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Prediction of Malignant Hyperthermia Susceptibility

in Low-risk Subjects

An Epidemiologic Investigation of Caffeine
Halothane Contracture Responses
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The most commonly used laboratory test for predicting malignant
hyperthermia susceptibility is the caffeine halothane contracture test.
However, the specificity and sensitivity of proposed North American
diagnostic guidelines for this test have never been evaluated in a
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large, human study population. Therefore, the authors conducted
a multiinstitutional, prospective study of skeletal muscle contracture
responses in a subject population at low risk for malignant hyper-
thermia susceptibility to help determine the specificity of the pro-
posed guidelines. Subjects were selected arbitrarily from a population
of patients undergoing surgery unrelated to performance of a di-
agnostic muscle biopsy. Subjects were admitted to this study and
were presumed nonsusceptible if there was no evidence of any of
the following malignant hyperthermia risk factors: prior abnormal
response to triggering anesthetic agents, myopathy, or family history
of malignant hyperthermia susceptibility. The authors suggested
rejection of the proposed diagnostic guidelines if an 85% specificity
estimate among subjects could not be obtained. The authors analyzed
the responses of 1,022 muscle fascicles, derived from 176 subjects,
to the following: 1) separate administration of 3% halothane or in-
cremental caffeine concentrations, or 2) the joint administration of
1% halothane and incremental caffeine concentrations. The follow-
ing contracture results were obtained. First, for individual fascicles,
9.2% exceeded a > 0.7 g threshold for 3% halothane, 15.2% exceeded
a = 0.2 g threshold for 2 mM caffeine, 32.4% exceeded a 1-g increase
for < 4 mM caffeine, 2.6% had a > 7% maximal increase in tension
at 2 mM caffeine, and 63.5% had a “halothane caffeine-specific con-
centration” at < 1 mM caffeine. Second, the percentages of subjects
with 1 or more fascicles exceeding the proposed threshold were as
follows: 45.8% for the four-component, 28.8% for the three-com-
ponent, and 32.7% for the two-component contracture test. Third,
the percentages of subjects with 1 or more fascicles exceeding the
proposed threshold for both halothane and caffeine were as follows:
9.5% for 3% halothane and 2 mM caffeine, 2.0% for 3% halothane
and 7% maximal increase in tension at 2 mM caffeine, and 11.0%
for 1% halothane and 2 mM caffeine. Fourth, center-to-center dif-
ferences were the major source of variation in the rate that subjects
exceeded proposed thresholds. These data demonstrate that proposed
diagnostic guidelines must be modified to improve specificity esti-
mates before adoption by diagnostic centers. The authors recommend
efforts to develop a uniform method for analyzing in vivo adverse
patient responses to anesthetics and to define contracture sensitivity
for the patient population susceptible to malignant hyperthermia,
(Key words: Malignant hyperthermia: epidemiology; susceptibility.
Measurement techniques, caffeine halothane contracture test: spec-
ificity. Muscle: skeletal.)

MALIGNANT HYPERTHERMIA (MH) susceptibility is an
inherited disorder of skeletal muscle in which commonly
used anesthetic medications trigger sustained skeletal
muscle hypermetabolism and/or contracture in patients
who may have had no symptoms previously. Acute MH
reactions are potentially fatal hypermetabolic events';
therefore, accurate prediction of preanesthetic MH sus-
ceptibility can be lifesaving. Currently, such prediction
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depends on accurate analysis of the in vivo patient response
to anesthesia and/or the in vitro muscle response to the
caffeine halothane contracture test (CHCT).

Analysis of patients’ in vivo responses is not standardized
or validated. Currently, in vivo prediction of MH suscep-
tibility is made with certainty only when a patient has a
fulminant MH episode after exposure to known MH-trig-
gering agents. New monitoring modalities may detect
early nonspecific metabolic abnormalities that may rep-
resent a beginning MH episode.? Thus, fulminant MH
episodes are seen with less frequency, and early MH ep-
isodes may be confused easily with other medical condi-
tions.>"® Ethical considerations prevent rechallenging a
patient who has had a possible early MH episode with
triggering anesthetic medications. Therefore, it is impor-
tant to develop sensitive and specific laboratory tests for
MH susceptibility.

Definitive diagnosis of MH susceptibility is desirable to
facilitate appropriate medical management of the indi-
vidual who has had a possible early MH episode. Although
MH-susceptible individuals can receive anesthesia safely,
this involves special equipment,’ techniques,® and inten-
sive patient monitoring, which are costly and inconve-
nient, and may increase the risk of intraoperative com-
plications in MH-susceptible patients. Because of diag-
nostic uncertainty, one major North American children’s
hospital now uses a MH protocol for 0.5-1% of their pa-
tients.’

The most promising noninvasive MH susceptibility test
is one based on genetic linkage analysis.'®~'* However,
more than one gene may be responsible for the expression
of MH susceptibility.'*!® To date, individual research
groups cannot demonstrate that they are dealing with
phenotypically similar subjects because there is no stan-
dardized method for evaluating the in vive response to
anesthetics and the sensitivity and specificity of the in vitro
North American CHCT have not been evaluated.

The in vitro CHCT was developed after Kalow et al.
and Ellis et al. observed abnormal skeletal muscle con-
tracture responses to caffeine!® and halothane,'” respec-
tively, in survivors of fulminant MH events. For the last

15 yr, the in vitro CHCT has been used clinically to predict
MH susceptibility in individuals who have not had a ful-
minant MH episode. At least 2,000 patients have under-
gone CHCT in North American MH diagnostic centers
for diagnosis of their MH susceptibility.**

In 1987, the North American Malignant Hyperthermia
Group of MH diagnostic centers standardized techniques

" for the performance of the in vitro North American CHCT
and proposed diagnostic guidelines for interpreting
CHCT results.'® The proposed diagnostic guidelines re-
flected a 1987 consensus based on individual diagnostic

** Rosenberg H: Personal communication, January 1991.
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center experience. However, before this study, neither
the sensitivity nor specificity of the proposed guidelines
had been evaluated by multiinstitutional study. The North
American Malignant Hyperthermia Registry (Registry)
was charged with evaluating whether these proposed
guidelines required additional refinement before their
adoption by all North American MH diagnostic centers.

