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Abstract.

Background: SELENON(SEPN1)-related myopathy (SELENON-RM) is a rare congenital neuromuscular disease charac-
terized by proximal and axial muscle weakness, spinal rigidity, scoliosis and respiratory impairment. No curative treatment
options exist, but promising preclinical studies are ongoing. Currently, natural history data are lacking, while selection of
appropriate clinical and functional outcome measures is needed to reach trial readiness.

Objective: We aim to identify all Dutch and Dutch-speaking Belgian SELENON-RM patients, deep clinical phenotyping,
trial readiness and optimization of clinical care.

Methods: This cross-sectional, single-center, observational study comprised neurological examination, functional measure-
ments including Motor Function Measurement 20/32 (MFM-20/32) and accelerometry, questionnaires, muscle ultrasound,
respiratory function tests, electro- and echocardiography, and dual-energy X-ray absorptiometry.
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Results: Eleven patients with genetically confirmed SELENON-RM were included (20 + 13 (3—42) years, 73% male). Axial
and proximal muscle weakness were most pronounced. The mean MFM-20/32 score was 71.2 +15.1%, with domain 1
(standing and transfers) being most severely affected. Accelerometry showed a strong correlation with MEM-20/32. Ques-
tionnaires revealed impaired quality of life, pain and problematic fatigue. Muscle ultrasound showed symmetrically increased
echogenicity in all muscles. Respiratory function, and particularly diaphragm function, was impaired in all patients, irre-
spective of the age. Cardiac assessment showed normal left ventricular systolic function in all patients but abnormal left
ventricular global longitudinal strain in 43% of patients and QRS fragmentation in 80%. Further, 80% of patients showed
decreased bone mineral density on dual-energy X-ray absorptiometry scan and 55% of patients retrospectively experienced
fragility long bone fractures.

Conclusions: We recommend cardiorespiratory follow-up as a part of routine clinical care in all patients. Furthermore, we
advise vitamin D supplementation and optimization of calcium intake to improve bone quality. We recommend management
interventions to reduce pain and fatigue. For future clinical trials, we propose MFM-20/32, accelerometry and muscle

ultrasound to capture disease severity and possibly disease progression.

Keywords: Muscular diseases, cardiomyopathies, respiratory insufficiency, bone density

Secondary keywords: Vitamin D, calcium, fatigue, pain

ABBREVIATIONS

CIS: checklist individual strength

DEXA-scan: dual-energy X-ray absorptiometry
EK2: Egen klassifikation version 2

FEV1: forced expiratory volume in 1 second
FVC: forced vital capacity

GLS: global longitudinal strain

GTFT: graded and timed function tests

HFMS: Hammersmith functional motor scale
HHD: hand-held dynamometry

INQoL: Individualized Neuromuscular Quality of
Life

IPA: Impact on Participation and Autonomy
LVEEF: left ventricular ejection fraction

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
RAND36: Reasearch and Development-36
SELENON-RM: SELENON-related myopathy
SEPN1-RM: SEPN1-related myopathy

SNIP: sniff nasal inspiratory pressure

TDI: tissue doppler imaging

TTE: transthoracic echocardiography

TUG: Timed Up and Go

VC: vital capacity

6MWT: 6-minute walk test

10MWT: 10-meter walk test

INTRODUCTION

SELENON(SEPNI1)-related congenital myopathy
(SELENON-RM) is characterized by axial and prox-
imal muscle weakness, early-onset rigidity of the
spine, scoliosis, and respiratory insufficiency. His-
tologic disease entities in this spectrum include
multi-minicore disease, congenital fiber type dis-
proportion (CFTD), desmin-related myopathy with
Mallory-body like inclusions and rigid spine muscu-
lar dystrophy (RSMD1) [1-5]. The clinical diagnosis
of SELENON-RM is confirmed by two reces-
sive (likely) pathogenic variants in the SELENON
(SEPNI) gene coding for the selenoprotein N.
Selenoprotein N is an endoplasmic reticulum (ER)
calcium sensor that responds to diminished luminal
calcium levels by refilling the ER calcium stores.
SELENON-RM has striking similarities at the cellu-
lar level with classical mitochondrial diseases, with
marked alterations in mitochondrial physiology and
energy metabolism [6]. Currently, no curative treat-
ment options are available, but promising preclinical
trials are ongoing [7-9]. Supportive care from reha-
bilitation and allied health care in combination with
optimal respiratory, cardiac, nutrition and orthopedic
management, is essential for preventing or treat-
ing severe complications in SELENON-RM [10]. To
pave the way towards clinical trials, it is important
to identify and clinically and genetically characterize
patients, and to select sensitive and patient friendly
clinical and functional outcome measures.

There are two previous retrospective clinical
studies on the natural history of patients with
SELENON-RM. These studies showed that scoliosis
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and respiratory management, body mass abnormal-
ities (both cachexia and obesity) and the specific
type of the SELENON gene variant are the main
prognostic determinants for disease progression. Fur-
ther, they showed a progressive decline in functional
abilities and respiratory function [1, 11]. However,
both studies had major limitations, including their
retrospective design, and the absence of functional
measurements, muscle imaging techniques (i.e. mus-
cle ultrasound or MRI), bone quality assessment and
no standardized cardiorespiratory follow-up. Cross-
sectional and prospective natural history studies
including a large subset of clinical, functional, and
imaging outcome measures are not available. The
current cross-sectional study on SELENON-RM fills
in this gap [12]. Our goal is to identify all Dutch
and Dutch-speaking Belgian patients, and provide
deep clinical phenotyping of our baseline cohort for
prospective follow-up and recruitment for future clin-
ical trials. We want to contribute to optimal clinical
management for SELENON-RM patients across the
lifespan by providing recommendations for clinical
care. Further, based on the findings from our study we
will propose outcome measures that can be used for
measuring disease severity and possibly disease pro-
gression in SELENON-RM patients for future natural
history studies and clinical trials.

