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MALIGNANT HYPEBTHEBMIA I,z or malignant hyperpyrexia, is a rare but often fatal 
complication of general anaesthesia, characterized by tachycardia, a dramatic rise 
of body temperature and often muscle stiffness or rigidity. Halothane has initiated 
this syndrome more often than other agents. Most of the available pedigrees sug- 
gest an autosomal dominant inheritance of the predisposition, a few solely on the 
basis of hyperthermic episodes during surgery and family history, 3,4 the majority 
additionally or solely on the basis of elevations in the plasma levels of ereatine- 
kinase (CK) or other evidence of myopathy, r~q4 In view of the non-spec- 
ificity of CK elevations, it may not be surprising that there are sporadic 
cases 4,a~ and that some pedigrees do not fit the concept of autosomal domin- 
ance. 1~ It has been suspected that there are several basic defects which may lead 
to a similar clinical picture, ~176 

In an effort to obtain a clue to the pathogenesis of malignant hyperthermia, it 
was decided in 1970 to try a pharmacological assay of isolated skeletal muscle 
besides numerous other investigations. After testing various drugs and drug com- 
binations which do, or might, affect skeletal muscle, it was found that the contrae- 
ture produced by caffeine could serve to distinguish between muscle from normal 
subjects and those susceptible to malignant hyperthermia. ~~ Following the report 
of this observation, other investigators published different pharmacological tests 
of muscle for the same purposes. 21-20 We have continued to use the caffeine test 
in an essentially unchanged manner from its first inception. Our experiences of 
over six years of using the test are reported because they throw a new light upon 
the in-born errors which may lead to malignant hyperthermia; in particular, they 
show conclusively that the prevailing concepts of a simple Mendelian dominance 
of the predisposition for malignant hyperthermia are inadequate.* 

MATERIALS AND METHODS 

(a)  Subjects 
The caffeine test was performed with human striated muscle Obtained from 74 
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*Recommendations are being worked out to suit various investigators known to be currently 
enKaged in muscle tests for malignant hvperthennia. Future standardized tests will presumably 
differ from that described here by using increasing concentrations of caffeine consecutively 
without resting pause between applications and by avoiding exposure of specimens to ice-cold 
Ringer's solution. 
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persons, representing several categories of subjects. The first consisted of ten 
patients (six males and four females, age averaging 30.4 and ranging from 5 to 47 
years) who had fully recovered from an attack of malignant hyperthermia (MH) 
and who were reported to have had at least some muscle rigidity during the 
hyperthermic episode ("MHr patients"). There were four patients (three males 
aged 25, 40 and 53, and one female aged 60 years) after recovery from MH for 
whom no rigidity was reported ("MHn patients"). There were 23 relatives of 
MHr patients (17 males and 6 females, age averaging 30.5 and ranging from 16 
to 53 years), and two relatives of MHn patients (two males, aged 15 and 49.). Most 
of these MH-related subjects travelled from other parts of North America to 
Toronto, specifically to be admitted to the Toronto General Hospital for various 
investigations including the taking of the muscle biopsy specimen. Another group 
consisted of 21 patients with manifest or suspected muscle disease other than MI-I 
of whom a muscle biopsy was required for diagnostic purposes (15 males and 6 
females, age averaging 44.4 and ranging from 19 to 79 years); the term "Other 
Myopathies" will be used to refer to this group. Sonic data obtained with members 
of this group will be the subject of a separate publication but, as will be shown 
below, they could be considered a control population for the purposes of the 
present study. Finally, there were 14 surgical patients (two males, ten females and 
two of unrecorded sex; average age 53.7 years, ranging from 19 to 83 years), who 
were undergoing amputating operations of various kinds as, for instance, limb 
removal after trauma or radical mastectomy for mammary carcinoma. This group, 
or muscle specimens from this group, will be referred to as "amputations." 

(b) Specimens 
Muscle specimens from MH patients and their relatives were predominantly 

from the quadriceps muscle. The other myopathies supplied as a rule either 
quadriceps or deltoid or tibialis anterior muscle, while the various surgical cases 
and amputations supplied most often pectoralis or intercostal muscle. 

Initially, chance delivery of muscle specimens with obliquely cut fibres 
caused several test failures; thereafter, the surgeons paid careful attention to the 
direction of the fibres when collecting the specimens. After freeing the muscle 
surface from fascia and fat, suture silks were tied around the ends of the bundle 
to be removed; after cutting across near one tie, its thread was used as a handle to 
slightly tense the specimen during removal. We learned through the failures that 
cautery at or near the specimen had to be avoided; if possible, bleeding was 
stopped after and not during removal of the specimen. 