We report the Registry’s multiinstitutional prospective
study of the responses to the CHCT of skeletal muscle
derived from a surgical population. Subjects studied were
at low risk for MH susceptibility, and biopsies were per-
formed consecutively by 12 United States and Canadian
MH diagnostic centers in accordance with the standard
North American CHCT protocol.

This study is an analysis of CHCT response in a pre-
sumed non-MH-susceptible population. Such a study is
informative only for specificity or the relative frequency
with which a CHCT result will be negative in a presumed
non-MH-susceptible population if the proposed diagnos-
tic guidelines were adopted. Also, it will be important to
determine the CHCT sensitivity or relative frequency with
which a CHCT result will be positive in a MH-susceptible
population if the proposed guidelines were adopted. Sen-
sitivity must be determined by examination of clinically
diagnosed, MH-susceptible patients and depends on stan-
dardization of the analysis of the in vivo patient response.
These are ongoing Registry research projects. The CHCT
should be nearly 100% sensitive because a false-negative
diagnosis could result in a fatal MH event. If sensitivity
were sufficiently high, most MH experts would accept a
CHCT specificity as low as 85% (equivalent to 15% of
subjects exceeding proposed thresholds) to avoid the risks
of a false-negative diagnosis. An 85% CHCT specificity
is comparable to the 85% specificity of elevated creatine
phosphokinase-MB enzyme values (but 100% sensitivity)
for diagnosis of myocardial infarction.'®

Materials and Methods

HYPOTHESES

We tested the following hypotheses by analyzing muscle
fascicle contracture responses to halothane and incre-
mental caffeine in the study population. The statistical
method constructed upper 95% confidence intervals (with
lower limits of zero), with the use of variance estimates
incorporating the effects of the multistage clustering of
muscle fascicles within subjects within biopsy centers. This
was accomplished with the use of the SUDAAN software

package.

11 Shah B: Software for survey data analysis, version 5.4. Research
Triangle Park, NC, Research Triangle Institute, 1991,
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Hypothesis 1

No more than 15% of all muscle fascicles exceed pro-
posed contracture thresholds for halothane and caffeine.

Hypothesis 2

No more than 15% of all subjects have one or more
muscle fascicles exceeding proposed contracture thresh-
olds for a four-, three-, and two-component CHCT. (The
four-component test evaluates subject responses to 3%
halothane, 2 mM caffeine, ‘“‘caffeine-specific concentra-
tion,” and percentage of maximal increase in tension at
2 mM caffeine. The three-component test analyzes re-
sponses to 3% halothane, 2 mM caffeine, and percentage
of maximal increase in tension at 2 mM caffeine. The two-
component test includes contracture responses to 3%
halothane and 2 mM caffeine only.)

Hypothesis 3

No more than 15% of subjects have one or more muscle
fascicles exceeding proposed contracture thresholds for
both halothane and incremental caffeine (“‘joint agent
CHCT™).

Hypothesis 4

Individual diagnostic centers are not significant sources
of variation in the rate at which subjects exceed proposed
thresholds.

SUBJECT SELECTION AND CHARACTERISTICS

After approval was obtained from the institutional re-
view board, results from all subjects undergoing skeletal
muscle biopsy by North American diagnostic centers be-
tween October 20, 1987, and February 9, 1990, were
reported to the Registry and considered for inclusion in
this study. The muscle biopsy results from 7 subjects
studied at three MH diagnostic centers were excluded
because each of these centers had contributed fewer than
10 subjects. The remaining nine diagnostic centers per-
forming ten or more study biopsies per center contributed
a total of 176 study subjects. The number of subjects con-
tributed by each center ranged from 10 to 29. Study sub-
Jjects were selected arbitrarily from a population of patients
undergoing surgery unrelated to performance of a di-
agnostic muscle biopsy. Subjects were admitted to this
study and were presumed to be nonsusceptible to MH if
there was no evidence of the following MH risk factors:
prior abnormal response to triggering anesthetic agents,
myopathy, or family history of MH susceptibility.

Anesthetics administered before harvest of skeletal
muscle for use in the CHCT included MH-triggering
agents (potent inhalational anesthetics and/or succinyl-
choline) in 56% (99 of 176; 18 not recorded) of subjects.
Subjects’ demographics were as follows: age range, 6-89
yr (mean, 54.4 yr); race, predominantly white (151 of
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176; 15 not recorded); and sex, 83 male and 91 female
subjects (2 not recorded). The mean time interval between
muscle excision and test completion was 2.7 h (range,
0.5-9.0 h). Vastus group muscles were tested in 52% of
subjects (91 of 176); rectus abdominis muscles were tested
in 23% of subjects (41 of 176); and gracilis and nonvastus
and/or nonrectus muscles were tested in 25% of subjects
(44 of 176).

NORTH AMERICAN CHCT TECHNIQUE AND
PROPOSED DIAGNOSTIC GUIDELINES

In accordance with the standardized North American
protocol,'® replicate samples of fresh skeletal muscle were
stimulated electrically after they were placed in a 37° C
tissue bath of Krebs—Ringer’s solution buffered with car-
bogen. Each muscle fascicle was exposed to one of the
following test agents: a single dose of 3% (volume/volume)
halothane; incremental concentrations of caffeine (0.5, 1,
2, 4, 8, and 32 mM){{; or, optionally, simultaneous ex-
posure to 1% halothane and incremental caffeine con-
centrations (0.25, 0.5, 1, 2, 4, and 32 mM). One hundred
forty-one of 176 subjects had at least two muscle fascicles
each exposed to 3% halothane and to incremental con-
centrations of caffeine. For 6 of 176 subjects, muscle fas-
cicles were exposed only to incremental caffeine with no
reported exposure of muscle fascicles to 3% halothane.
For 2 of 176 subjects, muscle fascicles were exposed only
to 3% halothane with no reported exposure of muscle
fascicles to incremental caffeine. Except for the optional
simultaneous 1% halothane and caffeine test, each muscle
fascicle used for this analysis was exposed to only one test
agent.

