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History

The first publication describing malignant hyper-
thermia (MH) concerned a 21-year-old student who
had a compound fracture of the right leg. The young
man was less concerned about his leg than the risk of
general anesthesia, for, since 1922, ten of his rela-
tives had died as a direct consequence of ether anes-
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thesia. He subsequently survived an episode of malig-
nant hyperthermia, and Denborough and Lovell’s
brief report of accelerated metabolism during anes-
thesia culminated in a world-wide awareness of the
risks of genetic susceptibility to certain drugs and
stress.? While there had been earlier reports of peri-
operative hyperthermia, these had been preoccupied
with environmental causes and lacked sufficient
information to relate these episodes to a specific
pathophysiologic entity such as MH.:156:290

Interestin MH in North America began with Locher,
in Wausau, Wisconsin,'"™ and with Britt, Kalow, and
Gordon, in Toronto.?0:5158:137 Between 1955 and 1958
Locher became involved with the anesthetic care of a
family in which 30 members had died in conjunc-
tion with general anesthesia. His quest for an under-
standing of these bizarre incidents led to a relationship
with Britt and Kalow, who had experienced several
cases of MH in Toronto and were investigating the
overall problem. The Wausau amd Marathon County,
Wisconsin, area provided a fertile gene pool for Britt
and Kalow's systematic human study of MH.*® Other
investigators also contributed to the growing recogni-
tion of intraoperative hyperthermia and its possible
etiology.70-#48:35240L415 Fyaluation of susceptibility was
aided by the recognition of abnormal creatine phos-
phokinase (CPK) levels by Isaacs and Barlow,?* and
the identification of low-threshold skeletal muscle
contracture responses by Kalow and Britt.??” These
pioneering efforts and the unquestioning coopera-
tion of the involved families have made it possible to
trace the epidemiology of human MH, to study its
pathogenesis and pathophysiology, and to provide
safe anesthesia for susceptible patients.

The porcine model of malignant hyperthermia
evolved from a report describing pork that was un-
suitable for making sausage.'®® Ludvigsen later de-
scribed a muscular degeneration in pigs, in 1953,2%
and subsequently demonstrated its genetic relation-
ship.*” This entity became important to swine breeders
because the stresses related to slaughter resulted in
accelerated metabolism and deterioration of the
muscle of susceptible pigs, with the resulting produc-
tion of pale soft exudative (PSE) pork.*1% Unsuitable
pork was seldom obtained from normal swine because
the time required for slaughter, cooling and process-
ing of the animal was not long enough, nor the me-
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tabolism sufficient, to produce the marked acidosis
and higher temperatures peculiar to the susceptible
animals.*>*"® The incidence of PSE animals increased
with breeding patterns designed to produce pigs with
rapid growth rates, good feed efficiency, and superior
muscling.® This increased incidence led to the term
“porcine stress syndrome” (PSS).21#309:33 Ay stress to
which these pigs were subjected, e.g., separation,
shipping, weaning, fighting, coitus, or slaughter,
might lead to increased metabolism, acidosis, muscle
rigidity, high temperature, and death. In 1966, Hall
reported MH induced by halothane and succinyl-
choline in stress-susceptible swine.'"” The descrip-
tions of the biochemical processes in PSE*+% and
PSS124:181,300.882.358 animals leave little doubt that MH
in swine is an anesthetic manifestation of a generalized
susceptibility to stress. The porcine models of malig-
nant hyperthermia have provided an ideal means
for investigation of the pathophysiology and identifica-
tion of susceptible individuals.'8!¥ Investigations of
animal models have helped pinpoint the major me-
tabolic defect, now recognized as being in skeletal
muscle.** 18132 They led to the early therapeutic
trials with procaine!™*! and dantrolene,'™ as well as
to the identification of various triggering agents.'®!

While stress and its associated sympathetic responses
were known to play arole in porcine MH in the absence
of anesthesia,*2'*3%%3% djrect sympathetic involve-
ment in inducing human MH was suggested by Win-
gard*"® at a symposium in 1974. Based upon the
higher incidence of sudden death in susceptible
families,"'™"'* he proposed human myocardial and
sympathetic malfunction during the stresses of every-
day life. These concepts have led to a closer exam-
ination of the role of the sympathetic nervous system
in MH in general.!4-265.108

The Syndrome of Malignant Hyperthermia

While one cannot say that the intracellular or mem-
brane defects responsible for MH are identical in swine
and human beings, the extracellular manifestations—
changes in vital signs, metabolism, acid -base balance,
and temperature—are remarkably similar. Both
S‘Vine.’r,23.24.147.1(54.181.217.2]8.264.382.395 and people50.5l,837._
47415 respond to certain anesthetic agents and
drugs with a siriking increase in metabolism, both
aerobic and anaerobic, resulting in intense production
of heat, carbon dioxide,? and lactate. Malignant
hyperthermia can be triggered by any potent volatile
agent, 7L IBTISLIGEIBLBIEALS by the onset is usually
more abrupt when succinylcholine is used as the
trigger, either by itself!®132:264311 o1 in conjunction
with volatile agents,!00-H7164166.181.264 Qpce initiated,

349,352
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the response cascades into a fulminant and vicious
circle in which body temperature may increase 1
degree C every 5 minutes. It is not uncommon to see
a temperature greater than 43 C (109.4 F), an arterial
blood carbon dioxide tension greater than 100 torr,
and an arterial blood pH less than 7.00. This syndrome
is generally accompanied by tachycardia and other
signs of circulatory and metabolic stress. Almost all
pig55.23.24.|-l7.|51.1.’)2.181.2]7.218.264.382 and about 75 per cent Of
people®™¥13 in whom MH is developing show signs
of muscle rigidity, which is a contracture rather than
a contraction 13419 A contraction is contractile
activity associated with a propagated wave of de-
polarization; it is brief and reversible. A contracture
is nonpropagated, prolonged, and reversible.' Active
MH results in increased permeability of muscle:
increased serum potassiun]’23.24.3(3.50.93.147.l.")l.].’)'.’.,I(H_
217,218,264,327,395 iOIliZed calciun-]’l'l.l'l!).l.'):l CPK,S().!)ZLZZI'I._
218,277,318,395 lnyoglobin’ﬁ().&m serum Sodiurn’23.24.147.l5l.15'..
decreased?0-30827:352.371 1 jpcreased®3 36395 (o1al
serum calcium, and marked muscle edema.?®*' There

.is probable eventual metabolic exhaustion with a more

generalized increase in permeability.'® Should the
episode of MH not be fatal, upon recovery the muscles
may be edematous and tender,?%5! and the CPK
may take ten to 15 days to return to normal from levels
as high as 100,000 units.**** In human beings this
syndrome was identified as MH because of the pre-
cipitous rise in temperature and because of mor-
tality rates of 60-70 per cent despite symptomatic
therapy 5041248415 Recently (1976) the mortality rate
was estimated to be 28 per cent.*

The clinical and laboratory findings in human and
porcine MH have led to the theory that control of intra-
cellular ionized calcium levels''®* is abruptly lost,
resulting in a rise in intracellular calcium. Increased
aerobic and anaerobic metabolism result from attempts
to reverse these increases in calcium.?226:36.38.51.306,380
Metabolic and respiratory acidosis are consequences
of the increases in metabolism, as are the changes in
cellular permeability with the associated movement
of water, ions, CPK, and myoglobin. The evidence
also suggests that MH may involve a generalized dis-
order of membrane permeability affecting calcium
movements.*?%37 Tt 5 probable that this includes
specific enzyme defects that vary in different species
or in families within species. These intracellular
defects could result in similar extracellular mani-
festations, e.g., increased metabolism and tempera-
ture, acidosis, and sympathetic stress responses. Study
of porcine isolated actomyosin suggests that the
contractile proteins function normally in susceptible
animals.'™ A similar theory explaining muscular
dystrophies proposes a slower process, eventually
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resulting in calcium accumulation in intracellular
organelles, with ultimate dissolution and muscle
damage.'"” Confirmation of increased intracellular
free ionized calcium levels awaits mammalian applica-
tion of various intracellular measurement techniques,
such as that using aequorin.?”

Occasional episodes of human MH occur in the ab-
sence of significant fever.?¥? This may be due to the
rapid onset of severe acidosis with accompanying
acute circulatory failure, or to heat loss greater than
production. The former would be associated with pro-
found susceptibility and/or the use of a potent trigger,
and the latter would be more commonly expected in
young children. With or without increased tempera-
ture or acidosis, there must be evidence of increased
aerobic or anaerobic metabolism to support the
diagnosis of malignant hyperthermia. Increased
temperature is usually benign,'*® does not necessarily
produce acidosis,'® and, for example, may be observed
in patients with osteogenesis imperfecta with or with-
out anesthesia.?%?

There are several variant responses to succinylcholine:
1) muscle contracture, as in myotonia,33:201:822.:382,301 4y
which the related increase in muscle metabolism is
casily tolerated; 2) changes in cellular permeability
in the absence of contracture, as observed with loss of
CPK and myoglobin;?8:284.288.348 3) apn jncrease in
metabolism, as in MH, resulting secondarily in con-
tracture and increased permeability.'5#2%  Myo-
globinemia and increased CPK values induced by non-
anesthetic drugs or stress that are not associated with
changes of metabolism or temperature are con-
sidered®® at most a variant unrelated to MH (an
“abortive” form).*2% Even in normal patients, release
of CPK and myoglobin from muscle cells results from
the use of succinylcholine.*#!-348:3%6 This is exaggerated
in the presence of halothane?13:25:200:3% and attenuated
by d-tubocurarine.*®” Loss of CPK and myoglobin may
be pronounced in some individuals subjected to
anesthesia, 320128428835 o her drugs,3% or exercise
stress.'"* While it is rare for anesthesia to produce
such an uncontrolled state, other conditions that
predispose to or resemble this loss of control include
porphyria,*™ thyroid storm precipitated historically
by surgery and anesthesia,*™ the catatonic state pro-
duced by ketamine,* and hyperkalemia following
succinylcholine administration.'®"

Specific Tissues and Organs

SKELETAL MUSCLE

Myopathy. Most MH-atfected people and their
families appear normal and lead an active life, and
their myopathy is detectable only by specific test-

MALIGNANT HYPERTHERMIA

397

ing;54.50.92. 171,202,204,206,207,209,211,232,284,337-339,375,392 hOWeVe r,

some have obvious musculoskeletal abnormal-
ities.200:242:376.392 Tt has been suggested that some dis-
orders of muscle, such as muscular dystrophy,?*13.-
230,236,284,402 rnyotonia,83.286,322,332.352.391 and Cen[ral core
disease 116125208 may result in susceptibility to MH,
but there is insufficient (and conflicting)!!** evidence
to confirm their direct association with MH,5!:5:202
Central core disease is a benign congenital myopathy
in which longitudinal foci devoid of mitochondria
or of oxidative enzymatic activity extend virtually
the entire length of the fiber.'*® These cores may
resemble targetoid fibers, which are seen more fre-
quently in MH muscle.'” An extensive histologic
study of susceptible families did not disclose evidence
of central core disease.'”*!"

