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Diagnosis of susceptibility to malignant hyperthermia with flanking
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Abstract
Objective-To define the region on human

chromosome 19 carrying the gene for malignant
hyperthermia susceptibility and to evaluate the use
offlankingDNAmarkers in diagnosing susceptibility.
Design-Prospective molecular genetic linkage

studies in a large malignant hyperthermia pedigree.
Setting-Irish malignant hyperthermia testing

centre.
Subjects-A large Irish malignant hyperthermia

pedigree.
Main outcome measures-Routine diagnosis of

susceptibility to malignant hyperthermia with in
vitro contracture test on muscle biopsy specimens
and genetic linkage between susceptibility and
polymorphic DNA markers in a malignant hyper-
thermia family.
Results-Genetic typing of polymorphic DNA

markers in a large Irish malignant hyperthermia
pedigree generated a lod score of >3 for the marker
D19S9 and showed that the gene for susceptibility is
flanked by the markers D19S9 and D19S16. These
tightly linked flanking markers allowed non-invasive
presymptomatic diagnosis of susceptibility in five
untested subjects in the large pedigree with an
accuracy of >99-7%.
Conclusions-DNA markers flanking the gene for

susceptibility to malignant hyperthermia can be used
with high accuracy to diagnose susceptibility in
subjects in large known malignant hyperthermia
pedigrees and may replace the previous in vitro
contracture test fordiagnosing this inherited disorder
in large families with malignant hyperthermia.

Introduction
Malignant hyperthermia is an inherited disorder of

human skeletal muscle of unknown aetiology and is
one of the major causes of death due to anaesthesia.' 2 It
is categorised as a metabolic disorder of skeletal
muscle34 and it can be triggered in susceptible people
by all commonly used inhaled anaesthetics, such as
halothane, and by depolarising muscle relaxants, such
as succinylcholine.' The classic presentation is a
progressive rise in body temperature at a rate of 2 °C an
hour or more, a profoundly accelerated muscle
metabolism, contractures, metabolic acidosis, and
tachycardia.' Once initiated, a futile metabolic cycle is
established and a fulminant syndrome evolves in which
the body temperature may exceed 43°C (109 4°F).
Many susceptible patients present with some, but not
all, of the classic signs with variable intensity when
exposed to agents known to induce the condition.
Some known susceptible patients have had previous
triggering anaesthetics without any complications.'
Thus the early clinical diagnosis of malignant hyper-
thermia is often difficult.

The reported incidence of malignant hyperthermia
ranges from about 1/10 000 to 1/50 000 anaesthetic
procedures with an apparently higher incidence in
children.67 Mortality from malignant hyperthermia is
high unless the episode is treated promptly with the
muscle relaxant dantrolene'2 5; even then, deaths occur
in 10-20% of subjects.' 2

Recently a standardised test was established and
validated by the European Malignant Hyperpyrexia
Group for investigating susceptibility to malignant
hyperthermia in individual subjects.8 This test is based
on the contractures induced in muscle in vitro by
caffeine and halothane and allows the following
diagnoses: malignant hyperthermia susceptible (low
threshold for contractures induced by caffeine and
halothane), malignant hyperthermia normal, and
malignant hyperthermia equivocal (low threshold for
contractures induced by caffeine or halothane but not
both). To date over 40 subjects who survived a clinical
episode of malignant hyperthermia have been investi-
gated with the European contracture test: 88% have
been designated susceptible and 12% equivocal.9

Susceptibility to malignant hyperthermia is inherited
as an autosomal dominant trait with complete
penetrance in most families investigated to date."I-2
This inheritance pattern supports the hypothesis that
susceptibility is due to a single gene defect. Separate
studies reported that about a third of subjects with a
diagnosis of susceptibility will actually develop
malignant hyperthermia when given a triggering agent
-that is, the apparent penetrance of malignant hyper-
thermia is about 0 33. Therefore, it seems that other
genetic or external factors, or both, influence triggering
of malignant hyperthermia in susceptible subjects.
Although the biochemical defect responsible for

susceptibility is not known, current evidence indicates
that malignant hyperthermia is a disorder of regulation
of the intracellular free calcium concentration of
skeletal muscle.'4" Biochemical studies of porcine
malignant hyperthermia, a disorder clinically and
biochemically similar to human malignant hyper-
thermia, strongly suggest that the primary defect is in
the calcium induced calcium release channel of skeletal
muscle, which is commonly known as the ryanodine
receptor (RYR1).'4 18