In vitro contracture responses were calculated as the
difference between the highest tension observed after test
agent exposure and the lowest tension observed just be-
fore any increases in tension after drug exposure (low
point). The “caffeine-specific concentration’ was defined
as the caffeine concentration required to produce a 1-g
increase above baseline. We identified the caffeine con-
centration interval in which the “caffeine-specific concen-
tration’’ occurred (i.e., < 2 mM; = 2 to <4 mM; = 4 to
< 8 mM; or = 8 mM caffeine). “Percentage of maximal
caffeine tension” was defined as [(2 mM caffeine contrac-
ture tension — low point)/(32 mM caffeine contracture
tension — low point)] X 100. The “halothane caffeine-
specific concentration” was defined as the caffeine con-
centration required to produce a 1-g increase above the
low point during simultaneous administration of 1%
halothane. We identified the caffeine concentration in-
terval in which the “halothane caffeine-specific concen-
tration” occurred (i.e., < 0.25 mM; = 0.25 to < 0.5 mM;
= 0.5to <1 mM; =1 to <2 mM; or = 2 mM caffeine).

11 Center L used an initial caffeine concentration of 0.25 mM.
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The proposed North American diagnostic guidelines
suggest that a response will exceed normal under the fol-
lowing conditions: 1) more than 0.2-0.7-g contracture
after exposure to 3% halothane with the exact value de-
pendent on the individual center; 2) 0.2-g or greater ten-
sion at 2 mM caffeine; 3) “caffeine-specific concentration”
achieved at less than 4 mM caffeine; 4) percentage of
maximal increase in tension greater than 7% above the
baseline at 2 mM caffeine (% MAX caffeine); and 5) for
those centers performing this test, 1-g or greater con-
tracture after exposure to incremental caffeine (exact
concentration currently unspecified) in the presence of
1% halothane. Unlike the European CHCT protocol,
which uses the 2 mM caffeine response only, the proposed
North American diagnostic guidelines define three dif-
ferent component tests that may be used singly or in com-
bination to measure muscle response to caffeine admin-
istration (2 mM caffeine, “caffeine-specific concentration,”
% MAX caffeine).'®2® The proposed North American
guidelines also suggest that a CHCT result should be in-
terpreted as positive and the individual patient MH sus-
ceptible even if only one abnormal contracture response
to one test agent in one muscle fascicle is observed.
Therefore, if the proposed guidelines were adopted, a
North American patient undergoing CHCT might be di-
agnosed as MH susceptible when only one of five com-
ponent tests shows abnormal results.

MUSCLE FASCICLE CHARACTERISTICS

All muscle fascicles tested were obtained from muscle
that was to be discarded as part of the surgical procedure.
The muscle fascicle contracture response was measured
on 1,022 muscle fascicles derived from 176 patients with
the use of the following test agents: 3% halothane (n
= 414), incremental caffeine (n = 427), and 1% halothane
with incremental caffeine (n = 181). The mean numbers
of replicate fascicles examined per test agent per subject
were as follows: 2.35 for 3% halothane (range, 0-4), 2.43
for caffeine (range, 0-4), and 1.03 for 1% halothane and
caffeine (range, 0-3). The mean number of replicate fas-
cicles examined per subject was 5.81 (range, 2-9).

The mean wet weight of the muscle fascicles tested was
0.119 g (range, 0.008-0.544), and the mean wet length
was 1.75 cm (range, 0.4-4.3). Cross-sectional area (cm?)
was calculated as weight (g)/[1.06 g/cm® X length (cm)].
The mean cross-sectional area was 0.07 cm? (range,
0.007-0.493), predrug twitch tension was 1.84 g (range,
0.00-19.5), and predrug twitch tension/cross-sectional
area was 34.6 g/cm? (range, 0.0-520.4).

Sixty-seven muscle fascicles (6.6% of total sample) were
excluded from analysis when they either tore before ad-
ministration of test agents (n = 4), were poorly reactive
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to electrical stimuli (as verbally described by the individual
laboratory, n = 25), or were found to be abnormal his-
tologically (n = 38 fascicles derived from five subjects).
Muscle from 67 of 176 study subjects (38.1%) was ex-
amined histologically; four diagnostic centers (A, D, E,
and I) submitted histologic results for all of their subjects.

CONTRACTURE RESPONSES NORMALIZED
BY CROSS-SECTIONAL AREA

Current protocol stipulates that a fascicle should be 1-
2 cm long and 0.1-0.5 cm wide. Cross-sectional area is
not specified, even though tension development (con-
tracture) may be proportional to cross-sectional area. We
used a standard physiologic method to normalize changes
in fiber size and investigated the distribution of 3% halo-
thane, 2 mM caffeine, and % MAX caffeine responses
when the tensions were normalized for muscle fascicle
cross-sectional area. Normalized tensions were compared
with nonnormalized contracture tensions within the
framework of a two-way contingency table, with dimen-
sions determined by threshold analysis of the 50th, 75th,
and 90th percentiles of each distribution.

CONTRACTURE THRESHOLD DATA ANALYSIS

Proposed Component Diagnostic Thresholds

With the use of proposed diagnostic guidelines, each
subject’s CHCT response to any of four component tests
was determined. The four component tests were 3%
halothane, 2 mMm caffeine, “caffeine-specific concentra-
tion,” and % MAX caffeine. For the following discussion,
the rate at which subjects exceed proposed thresholds was
calculated with contracture thresholds of more than 0.7
g for 3% halothane; 0.2 g or more for 2 mM caffeine; less
than 4 mM caffeine for ‘‘caffeine-specific concentration’’;
and more than 7% MAX caffeine. The optional halothane
caffeine-specific concentration test was not used to deter-
mine a subject’s response because the North American
Malignant Hyperthermia Group has not agreed on the
appropriate caffeine concentration at which it should be
measured.

Additional analysis included determination of each
subject’s CHCT response with “caffeine-specific concen-
tration” eliminated (three-component test) and “caffeine-
specific concentration” and % MAX caffeine eliminated
(two-component test). For each diagnostic center, the total
and mean number of contracture responses exceeding
proposed thresholds for each subject were analyzed.

If proposed diagnostic guidelines were followed, a sub-
ject would be classified as MH susceptible even if only
one contracture response exceeding proposed thresholds
for one required test was observed. Clinically, within each
diagnostic center, a diagnosis of MH susceptibility may
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be made even if some required tests have been omitted.
Therefore, the rate at which subjects exceeded proposed
thresholds was determined for two groups: all subjects in
whom at least one component test was administered (n
= 176) and the subject subset in whom all component
tests had been administered to each subject (n = 153 for
four-component test, n = 153 for three-component test;
and n = 168 for two-component test).