Muscle CPK values, when determined in a resting,
fasting state without recent trauma, generally reflect
muscle membrane stability and are elevated in about
70 per cent of affected people!!-47:83:112:.171,185.204,
205,207,425,426 and most SWine.B'108'187'217'3”5'404'423 Some
prefer determinations of pyrophosphate in testing for
myopathy, but data are insufficient to confirm its
supenouty over CPK."383% Pyrophosphate levels
may rise with hypermetabolism or increased produc-
tion of cyclic adenosinemonophosphate (AMP),*®
but this reasoning does not account for its elevation
at rest.

Susceptibility in swine is particularly associated with
breeding for accentuation of certain muscle groups,
as well as for rapid growth and development to market-
able weight. This inbreeding has apparently altered
muscle enzyme or membrane responses, 59251309303

Histologic examination of porcine and human
susceptible muscle discloses either no abnormality
or protean nonspecific pathologic changes that are so
variable that one cannot determine whether they are
primary or acquired.'” The fact that they are not seen
in children less than 5 years old,' or in swine,3'%%7
which are marketed at a young age,*' in general, sug-
gests that the various morphologic changes are ac-
quired.92.l70.171,2()2.204,209.2]().3l(i A f‘reeze-fl‘acture Stud)’
proposes that the initial changes may involve phospho-
lipids.*® Histologic changes include internal nuclei,
moth-eaten fibers, supercontracted myofibrils, and
less often, target fibers, marked variation in fiber
caliber, necrosis and regeneration, mitochondrial
rupture and inclusion bodies,71707172,186,:202,204.208,
338,339,357,375

Muscle contracture responses, determined in studies
of biopsy specimens of muscle fragments,#4-40-45:48..
54,113,11:4,131,140,224,226,227,254,283,205—2097,300-304,312 in[acl
muscle fibers,’3"!% or skinned
confirm the presence of abnormal re-

tendon-to-tendon
ﬁbel.s’1i84.422
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sponses in skeletal muscle from susceptible people
or swine. The amount of tension developed by frag-
ment specimens is much less than that developed by
intact fibers,'3"*"% but the latter are rarely ob-
tained from human beings,?" and responses of the two
are qualitatively similar for swine'®! and people.??
However, responses may vary due to differing in-
volvements of various muscles within the same pig, 13123t
Exposure to any of various drugs in a temperature-
controlled bath demonstrates an increased sensitivity
or decreased threshold in susceptible muscle. These
drugs include caffeine, halothane, their combination,
potassium, and succinylcholine. While these tests
have been relatively standardized, there are differences
in results from various laboratories throughout the
world.?® For example, muscle contractures with halo-
thane occur reproducibly and reliably in several
laboratories’8.9.14.32.113.1l4.293.295.298.300—'304.3l2 but in_
constantly in others. > 140224226227 Gimjlarly, there are
differences in results with caffeine, or with the com-
bination of caffeine and halothane, in that some
laboratories have reproducible and reliable re-
sulP 1024226221312 gnd some have greater vari-
abilily.”'”'“'l13'1H'293'295'298'300_304

Britt et al.*® suggest that this variability is associated
with gradations of clinical MH. Thus, muscle from
patients with severe episodes of MH developed con-
tractures upon exposure to halothane alone, as well as
to caffeine alone and to halothane-caffeine. Muscle
from patients with moderate episodes developed
contractures with caffeine alone and with halothane -
caffeine, and muscle from patients with mild episodes
developed contractures only when exposed to halo-
thane-caffeine. They relate these variations to a
genetic spectrum*®* of susceptibility. Unfortunately,
they do not correlate specific contracture responses
with the clinical MH data, admittedly difficult and
tedious, but necessary for support of their proposal.
Furthermore, episodes of MH in swine vary in rela-
tion to adjunctive drugs®™ or prior exercise,3% sug-
gesting that genetic predisposition may be considerably
modified by environment.

The lower threshold to potassium-induced con-
tractures in susceptible muscle!#4312 suggests a
lower mechanical threshold as a part of the disorder
of MH. Results with succinylcholine are puzzling.
Denborough’s laboratory is consistently able to iden-
tify susceptible muscle contracture responses using
succinylcholine."*2%312 However, others do not ob-
serve contractures in biopsy specimens exposed solely
to succinylcholine.*® One would not expect chemical
depolarization of a specimen dissected to several
bundles and mounted in an organ bath, because of
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the absence of end-plate areas and the associated
chemically sensitive membrane of the receptor sites. ™
Ellis’ laboratory combines succinylcholine with caffeine
to provide the graded response lacking in their
halothane-induced contractures.!*

Kalow and Britt differentiate MH into two types,
rigid and nonrigid, based upon gross observation
of skeletal muscle tone during MH in human be-
ings,”**" and supported by differing contracture
responses.*+** They correlate this distinction with
caffeine- and caffeine~halothane-induced contracture
threshold responses that are significantly less than
(rigid) or greater than (nonrigid) the threshold re-
sponses of normal muscle.” Clinically, the nonrigid
cases differed from the rigid ones, manifesting
e.g., an absence of tachypnea, tachycardia, dys-
rhythmias, cyanosis, and acidosis.™ Kalow and Britt also
base their expanded and more complex genetic
analysis in part upon the variations in contracture
responses.*®*##:2% Other investigators support the con-
cept of decreased thresholds in people and swine for
MH susceptibility in general, but have not observed
a correlation with thresholds greater than normal
in patients whose episodes of MH do not include
rigidity. However, not many laboratories have ex-
amined as many caffeine-initiated contractures as
have Kalow and Britt, and interlaboratory compari-
sons may therefore not be valid. Nonetheless, Kalow
and Brit’s large variability in normal threshold re-
sponses is inconsistent with their theory of nonrigid
MH in association with above-normal contracture
thresholds. They estimate the normal caffeine thresh-
old as 8 mm,* but their thresholds for known
normal muscle range from 222 to 32 mm'"? caffeine,
or more. The latter value is greater than that
specified in their definition of nonrigid (insensitive)
caffeine-induced responses.* This degree of variabil-
ity has not been found in other examinations of
normal thresholds.*!: 2% 34 Rather than invoke addi-
tional genetic differences, the author believes that all
MH is potentially rigid, but that there are modifying
factors (also suggested by Kalow and Britt***), and that
muscle tension is ultimately related to intracellular
calcium levels,' energy stores,* genetically deter-
mined responses of specific enzyme systems or mem-
branes, the potency and duration of the initiating
agent, modification by treatment, and probably other
environmental factors not yet identified. Metabolism
can be greatly increased by intracellular free—ionized
calcium levels that are insufficient to activate con-
tractile mechanisms to the point of observable
rigidity *™%% One could argue that the nonrigid
episodes reported by Britt may not have been MH
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at all, for the laboratory data suggest that metabolism
was not increased and that there was no acidosis,*
i.e., the hyperthermia was due o some other factor.

Measurements of depletion of adenosinetriphos-
phate (ATP) as an adjunctive test of susceptibility
were introduced by Harrison from study of swine,™!
based on the premise that the greater metabolism
in the halothane-triggered MH muscle results in a
greater reduction in energy stores as compared with
normal halothane-exposed muscle.***#! Pieces of
muscle weighing 100-300 mg are exposed to either
carbogen or carbogen plus halothane in an organ
bath at 37 C for 30-45 minutes, following which
they are assayed for ATP. Some,**181:310 byt pot all,
laboratories have found that determination of the
ATP depletion ratio is a valid test for differentiating
susceptible from normal human beings or swine.
There may be considerable variation in individual
values, making interpretation difficult due to overlap
of values between normal and susceptible indi-
viduals."* Since the bath provides substrates and
oxygen, normal muscle should maintain energy stores
better than should susceptible muscle. However, the
central core of the muscle is probably poorly sup-
plied with oxygen and other substrates, and the
muscle bundles may be damaged during preparation.
Assay values thus may be skewed downward a
variable amount. Values of ATP depletion probably
fluctuate more due o experimental than due to
biologic variability.

The metabolic responses of susceptible skeletal muscle
are also greater than those of normal muscle, in both
in-vivo and in-vitro preparations. Virtually all of these
studies are necessarily in swine, and the susceptible
responses are equivalent in a variety of preparations.
The responses include approximately threefold in-
creases in oxygen consumption, increases in circulat-
ing lactate 1o as much as 30 wm/ml (15-20-fold) and as-
sociated acid—base imbalances.>#1- 143147, 140.151.152.264.395

The earliest detectable changes in MH appear in
the venous effluent from skeletal muscle, as de-
creases in pH or P, or as increases in Peo., lactate,
potassium, or temperature.'®151:28 These changes
in muscle metabolism and acid -base balance have pro-
found effects upon the systemic circulation, because
skeletal muscle comprises about 40 per cent of body
weight. Careful examination of the time courses of
these changes has shown that the increase in lactate
occurs before there are obvious signs of tissue
hypoxia, as evidenced by decreases in venous ef-
Huent Py,. These presumed nonhypoxic increases in
lactate indicate greatly increased energy demands, for
a decrease in ATP tends to alter the balance be-
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tween NAD and NADH (oxidized and reduced forms,
respectively, of nicotinamide adenine dinucleotide),
forcing an increase in lactate production,22-24151.228
The increase in aerobic and anaerobic metabolism
has been shown to occur prior to the increases
in temperature, heart rate, and circulating catechol-
amines.'"#®¥ When the increase in metabolism
is halted (by specific treatment of MH in swine,"® or
following a period of severe exercise in a healthy
person™), blood lactate slowly returns to normal
over a period of approximately 30 minutes.3"'*¢ The
metabolic acidosis during porcine MH is primarily
due to Iﬂcla[e p].odu(:lion,23.24.Mll—|49.lﬁl—-153.2“4.395 and
individual case reports indicate that lactate is also the
main factor in the metabolic acidosis of humah MH.t
One study of isolated human muscle fibers did not
demonstrate increased lactate production upon ex-
posure to halothane, but the reasons for this dif-
ference are unknown.* Increases in aerobic metabo-
lism of skeletal muscle that are extrapolated to the
whole body agree with observed increases in whole-
body oxygen consumption, and support the premise
that these are due solely to increases in skeletal
muscle oxygen consumption.® However, the in-
creases in oxygen consumption are smaller than the
maximal increases possible, such as those seen in
exercise,™** and are paradoxically small considering
the measured acid-base and temperature aberrations.
Possible explanations for this are discussed under
Mitochondria.

