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Abstract.

Background: Variants in RYR1, the gene encoding the ryanodine receptor-1, can give rise to a wide spectrum of neuromuscular
conditions. Muscle imaging abnormalities have been demonstrated in isolated cases of patients with a history of RYR/-related
malignant hyperthermia (MH) susceptibility.

Objective: To provide insights into the type and prevalence of muscle ultrasound abnormalities and muscle hypertrophy in
patients carrying gain-of-function RYR] variants associated with MH susceptibility and to contribute to delineating the wider
phenotype, optimizing the diagnostic work-up and care for MH susceptible patients.
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Methods: We performed a prospective cross-sectional observational muscle ultrasound study in patients with a history of
RYR]-related MH susceptibility (n =40). Study procedures included a standardized history of neuromuscular symptoms and
a muscle ultrasound assessment. Muscle ultrasound images were analyzed using a quantitative and qualitative approach and
compared to reference values and subsequently subjected to a screening protocol for neuromuscular disorders.

Results: A total of 15 (38%) patients had an abnormal muscle ultrasound result, 4 (10%) had a borderline muscle ultrasound
screening result, and 21 (53%) had a normal muscle ultrasound screening result. The proportion of symptomatic patients
with an abnormal result (11 of 24; 46%) was not significantly higher compared to the proportion of asymptomatic patients
with an abnormal ultrasound result (4 of 16; 25%) (P =0.182). The mean z-scores of the biceps brachii (z=1.45; P <0.001),
biceps femoris (z=0.43; P=0.002), deltoid (z=0.31; P=0.009), trapezius (z=0.38; P=0.010) and the sum of all muscles
(z=0.40; P <0.001) were significantly higher compared to 0, indicating hypertrophy.

Conclusions: Patients with RYRI variants resulting in MH susceptibility often have muscle ultrasound abnormalities.
Frequently observed muscle ultrasound abnormalities include muscle hypertrophy and increased echogenicity.

Keywords: Anesthesia, exertional rhabdomyolysis, malignant hyperthermia, muscle ultrasound, myopathy, RYR1, ryanodine

receptor-1

INTRODUCTION

Variants in RYRI, the gene encoding the skeletal
muscle ryanodine receptor, can give rise to a wide
spectrum of neuromuscular conditions including con-
genital myopathies [1], exertional rhabdomyolysis
(ERM) [2—-4] and malignant hyperthymia (MH) sus-
ceptibility [5, 6]. MH susceptible individuals may
develop a life-threatening hypermetabolic adverse
reaction in response to volatile anesthetics and/or
the depolarizing muscle relaxant succinylcholine [7].
Previous studies have shown that MH susceptible
individuals frequently suffer from neuromuscular
symptoms such as cramps and myalgia, and may
develop muscle weakness later in life [2, 8, 9]. More-
over, a recent study has suggested a link between
RYRI1-related ERM and an increased MH risk, when
triggering agents are administered in timely asso-
ciation with viral illnesses or intense exercise in
genetically susceptible individuals [10]. Further-
more, gain-of-function RYRI variants resulting in
MH susceptibility are associated with fatigue [11],
muscle hypertrophy [2, 8], late-onset axial muscle
weakness [12] and mild bleeding abnormalities [13],
indicating that MH susceptibility is not only a phar-
macogenetic disorder, but can be considered a mild
myopathy with additional non-skeletal muscle symp-
toms.

These clinical observations raise questions
whether there are structural abnormalities in skeletal
muscle of MH susceptible individuals carrying gain-
of-function RYRI variants. Although knowledge
about symptoms and skeletal muscle abnormalities
related to MH susceptibility has substantially
increased in recent years [9, 14], there are still

several knowledge gaps. For instance, previous
imaging studies on skeletal muscle abnormalities
were mostly limited to patients with congenital
myopathies, the most severe end of the spectrum of
RYRI-related disease and did not include any data on
imaging abnormalities in the upper extremities [15,
16]. The recent RYR1-Related Diseases International
Research Workshop has emphasized expansion of
natural history data throughout to full spectrum
of RYRI-related disease as an important research
priority in the field of RYRI-related disease [17].

Muscle ultrasound with visual assessment is a non-
invasive, patient-friendly and accessible technique
used in various neuromuscular disorders to establish
a diagnosis, and to monitor disease progression lon-
gitudinally [18]. It has been shown to be a practical
and reliable alternative to more invasive techniques
such as electromyography (EMG) and muscle MRI
[19] and is able to detect early skeletal muscle abnor-
malities [20]. The sensitivity of muscle ultrasound to
detect a neuromuscular disorder is about 70% using
a qualitative analysis, but can be increased up to 92%
when using a quantified approach [21-23].

Based on previous preliminary observations [2,
8, 9, 12, 24], we hypothesized that patients with
a history of RYRI-related MH susceptibility and/or
ERM frequently do have muscle ultrasound abnor-
malities reflected as an increased skeletal muscle
echogenicity and hypertrophy. This prospective,
cross-sectional, observational clinical study assessed
muscle ultrasound abnormalities, and their corre-
lation with neuromuscular symptoms and muscle
thickness in patients with RYRI-related MH suscep-
tibility and/or ERM. We expect our study to provide
important insights into the type and prevalence of
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muscle ultrasound abnormalities and muscle hyper-
trophy in patients carrying gain-of-function RYR/
variants associated with MH susceptibility and/or
ERM and to contribute to delineating the wider phe-
notype, optimizing the diagnostic work-up and care
for MH susceptible patients.

