 — 7.3% No Yes — #

27 M 23 Sitting unaided 1. c.9139G>T p.(Glu3047*)
2. del ex50-51

1. Nonsense 1. Pathogenic ↓ 26.0% No Yes (43%) — —

ACMG = American College of Medical Genetics; ↓ = decreased but not absentmerosin deficiency;— = level ofmerosin expression unknown; MFM-20/32 =Motor FunctionMeasurement–20/32; FVC% = percentage of predicted
forced vital capacity; LVEF = left ventricular ejection fraction; GLS = global longitudinal strain; (i)RBBB = (incomplete) right bundle branch block; L = z score or t score of lumbar spine onDEXA scan; F = z score or t score of femoral
neck on DEXA scan; # = (fragility) LBF(s) in medical history.
**Diagnosis of patient 10 was based on a combination of: the following 1. the presence of the variants on the 2 alleles and each parent (without any symptoms) harboring one of the variants; 2. typical clinical and histologic
alterations in her brother harboring the same 2 variants on the 2 alleles.

N
eurolo

gy.o
rg/N

G
N
eurology:G

enetics
|

Volum
e
9,N

um
b
er

5
|

O
ctob

er
2023

7

http://neurology.org/ng


fatigue subdomain score was increased in 12 patients, of
whom 6 patients experienced severe subjective fatigue (>35
of 56 points).

Pediatric Quality of Life Inventory
The Generic Core score was significantly lower compared
with that in healthy controls (p < 0.05).33 The NMM score
was not altered compared with patients with spinal muscular
atrophy. PedsQL MFS score was not changed compared with
that in healthy controls, while it was decreased in the parent
proxy reports (p < 0.05).

ACTIVLIM
A mean of 11 ± 7 from a total of 18 activities were reported to
be impossible, 2 ± 2 difficult, and 5 ± 6 easy to perform. Eleven
of 25 patients reported that it is impossible to perform any of
the listed activities.

Impact on Participation and Autonomy
Seven patients experienced no problems, 6 patients experi-
enced minor problems, and 1 patient experienced major
problems in participation and autonomy. The work and ed-
ucation subscale was most severely affected.

McGill Pain Questionnaire
Nine of 19 patients had pain in daily life, with pain in the back
and/or neck region being the most prevalent. Two had
problems with normal movements or adopting normal pos-
tures or hobbies, and 1 patient could not sleep because of the
pain. Four patients indicated analgesic use, including para-
cetamol, non-steroidal anti-inflammatory drugs, morphine,
and/or cannabidiol oil.

Egen Klassifikation Version 2
The mean EK2, a scale to measure physical function over
time, was 23 ± 15 of 51 points. A score of zero indicates the
highest physical function and a score of 51 the lowest.

Wong-Baker Faces Pain Rating Scale
Sixteen of 27 patients indicated to have had no pain during
examination or during the previous week, while 4 patients had
pain every day.

Muscle Ultrasound

Echogenicity and Heckmatt Score
We found no difference between left and right muscles, except
for the Heckmatt score of the biceps femoris muscles. No
scanned muscle groups were spared (Figure 3 and Table 4).
The echogenicity of the sternocleidomastoid and the biceps
brachii muscles were most severely affected, and the soleus
muscle was least affected. The Heckmatt scoring system
showed that the tibialis anterior muscle was most severely af-
fected, and the soleus muscle was least severely affected. The
echogenicity andHeckmatt score of a subset of muscles and the
MFM-20/32 total score, MRC scale, and/or age were corre-
lated (Table 4). Furthermore, nonambulant patients showed
significantly higher echogenicity and Heckmatt score in a
subset of muscles compared with those in ambulant patients.

Muscle Thickness
Thickness of left and right muscles was equal, except for the
sternocleidomastoid and vastus lateralis muscles (p < 0.05).
The sternocleidomastoid muscle thickness (z score left: −1.9;
right: −2.2) was decreased. Muscle echogenicity and thickness
were not correlated for any of the muscles imaged.