Sources of heat during active MH include aerobic
metabolism, glycolysis, hydrolysis of high-energy
phosphates involved in ion transport and contrac-
tion—relaxation, and neutralization of hydrogen ion.®
Heat production in porcine MH is initially accounted
for by increased aerobic metabolism and later, as
aerobic metabolism decreases, by lactate produc-
tion.**#+1%8 Precise calculations are difficult,*” in part
due to unsteady metabolic and circulatory states,
measurements in only a few animals, variable and
uncontrolled heat losses, and production of heat by
neutralization of acid.

In examining mitochondria 1solated from skeletal
muscle, investigators have found various differences
in mitochondrial function in susceptible people or
pigs as compared with normal individuals. Some of
these differences may be due to technique: study of
Pigs'.’4.‘Iﬂ.li'.!.7-')—7ﬁ.95.l()H.l‘lZ! or hlln]an Subjecls;'ﬁ!u’rl; tem-
perature of 25 CA2A2T5108 (). 87 CELT6=T8.142, yyagg.
urement of calcium release in the absence of oxy-

T Kolb ME: Norwich Laboratory  evaluation of intravenous
dantrolene in humans (personal communication).
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gen™™; measurement of the concentration of
halothane in liquid medium."? Several investigators
have compared values between susceptible and known
healthy subjects,3576:19%8:142 by others have not
mentioned values from healthy subjects,? have not
identified screening methods,***™% o1 have com-
pared values with those obtained from unrelated
swine rather than littermate normals,*3.62.75.78

In human subjects, Britt et al.** found no dif-
ference between normal and MH mitochondria in
regard to respiratory function, and halothane de-
creased state 3 respiration (oxygen consumption in
the presence of a phosphate acceptor, i.e., adenosine-
diphosphate, ADP) similarly in both. In contrast, the
same group™ reported increased respiratory function
in mitochondria from MH pigs and decreased capacity
for calcium uptake. Denborough et al.* found no dif-
ference in mitochondrial respiratory function be-
tween normal and MH-susceptible Landrace pigs, but,
in comparison with unrelated pigs, exaggerated de-
pression by halothane. Several groups?#2.76.108.142
have in general found reduced respiratory and cal-
cium-binding activities of MH porcine mitochondria.
Some of these investigators also saw depressant ef-
fects of halothane upon NAD-dependent respiratory
function,*:1% jthout evidence for calcium release
by halothane."® Cheah and Cheah reported that
halothane enhanced calcium efflux from MH mito-
chondria under anaerobic conditions™?"; this is
probably not related to initiation of MH, but could
be a factor in the full-blown syndrome.

These reduced mitochondprial functions do not ex-
plain the functional and metabolic derangements ob-
served in MH, but they are consistent with the
proposal that MH is a myopathy. Reduced mito-
chondrial respiration is a feature of muscular dys-
trophy* and of experimental dystrophy such as that
due to vitamin E** Also, abnormal mitochondria
have been observed in ultrastructural examination
of human MH muscle.'#5-19:202:210357 The mijiochon-
drial alterations are probably nonspecific manifesta-
tions of the disease process. Mitochondrial uncoupling
had initially been proposed as a cause of MH,"® but
this has been theoretically*' and empiricallys"-'* dis-
counted. Animal models based on uncoupling are
discussed on page 408.

The diminished aerobic response?#2h143.146.147,_
L2 in MH, in the face of apparent marked de-
mands for energy, is not explained by the mito-
chondrial deficiencies. Differences in muscle type also
do not explain this aerobic deficiency. White (fast)
and red (slow) muscle differ in regard to capillary
structure and aerobic capability: white muscle is more
dependent upon glycolysis for increased energy de-
mands, and accordingly has a more sparse capillary

GERALD A. GRONERT

Anesthesiology
V 58, No 5, Nov 1980
network.'**%3% However, these muscle types are
apparently equally affected in porcine MH, and his-
tologic evidence does not support the involvement
of white (fast) muscle in MH."#35 The porcine
longissimus dorsi muscle lumbar segments?' and fore-
limb extensor muscles,' respectively, show greater
MH abnormalities than do thoracic segments®' and
intercostal muscles.'™

Evaluation of the function of the sarcoplasmic
reticulum (SR) is complicated by the use of a variety
of techniques examining a physiologic process the
mechanism of which is not yet known, and which
involves release and reaccumulation of calcium so
rapidly as to make difficult accurate measurement.!'
Also, calcium binding to SR vesicles isolated from
skeletal muscle is assumed to reflect the calcium bind-
ing affinity of intact SR, although isolation itself
may somehow alter function.'"® Nonetheless, SR
binds calcium at accepted physiologic concentrations
more effectively than do mitochondria, suggesting
that the latter have at most a reserve function in this
regard.!'®14 Calcium binding by SR is estimated
by the rate and capacity of calcium accumulation
in the absence of oxalate. However, the performance
of these vesicles does not approach that of intact
SR; this deficiency is corrected in part by oxalate.!15144
When oxalate is added to the medium, the duration
of binding, as well as the capacity, is greatly increased,
and it is called calcium uptake for isolated vesicles
of SR under these conditions. It bears no relation
to the mechanism or character of calcium “uptake”
by SR in situ." Calcium release is difficult to measure
because of problems inherent in loading SR with
sufficient labeled calcium,!*

As with mitochondrial data, varying results have
been reported for SR functions.24-+:54:63.95.98,100.144,186._
210,211,227,280,303,310,347,378 This may be in part because
most investigations have used calcium concentrations
above the estimated physiologic range. In most
studies, SR transport functions for calcium appear
to be diminished in both human and porcine sus-
ceptible subjects, but, as with mitochondria, the dif-
ferences from normal may not be large. Calcium
binding and uptake are diminished about a third in
susceptible pigs compared with normal pigs,'+ 186301
and halothane stimulates calcium binding in both
normal and susceptible isolated SR in concentrations
of about 0.5 to 1 per cent.'* Halothane progressively
depresses binding of both types of SR as the con-
centration is increased above clinical levels. Release
of calcium by MH and normal SR is minimal with
clinical concentrations of halothane, and marked
with concentrations above clinical levels.%:1

These findings in regard to intracellular organelles
are consistent with the diagnosis of a myopathy;
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however, they do not reflect changes severe enough
to account for the MH syndrome, nor does the ef-
fect of halothane explain its triggering action."* The
specific action of dantrolene in preventing or re-
versing MH suggests that the lesion in MH is in
part located at the link between the transverse tubule
and SR, the terminal cisterna of the SR, or both,#0:288:300

Examination of function of porcine muscle cell mem-
branes also discloses differences between normal and
susceptible muscle.'®!5% Halothane acts beyond the
neuromuscular junction®; it produces contractures
via mechanisms apparently involving surface mem-
brane calcium equilibria.’ It produces a depolariza-
tion, 5—10 mV, of susceptible skeletal muscle, but
not of normal muscle (with one reported exception
in the rat),* and this depolarization is returned
towards the resting potential by dantrolene.’™ This
finding suggests a common mode—depolarization—
of initiating MH by volatile agents and succinyl-
choline. One would not expect a small depolarization,
in contrast to the greater depolarization by succinyl-
choline, to reach mechanical threshold (fig. 1) and
start the chain of events leading ultimately to con-
tractile activity. However, susceptible porcine muscle
has a lower mechanical threshold than does normal
muscle,* #3312 implying that slight depolarization is
sufficient to initiate contractile activity. I cannot
speculate as to the mechanism by which this abnormal
response triggers MH at the level of the SR.

In most evaluations of MH or of the metabolism of
stress responses, the muscle is a “black box,” and
one cannot infer where specific enzymatic disorders
may be located. These could involve calcium pumps or
adenylate-cyclase and cyclic AMP mechanisms, 3327380414
Variations from normal may not be functional and
detectable unless MH has been triggered,'*! and meas-
urements of muscle metabolites provide valid clues®
only when the muscle biopsy specimen can be frozen
rapidly, e.g., using supercooled clamp forceps.?** Sev-
eral investigators have examined mechanisms of ab-
normal metabolism. In a family with a history of two
deaths due to MH, Schmitt ¢t al. demonstrated
adenylate kinase deficiency within skeletal muscle
biopsy specimens, but not within erythrocytes, of two
of four close relatives.?' Adenylate kinase reversibly
catalyzes the reaction 2 ADP < ATP + AMP.* If its
action is adequate, increased muscle metabolism
should result in increased tissue levels of AMP; if
inadequate, increased levels of ADP. While intra-
cellular pathophysiologic mechanisms in susceptible
human beings and swine may differ, the only data that
define adenylate kinase function, albeit indirectly,
are porcine. Neither ADP nor AMP levels were
elevated during MH,*** leaving the question un-
answered. These porcine studies also demonstrated
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6. 1. Mechanical threshold is the membrane potential at which
just-visible muscle contraction occurs, In normal muscle this re-
quires a depolarization from the resting potential of approxi-
mately ~90 mV 10 =50 mV. In susceptible porcine muscle the
mechanical threshold is decreased, perbaps 1o =70 or —80 mV.
A modest depolarization by halothane of about 10 mV approaches
the mechanical threshold and can stimulate muscle metabolism,
(Reprinted from Fed Proc 24:1116-1123, 1965, with permission.)

stimulation of glycolysis, in particular accelerated
substrate cycling, as a possible mechanism for markedly
increased heat production.®’ This occurs normally
in bumblebee flight muscle, whereby metabolic re-
cycling of fructose-6-phosphate warms muscles to
temperatures efficient for flight.®

All of the above-mentioned responses of skeletal
muscle, while decidedly greater in susceptible than
in normal swine, probably represent an exaggeration
of normal, rather than different, responses.*! They
occur more readily with greater environmental stress,
e.g., the incidence of slaughter PSE muscle is greater
in summer than in winter®; halothane produces
more marked or quicker changes after exercise?" %,
PSE muscle develops more rapidly when the animal
is exercised prior to slaughter.®® Similar reactions
occur in the so-called capture myopathy (overstrain-
ing disease) of wild animals after prolonged chase. '8!