MATERIALS AND METHODS
Study design

This cross-sectional study in adult and pediatric
patients with SELENON-RM is the start of the
1.5-year natural history study, the LAST STRONG
Study: a study on LAMA2-MD and SELENON-
RM To Study Trial Readiness, Outcome measures
and Natural history [12]. The methods of the cross-
sectional study are similar to those in the manuscript
on LAMA2-MD [12, 13]. 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 from September 2020 to March 2021.
All patients known at our neuromuscular center
were personally informed of the study. Patients
were further recruited through contacting all Dutch

and Dutch-speaking Belgian (pediatric) neurolo-
gists, rehabilitation specialists and clinical geneticists
and through promotion of our study by patient
organizations. Inclusion criteria include a genetic
confirmation of SELENON-RM by two recessive
(likely) pathologic variants in the SELENON gene, or
typical clinical and histological alterations combined
with genetic confirmation in a first degree relative.
Exclusion criteria were an insufficient understand-
ing of the Dutch language or the unwillingness to
provide informed consent. The subjects’ consent was
obtained according to the Declaration of Helsinki. If
patients did not wish or were not able to visit our
center, they were offered to participate in this study
through home visits.

Neurological examination and functional
measurements

Patients underwent a standard neurological exam-
ination, hand-held dynamometry, goniometry, Motor
Function Measurement 20/32 (MFM-20/32), Ham-
mersmith Functional Motor Scale (HFMS), Pediatric
Balance Scale (PBS), Mini Balance Evaluation
Systems Test (MiniBEST), and graded and timed
function tests as far as these were appropriate for
their age and functional abilities [12, 4-21]. An
accelerometer (GENEActiv Original, Activinsights
Ltd, 87.5 Hz sampling) attached to the non-dominant
hand measured in all patients the number of counts
per day and the percentage of sedentary, light, mod-
erate and vigorous activity in the home situation for
seven days [12, 22-24].

Questionnaires

Patients and/or their parent(s) were asked to com-
plete age-adapted questionnaires, including Pediatric
Quality of Life Inventory (PedsQL, Generic Core
Scale, Neuromuscular Module (NMM) and Multidi-
mensional Fatigue Scale (MFS), age 2 to 18 years),
Research and Development-36 (RAND36, age >18
years), Individualized Neuromuscular Quality of Life
(INQoL, age >18 years), McGill pain questionnaire
(age >12 years), Wong-Baker Faces Pain rating scale
(age >2 years), Checklist Individual Strength (CIS,
age >18 years), ACTIVLIM (age >12 years), Impact
on Participation and Autonomy (IPA, age >18 years),
and Egen Klassifikation version 2 (EK2, age >18
years) and were compared to normative values [12,
24-38].
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Ancillary investigations

Muscle thickness and muscle echogenicity with
quantitative grayscale analysis and visual grading
using the Heckmatt ultrasound score of a subset of
bilateral muscles were assessed by ultrasound using
an Esaote MyLabTwice ultrasound scanner (Esaote
SpA, Genoa, Italy) with an 3-13 MHz broadband
linear transducer and a 53-mm footprint in all ages
[39, 40]. Respiratory function was assessed through
spirometry in the upright and supine position, and
the maximum expiratory pressure (MEP), maximum
inspiratory pressure (MIP) and sniff nasal inspiratory
pressure (SNIP) in the upright position in all patients
of five years or older [41]. Diaphragm ultrasound was
performed to quantify diaphragm function through
assessment of diaphragm thickness and thickening in
all ages [42]. Further, cardiac assessment was done by
electrocardiography and conventional transthoracic
echocardiography (TTE) with speckle tracking and
tissue doppler imaging (TDI) in all ages [43]. Frag-
mented QRS complex was defined by the presence of
an additional R-wave (R’) or notching in nadir of the
R-wave or the S-wave, or the presence of more than
one R’ without a typical bundle branch block [44].
Left ventricular ejection fraction (LVEF) was consid-
ered as decreased if <52% in males, <54% in females
and <55% in the pediatric population [45, 46]. Global
longitudinal strain was considered abnormal if above
—18% in adults and above —19.5% in children [47,
48]. In order to assess 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 in all ages [49].

Statistical methods

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. Pearson’s correlation was
used to assess correlations [50]. A Pearson’s correla-
tion was considered moderate (r=0.40-0.59), strong
(r=0.60-0.80), or very strong (r=0.80-1.0) [50].
A paired sample t-test was used to compare the
mean echogenicity of muscles on the right and left
side. An independent sample t-test was performed
to compare the echogenicity between ambulant and
non-ambulant patients. A non-parametric test for
independent samples was used to compare the Heck-
matt score between ambulant and non-ambulant
participants. If reference values are available from

literature, overlapping confidence intervals were
checked. Differences were considered significant if
p<0.05. In case of missing data, patients were
excluded from this specific sub analysis.

Data availability statement

The data that support the findings of this study
are available within the article and supplementary
material, and from the corresponding author, upon
reasonable request.

RESULTS

Study population

We were able to contact 15 patients, of whom
11 patients were included (19.7 £ 12.9 years (range:
3-42years), F=3, M =8). Three patients did not want
to participate in scientific research and one patient
denied to participate for COVID-19-related reasons.
Nine patients were of Dutch origin, two patients were
from the Dutch-speaking part of Belgium (Flanders).
One patient participated in this study through home
visits only, and thus underwent solely part of the
protocol (Supplementary Table 1). Key clinical char-
acteristics are shown in Table 1.

Genetic characteristics

All patients had genetic confirmation of
SELENON-RM before enrollment in the study.
The variant c.943G>A (p.(Gly315Ser)) (compound
homozygous and heterozygous) was most frequently
found. Other genetic information is shown in Table 1
[2, 51-53].

Neurological examination

Facial muscle weakness and symmetrical skeletal
muscle weakness with a proximal to distal gradient
were present in all patients (Table 1, Figs. 1A-E and
2). Contractures were seen in most of the patients,
with elbow extension, knee extension and ankle dor-
siflexion contractures being the most prevalent. Distal
joint hypermobility was found in six patients. Rigid
spine was seen in all patients (Fig. 1F). Eight parti-
cipants had a high arched palate. One patient showed
pseudohypertrophy of the calf muscles, while muscle
atrophy was more frequently seen in others (Fig. 1G-
H). Nine participants had scoliosis, of whom four had
undergone spondylodesis to correct spinal deformity.