Recently genetic linkage analysis has been used by
us and others to identify the chromosomal location of
the gene for susceptibility." 12 Genetic linkage analysis
is a method that allows the localisation of genes for
inherited disorders in the absence of any information
about the biochemical defects that cause such dis-
orders. "20 It relies on the availability of DNA from
large families with the disorder and the detection of
naturally occurring variations (polymorphisms) in the
DNA sequence at the same locations on homologous
chromosomes. These variations are detected with
DNA probes and with enzymes which cleave DNA at
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specific points, and they are known as restriction
fragment length polymorphisms (RFLPs). Restriction
fragment length polymorphisms serve as markers for
the alleles of a given locus on a pair of homologous
chromosomes and allow each allele to be traced in
family segregation studies. Linkage analysis is based
on the investigation of the segregation patterns of the
alleles of a large number ofpolymorphic DNA markers
distributed throughout the entire genome with the
disease phenotype in affected families.

If an allele of a DNA marker is linked to a disease
gene they will tend to cosegregate during meiosis,
owing to the fact that meiotic recombination occurs
infrequently between closely linked loci. The closer
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that the allele of the marker is to the disease gene the
higher the likelihood that the two will cosegregate in a
family because the frequency ofrecombination between
linked loci decreases as the distance between the allele
of the marker and the disease gene decreases." `

Therefore the frequency of recombination events
reflects the genetic distance between two loci, and
this distance is expressed by 0, the frequency of
recombination. The strength of the linkage between
the two loci is expressed as a probability function,
known as the lod score; the lod score itself is a common
logarithm (to base 10)-for example, a lod score of 3
indicates a probability of 1000:1 and represents the
likelihood of observing the data if the loci are separated
by the distance 0 compared with the likelihood of
observing the data if the two loci are completely
unlinked (defined by 0-=0 5). By convention, a lod
score of 3 is considered "proof' of linkage. If the score
is highest when the value of 0 is low (approaching
zero), the two loci are close together. Once the allele of
a marker which is associated with an inherited disorder
is identified by linkage analysis, it can be used directly
in diagnosing the genetic disorder in individual
members of affected families. These markers can also
be used as starting points to allow the eventual isolation
and identification of the abnormal gene which is
responsible for the inherited disorder.9 20
As part of a study aimed at identifying the defective

gene which causes susceptibility to malignant hyper-
thermia we recently carried out linkage analysis on
susceptible families using polymorphic DNA markers
and showed that the causative gene maps to the q12-
13 2 region of human chromosome 19 (fig 1) and is
flanked by the DNA markers D19S9 and APOC2."
Independent studies by MacKenzie et al showed that
the human ryanodine receptor gene, like the gene for
susceptibility to malignant hyperthermia, also lies
between the markers D19S9 and APOC2 on chromo-
some 19.27 Furthermore, polymorphic DNA markers
for the ryanodine receptor gene cosegregate with the
gene for susceptibility to malignant hyperthermia in
several families studied to date.'2 Taken together with
the biochemical evidence above, these results indicate
that a defect in the ryanodine receptor gene of skeletal
muscle is likely to be the cause of susceptibility to
malignant hyperthermia.

Until the exact genetic defect that causes suscept-
ibility to malignant hyperthermia is identified direct
screening of the general population for the mutation(s)
that causes susceptibility will not be possible. However,
as the gene has been mapped to chromosome 19
diagnosis by means of linked DNA markers can be
undertaken in large known families with malignant
hyperthermia which show linkage between the
susceptibility trait and markers from the ql2-ql3 2
region of chromosome 19. Because of the possibility of
heterogeneity it is essential that at least one marker
used in such a diagnosis shows linkage to the suscept-
ibility gene in a given pedigree with a minimum lod
score of 3 0.
We have now extended our linkage analysis of

susceptibility to malignant hyperthermia to a large
Irish malignant hyperthermia pedigree.

Subjects and methods
All subjects in the study are Irish by descent and

were referred to the testing centre for malignant
hyperthermia at University College, Cork. They were
investigated with the in vitro muscle contracture test
according to the European Malignant Hyperpyrexia
Group protocol.' Malignant hyperthermia susceptible
(a sustained increase of0 2 g in muscle tension recorded
at a caffeine concentration of <2 Ommol/l and at a
halothane concentration of -2% vol/vol) or normal
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Lod score for malignant hvperthermia susceptibility versus markers D19S9, CYP2A, D19S.16, and
APOC2 for combined sexes (equial male and female recombination rates; frequency of mutant allele at
0-001, with penetrance of0-99 and 1% false positive rate, allowing for potential inaccuracies in diagnosis
with muscle contracture test)

Recombination frequency (0)