In the operating room, the excised specimens were either put into ice-cold 
Ringer's solution or into a dry test tube and transported into the laboratory. The 
time elapsed between excision and further processing in the laboratory was about 
ten minutes. The specimen was trimmed and divided into two pieces to permit 
measurements in duplicate. The size of each muscle strip was approximately 
3 • 5 • 20 mm, each weighing roughly 0.3 g, with a range from 0.2 to 0.4 g. In 
trimming human muscle for the test, it was found necessary to make specifically 
sure that the direction of the long cut ran parallel to the fibres. 
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TABLE I 

COMPOSITION OF RINGER'S SOLUTION 

Ingredients g/1 mM 

NaCI 6.90 118.1 
KCI 0,25 3.4 
CaCI2.6H20 O. 5,5 2 .5  
NaHCO3 2.10 25.0 
KH2P04 0.16 1.2 
MgSO4.7H zO 0.20 0.8 
Glucose 2.00 11.1 

pH of medium adjusted to 7,4 
at  22 ~ C 

Gas: 95% 02 -t- 5% CO2 

( c ) Materials and their arrangements 
For the pharmacological testing, each muscle strip was immersed in 30 ml of a 

Ringer's solution adapted for human tissue; its composition is shown in Table I. 
The specimen was secured by a silk suture thread to an electrode housing and 
submerged with the housing into the tissue bath. The upper end of the muscle was 
connected by suture silk to a Grass force displacement transducer, (ST-10 dC). 
Oxygen containing 5 per cent carbon dioxide was bubbled through the solution. 
The pH was 7.4. All routine tests were done at room temperature, i.e. at 22 ~ C as 
established by central air conditioning. For occasional tests at higher temperatures, 
the test chamber and all inflowing solutions were warmed with the help of a 
waterbath. 

Caffeine in the form of a powder was obtained from Eastman Kodak Co. 
Amounts of 621,310 or 155 mg were weighed and dissolved with the aid of stirring 
in 100 ml of Ringer's solution immediately prior to use. The concentrations thus 
obtained were 32, 16 or 8 mM, respectively; 3"2 mM was the maximum concentra- 
tion that could be prepared. Lower concentrations were obtained by diluting a 
stock solution with Ringer's solution rather than by weighing caffeine powder. 

In the earlier experiments, i.e. in about one third of the total, d-tubocurarine 
chloride (Tubarin, Burroughs Wellcome Ltd.) was added to the bath to yield a 
final concentration of 0.13 raM. If succinylcholine chloride (Sigma Chemical 
Comp.) was used, solutions were freshly prepared; its final concentration was 
0.1 raM. 

The system was exposed to halothane (Fluothane, Ayerst) in fixed concentration 
by adding 1 per cent to the bubbling gas with tile help of a vaporizer (Fluotec 
Mark III Cyprane Comp., or Halothane-Verdunster, Dr~igerwerke). 

Isometric tension was recorded with the help of a Grass polygraph. 

( d ) Procedure 
It took various lengths of time for the muscle to stabilize after mounting but 

usually less than 30 minutes. Adaptation of the muscle to the bath could be assessed 
by observing the stability of resting tension. 

The initial tension was set to be 0.5 g in the first one or two years of this study 
while the majority of tests were done with a baseline setting of 1.0 g tension. The 
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muscle was stimulated every five seconds through platinum electrodes connected 
to a square wave generator which was usually set to deliver 2 volt impulses of 20 
milliseconds duration; if necessary, the voltage was increased or decreased to 
produce twitches of sub-maximal height. 

Whenever d-tubocurarine was used, it was added to the bath for a duration of 
ten minutes before any other experimentation; it never reduced the twitch height 
substantially, indicating that the specimens consisted of muscle without, or with 
only sparse fragments, of nerves and end-plates. Removal of d-tubocurarine by 
thorough washing preceded any other testing. It did not seem to be worth while 
t o  d o  t h e  c u r a r e  t e s t s  o n  a r e g u l a r  b a s i s .  

The specimens were exposed to various concentrations of caffeine which was 
left in the muscle bath for five minutes and then removed by washing. Initially, 
the enhancement by caffeine of the rate of rise of the twitch tension, as well as 
twitch height, were recordedj but later these parameters were disregarded because 
they were not readily related to caffeine concentration. The exclusively measured 
parameter remained the contracture produced by caffeine within four minutes. 
After removal of caffeine, the muscle returned within a few minutes to its state 
before exposure to the drug. 

The first caffeine concentration tested was usually 2.0 raM. Thereafter, double 
concentrations were chosen for the subsequent measurements, the aim being to 
find those that would produce contracture tensions above and below 1 g. At least 
three but usually four or five concentrations were tested for each muscle at roughly 
10-minute intervals. This schedule was used to avoid distortion of the concentra- 
tion-effect curves by tachyphylaxis. 