Figure 1 Facial Muscle Weakness and Dysmorphic Features in Patients With LAMA2-MD

(A) neutral position, showing bilateral ptosis. (B) orbicularis oculi weakness. (C) inadequate puckering movements, indicating orbicularis ori weakness. (D)
inadequate blowing movements, indicating orbicularis ori weakness. (E) risorius weakness. (F) macroglossia and elongated face. (G) inability of neck flexion
indicating rigid spine. (H) scapular winging. (I) spinal and thorax deformities. (J) pseudohypertrophy and hypotrophy of calve muscles, respectively.
All identifiable patients provided consent for publication of their pictures. (K) Median muscle strength according to the MRC grading scale in patients with
LAMA2-MD. The median muscle strength (MRC) in neck flexor, neck extensor, deltoid, biceps brachii, triceps brachii, wrist flexor, wrist extensor, finger flexor,
finger extensor, iliopsoas, gluteus, quadriceps, hamstrings, foot flexor, foot extensor, and toe flexor and extensor hallucis longus muscles.
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Table 3 Neurologic Examination, Functional Measurements, and Accelerometry in Patients With LAMA2-MD

Facial muscle weakness Total (n = 27)

Ophthalmoplegia 10

Ptosis 8

Frontalis weakness 11

Orbicularis oculi 15

Risorius 18

Orbicularis oris 15

Skeletal muscle weakness (MRC strength grade) Median [IQR]

Right Left

Neck flexor 1 [1–2]

Neck extensor 4 [1–4]

Sternocleidomastoid 4 [1.25–4] 4 [1.25–4]

Trapezoid 4 [1–5] 4 [1–5]

Deltoid 3 [1–4] 3 [1–4]

Biceps brachii 3.5 [3–4] 3.5 [3–4]

Triceps brachii 3 [2–4] 3 [2–4]

Wrist extensor 4 [2.75–4] 4 [3–4]

Wrist flexor 4 [3–4.5] 4 [3–4.5]

Finger extensor 4 [3–4] 4 [3–4]

Finger flexor 4 [4–5] 4 [4–5]

Finger spreader 4 [3–4] 4 [3–4]

Iliopsoas 3 [1–4] 3 [ 1–4]

Gluteus maximus 1 [1–2] 1 [1–2]

Quadriceps 4 [2–4.25] 4 [2–4.25]

Hamstrings 2 [1–4] 2 [1–4]

Extensor muscles of foot 4 [3–4] 4 [3–4]

Flexor muscles of foot 4 [3.75–5] 4 [4–5]

Extensor hallucis longus 4 [ 1.5–4] 3 [1.5–4]

Flexor muscles of toes 4 [4–5] 4 [4–5]

Functional measurements Mean ± SD

MFM-20/32—D1; D2; D3; total (%) 20.9 ± 29.0%; 47.2 ± 36.9%; 72.3 ± 28.4%; 42.1 ± 29.4%
Median [IQR]: 2.6% [2.6–38.9]; 36.1% [13.2–77.8]; 81.0% [58.3–95.2]; 31.8%
[19.3–69.2])

miniBEST - Anticipatory movements; reactive
postural control; sensory orientation; dynamic
gait; total (%)

58.3 ± 16.7%; 54.2 ± 16.0%; 75 ± 16.7%; 90 ± 14.1%; 72.3 ± 13.8%
Median [IQR]: 50% [50.0–58.3]; 58.3% [45.8–66.7]; 83.3% [75.0–83.3]; 95%
[85.0–100]; 75% [67.0–80.4]

PBS (%) 95.2 ± 4.1%; median [IQR]: 92.9% [92.9–96.4]

HFMS (%) 18.2 ± 28.7%; median [IQR]: 5% [0–20.6]

Graded and timed function tests Mean ± SD

6MWT (% predicted) 68.6 ± 26.5%

10-M walk test—comfortable; maximal (m/s) 0.93 ± 0.25 m/s; 1.17 ± 0.36 m/s

Continued
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Respiratory Function Tests
Eighty-five percent of 20 patients had a predicted FVC <80% in
the upright position (53.9% ± 24.8%). The decrease in vital ca-
pacity (VC) between the upright and supine positions was <10%

in all but 1 patient (−2% ± 11.4%). The peak cough flow (PCF)
was decreased in all patients (194% ± 89 L/min). The MIP was
decreased in 19/25 patients (63% ± 32%) and MEP in 23/25
patients (44% ± 25%). The mean SNIP was 36 ± 21 cmH2O in