OTHER TISSUES AND ORGANS

Heart. Myocardial function is altered during human
and porcine MH, as evidenced by the early appear-
ance of tachycardia and dysrhythmias and, later, by
hypotension, declining output, and eventual cardiac
arrest. Myocardial physiologic abnormalities during
porcine MH include a fivefold increase in myocardial
oxygen consumption and an eightfold decrease in
myocardial efficiency, as measured using a right-
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heart-bypass preparation.'® These changes were
mediated by beta-sympathetic agonists, as they
were blocked by continuous infusion of propranolol,
40 pg/kg/min. This study did not evaluate compar-
ative responses to beta stimulation of heart mus-
cle specimens from normal and susceptible ani-
mals, and therefore one cannot state whether these
beta-mediated changes were a normal adrenergic
response to marked stress or an exaggerated adrenergic
effect due to a myocardial abnormality. However,
the heart did not show evidence of active MH, as
there was neither myocardial lactate production nor
potassium loss during whole-body MH.

Specific myocardial abnormalities have been found
in three people who died during malignant hyper-
thermia."® The case histories are incomplete with
reference to agents and drug therapy, but all ap-
parently died during hyperthermia, acidosis, shock,
and hyperkalemia. The combination of these factors
is not often seen at death, and one wonders to
what extent these account for the subsequent find-
ings of fiber lysis, sarcolemmal disruption, and con-
traction bands adjacent to areas of over-stretching.
Myocardial histologic features of other MH non-
survivors have been reported to be normal.?

While the heart could be primarily involved in MH
because of its similarities to skeletal muscle, cardiac
function would be expected to be altered in MH
because of activation of the sympathetic nervous
system and the associated increase in circulating
catecholamines, 7151152202643 Pigs and people main-
tain remarkable cardiovascular stability during active
MH,** but episodes of sudden death in members
of susceptible human families*"*2! and otherwise
unexplained nonspecific cardiomyopathies and ab-
normal thallium scans have been suggested as evi-
dence of direct myocardial involvement.**"" Cardiac
abnormalities or dysfunction may occur during
periods of emotional stress, or secondary to sym-
pathetic hormones,® but one cannot differentiate
primary changes in human myocardial function from
those that might have occurred secondary to adrener-
gic stimulation during otherwise undiagnosed stress-
induced MH in the absence of anesthetic drugs (see
below for awake human MH). The associated sym-
pathetic stimulation might alter cardiac function in
any one of several ways,% e.g., acute dysrhythmia, non-
specific cardiomyopathies or coronary vasospasm 255
in the event undiagnosed episodes occurred inter-
mittently and repeatedly in awake human beings.

Central nervous system. Involvement of the central
nervous system during human fulminant MH appears
to be secondary to increased temperature, acidosis,
hyperkalemia, and hypoxia.36:50-28.248.857.352 The ex-
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treme clinical picture resembles acute cerebral edema
with coma, areflexia, unresponsiveness, and fixed
dilated pupils.™®2534 There is a variable recovery,
which appears to be related to early diagnosis and
the severity of the MH episode. A severe fever may
result in a virtually flat electroencephalogram and
coma, but recovery is still possible.” A most unusual
response to succinylcholine, given during controlled
observations, has been observed in a single sus-
ceptible child. It resulted in the acute onset of upper
motor neuron lesions.***#* This patient was given 5
mg succinylcholine (0.1 mg/kg) injected into one arm
isolated by a tourniquet: the succinylcholine pro-
duced apparently normal relaxation. When the
tourniquet was deflated, fasciculation occurred, and
the patient became apneic, with development of
hypertonicity of the legs, hyperactive tendon reflexes,
and extensor plantar reflexes. The latter neurologic
findings gradually disappeared over the next 48
hours. Succinylcholine crosses the blood—brain barrier
with difficulty, if at all, and it is therefore hard to
explain these results.

Histologic examination of human muscle has dis-
closed signs of neurogenic atrophy in intramuscular
axons with degenerating and regenerating fibers;
other neural abnormalities are suggested by fiber-
type grouping and targetoid fibers,!86:202.210.232.248,
PANIITH0- Although early data suggested that the in-
crease in CPK was predominantly of the BB (brain)
isoenzyme 336373425427 41y indication of neural involve-
ment, more recent reports fail to confirm this, and
describe increases in CPK primarily of the muscle
lype-l'185'277'283

Britt et al. using the technique of motor unit
counting in peripheral muscles, have found lower
values in a high proportion of susceptible human
subjects.’” Unfortunately, the interpretation of these
differences is complex. The technique of motor unit
counting has yet to win general acceptance®® and,
in their paper, the actual data are blurred by
statistical methods and difficult to evaluate accurately.
Because of these studies suggesting motor nerve
dysfunction that could include denervation of muscle,
Moulds compared abnormal responses of denervated
mice and human MH-susceptible muscle.?** He found
that the corresponding abnormalities were different,
in that the effect of denervation was limited to the
development of extrajunctional cholinergic receptors,
while the abnormality in MH muscle occurred at a
later step in the excitation—contraction coupling
mechanism.

Kerr, Wingard and Gatz suggested that the nervous
system plays a role in porcine MH because epidural
anesthesia in susceptible swine prevented muscle
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rigidity induced by halothane in the anesthetized
limbs, but did not prevent rigidity in the unanes-
thetized limbs.? Other studies contradicted these
data, in that conduction anesthesia did not prevent
the metabolic changes induced by halothane.'*
Discussions with Wingard} have disclosed that me-
chanical stimulation, e.g., incision or needle puncture,
resulted in immediate rigidity in their pigs, suggest-
ing that the prevention or delay of halothane-
induced rigidity by epidural anesthesia did not
signify blockade of MH responses.

Brain involvement during MH is unlikely, for in-
vivo measurements of porcine cerebral oxygen con-
sumption and lactate production show no increase
during whole-body MH.** Other evidence against
neural initiation of MH is provided by the lack of
rigidity in a limb isolated by a tourniquet during
episodes of human whole-body MH otherwise asso-
ciated with rigidity. 1354

Sympathetic nervous system. Controversy exists as to
whether sympathetic responses are abnormal in MH,
and whether they help to initiate MH,!3%149.260.265..
08,409.417.418421  The sympathetic nervous system is
obviously intimately involved with MH, as evidenced
by the following: 1) MH develops in stress-sus-
ceptible pigs3>6:309:358. 93 the “fight, fright or flight
reaction” can initiate an episode in swine in the ab-
sence of triggering anesthetic agents®3%%3%; 3) typical
signs of sympathetic stimulation are observed during
active human and porcine MH.?*%3 Circulating epine-
phrine and norepinephrine increase markedly during
MH from control levels of less than 1 ng/ml to
levels as high as 30 ng/ml; however, these levels
increase following the changes in metabolism and
acid-base balance,""151264:3% gnd their elevation is
not essential to the development of halothane-
induced MH."* They probably produce the hyper-
glycemia and the early,'™ but not the late, hyper-
kalemia; the later rise is apparently due to efflux from
muscle.'®! Potassium efflux from muscle occurs much
sooner when the course of MH is rapid, e.g., with
the use of succinylcholine. 147152

Under certain circumstances, sympathetic agonists
trigger what appear to be legitimate episodes of MH
in susceptible swine. Alpha-agonists were more ef-
fective as a trigger than were beta-agonists, and the
single clear instance in which an alpha-agonist,
phenylephrine, was demonstrated to initiate MH also
gives a clue as to why the mechanism appears to
be secondary.'™ Earlier studies from the Bristol
laboratory had shown that the initiation of MH by
succinylcholine resulted in an increase in lactate

1 Personal communication.
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production prior to an increase in temperature.**
In the study involving phenylephrine, the rise in
muscle temperature preceded the increase in lac-
tate.'” This strongly suggests that the mechanism
was due to muscle or cutaneous vasoconstriction,
resulting in ischemia or decreased heat loss. Thus,
hypoxia?®35 or increased temperature!?*!16:221:210 may
have produced the MH response in susceptible
muscle. .

Williams also argues for sympathetic activation
of MH, via vasoconstriction by norepinephrine.*®
The mechanism would be expected to be physical,
that is, changes in blood vessel diameter and per-
fusion, with secondary effects upon muscle oxygen
supplies and heat loss. This is supported by the
recognition of the triggering action of hypoxia?62:33
or of increases in temperature per se !**146:221.270
Williams believes that awake susceptible pigs are
hypertensive!'#!3 and always produce more heat due
to their constantly greater metabolism,***!" and that
this is generally counterbalanced by greater heat loss.
A vasoconstrictive event “tips the balance” in favor
of heat retention,*” followed by increased tempera-
ture, and progression into the cascade of events lead-
ing to fulminant MH.2*3 Other investigators have
not observed greater basal oxygen consumption in
sedated susceptible swine as compared with normal
swine,!47151:152.264.383 qooesting that the unusual ex-
perience of being placed in a whole-body calorimeter
while awake may evoke stress responses in the
susceptible animal.*!*

Further examination of sympathetic initiation of
MH involved the use of the alpha- and beta-
agonists, phenylephrine and isoproterenol, in an iso-
lated perfused preparation of porcine skeletal mus-
cle.’® Phenylephrine did not increase either oxygen
consumption or glycolysis, but did result in tissue
edema at roughly similar doses in both susceptible
and normal muscle. Isoproterenol did not increase
oxygen consumption of either susceptible or normal
muscle, but did similarly increase lactate produc-
tion in both. Others also observed that beta-agonists
did not trigger MH"! or result in PSE muscle.®
There are thus no indications of differing responses
to sympathetic agents.