Table 1

Clinical and genetic features of SELENON-RM patients

ID Sex Age Genetic mutation MFM- Ambulant Respiratory Cardiac function Bone quality (L;
(years) 20/32 (yes/no) support (LVEF*, GLS*#); F; #)
score (yes/no) ECG***
Variant DNA Variant type ACMG Ref (FEV1%,
(protein) classification dVC%)

1 M 16 1. c.713dup 1. Frameshift 1. Pathogenic [2,51] 55.2% No (only Yes (33%, LVEF: 58%; QRS F. 3.7
p-(Asn238fs) with walking ~ -35%) fragmentation,
2.¢.1332_1334del 2. In-frame 2. Pathogenic aid) iRBBB
p-(Asnd44del) deletion

2 F 25 c.943G>A Missense Pathogenic [2, 11, 52] 77.1% Yes Yes (37%, LVEF: 66%; GLS F.-1.7
p-(Gly315Ser) —38%) —19.3%;

(homozygous)

3 M 3 c.943G>A Missense Pathogenic [2, 11, 52] 81.7% Yes No LVEF: 66%; QRS L:-19
p-(Gly315Ser) fragmentation #
(homozygous)

4 M 21 1. ¢c.943G>A 1. Missense 1. Pathogenic [2, 11, 52] 83.3% Yes No (41%, LVEF: 54%; GLS: L:-12
p-(Gly315Ser) 2. in-frame 2. Pathogenic -30%) —17.3%; QRS F:-2.8
2. ¢.1332_1334del deletion fragmentation #
p-(Asn444del)

5 F 8 c¢.1A>G (p.Metl?)  Loss-of- Pathogenic [2] 91.7% Yes Yes (72%, LVEF: 69%; GLS: L:0.7
(homozygous) function in —5%) —23.2%; F:-0.4

start codon

6 M 42 c.943G>A Missense Pathogenic [52] 76.0% Yes Yes (32%, LVEF: 60%; GLS: F:-3.0
p-(Gly315Ser) —47%) —15.8%; QRS #
(homozygous) fragmentation;

right heart axis

7 F 30 1. c.713dup 1. Frame-shift 1. Pathogenic [2,51] 43.8% No Yes (23%, LVEF: 58%; GLS: F. 2.8
p-(Asn238fs) —43%) —17.0%; QRS #
2.¢.1332_1334del 2. In-frame 2. Pathogenic fragmentation;
p-(Asnd44del) deletion iRBBB

(Continued)
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Table 1
(Continued)
ID Sex  Age Genetic mutation MFM- Ambulant Respiratory Cardiac function Bone quality (L;
(years) 20/32 (yes/no) support (LVEF*, GLS*%*); F; #)
score (yes/no) ECG***
Variant DNA Variant type ACMG Ref (FEV1%,
(protein) classification dVC%)

8 M 9 1. c.943G>A 1. Missense 1. Pathogenic 2,11, 52] 77.1% Yes Yes (58%,3%) LVEF: 57%; GLS: L:0.9
p-(Gly315Ser) mutation 2. Likely -24.3%; QRS F:.-24
2.¢.301G>C 2. Splice site pathogenic fragmentation
r.(spl?)

9 M 13 1. ¢.713dup 1. Frameshift 1. Pathogenic [2, 53] 72.9% Yes Yes (42%, LVEF: 58%; GLS: L:-0.5
p-(Asn238fs) -10%) -27.6%; QRS F:-3.5
2.c¢.13.22dup 1. Frameshift 2. Pathogenic fragmentation
p-(GlIn8fs)

10 M 11 c.943G>A Missense Pathogenic 2,11, 52] 75.0% Yes No (36%, QRS L:-14
p.(Gly315Ser) —24%) fragmentation F: 23
(homozygous)

11 M 39 c.943G>A Missense Pathogenic 2,11, 52] 49.0% Yes Yes - #
p.(Gly315Ser)

(homozygous)
Mean M, 19.7£129 - - - - 71.2+15.1% Yes,n=9 Yes, n=8/11 LVEF: 61 +5% Adults:
n=9 [3t042] [43.8 to FEV1%: [54 to 69]; normal ~ F: 2.6 +0.6 [-3.0
91.7] 42+ 15% (23 in all. to—1.7]
to 72] GLS: L:-12
dVvC: -20.6 £4.4% Children:
26+ 18% [-27.6 to -17.0]; F:-25+13[-3.7
[-47.1 t0 3.0] abnormal, n=3 to —0.4]
L:-04+£12
[-1.9t0 0.9]

* Decreased LVEF = <52% in males,<54% in females and <55% in the pediatric population; ** abnormal GLS = above —18% in adults and above —19.5% in children; *** QRS fragmentation = the
presence of an additional R-wave (R’) or notching in nadir of the R-wave or the S-wave, or the presence of more than one R’ without a typical bundle branch block. N =number of patients;
ACMG = American College of Medical Genetics; MFM-20/32 = Motor Function Measurement 20/32; FEV 1% = percentage of predicted forced expiratory volume in the first second; dVC (sitting
— supine) = difference in vital capacity between the sitting and the supine position; LVEF =left ventricular ejection fraction; GLS = global longitudinal strain; ECG = electrocardiogram; (i)RBBB =
(incomplete) right bundle branch block; L =z-score or t-score of lumbar spine on DEXA-scan; F=z-score or t-score of femoral neck on DEXA-scan; # = (fragility) LBF(s) in medical history;
ambulant is defined as the ability to walk 10 meter unaided.
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Fig. 1. Facial muscle weakness and dysmorphic features in SELENON-RM patients. (A) neutral position, showing mild bilateral ptosis.
(B) m. frontalis weakness. (C) m. orbicularis oculi weakness. (D) m. risorius weakness. (E) inadequate puckering movements, indicating
m. orbicularis ori weakness. (F) inability of neck flexion and lumbar flexion, indicating rigid spine. (G) pseudohypertrophy of the calve
musculature. (H) general muscle hypotrophy, most pronounced in the calves and upper legs, and spinal deformity (status after osteosynthesis).
(I) scapular winging. Permission for publication of the photographs from all identifiable patients was granted.

