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EDITOR’S PERSPECTIVE

What We Already Know about This Topic

•	 Most cases of malignant hyperthermia susceptibility are associated 
with variants in the gene encoding the skeletal muscle ryanodine 
receptor 1, RYR1

•	 Next-generation sequencing has resulted in a rapid increase in the 
identification of both the number of patients with an RYR1 variant 
and the number of newly identified RYR1 variants

What This Article Tells Us That Is New

•	 The hypothesis that there is an increased referral to malignant 
hyperthermia units of patients without a personal or family history 
of adverse anesthetic events suspected to be malignant hyperther-
mia was tested in a retrospective multicenter cohort study

•	 The proportion of patients referred without a personal or family history of 
adverse anesthetic events increased from 28.4% (61 of 215) between 
2010 and 2014 to 43.6% (133 of 305) between 2015 and 2019

•	 Patients with a personal or family history of adverse anesthetic 
events were more frequently diagnosed as malignant hyperthermia– 
susceptible (133 of 220; 60.5%) than those without (47 of 120; 39.2%)

Malignant hyperthermia (MH) is a potentially 
life-threatening pharmacogenetic disorder trig-

gered by volatile anesthetics and/or depolarizing muscle 
relaxants in MH-susceptible individuals. MH susceptibil-
ity diagnostics rely on the caffeine–halothane contracture 
test (CHCT)1,2 or the in vitro contracture test3 on freshly 
biopsied muscle tissue and on genotyping.4 In the major-
ity of cases, MH susceptibility is associated with variants in 

ABSTRACT
Background: The introduction of next-generation sequencing into the diag-
nosis of neuromuscular disorders has resulted in an increased number of 
newly identified RYR1 variants. The hypothesis was that there is an increased 
referral of patients to malignant hyperthermia units without a personal/family 
history of adverse anesthetic events suspected to be malignant hyperthermia. 
This retrospective multicenter cohort study evaluates patient referral indica-
tions and outcomes for those without a history of an adverse anesthetic event.

Methods: Patients referred between 2010 and 2019 to the malignant 
hyperthermia units in Antwerp, Belgium; Lund, Sweden; Nijmegen, The 
Netherlands; and Toronto, Ontario, Canada were included. Previously tested 
patients and relatives of previously tested patients were excluded. Data collec-
tion included demographics, referral details, muscle contracture, and genetic 
testing results including Rare Exome Variant Ensemble Learner scores. 
Referral indications were categorized into those with a personal/family history 
of adverse anesthetic event and other indications including exertional and/or 
recurrent rhabdomyolysis, RYR1 variant(s) detected in diagnostic testing in the 
neuromuscular clinic without a specific diagnosis (in a family member), diag-
nosed RYR1-related myopathy (in a family member), idiopathically elevated 
resting creatine kinase values, exertional heat stroke, and other.

Results: A total of 520 medical records were included, with the three most 
frequent referral indications as follows: personal history of an adverse anes-
thetic event (211 of 520; 40.6%), family history of an adverse anesthetic 
event (115 of 520; 22.1%), and exertional and/or recurrent rhabdomyolysis 
(46 of 520; 8.8%). The proportion of patients referred without a personal/
family history of an adverse anesthetic event increased to 43.6% (133 of 
305) between 2015 and 2019 compared to 28.4% (61 of 215) in 2010 
to 2014 (P < 0.001). Patients with a personal/family history of an adverse 
anesthetic event were more frequently diagnosed as malignant hyperthermia– 
susceptible (133 of 220; 60.5%) than those without (47 of 120; 39.2%;  
P < 0.001). Due to missing data, 180 medical records were excluded.

Conclusions: The proportion of patients referred to malignant hyper-
thermia units without a personal/family history of an adverse anesthetic 
event has increased, with 39.2% (47 of 120) diagnosed as malignant 
hyperthermia–susceptible.
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RYR1, the gene encoding skeletal muscle ryanodine recep-
tor 1.5 Other MH-associated genes are CACNA1S, which 
encodes the α1 subunit of the dihydropyridine receptor,6 
and STAC3, which encodes the SH3 and cysteine-rich 
domain 3 proteins.7

Next-generation sequencing, recently introduced in most 
institutions in the Western world, facilitates faster, cheaper, 
and more accurate genetic analysis and has caused a significant 
paradigm shift in MH susceptibility diagnostics. Furthermore, 
as RYR1 variants may cause a wide spectrum of muscle dis-
eases,8 next-generation sequencing is frequently used in the 
neuromuscular clinic for RYR1 analysis in patients with an 
unresolved neuromuscular phenotype. This has resulted in a 
considerable rise in the number of newly identified RYR1 
variants,9 as well as an increased number of referred patients 
from neuromuscular clinics to MH units to assess the poten-
tial risk of MH in patients with an RYR1 variant of unknown 
significance, even though they have no personal or family 
history of adverse anesthetic events suspected to be MH.

For genetic variants to be used in diagnosing MH 
susceptibility, they need to be classified according to the 
ClinGen Variant Curation Expert Panel recommenda-
tions for RYR1 pathogenicity classification10 and/or the 
European Malignant Hyperthermia Group scoring matrix 
for classification of genetic variants in MH susceptibil-
ity (https://www.emhg.org/genetic-scoring-matrix). If a 

patient carries a variant that does not meet the criteria of 
being benign or pathogenic, a CHCT/in vitro contracture 
test is the only option to confirm or rule out MH suscep-
tibility.4 As currently only a minority of the RYR1 variants 
have been classified as benign or pathogenic, MH diag-
nostics still relies on the CHCT/in vitro contracture test. 
Hence, counseling for MH susceptibility in patients with 
one or more RYR1 variants of unknown significance with-
out a personal or family history of adverse anesthetic events 
suspected to be MH can be challenging, and performing a 
CHCT/in vitro contracture test in all these patients might 
result in unnecessary invasive muscle biopsies.