The use of sympathetic antagonist drugs has sug-
gested protection or amelioration during episodes of
MH’35.259.261-2(i.’i.26(i.408.412 by lowering temperature and
modifying the acid-base changes. However, not all
studies have demonstrated this,'®!*% and, in those that
did, large doses of alpha-antagonists and/or adrenal-
ectomy were necessary to provide variable protec-
tion 23:261.263.408.412 Thig improvement has been some-
what uniformly interpreted as an effect upon
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“sympathetic-induced MH."#%:260265 However, alpha-
antagonists may increase heat loss and can potentially
increase muscle perfusion by eliminating alpha-
agonist-induced vasoconstriction, thus minimizing
ischemic hypoxia. Beta-antagonists have attenuated
metabolic and temperature responses, but insuf-
ficiently to improve survival.'® %! In large doses, they
completely block the stimulation of myocardial metab-
olism observed during porcine MH."® However, the
mechanisms of these modifications appear to relate
to recognized actions of propranolol in blocking
beta-mediated stimulation of the myocardium and
beta-induced vasodilation'® or stimulation of glycoly-
sis™ in skeletal muscle. Effects upon muscle blood
flow during MH are indirectly supported by the ob-
servation of decreased vascular resistance during
isoproterenol infusion in perfused isolated skeletal
muscle, !¢

Evidence against sympathetic initiation of porcine
MH during anethesia is provided by a study utilizing
total spinal blockade.' The accompanying sym-
pathetic denervation failed to affect the onset, de-
velopment, or characteristics of halothane-induced
MH, while the increases in circulating epinephrine
and norepinephrine were completely blocked.

Neurotransmitters and relaxants. Carbachol, a long-
lasting laboratory equivalent of acetylcholine, has
effects similar to those of halothane and increased
temperature per se upon isolated perfused porcine
skeletal muscle, i.e., it increases oxygen consumption
approximately threefold and stimulates lactate pro-
duction markedly.!* Succinylcholine is structurally
related to acetylcholine and also has similar effects.!%
An earlier study did not demonstrate this stimulation
by succinylcholine, but that was apparently due to
measurement of muscle tone and temperature with-
out associated measurements of metabolism and acid —
base balance.*” Nondepolarizing relaxants such as
d-tubocurarine and pancuronium block the effects
of succinylcholine or carbachol§ in triggering MH,
but do not block the triggering effects of halo-
thane.!%*1™:1% Qther studies in intact swine have sug-
gested delay or attenuation of the effects of halothane
by nondepolarizing relaxants,'® but similar delay has
been observed with thiopental'® and the mechanisms
are unknown. Pancuronium has been suggested as a
trigger in porcine MH, but the concomitant use of
halothane in that study makes that interpretation
highly unlikely.” One case report** discusses the pos-
sible role of pancuronium in triggering human MH,
but this seems unlikely, as it has been used in many
susceptible patients without triggering MH. See below
for discussion of curare as a trigger in MH.

§ Gronert GA: Unpublished data.
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Splanchnic viscera. Increases in hepatic temperature
in pigs had suggested that heat production in MH
began in the liver, implying a direct involvement of
hepatic metabolism 2323 Measurements of metabol-
ism*184177 of perfused liver in vitro and of splanchnic
oxygen consumption and lactate production in
vivo "1™ contradict this initial impression. Stimula-
tion of splanchnic or hepatic metabolism during
exposure to MH triggers was not observed; splanchnic
blood flow and metabolism decreased as whole-
body MH progressed."® However, decreased func-
tion has been found in liver tissue from sus-
ceptible as compared with normal animals, whether
the swine were stressed®!"? or not® prior to death.
Findings in the latter study rule out stress responses
and the associated decrease in splanchnic blood fAow
as a cause of the diminished function. The relation-
ship of structural differences in mitochondria of
livers from susceptible and normal pigs® to these
functional differences is not known.

Blood. Abnormal membranes of human or porcine
blood cells have been inferred from findings show-
ing variations in permeability*! or fragility,7182.232.337.870
Normally, platelet ATP stores may be depleted dur-
ing ADP release associated with aggregation.* Initial
data suggest that halothane may increase ATP deple-
tion in platelets from susceptible people but not in
those from normal people,*' an effect similar to ATP
depletion in skeletal muscle. Present data are insuf-
ficient to permit estimation of the reliability of
platelet ATP depletion as a screening test for sus-
ceptibility. Abnormal coagulation during fulminant
MH is discussed under Treatment.

Pulmonary. Pulmonary changes during MH include
tachypnea, hyperventilation, V/Q abnormalities, in-
creased arterial blood Pcq,, decreased arterial blood
Po,, and ultimately, pulmonary edema.2-2450.70.147.181,_
217,218,264,275,337,349,352,354, 382,395,413 Increased PaCO-_- iS due
less to pulmonary failure than to increased CO, pro-
duction. In fact, when cardiac output decreases late
in MH, V/Q may be well matched with efficient
CO, removal. This is demonstrated in figure 2,
where mixed venous blood Pco, had reached 124 torr
at a time when Paco, had decreased to 55 torr. In
this situation, whole-body carbon dioxide stores are
better reflected by mixed venous blood Peo. than
by Pag,, . 146:151

Renal. Renal function during active MH has been
evaluated only indirectly; the oliguria and anuria
appear to be secondary to shock, ischemia, cardiac
failure, myoglobinemia, and myoglobinuria -%251.413

Endocrine. Data suggesting that altered human
membrane responses may affect calcium transients
are provided in the reports that susceptible patients
showed a greater increase in plasma insulin concen-

" " N UMO
¥20Z Ateniged 9z uo Jausep el ‘Isiseyooy--uoepuno oke Aq ypd°20000-0001 1086 L-Z¥S0000/98020€/565/G/€S/4Pd-8one/ABojoisayiseue /B0 byese sqnd)/:dny woy papeojumoq



Ancesthesiology
V 53, No 5, Nov 1980

MALIGNANT HYPERTHERMIA

405

0@
140 — O Pulmonary Artery ~ 130
A Carotid Artery
) . . 100+ —-190
Fic. 2. Q and Pg,, of MHS
swine with halothane. During ful- o’
minant MH and incipient cardiac P,
fatlure, arterial blood carbon di- COZ B mi /m,'n/kg
oxide decreases while mixed ven-
ous blood carbon dioxide (pul-
monary artery) is still elevated. ™! 60~ -1 50
20 | 1 | I} ] 10
T 20 40 60
MINUTES ‘

| % Halothane

trations following a glucose load than did normal
patients,”” and that diabetic MH-susceptible patients
may have diabetes that is more difficult to control.3!
While hyperglycemia occurs during active MH, prob-
ably due in part to catecholamine effects,!™184217..
2826489 jnsulin levels remain low to slightly in-
creased; this may be secondary to the associated
increase in catecholamines.!®1% Data from swine eval-
uating endocrine function initially suggested partial
adrenocortical insufficiency.?"*** Further studies dem-
onstrated adequate adrenocortical function!65:269-272
with increased turnover of cortisone in susceptible
animals.*”' This seems likely to be related to ex-
aggerated responses to the stress of handling and
sampling that would not be observed in stress-
resistant animals. Thyroid function in susceptible
animals has been reported as both increased!® and
diminished?:219:220:258.286. 41y gne of these studies cau-
tious administration of triiodothyronine was reported
to increase survival in stress responses.®® In these
animals, MH was triggered solely by succinylcholine,
there were no control animals, and triiodothyronine
had a low margin of safety; therapeutic applications
appear unfeasible. The catecholamine activity may
also diminish thyroid function.*®

Bone. The calcium content of bone, analyzed by
neutron activation, is lower in some, but not all,
susceptible patients.*

Overview

Alterations in calcium control result in obvious
dysfunction in skeletal muscle exposed to appropriate

stimuli. Altered calcium control in tissues with more
subtle effects upon the whole body may be less
apparent. Calcium ion affects the permeability and
control of both excitable and inexcitable tissues, but
mechanisms within the former may not be relevant
to the latter.?® A wide variety of multi-organ-system
defects has been found in susceptible individuals,
suggesting that there may be a generalized alteration
in membrane properties or permeability. These have
been discussed above, and include skeletal muscle
membranes, enzyme systems, mitochondria and sarco-
plasmic reticulum; heart; central nervous system;
liver; blood cells including platelets; endocrine—
pancreas, thyroid; bone.

Many of the changes in tissues and organs ob-
served during fulminant MH may be due to blood
flow insufficient for metabolic demands, resulting in
breakdown of cell membranes, with resultant edema
and further loss of perfusion. While not specifically
due to MH per se, this failure of the peripheral cir-
culation is probably produced by severe acidosis,
vasoconstriction, hyperkalemia, decreased cardiac
output, and hypotension.

Triggering of MH

The mechanism of triggering in human beings is
difficult to examine; in swine it apparently requires,
at least in part, depolarization of muscle membranes.
This reasoning is supported by 1) the muscle end-
plate depolarization (and stimulation) of metabolism
by carbachol and succinylcholine that is prevented
but not reversed by nondepolarizing relaxants, and 2)
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the depolarization (and stimulation of metabolism)
by halothane that is not blocked by non-depolarizing
relaxants but is prevented and reversed by dantrolene.

