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Background: Several cardiovascular disturbances, such as
tachycardia and hypotension, are observed during human and
porcine malignant hyperthermic (MH) crises. However, the
pathophysiologic mechanisms responsible for the deteriora-
tion of cardiovascular function during MH are not completely
known. The purpose of this study was to elucidate the changes
in left ventricular (LV) function and metabolism and the sys-
temic and regional hemodynamics during anesthetic-induced
MH in swine.

Methods: The study was carried out in 12 open-chest MH-
susceptible pigs and in 8 healthy control (non-MH-susceptible)
pigs under the same conditions. The cardiovascular and met-
abolic responses to halothane (1% inspired) and succinylcho-
line (3 mg-kg ' intravenously 15 min after the start of halo-
thane administration) were studied. Global hemodynamic and
LV variables (expressed as means * SEM) were determined
over a period of 90 min after the beginning of halothane ex-
posure. Simultaneous investigations were performed on hind-
leg and cardiac muscle to compare the regional functional
and metabolic changes in these tissues.

Results: MH was triggered in all MH-susceptible pigs. Early
(10-30 min) cardiovascular changes during the development
of MH consisted of a rapid increase in heart rate (from 86 +
410 204 + 8 beats - min '), cardiac index (+84%), and peak rate
of change in LV pressure (+ 150%); stroke volume index (—24%)
and mean aortic pressure (—13%) decreased progressively even
in the early stage of MH. These alterations were accompanied
by an early and persistent reduction in systemic vascular re-
sistance (maximally —57%) with an increase in aortic pressure
amplitude. Early changes in coronary and peripheral hemo-
dynamics during the development of MH consisted of a three-
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fold increase in coronary blood flow in conjunction with a
marked decrease (—77%) in coronary vascular resistance. The
early circulatory changes were associated with a fourfold in-
crease in myocardial and a 2.5-fold increase in peripheral O,
consumption. The ratio of the LV stroke work index (LVWI)
to myocardial O, consumption (M\"oz) was significantly de-
creased, by a factor of 5. Increased catecholamine concentra-
tions and myocardial lactate and H' production could be dem-
onstrated throughout the MH crisis. In the late stage of MH
(>30 min), pronounced hypotension and a subsequent de-
crease in cardiac index were noted. These changes were as-
sociated with a significant reduction in LV end-diastolic pres-
sure, from 9 + 1 to 6 = 1 mmHg (P < 0.05), and in the rate of
change in LV pressure, by a maximum of —25%. Coronary vas-
cular resistance remained reduced while coronary blood flow
decreased. Peripheral (hind-leg) blood flow initially increased
by 48% while peripheral vascular resistance decreased by 42%,
followed by a fivefold increase in peripheral vascular resis-
tance with a marked decrease in peripheral blood flow (—88%)
in the late phase of MH.

Conclusions: The current findings indicate that metabolic
status during MH is characterized by a demand ischemia of
the heart and of the skeletal muscle. Insufficient coronary
blood flow and increased metabolism as a result of tachycardia
and increased concentrations of catecholamines are the dom-
inant factors contributing to the dramatic alteration in cardiac
performance during porcine MH. Acidosis, hypovolemia, and
hyperkalemia, especially in the late phase of MH, are additional
essential factors responsible for the progressive cardiovas-
cular deterioration and cardiac death. (Key words: Anesthet-
ics, volatile: halothane. Heart, left ventricle: function; metab-
olism. Hemodynamics: coronary; peripheral; systemic. Hy-
perthermia: malignant.)

MALIGNANT hyperthermia (MH), a latent disorder af-
fecting humans and swine, is caused by a genetic defect
involving myoplasmic Ca?t homeostasis and is mani-
fested as a hypermetabolic derangement.' ™ Among
predisposed individuals, the life-threatening MH syn-
drome may be triggered by a variety of factors, partic-
ularly general anesthesia with depolarizing muscle re-
laxants and volatile anesthetics.

Cardiovascular function is severely altered during
human and porcine MH, as indicated by the early ap-
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pearance of tachycardia and arrhythmias and later by
hypotension, decreased cardiac output, and eventually
cardiac arrest.” Although cardiovascular disturbances
predominate in the MH crisis and death results from
cardiac arrest, only a few experimental studies to date
have systematically analyzed the hemodynamic changes
during MH.*~'? Right-side heart bypass studies by Gro-
nert et al.’ have demonstrated that porcine MH is as-
sociated with a fivefold increase in MV()_, in conjunction
with an eightfold decrease in myocardial efficiency.
However, little is known about left ventricular (LV)
function and metabolism or about systemic and coro-
nary vascular alterations during MH. Furthermore, there
are no data regarding cardiovascular function during
the final stage of MH. It has been suggested that hy-
potension, decreased cardiac output and, finally cardiac
death during MH are the result of acute heart failure
or rigor of the heart muscle.''

The current study was designed to assess cardiovas-
cular performance during the various stages of porcine
MH. In addition, we investigated the changes in coro-
nary hemodynamics and LV metabolism during porcine
MH. Simultaneous investigations were performed on
the hind leg and skeletal muscle, respectively, to com-
pare the functional and metabolic changes in these tis-
sues. The cardiovascular responses to halothane and
succinylcholine were also studied in healthy control
pigs under the same conditions.

Materials and Methods

Twelve MH-susceptible (MHS) swine from a colony
of Pietrain pigs (weight 37 = 4 kg, age 3—-7 months)
whose lines have been maintained for the past 10 yr
and 8 control, non-MHS (nMHS) German Landrace
swine (weight 38 * 3 kg, age 3—7 months) were stud-
ied. Susceptibility to MH was tested by challenge with
halothane 4-6 weeks before the investigation, as pre-
viously described."” The procedures used in the study
were approved by the institutional animal care and use
committee and performed in accordance with the legal
regulations for use of laboratory animals.

Instrumentation

Each animal was fasted overnight with free access to
water. Anesthesia was induced with intraperitoneal in-
jections of azaperone (Stresnil) 30-50 mg and meto-
midate hydrochloride (Hypnodil) 10 mg-kg™'. All pigs
were placed in the supine position, and body temper-
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ature was monitored by a rectal probe and later by an
additional probe placed in the ascending aorta. Tep,.
perature was maintained at 37-38°C by means of ,
warming pad beneath the pig and an infrared heating
lamp. After intravenous administration of methohexitg]
100-150 mg, laryngeal administration of lidocaine 4%
and manual hyperventilation with 100% O, (3-5 min);
the trachea was intubated. Mechanical ventilation (air-
O, mixture 4 1 - min ' and fraction of inspired 0,0.3-
0.35; Romulus 800, Driger, Lubeck, Germany) was set
to maintain an end-expiratory CO, tension (Normocap,
Datex, Finland) between 33 and 35 mmHg. Positive
end-expiratory pressure (2 ¢cmH,O) was applied to
prevent major collapse in the open-chest animals.
Throughout the study anesthesia was maintained with
intravenous fentanyl 20 ug-kg '+-h™' and intravenous
metomidate hydrochloride  (Hypnodil) 0.3-0.5
mg-kg '-h™'. Both fentanyl and metomidate were
continued during administration of halothane in both
groups of experiments. During surgical preparation,
vecuronium (0.1 mg-kg ' intravenously) and addi-
tional fentanyl were given as indicated by increases in
heart rate and blood pressure. Ringer’s solution was
given at a rate of 5 ml-kg ' -h™'. Glucose 5% was sub-
stituted when plasma glucose concentrations were less
than 4.2 mm and titrated to achieve a plasma concen-
tration between 4.5 and 5.5 mm.