Scapular dyskinesia (including scapular winging)
was found in six patients (Fig. 11).

Accelerometry

Accelerometry was performed in all patients.
There was a strong correlation between the MFM-
20/32 total score (primary outcome measure) and
the percentage of time spent on sedentary activ-
ity (Pearson’s correlation, —0.682, p<0.05) and
light activity (Pearson’s correlation, 0.754, p <0.01)
(Fig. 3). Next to that, MFM domain 1 and domain 2
were strongly correlated with sedentary (Pearson’s,
-0.654, p<0.05 and —0.746, p<0.01, respectively)
and light (Pearson’s, 0.745 and 0.740, p<0.01,
respectively) activity.

Functional measurements

A detailed overview on functional measurement
scores can be found in Fig. 3.

Motor Function Measurement 20/32 (MFM-20/32)

MFM-20/32 was performed in all patients. The
mean MFM-20/32 total score was 71.2+15.1%
(Fig. 3). Domain 1 (standing and transfers,

Fig. 2. Median muscle strength according to the MRC grading
scale. Median muscle strength (MRC) in neck flexor, neck exten-
sor, deltoid, biceps brachii, triceps brachii, wrist flexor, wrist
extensor, finger flexor, finger extensor, iliopsoas, gluteus, quadri-
ceps, hamstrings, foot flexor and foot extensor muscles.
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Fig. 3. Overview on percentage of MFM-20/32 total score, MiniBEST, PBS and HFMS; the percentage of distance predicted at the 6 MWT;
the percentage of predicted strength (N) of several muscles; the percentage of sedentary, light, moderate and vigorous activity and the number
of counts per day as measured through accelerometry (mean &= SD); and the correlation between the MFM-20/32 total score and percentage
of sedentary activity. (A) Percentage of MFM-20/32 total score, MiniBEST, PBS and HFMS; and the percentage of distance predicted at
the 6BMWT. MFM-20/32 was performed by all patients participating in this study. The MiniBEST and PBS were performed by ambulant
patients, while the HFMS was only performed by patients who were not able to perform either of the two balance tests (MiniBEST or
PBS) due to physical limitations (n=3). 6 MWT included all ambulant patients of 5 years and older that were seen in the hospital (n=38).
(B) Percentage of predicted strength (N) of the neck extensor, biceps brachii, triceps brachii, quadriceps, foot dorsiflexor and foot flexor
muscles and the pinch grip. n=the number of patients (each patient having two muscles examined, i.e. left and right side); (C) Percentage
of sedentary, light, moderate and vigorous activity and the number of counts per day as measured through accelerometry. (D) Percentage
sedentary activity as measured through accelerometry was negatively correlated to the MFM-20/32 total score (Pearson’s correlation, —0.682,
p<0.05). MFM-20/32 = motor function measurement 20/32; MiniBEST = Mini Balance Evaluation Systems Test; PBS = Pediatric Balance
Scale; HFMS = Hammersmith Functional Motor Scale; 6MWT = 6-minute walk test. All values are mean &+ SD.

50.4+£26.6) was most severely affected, fol- Mini Balance Evaluation Systems Test

lowed by domain 2 (proximal muscle function, (MiniBEST)

79.8 +13.0%). Domain 3 (distal muscle function, Three adult patients were able and felt comfort-
94.6 +£4.5%) was unaffected in the majority of the able to perform the tasks of the MiniBEST (Fig. 3).
patients. All subscales, including anticipatory movements,

reactive postural control, sensory orientation, and
dynamic gait were only minimally affected. The

Hammersmith Functional Motor Scale (HFMS) remaining adult patients were not ambulant or had a
The HFMS was performed in the three out of 11 high fall risk, whereby they could not perform balance

patients that were non-ambulant or that could not per- tests.

form the balance test (Fig. 3). None of these patients

could lift their head from supine position, prop on Pediatric Balance scale (PBS)

extended arms, come from supine to a sitting posi- Five children were able and felt comfortable to

tion, perform a four-point kneeling or crawl. Sitting perform the PBS (Fig. 3). Two children achieved

on a plinth or chair and supported standing were not the maximum score. One young child (M, age 3

affected in any of them. years) had difficulties with following the instructions.
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The subdomains “turning the head and trunk to look
behind left and right shoulders while standing still”
and “reaching forward with outstretched arm while
standing” were most severely affected.

Graded and timed function tests

The Timed Up and Go (TUG) tests with
(15.0 £ 7.8 s) and without (13.2 & 7.09 s) a cognitive
task was performed by nine out of 11 patients, with a
delay of 10% or more in three patients in the cogni-
tive task version. Five patients were able to perform
the 30 seconds sit-to-stand test, with a mean num-
ber of eight stands (range: one to 16). Eight patients
were able to independently raise from the ground
(12.9 +5.55), of whom three needed a nearby object
for support, four only needed the support of their
hands on their upper legs, and one patient only used
her hands for support on the ground. The 6-minute
walk test (6MWT), and climbing and descending a
standardized physiotherapy stairs were not performed
in one patient due to his participation through home
visits. Two out of 10 patients were unable to do the
6MWT: one patient was too young and one was not
ambulant. One patient (M, 16 years), defined as not
ambulant since he could not walk unaided, was never-
theless able to perform the 6B MWT using a walking aid
(walking frame with wheels combined with an ankle-
foot orthosis on the right side). The mean percentage
of the predicted walked distance was 57.8 +20.0%
(Fig. 3). Only one participant was able to walk a dis-
tance above the lower limit of normal (523 meter, F,
8 years). Three out of 10 patients were able to climb
four steps (5.8 +5.8s) and four out of 10 patients
were able to descend four steps (3.8 £ 4.5 s) on a stan-
dardized physiotherapy stairs with alternating steps
and without the use of their hands. One patient could
not climb or descend the standardized physiotherapy
stairs at all. The remaining patients either used their
hands or could not perform alternating steps.

Hand-held dynamometry

The neck flexor could not be measured with
dynamometry in any of the patients due to severe neck
flexor weakness (median MRC 2). The neck exten-
sor muscles could be measured in six patients who
had a MRC score >4. All other muscle groups could
be measured in all patients of five years and older,
of which the foot flexor muscles (80.0 = 34.7%) and
quadriceps muscles (73,8 +46,4%) had the highest
strength percentage of predicted value (Fig. 3).