In swine, increased metabolic responses result from
environmental stress such as exercise," 22130939 heqq
stress,!#146:221270 g oxia 26295 g pprehension or excite-
ment, %939 the potent volatile anesthetics,:16-147..
149,151,335,336,395 and Succinylcholine147.152.167.2(54 or de_
camethonium,™ but not from lidocaine. %6420 Iy peo-
ple, triggering in the absence of anesthetic agents
is not proven, but consider the following: 1) sus-
ceptible families may have an increased incidence of
unexplained sudden deaths*'®*!; 2) susceptible in-
dividuals may develop a nonspecific cardiomy-
opathy'" related either to unrecognized awake episodes
or to primary myocardial abnormalities in MH; 3)
(based upon contracture responses) one susceptible
patient has had awake febrile episodes (40.6 C) for
10-15 years; these last several days, are related to
fatigue or emotional upset, and respond to therapy
with dantrolene, but not to aspirin, surface cooling,
or other symptomatic treatment.!3441

In the absence of anesthetic drugs, the mechanism
of triggering in swine is hypothesized from the
laboratory findings as follows. Progression of MH re-
sults from a hypermetabolic response to the neuro-
transmitter in association with normal or unchanged
responses to sympathetic stimulation. Muscular activ-
ity occurs during exercise, excitement, and sym-
pathetic stimulation, e.g., tail twitching, “jumpy.”
This muscle contractile activity, resulting from end-
plate effects of acetylcholine, apparently produces
elevated uncontrolled levels of intracellular ionized
calcium, the ultimate reasons for which are unknown,
but which are related to exaggerated responses to
this stimulation of susceptible muscle as compared
with normal muscle. Thus, normal muscle undergoing
the same degree of activation does not develop
metabolic aberrations. The elevation in intracellular
calcium results in greater than normal muscle oxygen
consumption and lactate production. The beta-
sympathetic stimulation accompanying excitement
may further increase lactate production.™® These
combined metabolic effects result in respiratory and
metabolic acidosis, increased temperature of the
muscle venous effluent, and secondary adrenergic
stress responses. Alpha-sympathetic stimulation pro-
duces vasoconstriction, resulting in decreased heat
loss and, possibly, limited muscle perfusion. In-
creased temperature or relative ischemia resulting
from blood flow that is inadequate for the increase
in metabolism can exacerbate the metabolic changes
and the combined acidosis. These may cascade into a
vicious circle of fulminant metabolism, acidosis, and
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high temperature in association with metabolic ex-
haustion, failure of cellular membranes, further loss
of control of calcium,' and cardiovascular collapse.
While human beings could have similar responses,
one would expect that they would tend to control
their emotions and activities more effectively than do
swine, and that episodes related to awake triggering
might be more subtle.!>#19

Anesthetic triggering of MH, first by depolarizing
drugs such as succinylcholine or decamethonium,
would be by effects in people and swine similar to,
but more prolonged than, those of acetylcholine.
Secondly, triggering by halothane would be due to
an action beyond the end-plate.’* There is no
information to predict effects of volatile agents upon
intact porcine sarcoplasmic reticulum, but at present
the data regarding isolated SR suggest that volatile
agents do not trigger MH via effects on intact SR.
Data about intact human responses to volatile agents
at the cellular or subcellular level are not available.

Nitrous oxide and d-tubocurarine have been sep-
arately incriminated as weak triggers in human MH;
the former because it twice produced hyperthermia
(blood-gas values not reported) in an Il-year-old
susceptible girl who needed dental care,'! and the
latter because it produced hyperthermia in two
susceptible children, 8 and 13 years of age (blood-
gas values support the diagnosis in one of these
cases).” These questions cannot be settled con-
clusively by animal experiments because of possible
species differences. At present, few believe that nitrous
oxide is a real trigger of MH, because it has been
used repeatedly as the basic anesthetic agent for
MH-susceptible patients.?”%5%% The hyperthermic
episodes have been attributed to residual halothane
in the breathing tubes,?" light anesthesia with multiple
reflexes stimulating skeletal muscle,'™ or the belief
that nitrous oxide may indeed be a weak trigger
easily overridden by barbiturate or opiate depres-
sants.’% d-Tubocurarine and metocurine are un-
likely MH triggers, based upon known pharmacologic
responses in MH, unless this is a side effect unrelated
to their action as nondepolarizing relaxants. d-
Tubocurarine has been associated with greater lactate
production in susceptible pigs exposed to environ-
mental stress,® but it is not a trigger in susceptible
swine.'" Its effect in these two cases may be attributed
to the use of other possible triggering drugs (nitrous
oxide or chlorpromazine®), or to light anesthesia. At
present, pancuronium is the only nondepolarizing
relaxant with sufficient use in susceptible patients to
confirm its safety (see above in section on neuro-
transmitters and relaxants regarding pancuronium as
a trigger).
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Drugs or conditions other than the volatile agents
or succinylcholine that have produced human re-
sponses remarkably similar to malignant hyperthermia
include vitamin E2" (later retracted when two of the
patient’s three children had positive contracture re-
sponses to halothane),?* ketamine, phencyclidine,
viral infections,®® lymphomas,*™ some of the tran-
quilizers,'8#1228.344 tricyclic antidepressants and mono-
amine oxidase (MAQ) inhibitors.3!-240.246.268.326.372 K oy
amine and phencyclidine are structurally related
and can increase temperatures of healthy peo-
ple 21531434 Ketamine has occasionally,!89:287:346:363 |y
not always, 25734439 increased the temperatures of
MH-susceptible individuals, but the difficulties in
differentiating a benign fever from MH preclude its
general use.? In large doses MAO inhibitors can
produce hyperexcitability and exaggerated motor
activity, and, used with diazepam, they have pro-
duced heat stroke.**® While it is likely that these
adverse effects could occur in both normal and MH-
susceptible people, the risk of these is probably
greater in the latter.

Genetics

Initially, human inheritance seemed to be auto-
Somal dolninan[5l.5(3.94.205,206.222.242,250.320 With l.eduCed
penetrance, i.e., fewer affected offspring than pre-
dicted by dominant patterns,’® and with variable
expressivity, i.e., differing susceptibility between fam-
ilies with little variation within a given family.?®222.320
Some investigators have not seen evidence of reduced
penetrance manifested as generation skipping.'®
Others felt that the human pattern of inheritance
fit no known genetic system.??23 [t has recently
been proposed that humans inherit susceptibility to
MH via more than one gene or more than one
allele, and that the pattern of inheritance may
thus range from recessive to dominant, with graded
variations in between. This is discussed below.

Several years ago, Kalow and Brit***** suggested
that caffeine and halothane-caffeine measured dif-
ferent features of muscle responses. Halothane-
caffeine thresholds seemed to separate a group of
biopsy specimens into control responses (threshold
greater than 1.3 mm caffeine) and susceptible re-
sponses. The responses to caffeine then divided the
susceptible group into a spectrum of susceptibilities.
Kalow and Britt further analyzed genetic variation
by examining the ratio (threshold to caffeine)/
(threshold to halothane-cafteine). High ratios, 17-27,
suggested a separate phenotype of nonrigid MH
susceptibility.**® More recently, Kalow and Britt
correlated clinical severity of MH with graded con-
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tracture responses—the occurrence of halothane-
induced contractures as the correlate of greatest sus-
ceptibility and severest clinical episode, that of caf-
feine-induced contractures as somewhere in between,
and that of halothane-caffeine-induced contractures
as the correlate of least susceptibility and clinical
severity.?® From this they inferred a graded in-
heritance, and they tended to discount other factors
modifying MH episodes. There are not, at present,
sufficient clinical data with clear genetic implications
because of a lack of control of drug or environ-
mental modifying factors in clinical MH. The theories
of Kalow and Britt are somewhat clouded by the
variation in contracture responses of normal subjects,
whose caffeine thresholds range from 4 to 32 mm
or more, and whose estimated threshold ratios range
from 4 to 27. However, despite these contradictions,
all of their data together suggest genetic com-
plexities, and it seems likely that there is a multi-
factorial inheritance with a range of susceptibilities.

Ellis and Harriman,'® " after extensive examina-
tion of histologic features of muscle and contracture
responses to halothane, proposed two independent
indicators of susceptibility: the histologic presence of
a myopathy, and the demonstration of a halothane-
induced contracture in vitro. However, pathologic
features varied, even among siblings, and a diagnostic
pattern was not observed. Furthermore, since struc-
tural changes may surface later,'” it may be inappro-
priate to use histologic changes for genetic interpreta-
tions. Since either of these changes or both could be
present in susceptible individuals, these investigators
also felt that MH is a multifactorial genetic disorder.

With multifactorial inheritance, the offspring tend
to be the average of the parents, and there may be
gradations of susceptibility among members of a given
family. Nonetheless, some families would be ex-
pected to have dominant patterns of inheritance.
Other myopathies also show patterns of variable
inheritance.®"? '

Porcine inheritance of MH also originally appeared
to be autosomal dominant.®#*!"411412 Qthers have pro-
posed a recessive pattern of inheritance with high
or complete penetrance,'tOTHBTIIAN o1 5 mylti-
factorial inheritance involving at least two abnormal
genes or alleles.®%7 Many of these investigators
relied on screening with halothane to identify sus-
ceptible animals.!!+107-313.331.367.383.404 Thjs method iden-
tifies only those pigs that are most susceptible, and
may miss animals with graded and lesser susceptibil-
ity, 140411412 The Jatter can be detected by screening
with both halothane and succinylcholine,"**4!2 or by
additional screening of muscle biopsy specimens utiliz-
ing ATP depletion®*'” or contracture studies.”® These
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less susceptible swine are decidedly different from
normal swine, and their inclusion in data for genetic
analysis could alter the interpretation. Blood groups
and certain production traits become associated when
swine are inbred.? Andresen'® and Christian®' have
suggested that porcine inheritance is cross-linked with
blood type, and Andresen’s data further suggest that
these may be cross-linked with the locus for 6-phos-
phogluconate dehydrogenase.!' Assuming this also
represents a multifactorial inheritance, there may
be recombinant linkage of these specific factors lead-
ing to MH susceptibility in offspring of apparently
normal but heterozygous parents. This may also ac-
count for sporadic cases of MH susceptibility in
swine usually considered nonsusceptible.

Depending upon degree of susceptibility and en-
vironmental factors, the ease of initiating MH in
human beings or swine could fluctuate. This concept
might explain those situations in which known sus-
ceptible individuals have shown no sign of MH dur-
ing exposure to triggering agents,28:70-86.88. 168,329,346
In the event muscle membrane depolarization and
decreased mechanical threshold play a role in human
MH, as they seem to do in swine, then drug or
environmental factors might alter these character-
istics, and there may be instances in which sus-
ceptibility could be acquired.™"%63:3% With this “ac-
quired” state of susceptibility, exposure to the proper
triggers could result in MH. Anesthetic-induced MH,
and, in some instances, stress-induced MH, have
been reported to occur in the horse,2#3:2M:400 ¢4 0
dog, '™ deer,® birds,'™" and wild animals during
capture.'®189! Tt is not known whether these epi-
sodes occur in species that have some form of re-
combinant or other genetic susceptibility, or whether
this is due to environmental or drug-related factors.