After median sternotomy, the pericardium was care-
fully incised about the proximal part of the left anterior
descending coronary artery (LAD), and the LAD was
freed without cutting for a distance of 1 cm. Simulta-
neously, a preparation of the right hind-limb artery
(distal part of the femoral artery) was performed. For
regional blood flow analysis, precalibrated electro-
magnetic flow probes (Stolzer MeBtechnik, Germany)
of appropriate sizes to ensure a snug fit were placed
around the right hind-limb artery and the LAD distal to
its first large diagonal branch. The calibrated flow
probes were connected to flow meters with incorpo-
rated nonocclusive zero (Hellige, Freiberg, Germany).

Cardiovascular catheterization was performed by us-
ing fluoroscopic monitoring or pressure signals. For
pressure recordings, catheter-tip manometers with an
incorporated fluid-filled lumen (6-French, Honeywell,
Germany) were inserted through the left carotid and
the left femoral artery and advanced into the left ven-
tricle (LV) and the ascending aorta just above the aortic
valve, respectively. The catheter-tip manometers Were
prewarmed in a water bath at 37°C for several hours
and were simultaneously calibrated immediately before
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CARDIOVASCULAR AND METABOLIC ALTERATIONS IN MH

insertion and after extraction. Baseline stability of the
high-fidelity signals was checked repeatedly du;ing the
experiment by superimposing the manometer-derived
pressures on those derived from the fluid-filled lumina
incorporated in the catheter-tip manometers using
transducers (Statham P23, Gould, Oxnard, CA).

The ascending aorta, the pulmonary artery, and the
coronary sinus were catheterized via the left brachial
artery, the right jugular vein, and a branch of the right
jugular vein, respectively, using catheters with a fluid
(0.9% NaCl)—filled lumen (5-to 7-French, United States
Catheter Instruments, Billerica, MA) for blood sam-
pling. The tip of the coronary sinus catheter was ad-
vanced into the vena cordis magna in a range of 25—
40 mm from the ostium of the coronary sinus. The
localization of the catheter tip was controlled by pal-
pation, inspection, fluoroscopy, and blood gas analysis.
Further fluid-filled catheters (6- to 7-French, USCI)
were inserted through another right jugular branch vein
into the right atrium to inject ice-cold Ringer’s solution
for cardiac index (CI) determinations by the thermo-
dilution technique (Cardiac Output Computer, Hoyer,
Germany) and through the left femoral vein into the
left hind limb vein to obtain peripheral venous blood
samples. A thermistor probe (Hoyer) was placed into
the ascending aorta via a branch of the left femoral
artery to measure the blood temperature and CI. All
fluid-filled catheters were automatically flushed with
0.9% NaCl plus heparin (CFS2-3, Abbott, Germany).

Measurements

All signals were displayed on a monitor (Hellige) and
continuously recorded on a multichannel paper re-
corder (Graphtec, Japan). The peak positive and peak
negative rates of change in LV pressure (LV +dp/dtand
LV —dp/dt, respectively) were derived from LV high-
fidelity signals with amplifiers connected to a differ-
entiator (Hellige). For direct calibration of the LV dp/
dt signals, a triangular wave signal of known slope was
substituted for the pressure signal. For an accurate as-
sessment of LV end-diastolic pressure, the gain of the
of the LV pressure signal was magnified during part of
the recording. End diastole was defined as the beginning
of the sharp upslope in the expanded LV pressure trac-
ings, and end systole by the dicrotic notch in the aortic
pressure signal as derived from the catheter-tip ma-
nometers. The flows were registered as mean flow. The
flow curves were displayed on the monitor to guarantee
adequate signal quality. Heart rate, LV systolic pressure
and mean aortic pulse pressure wWerc obtained on-line
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by electronic calculation and the average pressure dur-
ing diastole was determined later from the recordings
as an average of the preceding 10 s. Cardiac output
and blood temperature were recorded by an analyzer
(Buxco cardiovascular Analyser, Hugo Sachs Elektronik,
Germany) combined with a computer (International
Business Machines, Germany) and printer in triplicate
at each interval (injectate: 8.5 ml ice-cold 0.9% NaCl).

The systemic vascular resistance index was calculated
as the ratio of mean aortic pressure and CI. LV minute
index and LVWI were computed (in joules) as the
product of the mean aortic pressure and CI and stroke
volume index (SVI), respectively, multiplied by 133.
Using high speed recordings, a further pressure derived
contractility index was obtained: as an approximate
value for the contractile element velocity, LV +dp/dt
was divided by the product of the instantaneous pres-
sure and the constant K (= 32) to approximate the
peak contractile element velocity at zero load." In-
stantaneous pressure was computed as the pressure dif-
ference between LV end-diastolic pressure and the LV
pressure at the time of its greatest rate of change (LV
+dp/dt). The LV tension time (TT), ejection time, and
filling time plus relaxation time were determined by
intermittent high speed (200 mm s 1) recordings from
the multichannel recorder, using standard criteria.'”

Blood samples were collected simultaneously from the
aorta and pulmonary artery at defined intervals for anal-
ysis of hemoglobin concentration, hemoglobin O, sat-
uration (2500 CO-oximeter, Corning, Germany), and
blood gases (178/pH/Blood Gas Analyser, Corning). The
O, content was calculated as the sum of the O, bound
to hemoglobin (the product of hemoglobin concentra-
tion, O, saturation, and binding capacity [1.39 mlO;-g
hemoglobin™']) and the dissolved O, (the product of
O, tension and 0.003). Arterial — venous O, content
difference (avDy,) was calculated by taking the differ-
ence between arterial and mixed venous blood O, con-
tent. Total O, consumption was calculated by multiply-
ing avD,, with CIL Additional arterial blood samples
were drawn simultaneously to measure the plasma K",
lactate, and epinephrine and norepinephrine concen-
trations (high-pressure liquid chromatography; ESA
Coulochem 5100A, Bedford, MA).