MATERIALS AND METHODS

Standard protocol approvals, registrations, and
patient consents

This study was approved by the regional med-
ical ethics committee (CMO Arnhem-Nijmegen,
registration number 2020-6251). All participants pro-
vided written informed consent according to the
Declaration of Helsinki. The study protocol was pre-
registered at ClinicalTrials.gov (ID: NCT04610619).
The present study is part of a parent project involving
four sub-projects aiming to delineate the phenotype
of RYR-related MH susceptibility and ERM compre-
hensively, including a questionnaire study, a clinical
study [9], an imaging study, and an immunolog-
ical study. Procedures relevant for this report are
described in detail in Part 2 “Questionnaire studies”
and Part 3 “Imaging studies” of the parent project
study protocol [25].

Study design and participant recruitment

This study was a prospective, cross-sectional,
observational, clinical study, reporting the results of
the muscle ultrasound examinations performed dur-
ing the study visits of a four-part study. Participants
were recruited between August 2020 and June 2021
from the MH cohort seen at the MH Investigation
Unit in the Canisius Wilhelmina Hospital, Nijmegen,
The Netherlands and from the ERM cohort seen at
the neuromuscular clinic of the Radboud University
Medical Centre, Nijmegen, The Netherlands as pre-
viously reported [9, 25].

Inclusion criteria were:

e A history of MH susceptibility according
the European Malignant Hyperthermia Group
(EMHG) guideline [26] and/or ERM fulfilling
one of the RHABDO criteria [27]. ERM was
defined as at least one episode of the follow-
ing symptoms: cramps, myalgia, myoglobinuria,
muscle weakness and/or muscle swelling, in
combination with an acute creatine kinase (CK)

increase (>10 000 U/L) and a subsequent fall of
the CK level.

e RYRI variant(s), identified by whole exome,
targeted, partial, or full RYRI sequencing and
classified as pathogenic, likely pathogenic or
variant of unknown significance for MH suscep-
tibility [28];

e The ability to speak, read, write, and understand
Dutch;

e Age >18 years old.

Exclusion criteria were:

e An initial presentation of an RYRI-related
congenital myopathy, manifesting as muscle
weakness preceding other symptoms;

e Other (neuromuscular) diseases resulting in
muscle weakness;

e Use of systemic steroids for a period >14 days
during the last three months;

e A current pregnancy or breastfeeding;

e If participants fulfilled exclusion criteria rele-
vant for other parts of the parent study [25],
including:

o A contra-indication for MRI, because of the
MRI study;

o Symptoms of angina pectoris, because of
the exercise tests;

o Current malignancy, because of the exercise
tests [25].

Selection bias was minimized by including one
participant per family, to avoid inter-family differ-
ences or confounding co-morbidities with a genetic
origin other than RYRI-related disease [29]. If two or
more individuals from the same family were willing
to participate and matched the inclusion criteria, the
individual who responded first was included in the
study.

Study procedures

Standardized history of neuromuscular
symptoms and physical activity

All participants were asked to complete a com-
prehensive online questionnaire, assessing I) medical
and family history, IT) neuromuscular symptoms, IIT)
healthcare burden and expenditure because of neu-
romuscular symptoms and IV) physical activity. All
participants filled out the questionnaires at home. The
results of the questionnaire study on neuromuscular
symptoms has been published recently [9], and were
used in the current study to investigate the correla-
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tion between muscle ultrasound abnormalities and
reported neuromuscular symptoms. Most important
findings were that individuals with RYR-related MH
susceptibility and/or ERM do frequently suffer from
(exertional) myalgia, cramps and may develop mus-
cle weakness [9]. Since these symptoms are common
in the general population, participants who reported
(exertional) cramps, myalgia and/or muscle weak-
ness on a daily or weekly basis were classified as
symptomatic. Participants without, or with less fre-
quent symptoms (e.g. on a monthly basis) were
classified as asymptomatic. The relevant part of the
questionnaire on neuromuscular was translated form
Dutch to English and is available as Supplementary
File 1.

Physical activity was assessed using the long form
of the International Physical Activity Questionnaire
(IPAQ) [30]. The activity level of each participant was
classified as low, moderate or high according to the
questionnaire instructions.

Muscle ultrasound studies

Muscle selection The following muscles were exam-
ined bilaterally: biceps brachii, biceps femoris,
deltoid, paraspinal (thoracic and lumbar), gastroc-
nemius (medial head), iliopsoas, proximal vastus
lateralis and trapezius. These muscles were selected
because RYRI-related congenital myopathies are
associated with proximal and axial muscle weakness
and MRI abnormalities [1, 6, 12, 15, 16].

Positioning participants during muscle ultrasound
examinations. The biceps brachii, iliopsoas and
proximal vastus lateralis muscles were examined in a
supine position with the arms and legs in the anatom-
ical resting position. The biceps femoris, paraspinal
(thoracic and lumbar) and gastrocnemius muscles
(medial head) were examined in the prone position
with the arms and legs in the anatomical resting
position. The deltoid and trapezius muscles were
examined in sitting position with both arms and legs
in the anatomical resting position.