We hypothesize that there is an increased referral of 
patients to MH units without a personal or family history 
of adverse anesthetic events suspected to be MH. This ret-
rospective multicenter cohort study aims to evaluate the 
overall referral indications and the results of MH suscep-
tibility diagnostics in patients without a history of adverse 
anesthetic events suspected to be MH. The knowledge 
obtained from this study can be used to improve counseling 
of patients referred to MH centers without a personal or 
family history of adverse anesthetic events suspected to be 
MH and to reassess guidelines to test for MH susceptibility.4

Materials and Methods
This study was performed with approval of the Research 
Ethics Boards from the Canisius Wilhelmina Hospital, 
Nijmegen, The Netherlands (registration No. 067-2020, 
date of approval September 8, 2020); Skane University 
Hospital, Lund, Sweden (registration No. 2019-03960, date 
of approval October 9, 2019); Toronto General Hospital, 
Toronto, Ontario, Canada (registration No. 19-5365, date of 
approval May 12, 2019); and Antwerp University Hospital/
University of Antwerp, Antwerp, Belgium (registration No. 
1805016N, date of approval September 28, 2015). Informed 
consent was waived due to the retrospective nature of the 
study.

Study Design

This retrospective multicenter cohort study focusing on the 
referral indications for MH susceptibility diagnostics con-
sists of two parts in line with the two aims of the study. The 
primary analysis is a retrospective evaluation of the refer-
ral indications and the use of next-generation sequencing 
during the study period. The secondary analysis is a detailed 
evaluation of the MH diagnostics performed and the test 
results of patients referred to the participating MH units 
without a personal or family history of an adverse anes-
thetic event suspected to be MH.

Study Population

The medical records of patients referred to one North 
American (Toronto, Ontario, Canada) and three European 
(Antwerp, Belgium; Lund, Sweden; and Nijmegen, The 
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Netherlands) MH investigation units were evaluated. All 
medical records of patients referred to the participating 
centers between January 1, 2010, and December 31, 2019, 
were reviewed. Medical records of the following patients 
were excluded from the primary analysis to prevent ascer-
tainment bias:

-	 Relatives of previously tested patients
-	 Patients who underwent MH susceptibility diagnostics 

before 2010 and were referred again for genetic testing 
to facilitate MH susceptibility diagnostics by genotyp-
ing in family members

Medical records of the following patients were excluded 
from the secondary analysis:

-	 Patients referred because of a personal or family history 
of adverse anesthetic event suspected to be MH

-	 Patients referred because of a referral indication cate-
gorized as other (see Referral Indication section)

-	 Patients genetically investigated using a targeted tech-
nique (e.g., targeted screening for pathogenic RYR1 
variants or a hotspot technique), except when referred 
because of a family history of a diagnosed RYR1-
related myopathy or a family history of an RYR1 vari-
ant detected in diagnostic testing in the neuromuscular 
clinic without a specific clinical or histopathologic 
diagnosis; these patients were parents of neuromuscular 
patients who were too young to be investigated by a 
CHCT/in vitro contracture test and were genetically 
investigated utilizing a targeted technique to identify 
which family members are carriers of the RYR1 vari-
ant(s) identified in the neuromuscular patient.

The study design and the selection process of medical 
records for the primary and secondary analysis are summa-
rized in figure 1. Some of the medical records included in this 
study cohort have been described before.8,11–16 Details of the 
overlapping medical records are summarized in Supplemental 
Digital Content 1 (http://links.lww.com/ALN/C833).

Data Collection

The collected data included demographic characteris-
tics (age at referral and sex), referral details (date of refer-
ral, indication for referral, and the indication for RYR1, 
CACNA1S, or STAC3 sequencing), clinical grading scale17 
for the referred probands, resting creatine kinase levels, 
details on the performed genetic tests (genes analyzed, tech-
nique used, and test results), and CHCT/in vitro contracture 
test results.

Referral Indication

Referral indications were categorized into two main 
groups: those with a personal or family history of adverse 

anesthetic events suspected to be MH and those without. 
Since our objective was to improve counseling for patients 
without a history of adverse anesthetic events, referral indi-
cations from the latter category were subcategorized into 
different groups.

A personal or family history of adverse anesthetic events 
suspected to be MH was defined as follows:

1.	 A personal history of an adverse anesthetic event sus-
pected to be MH (probands)

2.	 A family history of an adverse anesthetic event sus-
pected to be MH (relatives who were investigated 
instead of the proband)

Other referral indications without a history of adverse 
anesthetic events suspected to be MH were defined as follows:

3.	 Personal history of exertional and/or recurrent rhab-
domyolysis, defined as a creatine kinase value during 
the rhabdomyolysis event of more than 10,000 U/l, 
where recurrent is defined as at least two episodes of 
rhabdomyolysis

4.	 Personal history of a diagnosed RYR1-related myop-
athy (central core disease, multiminicore disease, 
centronuclear myopathy, congenital fiber type dis-
proportion, King–Denborough syndrome, periodic 
paralysis, and axial myopathy)

5.	 Family history of a diagnosed RYR1-related myopathy
6.	 Personal history of an RYR1 variant detected on 

diagnostic testing in the neuromuscular clinic for 
symptoms suggestive of a neuromuscular disorder but 
without a specific clinical or histopathologic diagno-
sis and/or fulfilling one of the other referral criteria; 
these are often coincidentally found RYR1 variants; 
frequent reasons for RYR1 sequencing in the neuro-
muscular clinic are myalgia, muscle cramps, and mus-
cle weakness18,19

7.	 Family history of an RYR1 variant detected during 
diagnostic testing in the neuromuscular clinic for 
symptoms suggestive of a neuromuscular disorder but 
without a specific clinical or histopathologic diagno-
sis and/or fulfilling one of the other referral criteria

8.	 Personal history of idiopathically elevated resting cre-
atine kinase values

9.	 Personal history of exertional heat stroke defined as 
a temperature higher than 40°C/104°F with central 
nervous system dysfunction