0000 0-001 0050 0-100 0-150 0 200 0-250 0 300 0-350 0400 0450
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FIG 3 -Analysis ofsegregatiotn of
alleles ofmarkers D19S9,
CYP2A, D19S16, and
APOC2 in large Irish malignant
hvperthermia pedigree, with
predicted chromosome haplotypes
shown under each subject.
Larger allele of restriction
fragment length polymorphisms
for each indicated marker is

denoted as allele 1. DNA
markers are aligned according to
genetic and phvsical mapping
data. 'i-' Copies ofchroniosome
19 bearing malignant
hyperthermia susceptibility gene
and normal gene in the affected
parent are represented by solid
and spotted rectangles
respectively. CYP2A haploype
for recombinant subject HII-9
could not be determined

phenotype (less than 0-2 g in muscle tension at caffeine
concentrations up to 2 mmol or halothane concen-

trations up to 2% vol/vol) was diagnosed; the equivocal
phenotype was not diagnosed in any subjects in the
pedigree. Subject III-14 was the proband who had a

clinical episode of malignant hyperthermia during
anaesthesia and recovered.

Samples of DNA for typing with polymorphic DNA
markers were isolated from peripheral blood lympho-
cytes according to standard methods.28 Digestion with
restriction enzymes, Southern blotting to nylon filters,
and hybridisations were carried out as previously
described.8 Plasmid inserts to be used as DNA probes
were isolated in agarose with a low melting temperature
and labelled to a specific activity of more than
1 x 10 cpm/4g using the random primer method.29
Hybridisation and washing under high stringency
conditions were performed as previously described.28
Data on restriction fragment length polymorphisms
were analysed in conjunction with the clinical data on

the family to determine which alleles ofthe polymorphic
markers D19S9, CYP2A, D19S16, and APOC2
cosegregated with the malignant hyperthermia
susceptible phenotype. The DNA probes for these
markers detect polymorphisms with the restriction
enzymes EcoRI (D19S9), SstI (CYP2A), TaqI
(D19S 16) and NcoI (APOC2).8
Lod scores were calculated with the LINKAGE

programme84 and assumed equal recombination rates
in males and females. The population frequency of the
mutant allele was kept at 0-001 and calculations were

carried out assuming a penetrance of 0 99 for suscept-
ibility and a 1% rate of false positive results, which
allows for potential inaccuracies in diagnosis with the
muscle contracture test.

Calculations of risk-The probability that the
untested subjects carry the gene for susceptibility or

the normal gene was calculated with the risk calculation
option oftheMLINK programme from the LINKAGE
package' and with information on segregation from
the markers D19S9, CYP2A, D19S16, and APOC2. A
range ofthree positions for the malignant hyperthermia
locus was assumed: midway between D19S9 and
CYP2A, at CYP2A, and midway between CYP2A and
D19S16. A dominant model was used, with assump-

tions of equal penetrance and equal recombination
fractions in males and females. Recombination
estimates between markers were derived from estimates
previously published using the Centre d'Etude du
Polymorphisme Humain (CEPH) panel of families or

myotonic dystrophy families, or both, and are

as follows: D19S9-0-05M-CYP2A-004M-DI9S16-
006M-APOC2.21-25 (A genetic distance of 0-01M
(morgan) between markers means that the observed
frequency of recombination between the markers is
1%.)

Results
Twenty three members of the large Irish malignant

hyperthermia pedigree were investigated for restriction
fragment length polymorphisms with the polymorphic
DNA markers D19S9, CYP2A, D19S16, and APOC2.
The D 19S9 marker was informative in the three
families of the pedigree whereas CYP2A, D19S 16, and
APOC2 were partially informative. These markers
were typed in the pedigree and two point lod scores

were calculated. The maximum two point lod score

generated was 3-26 at a recombination fraction of 0=
0 05 in favour of linkage of the marker D19S9 to the
gene for malignant hyperthermia susceptibility (table).
When the order and distance between a set of markers
linked to a disease gene are known it is possible to
perform a multipoint linkage analysis which allows the
likelihood of the most probable location of the disease
gene relative to the markers to be calculated. Multipoint
linkage analysis performed in this pedigree, incor-
porating the markers D19S9, CYP2A, D19S16, and
APOC2, resulted in a lod score of 4 73 maximising at
CYP2A (fig 2). This indicates that the gene for
susceptibility lies close to the CYP2A marker between
D19S9 and D19S16. Investigation of the segregation
pattern of alleles of the markers used in this work with
the malignant hyperthermia susceptibility trait allowed
us to determine the allele of each marker associated
with the susceptibility trait (known as the haplotype).
Inspection of the haplotypes in the malignant hyper-
thermia pedigree show that allele 1 of the D19S9
marker and allele 2 of the markers CYP2A, D19S16,
andAPOC2 cosegregate with the susceptible phenotype
(fig 3). In this pedigree there were two subjects in
whom recombination had occurred between closely
linked markers and the susceptibility locus. In subject
III-9 the alleles of the markers D19S16 and APOC2
which usually cosegregate with the normal phenotype
segregated with the susceptible phenotype, indicating
that recombination had occurred between D19S9 and
D19S16 in this subject and that the gene for suscept-
ibility lies proximal to D19S16. By contrast, the allele
of D19S9 that usually segregates with the susceptible
phenotype segregated with the normal phenotype in