Following completion of these measurements, halothane exposure was begnn, 
and continued for one or two hours; that is, often to the end of experimentation. 
Since the halothane effect is not easily reversible, and since many human muscles 
do not respond to 1 per cent halothane alone, we decided to confine attention to 
the readily measurable potentiating effect of halothane upon the caffeine-produced 
contracture; that is, the muscle was exposed to rising caffeine concentrations, in 
the same manner as in the absence of halothane, starting with 0.5 mM about 30 
minutes after the beginning of the continuous flow of halothane, and following 
with 1, 2 and 4 mM. 

After termination of the caffeine test, the flow of halothane was often turned off 
and, about ten minutes later, succinylcholine was added to the bath for one or two 
minutes. Alternatively, succinylcholine was added after removal of caffeine while 
halothane was still flowing. 

( e) Evaluation 
Contracture of each muscle strip after caffeine was measured on the recording 

paper in terms of distance above the line which represented resting tension. With 
the help of calibration curves, these distances could be expressed as grams of 
tension increase (4 g) in response to a given concentration of caffeine. Except for 
purposes of error evaluation, the tensions developed by the two strips fi'om the 
same muscle were averaged for each caffeine concentr~ion. The concentration- 
effect curve was drawn by eye through these average points, using a logarithmic 
scale for the caffeine concentration. (For illustration of such curves see ref. 19, 
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27--30.) By graphical interpolation, the caffeine concentration which caused an 
increase of 1 gram tension was determined. 

The choice of A1 g tension implies a small workload for the mounted muscle 
strips which are able to develop tensions around 12 g*. On the other hand, some 
of the caffeine-resistant muscles never actually de~eloped much more than 1 gram 
tension increase in the test system, so that this choice permitted their inclusion in 
this collection of data. It was specifically established that the magnitude of this 
end-point was not altered by changing the baseline tension from 0.5 to 1.0 gram. 
Therefore, the expression of our results in terms of a percentage change would be 
biologically inappropriate. 

Analysis of variance of the differences of response between the two muscle 
strips permitted the conclusion that the 95 per cent fidueial limits approached 
---20 per cent of that caffeine concentration which is recorded as increasing the 
tension by 1 gram in muscle from a given patient. It should be noted that this 
represents an assessment of the procedural error and not of potential additional 
sampling errors. It is conceivable that, in subjects with muscle disease, not all 
muscles may be equally affected, so that collection of a healthy or diseased muscle 
specimen from a given subject could be a matter of chance. The only way to 
assess this potential sampling error would be by taking specimens from two or 
more different muscles of the same subject; this was not done. 

RESULTS 

( a ) T h e  c o n t r o l  d a t a  
The total set of measurements is shown in Figure 1. The data pertaining to 

malignant hyperthermia with rigidity tend to cluster in the lower left quadrant 
of the scatter graph, confirming the previously reported observation iv that muscle 
fi'om patients with malignant hyperthermia is characterized by high sensitivity to 
caffeine, both in the presence and in the absence of halothane. 

However, the data show a number of additional features which deserve attention. 
If one were to draw a line parallel to the X axis, cutting the Y axis at a point 
corresponding to 1.3 mM caffeine, one would emphasize a natural discontinuity in 
the data which divides them into two groups. This is preferred over other possible 
divisions because it is obviously related to the ascertainment of specimens; that is, 
the upper cluster contains all the Other Myopathies and all except one of the 
amputation specimens. By contrast, none of the patients with malignant hyper- 
thermia associated with rigidity are in that group. 

It appears that there is no other straight horizontal or vertical line which would 
equally satisfy a simultaneous demand for a pharmacologically and clinically 
sensible division of the data. When attempting to unravel the complexities of these 
data, the first emphasis should therefore be placed on the response to caffeine in 

*As a rule, file maximal tension was not measurable, since caffeine is not sufficiently soluble, 
and extrapolation to the maximum was not warranted since most data yielded only what seemed 
to be the foot of a sigmoid curve. The few completed sigmoid curves relating tension to the 
logarithm of caffeine concentration in the presence of 1 per cent halothane indicated a steeper 
slope than would be expected by a Michaelis (law of mass action) curve. 
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FIcuaE 1. Caffeine response of isolated human muscle i ,  the presence and absence of halo- 
thane. The co-ordinates indicate the caffeine concentration necessary to cause a tension increase 
of 1 grmn in a given muscle specimen, on the X axis in the absence, on the Y axis in the presence 
of / per cent halothane in the gas phase. The different symbols indicate the categories of sub- 
jects as defined in the Methods section. MHr and MHn indicate subjects who had had an episode 
of malignant hyperthermia with or without rigidity, respectively. Rel refers to relatives of MH 
subjects, Amput. refers to muscle specimens obtained after surgery, and Myopathy indicates 
lUuscle specimens collected for neurological investigations other than MH. 

the presence of halothane. Using this criterion, the responses of 45 muscle speci- 
mens which are above the imaginary dividing line are separately shown in a probit  
plot in which the concentration scale is logarithmic (Figure  2, left hand curve).  
The linearity of the data suggests that there is a single population with random 
distribution of the pharmacological response to caffeine. This group is therefore 
designated as control group. The mean value is 2.3 ~ 0.1 mM caffeine, while 
two standard deviations correspond to the range 1.26--4.17 mM (antilog of 

= 0.36 --- (2 x 0.13)).  In other words, 2.3 mM caffeine are required on the 
average to increase muscle tension by 1 gram if 1 per cent halothane is present in 
the gas phase. 