Questionnaires

A detailed overview on the questionnaires can be
found in Supplementary Table 2.

RAND36

Five, adult patients filled in the RAND36 ques-
tionnaire. The subdomains scores for “physical
functioning”, “role limitations due to physical
health”, “vitality” and ‘“general health” were
decreased compared to healthy controls.

Individualized Neuromuscular Quality of Life
(INQoL)

Five, adult patients filled in the INQoL. The sub-
domain “muscle weakness” was found to be most
severely affected (74.7 &= 8.6%). Patients experienced
minimal problems of muscle locking (4.2 +9.4%)
and social relationships (14.6 £ 14.4%). The mean
Quality of Life score was 42,8 £ 11,4%.

Checklist Individual Strength (CIS)

Four out of five patients reported to have a prob-
lematic fatigue (>76 of 140 points), i.e. acombination
of subjective fatigue, reduction in motivation, reduc-
tion in activity and reduction in concentration that
negatively influences the person’s performance in
the occupational and home setting. The subjective
fatigue subdomain was increased in all patients (>27
of 56 points), of whom two reported severe subjective
fatigue (>35 of 56 points).

Pediatric Quality of Life Inventory (PedsQL)

Six patients and/or their parents filled in the Ped-
sQL questionnaires. One patient was too young to
fill in this questionnaire (3 years), so only the proxy
forms were filled in by his parents. The total score
on the PedsQL Generic Core and PedsQL MFS was
significantly decreased compared to healthy controls.
PedsQL NMM scores were in line with SMA patients
[25].

ACTIVLIM

Ten patients filled in the ACTIVLIM question-
naire. A mean of 2.6 & 3.5 activities were impossible
to perform, 5.4 £ 3.8 activities were difficult to per-
form, and 9.9 4= 5.0 activities were easy to perform.
Four patients reported that they could perform all
tasks. The median total score was 28.5 out of 36.
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Table 2

Muscle ultrasound in SELENON-RM patients

Muscle Echogenicity z-score Heckmatt score Muscle thickness
(mean) (median [IQR]) z-score (mean)

Biceps brachii 7.06 3[2.25-4.0] -0.08

Biceps femoris 2.38 3 [3-3.75] 0.33

Flexor carpi radialis 5.70 2[2-3] -1.25
Gastrocnemius 2.59 2[2-2] 0.17

Rectus abdominis 3.69 2[2-3] -0.81

Rectus femoris 3.96 3[2-3] -1.09

Soleus 1.93 2[2-2] -0.51
Sternocleidomastoid 10.07 2 [2-2.75] -1.58
Temporalis 2.16 2[1-2] 0.15

Tibialis anterior 5.24 3[3-3] -0.81

Vastus lateralis 4.82 3[3-3] -0.75

Correlation (Pearson’s correlation)

MFM-20/32 total score Echogenicity

Flexor carpi radialis, —0.750, p <0.01

Heckmatt score
Biceps brachii, —0.576, p <0.01
Flexor carpi radialis, —0.874, p <0.01

MRC Echogenicity
Biceps brachii left, —0.897, p<0.01

Hackmatt score

Biceps brachii left, —0.802, p <0.01
Biceps brachii right, —0.668, p <0.05
Soleus right, 0.688, p <0.05

Age Echogenicity
Rectus abdominis, —0.574, p<0.01
Soleus, —0.594, p<0.01
Sternocleidomastoid muscle, 0.581, p<0.01

Heckmatt score
Biceps brachii, 0.567, p<0.01
Biceps femoris, 0.720, p <0.01

Muscle thickness Echogenicity
Gastrocnemius, —0.480, p <0.05
Sternocleidomastoid, —0.464, p <0.05

Temporalis, —0.601, p <0.01

Heckmatt score
Gastrocnemius, —0.445, p <0.05
Sternocleidomastoid, —0.665, p <0.01.

Muscle Echogenicity - Echogenicity - Non- Echogenicity -
Ambulant (mean) ambulant (mean) Significance (2-tailed)
Flexor carpi radialis 4.79 9.30 p<0.05

IQR =interquartile range; MFM-20/32 = Motor Function Measurement 20/32; MRC = Medical Research Council.

Impact on Participation and Autonomy (IPA)

Five patients filled in the IPA questionnaire. The
subdomain “autonomy outdoors” was found to be
most severely affected. Generally, two out of five
patients experienced major problems and three out
of five patients experienced minor problems in par-
ticipation and autonomy.

Egen klassification scale 2 (EK2)

Seven patients filled in the EK2 questionnaire. The
mean EK2, a scale to measure physical function over
time, was 7.7 & 7.7 out of 51 points. A score of zero
indicates the highest physical function and a score of
51 the lowest.

McGill pain questionnaire

Six out of seven patients indicated that they might
experience some sort of recurrent pain on a normal
day with normal activities, with pain in the back

and/or neck or shoulder region being the most out-
standing. Two patients indicated that they could not
sleep due to the pain, that they woke up in the morning
with pain, and that it hinders them with normal move-
ments and daily activities. Only one patient indicated
that she had to rest because of the pain, that it hin-
dered her leisure activities, that she felt listless and
that she had to use analgesics.

Wong-Baker faces Pain rating scale

Five out of 11 patients indicated to have not had
any pain or only minimal pain at the moment of exam-
ination or during the previous week. Four patients
experienced pain every day in the week prior to the
examinations. Three patients indicated to have had
extreme pain (numerical rating scale >8/10) in the
back and/or shoulder region in the week prior to the
examinations.
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Muscle ultrasound

Echogenicity and Heckmatt score

Muscle ultrasound was performed in all patients.
An overview on the echogenicity (z-score) and Heck-
matt score per muscle can be found in Fig. 4
and Table 2. We found no significant difference
in echogenicity and Heckmatt score between left
and right sided muscles. The echogenicity was most
severely increased in the sternocleidomastoid and the
biceps brachii. The soleus and temporalis were found
to be least affected. We found a correlation between
the echogenicity and the Heckmatt score of a sub-
set of muscles and the MFM-20/32 total score, MRC
score and age. Further, non-ambulant patients had
an increased echogenicity and Heckmatt score in the
flexor carpi radialis compared to ambulant patients.