Equipment. Muscle ultrasound was performed using
an Esaote MyLabTwice ultrasound scanner (Esaote
SpA, Genoa, Italy) with a 3—13 MHz broadband lin-
ear transducer. A fixed preset was used and all system
settings were kept constant for all measurements
to ensure reproducibility [18]. The biceps brachii,
deltoid, thoracic paraspinals, gastrocnemius (medial
head), and trapezius muscles were examined using
a fixed 4 cm depth setting. The biceps femoris, iliop-

soas, lumbar paraspinals and proximal vastus lateralis
were examined using a fixed 6 cm depth setting. To
avoid an uneven grayscale distribution, the ultrasound
focus for this machine needed to be fixed in the lower
edge of the image. A fixed gain of 50% was used for
all muscles. Image settings were not adjusted during
or after the examination. To minimize variation, three
consecutive measurements were performed for each
muscle for further offline grayscale analysis.

Timing and setting of the study procedures

All study procedures were performed by experi-
enced neurodiagnostic technicians at the outpatient
clinic of the Radboud University Medical Centre,
Nijmegen, The Netherlands. Anatomical landmarks
were used to ensure that all technicians selected the
same region of the muscle and all ROIs were verified
by visual inspection by one of the authors (NvA). All
study procedures were performed in clinically stable
conditions. One participant had an ERM event prior
to inclusion. As this potentially could have influenced
the muscle ultrasound appearance, his study visit was
rescheduled to three months after the ERM event. The
other participants did not have any MH and/or ERM
events in the year prior to inclusion.

Image analysis

Qualitative analysis

Visual analysis with a semi-quantitative grading
was performed of each muscle scanned using the
Heckmatt rating scale (HRS) [22]:

e HRS grade 1: normal muscle

e HRS grade 2: increased echogenicity without
attenuation of the deeper image regions

e HRS grade 3: a larger increase in echogenicity
with some visible loss of normal muscle archi-
tecture and some attenuation

e HRS grade 4: shows a strongly increased
echogenicity with complete loss of recognizable
muscle architecture and strong attenuation

All images were scored by the same observer, a
neurologist with >20 years experience in diagnostic
muscle ultrasound (NvA) in a single blinded fashion.
This neurologist was blinded until the full analysis
was completed. A HRS of >2 was considered abnor-
mal. Two compound HRS sum score were calculated:
I) a participant-specific HRS sum score to give insight
into the degree of muscle ultrasound abnormalities for
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each individual participant and II) a muscle-specific
HRS sum score to give insight into which muscles
were affected across the entire patient cohort.

The degree of muscle ultrasound abnormalities
was determined by adding up the HRS grades of all
18 muscles. Thus, this approach lead to a minimum
score of 18 in an unaffected participant and a max-
imum score of 72 in severely affected participant.
Next, a HRS sum score was calculated per muscle by
adding up all HRS scores in all 40 patients, leading
to a minimum score of 40 to a maximum of 160 per
muscle.

Quantitative grayscale analysis

In all muscle ultrasound images a region of
interest (ROI) was drawn, using a custom local
software ensemble (“Qumia version 3.0”). All
ROIs were drawn by one physician (LRvdB) and
subsequently checked by our experienced ultra-
sonographer (NvA). The ROIs were drawn in such
a way to include the largest possible area of the mus-
cle in the ROI, ignoring the lateral 1 cm edges of
the images because of artefacts occurring in these
regions. Examples of ROIs for all muscles inves-
tigated in this study are showed in Supplemental
Figures 1 and 2.

For each muscle, the mean grayscale within
the ROI of the three images was calculated using
the computer-assisted grayscale histogram analysis
function of the Qumia software. Our center has
developed a recently published prediction model
for echogenicity and muscle thickness, using lin-
ear regression derived from a large set of muscles
from healthy individuals [31]. In this model, age,
sex, height, weight, BMI and handedness are used as
predictors. This obviates the need to include any addi-
tional healthy subjects in specific muscle ultrasound
research studies for comparison. The detailed proto-
col was previously reported [31]. In the present study,
the mean grayscale of each muscle was compared
to the previously obtained muscle-specific reference
value and converted to a z-score.

Finally, the results of the full muscle ultrasound
study were subjected to a protocol for muscle ultra-
sound screening for neuromuscular disorders which
has been published previously [31, 32]. Based on
this screening protocol for neuromuscular disorders,
the full muscle ultrasound study of each patient was
categorized as normal, borderline (i.e. uncertain) or
abnormal. The flowchart of this protocol is shown in
Supplementary Figure 3.

Muscle thickness analysis

Muscle atrophy and/or hypertrophy was assessed
measuring muscle thickness using the caliper func-
tion of the ultrasound system. The method of
measuring muscle thickness for all muscle investi-
gated in this study is shown in Supplemental Figures 4
and 5. Muscle thickness was also compared to mus-
cle specific reference values from healthy controls as
described above and converted to z-scores [31].