Coronary (LAD) and peripheral (hind-leg) vascular
resistances were calculated as the ratios of mean dia-
stolic aortic pressure to mean coronary flow and mean
aortic pressure to mean peripheral flow, respectively.
Simultaneously with the collection of blood samples
from the aorta and pulmonary artery, additional blood
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samples were withdrawn from the coronary and pe-
ripheral vein at defined intervals for analysis of he-
moglobin concentration, hemoglobin O, saturation
(2500 CO-oximeter, Corning), blood gases (178/pH/
Blood Gas Analyser, Corning), lactate, and K'. Blood
was slowly withdrawn from the coronary sinus catheter
to prevent contamination of the vena cordis magna
sample with blood from the right atrium. Samples were
quickly chilled, precipitated with 8% perchloric acid,
and centrifuged at 3°C. After centrifugation, the su-
pernatant was removed, frozen, and later analyzed with
an enzymatic—spectrophotometric technique.
Regional avD,, values were calculated as the differ-
ences between arterial and coronary or peripheral ve-
nous blood O, content. Regional myocardial and pe-
ripheral O, supplies were calculated as the products
of arterial O, content and coronary and peripheral
blood flow, respectively. Regional myocardial and pe-
ripheral O, extraction rates (percentages) were cal-
culated as the regional avD,, values (coronary and pe-
ripheral, respectively) divided by the arterial O,
content. Regional myocardial and peripheral O, con-
sumption were calculated from the product of the cor-
responding avD,, and the coronary blood flow (CBF)
and peripheral blood flow, respectively. Regional
myocardial and peripheral uptakes of lactate and H*
were calculated as the products of the corresponding
arterial — venous concentration differences and the re-
gional myocardial and peripheral flows, respectively.

Experimental Protocol

After instrumentation, stable hemodynamic condi-
tions were established over 60-90 min. Any adjust-
ments in ventilation, acid-base status, and fluid ad-
ministration were made no later than 30 min before
the start of the experiment. After control data (0 min)
were obtained, halothane (1% inspired, end-tidal con-
centration 0.7%) was administered, followed 15 min
later by intravenous succinylcholine 3 mg-kg™'. The
apparatus used to maintain temperature was switched
off for the MHS animals. Ventilation was not changed
during MH. Blood sampling and triplicate CI measure-
ments were repeated every 10 min. The infusion of
Ringer’s solution was increased to 10 ml-kg™'-h™".
Blood loss resulting from sampling was replaced by

hydroxyethyl starch 6%. MHS animals were studied un-
til death.

Statistical Analysis

The values presented are means + SEM. The data were
analyzed with repeated measurement analysis of vari-
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ance, followed by paired and unpaired Student’s t test
with Bonferroni’s corrections. A P value of <0.05 was
considered statistically significant.

Results

MH occurred in all animals of the MHS group, as in-
dicated by marked increases in blood temperature, ar-
terial CO, tension, total O, consumption, and plasma
catecholamine concentrations and by marked decreases
in arterial pH, O, tension, and hemoglobin O, satura-
tion (table 1). Total O, consumption increased to ap-
proximately 350% of its baseline value during an MH
crisis. Table 2 gives the corresponding data for the
nMHS animals.

Systemic Hemodynamics and Left Ventricular

Function

Heart rate in the MHS group (table 3) increased from
86 £ 4 to a maximum of 204 * 8 beats- min™' (30
min) and then decreased continuously to 135 + 9
beats - min~' (90 min). Spontaneous supraventricular,
or a rapid ventricular arrhythmia such as ventricular
extrasystoles, or ventricular tachycardia occurred in-
termittently in all MHS animals during each phase of
MH. During the final phase of MH, the electrocardio-
gram of all animals was characterized by wide QRS
complexes and elevated T waves (fig. 1) at a time when
serum K" values were typically increased by more than
twofold. Cardiac death occurred by weak or asystolic
heart action. All MHS animals died within 92-106 min
of the start of halothane exposure. At this time, the
body temperature was 40.9 + 0.2°C. In the nMHS
group, halothane and succinylcholine administration
led to a small but significant (P < 0.05) increase in
heart rate (table 4) but did not induce any dysrhythmias
throughout the 90-min measurement.

Systolic aortic pressure in the MHS group was char-
acterized by a triphasic course (table 3): a moderate
decrease by approximately 14% (10 min after halo-
thane administration), a second increase nearly to the
initial level (30 min), and a marked decrease by ap-
proximately 40% (90 min). Diastolic aortic pressure
decreased continuously to an extremely low value of
27 £ 1 mmHg (—61%) at the final stage (90 min),
which was significantly less than diastolic aortic pres-
sure in the nMHS group (—30%) (table 3). Based on
the different courses of systolic and diastolic aortiC
pressures during the early MH crisis, the aortic pressurc

i MES Swine (o = 12) before and during

lothane Exposure (1% Inspired)

and P1

Halothane Exposure in Addition to Succinylcholine (3 mg-kg * iv) 15 min after Starting Ha

Table 1. Temperature, Arterial Blood Gases, Metabolic Parameters, Plasmma K',

2
=
S

=

90 min

80 min

=2
=3
>
w
(@]
=

\;
o)

60 min 70 min

50 min

30 min 40 min

20 min

10 min

0 min

-
oo
o

AND MET

493 + 4.2°
10.2 + 0.3*
74 £05°
P N e L

106 + 3.4°
88.7 + 1.3*

409 + 0.2°
6.77 + 0.04%

41.0 = 0.2°
6.77 = 0.03"
103 + 3.7
88.0 + 1.4°
53.7 + 47"
107 + 0.4*
8.2 + 0.5°

=

84.8 + 1.4°

58.8 + 3.3

Yy geregiyrea
8.5+ 06

6.74 + 0.03°
97.0 + 4.2°

40.8 + 0.2*
:dpy

40.6 + 0.2
6.72 + 0.03*
926 + 3.3°
83.3 + 1.4°
72,0 + 39
T8 gEe!
8.8+ 0.5°

-l
+

6.70 + 0.02"
s’aqgs‘.%u}/moou
9.3 + 0.6°

40.2 + 0.2*
83.2 + 3.9*

79.3 + 1.6

d-slome/ RO
d-orone/ A0S

o s
i
9.5 + 0.6*

6.71 + 0.02*

39.6 + 0.2
78.6 + 2.9°
73.5+ 1.9°

ggqgf}/wszegg?g/

6.81 + 0.03*

38.9 + 0.2*
69.9 + 2.1

9.6 + 0.5*

72.0 + 1.9°*
13.7 +

7.09 + 0.04*

38.1 + 0.2*
79.0 + 4.0

84.6 + 3.3%
135+ 0.4°
85+ 0.6*

130 + 4.9
04

97.6 + 0.3
#be/uibiv1oP Lo 1sent/ R $heePo80-000,09% Rzb

123+ 04

7.39 + 0.01*
8.3 %

37.6 + 0.1

7.45 + 0.01

144 + 2.5
97.7 + 0.2
37.1 + 0.5

37.6 + 0.1
122+ 04
3+

Te (°C)
Po, (mmHg)

PH
avDg, (ml- 100 mI™")

Pco, (MmHg)
Hgpb (g/dl)

z
(=]
—

—
=
—
O
o
i



/

.L*

(0 ®wn) 8insodxa aueyjojey 210jaq eiep dulldseq snsseA G500 > d .
‘aunydauide = 3 ‘sunydsuidesou = 3N ‘uondwnsuod uabAxo [ej0} No> ‘9oualayip

JUBIUOD 2O SNOUBAOLISUE = ?0gAE ‘UONBJIUBOUOD uiqojBoway = by ‘einssaid spixolp UOqIed jeiued = 094 ‘uoneinjes uabAxo = “°g ainssaid uabAxo |ensed 04 ‘aunesadwa) poolq = 8]