The right hand curve of Figure 3 shows the response of this same control group 
to caffeine in the absence of halothane. The geometric mean is 11.7 --- 0.6 mM of 
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Control Group 

Caffeine + Halothane/ 

./t 
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0.5 1 2 4 8 16 32 

Caffeine (mM) 
FIOURE 2, Probit plots of the control group. The left-hand curve summarizes the data defined 

as control data; that is, specimens which require more than 1.3 mM caffeine in the presence of 
halothane for the standard response. Linearity indicates fit to a Gauss distribution curve. Only 
the two extreme points are perhaps deviating from that distribution. The right-hand curve 
shows the response of the same muscle specmens to caffeine without halothane. The bulk of the 
data between probits 4 and 6 fits well to the straight line indicating a uniform population. The 
slopes of the two curves are significantly (p < 0.05) different which suggests that the scatter 
of data has biological rather than experimental causes. 

caffeine, while two standard deviations represent the range from 5.13-26.9 (antilog 
of ~ = 1.07 • (2 • 0.18) ). The data are compatible with the assumption that the 
control group represents a normal distribution of values, also in the absence of 
halothane. However,  the F ratio of the two variances is 1.83, which means that the 
difference in the scatter of data after caffeine alone, as compared to that after 
caffeine plus halothane, is statistically significant at the 5 per cent level. This sug- 
gests that much of the scatter of data has biological rather than experimenta| 
causes, certainly after caffeine alone, but by implication also after caffeine plus 
halothane. In both cases, the scatter is substantially larger than could be accounted 
for by experimental error (see "Evaluation" above).  

We  therefore at tempted to identify any biological factors which would account 
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SUBJECTS WITH HIGH SUSCEPTIBILITY TO HALOTHANE POTENTIATION 
Caffeine response in the Absence of Halothane 

I MHn Patients 
I I I I ~ I ~ 

--~oo.~ I MHr Patients 
I I I f~ f>.':'~ ~:t:'..-=~i:.~i~i~ ~ ~ ~il ~ i , 

> 

-I' N ~_~ Relatives of MHr 

N 
5 1 Amputations 

I I I I I I ~ I I 

0.25 0.5 1 2 4 8 16 32 

Caffeine (mM) 
FIcunr: 3. Caffeine respot~.*e ii~ the deviants from controls. For definition of ascertainment 

groups see Methods section or legend of Figure 1. 

for the individual differences of caffeine response. Correlation coefficients were 
calculated for age and caffeine response. For caffeine alone, the coefficient was 
r = -0.29, for caffeine plus halothane r = +0.9.9. Both values were statistically not 
significant so that a major effect of a subject's age upon the caffeine test is unlikely. 
There was no discernible effect of sex on the responsiveness. The means for males 
and females were similar and not statistically distinguishable. 

There was no systematic difference of the caffeine response between various 
types of human muscle, in contrast to the experiences with rodents and other 
vertebrates? z This lack of difference probably reflects the fact that most human 
muscles consist of fairly similar mixtures of fast and slow flbres3 ~ 

Within the framework of our methods, the weight of the muscle specimens had 
no significant effect on the results. Although an effort was made to cut the two 
pieces from the same specimen in identical dimensions, they were never truly alike. 
As stated above, the average weight of the test strip of muscle was about 300 mg. 
The differences in weight within paired sections of muscle ranged from 9 to 130 
mg. I t  turned out that there was an equal chance for the heavier and the lighter 
strip from a given person to react the most to caffeine. This randomness was 
present in the whole set of data as well as in a sub-set with the largest intra-pair 
differences of weight. 

The caffeine response of individuals was not dependent in any obvious manner 
on surface phenomena. Although caffeine tended to enhance the twitch height of 
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directly stimulated muscle, the magnitude of the caffeine-induced contracture was 
independent not only of this enhancement, but altogether was unrelated to the 
presence or absence of the twitch. If the muscle was electrically stimulated every 
five seconds but the twitch response was abolished by an excessive concentration 
of potassium in the bath, the caffeine contracture remained unchanged. Further- 
more, among the Other Myopathies were several muscle specimens which over- 
responded to succinylcholine, suggesting the presence of an acetylcholine-receptor 
spread (to be published); this did not seem to affect the caffeine-contracture since 
the average and the individual responses to caffeine in this subgroup of subjects 
were the same as in the whole control group. 