Specificity estimates were calculated with the following
formula: 100 X number of subjects with true-negative
results/(number of subjects with true-negative results
+ number of study subjects with results exceeding
threshold)]. For this analysis, we assumed that all study
subjects were nonsusceptible to MH. If we assume that
there is an annual incidence of MH susceptibility of 1/
14,000 in the surgical population,?! the expected number
of MH susceptible study subjects would be 1.3.

“Joint Agent”’ Diagnostic Thresholds

According to the European CHCT protocol, an indi-
vidual is classified as MH susceptible only if he or she
demonstrates contracture responses exceeding a threshold
of 0.2 g or greater to administration of both halothane
and caffeine. Analogous to this European approach, we
determined the rate at which North American study sub-
jects exceeded the following “‘joint agent’ thresholds: 3%
halothane contracture greater than 0.7 g and 2 mM caf-
feine contracture 0.2 g or greater; 3% halothane con-
tracture greater than 0.7 and greater than 7% MAX caf-
feine; and 1% halothane contracture greater than 0.2 g
and 2 mM caffeine contracture 0.2 g or greater. If a subject
exceeded threshold for only one of the two joint agents,
then the response was designated “‘equivocal.”

SOURCES OF VARIATION IN THE RATES THAT
FASCICLES AND SUBJECTS EXCEED
PROPOSED THRESHOLDS

Muscle Fascicle Mean Contracture Responses

Some CHCT laboratory methods differ among diag-
nostic centers. Methods that differ include the following:
the return of muscle fascicles to optimal length after re-
laxation, performance of liquid-phase halothane assay, and
method for adding incremental caffeine concentrations
to the bath solution. The significance of these CHCT
method differences among centers was evaluated with the
use of a general linear mixed-effects model as described
below.

Sources of variation in mean contracture tension were
investigated by including diagnostic center and replicate
muscle fascicles within subjects as random effects. Subject
age, sex, pre-CHCT anesthetic agents, wet weight, lengtﬁ,
cross-sectional area, time between muscle excision and
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test completion (elapsed time), pre-agent twitch height
normalized for cross-sectional area effects, predrug ten-
sion, and return to optimal length after relaxation, pres-
ence of liquid-phase halothane assay, and caffeine addition

L 1 L
method were investigated for potential inclusion in the
predictive model.

Rate at Which Study Subjects Exceed Proposed Thresholds

To determine the specificity estimates for the CHCT
diagnostic guidelines, differences in the proportion of 176
subjects identified as exceeding one or more proposed
thresholds for the four-, three-, and two-component
CHCT were evaluated with the use of the standard chi-
squared tests, and the magnitudes of various effects were
estimated as odds ratios. Factors examined included the
following: diagnostic center, age, sex, muscle type, and
pre-CHCT anesthetic agents. Since specificity estimates
may be increased falsely because all component tests were
not performed in each subject, we also estimated CHCT
specificity for the subject subset exposed to all CHCT
component tests. Differences between diagnostic centers
in the proportion of subjects diagnosed as exceeding
threshold after exposure to all component tests also were
evaluated with the use of standard chi-squared tests. With
the use of the proposed new “joint agent” CHCT, dif-
ferences between diagnostic centers in the proportion of
subjects exceeding thresholds were evaluated with the use
of standard chi-squared tests. A P value < 0.05 was con-
sidered significant.

Results

CONTRACTURE RESPONSES NORMALIZED
BY CROSS-SECTIONAL AREA

Alternate definitions of MH susceptibility, such as nor-
malizing contracture response by cross-sectional area,
were investigated. Normalizing for cross-sectional area
did not appear to alter the distribution of contracture
tension responses. A two-way contingency table of per-
centile distribution of absolute versus normalized con-
tracture tensions showed a strong dominance of the main
diagonal for 3% halothane, 2 mM caffeine, and % MAX
caffeine responses (with 79%, 88%, 88% of all tensions,
respectively, on the main diagonal).

COMPONENT CHCT THRESHOLD ANALYSIS

Rate at Which Muscle Fascicles Exceed Proposed Thresholds

The rate at which fascicles exposed to 3% halothane
exceeded a proposed contracture threshold of > 0.2 g
was 25.6% (range, 2.6-50.0%; n = 414 fascicles). In-
creasing the threshold to > 0.7 g decreased the overall
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rate to 9.2% (range, 0-26.0%; n = 414). When the pro-
posed diagnostic threshold was increased to > 1.0 g, then
the overall rate decreased to 6.0% (range, 0-15.1%; n
= 414). The rate at which fascicles exposed to 2 mM caf-
feine exceeded a proposed threshold of = 0.2 g was 15.2%
(range, 0-37.7%; n = 427). If the proposed diagnostic
threshold was increased to = 0.5 g at 2 mM caffeine, then
the rate decreased to 6.1% (range, 0-22.6%; n = 427).
The rate at which fascicles exceeded a proposed threshold
of > 7% MAX caffeine was 2.6% (range, 0-10.0%; n
= 379). The rate at which fascicles exceeded a proposed
“caffeine-specific concentration’ threshold at < 4 mM caf-
feine was 32.4% (range, 0-75.0%; n = 426). If the pro-
posed diagnostic concentration for “caffeine-specific con-
centration” were decreased to < 2 mM caffeine, then the
overall rate would decrease to 2.8% (range, 0-13.5%; n
= 426). The rate at which fascicles exposed to both 1%

halothane and incremental caffeine exceeded a proposed .

“halothane caffeine-specific concentration” threshold of
=<1 mM caffeine was 63.5% (range, 0-84.8%; n = 181).
If the diagnostic concentration for halothane caffeine-
specific concentration were lowered to 0.5 mM, the rate
would decrease to 23.2% (range, 0-41.3%; n = 181). If
the diagnostic concentration were decreased to < 0.25
mM, then the rate would decrease to 7.2% (range, 0-
13.0%; n = 181).

Hypothesis 1 states that no more than 15% of all muscle
fascicles exceed proposed contracture thresholds for
halothane and caffeine. One-sided 95% confidence inter-
vals indicate that hypothesis 1 should be accepted for the
proposed North American diagnostic thresholds of > 0.7
g contracture for 3% halothane (0, 12.3%) and > 7%
MAX caffeine (0, 4.2%). Hypothesis 1 should be rejected
for the proposed North American diagnostic thresholds
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of = 0.2 g contracture at 2 mM caffeine (0, 18.4%) and
“caffeine-specific concentration” at < 4 mM caffeine

0, 37.0%).