Statistical analysis

The statistical analysis was performed using IBM
SPSS (IBM Corp, IBM SPSS Statistics for Windows,
version 27, Armonk NY, USA). Demographic char-
acteristics, muscle and participant specific HRS sum
scores, the number of muscles with an increased
echogenicity defined as a z-score >2 and muscle
atrophy (z-score<2) or hypertrophy (z-score>2) were
presented using descriptive statics. To study whether
the mean z-score of the study cohort deviated from 0
(i.e. the average z-score of that muscle in the refer-
ence population), the z-scores of each muscle and all
nine muscles combined were compared to 0 using the
one sample #-test. Normality was confirmed with the
use of histograms. Pearson correlation coefficient was
used to test correlation between grayscale and muscle
thickness. The chi-square test was used to compare
categorical variables. P-values of <0.05 were consid-
ered statistically significant.

Due to the explorative nature of this study, we did
not perform a power calculation. The sample size
was based on a previous questionnaire study [11],
clinical studies [2, 8, 9], a histopathological study
[14], case series reporting imaging abnormalities in
patients with RYRI-related MH susceptibility and/or
ERM [2, 12] and MRI studies in patients with RYR1-
related congenital myopathies [15, 16]. These studies
with approximately 40 participants showed a substan-
tial clinical and histopathological continuum between
patients with RYR/-related myopathies and MH sus-
ceptibility and/or ERM and imaging abnormalities.

Data availability

The anonymized dataset generated during this
study is available from the corresponding author on
reasonable request from qualified investigators.
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| Subjects invited to participate (n = 104)

|

I Informed about study procedures (n = 71)

1
I Subject included (n = 40)

I—, Excluded (n = 31), reason for exclusion:
- Noinformed consent {n = 18)

Did not respond (n = 33}

Contra-indication for MRI (n = 4)

Family member already included (n = 4)

Diagnosed with CCD (n = 2)

RYR1 variant does not meet inclusion criteria (n = 1)
Does not speak Dutch (n = 1)

Pregnant (n=1)

Fig. 1. Selection process and reason for exclusion of study participants. A summary of the selection process and exclusion criteria for
this study. ERM = exertional rhabdomyolysis; MH = malignant hyperthermia; MRI = magnetic resonance imaging. With permission adapted

from LR van den Bersselaar et al. [9].

RESULTS
Farticipants

The study cohort is similar to the cohort previously
reported [9]. A total of 104 individuals were invited to
participate of whom 71 responded and were informed
about the study procedures. After the informed con-
sent procedure and check of eligibility criteria, 40
individuals were eventually included. The participant
selection process, reason for exclusion and overall
study design are summarized in Fig. 1 [9].

In 39 participants (98%), MH susceptibility was
confirmed by either an RYR/ variant pathogenic for
MH (n=36; 90%) (28, 33, 34) and/or a positive
in vitro contracture test (IVCT) (n=21; 53%) (26,
35). A total of 18 participants (45%) were primarily
investigated with the IVCT, and were at a later time
found to carry RYRI variant(s) pathogenic for MH.
The participant in whom MH susceptibility could
not be formally confirmed, carried the RYR/ variant
c.6710G>A, p.Cys2237Tyr, which has been previ-
ously associated with MH. He was referred to the
MH-unit, however, he refused an IVCT [36, 37].
The rare exome variant ensemble learner (REVEL)
predicts this variant to have a damaging effect on
ryanodine receptor-1 function [38]. The demographic
and genetic characteristics of the study cohort are
summarized in Table 1.

Standardized history of neuromuscular symptoms
and physical activity

The standardized questionnaire focusing on neu-
romuscular symptoms was completed by all 40
participants. A total of 24 (60%) of participants
reported (exertional) cramps, myalgia and/or muscle
weakness on a daily/weekly basis and were therefore

considered symptomatic as summarized in Table 2.
Detailed results of this standardized assessment of
neuromuscular symptoms have been reported sepa-
rately [9].

A total of 39 participants complected the interna-
tional physical activity questionnaire. Activity levels
were classified as high in 16 (40%) participants, mod-
erate in 20 (50%) participants and low in 3 (7.5%)
participants.

Muscle ultrasound analysis

Muscle ultrasound results were available from 711
muscles from the 40 participants examined. In two
participants, a subset of the muscle ultrasound images
were missing due to technical errors, protocol omis-
sion and/or lost images: the muscle ultrasound image
of the left gastrocnemius from one participant was
missing, and the muscle ultrasound images of the
bilateral trapezius, thoracic and lumbar paraspinals,
and biceps femoris from another participant were
missing.

Qualitative ultrasound analysis

The median HRS per muscle was 1 (IQR 1 to 1).
The median HRS compound score was 21 (IQR 18 to
26). Abnormal muscle ultrasound results (HRS >2)
were reported in 29 (73%) participants of which most
(28 of 29) had abnormal muscle ultrasound results
in multiple muscles. Nine (23%) participants had a
HRS grade 3 in at least one muscle and 8 of these 9
participants had an HRS grade 3 in multiple muscles.
In none of the participants an HRS grade of 4 was
reported.