10.  Other

Final Diagnosis after Full MH Diagnostic Process

Based on the available information concerning genetic and 
CHCT/in vitro contracture test results, all medical records 
were classified as MH-susceptible, non–MH-susceptible, 
or unknown. Those who tested positive for both halo-
thane and caffeine, positive for halothane only, or positive 
for caffeine only by CHCT/in vitro contracture test were 
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classified as MH-susceptible. Those who were tested neg-
ative for both halothane and caffeine by CHCT/in vitro 
contracture test were classified as non–MH-susceptible. 
Patients with an RYR1/CACNA1S variant diagnostic for 
MH according to the European Malignant Hyperthermia 
Group list of diagnostic variants (www.emhg.org/diag-
nostic-mutations; Lund, Sweden) were classified as 
MH-susceptible.20

In cases in which the medical records did not support 
any of the above criteria, the records were classified as 
unknown.4 Based on the available information concerning 
the diagnostic procedures performed, these records could 
not be classified as MH-susceptible or non–MH-susceptible 
because the relevant investigations (genetic testing and/or 
CHCT/in vitro contracture test) were not (yet) performed 
due to the waiting lists in the participating MH units, 
patient’s refusal, missing data, or a combination of these 
reasons.

Individuals referred to the MH unit in Toronto were 
investigated by CHCT according to the North American 
MH protocol. The CHCT has a sensitivity of 97% and 
specificity of 78%.1,2 Individuals referred to Nijmegen, 
Lund, and Antwerp were investigated by in vitro contracture 
test according to the European Malignant Hyperthermia 
Group protocol. The in vitro contracture test has a sensitivity 
of 100% and specificity of 94%.3,4

RYR1 Pathogenicity Classification Using Computational 
Evidence
To study whether computational evidence is useful when 
counseling patients without a history of an adverse anes-
thetic event suspected to be MH, the Rare Exome Variant 
Ensemble Learner score21 was used. During the secondary 
analysis, the Rare Exome Variant Ensemble Learner score 
was calculated for the RYR1 missense variants that were 
not on the European Malignant Hyperthermia Group 

Fig. 1.  A summary of the study design and study selection process. *Some medical records meet more than one exclusion criterion. MH, 
malignant hyperthermia.
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list of diagnostic variants.20 As the Rare Exome Variant 
Ensemble Learner score was developed for missense vari-
ants, other types of RYR1 variants (e.g., duplication or 
deletion variants) were excluded from the analysis. When 
two or more RYR1 missense variants were identified, the 
variant with the highest Rare Exome Variant Ensemble 
Learner score was included in the analysis. According to 
the ClinGen Variant Curation Expert Panel for RYR1 
pathogenicity classification recommendations for RYR1 
pathogenicity assertions in MH susceptibility,10 a Rare 
Exome Variant Ensemble Learner score of 0.5 or lower 
is evidence against pathogenicity, a Rare Exome Variant 
Ensemble Learner score of 0.5 to 0.85 neither is evidence 
against nor supports pathogenicity, and a Rare Exome 
Variant Ensemble Learner score of 0.85 or higher supports 
pathogenicity.

Statistical Analysis

The sample size was based on the available data. Therefore, 
no statistical power analysis was performed. Normality of 
continuous variables was assessed with the use of histo-
grams. Continuous variables were reported as mean ± SD 
for normally distributed data and as median and interquar-
tile range for nonnormally distributed data. Categorical 
variables were reported using frequencies and percent-
ages. The chi-square test was used to compare categorical 
variables. Records classified as unknown were included 
in the descriptive statistics regarding MH diagnostic tests 
used and also in the analysis regarding the referral crite-
ria during the study period. These records were excluded 
from the statistical analysis comparing the proportion of 
records classified as MH-susceptible between those with 
or without personal or family history of adverse anesthetic 
events suspected to be MH. All statistical analyses were 
performed using IBM SPSS Statistics for Windows version 
24.0 (USA). A two-tailed P value < 0.05 was used as a cut-
off for significance. The statistical analysis plan, definition 
of the subgroups, and outcomes were documented before 
accessing the data.

Results

Primary Analysis

Demographic Characteristics.  In the primary analysis, 520 
medical records were included (fig.  1). Median age at 
referral was 37 yr (interquartile range, 28 to 50), and 265 
(51.0%) were male. Based on the information in their MH 
unit medical records, 180 (34.6%) patients were catego-
rized as MH-susceptible, 160 (30.8%) were categorized as 
non–MH-susceptible, and 180 (34.6%) were categorized 
as unknown. In seven (1.8%) medical records, the result of 
the genetic analysis could not be identified. There were no 
missing CHCT/in vitro contracture test results. The clinical 
grading scale17 was available for 170 probands, of which 109 

completed the full diagnostic process of MH susceptibility. 
Resting creatine kinase values were available in 134 (25.8%) 
medical records, of which 115 completed the full diagnostic 
process for MH susceptibility. The demographic character-
istics are summarized in table 1.
Referral Indications and Use of Next-generation Sequencing 
during the Study Period.  The most frequent referral indica-
tion was a personal history of an anesthetic adverse event 
suspected to be MH (n = 211; 40.6%). A total of 194 
(37.3%) patients referred to the participating MH units 
did not have a personal or family history of adverse anes-
thetic events suspected to be MH. Referral indications 
changed during the study period; 28.4% (61 of 215) of 
the patients referred between 2010 to 2014 did not have 
a personal or family history of an adverse anesthetic event 
suspected to be MH, while this increased to 43.6% (133 
of 305) between 2015 to 2019 (P < 0.001). Distribution 
of the referral criteria for each MH unit is summarized 
in table 2.