Rate at Which Study Subjects Exceed Proposed Thresholds

Triggering anesthetic agents were used in 56% of sur-
gical procedures, and no subjects had adverse anesthetic
reactions. Data will be presented on the rate that partially
and completely tested subjects exceeded proposed
thresholds.

Of all subjects tested with the four-component CHCT,
47.7% exceeded proposed thresholds for at least one of
the component tests (range, 0-95.2% for each diagnostic
center; n = 1,647 fascicles derived from 176 subjects).
"Twenty-three of 176 subjects were not tested for response
to either 3% halothane, 2 mM caffeine, % MAX caffeine,
or “caffeine-specific concentration.” Among the 153 fully
tested subjects, 45.8% of subjects exceeded proposed
thresholds (range, 0-100%; n = 1,483 fascicles). Mean
number of muscle fascicles per subject was 9.7 (range,
7.6-11.8). Zero percent of the subjects from Center C
exceeded proposed thresholds (mean of 11.8 muscle fas-
cicles per subject in 12 subjects). One hundred percent
of the subjects from Center H exceeded proposed thresh-
olds (mean of 7.6 muscle fascicles per subject in 7 subjects)
(table 1).

The rate at which subjects exceeded proposed thresh-
olds decreased to 31.8% when caffeine-specific concen-
tration was eliminated from the diagnostic criteria to pro-
duce a three-component CHCT (range, 0-76.2% for each
diagnostic center; n = 1,220 fascicles derived from 176
subjects). Twenty-three of 176 subjects were not tested
for response to either 3% halothane, 2 mM caffeine, or

TABLE 1. Caffeine Halothane Contracture Test Response in Completely Tested Subjects

Number (%) of Subjects Number (%) of Subjects Number (%) of Subjects
Exceeding Threshold Exceeding Threshold Exceeding Threshold
Number of for the Four- for the Three- for the Two-component
Center Subjects component CHCT**t component CHCT* CHCT*+§
A 10 2 (20.0) 1(10.0) 1(10.0)
C 12 0 (0.0) 0(0.0) 0 (0.0)
D 18 13 (72.2) 7 (38.9) 7 (38.9)
E 13 6 (46.2) 5 (38.5) 5 (38.5)
F 23 14 (60.9) 8 (34.8) 8 (34.8)
G 19 3 (15.8) 1(5.8) 1(5.3)
H 7% 7 (100.0) 4(57.1) 15 (71.4)
I 27 11 (40.7) 5 (18.5) 5 (18.5)
L 24§ 14 (58.3) 13 (54.2) 13 (52.0)
Pooled 1531 70 (45.8) 44 (28.8) 55 (32.7)

CHCT = caffeine halothane contracture test.

* A subject exceeds proposed diagnostic thresholds even if only one
fascicle exceeds threshold for one component test.

t Center-to-center differences in the proportion of subjects diag-
nosed as exceeding threshold were highly significant, P < 0.01 (X2 test).

§ Two-component CHCT subject number increased to 21.
§ Two-component CHCT subject number increased to 25.
{ Two-component CHCT subject number increased to 168.
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% MAX caffeine. The rate among the 153 subjects who
had at least one muscle fascicle per subject tested for re-
sponse to 3% halothane, 2 mM caffeine, and % MAX caf-
feine was 28.8% (range, 0-57.1%; n = 1,109 fascicles).
Center C tested a mean of 8.8 muscle fascicles per subject
in 12 subjects and had no subjects exceed proposed
thresholds. In contrast, 57.1% of subjects tested at Center
H had muscle fascicles exceeding proposed thresholds
{mean of 5.4 muscle fascicles per subject in 7 subjects)
(table 1).

When 176 subjects were studied for their responses to
3% halothane and 2 mM caffeine alone (two-component
CHCT), 31.3% of subjects exceeded proposed thresholds
(range, 0-71.4%; 841 fascicles with a mean of 4.8 fascicles
per subject). Eight subjects were tested incompletely; in
the 168 subjects tested completely, 32.7% exceeded pro-
posed thresholds (range, 0-71.4%; 824 fascicles with a
mean of 4.9 fascicles per subject) (table 1).

Hypotbhesis 2 states that no more than 15% of all sub-
jects have one or more muscle fascicles exceeding pro-
posed contracture thresholds for a four-, three-, and two-
component CHCT. One-sided 95% confidence intervals
demonstrate that hypothesis 2 should be rejected for the
four-component (0, 58.8%), three-component (0, 39.7%),
and two-component (0, 45.6%) CHCT (fig. 1).

“JOINT AGENT” THRESHOLD ANALYSIS

A “joint agent” threshold (3% halothane contracture
> 0.7 g and = 0.2 g contracture at 2 mM caffeine) de-
creased the rate at which subjects exceeded proposed
“joint” thresholds to 9.5% (range, 0-28.0%; n = 824
fascicles derived from 168 subjects) with an “equivocal”
response rate of 23.2%. Centers A, C,and G all hada 0%
rate. Center L had the highest rate of 28.0% (table 2).
Only 2.0% (range, 0-7.7%; n = 545 fascicles derived from
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153 subjects) of subjects exceeded a proposed new “joint
agent” threshold of 3% halothane contracture > 0.7 g
and > 7% MAX caffeine. This proposed ““joint’ threshold
yielded the lowest “equivocal” response rate of 14.4%.
Centers A, G, D, G, H, and L all had 0% of subjects ex-
ceeding the proposed thresholds. In contrast, Center E
had 7.7% of subjects exceeding the proposed thresholds
(table 3). Eleven percent (range, 0—32%; n = 402 fascicles
derived from 91 subjects) of all subjects exceeded a pro-
posed “joint agent” threshold of 1% halothane contrac-
ture > 0.2 g and = 0.2 g contracture at 2 mM caffeine.
A 23.1% equivocal response rate was noted. Only six cen-
ters tested subjects with the optional test of 1% halothane.

Hypothesis 3 states that no more than 15% of subjects
have one or more muscle fascicles exceeding proposed
contracture thresholds for both halothane and incremen-
tal caffeine. One-sided 95% confidence intervals indicate
that hypothesis 3 should be accepted for 3% halothane
and % MAX caffeine (0, 3.5%) and should be rejected for
3% halothane and 2 mM caffeine (0, 15.2%) and 1% halo-
thane and 2 mM caffeine (0, 22.8%) (fig. 2).