The median muscle specific HRS sum score was
49 (IQR 45 to 52). The three muscles with the highest
muscle specific HRS sum scores were the gastrocne-
mius (muscle specific HRS sum score 60 right- and 54
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Table 1
Demographic and genetic characteristics (n=40)
Median age (years) [IQR] 48 [36-57]
Male sex, n (%) 25 (62.5)
Median height (cm) [IQR] 178 [169-183]
Median weight (kg) [IQR] 87 [73-100]
Median body mass index (kg/mz) [IQR] 28 [24-31]
Country of origin, n (%)
Netherlands, n (%) 36 (90.0)
Indonesia, n (%) 12.5)
Turkey, n (%) 1(2.5)
Netherlands - Indonesia, n (%) 1(2.5)
Netherlands - Curacao, n (%) 12.5)
Malignant hyperthermia susceptibility confirmed, n (%) 39 (97.5)
Personal history of a malignant hyperthermia reaction, n (%) 9 (22.5)
Personal history of exertional rhabdomyolysis event, n (%) 6 (15.0)
RYR] variant pathogenic for malignant hyperthermia, n (%) 36 (90)
¢.14545G>A, p.Val48491le, n (%) 16 (40.0)
c.1021G>A, p.Gly341Arg, n (%) 5(12.5)
¢.6617C>T, p.Thr2206Met, n (%) 4 (10.0)
¢.38T>G, p.Leul3Arg, n (%) 3(7.5)
¢.1840C>T, p.Arg614Cys, n (%) 2(5.0)
¢.7300G>A, p.Gly2434Arg, n (%) 2 (5.0
¢.14210G>A, p.Argd737Gln and c.4178A>G, p.Lys1393Arg (Cis), n (%) 2 (5.0)
¢.7361G>A, p.Arg2454His, n (%) 1(2.5)
¢.38T>G, p.Leul3Arg and c.6419G>A, p.Arg2140GIn (Trans), n (%) 1(2.5)
Other RYR] variants, n (%) 4(10.0)
¢.1024G>A, p.Glu342Lys, n (%) 1(2.5)
¢.12226C>T, p.Phe4076Leu, n (%) 1(2.5)
¢.10616G>A, p.Arg3539His, n (%) 1(2.5)
c.6710G>A, p.Cys2237Tyr, n (%) 1(2.5)

Summary of the age, sex, height, weight, body mass index and country of origin of the study participants. The number
of malignant hyperthermia and exertional rhabdomyolysis events and RYR/ variants identified in the patients with a
history of RYRI-related malignant hyperthermia susceptibility and/or exertional rhabdomyolysis are also listed. The
RYRI variants are categorized as pathogenic for malignant hyperthermia [28] and other variants. IQR = interquartile

range. With permission adapted from LR van den Bersselaar et al. [9].

left-sided), lumbar paraspinals (muscle specific HRS
sum score 57 right- and 59 left-sided) and the prox-
imal vastus lateralis (bilateral muscle specific HRS
sum score of 52).

Results of the qualitative muscle ultrasound anal-
ysis are summarized in Table 2.

Quantitative grayscale analysis

A total of 18 (45%) participants had increased
echogenicity (z>2) in at least one muscle. A total
of 49 (7%) muscles had an increased echogenic-
ity. None of the muscles investigated had a mean z
score significantly higher compared to 0. The mean z-
scores from the biceps femoris (z=-0.48; P <0.001),
gastrocnemius (z=-0.48; P=0.041) and the vastus
lateralis muscles (z=-0.42; P=0.020) and the sum
of all muscles (z=-0.18; P=0.002) were, however,
significantly lower than 0. There were no statically
significant differences between left and right-sided
muscles. The quantitative grayscale analysis is sum-
marized in Table 3.

According to the muscle ultrasound screening pro-
tocol that was developed for pediatric participants

suspected of a neuromuscular disorder and that is
also used to screen adults clinically at our center
[31, 32], 15 (38%) participants would have had an
abnormal muscle ultrasound screening result (i.e.
would have been identified as neuromuscular partic-
ipants based on the standard ultrasound screening),
4 (10%) participants had a borderline muscle ultra-
sound screening result, and 21 (53%) participants had
anormal muscle ultrasound screening result (Supple-
mentary Figure 3).

Quantitative muscle thickness analysis

Abnormal muscle thickness z-scores were identi-
fied in muscles from 34 participants (85%). A total
of 50 (7%) muscles had abnormal z-scores of which
8 were atrophic (z<2) and 42 were hypertrophic
(z>2). For none of the muscles included in the study
protocol the mean z-scores were statistically signifi-
cant lower compared to 0. The mean z-scores of the
biceps brachii (z=1.45; P<0.001), biceps femoris
(z=0.43; P=0.002), deltoid (z=0.31; P=0.009),
trapezius (z=0.38; P =0.010) and the sum of all mus-
cles (z=0.40; P<0.001) were significantly higher



Table 2
Qualitative analysis of muscle ultrasound studies and neuromuscular symptoms from all study participants (n =40)
PatientID 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 3839 40
Symptom
Cramps -
Myalgia - -
Exertional*
Weakness !
Muscle
Muscle specific
sum score
Upper extremities
BBR 43
BBL 44
DD-R 47
DDL 48
TRR 44
TRL 46
Lower extremities
BFR 49
BEL 50
I N - -
GM-L 54
IP-R 43
IP-L 43
VLR 52
VEL 52
Paraspinal muscles
TP-R 49
TP-L 50
IP-R 57
LRL [ ] 59
Patient
specific 18 20 26 21 20 22 22 23 27 18 20 18 21 26 18 19 25 21 27 18 18 18 31 27 18 27 27 18 37 23 21 18 19 26 24 20 3115 18
sum score