Other Animal Models

Animal models have been used to examine ab-
normal responses and the findings used to study
different aspects of MH. Human and frog muscle
respond to caffeine and halothane with contractures,
and these drugs potentiate each other,2"5:31  jdo.
caine accentuates these contractures and procaine
inhibits them,*® although the latter drug is not ef-
fective once the contracture has developed.®' This
then becomes a model of human MH as mimicked
by caffeine, and the different volatile anesthetic
agents have different effectiveness in augmenting
these caffeine-induced contractures.* Application of
these effects of procaine and lidocaine to human
MH is limited because the tissue concentrations of
2-5 mM cannot be achieved without administering
large doses.'!$8:2% A similar preparation has been
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developed using rat rectus muscle,'™ and an in-
vivo rabbit model closely mimicks MH by using
caffeine to produce a response similar to MH upon
challenge with halothane.!

Models of uncoupling, in general using dinitro-
phenol,*® demonstrate lethal increases in tempera-
ture upon exposure to halothane at high (25 C)
but not at low (20 C) environmental temperatures, '
These have demonstrated that haloperidol pretreat-
ment antagonizes the hyperpyrexic and lethal effects
of dinitrophenol in the absence of anesthetic agents
or caffeine.'™ Unfortunately, haloperidol alone may
produce fever.'® Gatz has reported higher tempera-
tures in dinitrophenol-treated rats that breathed oxy-
gen as compared with those that breathed room air. 1%
On this basis, and because of oxygen’s action in
uncoupling nonbiologic systems, he proposed,' but
could not demonstrate,? that treatment of MH using
ventilation with air may be more efficacious than
ventilation with oxygen. Ryanodine-induced contrac-
tures in mice, cats, and frogs have been proposed
as an alternative to caffeine; however, dantrolene
and procaine are not effective in counteracting this
contracture.™ While all of these models have ac-
quired, rather than genetic, hypermetabolic responses,
they nonetheless may help to increase our under-
standing of the genetic form.™

Human-Porcine Differences

Human and porcine MH have several differences:
1) histologic abnormalities are found in people, but
seldom in swine; 2) MH can develop in swine in the
absence of anesthetic drugs, but this occurs rarely in
man; 3) total serum calcium increases in pigs, 145
while it more often decreases in people,#6:.51.327.352
The first of these apparent differences may be ex-
plained by the observation that the histologic ab-
normalities may be acquired or secondary and may
develop only with time, e.g., they are not seen in young
children; swine, because they are marketed at an early
age, have not been examined when older. The second
difference is more difficult to explain: perhaps peo-
ple can generally manage their emotional responses
s0 as to avoid prolonged or extreme agitation or
excitement, once they realize the intense upset pro-
voked by sympathetic discharges that occur during
MH." The third apparent difference is probably
due to copious calcium-free intravenous therapy of
human patients, and the general lack of therapy of
swine. Muscle calcium contents of susceptible pigs30
and people'™* are variable, and can be less than240
or not different from" those of healthy individuals.
Comparisons of blood or serum ionized calcium
would probably be more meaningful than those in-
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volving total calcium. In swine, ionized calcium in-
creases during MH.'*"5 While the two species
tend to have similar myopathic deficiencies in mito-
chondria and sarcoplasmic reticulum, intracellular
functions in intact tissues could vary considerably
without necessarily altering extracellular manifestations.

Diagnosis

During anesthesia suspicion of MH is aroused by
symptoms or signs, including rigidity with succinyl-
choline,!™3™ that are extraordinary for that patient
and procedure. %% In susceptible subjects MH may
be triggered even in the absence of triggering anes-
thetic agents when the level of anesthesia is very
light and reflex responses are present.'™ In general,
though, MH would not be expected to occur in any
patient given barbiturate —-nitrous oxide-opiate—pan-
curonium anesthesia.*”*% Using potent volatile agents
or succinylcholine, one would be suspicious if there
were undue tachycardia, tachypnea, dysrhythmias,
mottling of the skin, cyanosis, increased temperature,
muscle rigidity, sweating or unstable blood pressure.
In particular, rigidity following an adequate dose of
succinyicholine correlates highly with susceptibility
to MH."" If any of the preceding abnormalities
is present, one must search for signs of increased
metabolism, acidosis, or hyperkalemia. Arterial blood
analysis should demonstrate metabolic acidosis, and
may show respiratory acidosis if the patient is unable
to increase ventilation as metabolism increases. In
this regard, central venous blood levels of oxygen
and carbon dioxide will change more markedly
than will those of arterial blood.!"¥15! Suggested limits
for the diagnosis are a base excess of less than —5
mEq/l and an arterial blood Pgg, greater than 60 torr
without reasonable explanation. Increased oxygen
consumption is difficult to measure while the patient
is anesthetized in the clinical situation. Although
CO; production can be measured more easily,”" one
must generally rely more upon measurements of
Py, in relation to the estimated alveolar ventilation.
In particular, when the temperature is rising and
there are signs of muscle stiffness and acidosis,
the diagnosis is established and treatment must be
instituted.

Treatment

Malignant hyperthermia is triggered in proportion
o the susceptibility of the subject and to the total

dose of wiggering agent (concentration X duration of

administration). Following a brief administration,
discontinuation of the agent may be adequate treat-
ment.? Also, some drugs such as thiopental appear
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1o slow the development of MH so that termination
of anesthetic administration may again be sufficient
therapy.' While these factors may account for the
puzzling instances wherein patients have tolerated
triggering agents during prior episodes of anesthesia
without observed signs of MH and then experienced
fulminant MH during subsequent anesthesia, there
remain troubling cases wherein known susceptible
patients tolerated prolonged exposure to (adequate
dOSCS Of) U.igge].ing agen[5.28.70.86.88.IliH.:iﬂ!).ZlAlli

When MH becomes fulminant—arterial blood Pgg,
greater than 60 torr and rising, mixed venous blood
Peo, greater than 90 torr and rising, base excess
less than —5 mEq/l and falling, temperature increas-
ing at least 1 degree C per 15 min—adequate
therapy is urgently needed for survival 35036 In
some patients the metabolic and acid-base changes
occur so rapidly that they markedly diminish cardiac
output and result in minimal tissue perfusion and
minimal increases in temperature, with rapid demise.

Dantrolene is the only known specific therapeutic
drug, but it must be given while there is still
adequate muscle perfusion. Itis a lipid-soluble hydan-
toin derivative that acts distal to the end-plate within
the muscle fiber, and is specific in preventing or
halting porcine MH."8181.178305 A feyw case reports
have begun to confirm its effectiveness in human
MH. 812382569 s efficacy in both species suggests
that the defect in MH may be located at or prior
to its site of action. Dantrolene attenuates calcium
release without affecting uptake, by an action upon
the connections between the transverse tubules and
the terminal cisternae of the sarcoplasmic reticulum,
or upon the terminal cisternae directly, or both,-289:300
Dantrolene has been demonstrated to be effective
in a variety of experimental porcine situations, includ-
ing contracture studies of isolated muscle,®14:300.305
and in the intact pig, 2218 16LITSIRZNAG T controls
abnormal metabolic responses and the associated acid—
base imbalances, ion fluxes, and sympathetic stim-
ulation more predictably than does symptomatic
therapy."® It is not useful in screening for sus-
ceptibility.”! It is not associated with serious toxicity
at effective doses.

Dantrolene, even in very high doses, does not pro-
duce muscle paralysis, although weakness may re-
sult® Its one ill effect is hepatic dysfunction,
which has not been seen with oral administration
of less than three weeks' duration.®® The porcine
minimum effective doseis 3.5
with attenuation at 1-3 mg/kg.""*!™3% The human

1 Kolb ME: Norwich Laboratory evaluation of IV dantrolene in
humans (personal communication).

-5 mg/kg, intravenously,
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effective dose intravenously is probably 1-2 mg/kg,
which may be repeated each 5—10 min, to a total
dose of 10 mg/kg.""®"*™] The dose for effective oral pre-
treatment with dantrolene in human patients is not
known, but is probably in the range of 4-7 mg/kg/
day, given in divided doses and started at least 24
hours preoperatively.'*”*"* Because dantrolene is
poorly soluble, any provision for its rapid emer-
gency use necessitates that the drug and solvents
be immediately available in the anesthetic area.'*!*

Procaine is theoretically effective in the treatment
of MH, but is impractical clinically (see above under
discussion of other animal models). Reports have
b()th Condemne(182,159.166.IHB an(l praisedl7.ﬂ(l.l73.l7(3.231._
320531187 the use of procaine for the treatment of
human MH. Two controlled evaluations of procaine
and dantrolene in swine suggest that procaine is in-
effective in treating the clinical syndrome and that
dantrolene is highly effective."""*®%* Procaine may
be useful in the treatment of dysrhythmias during
the acute episode, and is safer than lidocaine, par-
ticularly with the higher blood levels associated with
intravenous administration (see above under discus-
sion of other animal models).

Symptomatic therapy for MH, while important, must
be used in conjunction with dantrolene, because

MH may continue to smolder or become fulminant
despite control of temperature and acid—base dis-
turbances (fig. 3). Ventilation should be increased
two- to threefold""'#2¥7 and sodium bicarbonate,
2-4 mEq/kg, given rapidly intravenously. Arterial
blood-gas and acid-base values guide subsequent
therapy. Cooling is necessary to lower temperature.
Cooling should be aggressive for rapidly increasing
temperatures and for those above 40.6 C: surface
cooling with the patient packed in ice, gastric or
peritoneal lavage, iced intravenous fluids, and pump
bypass with a heat exchanger can be used.*” Cooling
should be halted when temperature falls below 38.3 C
to prevent inadvertent production of hypothermia.
Urinary output should be measured and diuresis
maintained with output approximately 2 ml/kg/hr,
using volume loading or diuretics.*" Initial volume
loading would include 2—-8 ml/kg balanced salt solu-
tion, depending upon the response of the patient.
In the event large doses of sodium bicarbonate
are necessary in controlling acidosis, furosemide will
help to start excretion of the sodium load. Renal
failure is primarily prevented by maintaining ade-
quate urinary output. Forced diuresis utilizing either
mannitol or furosemide may be necessary as addi-
tional therapy. Mannitol may be risky if urinary
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output is low because high blood levels of mannitol
can be associated with passage across the blood—brain
barrier, particularly in association with coma or
altered membrane permeability, e.g., Reye’s syndrome.*”

Steroids have been recommended by Ellis for the
treatment of human MH, based upon clinical results
in nitrous oxide-induced MH and upon human con-
tracture responses.'"! Their efficacy has not been con-
firmed in porcine MH,' and steroid use was asso-
ciated with a higher mortality rate in a retrospective
statistical examination of the treatment of human
MH.% However, many factors contribute to MH-
associated deaths, and steroids are probably helpful
during these severe stresses and are unlikely to be
specifically harmful.