SOURCES OF VARIATION

Muscle Fascicle Mean Contracture Response

Subject-to-subject differences contributed to the major
source of variation in the distribution of mean contracture
responses to both 3% halothane and 2 mM caffeine. Sub-
jects contributed to 62.6% of total variance in 3% halo-
thane contracture responses and 57.9% of total variance
in 2 mM caffeine responses. However, individual muscle
fascicle variation contributed to 61.1% of total variance
in % MAX caffeine responses.

Differences between responses obtained from alternate
muscle types were investigated. Mean contracture re-

[ 4~COMPONENT CHCT
MR 3—-COMPONENT CHCT
3 2—-COMPONENT CHCT

F1G. 1. Rate at which study subjects exceed
proposed thresholds for the caffeine halothane
contracture test (CHCT) component tests. The
three-component (3% halothane, 2 mM caffeine,
and percent maximum caffeine) and two-com-
ponent (3% halothane, 2 mM caffeine) CHCT
reduced the percentage of subjects exceeding
proposed diagnostic thresholds. All subjects
presented had results on all component tests.
Center-to-center differences in the proportion
of subjects exceeding proposed thresholds were

7272227 /4)
—1
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highly significant (P < 0.01).
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TABLE 2. 3% Halothane and 2 mM Caffeine “Joint Agent” Contracture Test Response in Completely Tested Subjects

23

Number of Subjects Number of Subjects
within Threshold Exceeding Percent Subjects*f
Number of for Both Threshold on Both Exceeding
Center Subjects Component Tests Component Tests Threshold
A 10 9 0 0
C 12 12 0 0
D 18 11 2 11.1
E 13 8 2 15.4
F 23 15 2 8.7
G 19 18 0 0
H 21 6 2 9.5
I 27 22 1 3.7
L 25 12 7 28.0
Pooled 168 113 16 9.5

n = 824 fascicles derived from 168 subjects.

* A subject exceeds threshold only if at least one fascicle exceeds
threshold for 3% halothane (contracture > 0.7 g) and one fascicle ex-
ceeds threshold at 2 mM caffeine (contracture = 0.2 g).

sponse to 3% halothane (vastus 0.24 g vs. nonvastus 0.27
g: P = 0.78), 2 mM caffeine (vastus 0.08 g vs. nonvastus
0.16 g; P = 0.88), and % MAX caffeine (vastus 1.0% vs.
nonvastus 0.6%; P = 0.60) did not differ significantly. A
few muscle fascicle characteristics were statistically sig-
nificant at the 5% level for contracture response to 3%
halothane (wet weight, cross-sectional area, elapsed time,
predrug tension) and to 2 mM caffeine (elapsed time), but
none of these muscle fascicle characteristics were signif-
icant after adjusting for differences in centers and subjects
within centers. Moreover, the explanatory models using
the muscle fascicle characteristic effects alone accounted
for only 5.9% of the variation in the contracture responses
to 3% halothane and only 3% of the variation in the re-
sponses to 2 mM caffeine in contrast to more than 80%
of the variation when adjustments for centers and subjects
within centers were included.

T Center-to-center differences in the proportion of subjects diag-
nosed as exceeding threshold were highly significant, P < 0.01 (x?
test).

Some center CHCT method differences were asso-
ciated with highly significant variations in 3% halothane
and 2 mM caffeine mean contracture responses (P < 0.01;
general linear model). Significant differences in contrac-
ture responses were found between centers, depending
on whether or not the center returned muscle fascicles
to their optimal length after stress relaxation, drained the
caffeine bath before adding the next caffeine concentra-
tion, and measured the liquid halothane concentration.
Subject-to-subject differences were still significant even
after adjustment for center CHCT method differences.

Rate at Which Study Subjects Exceed Proposed Thresholds

Center-to-center differences in the proportion of 176
subjects exceeding the proposed four-component CHCT
thresholds were highly significant, ranging from a low of

TABLE 3. 3% Halothane and Percent Maximum Caffeine “Joint Agent”” Contracture Test Response in Completely Tested Subjects

Number of Subjects Number of Subjects
within Threshold Exceeding Percent Subjects*t
Number of for Both Threshold on Both Exceeding
Center Subjects Component Tests Component Tests Threshold
A 10 9 0 0
C 12 12 0 0
D 18 15 0 0
E 13 9 1 7.7
F 23 19 1 4.4
G 19 19 0 0
H 7 6 0 0
1 27 24 1 3.7
L 24 15 0 0
Pooled 153 128 3 2.0

n = 545 fascicles derived from 153 subjects.
* A subject exceeds threshold only if at least one fascicle exceeds
threshold for 3% halothane (contracture > 0.7 g) and one fascicle ex-

ceeds 7% maximum caffeine.
T Center-to-center-differences in the proportion of subjects diag-
nosed as exceeding threshold were significant, P = 0.04 (X* test).
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FIG. 2. Rate at which study subjects exceed proposed “joint agent”
caffeine halothane contracture test (CHCT) thresholds. “‘Joint agent”
tests (3% halothane and 2 mM caffeine; 3% halothane and percent
maximum caffeine; 1% halothane and 2 mM caffeine) markedly reduced
the percentage of subjects exceeding proposed diagnostic thresholds
relative to any of the component CHCT tests. All subjects presented
were tested for both components of the joint test. Center-to-center
differences in the proportion of subjects exceeding thresholds were
highly significant for: 3% halothane and 2 mM caffeine (P < 0.01); 3%
halothane and percent maximum caffeine (P = 0.04); and 1% halothane
and 2 mM caffeine (P = 0.01).

0% to a high of 95.2% (P < 0.01). Factors examined that
were not significant for the four-component CHCT after
adjusting for center-to-center variation were the follow-
ing: subject age (decrease of 10-yr odds ratio = 0.98; P
= 0.87), subject sex (male-to-female odds ratio = 0.78; P
= 0.49), muscle type (nonvastus vs. vastus odds ratio
= 0.55, P = (0.16; nonrectus vs. rectus odds ratio = 1.34,
P = 0.53), and pre-CHCT anesthetic agents (non~MH-
triggering vs. MH-triggering agents odds ratio = 1.39;
P =0.47).