Heckmatt rating scale

Neuromuscular symptoms

Heckmatt rating scale 1

Heckmatt rating scale 2

- Heckmatt rating scale 3

Result not available

No symptoms

Symptoms 1-5 times/year
Symptoms 10-15 times/year
Symptoms every week

Symptoms every day

8¥S

DIUAYI2ACE] JUDUSIDIY UL SIUDULIOUQGY PUNOSDAI][) IJOSNIN / “[D 12 ADD]ISSAdG UIP UDA "y "]

Summary of neuromuscular symptoms, the Heckmatt rating scale, [22] patient specific Heckmatt rating scale sum score and muscle specific Heckmatt rating scale sum score. The patient specific
Heckmatt rating scale sum score for patient 34 and patient 40 are incomplete due to missing data. In none of the muscles an Heckmatt rating scale of 4 was reported. The full result of the standardized
history of neuromuscular symptoms has been published separately [9]. *Exertional cramps and/or myalgia. BB =biceps brachii; BF =biceps femoris; DD =deltoid; GM = gastrocnemius medial
head; HRS = Heckmatt rating scale; IP =Iliopsoas; L =left; LP =lumbar paraspinal; TP = thoracic paraspinal; R =right; TR = Trapezius; VL = vastus lateralis proximalis.
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Table 3

Muscle ultrasound quantitative grayscale analysis from 40 participants measured bilaterally

Muscle Echogenicity P-value* Number of muscles with
Mean Z-score = SD an abnormal Z-score (>2)

n, (%)

Biceps brachii (n=80) -0.44 (£2.08) 0.062 6(7.5)

Biceps femoris (n=78) —0.48 (£0.93) <0.001 0(0.0)

Deltoid (n=_80) 0.01 (£1.34) 0.940 6(7.5)

Gastrocnemius (medial head) (n=79) —0.48 (£1.96) 0.041 10 (12.7)

Iliopsoas (n=80) -0.01 (£1.43) 0.975 8 (10.0)

Lumbar paraspinals (n=78) 0.16 (£1.39) 0.307 8 (10.2)

Thoracic paraspinals (n=78) 0.04 (£1.41) 0.779 5(6.4)

Trapezius (n=78) -0.01 (£1.45) 0.895 3(3.8)

Vastus lateralis (proximal) (n=80) -0.42 (£1.59) 0.020 3(3.8)

Sum muscles (n=711) -0.18 (£1.56) 0.002 49 (6.7)

Muscle ultrasound quantitative grayscale analysis in individual muscles measured bilaterally and all nine muscles combined from all study
participants (n =40). *Z-scores were compared to 0 using the one sample r-test.

Table 4
Muscle ultrasound thickness analysis from 40 participants measured bilaterally
Muscle Muscle thickness P-value* Number of Number of
Mean Z-score +SD muscles with muscles with

Z-score < 2 Z-score > 2

n, (%) n, (%)
Biceps brachii (n=280) 1.45 (£1.24) <0.001 0(0.0) 6(7.5)
Biceps femoris (n=78) 0.43 (£1.21) 0.002 0(0.0) 0(0.0)
Deltoid (n=80) 0.31 (£1.02) 0.009 0(0.0) 6(7.5)
Gastrocnemius (medial head) (n=79) 0.34 (£1.57) 0.057 2(2.5) 9(11.4)
Tliopsoas (n=80) 0.18 (£1.27) 0.212 2(2.5) 6(7.5)
Lumbar paraspinals (n=78) 0.13 (£1.60) 0.481 2(2.6) 8 (10.3)
Thoracic paraspinals (n=78) 0.15 (£1.18) 0.268 2(2.6) 3(3.8)
Trapezius (n=78) 0.38 (£1.28) 0.010 0(0.0) 3(3.8)
Vastus lateralis (proximal) (n=80) 0.19 (£1.06) 0.119 0(0.0) 1(1.3)
Sum muscles (n=711) 0.40 (£1.33) <0.001 8(1.1) 42 (5.9)

Muscle ultrasound thickness analysis in individual muscles measured bilaterally and all nine muscles combined from all study participants

(n=40). *Z-scores were compared to 0 using the one sample #-test.

compared to 0, indicating hypertrophy. There were
no statically significant differences between left and
right-sided muscles. The quantitative muscle thick-
ness analysis is summarized in Table 4. Echogenicity
was negatively correlated with muscle thickness
(r=-0.337; P<0.001).

Correlation of neuromuscular symptoms to
muscle ultrasound abnormalities

In the subgroup of symptomatic participants (n=
24), all 432 muscle ultrasound images were available.