00FS00 J00FP00  200FSO0 200F900 200DFL00  £00FL00  SOOFE00  c00FI00 €00 7800 00 FO0LO (,1w-6u) 3
OLOF1E0  DLOF0e0  S00FIE0  JO0FO0S0  YLOFEVO  SKOF O 600FIEOD  OLOFEVD PLOFOY0 L0 F6ED (,-Iw-Bu) 3N
ginbes, = Bl ©eppoey 0LDFEEY. Jel0Ewyv  ELOF Ry OLOTEEE ROTEES ELOFLLY  vLOFELY (W) >4
20702 .20F0¢ 20F 1T 10F07¢ 2Z0F6L RAERN 20FET £€0¥6T €075 €07 L2 (Ww) 21e3087]
£07F0¢€ E0F LE £0F 1€ £0FEE L£0FVE £€0FEE E0FVE L£0F L€ ¥0FSE pOFOY (B -, _uilu - ) O
£07F6¢€ y0F 0¥ yOF Oy yOFTY E0F VY yOFEY vYOFEY yOF LY SOFEY vOF LY (,_1w 001 - ) “qAe
W0 FE0 .£0F €0} L£0T90L .£0F80L .£0FOLL  LEO0FEL E0F Lk E0F 8L TR A soFeet (1p/6) aBH

LOFELE 80 ¥ €48 60F L€ LOFTLE 90 ¥ 99¢ 60 F99€ 90 * ¥'9€ 80 ¥ v'9E 90+FGSSE  E0F09E (Bww) *°0g
20FGL6 £0FEL6 €0 F¥L6 Z0FELB £€0F96 €056 20F5L6 E0¥F L6 Z0FSL6  TOF6L6 (o) ©3
LS T 6E} .6°€ T 8€1 Y F8EL LLETSEL 6 F Svl L'S ¥ Svl 0'S ¥ 05} LS ¥ 051 9 ¥ LS1 b’y + 051 (BHwuw) °d
200F2yL O0FL¥L 200Fgvs 200FEVL 200FErL  200FEyL  LO0FVYL  Z00TVYL 200 FSYL MO0 FSKL Hd
10 ¥ §'L€ 20FGLE 20F9LE 20F9.8 LOF9LE AVER WA 20¥9L€ LOFSLE 20+F9LE AV WA o Bl
uw 06 ui 08 uw 02 uiw 09 uiu 0§ uiw oy uw 0g uiu 0g Ui o} u 0

(pandsuy %1) dansodxy sueyIo[eH Sunaeis 391ye urw ¢ (A1, 3y -Sw ¢) SUTOYD[AUIONG 01 UONIPPY UL 2ansodxy sueyl0[eH
Surnp pue 310J3q (8 = U) SUIMG SHWU Ul SSUTWE[OYDIINE) EWSEId puE ¢, BWSE]d ‘SINAWEILJ J[OGEIIN ‘SISEH POO[Y [ELIIV Qamesadwa], "7 1qeL

(0 awn) ainsodxa aueylOjey 81043q Iep dUIjBsE] SNS/eA S0°0 = d »

‘aunydeuids = 3 ‘auuydsuidaiou = 3N ‘uondwnsuod uabAxo [ejo} ~o> ERIETENTo)
JUBIUOD 20 SNOUBAOLIBHE = “°QAB ‘UOIBIIUSOUOD uiqojbowsy = gbH ‘einssaid SpIxoIp uoq.Ied jerued = “©94 tuoneinyes uabAxo = ‘g ‘einssaid uabAxo ented 04 ‘aamesadwa) pooiq = 91

£6°L FG.'8 29918 6L 656 .0LL ¥ 188 B7 L+ L0k «L0C + GGl .G8¢ +0¢€El »LEEHEO Y 22 0+20t S00+2L0 (,-lw-Bu) 3
'€F29l 9L F20¢ £9+06¢ 2§ Fvac 9V +09¢ GG F6€EE <V FLee GS'€ + 959 600 + 850 800 + €¥0 (,-lw-Bu) 3N
0¥'0+ .26 «¢G'0 +99'8 LEOFELS £€0F LY. 820 F €89 610+ V59 .G2'0 +68'S +00 0+ 9L’S cLo+evy 8L0+ LY (Ww) ¥
60F€CH 0L F€€L OFF 272 L0+C€Cl 80FVEL 80+8¢l .80+ 90! OFEFL9 €0+€¢ ¢0+6| (Ww) ayeyoen
£0FL.L¢€ S0+FLS 90+99 L0F9L 60+88 SJEF L STyl SL+ 8¢t J0+0S yo+€ev (,_Bx -, Ui - jw) A
SO0FVL G0+28 90+F68 .G50+88 90+€6 .90+FG6 S0+F96 .90+68 ¥0+¢€S ¥0+€S (1w 001 - |w) “°gne
«£0F 20t RAVEA L yo+€LL y0+6LE 0+ 8¢t J0FECL J0+ L€ J0FG€EL yo+egct y'0+2ch (1p/6) abH
£V FE6Y LYV F LES £€+889 .6€F02L £G+3G€E8 .8C + 866 .87 + 086 96 +8€L SEFLW G0+ L'LE (BHww) “©°4
£+ /.88 b +088 JLF81V8 JLFEE8 9L F E6L 6L FG€EL 6+ F07¢L L£E€F9V8 €0+ 9.6 20+ L6 (%) “°3
b€ F 901 L€ FE0L «c 7+ 0,6 £€+97¢26 6€+F €8 6¢C+98.L 2 +669 .0t +06. 67+ 0€L GC+ vyl (BHww) “°d
F00F £LL9 €00+ 2.9 «£00+¥L9 .£00+2L9 .20°0+ 049 200 F LL'9 .£00 + 189 w00 +60L 100 +6E°L 100 +Sv'L Hd
.0 +60¥ LZ0F0Y .0+ 80Y 20+ 90V .20+FcCoy .20+ 96€E .20 +68¢ .20+ 18¢ L0+ 94€ L0+ 9LE (0.) °L
uiw 06 ulw 08 uiw 02 uiw 09 uiw 0§ uiw Oy uiw 0g uiw 0g uiw QL uiw Q

CARDIOVASCULAR AND METABOLIC ALTERATIONS IN MH

dent’s Hey

(paxidsu] %1) 2ansodxy Sueylo[eH SUNJEIS 121 e U G| (ar, 8Y-3w ¢) UIOYI[AUIIING 0} BONIPPY Ul sansodxy dueylo[eH
Surnp pue 310J3q (71 = ) SUIMG SHI UI SOUTWE[OYIINE) LWSE[J PUT ¢ 3] ewseld ‘S1210wWwered JOqeIdN ‘sasen poo[g [EII21IV Qamesadwa] T 2IqEL

r— . - : — P — — — v T T~ S N — et T P RS B, =t SR s )
= = 8 g B = g & == s s s =2 8 =232 3 5= 32 =2 = e — | = 2 =
5 nm,ummmmm 2 mH\ilwwdemehwmmmcMwmm T2 238 SR R