subject III-10, indicating that the gene for susceptibility
lies distal to D19S9. Taken together, these two
recombination events in conjunction with the multi-
point analysis confirm the mapping of the gene for
susceptibility into the interval between D19S9 and
D19S16 in this malignant hyperthermia pedigree. As
the marker CYP2A was only partially informative in

the pedigree it was not possible to determine the allele
of CYP2A which segregates with the susceptible
phenotype in subject 111-9.
With information on segregation of the markers
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linked to the malignant hyperthermia trait we could
accurately predict the susceptible or normal phenotype
in five untested subjects in the large Irish pedigree
(fig 3). Investigation of the haplotypes in the untested
subjects 111-1 and III-4 showed that the alleles of the
markers D19S9, CYP2A, D19S16, and APOC2 that
usually segregated with the normal phenotype in
subjects in this pedigree also segregated in these
untested subjects. By contrast, the alleles of these
markers that usually segregated with the susceptible
phenotype in this pedigree also segregate in the
untested subjects 111-3, III-16, and III-19 (fig 3). The
probability that the untested subjects carry the
susceptibility gene or the normal gene was calculated
using the MLINK programme,34 and it predicted
the normal gene in subjects 111-1 and III-4 and the
susceptibility gene in subjects III-3, III-16, and III-19
with an accuracy of greater than 99-7%.

Discussion
This study shows that the gene for susceptibility to

malignant hyperthermia maps between the DNA
markers D19S9 and D19S16 on chromosome 19 in a
large Irish malignant hyperthermia pedigree. Since the
ryanodine receptor gene is also known to be flanked by
the markers D19S9 and D19S16,27 the linkage studies
presented here support the hypothesis that a defect in
the ryanodine receptor gene is responsible for suscept-
ibility. The hormone sensitive lipase (known as LIPE)
gene has also been proposed as a candidate for this
disorder.35 36 Since the lipase gene may also map into
the interval flanked by the markers D19S9 and
D19S16,36 it too remains a plausible candidate for
malignant hyperthermia susceptibility.
To date about 14 families with malignant hyper-

thermia have been investigated by linkage analysis,'"'2 6

13 of whom show linkage between susceptibility and
markers in the q12-13-2 region of chromosome 19,
whereas in one family heterogeneity was reported,
indicating that some forms of the disorder may be due
to a defect in a gene that is not localised to chromosome
19ql2-13K2. Further extension of the linkage analysis
is now necessary to establish the level of genetic
heterogeneity in malignant hyperthermia susceptibility
and to investigate the candidacy of the ryanodine
receptor and hormone sensitive lipase genes.

In this work we diagnosed malignant hyperthermia
susceptible and normal phenotypes in five untested
subjects in a large Irish pedigree using linked markers.
Because of the possibility of heterogeneity it was
essential that at least one marker used in this diagnosis
showed linkage to the gene for susceptibility in the
pedigree with a minimum lod score of 3 0. The marker
D19S9 satisfied this requirement in this pedigree,
showing a lod score of 3-26 in favour of linkage to
malignant hyperthermia susceptibility. With infor-
mation on segregation of the markers D19S9, CYP2A,
D19S16, and APOC2 the susceptible or normal
phenotype could be diagnosed in five untested subjects
in the pedigree, with an accuracy of greater than
99 7%. The accuracy of diagnosis by this method is
comparable to that of the in vitro contracture test.
However, direct screening in the general population
for the mutation(s) that causes susceptibility to this
syndrome will not be possible until the exact genetic
defect that causes susceptibility is identified.

Currently, more than 20 informative markers are
available that map close to the gene for susceptibility to
malignant hyperthermia on chromosome 19. The
availability of such markers means that diagnosis of
susceptible and normal phenotypes with linked DNA
markers in place of the invasive contracture test is now
possible in large malignant hyperthermia pedigrees in
which an appreciable number of subjects have pre-

viously been tested for susceptibility by the in vitro
contracture test.

We thank the Irish Health Research Board for funding this
work.
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