Qualitative ultrasound analysis

Of the 24 symptomatic participants, 19 (79%) had
an abnormal qualitative muscle ultrasound result. The
median participants specific HRS sum score in the
symptomatic participants was 22 (IQR 19 to 27). Of
the 16 asymptomatic participants, 10 (63%) had an
abnormal qualitative muscle ultrasound result. The

median participants specific HRS sum score in the
subgroup of symptomatic participants was 20 (IQR
18t0 25). The proportion of symptomatic participants
with an abnormal result (79%) was not significantly
higher compared to the proportion of asymptomatic
participants with an abnormal muscle ultrasound
result (63%) (P =0.247). The median HRS sum score
in the subgroup of symptomatic participants (22; IQR
19 to 27) was not significantly higher compared to the
median HRS sum score in the subgroup of asymp-
tomatic participants (20; IQR 18 to 25) (P=0.093).
The results of the qualitative analysis and neuromus-
cular symptoms in these participants are presented in
Table 2.

Quantitative grayscale analysis

In the subgroup of symptomatic participants
(n=24), none of the mean z-scores were statis-
tically significant increased. The mean z-scores
from the biceps femoris (P <0.013), gastrocnemius
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Table 5

Muscle ultrasound quantitative grayscale in symptomatic participants from 24 participants measured bilaterally

Muscle Echogenicity P-value* Number of muscles with
Mean Z-score £ SD an abnormal Z-score (>2)

n, (%)

Biceps brachii (n=48) —-0.09 (£2.30) 0.748 6 (12.5)

Biceps femoris (n=48) -0.37 (£0.99) 0.013 0(0.0)

Deltoid (n=48) 0.19 (£1.42) 0.364 5(10.4)

Gastrocnemius (medial head) (n=48) -0.57 (£1.74) 0.028 5(10.4)

Iliopsoas (n=48) 0.15 (£1.30) 0.434 6 (12.5)

Lumbar paraspinals (n =48) 0.29 (£1.39) 0.149 5(10.4)

Thoracic paraspinals (n=48) 0.24 (£1.37) 0.239 5(10.4)

Trapezius (n=48) 0.26 (+1.44) 0.216 3(6.3)

Vastus lateralis (proximal) (n=48) -0.04 (£1.81) 0.886 3(6.3)

Sum muscles (n=432) 0.01 (£1.58) 0.939 38 (8.8)

Muscle ultrasound quantitative grayscale analysis in individual muscles measured bilaterally and all nine muscles combined in symptomatic
participants (n =24). *Z-scores were compared to 0 using the one sample r-test.

(P=0.028) were significantly decreased (i.e. lower
than 0). The quantitative grayscale analysis in the sub-
group of symptomatic participants is summarized in
Table 5.

According to the muscle ultrasound screening pro-
tocol described above [31, 32], 11 of 24 (46%)
symptomatic participants had an abnormal muscle
ultrasound screening result, 3 (13%) had a border-
line muscle ultrasound result and 10 (42%) had a
normal muscle ultrasound result. Of the 16 asymp-
tomatic participants, 4 (25%) had an abnormal muscle
ultrasound result, 1 (6%) had a borderline muscle
ultrasound result and 11 (69%) had a normal mus-
cle ultrasound result. The proportion of symptomatic
participants with an abnormal result (46%) was not
significantly higher compared to the proportion of
asymptomatic participants with an abnormal muscle
ultrasound result (25%) (P =0.182).

Late-onset proximal muscle weakness and
muscle ultrasound abnormalities

From the participants included in the present study,
three participants suffered from late-onset muscle
weakness as outlined in detail before [9]. Muscle
ultrasound results in these participants were variable.
One of them had a completely normal qualitative
(Table 2, participant 1) and quantitative muscle
ultrasound assessment. The second had a normal
quantitative muscle ultrasound result but an abnormal
qualitative muscle ultrasound result. The gastrocne-
mius bilaterally had an HRS of 3. The bilateral lumbar
paraspinals, left biceps femoris, right deltoid and the
right trapezius had an HRS of 2 (Table 2, participant
27). The third participant with late-onset proximal
muscle weakness had an abnormal qualitative muscle

ultrasound result in 16 out of 18 examined muscles,
the iliopsoas was the only muscle with a bilaterally
normal qualitative muscle ultrasound result (Table 2,
participant 29). The quantitative muscle ultrasound
showed a marked increased echogenicity with ele-
vated z-scores of the bilateral biceps brachii (7.30 and
7.60), deltoid (2.70 and 4.20), vastus lateralis (4.90
and 7.40), gastrocnemius (2.60 and 4.00) and unilat-
eral trapezius (2.30), thoracic paraspinals (2.40) and
lumbar paraspinals (2.70).

Muscle ultrasound images of participants with and
without late-onset muscle proximal weakness are
shown in Fig. 2.

DISCUSSION

Our findings demonstrate that a significant
proportion of individuals carrying MH-associated
gain-of-function RYR/ variants do have both quan-
titative and visual muscle ultrasound abnormalities.
The gastrocnemius, proximal vastus lateralis and tho-
racic and lumbar paraspinals most frequently showed
an increased echogenicity. Another important find-
ing is that muscles from MH susceptible individuals
often have an increased muscle thickness, indicating
muscle hypertrophy.