In summary, we have defined the characteristic responses of a control population 
to standardized caffeine tests. Within this population, the test responses are 
normally distributed in the statistical sense so that the population can be regarded 
as uniform, for the purposes of the test although it is uniform neither in terms of 
age, sex and state of health, nor by method of ascertainment. It is important that 
the definition of a control response permits the recognition of deviant responses. 

It deserves to be emphasized that this control population contains nine relatives 
of affected subjects. 

(b) The Deviant Data 
Figure 3 shows the response to caffeine ill the absence of halothane of 

those specimens which were deviant from the control group in that their muscle 
specimens reacted in the presence of halothane with standardized contraction to 
less than 1.3 mM of caffeine. The data reveal several features. There is a gap 
between those patients classified as having and not having rigidity. While the 
occurrence of rigidity is enhanced by the use of atropine and succinylcholine, "~176 
and while rigidity is thus no reliable criterion for a classification of patients with 
this syndrome, there nevertheless appear to be families and subjects which are not 
prone to rigidity. The two MHn patients are taken to represent such a special 
group. This group is classified as sub-normally reactive to caffeine in the presence 
of halothane and resistant to caffeine alone. In these two subjects the ratios of the 
caffeine concentrations without halothane to those with halothane were 17 and 27. 
In the control group, this ratio averaged about five. 

The most important feature is that the relatives of MHr patients cover a very 
much broader range than do the patients themselves. This is remarkable, par- 
ticularly since the relatives with values in the control range are not represented in 
Figure 3. As one might expect, some of the relatives of MHr patients are indis- 
tingnishable from the patients in their caffeine response. This would suggest that 
the caffeine test has pinpointed these as having the defect which predisposes to 
malignant hyperthermia. However, over half the relatives shown in this figure 
(that is, 10 out of 16) require at least 8 mM caffeine for the standard response, 
while only one of ten MHr paitents requires such a high caffeine concentration 
(chi square = 4.8 with p < 0.05). 

While one may debate whether or not the dividing line should be exactly at 
8 mM caffeine and whether or not a chi square test is justified under these cir- 
cumstances, the observation remains that the largest group of relatives of MHr 



KALOW~ e$ al.: CAFFEINE TEST IN MALICNANT HYPERTHERMIA 

T A B L E  II 

GENETICS OF MALIGNANT HYPERTHERM1A 
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Caffeine test  
M H  in 

+ Haloth.  -- Haloth.  offspring 

1 Fa the r  0 .35  1 .6  
2 died 2 Mother  0 . 8  9 .4  

3 Fa ther  0 ,6  4:.0 
4 Mother  1 .0  16.5 died 

5 Fa ther  1 .7  12.0 
6 Mother  1 .2  16.0 survived 

7 Fa ther  1 .2  12.0 
8 Mother  0 .5  11.0 
9 Son 1.1 6 .6  survived 

10 Fa ther ' s  brother 1.5 8 .9  
11 Mother  0 .3  3 .3  
12 Son 0 .3  9 .5  survived 

13 Fa ther  1.0 4 .0  
14 Mother  0 .6  16.0 died 

Controls: 
mean 2 ,3  11,7 
-4-2 SD 1 . 3 - 4 . 2  5 . 1 - 2 6 . 8  

patients by this test system is different from both the control group and the 
affected subjects. 

Thus, considering nothing but the test data per se, one can distinguish at least 
two kinds of MH patients and at least three kinds of MHr relatives. The words "at 
least" are used mainly because there are MHr relatives whose muscle showed 
extreme sensitivity to caffeine, and because of the lmge spread of the ratios of 
caffeine requirement in the presence of halothane to that in the absence of halo- 
thane which characterizes all MH patients and relatives (Figure 1). Further 
interpretation of these test results requires that the data be put into the context of 
family groups ( Table II ). 

The subjects 1 to 12 in Table II are part of MHr patients and relatives described 
in this paper; the parents numbers 13 and 14 were tested very recently and their 
data are listed only in this Table but were not utilized elsewhere in this paper. 
The ascertainment of all of the parents was through a child who had suffered an 
MHr attack. The family groups are all unrelated. Of the six family groups listed, 
four show an abnormality by the adopted criteria in both parents. In the group 
numbers 10 to 12, the father could not be tested. The father number 5 is indis- 
tinguishable from controls. 

( c ) Succinylcholine 
In spite of the clinical observation that the depolarizing muscle relaxant 

succinylcholine may initiate an attack of MH, ss or initiate rigidity during an 
episode of MH, "~~ and in spite of the report by Moulds and Denborough -~ that 
MH muscle responds to succinylcholine in vitro with contraction, the great majority 
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of specimens showed no response to succinylcholine in our test system. Succinyl- 
choline contraction was produced in only one of six MHr patients tested, in one 
of four MHn patients and in four of 19 MHr relatives. There was no evidence of 
familial occurrence of this response. The frequency of this response among the 
group of Other Myopathies will be the subject of a special report: we found 
succinylcholine to produce contraction particularly in myotonia and, unexpectedly, 
in polymyositis and apparently related auto-immune diseases. When specifically 
tested, the occurrence of succinylcholine contraction proved to be an all-or-none 
response; that is, an unresponsive muscle remained unresponsive regardless of 
succinylcholine concentration. 