Based upon retrospective statistical data, and theo-
retical considerations, Britt suggests that cardiac
glycosides may worsen MH?%; while they have been
used in therapy of human MH without untoward
effect,* their practical application is unknown, and
could be hazardous. Deliberate reduction of plasma
potassium concentration is at best slow, and the most
effective means of lowering it is probably the re-
versal of the MH process, i.e., effective doses of
dantrolene. The administration of calcium to counter-
act hyperkalemia is risky. Few hospitals have the
means to measure ionized calcium levels quickly,
and the calcium could conceivably retrigger MH.

Treatment of pulmonary, cerebral, and muscle
edema is not different from that used when these
occur in association with other disorders. Neuro-
logic sequelae (coma, paralysis) may occur in ad-
vanced cases, probably secondary to oxygenation
and perfusion that are inadequate for the increased
metabolism, as well as to fever, acidosis, and po-
tassium release. Apparently satisfactory anesthesia
care may be grossly inadequate in this situation.
These neurologic sequelae may persist.

Disseminated intravascular coagulation or con-
sumptive coagulopathy (DIC) may be caused by
hemolysis, increased release of tissue thromboplastins
due to increased permeability or overt tissue dam-
age, shock secondary to inadequate capillary per-
fusion, or some rare mechanisms perhaps related to
the increased permeabilities present in fulminant
MH‘5(),86,88.257,275,327.328.349,351,352,4]3,426 The besl treat-
ment is adequate therapy of MH to prevent stag-
nation of peripheral blood flow and to lower tem-
perature. If the coagulopathy develops and persists
despite treatment for DIC, heparinization may be
successful in treating it.?

One cannot overemphasize the necessity for early
diagnosis and early effective treatment to avoid
complications.*”” They are all difficult to treat and are
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associated with serious and sometimes permanent
sequelae.*™ Retriggering may occur,?*%2™ even with
dantrolene, as the initial dose of dantrolene is re-
distributed, metabolized or excreted. Dantrolene has
a half-life of about five hours, and its administra-
tion should probably be continued for 12 to 24 hours
following control of MH, and reinstituted with signs
of increased metabolism or acidosis, Dantrolene can
be given orally when the gastrointestinal system is
functional. The recovering patient therefore needs
close monitoring for approximately 24 to 48 hours
postoperatively.® During this period there should be
normal renal function, blood coagulation, bleeding
time and blood gases; the neurologic status must
include absence of rigidity, and temperature and
EKG must be normal.

Lewis, of Children’s Hospital in Los Angeles, has
proposed that therapy of human MH should include
cooling and reversal of acidosis, but that halothane
administration should be continued, so as to aid in
cooling by maintenance of vasodilation. His approach
is based upon the lack of mortality in a series of
patients treated for intraoperative hyperthermia at
his institution®*** (discussion following Zsigmond et
al.**"). This is not a rational approach to a disorder
in which halothane is acknowledged to be a trigger,
and animal data contradict its efficacy.”® In the ab-
sence of published data that these patients and their
families were susceptible to MH, the author speculates
that these patients had fever, but not malignant
hyperthermia. At least one other patient has sur-
vived the continued administration of halothane dur-
ing symptomatic therapy for active MH,*¢ but at pres-
ent this is not an accepted mode of therapy. Mor-
phine has been recommended for treatment of
human MH despite its lack of effect in porcine MH,
but the nonspecific depression by opiates is not
likely to be as effective as dantrolene treatment,
assuming it is effective at all.?®

Evaluation of Susceptibility

Evaluation of susceptibility®"-113:203:211.286 t5 malig-
nant hyperthermia includes a history and physical
examination for detection of subclinical muscle weak-
ness or abnormality. A genealogy going back two
generations with specific information about anesthetic
exposure and, if possible, the agents used, will help
in estimating the likelihood of adequate exposure to
triggering agents. Measurements of blood CPK are
70 per cent reliable in estimating susceptibility,

#* Lewis GB: Current Problems in Pediatric Anesthesia, Review
Course, International Anesthesia Research Society, San Francisco,
March 1978, Audio-Digest, Vol 20, no. 10, May 22, 1978.
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and provide a basic screening tool.*”'"* When CPK
is elevated and the subject is a close relative of a
known susceptible individual, then he may be con-
sidered susceptible to MH without further testing.
When the patient is a close relative of a susceptible
human and CPK is normal on three occasions, then
muscle biopsy is necessary to determine susceptibility.
Investigations of the biopsy specimens obtained to
detect MH are performed in several centers around
the world, and utilize exposures to halothane, caf-
feine, halothane and caffeine, potassium, or succinyl-
choline. Such investigations, in conjunction with his-
tologic examinations of muscle and/or measurements
of ATP depletion, are perhaps more than 90 per cent
reliable in the evaluation of susceptibility, despite a
number of differences among the investigators in re-
gard to laboratory technique, preferred triggering
agents, and normal values. Porcine data indicate that
pretreatment with dantrolene does not alter muscle
contracture responses in viftro from susceptible to
normal, presumably because of washout of dantrolene
in the bath.*? Platelet ATP depletion,® skinned fiber
responses,’™** and a tourniquet test of muscle
ischemia and altered twitch responses™' have yielded
data inadequate for evaluation as screening tests.
Porcine susceptibility is related at least in part to blood
type,*' but determination of blood type has not yet
replaced halothane and succinylcholine challenges
as a screening method."**'? There is no information
regarding human susceptibility and blood type.

Anesthesia for Susceptible Patients

In the preoperative period it is important to avoid
subjecting the patient to anxiety and stress, and to
reassure the patient that you have confidence in
monitoring for MH and in providing proper treat-
ment should it develop,?! 75537417421 The patient
should be well premedicated, but phenothiazines
should be avoided, as they may release calcium from
sarcoplasmic reticulum.** Atropine is probably best
not used unless needed during anesthesia, and then
used in small intravenous doses only. It is preferable
to give dantrolene orally the day before the surgical
procedure, in divided doses that total 4-7 mg/kg/
day, 1#7180216.238.319 The safe anesthetic agents?-%% in-
clude nitrous oxide, thiopental and other barbitu-
rates, althesin,!"+17-19638  gpiates, droperidol, and
pancuronium. %533 Potent volatile agents, depolariz-
ing relaxants, and ketamine should be avoided.

Stimulation per se during light anesthesia may
trigger MH responses.’™ Monitoring should include
temperature, electrocardiogram, and blood gas—acid -
base capability, as well as the usual monitoring done
for any patient undergoing anesthesia. Some pa-
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tients have apparently had MH triggered in the post-
operative period, and thus all should be followed for
24 hours.

Regional or conduction anesthesia avoids the use
of volatile agents and relaxants,****® but may yet be
associated with increased temperatures in susceptible
patients.??*3  Amides such as lidocaine or mepi-
vacaine are best avoided when large volumes are
to be used, even though it is unlikely that blood
concentrations will be high enough to release calcium
from sarcoplasmic reticulum. Dental use of small
volumes should not be risky. Esters such as chloro-
procaine, procaine, piperocaine, and tetracaine do not
diffuse through tissue as well as amides, but are safer
for use in large volumes.

Legal Implications®7*%%

Awarcness of MH is now generally widespread,
as reports concerning it have been disseminated in a
variety of journals. Ignorance is therefore not a valid
defense against litigation. However, an episode of MH
may be a fortuitous event, and one would not incur
liability unless he had departed from a recognized
standard of care.®® This should include: family and
personal anesthetic history, continuous monitoring
of temperature during most anesthesias, avoidance of
potent volatile agents and depolarizing relaxants in
susceptible patients or in close relatives not evaluated
for susceptibility, keeping immediately available re-
suscitation equipment and drugs appropriate for MH
crises, and the use of diligent and due care in the
treatment of any such crises. An estimated 1 per cent
of cases of MH have involved litigation, but emo-
tional responses of juries make it difficult to predict
the outcomes.

Puzzles

1) Why do triggering agents sometimes fail to
trigger human MH? Is this due to depression of the
initiating process by other drugs? or graded sus-
ceptibility associated with complex inheritance?

2) Can triggering anesthetics be used for patients
“proven” nonsusceptible by contracture tests of
muscle biopsy specimens?

3) Should triggering agents ever be used for sus-
ceptible patients who have been pretreated with
dantrolene?

4) A reliable screening test for MH that does not
involve surgical intervention is needed.

5) The theory of uncontrolled intracellular free
ionized calcium levels needs confirmation.

6) Sarcolemmal function in MH-susceptible in-
dividuals needs examination.
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7) The transfer of membrane depolarization from
transverse tubule to sarcoplasmic reticulum in normal
muscle is not understood. It is probably involved in
the pathophysiologic mechanism of MH.

Summary

In MH, skeletal muscle acutely and unexpectedly
increases its oxygen consumption and lactate pro-
duction, resulting in greater heat production, respira-
tory and metabolic acidosis, muscle rigidity, sym-
pathetic stimulation, and increased cellular permeabil-
ity. The best-accepted theory is that MH is due to an
inability to control calcium concentrations within the
muscle fiber, and may involve a generalized altera-
tion in cellular or subcellular membrane permeability.
Episodes are predictably initiated in susceptible
people and swine by potent volatile anethetic agents
or succinylcholine. In addition, in swine, MH is con-
sistently triggered by excitement, apprehension, exer-
cise, or environmental stress such as heat or hypoxia.
Several genetic factors probably control the human
and porcine inheritance of MH. Sympathetic involve-
ment in MH, while controversial, is probably a re-
sponse to stress that affects blood flow, heat loss, and
myocardial function, rather than a direct sympathetic
activation of susceptible muscle. Diagnosis is based
upon extraordinary temperature and acid-base and
muscle aberrations. Specific treatment is the action of
dantrolene upon muscle calcium movements; symp-
tomatic treatment is by reversal of acid-base and
temperature changes. Evaluation of affected families
is guided by measurements of circulating creatine
phosphokinase and by analysis of drug-induced con-
tractures in muscle biopsy specimens. Anesthesia
for susceptible patients includes thiopental, opiates,
droperidol, pancuronium, nitrous oxide, and pre-
operative oral doses of dantrolene.
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