A CHCT/in vitro contracture test was performed in 288 
(55.4%) patients, genetic investigation was performed in 
399 (76.7%) patients, and 192 (36.9%) were investigated 
both genetically and by CHCT/in vitro contracture test. 
Of the 399 genetically investigated patients, 168 (42.1%) 
were investigated by sequencing of both the RYR1 and 
CACNA1S genes. The use of next-generation sequencing 
increased during the study period; 49.3% (106 of 215) of 
the patients referred between 2010 to 2014 were investi-
gated by next-generation sequencing, while this increased 
to 68.2% (208 of 305) between 2015 and 2019 (P < 
0.001). Referral indication and the use of next-generation 
sequencing during the study period are summarized in 
figure 2.

In the subgroup of those without a personal or fam-
ily history of an adverse anesthetic event suspected to be 
MH (n = 194), 47 were diagnosed as MH-susceptible, 
73 were diagnosed as non–MH-susceptible, and 74 were 
classified as unknown. Patients with a personal or fam-
ily history of an anesthetic adverse event suspected to be 
MH were more frequently diagnosed as MH-susceptible 
(133 of 220; 60.5%) than those without (47 of 120; 39.2%; 
P < 0.001). A total of 180 records were excluded from 
the analysis because of insufficient information, resulting 
in classification as unknown. Referral indications and 
details of the diagnostic tests performed are summarized 
in table 1.

The results of the genetic analysis, overall and for the 
subgroups (MH-susceptible, non–MH-susceptible, and 
unknown), are summarized in table 3. We did not iden-
tify any STAC3 variants; however, this gene was spe-
cifically investigated in only one patient. All identified 
variants in the RYR1 and CACNA1S genes and in other 
genes relevant for the neuromuscular clinic are given in 
Supplemental Digital Content 2 (http://links.lww.com/
ALN/C834).
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Table 1.  Patient Characteristics, Referral Indications, and Diagnostic Tests Performed

Characteristics and Analyses
MH-susceptible,

n (%)
Non–MH-susceptible,

n (%)
Unknown,

n (%)
Total,

n

MH investigation unit     
  Antwerp (Belgium) 36 (43.9) 45 (54.9) 1 (1.2) 82
  Lund (Sweden) 55 (50.9) 37 (34.3) 16 (14.8) 108
 N ijmegen (The Netherlands) 31 (21.1) 64 (43.5) 52 (35.4) 147
  Toronto (Canada) 58 (31.7) 14 (7.7) 111 (60.7) 183
  Total 180 (34.6) 160 (30.8) 180 (34.6) 520
Median age at referral, yr [interquartile range] 36 [26 to 48] 38 [31 to 50] 39 [27 to 53] 37 [28 to 50]
Sex     
  Male 118 (44.5) 56 (21.1) 91 (34.3) 265
  Female 61 (24.0) 104 (40.9) 89 (35.0) 254
 U nknown 1 (100.0) 0 (0.0) 0 (0.0) 1
Referral indication     
  Personal history of adverse anesthetic events suspected to be MH 93 (44.1) 42 (19.9) 76 (36.0) 211
  Family history of adverse anesthetic events suspected to be MH 40 (34.8) 45 (39.1) 30 (26.1) 115
 E xertional and recurrent rhabdomyolysis 19 (41.3) 10 (21.7) 17 (37.0) 46
  Personal RYR1 variant detected in neuromuscular clinic testing without specific 

diagnosis
13 (35.1) 13 (35.1) 11 (29.7) 37

  A diagnosed RYR1-related myopathy 6 (18.8) 13 (40.6) 13 (40.6) 32
  Family history of an RYR1 variant detected in diagnostic testing without specific 

diagnosis
2 (10.0) 11 (55.0) 7 (35.0) 20

  Family history of diagnosed RYR1-related myopathy 1 (5.3) 9 (47.4) 9 (47.4) 19
  Idiopathically elevated resting creatine kinase values 1 (7.1) 6 (42.9) 7 (50.0) 14
 E xertional heat stroke 2 (25.0) 2 (25.0) 4 (50.0) 8
  Other 3 (16.7) 9 (50.0) 6 (33.3) 18
Clinical grading scale in points [interquartile range] (n = 170) 35 [23 to 44] 17 [15 to 20] 35 [30 to 43] 33 [18 to 40]
Resting creatine kinase values in U/l [interquartile range] (n = 134) 301 [156 to 708] 102 [72 to 187] 567 [217 to 854] 153 [83 to 476]
Type of diagnostic tests performed     
  CHCT/in vitro contracture test performed 128 (44.4) 160 (55.6) 0 (0.0) 288
  Genetic testing performed 155 (38.8) 88 (22.1) 156 (39.1) 399
  CHCT/in vitro contracture test and genetic testing were both performed 104 (54.2) 88 (45.8) 0 (0.0) 192
Type of genetic tests performed     
  RYR1 hot spots or familial RYR1/CACNA1S-variant 39 (60.0) 13 (20.0) 13 (20.0) 65
  RYR1 + CACNA1S sequencing (entire genes) 53 (31.5) 13 (7.7) 102 (60.7) 168
  RYR1 sequencing (entire gene) 45 (45.0) 26 (26.0) 29 (29.0) 100
  Whole-exome sequencing 7 (26.9) 14 (53.8) 5 (19.2) 26
  RYR1 + CACNA1S + STAC3 sequencing (entire genes) 0 (0.0) 0 (0.0) 1 (100.0) 1
  Other (e.g., RYR1 + other relevant genes for neuromuscular diagnostics) 4 (19.0) 13 (61.9) 4 (19.0) 21
 U nknown 8 (44.4) 9 (50.0) 1 (5.6) 18

The table shows the patient characteristics, referral indications, and diagnostic tests performed for all patients referred from 2010 through 2019 (n = 520).
CHCT, caffeine–halothane contracture test; MH, malignant hyperthermia.