DISCUSSION 

When malignant hyperthermia was first studied by pharmacological tests in 
human muscle, the procedure was a novelty? "~ The initial observation was an 
abnormal sensitivity to caffeine of isolated muscle from MH patients, whether or 
not halothane was present. The presence of halothane potentiated the caffeine 
effect and seemed slightly to improve the distinction between affected and non- 
affected subjects. However, the intensity of the halothane potentiation (i.e. the 
ratio of caffeine concentrations required to produce a standard contraction in the 
absence and in the presence of halothane) was not significantly altered in affected 
muscle, a~ All these observations are confirmed in this paper. 

In this initial test series, halothane alone did not cause contraction of either 
MH or normal muscle, even though the concentration was raised up to 5 per cent 
in the gas phase. In retrospect it appears that there must be exceptional MH 
muscles which do not respond to halothane without caffeine, since Ellis, e t  al. 21 

later reported that halothane alone would selectively cause contraction of MH 
muscle, usually requiring 2 to 4 per cent halothane in the bubbling gas. Moulds 
and Denborough, 14 and Harriman et al., 34 and Bradley and Marchison 22 used the 
halothane-induced contraction for diagnostic purposes. 

The halothane test of Ellis, e t  al. ~1 is a qualitative or an all-or-none test; that is, 
the criterion is whether the muscle does or does not contract on exposure to 
halothane. The test is qualitative not only because of lack of response of normal 
muscle. Even if the muscle is susceptible, a halothane concentration of 1 per cent 
acts only exceptionally, or after a stretching manipulation, 24 while 5 per cent may 
produce irreversible damage. After exposure of the isolated muscle to halothane, 
removal of the halothane does not permit the muscle to go back to its original state 
of relaxation, or only after periods of time which are long in terms of the func- 
tional survival of isolated muscle. This does not encourage the construction of 
dose-effect curves with halothane. On the other hand, the essence of the caffeine 
test is the characterization of the muscle by measured values which are produced 
with the help of concentration-effect curves. The potential information content 
of pharmacological data based on measurements is generally greater than that of 
all-or-none data. 

Ellis, et al. ~1,~4 recommended the search for and collection of muscle specimens 
which contained nerve endplates. This recommendation is redundant in view of 
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the nature of the test drugs and in view of the lack of influence of curare on the 
test (see Methods section). 

There is no need to use the drugs with which the patient may get into trouble 
as the yardstick for assessing the muscle. Indeed, the caffeine concentrations used 
here are greater than would ever occur in the living subject. It is an important fact 
that the principal mode of action of caffeine in causing muscular contraction is 
reasonably well known. It consists of the intracellular release of calcium from the 
sarcoplasmic retieulum 85,86 and perhaps from the sarcolemma, aT The caffeine test 
gives some indication where the defect predisposing to MH must lie. The mode of 
action of halothane is probably similar to that of caffeine. TM However, since the 
halothane potentiation of the caffeine effect is as variable as our data indicate, the 
two drugs cannot have precisely the same action, at least not at the halothane 
concentrations used here. 

The family data which are available to date enforce a new look at the inheritance 
of the predisposition to MH, but they are not extensive enough to warrant firm 
decisions between alternative possibilities of genetic transfer. Since there seem 
to be at least four different phenotypes among the MHr-connected subjects listed 
in Table II (e.g. numbers 1, 2, 4 and 5), more than one mutant locus must be 
postulated. There is no suggestion of multigenic inheritance. Multigenic by genetic 
definition means an involvement of three or more pairs of genes and is characterized 
by a continuous (Gaussian) distribution of a trait in the population. Here, the 
Gaussian distribution pertains to the control population (Figalre 2) which differs 
distinctly from the affected remainder of the population. If one can thus exclude 
multifactorial inheritance as very unlikely, it is equally clear that there must be 
more than one genetic locus involved in the predisposition to MHr. This could be 
two pairs of genes, giving rise to nine genotypes. This assumption is favoured 
because of the partial independence of the caffeine and caffeine-halothane 
responses; thus, one seems to deal with two different though overlapping traits 
which could be readily accounted for by a two-gene hypothesis. 