Table 3 Neurologic Examination, Functional Measurements, and Accelerometry in Patients With LAMA2-MD (continued)

Graded and timed function tests Mean ± SD

TUG—with and without a cognitive task (s) 9.6 ± 2.3 s; 10.5 ± 1.7 s

30 s sit to stand (No. stands) 11.8 ± 4.1

Climb and descend 4 stairs (s) 4.8 ± 4.3 s; 4.2 ± 3.1 s

Rise from the ground (s) 17.6 ± 16.9 s

Handheld dynamometry
Mean ± SD % predicted (no. of patients
with reference value available) No. total patients measured

Neck flexor 105% (1) 1

Neck extensor 64 ± 39% (7) 16

Biceps brachii R/L 33 ± 22%; 33 ± 21% (13) 13

Triceps brachii R/L 50 ± 31%; 48 ± 31% (9) 10

Pinch grip R/L 45 ± 25%; 46 ± 24% (12) 12

Quadriceps R/L 55 ± 30%; 55 ± 31% (12) 13

Foot dorsiflexor muscles R/L 43 ± 18%; 40 ± 19% (15) 15

Foot flexor muscles R/L 75 ± 42% (7); 68 ± 45% (8) 19

Accelerometry Mean ± SD Correlation with MFM-20/32 (Pearson correlation)

% Sedentary activity per 24 h 95.07 ± 4.71% −0.928 (p < 0.01)

% Light activity per 24 h 3.53 ± 3.36% 0.901 (p < 0.01)

% Moderate activity per 24 h 1.21 ± 1.30% 0.887 (p < 0.01)

% Vigorous activity per 24 hs 0.19 ± 0.32% 0.530 (p < 0.01)

No. counts per day 187,991 ± 92,122 0.889 (p < 0.01)

Abbreviations: 6MWT = 6-Minute Walk Test; HFMS = Hammersmith Functional Motor Scale; IQR = interquartile range; MFM-20/32 = Motor Function
Measurement–20/32;miniBEST =mini-Balance Evaluation Systems Test;MRC =Medical ResearchCouncil; PBS= Pediatric Balance scale; TUG= TimedUpandGo.

Figure 2 Scatter Plot

Total MFM-20/32 score (%) against age (years) in
patients with decreased merosin expression, ab-
sent merosin expression, or an unknown level of
merosin expression.
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male patients and 46 ± 25 cmH2O in female patients. Nine of 27
patients used noninvasive ventilatory support, and 1 patient used
invasive ventilatory support, all starting at pediatric age. We found
no correlation between respiratory function and age.

Ultrasound of the Diaphragm
Themean end-expiratory diaphragm thickness (right: 101% ±
40% and left: 105 ± 38% of predicted), end-inspiratory di-
aphragm thickness (right: 84% ± 26% and left: 91% ± 29% of
predicted), and thickening ratio (right: 84% ± 24% and left:
85% ± 21% of predicted) were normal.

Cardiac Assessment
Seventeen of 21 patients had ECG abnormalities, including QRS
fragmentation (n = 13) and abnormal R-wave progression
(n = 9). Echocardiography showed abnormal GLS in 4 patients
(adult: −12.4%; −14.8%; child: −17.7%; −18,8%). LVEF was de-
creased in 2 of these patients (51% and 44%) and in 1 adult patient
(LVEF: 40%) with a normal GLS (−18,5%), for which all 3 used
cardiac medication (beta blocker, ACE inhibitor). No abnormali-
ties of the valves, right ventricle volume/function, or atriawere seen.

Bone Quality
The femoral mineral bone density was reduced in all adults
(t score: −2.6 ± 1.4) and in 7 of 10 pediatric patients (z score: −3.5
± 1.8). Mineral bone density of the lumbar spine could only be
measured in 13 patients because of scoliosis surgery osteosynthesis
material. The lumbar mineral bone density was reduced in 2 of 6
adults (t score:−0.3 ± 1.1) and in 1 of 7 pediatric patients (z score:
−1.0 ± 1.1). The femoral neck and lumbar spine mineral bone
density was lower in nonambulant (−2.0 and −4.0, respectively)
than in ambulant patients (−0.3 and −2.0, respectively) (p = 0.039
and p < 0.001, respectively). Eleven patients had experienced 1 or
more fragility long bone fractures. No other causes for decreased
bone quality were identified.