=4 f 5 a0 @ < S = I T Vo, (R = S L r,V:.O =0 2w L = Aa ey
5 o - 1 ~ = = L S @ = ] S - (=] S Q
o Seov 3 o0 X S %.mz,.tmrD.OMmO%l.meirn wlrp&vaﬂBi
V; OﬂnGO%nm ) amlmewhﬂw.lmr_thtnwr R e S B~ =]

L. D T el i v ¥ A b=l fle U = R~
st - et el e = g P e O g e e N . g - B s L8 EH O TR

prestt

ort1C

Anesthesiology, V 83, No 1, Tul- 1995




146

ROEWER ET AL.

o
T T =3
< O - mMr O s}
E HoHH HHHH +
o = ©
- Rlgcrones 8
- i (=4 0
v
£
=] .
= 92 .
(9] c - & [}
— o= - un N o w <
;‘ E| #H+HHHHH +
o - <
= 3| IRAIGLHS 3
8 - o <
=
w
g .
g A I R
9 £ @© NMmANO© ©
= E| H #H 4 HHHH H
e o NDO®® N
= K|l hom<smuo~ O
'2 - = <
=]
~
v
= <
= ¥ ! = o
8 c o ™ N oW <
& El M+ +HHHHH +H
S ® © < © o
% © © MWL F WD <
= - = <
v
=]
«
2 %
=] p=g .
= . . > &
c
= E|l dbamNoco 0
o} E HoHHHHHH +
= ™o 0w N M 0
on 0 © & n o )
) - o <
~—
w
E]
-]
o .
©
= S e Bk
« = @ o N N O~ <
7 Ellda Hasnanyn
] S| 99 s @
=] SO <TO!L O - @
‘; & - o ®
-]
~
N
)
o 050
ﬁ.&.‘ E o wo®dw s 2 <
ve- = HoHHHHHH +
O <~ @ <+ © o Mmoo ©
c = OrbONONY ©
- - ISR o ™
B X
(7, ]
~
22}
:U
o] ~
= 2 o SLem s
=8 c - < (= )
= 8 E|l] HHHHHHH H
" o <+ - 0 o ® -
] NrONOOST O
3;;.‘ - - S+~ ®
v
S &
-
- ®
«©
>E <
2 . Si.t ey
3“ "= T OMTOWw <
e} EllHi 43 Hama @
= S| ® o o N~
c N o © o v
s & = o ©
=
.!ta
s
< P o
S W = ©
> 9 c| *Tommmo Iro)
ke € HoH H H O H 44 +
(=3 ] o © < < W0 0 [}
g o © = ®DHD® B
O = i S ®
T E
—
"
<
A=)y o
QA = T -
S = e iy
- =
R P o c
- E5D02T- DL E
B 'IIIE'CD‘CI'E
v £ SEEEE=EELp
-, v\-/vv_'v._v
L 5 &.uszég—‘?—
] oo S EC 5 S
E £ occooc>=> >
= I<<<<m®OC®m» o

Anesthesiology, V 83, No 1, Jul 1995

810 + 66 1,080 + 111* 1,078 + 151* 656 + 69 453 + 32° 406 + 38° 332 + 29* 266 + 20° 178 +12*

745 + 34

kg—1)
LVWI (mJ -kg™)

Vee (s7)

20+0.2°
1,676 + 163*

23+0.2°
2,189 + 247

2:5:+:0.2"
2,716 + 351

2:5 =015
3,638 + 517*

33+0.3"
6,247 + 854"

5.3 07"
9,236 + 1,124*

0:5*

6.5 +
6,195 + 936"

6.8 +0.5°
2,508 + 602

9.0+ 0.6
2,562 + 161

1,315 + 178*

86 +9
189 + 20

86
203 + 24

75 £ 9° 81 84 +8*
216 + 21
1.35

+10*

245 + 30"
0.79 + 0.08*

74 £ 5* 74 7 75
214 + 24*

109+7

113+ 9

TT (ms)
TT.

208 + 20
1.26 + 0.14

223 + 26°

251 + 26"
0.71 + 0.06*

225 + 24*

165 + 19

1.62 +0.20

0.17

=

1.02 £ 0.10*

0.88 + 0.09*

0.89 + 0.13"

1.13 + 0.07*

1.75 + 0.08

FT + RT/ET

mean diastolic aortic pressure; SVI = stroke volume index; Cl = cardiac

left ventricular stroke work index; Vce

diastolic aortic pressure; AoP,,, = mean aortic pressure; AoP 4

HR = heart rate; AoP, = systolic aortic pressure; AoPq4
index; SVRI = systemic vascular resistance index; LVMI

peak contractile element velocity; TT = left ventricular

left ventricular minute index; LVWI

tension time; TT, = TT divided by cycle length; FT + RT/ET = ratio of left ventricular filling time plus relaxation time to ejection time.

* P < 0.05 versus baseline data before halothane exposure (time 0).

amplitude at 30 min was nearly twice the amplitude
in nMHS. Within this time, mean aortic pressure (table
3) decreased slightly, from 84 + 51073 £ 5 mmHg
(not significant), and then decreased progressively to
43 + 3 mmHg (90 min). The systemic vascular resis.
tance index decreased in the initial 20 min of halothane
administration by approximately 56% and then in.
creased slightly after 40 min halothane exposure (table
3). In nMHS animals, halothane caused a reduction in
the systemic vascular resistance index of approximately
20% (table 4).

Simultaneously with the increase in heart rate, a sig-
nificant increase in CI occurred within 10 min of halo-
thane administration in the MHS animals (table 3). CI
reached its maximum at 30 min (184% from baseline
value). The CI increase resulted from an increase in
heart rate, because SVI decreased (—23% at 30 min)
(table 3). A progressive decrease in SVI (maximum
—61%) and heart rate were the cause of the CI decrease
in the later MH phase (maximum —38%). In nMHS
swine, halothane administration led to a reduction in
CI by maximally 12% and in SVI by maximally 25%
(table 4). In analogy to the alterations in SVI and af-
terload, LVWI was reduced in both groups (tables 3
and 4). The reduction was significantly higher in the
MHS group (—86% at 90 min) than in the nMHS group
(—44% at 90 min). The alterations in LV minute index
(tables 3 and 4) corresponded to the changes of CI.

LV end-systolic pressure showed a course equivalent
to the aortic pressures in both groups (fig. 2A). LV end-
diastolic pressure decreased significantly, from 9 * 1
to a minimum of 6 = 1 mmHg, (50 min) in the MHS
animals, whereas the LV end-diastolic pressure in nor-
mal pigs did not change significantly (fig. 2B). LV end-
systolic volume decreased in the initial phase of MH
(—30% at 30 min) and then showed a tendency to in-
crease in the later phase (fig. 2A). LV TT decreased
sharply during the MH crisis (table 3). This effect was
frequency dependent: TT as related to cycle length (TT
divided by cycle length in milliseconds) even increased
slightly in the early MH crisis. After frequency correc-
tion, no significant TT differences between the groups
could be observed. The ratio of filling time plus relax-
ation time (diastole) to ejection time initially decreased
from 1.7 + 0.1 t0 0.7 + 0.1 (30 min), primarily be-
cause of a significant reduction in filling time plus re-
laxation time (389 + 26 to 96 + 11 ms; data not
shown). The ratio then increased to 1.6 + 0.2 at 90
min, while the heart rate was still increased approxi-
mately 50% above the control level (table 3).
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IN MH

Fig. 1. Recording of surface electrocardiographic lead V¢ in a
malignant hyperthermia (MH)-susceptible (MHS) pig during
baseline recordings (t = 0) and after 10, 20, 40, and 90 min of
halothane exposure (1% inspired) in addition to succinylcho-
line (3 mg-kg ! intravenously 15 min after the start of halo-
thane exposure). This recording is not entirely representative
of the MHS group because arrhythmias occurred intermittently
during each phase of MH. However, wide QRS complexes and
elevated T waves occurred in the final phase of MH.