Table 2.  Distribution of Referral Criteria for Each MH Unit

Referral Indication
Antwerp,

n (%)
Lund,
n (%)

Nijmegen,
n (%)

Toronto,
n (%)

Personal history of anesthetic adverse event suspected to be MH 19 (23.2) 77 (71.3) 42 (28.6) 73 (39.9)
Family history of anesthetic adverse event suspected to be MH 33 (40.2) 22 (20.4) 19 (12.9) 41 (22.4)
Exertional and recurrent rhabdomyolysis 7 (8.5) 2 (1.9) 12 (8.2) 25 (13.7)
RYR1 variant detected in diagnostic testing without a specific diagnosis 4 (4.9) 1 (0.9) 27 (18.4) 5 (2.7)
A diagnosed RYR1-related myopathy 4 (4.9) 2 (1.9) 16 (10.9) 10 (5.5)
Family history of an RYR1 variant detected in diagnostic testing without a specific diagnosis 2 (2.4) 0 (0.0) 16 (10.9) 2 (1.1)
Family history of a diagnosed RYR1-related myopathy 3 (3.7) 1 (0.9) 7 (4.8) 8 (4.4)
Idiopathically elevated resting creatine kinase values 4 (4.9) 0 (0.0) 1 (0.7) 9 (4.9)
Exertional heat stroke 0 (0.0) 1 (0.9) 1 (0.7) 6 (3.3)
Other 6 (7.3) 2 (1.9) 6 (4.1) 4 (2.2)
Total 82 108 147 183

MH, malignant hyperthermia.
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Secondary Analysis
Results of MH Diagnostics of Patients without a Personal or 
Family History of an Adverse Anesthetic Event Suspected to Be 
MH.  The medical records of 158 patients without a per-
sonal or family history of an anesthetic adverse event sus-
pected to be MH were included in the secondary analysis 

(fig.  1). A total of 42 referred because of a personal his-
tory of exertional and/or recurrent rhabdomyolysis were 
included in the secondary analysis. Based on the informa-
tion contained in these records, 16 of 42 were diagnosed as 
MH-susceptible. Only one of six patients referred because 
of exertional heat stroke was diagnosed as MH-susceptible. 

Fig. 2.  Referral criteria and use of next-generation sequencing during the study period.

Table 3.  Results of Genetic Testing of Patients Investigated by Genotyping

Test Result
MH-susceptible 

(n = 155), %
 Non–MH-susceptible 

(n = 88), %
Unknown  

(n = 156), %
Total  

(n = 399), %

No variant in RYR1 or CACNA1S 43 (27.7) 32 (36.4) 74 (47.4) 149 (37.3)
Variant(s) of unknown significance in RYR1 27 (17.4) 49 (55.7) 65 (41.7) 141 (35.3)
Diagnostic RYR1 variant for MH susceptibility 67 (43.2) 0 (0.0) 0 (0.0) 67 (16.8)
Variant(s) of unknown significance in CACNA1S 5 (3.2) 1 (1.1) 9 (5.8) 15 (3.8)
RYR1 variant(s) + variant in other relevant gene(s) for neuromuscular diagnostics 2 (1.3) 5 (5.7) 3 (1.9) 10 (2.5)
Diagnostic CACNA1S variant for MH susceptibility 2 (1.3) 0 (0.0) 0 (0.0) 2 (0.5)
Diagnostic RYR1/CACNA1S variant for MH susceptibility + variant of unknown  

significance in RYR1/CACNA1S
4 (2.6) 0 (0.0) 0 (0.0) 4 (1.0)

Variant of unknown significance in RYR1 + CACNA1S 1 (0.6) 0 (0.0) 3 (1.9) 4 (1.0)
Unknown 4 (2.6) 1 (1.1) 2 (1.3) 7 (1.8)

Percentages of the performed tests are given for all patients included in the study and per subgroup (MH-susceptible, non–MH-susceptible, and unknown). In the medical records of 
seven patients, the results of the genetic testing could not be identified.
MH, malignant hyperthermia.
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However, only two of six were investigated by CHCT/in 
vitro contracture test. The details of the CHCT/in vitro 
contracture test and genetic analysis results from patients 
referred because of a personal history of exertional and/
or recurrent rhabdomyolysis and exertional heat stroke are 
summarized in table 4.

Of 29 patients referred for a RYR1-related myopathy, 5 
were diagnosed MH-susceptible. Of 19 patients for whom 
referral was for a family history of RYR1-related myop-
athy, 1 was diagnosed as MH-susceptible. A total of 11 of 
32 patients were diagnosed as MH-susceptible when the 
referral indication was an RYR1 variant detected in patients 
seen in the neuromuscular clinic and tested for symptoms 
suggestive of a neuromuscular disorder but without a spe-
cific clinical or histopathologic diagnosis. Of 20 patients 
for whom a family history of an RYR1 variant detected 
in diagnostic testing in the neuromuscular clinic with-
out a specific clinical or histopathologic diagnosis was the 

referral indication in the medical records, 2 were diagnosed 
as MH-susceptible. Idiopathically elevated creatine kinase 
level was the referral indication in the medical records of 10 
patients, where 1 was diagnosed as MH-susceptible.

The results of the performed CHCT/in vitro contrac-
ture test and genetic analysis of patients referred because of 
a personal or family history of RYR1-related myopathies, 
idiopathically elevated creatine kinase values, and a personal 
or family history of an RYR1 variant detected on diag-
nostic testing in the neuromuscular clinic are summarized 
in table  5. All neuromuscular symptoms reported in the 
medical records of patients with an RYR1 variant detected 
in the neuromuscular clinic without a specific clinical or 
histopathologic diagnosis are summarized in Supplemental 
Digital Content 3 (http://links.lww.com/ALN/C835).
RYR1 Pathogenicity Classification Using Computational 
Evidence.  A total of 71 patients without a personal or fam-
ily of an adverse anesthetic event suspected to be MH had at 

Table 4.  Results of Genetic Analysis and CHCT/In Vitro Contracture Test of Patients with Episodic RYR1-related Phenotypes

Characteristics, Analyses, and Test Results
Exertional and/or Recurrent  

Rhabdomyolysis (n = 42)
Exertional Heat Stroke

(n = 6)