Increased echogenicity was not limited to mus-
cles of MH susceptible participants with symptoms
of cramps, myalgia and/or muscle weakness, but
was also identified in asymptomatic participants
(37.5% in the qualitative and 25% in the quantitative
assessment). The grayscale analysis might have been
affected by muscle hypertrophy. Muscle hypertrophy
is known to result in an increased muscle to fascia
ratio leading to a decrease in the grayscale, which
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Fig. 2. Muscle ultrasound images from participants. 2A: Biceps brachii muscle ultrasound image from a participants with late-onset proximal
muscle weakness. This muscle ultrasound image shows normal echogenicity (Heckmatt rating scale(22) 1; z-score —3.7). The z-score for
muscle thickness was 1.5. This participants carries the RYRI ¢.12226C>T, p.Phe4076Leu variant. 2B: Gastrocnemius muscle ultrasound
image from a participant with late-onset proximal muscle weakness. This muscle ultrasound image shows increased echogenicity (Heckmatt
rating scale 3;(22) z-score 4.0). The z-score for muscle thickness was —1.2. This participants carries the RYR/ c.10616G>A, p.Arg3539His
variant. This gastrocnemius muscle ultrasound image is from the same participant whose proximal vastus lateralis muscle ultrasound image
is shown in Fig. 2C. 2C: Proximal vastus lateralis muscle ultrasound image from a participant with late-onset proximal muscle weakness.
This muscle ultrasound image shows an increased echogenicity (Heckmatt rating scale 3;(22) z-score 7.4). The z-score for muscle thickness
was —1.5. This participants carries the RYR/ ¢.10616G>A, p.Arg3539His variant. This proximal vastus lateralis muscle ultrasound image
is from the same participant whose gastrocnemius muscle ultrasound image is shown in Fig. 2B. 2D: Paraspinal lumbar muscle ultrasound
image from a participant with symptoms of cramps and myalgia. This muscle ultrasound image shows an increased echogenicity (Heckmatt
rating scale 3;(22) z-score 3.1). The z-score for muscle thickness was —1.5. This participants carries the RYRI ¢.1021G>A, Gly341Arg
variant.

is reflected by the negative correlation of echogenic-
ity with muscle thickness in our study (r=-0.337;
P <0.001).

The high proportion of participants with muscle
ultrasound abnormalities in the thoracic and lum-
bar paraspinals is particularly interesting in the light

The findings in our study are in line with previous
studies performed in selected cohorts of individuals
with MH-associated RYR] variants and relevant ani-
mal models. For instance, muscle hypertrophy has
previously been reported in cases series utilizing CT
and MRI studies in MH susceptible individuals with
neuromuscular symptoms [2, 8]. Furthermore, MH
susceptibility and the occurrence of an MH reaction
have been associated with a muscular body build in
human [39, 40] and in porcine MH models [41].

of previously reported late-onset axial weakness,
back pain and MRI abnormalities in paraspinal mus-
cles related to RYRI variants [12, 42]. Furthermore,
involvement of the gastrocnemius and vastus lateralis
muscles as demonstrated in the present study, is sim-
ilar to the pattern of muscle involvement in previous
muscle MRI studies in participants with RYR-related
congenital myopathies [15, 16].

Previous studies on muscle ultrasound in MH
susceptible individuals have reported mixed results.
Increased echogenicity in muscles of the lower
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extremities has been reported using a qualitative
approach [43], however, this could not be repro-
duced [44]. Nevertheless, both studies were designed
to study the usefulness of muscle ultrasound as a
non-invasive test to diagnose MH susceptibility and
did not use a quantitative analysis, a broad screen-
ing protocol, nor take neuromuscular symptoms into
account.

Our study has a number of limitations. The
grayscale and muscle thickness results in our study
were compared to muscle specific reference values
from healthy controls in whom RYR] sequencing was
not performed. Therefore, it is theoretically possible
that those controls carried unidentified RYR/ variants.
However, taking into account the low prevalence of
RYRI gain-of-function variants [45], this has proba-
bly not had a major effect on our results. Furthermore,
in the standardized neuromuscular history, we did
not ask to localize neuromuscular symptoms such
as cramps and myalgia and are therefore unable to
correlate each individual symptom to specific mus-
cle ultrasound abnormalities. Finally, we did include
only one family member per family which may have
resulted in selection bias, as individuals most affected
by neuromuscular symptoms could be more inclined
to reach out to the study team first.

Our observations do have important implications
for the diagnosis and management of MH susceptible
individuals carrying gain-of-function RYR/ variants.
Firstly, neurologists and other professionals involved
in follow-up and management of MH-susceptible
individuals ought to be aware that muscle ultra-
sound abnormalities can be part of the MH disease
spectrum, and are not necessarily an expression of
concomitant other neuromuscular pathology. This
might help to reduce unnecessary, and sometimes
invasive investigations that are frequently performed
in an attempt to diagnose an additional pathology
[9]. Secondly, in this particular participant category,
muscle ultrasound abnormalities do not necessarily
correlate with the severity of symptoms of myalgia,
muscle cramps and/or muscle weakness, and may
occur in those with more severe symptoms, such as
late-onset muscle weakness.

CONCLUSION

Individuals with RYRI variants resulting in MH
susceptibility and/or ERM often have muscle ultra-
sound abnormalities. Frequently observed muscle
ultrasound abnormalities include muscle hypertro-

phy and increased echogenicity. Muscle ultrasound
abnormalities were identified in participants with
symptoms of cramps, myalgia and/or muscle weak-
ness, but also in those without neuromuscular
symptoms.
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