LV +dp/dt and the peak contractile element velocity
at zero load increased significantly in the early stage of
MH (30 min: 250% and 360% from baseline values,
respectively) and decreased progressively in the later
phase (90 min: 75% and 51% from bascline values,
respectively) (fig. 2C and table 3). In normal swine,
halothane depressed LV +dp/dt and the peak contrac-
tile element velocity at zero load maximally to 55%
and 31% of their baseline values, respectively (fig. 2C
and table 4). In the early phase of MH, the ratio of LV
+dp/dt to LV —dp/dt increased significantly from 0.79
+ 0.03 to a maximal value of 1.21 £ 0.05 (30 min),
whereas in nMHS swine, the ratio was significantly re-
duced from 0.83 £ 0.06t0 0.62 % 0.06 (30 min) (fig.
2D).

Anesthesiology, V 83, No 1, Jul 1995

Coronary and Peripberal Hemodynamics

In the MHS animals, halothane administration quickly
led to a small but significant increase (from 24 + 2 to
28 + 3 ml-min ') of CBF within the first 10 min. In
the early course of the clinically apparent MH crisis
(10-30 min) the CBF further increased to 69 * 8
ml-min~' (approximately 300% from baseline value
at 30 min). In the late phase of MH (>30 min), CBF
decreased but remained significantly increased above
the baseline (approximately 40%). The peripheral
(hind-leg) blood flow increased from 66 + 8 to 93 *
12 ml-min~' (148% from baseline value) in the early
stage of MH, but, in contrast to CBF, the peripheral
flow decreased rapidly and clearly below the baseline
value in the late MH phase (—88% at 90 min). In the
nMHS group, halothane caused a slight but significant
decrease in CBF from 29 + 3 to 26 = 12 ml-min™’
(—11%) and of the peripheral blood flow from 102 £
9to 74 + 7 ml-min~' (—27%) after 90 min. Figures
3A and 3B show the CBF and peripheral blood flow
changes as percentages after the administration of
halothane in both groups.

With the CBF increase, a marked reduction (—77%)
in coronary vascular resistance was noted in the early
phase of MH (from 3.9 * 0.4 to 0.9 £ 0.05
mmHg - ml ' - min). As the MH progressed, the coronary
vascular resistance remained at nearly this level, while
the CBF decreased as the result of the progressive de-
crease in the coronary perfusion pressure and mean
diastolic aortic pressure, respectively. The peripheral
vascular resistance showed a biphasic course that was
nearly reciprocal to the peripheral blood flow. After a
short initial decrease from 1.2 £ 0.2 t0 0.7 = 0.1
mmHg - ml ' - min (—42%), the peripheral vascular re-
sistance again increased to 5.8 £ 1.1 mmHg-ml ' -min
(+483%). Among the nMHS pigs, halothane did not
cause a significant change in peripheral vascular resis-
tance whereas the coronary vascular resistance de-
creased by approximately 20%. Figures 3C and 3D show
the percent changes of coronary vascular resistance and
peripheral vascular resistance, respectively.

Left Ventricular and Hind-leg Metabolism

Table 5 gives the data on pH and O saturation in
coronary venous and peripheral blood for MH group.
[n contrast to the regional venous pH values, the re-
gional venous O, saturations did not decrease sig-
nificantly within the first 10 min in the MH pigs, but
were markedly decreased only after 20 min, and—
as the acidosis pmgrcsscd—uppc;lrcd to increase be-
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4

516/£0:5%
1.18 + 0.10*

0.85 + 0.05*
1,185 + 162"

90 min
95 + 4*
83

58
58 + 3*
79
624 + 45°
513 + 36"
111+ 11
175+ 18

49
left ventricular

0.06*

80 min
95+ 5
83 +
49 + 2*
58 + 2*
58 +
085 +
79+ 4
514 + 38"
55+ 0.5
1,145 + 1,485
114 + 11
179 £ 19
1.20 + 0.07*

628 + 43*
= stroke volume index; Cl = cardiac

70 min
93
84
51 +
59
60
0.86 + 0.05*
79+3
643 + 36°
536 + 34
5.8+ 0.5*
1,195 + 169*
117 £ 11
181 + 17
1.33 + 0.06*

60 min
95 + 5*
85 +
51 +
61 +2°
60 + 2*
0.84 + 0.06*
78 +4
529 + 38*
5.7+ 0.5¢
1:221 % 122*
115 + 12
180 + 19°
1.30 + 0.10°

655 + 34*
mean diastolic aortic pressure; SVI

left ventricular stroke work index; Vce = peak contractile element velocity; TT

8+ 5
84

50 min
0.80 + 0.06*
77 +
680 + 35
527 + 36"
5.5+ 0:5"
1,306 + 195*
119+ 9
192 + 16*
1.26 + 0.09°

0.6*

40 min
i
62 + 3°
0.80 + 0.05*
76 +
57%
1,349 + 195°

98
1.35 + 0.06*

699 + 31
546 + 44°
117 +9

191 + 20°

mean aortic pressure; AoP 4

0.7*

30 min
96
77 + 4°

6.1
1,555 + 255*

0.83 + 0.07*
714 + 43
118 + 12
1.44 + 0.09*

566 + 48*
190 + 23°

20 min
94
0.85 + 0.08*
1T+ 5"
749 + 58
589 + 49*
6.5+ 0.8"
1,503 + 250*
118 + 12
182 + 14*
1.44 + 0.09°
left ventricular minute index; LVWI

tension time; TT, = TT devided by cycle length; FT + RT/ET = ratio of left ventricular filling time plus relaxation time to ejection time.