However, the present data do not allow one to exclude the following alternative: 
Perhaps the simplest genetic hypothesis to explain all the data may be the 

assumption of three alleles, MH____~lr, MHr 2, and MH~ on the same locus. This would 
. 3 �9 . 

lead to the further assumpt,on that MHr represents functionally a gross abnormahty 
2 . . - 7 - - -  . , . 

and MHr a minor alteration. The minor alteration in double dose in the phenotype 
MHr 2-2 would constitute the recessive form of malignant hyperthermia, while a 
single close of the more severely altered gene in MHr 1-3 subjects would account 
for the dominant form. In short, alterations on the same gene locus could give the 
picture of sometimes dominant sometimes recessive inheritance. As a consequence 
of this concept one might have to assume that homozygotes MHr 3-3 are not 
viable. This would leave five viable genotypes. 

This concept could account for a grading of MH by the propensity to suffer an 
attack and might explain the clinical impression of differences in the severity of an 
attack. Persons who develop an MH attack only under conditions especially 
favourable for it may be heterozygous MHr 1-2 subiects. Increasing severity or 
likelihood of an attack would be represented by the series MHr 1-2, MHr 2-2, 
MHr 1-3 and MHr 2-3. The two children of subjects one and two in Table II may 
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have been of this latter genotype. They died quickly and with extreme rigidity so 
that their bodies were arched upwards and supported by head and heel. 

Since carriers of a recessive gene are always more frequent in a population than 
are the rarer of the two homozygotes, it may not be surprising that one person was 
found among the donors of the amputation specimens who was unconnected with 
malignant hyperthermia and yet reacted in the test system like an MHr 1-2 subject. 
If the observations of one affected among 35 unsuspected specimens is representa- 
tive, this MH carrier status would not be rare at all. 

We stressed the concept of a genetic difference between rigid and some non- 
rigid cases by referring to "MHr" and "MHn." Originally a:~ this concept was intro- 
duced merely as an arbitrary aid to the statistical exploration of data. It is now 
known from epidemiological data that the choice of drugs may determine whether 
MHr patients will develop rigidity during a hyperthermia attack, 2~ but MHn 
patients are thought never to develop rigidity. For instance, a previously published 
large pedigree contained exclusively MHn subjects/that is, none of the 21 clinically 
affected subjects had ever developed rigidity. Thus, MHn obviously runs in 
families which are different from MHr families. The observation of dominance of 
the genetic trait in this large published pedigree 4 preceded the distinction between 
different kinds of malignant hyperthermia and probably helped to foster the idea 
that every hereditary predisposition to MH should be dominant. 

Concerning current data, one may notice that in four of the six MHn related or 
affected subjects the values for caffeine alone were among the highest observed in 
the whole study. We are sure that muscle resistance to caffeine is a genuine 
occurrence. We reported previously 2s a family with high susceptibility of skeletal 
and cardiac muscle to damage by small amounts of ethanol. In the one subject that 
could be tested, 32 mM caffeine caused a tension increase of only 0.55 g so that a 
reliable extrapolation to one gram was impossible. In the presence of halothane, 
9 mM of caffeine were necessary to produce the standard effect. This case was 
exceptional and a connection with MHn was not established. Nevertheless, it 
seems best to adopt the working hypothesis that MHn is due to a defect at a 
different locus than MHr. 

The method described in this report permits hitherto unobtainable distinctions 
between apparently "healthy" skeletal muscles of different subjects. This is perhaps 
the most important result, since there are many functional variants of human muscle 
which are insufficiently understood and which are expressed as differences in 
athletic prowess, trainability, susceptibility to hernias, or muscle-induced skeletal 
deformities. The study of these and other deviations calls for new investigational 
approaches; pharmacological assays of various kinds may provide some answers. 

1. Pharmacological tests of isolated fibers of skeletal muscle proved to be a 
means of clarifying the occurrence of certain genetic defects. 

2. Muscle specimens from 74 subjects were investigated. Of these, 14 had 
recovered from an episode of malignant hyperthermia (MH), an often fatal com- 
plication of general anaesthesia which is known to occur on the basis of a genetic 
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predisposition. The others were 25 relatives of MH patients, and 35 subjects 
unrelated to malignant hyperthermia. 

3. The tests consisted in measuring the contracture tensions of isolated ~ibres 
of skeletal muscle when exposed to various concentrations of caffeine, once in the 
presence, once in the absence of the anaesthetic agent halothane. The method is 
described in detail. 

4. Muscle specimens which in the presence of halothane required more than 
1.3 millimolar concentration of caffeine to produce a tension increase of 1 gram 
were defined as controls. The 45 control data thus defined were normally dis- 
tributed. Age, sex, type of muscle, and size of the specimen did not account for 
individual difference within this control population. The control group did not 
contain any MH patient who had developed rigidity during the attack. On the 
other hand, it did contain all but one of the specimens from MH-unrelated subjects. 

5. The acceptance of the control data as a standard left a deviant group of 29 
subjects. This group could be subdivided according to the eaffeine-contracture in 
the absence of halothane. 