Sex   
  Male 32 4
  Female 10 2
Genes analyzed   
  RYR1 + CACNA1S 25 5
  RYR1 8 1
  RYR1 + other relevant genes for neuromuscular diagnostics 8 0
  Whole-exome sequencing 1 0
Results of genetic analysis and CHCT/in vitro contracture test categorized according to the 

result of the genetic analysis
  

  Diagnostic RYR1 variant for MH (total) 6 0
    Tested positive for both halothane and caffeine by CHCT/in vitro contracture test 1 0
  N  o CHCT/in vitro contracture test performed 5 0
  Variant of unknown significance in RYR1 (total) 16 1
    Tested positive for both halothane and caffeine by CHCT/in vitro contracture test 2 0
    Tested positive for halothane only by CHCT/in vitro contracture test 1 0
  N  on–MH-susceptible 6 1
  N  o CHCT/in vitro contracture test performed 7 0
  Diagnostic RYR1 variant for MH susceptibility + variant of unknown significance in RYR1 (total) 1 0
    Tested positive for both halothane and caffeine by CHCT/in vitro contracture test 1 0
  Diagnostic CACNA1S variant for MH (total) 1 1
    Tested positive for both halothane and caffeine by CHCT/in vitro contracture test 1 1
  Variant of unknown significance in CACNA1S (total) 5 1
    Tested positive for halothane only by CHCT/in vitro contracture test 2 0
  N  o CHCT/in vitro contracture test performed 3 1
 N o variant in RYR1/CACNA1S (total) 12 2
    Tested positive for both halothane and caffeine by CHCT/in vitro contracture test 1 0
    Tested positive for halothane only by CHCT/in vitro contracture test 1 0
    Tested positive for caffeine only by CHCT/in vitro contracture test 1 0
  N  on–MH-susceptible 3 0
  N  o CHCT/in vitro contracture test performed 6 2
  RYR1 variant + variant(s) in other relevant gene(s) (total)* 1 1
  N  on–MH-susceptible 1 0
  N  o CHCT/in vitro contracture test performed 0 1

Shown are the results of the genetic analysis and the CHCT/in vitro contracture test of 48 patients referred because of the episodic RYR1-related phenotypes (exertional and/or recurrent 
rhabdomyolysis and exertional heat stroke).
*Genes relevant for the neuromuscular clinic.
CHCT, caffeine–halothane contracture test; MH, malignant hyperthermia.
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least one missense RYR1 variant. Most of the Rare Exome 
Variant Ensemble Learner scores (37 of 71) were between 
0.5 and 0.85 and therefore not helpful in RYR1 pathoge-
nicity classification; 9 of 71 RYR1 variants had Rare Exome 
Variant Ensemble Learner scores of 0.5 or lower, and 25 

of 71 RYR1 variants had Rare Exome Variant Ensemble 
Learner scores of 0.85 or higher.

A total of 34 of 71 RYR1 variants had a Rare Exome 
Variant Ensemble Learner score of 0.5 or lower or 0.85 or 
higher, indicating a benign (0.5 or lower) or pathogenic 

Table 5.  Results of Genetic Analysis and CHCT/In Vitro Contracture Test of Patients with History of RYR1-related Myopathies, Idiopathi-
cally Elevated Creatine Kinase Values, and History of RYR1 Variant

Characteristics and Analyses

A Diagnosed 
RYR1-related 

Myopathy  
(n = 29)

Family History 
of Diagnosed 
RYR1-related 

Myopathy (n = 19)

RYR1 Variant 
Detected in 

Neuromuscular 
Diagnostics

(n = 32)

Family History of  
RYR1 Variant Detected  

in Neuromuscular 
Diagnostics

(n = 20)

Idiopathically 
Elevated Resting 
Creatine Kinase 

Values
(n = 10)

Sex      
  Male 12 8 21 6 4
  Female 17 11 11 14 6
Genes analyzed      
  RYR1 + CACNA1S 8 8 5 2 8
  RYR1 12 3 10 5 0
  RYR1 targeted/hotspot technique Not applicable 5 Not applicable 12 Not applicable
  RYR1 + other relevant genes 2 0 8 1 1
  Whole-exome sequencing 7 3 9 0 0
  RYR1 + CACNA1S + STAC3 0 0 0 0 1
Results genetic analysis and CHCT/in vitro contracture test categorized according to results of 

the genetic analysis
   

  Diagnostic RYR1 variant for MH (total) 2 1 5 0 1
    Tested positive for both halothane and caffeine by  

    CHCT/in vitro contracture test
0 0 2 0 1

    Tested positive for halothane only by CHCT/in vitro  
    contracture test

0 0 0 0 0

    Tested positive for caffeine only by CHCT/in vitro  
    contracture test

0 0 1 0 0

  N  o CHCT/in vitro contracture test performed 2 1 2 0 0
  Variant of unknown significance in RYR1 (total) 19 13 20 18 2
    Tested positive for both halothane and caffeine by  

    CHCT/in vitro contracture test
1 0 3 1 0

    Tested positive for halothane only by CHCT/in vitro  
    contracture test

0 0 0 1 0

    Tested positive for caffeine only by CHCT/in vitro  
    contracture test

1 0 1 0 0

  N  on–MH-susceptible 9 4 9 3 2
  N  o CHCT/in vitro contracture test performed 8 9 7 13 0
  Diagnostic RYR1 variant for MH + variant of unknown  

  significance in RYR1 (total)
0 0 1 0 0

  N  o CHCT/in vitro contracture test performed 0 0 1 0 0
  Variant of unknown significance in CACNA1S (total) 0 0 0 0 1
  N  o CHCT/in vitro contracture test performed 0 0 0 0 1
 N o variant in RYR1/CACNA1S/STAC3 (total) 6 3 0 1 6
  N  on–MH-susceptible 1 2 0 0 1
  N  o CHCT/in vitro contracture test performed 5 1 0 1 5
  RYR1 variant(s) + variant in other relevant gene(s)* (total) 2 1 6 1 0
    Tested positive for both halothane and caffeine by  