* P < 0.05 versus baseline data before halothane exposure (time 0).

diastolic aortic pressure; AoP,,

0.8*

10 min
85 +

101 + 3*
62

0.98 + 0.07
82 + 4*

8.1
2,221 + 256°

671 + 52*
117 £ 14
164 + 20
1.50 + 0.15*

768 + 60

0 min
82+3
113+ 4
70+ 5
1.06 + 0.05
86 + 4
826 + 77
796 + 61
98+07
3,729 + 533
111+ 14
152 + 21
1.77 + 0.09

L-min~'-kg™)
LVMI (mJ-min~"-kg™")

LVWI (mJ -kg™")

Vee (s7)

c

Table 4. Global Hemodynamic and LV Variables in nMHS Swine (n = 8) before and during Halothane Exposure in Addition to Succinylcholine (3

mg-kg ! iv) 15 min after Starting Halothane Exposure (1% Inspired)

HR = heart rate; AoP, = systolic aortic pressure; AoPg4
index; SVRI = systemic vascular resistance index; LVMI

HR (beats - min~")
AoP, (mmHg)
AoP4 (mmHg)
AoP,, (mmHg)
AOP g (MMHQ)
SVI(ml-kg™)

Cl (ml-min~"-kg™")
SVRI (mmHg/

FT + RT/ET

TT (ms)

10F
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cause of a possible shift of the oxygen—hemoglobip
dissociation curve.'” In the nMHS animals, these
variables remained unchanged except for a slight byt
significant pH decrease 70 min after halothane ex.
posure (data not shown). Regional release of H' gc.
curred simultaneously from both tissues (fig. 4). I
the early phase of MH, myocardial H" release in.
creased by a factor of 29 (30 min) and peripheral
H' release by factor of 13.

Regional M\'/o2 of the LV increased initially from 1.8
+0.2t0 6.5+ 1.0 ml-min~’ (approximately 400%
from baseline value at 30 min) in the MHS pigs (fig.
5A). Then, parallel to CBF decrease, MV, progressively
decreased but remained significantly greater than the
baseline value. Regional peripheral O, consumption
of the hind leg increased from 3.9 + 0.3 t0 8.2+ 1.3
ml-min~' (approximately 250% from baseline value)
and then decreased to less than baseline (—74%) (fig.
5B). In nMHS swine, M\'/o2 was reduced by approxi-
mately 30% and peripheral O, consumption by 37%.
The increased O, demand of the myocardium during
MH led to a higher CBF, with an increased O, extraction
(maximally 10.6 £ 0.7 ml-100 ml™") (fig. 5C). A
comparatively large value (maximally 11.0 = 0.9
ml- 100 ml™") was present in the hind leg (fig. 5D).
In nMHS pigs, halothane led to a reduction in arterial-
coronary venous avD, and in arterial-peripheral ve-
nous avDo, by approximately 20% and 15%, respec-
tively.

Figure 6 allows a direct comparison between the
myocardial and peripheral O, extraction rates. Among
these variables, there were no significant differences
between the two tissues during MH. Before halothane
exposure, the myocardial O, extraction rate was sig-
nificantly higher than the peripheral. This finding was
expected, because the O, extraction from coronary
blood is normally higher than from peripheral blood
in the resting state. In analogy with the O, extraction
rates, the mean ratio of O, supply to O, consumption
decreased significantly from 2.0 to 1.4 in the LV and
from 2.4 to 1.4 in the hind leg during the early phase
of MH. In the advanced stage of MH, the ratio remained
decreased in favor of the O, consumption. In the hind
leg of normal pigs, the ratio remained unchanged in
the presence of halothane. However, a tendency toward
an increased ratio (from 1.9 to 2.1, not significant) was
noted in the LV of nMHS pigs.

In the nMHS group, a reduction in LV minute index
Wwas associated with a corresponding decrease in
MVo,, whereas in MH a proportional change between
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Fig. 2. (A) Left ventricular end-systolic
pressure (LVESP), (B) left ventricular end-
diastolic pressure (LVEDP), (C) peak pos-
itive rate of change in left ventricular
pressure (LV +dp/dt), and (D) ratio of LV
+dp/dt to peak negative rate of change in
left ventricular pressure (LV —dp/dt) in
malignant hyperthermia-suspectible
(MHS) swine (filled circles; n = 12) and
non-MHS (nMHS) swine (open circles; n =
8) during baseline recordings (t = 0) and
after 90 min of halothane exposure (1%
inspired) in addition to succinylcholine
(3 mg- kg ' intravenously 15 min after the
start of halothane exposure). *P < 0.05
versus baseline; triangles = P < 0.05 MHS
versus nMHS.

Fig. 3. (4) Coronary blood flow (CBF) [left
anterior descending coronary artery], (B)
peripheral blood flow (PBF) [femoral ar-
tery], (C) coronary vascular resistance
(CVR), and (D) peripheral vascular resis-
tance (PVR) in malignant hyperthermia-
susceptible (MHS) (filled circles; n = 12)
and non-MHS (nMHS) swine (open circles;
n = 8) during baseline recordings (t = 0)
and after 90 min of halothane exposure
(1% inspired) in addition to succinylcho-
line (3 mg - kg ' intravenously 15 min after
the start of halothane exposure). Data are
expressed as percentages of baseline val-
ues. Scales of the ordinates differ. *P < 0.05
versus baseline; triangles = P < 0.05 MHS
versus nMHS.
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in MHS Swine (n = 12) before and during Halothane Exposure in Addition

Table 5. Regional Venous Concentrations of Metabolic Parameters and K*

to Succinylcholine (3 mg-kg™

iv) 15 min after Starting Halothane Exposure (1% Inspired)

30 min 40 min 50 min 60 min 70 min 80 min 90 min

10 min 20 min

0 min

7.31 £ 0.01* 6.90 + 0.04* 6.68 + 0.02* 6.62 + 0.03* 6.60 + 0.04* 6.64 + 0.04* 6.65 + 0.04* 6.64 + 0.04* 6.64 + 0.05*

7.38 + 0.01
7.37 + 0.01

458 + 3.4

PH (c)

6.60 + 0.04*
248 +3.8"

6.60 + 0.04*
235+21"°

6.58 + 0.04*
256+ 2.5"

6.57 + 0.03*
248 +3.2*

6.57 £0.02*
19.8+2.7*

6.58 + 0.02*
19.4 + 3.4*
16.4 + 3.6*
141 +0.8*
14.6 + 0.8*
—1.3 £0.5*
-1.9+0.5"

6.65 + 0.03*
154 + 2.6*
10.6 + 1.6*
124 +0.9*

12.8 +1.2*

6.92 + 0.04*
219 + 3.3*

193+ 3.1*

7.32 £+ 0.01*
50.5 +3.0*

559+ 40

PH (p)

So, () (%)
So, (P) (%)

229 + 28"

21.8 £ 25"
14.8 +0.9*
151 +0.8*
-1.5+0.5*
-1.8 +0.4*

2B 2T

19.7 + 2.5*
14.4 + 0.9*
14.4 + 0.8*
-1.2+ 04"

172 2gs
14.8 + 0.8*
148 + 0.8*

1.4+

56.1 + 2.6

14.8 + 0.9*

146 + 0.9*
148 + 0.9*
-1.9+0.9"
-21+0.6*

23+0.3" 84+11

16+02

Lactate (c) (mm)

144 +1.1*

8.4 +1.2"
—1.7 £:0:4"
-1.6 + 04"

28+0.3"
0.0+0.2
—04£02

0.2

=t
03+0.2
-02+0.2

21

Lactate (p) (mm)
aCDactate (MM)
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=26 05"
—2.21+: 057

0.4*

~1.8 +0.5"
—2.24 0.6°

+0.3*
7.70 + 0.33*

1.4

<1:4::0.4*

apDigciate (MM)
K* (c) (mm)

9.24 + 0.43* 9.78 + 0.48*

8.53 + 0.40*

431 +0.07 5.28 £0.23* 6.05 + 0.18* 6.72 + 0.22* 7.04 + 0.29*

453 +0.17

424 + 0.16
429 +0.16
0.03 + 0.10
-0.02 = 0.10

9.84 + 0.39*
=0.51 + 0.30

—0.58 £ 0.13"

9.33 + 0.40*
—-0.56 + 0.23

—0.66 + 0.19*

8.63 + 0.35*
—0.40 + 0.16*
—0.50£:0:12?