All those MH patients who had displayed some rigidity during their attack were 
in this deviant group; they were characterized by high sensitivity to caffeine. The 
deviant group included two subjects who had suffered an MH episode without 
rigidity; they differed from all others by a high resistance to caffeine contracture 
and thereby seemed to represent a separate category of MH which could not be 
further analyzed during the studies reported here. 

The deviant group contained 10 relatives of MH patients who differed in their 
caffeine response from the patients themselves. Hence there are at least three kinds 
of relatives of MH patients: those that are indistinguishable from patients, those 
that fall into the control group, and an intermediate group. One of the MH-unre- 
lated subjects reacted like an intermediate, suggesting that this represents a defect 
which is not rare in the general population. 

6. When these data were seen in the context of family groups, there was evidence 
of a recessively inherited predisposition to malignant hyperthermia. However, 
part of the data were also compatible with the repeatedly published evidence of 
dominant inheritance of this predisposition. Since multigenic inheritance appears 
to be excluded, the simplest genetic models which can reasonably account for the 
observations are either a two-gene case or the assumption of one gene locus with 
three alleles. Improvement of the test methods or an increase of the data base 
should allow a choice between genetic theories. 

R~su~k 

1. I1 existe maintenant des tests pharmacologiques sur des fibres musculaires 
squelettiques permettant de mettre en 6vidence certaines anomalies g6n6tiques. 

2. Essentiellement, il s'agit de mesurer ]es tensions de contraction des fibres 
musculaires isol6es lorsque celles-ci sont mises en pr6sence de solution de caf6ine ~t 
des concentrations diverses avec ou sans halotane. 

3. Dans ce travail, des sp6cimens musculaires provenant de 74 malades ont 6t6 
6tudi6s. Parmi ces malades, 14 6talent des survivants d'un 6pisode d'hyperthermie 
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maligne ( HM ). Vingt-cinq autres 6chantillons provenaient de parents de malades 
avee une histoire d'hyperthermie maligne. Les 35 autres provenaient de patients 
sans ant6c6dents personnels ou familiaux d'hyperthermie maligne. 

4. Des sp6cimens musculaires qui n6cessitaient en pr6sence d'halotane plus de 
1.3 millimoles de caf6ine pour produire une 616vation de tension de 1 g ont 6t~ 
consid4r6s comme sp6cimens t6moins. Quarante-cinq des sp6cimens correspon- 
daient A cette d6finition. L'~ge, le sexe et le type de muscle pr61ev6 n'6taient sans 
aucune relation avec le r4sultat obtenu. 

Aucun des sp6cimens venant de malades '~ ant6c6dents personnels d'hyperther- 
mie maligne avec rigidit6 musculaire ne s'est class6 dans ce groupe; d'autre part, 
34 des 35 sujets sans aucun ant6e6dents ou parent6 snspecte se sont class6s dans ce 
groupe. 

5. Si ron accepte ce groupe t6moin comme normal, nos r6sultats nous permettent 
d'identifier un groupe de 29 sujets d6viants que l'on pent subdiviser en sous-groupes 
scion la r6action A la caf6ine en l'absence d'halotane: 
- Un premier sous-groupe caract6ris6 par sa grande sensibilit6 ~t la caf6ine, groupe 

o6 ron retrouve tousles malades avec ant6c6dents d'hyperthernaie maligne ac- 
compagn6e de rigidit6. 

- Un deuxi6me sous-groupe caract6ris6 par une grande r6sistance ~t la caf6ine, 
groupe qui inclut deux sujets avee ant6c6dents d'hyperthermie maligne mais 
dont l'attaque ne s'6tait pas aceompagn6e de rigidit& Ce sous-groupe nous 
semble repr6senter une cat6gorie particuli6re qu'il fur impossible d'6tudier plus 
avant dans ce travail. 

- D a n s  le groupe d6viant, on retrouve plusieurs sujets apparent6s '~ des malades 
ant6c6dents positifs. Or, 10 de ces sujets pr6sentent une r6ponse fi la caf6ine 
diff6rente de celle de leurs parents malades. Ainsi, il semble y avoir trois types 
de parents de malades positifs: les uns r6pondant exactement comme les malades, 
d'autres eomme des gens normaux et un groupe interm6diaire. 

Un des sujets sans ant6c6dents ni parent6 a pr4sent6 la r6action interm6diaire 
ce qui sugg6re la pr6sence dans la population d'un d6faut g6n6tique qui ne 
serait pas tr6s rare. 
6. Lorsque l'on eonfronte ees r6sultats aux groupes familiaux, on pergoit la pr6- 

sence d'une pr6disposition h6r6ditaire de earaet6re r6eessif dans rhyperthermie 
maligne. Cependant, une partie des r6sultats obtenus est 6galement compatible 
avee les nombreux rapports soulignant la transmission h earaet6re dominant de 
cette pathologic. 
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