    CHCT/in vitro contracture test
1 0 1 0 0

  N  on–MH-susceptible 1 0 2 1 0
  N  o CHCT/in vitro contracture test performed 0 1 3 0 0
  Results of genetic analysis unknown 0 1 0 0 0

Shown are the results of the genetic analysis and the CHCT/in vitro contracture test of 110 patients referred because of a personal or family history of RYR1-related myopathies, 
idiopathically elevated creatine kinase values, and a personal or family history of an RYR1 variant detected on diagnostic testing in the neuromuscular clinic. The patients with the 
following myopathies were classified as RYR1-related myopathies: axial myopathy, central core disease, King–Denborough syndrome, fiber disproportion disorder, periodic paralysis, 
centronuclear myopathy, and multiminicore disease.
*Genes relevant for the neuromuscular clinic.
CHCT, caffeine–halothane contracture test; MH, malignant hyperthermia. 
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(0.85 or higher) variant. The full diagnostic process of MH 
susceptibility was completed by 19 of 34. In 10 of 19, the 
Rare Exome Variant Ensemble Learner scores were discor-
dant with the results of MH susceptibility diagnostics. Rare 
Exome Variant Ensemble Learner scores and the results of 
MH susceptibility diagnostics are summarized in figure 3.

Discussion

This retrospective multicenter cohort study shows that 
the indications for referral to MH units have changed. An 
increasing number of patients referred to MH units do not 
have a personal or family history of an adverse anesthetic 
event suspected to be MH. This trend coincides with the 
publication of the European Malignant Hyperthermia 
Group guideline for investigation of MH susceptibility in 
2015.4 This guideline recommends referral to an MH unit 
for patients with exertional and/or recurrent rhabdomy-
olysis, RYR1-related myopathies, and other RYR1-related 
phenotypes. This might, at least partly, explain the increas-
ing number of referrals concerning patients without a 
personal or family history of an adverse anesthetic event. 
These patients carry RYR1 variants identified during the 
diagnostic workup for exertional and/or recurrent rhabdo-
myolysis, exertional heat stroke, RYR1-related myopathies, 
or an unresolved nonspecific neuromuscular phenotype 

reflecting the wide spectrum of RYR1-related phenotypes.8 
Since 39.2% of the patients referred to an MH unit without 
a personal or family history of an anesthetic adverse event 
suspected to be MH were diagnosed as MH-susceptible, 
these patients can be at risk of MH when exposed to trig-
gering anesthetic agents. On the other hand, 60.8% of the 
patients without a personal or family history of an adverse 
anesthetic event were diagnosed as non–MH-susceptible, 
indicating the importance of MH susceptibility diagnostics; 
a non–MH-susceptible test result enables anesthesiologists 
to treat carriers of RYR1 variants and their family members 
without MH precaution measures.4,22

In our study, 16 of 42 of the patients with exer-
tional and/or recurrent rhabdomyolysis were diagnosed 
as MH-susceptible, which compared to previous case 
studies is less frequent than 11 of 1223 and 5 of 624 but 
more frequent than 2 of 14.18 This variability can, at least 
partly, be explained by selection bias concerning some of 
these study cohorts. Another cohort study reporting 17 
MH-susceptible patients who suffered more than two epi-
sodes of exertional rhabdomyolysis identified 9 patients 
with RYR1 variants, including two pathogenic variants for 
MH.11 Previous studies on MH susceptibility in exertional 
heat stroke patients reported a positive in vitro contrac-
ture test in 12 of 28,25 which is higher than in our study, 
probably due to the low sample size of the exertional heat 

Fig. 3.  Rare Exome Variant Ensemble Learner cores of 71 RYR1 missense variants identified in patients without a history of anesthetic 
adverse events had a missense variant of unknown significance in RYR1. A total of 37 of 71 RYR1 variants had Rare Exome Variant Ensemble 
Learner scores between 0.5 and 0.85 and therefore were not helpful in RYR1 pathogenicity classification. A total of 9 of 71 RYR1 variants 
had Rare Exome Variant Ensemble Learner scores of 0.5 or lower, of which 1 record was classified MH-susceptible. A total of 25 of 71 RYR1 
variants had Rare Exome Variant Ensemble Learner scores of 0.85 of higher, of which 9 records were classified as non–MH-susceptible. MH, 
malignant hyperthermia. 
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stroke cohort and the high number of patients classified as 
unknown in our study.

There are several case reports reporting MH reactions 
and studies reporting MH susceptibility in patients with 
RYR1-related myopathies,26–29 but we did not identify any 
cohort studies or large case series on MH susceptibility in 
patients with RYR1-related myopathies. The same applies 
to patients with an RYR1 variant detected in diagnostic 
testing in the neuromuscular clinic without a specific clini-
cal or histopathologic diagnosis.18

As next-generation sequencing has become faster and 
more cost-effective, it is gradually becoming the first-
line diagnostic test for genetically heterogenous disorders 
(such as congenital myopathies). This has resulted in a rapid 
increase in the identification of both the number of patients 
with an RYR1 variant and the number of newly identified 
RYR1 variants. Only a limited number of these RYR1 vari-
ants are classified as pathogenic or benign according to the 
Variant Curation Expert Panel recommendations for RYR1 
pathogenicity classification in MH susceptibility10 and/
or the European Malignant Hyperthermia Group scoring 
matrix for classification of genetic variants in MH suscep-
tibility. However, only variants classified as (likely) patho-
genic or benign can be used for genetic MH susceptibility 
diagnostics.10 The increasing number of patients without a 
personal or family history of an adverse anesthetic event 
with a variant of unknown significance in RYR1 will be a 
major challenge for MH units in future.