Muscle thickness

We found a significant difference in muscle thick-
ness between the left and right side for the temporalis
(p<0.05), while there was no difference in muscle
thickness for all other studied muscles.

Respiratory function tests

Spirometry was performed in nine patients
(Table 3). All patients had a decreased FEV1%

B -0
Bl s-10
= 25
<2

(41.6 +14.8%) in the upright position. The mean
decrease in vital capacity (VC) between the upright
and supine position was 25.5 £ 17.7%. The MIP and
MEP was abnormal in all patients (44.8 £19.7%
and 48.4 + 6.3% of predicted, respectively) (Table 3).
Eight out of 11 patients used (nocturnal) non-invasive
ventilation, which was started in all at a pediatric age.
Only one adult patient (M, age 21) was not in need
of (nocturnal) non-invasive ventilation.

Diaphragm ultrasound

Ultrasound of the diaphragm was performed in
10 patients. In all these patients, the diaphragm was
nondetectable at the end of expiration, representing
severe diaphragm atrophy. Furthermore, there was no
visible increase in diaphragm thickness during inspi-
ration. The latter was accompanied by a paradoxical
breathing pattern.

Cardiac assessment

ECG and echocardiography were performed in
10 patients. QRS fragmentation was seen in eight
patients.An incomplete right bundle branch block
was seen in two patients (age 16 and 30 years), in the
absence of arrhythmia, and did not require any treat-
ment. Five out of 10 patients showed sinus arryth-

Fig. 4. Overview on echogenicity (z-score and Heckmatt score) per muscle. The z-score of the echogenicity (A) and the 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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Fig. 5. Correlation between MFM-20/32 total score and muscle ultrasound (echogenicity and Heckmatt score). (A) Correlation between
the z-score of echogenicity of flexor carpi radialis muscles and the total MFM-20/32 score (Pearson’s correlation, —0.750, p<0.01). (B)
Correlation between Heckmatt score of flexor carpi radialis muscles and the total MFM-20/32 score (Pearson’s correlation, —0.874, p <0.01).
(C) Correlation between Heckmatt score of biceps brachii muscles and the total MFM-20/32 score (Pearson’s correlation, —0.576, p <0.01).

MFEM-20/32 = Motor Function Measurement 20/32.

Respiratory function tests in SELENON-RM

Respiratory function tests (mean & SD (range))

FEV1 (percentage predicted)
FVC (percentage predicted)

41.6+14.8% (23 to 72)
38.2+13.7% (21 to 67)

PEF 192 £ 53 L/min (143 to 291)
PCF 190 & 56 L/min (124 to 296)

dVC sitting — supine
MIP (percentage predicted)
MEP (percentage predicted)

25.5£17.7% (47.1 t0 3.0)
44.84+19.7% (16.2to 71.2)
48.4+6.3% (35.8 to 56.8)

SNIP 30.3£12.1 (13 to 43) (M); 37.7£17.2 (18 to 50) (F) mmH20

FEV1% = percentage predicted of the forced expiratory volume in the first second; FVC% = percentage pre-
dicted of the forced vital capacity; PEF =peak expiratory flow; PCF=peack cough flow; dVC (sitting —
supine) = difference in vital capacity between the sitting and supine position; MIP =maximal inspiratory
pressure; MEP = maximal expiratory pressure; SNIP = sniff nasal inspiratory pressure.

mia, while no other arrhythmias were observed in our
cohort. Echocardiography showed abnormal global
longitudinal strain in three out of seven patients
(adult: —17.3%, —15.8% and —17.0%). Left ventric-
ular ejection fraction (LVEF) was normal in all
patients, and none of the patients used cardiac medi-
cation. No abnormalities of the valves, right ventricle
volume/function or atria were seen in any of the
patients.

Bone quality

A DEXA-scan was performed in 10 participants.
The mineral bone density of the femoral neck was
reduced in three out of four pediatric patients (z-score
-2.5+1.3 [-3.7 to -0.4] and in all adults (t-score -
2.6 0.6 [-3.0 to -1.7]. Measurement of the mineral
bone density of the lumbar spine could be performed
in only five pediatric patients (z-score -0.4 + 1.2 [-1.9
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to 0.9] and one adult patient (t-score —1.2) due to the
presence of spondylodesis material. Six participants
had experienced one or more fragility fractures of
the long bones. The number of retrospective fractures
was strongly correlated to the lumbar bone mineral
density (-0.926, p <0.01), but not to the femoral bone
density or ambulation status. No other causes for
decreased bone quality (i.e. hormonal abnormalities,
malnutrition, medication related) could be identified.
One patient had received treatment with bisphospho-
nates prior to participation in this study.

DISCUSSION

We here present a cross-sectional study of char-
acteristics of SELENON-RM patients, showing 1)
axial and limb muscle weakness with a proximal
to distal gradient, 2) joint contractures and dis-
tal joint hypermobility, 3) increased echogenicity
on muscle ultrasound reflecting fatty replacement
and/or fibrosis, 4) respiratory impairment with severe
diaphragm atrophy and dysfunction, requiring non-
invasive ventilation in the majority of the patients,
5) decreased bone quality, 6) problematic fatigue;
and 7) pain, mostly localized in the back, neck or
shoulder region. LVEF was normal in all patients,
yet QRS fragmentation and abnormal global longitu-
dinal strain, which both are well-known predictors of
worse clinical outcome in other neuromuscular dis-
eases, were frequently present [44, 54-56]. Based
on these cross-sectional cohort data, we have sev-
eral recommendations for clinical practice and future
research, which will be discussed below.