Discussion
The key findings of our cross-sectional cohort study of
27 patients with LAMA2-MD were as follows: (1) muscle
weakness uniformly presenting in a proximal to distal gradi-
ent; (2) severe muscle fatty degeneration and/or fibrosis on
muscle ultrasound; (3) respiratory impairment without
prominent diaphragm dysfunction; (4) cardiac abnormalities
in a small subset of patients, and (5) decreased bone quality.
These observations lead to a number of recommendations for
clinical practice and future research, which we will discuss
further.

The findings of this cross-sectional study shed light on rec-
ommendations proposed in the international consensus state-
ments on congenital muscular dystrophies and congenital
myopathies,34,35 Long-term follow-up studies are expected to
further support, update, or extend these recommendations.

We advise regular respiratory function tests in (a)symptomatic
patients to early detect impaired respiratory function and en-
able timely respiratory training, air stacking, and/or non-
invasive ventilatory support. Progressive restrictive respiratory
insufficiency and reduced cough capacity are common causes
of morbidity and mortality in LAMA2-MD.1,36 Diaphragm ul-
trasound showed normal diaphragm thickness and thickening,
and spirometry showed only minor decreases in VC between
the sitting and supine positions. Hence, the diaphragm was
relatively spared.

We advise cardiac surveillance by regular screening of patients
with ECG,Holtermonitor, and echocardiographywith advanced
techniques for early detection and treatment of cardiac mani-
festations. We found decreased LVEF in a subset of patients,
which is in line with our scoping review based on case reports

Figure 3 Overview on Echogenicity z Score (Mean) and Heckmatt Score (Median) per Muscle in Patients With LAMA2-MD

The z score of the echogenicity (A) and the median Heckmatt score (B) in the temporalis, sternocleidomastoid, biceps brachii, flexor carpi radialis, rectus
abdominis, rectus femoris, vastus lateralis, tibialis anterior, biceps femoris, gastrocnemius medial head, and soleus muscles are shown.
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Table 4 Echogenicity, Heckmatt Score, and Muscle Thickness on Muscle Ultrasound in Patients With LAMA2-MD

Muscle
Echogenicity
z score (mean)

Heckmatt score
(median [IQR])

Muscle thickness
z score (mean)

Biceps brachii 7.27 3 [3–3] −0.05

Biceps femoris 2.93 3 [3–3] 0.35

Flexor carpi radialis 6.93 3 [2–3] −1.06

Gastrocnemius 3.74 2 [2–3] 0.15

Rectus abdominis 3.18 2 [2–3] −0.71

Rectus femoris 5.45 3 [3–3] −0.76

Soleus 1.66 2 [1–2] −0.37

Sternocleidomastoid 11.66 2.5 [2–3] −2.04

Temporalis 3.58 2 [2–3] −0.49

Tibialis anterior 5.91 3 [3–3.75] −1.19

Vastus lateralis 4.69 3 [3–3] −0.17

Correlation (Pearson correlation)

MFM-20/32 total score Echogenicity
Biceps brachii (−0.614, p < 0.01)
Flexor carpi radialis (−0.736, p < 0.01)
Gastrocnemius (0.331, p < 0.05)
Rectus abdominis (−0.519, p < 0.01)
Sternocleidomastoid (−0.671, p < 0.01)
Temporalis (−0.391, p < 0.01)
Tibialis anterior (−0.494, p < 0.01)

Heckmatt score
Biceps brachii (−0.572, p < 0.01)
Flexor carpi radialis (−0.681, p < 0.01)
Gastrocnemius (0.614, p < 0.01)
Soleus (0.309, p < 0.05)
Tibialis anterior (−0.474, p < 0.01)
Vastus lateralis (−0.315, p < 0.05)

MRC Echogenicity
Biceps brachii (−0.502, p < 0.05)
Flexor carpi radialis left (−0.632, p < 0.01)
Flexor carpi radialis right (0.665, p < 0.01)
Sternocleidomastoid right (−0.695, p < 0.01)