Center-to-center differences in the proportion of
subjects exceeding proposed thresholds for the two-
and three-component CHCT were highly significant
(P < 0.01). Factors that were not significant after adjusting
for center-to-center variation were subject age, sex, muscle
type, and pre-CHGT anesthetic agent administration,

Center-to-center differences in the proportion of sub-
jects exceeding proposed thresholds were highly signifi-
cant for the two-, three-, and four-component CHCT
when the responses of the subject subset exposed to all
of the specified single agent component tests were ana-
lyzed. The proportion of subjects exceeding proposed
new ‘“‘joint agent” thresholds (3% halothane and 2 mm
caffeine, P < 0.01; 1% halothane and 2 mM caffeine, P
= 0.01; 3% halothane and % MAX caffeine, P = 0.04)
were significantly different between diagnostic centers.

Hypothesis 4 states that individual diagnostic centers
are not significant sources of variation in the rate at which
subjects exceeded proposed thresholds. These data dem-
onstrate that hypothesis 4 should be rejected.

LARACH ET AL.
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Discussion

The Registry conducted a multiinstitutional, prospec-
tive study of the contracture responses of skeletal muscle
derived from surgical patients at low risk for MH suscep-
tibility. The responses of biopsy specimens from many
subjects exceeded the proposed diagnostic thresholds for
the North American CHCT. If one assumes there were
zero MH susceptible individuals (see below) within the
study population, then the reported rates at which subjects
exceeded proposed thresholds would be false-positive
rates, and the data would indicate a 54.2% CHCT spec-
ificity for a subject undergoing all four component tests
(n = 1,483 fascicles derived from 153 subjects). If the
proposed guidelines were altered by deleting the “caf-
feine-specific concentration” component test, then the
CHCT specificity estimate would increase to 71.2% (n
= 1,109 fascicles derived from 153 subjects). Modifying
the CHCT to a two-component test (3% halothane and 2
mM caffeine) would yield a CHCT specificity estimate of
67.3% (n = 824 fascicles derived from 168 subjects).

CRITIQUE OF METHODS

Since the incidence and prevalence of MH susceptibility
within North America are unknown, we cannot predict
how many undiagnosed MH-susceptible individuals might
have been present in the study population. Study subjects
were selected arbitrarily from a population of patients
undergoing surgery unrelated to performance of a di-
agnostic muscle biopsy. Subjects were admitted to this
study and were presumed to be nonsusceptible to MH if
there was no evidence of any of the following MH risk
factors: prior abnormal response to triggering anesthetic
agents, myopathy, or family history of MH susceptibility.
The annual incidence of MH susceptibility in North
America has been estimated to be 1,/14,000.2! Given this
annual incidence, the expected number of study subjects
who might be MH susceptible would be 1.3 (0.7% of the
study population). Thus, our CHCT specificity estimates
are likely to be representative of those found in a 100%
non-MH susceptible population. It was necessary to use
clinical diagnostic criteria alone to define the low-risk pa-
tient population because there are no accepted diagnostic
tests for MH susceptibility other than the test being ex-
amined in this study, e.g., the CHCT.

Potentially, the CHCT results may have been con-
founded by the use of histologically or functionally ab-
normal muscle because histologic examination was per-
formed with the use of adjacent muscle from only 38.1%
of subjects. We excluded 7.5% of examined muscle (n
= b subjects) because of significant histologic abnormal-
ities (e.g., target-core fibers, diffuse type I and type II
atrophy, and diffuse fibronecrosis).

Our current method for identifying “‘caffeine specific
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concentration” differs from that used by most MH di-
agnostic centers for clinical testing purposes because we
identified the caffeine concentration interval at which a
1-g contracture occurred. The advantage of our method
was that we could accurately determine the rate at which
“caffeine specific concentration’ exceeded the proposed
threshold concentration of 4 mM caffeine without relying
on one of several mathematical functions used by diag-
nostic centers for prediction of a hypothetical “caffeine
specific concentration.” Our method does not require
prediction of the exact shape of the variable response be-
tween tension and incremental caffeine administration.
However, our method did not allow us to predict the
exact caffeine concentration that would yield an 85% *““caf-
feine specific concentration” specificity estimate. Before
we can recommend a highly sensitive and adequately spe-
cific ““caffeine specific concentration,” we will need to val-
idate an appropriate mathematical function for predicting
“caffeine specific concentration.”

SOURCES OF VARIATION IN THE RATE FASCICLES
EXCEED PROPOSED THRESHOLDS

Subjects and diagnostic centers contributed the major
sources of variation in the distribution of mean contrac-
ture responses among fascicles to test agents. In addition,
several muscle fascicle characteristics were significant
predictors of contracture increments, but these explained
only a minimal percentage of the total variation. None of
these characteristics was significant after adjusting for
subject effects.

Although many aspects of CHCT laboratory methods
have been standardized in the current North American
protocol, a few have not and may have been responsible
for some of the observed diagnostic center variation. Fac-
tors that have been standardized include the following:
CHCT indications; subject minimum weight; preferred
muscle site; time interval between CHCT and possible
MH reaction; anesthetic regimen before CHCT; dantro-
lene avoidance before CHCT; Krebs-Ringer’s transpor-
tation media; maximum allowable time between muscle
excision and CHCT completion; muscle fascicle dissection
method; muscle fascicle length and width; performance
of a length tension curve; CHCT bath preparation and
configuration; bath solution composition, pH, and tem-
perature; halothane gas concentration measurement
method; electrical stimulation method; test agent concen-
trations; positive contracture thresholds; minimum num-
ber of control CHCT examinations that must be per-
formed before diagnostic center establishment; and uni-
form CHCT data reporting to the Registry.'®

One source of diagnostic center variation was whether
the diagnostic center returned muscle fascicles to optimal
length after stress relaxation. Three of the nine diagnostic
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centers did not return fascicles to optimal length when
stress relaxation was observed. Contractures reported for
such fascicles may not have been isometric. Unfortunately,
additional analysis cannot be performed because the
identity of these fascicles is unknown.

Since performance of a liquid-phase halothane assay
and the method in which caffeine was added to the bath
solution individually correlated with mean contracture
responses to both halothane and caffeine, halothane assay
performance and caffeine addition method may be mark-
ers of other unidentified diagnostic center characteristics.
Additional research is necessary to identify these unex-
amined center and subject characteristics and standardize
them within the CHCT protocol to permit.more uniform
MH susceptibility prediction across all diagnostic centers.