As our study shows, bioinformatic prediction tools are 
currently insufficient to classify RYR1 missense variants of 
unknown significance. In 37 of 71 of the patients with a 
missense variant of unknown significance in RYR1 who did 
not have a history of an adverse anesthetic event, the Rare 
Exome Variant Ensemble Learner scores were between 0.5 
and 0.85 and were therefore not helpful.10 Furthermore, the 
Rare Exome Variant Ensemble Learner score does not take 
into consideration the possibility of two or more RYR1 
variants interacting in a synergistic manner with regards to 
their pathogenicity. Rare Exome Variant Ensemble Learner 
scores of 0.5 or lower and 0.85 or higher may be useful 
as preliminary guidance but are currently not validated to 
confirm or rule out MH susceptibility. We identified 10 of 
19 cases of discordance between the CHCT/in vitro con-
tracture test result and the Rare Exome Variant Ensemble 
Learner score (fig. 3). These findings are in line with other 
in silico predictors of pathogenicity in MH.30,31

Our results can be used to improve counseling of 
patients referred to MH units without a personal or family 
history of an adverse anesthetic event suspected to be MH. 
Furthermore, these results can also be useful for geneticists, 
neurologists, and other specialists investigating patients by 
RYR1 sequencing or whole-exome sequencing. They need 
to be aware of and inform patients about the possibility 
of identifying a variant of unknown significance in RYR1 
and the potential subsequent need for a muscle biopsy for 

CHCT/in vitro contracture test and, if relevant, cascade 
family testing in all first-degree family members before 
they perform RYR1 sequencing (either targeted or by next- 
generation sequencing).

Our study has some limitations. Some referral indications 
were disproportionally distributed between the participat-
ing MH units, probably caused by the close collaboration 
between the MH units in Toronto and Nijmegen and the 
university hospital neuromuscular clinic, in contrast to the 
MH unit in Lund, which does not have any collaborations 
with the local neurology department. In addition, only a 
limited number of patients were tested for CACNA1S and 
STAC3 variants, and several patients referred because of a 
family history of an RYR1-related myopathy (5 of 19) or 
a family history of an RYR1 variant detected in diagnostic 
testing in the neuromuscular clinic without a specific clini-
cal or histopathologic diagnosis (12 of 20) were genetically 
investigated using a targeted technique. Therefore, we are 
not sure whether these unaffected family members carried 
RYR1 variant(s) other than those identified in their rela-
tives with neuromuscular symptoms. Furthermore, due to 
the low penetrance of MH susceptibility,10,12,32 currently 
unresolved modifying factors in the occurrence of MH, 
and ethical limitations, it is not possible to study which 
MH-susceptible patients suffer an MH reaction when 
exposed to triggering agents. Since the CHCT/in vitro con-
tracture test and screening for diagnostic variants are the 
accepted standard in MH susceptibility diagnostics4 and an 
MH reaction can be life-threatening,13,33 all patients diag-
nosed as MH-susceptible should be considered at risk for 
MH when in need of anesthesia.22

It is important to mention that not all patients who suffer 
a rhabdomyolysis and/or exertional heat stroke episode will 
be referred to MH units as only a limited number of patients 
have a genetic background associated with an increased sus-
ceptibility to rhabdomyolysis34 or exertional heat stroke.25,35,36 
Neurologists and sport physicians only refer patients to an 
MH unit with signs of an increased genetic susceptibility to 
rhabdomyolysis and/or exertional heat stroke, resulting in a 
selection bias. The same selection bias arises for the RYR1 
variants within the study cohort. Patients with RYR1 vari-
ants resulting in a loss of function in ryanodine receptor 
1 or a high prevalence in control populations are unlikely 
to cause MH.10 Carriers of these variants are therefore less 
likely to be referred to an MH unit.

Last, the number of patients in our cohort who did not 
complete the full process of MH susceptibility diagnostics 
might have affected our results but probably also reflect the 
problem our study addresses. The CHCT/in vitro contrac-
ture test is an invasive procedure, and some patients referred 
for MH susceptibility diagnostics refuse muscle biopsy or are 
unable to undergo muscle biopsy and consider themselves 
MH-susceptible without confirmation of the diagnosis. 
Furthermore, worldwide knowledge and expertise needed to 
perform a reliable CHCT/in vitro contracture test are limited. 
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In some countries, there are no CHCT/in vitro contracture 
test laboratories, and the established MH units in other coun-
tries have long waiting lists, resulting in a very large number 
of patients carrying RYR1 variants of unknown significance 
with limited possibilities for MH susceptibility diagnostics. 
This is also the case for the MH unit in Toronto; most patients 
who did not complete the full process of MH susceptibility 
are on the waiting list to be investigated.

Future strategies for MH susceptibility diagnostics should 
focus on classification of RYR1, CACNA1S, and STAC3 
variants utilizing common databases and functional studies. 
This should not be limited to suspected pathogenic variants 
because classification of a variant as benign could prevent 
unnecessary invasive diagnostic procedures. Other potential 
fields of interest for future research are identification of new 
genes of interest as 27.7% of the MH-susceptible–diagnosed 
patients did not have a variant in RYR1, CACNA1S, or 
STAC3. As our study demonstrates, currently available bio-
informatic models such as Rare Exome Variant Ensemble 
Learner21 are insufficient for MH susceptibility diagnostics, 
but more useful alternatives may emerge in the future.

Conclusions

The proportion of patients referred to MH units without a 
personal or family history of adverse anesthetic events sus-
pected to be MH has increased. These patients carry RYR1 
variants identified during the diagnostics workup for exer-
tional or recurrent rhabdomyolysis, exertional heat stroke, 
RYR1-related myopathies, or an unresolved neuromuscu-
lar phenotype. Since 39.2% of the patients referred to an 
MH unit without a personal or family history of an anes-
thetic adverse event suspected to be MH were diagnosed as 
MH-susceptible, these patients can be at risk for MH when 
exposed to MH triggering agents, and the referral of such 
patients to MH units is therefore indicated.
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