Heckmatt score
Biceps brachii (−0.492, p < 0.05)
Flexor carpi radialis left (−0.664, p < 0.01)
Flexor carpi radialis right (−0.638, p < 0.01)
Gastrocnemius left (0.554, p < 0.05)
Gastrocnemius right (0.484, p < 0.05)
Sternocleidomastoid left (−0.440, p < 0.05)
Sternocleidomastoid right (−0.475, p < 0.05)

Age Echogenicity
Biceps brachii (−0.332, p < 0.05)
Flexor carpi radialis (−0.368, p < 0.05)
Gastrocnemius (−0.678, p < 0.01)
Tibialis anterior (−0.483, p < 0.01)

Muscle Echogenicity—ambulant (z score, mean) Echogenicity—nonambulant (z score, mean)
Echogenicity—significance
(2-tailed)

Biceps brachii 4.92 8.37 <0.001

Flexor carpi radialis 2.26 9.10 <0.001

Rectus abdominis 1.96 3.76 0.001

Sternocleidomastoid 6.71 13.97 0.001

Temporalis 2.49 4.09 0.006

Tibialis anterior 4.08 6.76 <0.001

Vastus lateralis 3.34 5.32 <0.027

Heckmattt score—Ambulant
(median, IQR)

Heckmattt score—Nonambulant
(median, IQR)

Heckmattt score—significance
(nonparametric, Mann-Whitney U test)

Biceps brachii 2 [2–3] 3 [3–3] <0.001

Flexor carpi radialis 2 [1–2] 3 [3–3] <0.001

Gastrocnemius 3 [3–3.25] 2 [2–3] <0.001

Rectus femoris 3 [3–3] 3 [3–3] 0.013

Continued
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and retrospective case series.37 QRS fragmentation is considered
as a predictor of worse clinical outcomes and is related to lower
LVEF and ventricular arrhythmias in Duchenne muscular dys-
trophy (DMD).38 GLS detects subtle left ventricular dysfunction
in patients with DMD before the decline in LVEF.39 Patients
with LAMA2-MD with QRS fragmentation and/or decreased
GLS might thus be of an increased risk of developing cardio-
myopathy and arrhythmia. QRS fragmentation and decreased
GLS might help clinicians to optimize cardiac screening. Based
on the low bone quality, we further recommend recurrent bone
mineral density assessment and optimization of bone quality
through vitamin D and calcium suppletion.

Our study provides insights intomeasuring disease severity and
possibly disease progression for future clinical trials. TheMFM-
20/32 total and subdomain 2 scores are suitable (covering the
clinical feature of interest) and feasible (being able to be per-
formed by most patients) for measuring disease severity in
LAMA2-MD across the life span.5 In our cohort, domain 1 and
domain 3 were skewed towardminimum andmaximum scores,
respectively, and are unsuitable for measuring disease severity
and progression in an LAMA2-MD cohort. However, domain
1 and domain 3may be indicated formeasuring disease severity
and progression in very mildly and very severely affected in-
dividuals, respectively. Despite several limitations, the 6MWT
is considered suitable to measure disease severity in ambulant
patients with LAMA2-MD who have a near-normal score on
the MFM-20/32 (>80%) without significant cardiorespiratory
comorbidities.40,41 Furthermore, the time to rise from the floor
is of interest due to the wide range of results, the increasing
difficulty with performing this task as indicated by the patients,
and its evidence in DMD.42

Accelerometry had very strong correlations with the MFM-20/
32. Previous studies showed that the GENEActiv accelerometer
can be used to measure physical activity and disease progression
in neuromuscular disorders.43 Accelerometry also has a positive
effect on physical activity through self-monitoring.44 The
GENEActiv accelerometer is a small device used in the home
situation, minimalizing patient burden. Especially after the
COVID-19 pandemic, home measurements are of particular
interest for longtime assessment of disease progression. We thus
propose accelerometry as an outcome measure in LAMA2-MD.

HFMS is of limited use in LAMA2-MD because it is strongly
skewed toward minimum scores in nonambulant patients.
The miniBEST and PBS were considered neither suitable nor
feasible for deep clinical phenotyping of an LAMA2-MD co-
hort. Because only a few patients were able and felt com-
fortable to perform these tasks, scores were skewed toward
the maximum and highly influenced by muscle weakness.