SOURCES OF VARIATION IN THE RATE SUBJECTS
EXCEED PROPOSED THRESHOLDS

Center-to-center differences in the rate at which sub-
jects exceeded proposed thresholds were highly signifi-
cant. No other examined variables were significant.

Unlike Melton et al., who found higher 3% halothane
and 2 mM caffeine contractures in fascicles excised from
rectus abdominis rather than vastus muscle, we did not
find a significant difference in either mean contracture
responses or overall percentage of subjects exceeding
proposed thresholds.?? Data from the subjects studied by
Melton et al. are included in this multiinstitutional study.
We found that the differences in responses between mus-
cle types identified by Melton et al. in their diagnostic
center were not significant when examined across multiple
MH diagnostic centers. Various factors, such as surgical
excision techniques, may be responsible for these differ-
ences, which require additional study.

POTENTIAL MODIFICATIONS OF THE NORTH
AMERICAN DIAGNOSTIC GUIDELINES

Alternate methods for analyzing contracture response
by standardizing for cross-sectional area were investigated.
However, appropriate thresholds can be selected only af-
ter our study results are combined with those from a pop-
ulation of MH susceptible patients who have experienced
a definitive clinical MH episode.

According to the European standards,? a subject must
demonstrate an abnormal response to both halothane and
caffeine to have a positive CHCT response. If an abnormal
response to only one test agent is observed, then the sub-
ject’s CHCT response is designated ‘‘equivocal,” pending
additional investigation of family members. In a review
by Ording,?® the European CHCT responses of 73 control
subjects obtained from the European MH Group were
presented. Five of 73 control subjects had a positive re-
sponse to only one test agent; their CHCT responses were
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designated as MH “equivocal” for research purposes but
MH susceptible for clinical management. No control sub-
jects had positive responses to both test agents. For the
European MH Group, use of the “‘equivocal” response
category permitted the European CHCT to reach a spec-
ificity of 100% rather than the 93.2% specificity that
would have been obtained without the “equivocal” re-
sponse category.

If the proposed diagnostic guidelines of the North
American protocol were modified in a similar fashion,
then the “joint agent” threshold of > 0.7 g at 3% halo-
thane and > 7% MAX caffeine would improve the spec-
ificity estimate to 98.0%. However, this “joint agent”
threshold should not be adopted for MH susceptibility
prediction until CHCT sensitivity for the proposed com-
ponent and “joint agent” CHCT thresholds are deter-
mined. Future research should evaluate the sensitivity of
proposed CHCT component and “joint agent” thresholds
so that appropriate thresholds can be recommended that
will be both highly sensitive and adequately specific.

PRIOR ESTIMATES OF CHCT SPECIFICITY
IN NORTH AMERICA

Before the 1987 North American Malignant Hyper-
thermia Group CHCT standardization, several North
American diagnostic centers used a CHCT protocol in
which muscle fascicles were exposed to 1% halothane in-
stead of 3% halothane. For example, using this protocol
and a diagnostic threshold of > 0.5 g for 1% halothane
and > 0.4 g for 2 mM caffeine, Rosenberg and Reed ob-
served a zero positive rate among 12 control subjects
tested at a single diagnostic center.** This diagnostic cen-
ter subsequently performed the CHCT according to the
1987 protocol and submitted these data for inclusion in
our current study. The performance of Center C in our
study is comparable to that previously reported by Ro-
senberg and Reed.

RELATIONSHIP OF THESE FINDINGS
TO CLINICAL TESTING

This study does not report individual diagnostic center
CHCT specificity, because individual diagnostic centers
have not adopted the proposed North American CHCT
diagnostic guidelines for clinical testing purposes. Al-
though individual diagnostic centers use the standard
North American CHCT laboratory method, they cur-
rently diagnose MH susceptibility by using individually
determined diagnostic thresholds for two or more selected
CHCT component tests. For clinical testing, each center
currently selects its own component tests and diagnostic
thresholds by analyzing the contracture responses of a
presumed non—-MH susceptible population who had biop-
sies performed at their own center. Currently, the sen-
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sitivity and specificity of each center’s CHCT depends on
the experience of each individual center. It is hoped that
diagnostic guidelines for clinical testing also can be stan-
dardized with the use of the results of this study and similar
future epidemiologic studies on CHCT sensitivity.

SIGNIFICANCE

Our study demonstrates that no more than 15% of all
muscle fascicles tested in a population at low risk for MH
susceptibility exceeded the proposed diagnostic thresholds
of > 0.7 g contracture for 3% halothane and > 7% MAX
caffeine (hypothesis 1). Therefore, we propose that hy-
pothesis 1 should be accepted for these particular diag-
nostic thresholds. Our data indicate that more than 15%
of all subjects have one or more muscle fascicles exceeding
proposed contracture thresholds for a four-, three-, and
two-component CHCT (hypothesis 2); therefore, we pro-
pose that hypothesis 2 should be rejected. We found that
no more than 15% of subjects had one or more muscle
fascicles exceeding proposed contracture thresholds for
both 3% halothane and % MAX caffeine (“joint agent”
CHCT) (hypothesis 3); thus, we propose that hypothesis
3 be accepted for this “joint” test. Finally, we established
that individual diagnostic centers were significant sources
of variation in the rate at which subjects exceeded pro-
posed thresholds (hypothesis 4); therefore, we propose
that hypothesis 4 should be rejected.

These data demonstrate that the proposed diagnostic
CHCT guidelines must be modified to improve specificity
estimates before adoption by the diagnostic centers. The
authors recommend continuing those studies in progress
that are seeking to develop a uniform method for ana-
lyzing in vivo adverse patient responses to anesthetics and
to define CHCT sensitivity for the MH susceptible patient
population. These studies will help facilitate both im-
proved clinical diagnosis of MH and the future develop-
ment of noninvasive molecular genetic and biochemical
tests for the prediction of MH susceptibility by more pre-
cisely defining susceptible and nonsusceptible individuals.

The authors thank Gerald A. Gronert, M.D., Henry Rosenberg,
M.D., and Barbara E. Waud, M.D., for reviewing all study subject
CHCT data. They also thank Tracy Nichols and Geoffrey A. Orr,
Ph.D., for Registry database programming and design; David R. Larach,
M.D., Ph.D., and Julien F. Biebuyck M.D., D. Phil., for their helpful
suggestions; and Pam Myers for manuscript preparation.
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