EDITORIAL VIEWS

Mission Impossible or Mission Futile?
Estimating Penetrance for Malignant Hyperthermia

Marie-Anne Shaw, Ph.D., Philip M. Hopkins, M.B.B.S., M.D., FR.C.A.

n this issue of ANESTHESIOLOGY,

Ibarra Moreno et al' report a
multicenter evaluation of previ-
ous anesthetic history of patients
who have a history of malignant
hyperthermia (MH) under anes-
thesia and their family members.
This work will have involved con-
siderable effort to collate the data
and evaluate the clinical histories.
The major and vital clinical message
is to reinforce that MH can occur
in patients who have previously
experienced uneventful anesthesia
with MH-triggering anesthetics.
The implication is that a negative
personal anesthesia history does not
obviate the need to take a family
history of adverse anesthesia events,
nor should it lower the anesthesiol-
ogist’s index of suspicion concern-
ing the potential for the patient to
develop MH.There are several other
interesting observations contained
within the data generated by Ibarra

Moreno et al.,' one being that the
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“In [malignant hyperthermia]
there are several strands
of genetic evidence that
[malignant hyperthermia]
susceptibility, at least in
some families, is associated
with two or more genetic
abnormalities.”

MH.* For genetic conditions typ-
ically presenting at birth, we can
readily estimate penetrance on the
basis of its current standard defini-
tion as the proportion of individ-
uals who have a disease-causing
genotype who express the phe-
notype. But can such estimates be
usefully derived for the penetrance
of RYR 1 variants in MH?
Reduced penetrance is often
associated with autosomal dominant
disorders and is likely due to modi-
tying genetic or environmental fac-
tors, or both. It would have been no
surprise, therefore, that the inheri-
tance pattern of the first MH family
was described as autosomal domi-
nant with incomplete penetrance.
However, in a landmark review 20
yr ago, Scriver and Waters® illus-
trated how inheritance patterns that
are presumed to represent reduced
penetrance in Mendelian hered-
ity could be better explained by

non-Mendelian  genetic models.
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well-known male predominance of

MH probands cannot be explained

by different levels of exposure to MH triggering anesthesia,
but it is one of their key aims—the estimate of penetrance
of variants in the RYR1 gene (the gene encoding the skeletal
muscle isoform of the ryanodine receptor, which is the gene
principally implicated in MH)—that requires comment.

The concept of penetrance was introduced in the lit-
erature almost 100 yr ago as an explanation for patterns
of heredity that diverged from the expected patterns of
Mendelian inheritance, all of which assumed single-gene
traits,? and by the 1950s, the term itself was in use.’ Indeed,
the first report of an MH family described incomplete pen-
etrance of the condition because an obligate genetic car-
rier had received general anesthesia but had not developed

Indeed, in MH there are several
strands of genetic evidence that
MH susceptibility, at least in some families, is associated with
two or more genetic abnormalities.”® Furthermore, studies of
human MH muscle’ and in vivo and in vitro experiments in
transgenic RYR1 knock-in mouse models of MH'""? show
marked differences in the severity of the MH phenotype
caused by different variants in the RYR1 gene. Collectively,
these genetic and functional observations suggest a thresh-
old (non-Mendelian) genetic model for MH susceptibility in
which “weaker” RYR 1 variants require coinheritance of other
genetic abnormalities in order for their combined effects to
be severe enough for a patient to be clinically susceptible.
Even if we assume that at least some RYR1 variants
do operate in an autosomal dominant manner, there are a
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number of problems in estimating the penetrance of such
rare pharmacogenetic disorders, which require an environ-
mental trigger. The penetrance of MH could be handled
similarly to a late-onset disorder such as Huntington dis-
ease where the average age by which the condition pres-
ents is used to estimate penetrance,” but this would not
account for the variable number of general anesthetics
received by individuals at any specified age. Alternatively,
the penetrance of MH could be defined by the presence or
absence of a reaction after a certain number of anesthetics,
but this ignores observations that not all anesthetic events
are equally likely to trigger a reaction in any one susceptible
individual."*'"> With either a time-based or exposure-based
cutoft for determining penetrance, identification of the first
individual within a family presenting with a clinical reac-
tion, the proband, is a signal to avoid subsequently exposing
potentially susceptible family members to triggering anes-
thesia. Inclusion of these relatives is likely to underestimate
penetrance. The rarity of clinical MH reactions means that
studies relying on clinical reactions to identify those with
a high-risk genotype are likely to lack power, especially
when penetrance should relate to individual variants rather
than all variants associated with a phenotype. A multicenter
approach as used by Ibarra Moreno ef al.' pools resources
to increase power, but inevitably increases the variability
of genetic background, which will impact the estimates of
penetrance of Mendelian disorders and confound attempts
to unravel the genetic bases of complex traits.

Estimation of the likelihood of developing a reaction in
probands compared to relatives is also difficult. The MH
reaction of the proband is the route to ascertaining such
families, yet it is not possible to remove this reaction from
the study to correct for ascertainment (sampling) bias, which
is standard practice in population genetic studies. Nor is it
possible, after diagnosis in the proband, to reliably control
for the number of subsequent anesthetic events per indi-
vidual, resulting in a reaction or otherwise. Furthermore,
we do not know if we are selecting for individuals carrying
pathogenic variants that lead to a reaction with the first or
second exposure to anesthetic triggers, as opposed to those
variants that are likely to trigger only after many exposures;
again, this fuels ascertainment bias.

The ascertainment bias associated with the selection of
families only on the basis of a known MH reaction might
artificially inflate any estimate of penetrance. Alternatively,
we could approach an estimate of penetrance by compar-
ing the observed incidence of MH reactions to that pre-
dicted based on an estimate of the population prevalence
of RYR1 variants predisposing to MH. Based on genomic
data from large low-risk (for MH at least) cohorts, an
estimate of individuals carrying currently defined patho-
genic RYR1 variants in the general population is approx-
imately 1:1,500. From these data, for a country the size of
the United Kingdom with a population of ~60 million,
we can project that there are ~40,000 people who carry
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pathogenic RYR1 variants. Contrast this to the fewer than
2,500 MH-susceptible individuals whom we (the United
Kingdom national MH referral center in Leeds) have defin-
itively diagnosed during the last 48 yr. Similarly, we would
anticipate that 2,000 to 4,000 of those carrying pathogenic
RYR1 variants in the United Kingdom would receive gen-
eral anesthesia each year, whereas we identify only around
20 new cases of MH per annum.The estimate of penetrance
obtained from these data (5 to 10%) is considerably lower
than that of Ibarra Moreno et al.,' but perhaps more inter-
estingly, seems incompatible with the idea that all of the
currently defined pathogenic RYR1 variants play a major
role in determining MH susceptibility.

Our final illustration of the futility of trying to estimate
the penetrance of RYR1 variants in MH goes back to the
definition of penetrance. This requires the genotype in any
one individual to be described as penetrant or not pene-
trant, whereas MH-susceptible individuals may express the
phenotype during one exposure but not another. There is
still much to learn about the genetic factors predisposing
to MH. RYR1 is a large gene, and the 48 variants currently
regarded as pathogenic will not be a complete list. Many
more rare variants remain to be characterized, and those
found to date cause changes in coding sequence only (non-
coding sequence has not been studied). If the phenotypic
consequences of a pathogenic RYR1 variant are signifi-
cantly influenced by other variants, leading to stratification
of the combined data, we would be unaware. In the mean-
time, the work of Ibarra Moreno ef al.! highlights import-
ant clinical messages that need to be understood by every
anesthesiologist.
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