Muscle ultrasound provided new insights on distribution of
muscle involvement. In line with clinical observations and pre-
vious MRI studies, muscle ultrasound showed symmetrical
muscle involvement in most of the studied muscles.45-48 Sur-
prisingly, the most severely affected muscles using muscle ultra-
sound, the sternocleidomastoid and the biceps brachii muscles,
were relatively spared in previous studies usingMRI.45-47Muscles
with an increased echogenicity and normal appearance on MRI
are consistent with IM fibrosis, especially in the absence of fatty
infiltration.49 Contrarily, the soleus muscle was one of the least
affected muscles on muscle ultrasound, while muscle MRI in
other cohorts showed severe fatty infiltration.45-48 This was pre-
viously seen in facioscapulohumeral dystrophy.49 Our next step
will includemuscle fattening assessment onwhole bodyMRI and
correlation to muscle ultrasound. Based on the present results
and available studies on MRI, we currently advise muscle ultra-
sound of the rectus abdominis, vastus lateralis and gastrocnemius
muscles as an outcome measure for muscle imaging.

We propose RAND-36 to describe quality of life, CIS tomonitor
fatigue, and McGill Pain Questionnaire to assess pain in adults
with LAMA2-MD. We advise PedsQL Generic Core scale,
NMM, and MFS in children. Contrary to other neuromuscular
diseases, quality of life related to emotional well-being and pain in
RAND-36 was significantly increased in patients with LAMA2-
MD compared with that in healthy controls. This might be
explained by good health care for patients with neuromuscular
disorders in The Netherlands and by participation in a study in
this rare disease.50 As in other neuromuscular diseases, adult
patients had an increased problematic and subjective fatigue as
measured using the CIS. Contrarily to their parents, children did
not report fatigue themselves through the PedsQL MFS. We
could not fully explain the absence of reported fatigue by children
with LAMA2-MD, yet the absence of cognitive fatigue and no
need for sleep or rest might play an important role.

Table 4 Echogenicity, Heckmatt Score, and Muscle Thickness on Muscle Ultrasound in Patients With LAMA2-MD (continued)

Heckmattt score—Ambulant
(median, IQR)

Heckmattt score—Nonambulant
(median, IQR)

Heckmattt score—significance
(nonparametric, Mann-Whitney U test)

Soleus 2 [2–2] 2 [1–2] 0.006

Sternocleidomastoid 2 [1–2] 3 [2–3] <0.001

Tibialis anterior 2.5 [2–3] 3 [3–4] <0.001

Vastus lateralis 3 [2–3] 3 [3–3] 0.002

Abbreviations: MFM-20/32 = Motor Function Measurement–20/32; MRC = Medical Research Council; IQR = interquartile range.
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The wide range in age and disease severity, the high participation
rate, and the broad range of clinical and functional outcome
measures are the major strengths of our cross-sectional study,
leading to a high external validity. The wide range in age and
disease severity, however, results in frequent missing data be-
cause some patients were too young or were physically not able
to perform some of the functional tests, limiting uniformity.
Details are summarized in eTable 1 (links.lww.com/NXG/
A619). All tests were adapted to the patients’ ages. Some patients
participated by home visits, therefore missing essential data from
ancillary investigations. These patients are generally more se-
verely affected, therefore underestimating disease severity in tests
solely performed in the hospital. In patients with scoliosis surgery
material and/or severe hip contractures, generally most severely
affected patients, mineral bone density measurements were not
possible, leading to overestimation of the bone quality. Only 1
patient refrained from spirometry.

In line with general consensus statements on clinical care, we
advise routine cardiorespiratory screening and bone quality
assessment in all patients with LAMA2-MD for prevention,
early detection, and treatment of complications. The recom-
mendations might be refined after the results of the longitu-
dinal study. Based on our cross-sectional data, we propose the
MFM-20/32, accelerometry, and muscle ultrasound to assess
disease severity and progression in longitudinal follow-up and
clinical trials. For a more definite selection of outcome mea-
sures, we need longitudinal data from our ongoing 1.5-year
natural history study LAST STRONG, of which data collec-
tion will be finished in 2023. We aim to reach consensus on
the selection of outcome measures in a consortium meeting
involving key leader physicians, researchers, and the European
patient association for LAMA2-MD (LAMA2 Europe), which
will take place in March 2023.
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