Optimizing clinical care for SELENON-RM
patients

Based on the respiratory impairment with promi-
nent diaphragm atrophy and dysfunction in all
patients, we recommend minimally annual respira-
tory function tests in (a)symptomatic patients. This
should be started in pre-schoolers to early detect
impairment of respiratory function and to enable
timely respiratory training, lung volume recruitment
techniques and/or non-invasive ventilatory support.
Due to the severe diaphragm dysfunction, we strongly
advise to perform spirometry in both the upright and
the supine position. In case of symptoms suggestive
of nocturnal hypoventilation or abnormal spirometry
we advise polysomnography. Our results and recom-
mendations are in line with previous studies showing
that most of the SELENON-RM patients, even while

being ambulant, need nocturnal non-invasive ven-
tilation due to early diaphragm dysfunction. These
studies recommend yearly respiratory evaluations [1,
57]. The underlying pathophysiology of the promi-
nent diaphragm dysfunction in SELENON-RM is
unknown. It might be related to the impaired mito-
chondrial function and increased oxidative stress [58,
59]. Furthermore, peak cough flow was severely
impaired in our cohort. Reduced cough capacity is a
major risk factor for respiratory morbidity and mor-
tality in neuromuscular diseases [60]. We therefore
propose timely initiation of lung volume recruitment
techniques such as air stacking [61].

QRS fragmentation and abnormal GLS are risk
factors for impaired cardiovascular outcomes includ-
ing decreased LVEF and ventricular arrythmias in
neuromuscular disorders [44, 54-56]. Considering
the prevalence of QRS fragmentation and abnormal
GLS in our cohort, we therefore recommend cardiac
surveillance by screening of (a)symptomatic patients
every two years with ECG, Holter and echocardio-
graphy or in the presence of new cardiac symptoms.
LVEF was normal in all SELENON-RM patients,
which is in line with the results of our recent scop-
ing review [62]. Villar-Quiles et al. recommended
annual cardiac assessment due to the possibility of
pulmonary hypertension or secondary right ventricle
failure [1]. In our cohort, pulmonary hypertension,
a complication of untreated respiratory impairment,
was not observed. This can be explained by the
optimal respiratory follow-up in our SELENON-
RM cohort. We therefore suggest cardiac assessment
every two years, provided that respiratory evalua-
tions are performed yearly to early detect and treat
impaired respiratory functions, and that clinical signs
for pulmonary hypertension are absent.

In our study, we frequently observed decreased
bone quality. Although our recent scoping review
showed that decreased bone quality is prevalent
in congenital myopathies, this is a new finding in
SELENON-RM, and so far only general recommen-
dations for congenital myopathies were previously
reported [10, 63]. Decreased bone quality can be
caused by a combination of physical inactivity, atro-
phied muscles, and nutritional issues and decreased
outdoor time leading to deficiency of calcium and
vitamin D [64—-69]. Furthermore, there may also be a
direct adverse effect of mitochondrial disfunction at
the level of skeletal maturation and bone turnover
[70]. Next, excessive intracellular reactive oxygen
species levels, which might be caused by insufficient
or absent selenoproteins, are thought to contribute



1068 K. Bouman et al. / SELENON-Related Myopathy Cross-Sectional Study

to the development of osteoporosis by inhibiting
osteoblastic differentiation of bone marrow stromal
cells (BMSCs) [71]. Based on general guidelines for
low bone quality, we advise appropriate vitamin D
and calcium supplementation in all patients [10, 72].
Moreover, a DEXA-scan is recommended at diag-
nosis and subsequently every one to three years,
depending on the bone mineral density, and in the
presence of a new LBF or bone pain. In case of
a fragility long bone fracture or vertebral fracture,
or a z-score <—2 for the paediatric population or t-
score <—1 for adults on the DEXA-scan, we advise
to refer patients to paediatrics or internal medicine
for personalized follow-up of bone quality. To this
end, DEXA-scans, blood (calcium, phosphate, alka-
line phosphatase, vitamin D) and urine (calcium and
creatinine) tests, and consideration of additional ther-
apies are indicated.

We observed a high prevalence of problematic
fatigue in both adult and paediatric patients. Fatigue
is a common feature in patients with neuromuscu-
lar disorders, and it has been previously reported to
negatively influence physical endurance and motor
performance in SELENON-RM [1, 6]. Various
management interventions are likely to reduce expe-
rienced fatigue. Recommendations include physical
therapy, optimization of cardiorespiratory function,
treatment of pain and correction of risk factors
(including obesity, poor nutrition and inactivity) [73,
74]. Further, self-management programs combining
aerobic training, energy conservation management,
and relapse prevention have been shown to improve
social participation and functional endurance in
patients with neuromuscular diseases and chronic
fatigue [75, 76]. Moreover, cognitive behavioural
therapy (CBT) can ameliorate experienced chronic
fatigue in patients with neuromuscular diseases [77,
78].

Finally, patients frequently reported pain in the
neck, shoulder and/or back region. Some patients
even reported that normal movements and daily activ-
ities were impaired due to pain, and that they had
experienced extreme pain (NRS >8/10) in the week
prior to the investigations. Spinal deformities (scol-
iosis, hyperlordosis), spinal rigidity, and weak neck
flexor and paraspinal muscles were considered as the
major causes for the reported pain. In the two pre-
vious natural history studies, the presence of pain
was unaddressed [1, 11]. Based on our results, we
advise to pay special attention to pain management
in SELENON-RM patients, to explore and treat its
underlying causes, to provide optimal rehabilitative

care including physiotherapist or occupational ther-
apist, and to refer to a team specialized in pain
management if needed.

Recommendations for research

Our cross-sectional study further provides insights
into important clinical and functional outcome mea-
sures for assessing disease severity and progression
of disease in future clinical trials. We show that
MFEFM-20/32 is suitable (covering the clinical feature
of interest) and feasible (being able to be per-
formed by patients) for measuring disease severity
in SELENON-RM across the life span. Measur-
ing disease progression by long-term follow-up
with MFM-20/32 has not yet been performed in
SELENON-RM patients. However, it is responsive
for measuring disease progression in other neuro-
muscular diseases [79-81]. We also found that the
6MWT could be performed by most of the patients,
had large range in percentage predicted values, and
had no flooring or ceiling effect. We thus expect that
the 6MWT is of value to measure disease sever-
ity in ambulant SELENON-RM patients without
significant cardiorespiratory comorbidities [82-84].
Further, the timed function test ‘rise from the floor’
had a wide range of values in the absence of a flooring
or ceiling effect. Patients also indicated that they ret-
rospectively experience increasing difficulties with
rising from the ground. An annual decrease in the
timed function test ‘rise from the floor’ was previ-
ously reported in SELENON-RM patients [11]. In
Duchenne muscular dystrophy, the time to rise from
the floor was relevant for predicting disease progres-
sion in the group above seven years old [85]. This
timed function test might thus be of added value
to measure disease severity and disease progression
in patients with SELENON-RM. The usability of
MFM-20/32, the 6MWT and the timed function test
‘rise from the floor’ for measuring disease progres-
sion in our cohort of SELENON-RM patients will
be evaluated in the 1.5-year follow-up natural history
study [12].

We conclude that the HFMS, the MiniBEST and
the PBS are not suitable for assessing disease sever-
ity in SELENON-RM. The HFMS was performed in
only a small subset of patients, with a limited score
range, limiting us to asses disease severity. Further,
all patients that were able and felt comfortable to
perform the balance tests had a near normal score,
leading to a ceiling effect.
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Accelerometry had strong correlations with func-
tional abilities measured through the MFM-20/32,
which is in line with our results in the LAMA2-MD
cohort [96]. We propose accelerometry to monitor
physical activity, serve as a reliable and non-invasive
method to estimate physical abilities, and guide the
effect of rehabilitative care and future therapies in
SELENON-RM [86-88].

Results of the muscle ultrasound provide new
insights into the distribution of muscle involvement.
The sternocleidomastoid and the biceps brachii mus-
cles were most severely affected. Previous studies
using MRI have shown severe inconsistencies in
muscle involvement in SELENON-RM patients. For
example, Hankiewicz et al. reported in a cohort of 9
patients (age range: 8 to 21 years) that the sternoclei-
domastoid muscle was not affected, while Tordjman
et al. showed in a cohort of 8 patients (age range: 8
to 21) severe fatty infiltration [89, 90]. This stresses
the need for deep clinical phenotyping using imag-
ing modalities. The severe involvement of the biceps
brachii muscle on muscle ultrasound is not in line
with previous studies using MRI [89, 90]. This dis-
crepancy between muscle ultrasound and MRI in the
biceps brachii muscle has also been observed in other
neuromuscular diseases [91, 96]. Muscles with an
increased echogenicity and normal appearance on
MRI are consistent with intramuscular fibrosis, espe-
cially in the absence of fatty replacement [91]. Our
next step will include the assessment of muscle fat-
tening on whole body MRI and correlate it to the
findings on muscle ultrasound.

The results provide suggestions for patient-
reported outcome measures: RAND36 to describe the
quality of life, CIS to monitor fatigue and McGill
pain questionnaire to assess pain in adult SELENON-
RM patients. We advise PedsQL Generic Core scale,
NMM and MFS (self-report and proxy-report) in the
paediatric population.

RAND36 showed reduced physical functioning,
role limitations due to physical health, vitality and
general health compared to healthy controls, which
is in line with observations in other neuromuscular
disorders [92]. In line with the RAND36, the INQoL
reported muscle weakness as the most prominent
symptom and the CIS showed increased problematic
fatigue. Since the CIS is more sensitive to measure
fatigue and compromises several subdomains, we
advise to use the CIS as a measure for fatigue in
addition to the general RAND36 quality of life mea-
surement [31]. Next to fatigue-related questionnaires,
muscle fatigability can be measured through clinical

and electrophysiological endurance tests, using isoki-
netic dynamometry combined with surface EMG
[93]. Muscle fatigue can be an underlying cause
for general fatigue and is another dimension to be
assessed and treated in future clinical trials.

The majority of the patients indicated that they
experience pain in the back, neck or shoulder region.
The McGill pain questionnaire can be a good method
to quantify and follow-up pain. Further, pain can
negatively influence quality of life and fatigue in
neuromuscular diseases, which are both decreased
in SELENON-RM [94, 95]. We therefore suggest to
examine the relation between pain, quality of life and
fatigue in SELENON-RM and to investigate whether
adequate pain treatment results in improvement of
quality of life and fatigue.

Strength and limitations

11 SELENON-RM patients were included in our
study, which is far less than the 132 patients from the
cohort reported in Villar-Quiles et al. [1]. However,
major strengths of our cross-sectional cohort study
include the unselected cohort, the prospective design
and the large set of examinations for selecting clini-
cal, functional and imaging outcome measures. The
study has frequent missing data that are inherent to
the study population: some patients were too young
to perform some of the functional tests. One patient
participated by home visits only, therefore missing
data from ancillary investigations.

Generalizability of the data

To our best knowledge, the cohort reported
by Villar-Quiles et al. is the largest cohort of
SELENON-RM patients reported so far and shows
high similarities to our cohort both in age and clini-
cal phenotype. In both cohorts, the clinical phenotype
was marked by severe axial muscle weakness, spinal
rigidity and scoliosis, with relatively preserved limb
strength. Additionally, respiratory failure, requir-
ing respiratory support while being ambulant, was
frequently seen. Moreover, joint contractures and
hyperlaxity were prevalent, while only a small minor-
ity of the cases were non-ambulant and none of the
patients had intellectual disabilities or central ner-
vous system involvement. Contrarily, we did not see
any patients with cardiomyopathy or right ventricle
failure. We did observe more subtle cardiac abnor-
malities including QRS fragmentation and abnormal
GLS.
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Conclusion

Based on the results of this cross-sectional
cohort study, we recommend routine cardiorespi-
ratory screening and bone quality assessment in
(a)symptomatic patients for prevention, early detec-
tion and treatment of complications. We further
recommend appropriate management interventions
to reduce experienced fatigue and pain. For lon-
gitudinal follow-up and clinical trials, we suggest
the following measures to assess disease severity
and possibly disease progression: the MFM-20/32,
accelerometery and muscle ultrasound. The 6MWT
and time to raise from the ground might be of
added value in ambulant patients. For a more defi-
nite selection of longitudinal clinical and functional
outcome measures, we need longitudinal data from
our ongoing 1.5-year natural history study LAST
STRONG, of which data collection will be completed
in 2023. International consensus on definite selection
of outcome measures have to be reached in a con-
sortium meeting involving key leader physicians and
researchers.
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