7.90 + 0.29*
-0.23 + 0.11

717 £ 0.24*
—0.21 0.1

6.90 + 0.16*
-0.18 + 0.10
—0.36 + 0.08*

6.54 + 0.29*
—0.16 + 0.16
=0:65= 0.15"

5.59 + 0.32*
-0.12 + 0.19
—0.43 + 0.19*

K* (p) (mm)
acDy- (MM)

0.12 +0.08
-0.11 £ 0.17

-0.43 + 0.14*

—-0.4+0.11"

apDy+ (mm)

arterio-coronary venous concentration difference; apD = arterio-peripheral venous concentration

peripheral venous; (a = arterial; So* = oxygen saturation; acD

difference; K* = plasma potassium.

(9}

(c) = coronary venous;

* P < 0.05 versus baseline data before halothane exposure (time 0).

MV, and LVWI was no longer observed. Although Ly
initially increased by only approximately 45%, Mvﬂz
simultaneously increased by approximately 3009%. Also
in the late phase of MH, when LVWI was clearly re:
duced, M\'/(,, was still increased above baseline. The
mean ratio of LVWI to M\"(,l decreased significantly frop
0.45 t0 0.09 (by factor 5) during MH (fig. 7A). In nMHs
swine, the ratio did not change significantly in the
presence of halothane.

Before the start of halothane exposure, both groups
showed slight lactate uptake in the myocardium (fig.
7B) and slight lactate production in the hind leg (fig.
7C). The peripheral lactate production increased sig-
nificantly in the early phase of MH. Simultaneously,
shift in the myocardial lactate balance occurred. Myo-
cardial lactate production also was noted in the further
course of MH. The arterial and regional venous con-
centrations and arterial — venous concentration differ-
ences of lactate are listed in table 5. The table shows
that the regional venous lactate concentrations in-
creased significantly within the first 10 min after halo-
thane exposure, while hemoglobin oxygen saturation
and O, tension even increased. In the nMHS animals,
there was a moderate but significant (P < .05) decrease
in the lactate concentrations in the presence of halo-
thane (data not shown). However, the myocardial and
peripheral lactate balance did not change significantly
(figs. 7B and 7C). The time courses of the arterial —
venous concentration differences of K* indicate that
K" was released from the hind leg in the early MH
phase, whereas a myocardial release of K occurred
only in the terminal stage of MH (table 5).

Discussion

This study shows that porcine MH is associated with
substantial dynamic alterations in cardiovascular per-
formance. The changes show a biphasic course and dif
fer clearly from changes caused by halothane in normal
pigs. The early MH crisis is characterized—in con-
junction with high concentrations of catecholamines
and a 3.5-fold increase in total O, consumption—by
a hyperdynamic cardiovascular function with a marked
increase in heart rate, cardiac output, LV contractility,
and a threefold increase in CBF with a marked decrease
in the coronary vascular resistance. These changes ar¢
accompanied by a decrease in mean aortic pressure
with an early and substantial reduction in systemic vas:
cular resistance, whereas the amplitude of aortic pulse
pressure is enlarged. The coronary vascular resistance
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remained reduced in late MH and CBF decreased with
decreasing systemic blood pressure. Peripheral (hind-
leg) blood flow initially increased as peripheral vas-
cular resistance decreased, followed by an essential in-
crease in the peripheral vascular resistance with a
marked decrease in the peripheral blood flow in the
late phase of MH. The early circulatory changes were
associated with a fourfold increase in myocardial and
a 2.5-fold increase in peripheral O, consumption. The
mean ratio of the LVWI to MV, decreased by factor 5.
Myocardial lactate and H' production occurred
throughout the MH crisis. Increases in venous lactate
and H' concentration in coronary and in peripheral
venous blood occurred earlier than decreases in re-
gional venous O, saturation and tension. However, the
late phase of MH (>30 min) is distinguished by a hy-
podynamic cardiovascular situation with clearly re-
duced cardiac output and systemic arterial pressure.
Cardiac failure with increased LV filling pressure does
not occur during MH. Rather, hyperkalemia and hy-
poperfusion of the hyperdynamic ventricle result in
hyposystole and subsequent asystole.

Critigue of the Model

Extrapolation of these results to humans must be done
with care, because the pig is more closely inbred and
because genetic studies indicate differences between
MHS humans and MHS pigs with respect to the genetic
MH locus.'®"'” On the basis of several clinical reports,
there are also some phenotypic differences in human
MH.'~° However, both do have the common features
of hypermetabolism, and therefore the pig model of
MH can provide some insights into the hemodynamic
derangements.

Limitations of the experimental model in conjunction
with the use of an acute open-chest animal and baseline
anesthesia have been discussed previously in detail.*
The acute loss of intrathoracic pressure will result in
reduction of the venous filling gradient, the cardiac
filling pressures and of lung volume. Lung-heart in-
teraction will be reduced and the animals tend to be-
come hypothermic more readily. Therefore, it must be
considered that the cardiovascular and metabolic ef-
fects observed on MHS and normal swine may have been
modificd by the open-chest preparation. Baseline anes-
thesia was maintained with an a,-adrenergic agonist
(metomidate)?' and an opioid (fentanyl), which h:‘lVC
a relatively small influence on cardiovascular perfor-
mance in L“()l]lp;ll”ih()n with barbiturates. Nitrous oxide
was not used in this study to minimize the influence
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on LV contractility. Because global and regional he-
modynamics and metabolism could be kept stable over
a prolonged time during the control period, it is un-
likely that considerable spontaneous MH independent
influences have occurred in this model.? The cardio-
vascular alterations might well be different if ventila-
tion had been increased to match metabolism. Less CO,-
induced acidosis might cause less sympathetic stimu-
lation, and higher pH might have improved cardiac
function despite its already considerable hyperdynamic
state. In this regard, the model does not represent clin-
ical practice.

Because halothane, alone or in combination with
succinylcholine, is a reliable trigger for MH, it was used
as the triggering agent in the current study and in other
experimental MH investigations.® '’ Succinylcholine
was used as an additional triggering agent 15 min after
the start of halothane administration, to minimize the
individual variation of MH onset. This is in agreement
with the protocol of Gronert et al.” Although in the
past many experimental investigations have been per-
formed to assess the cardiovascular effects of halothane,
the use of different protocols and species have led to
somewhat controversial results especially with respect
to the extend of negative inotropic effects.?*** There-
fore, we performed comparative investigations on the
effects of halothane and succinylcholine in healthy
control swine. The use of identical protocols allows
the most feasible discrimination between MH- and
halothane-specific changes.

Critique of Methods

The calculations of systemic and peripheral vascular
resistance indexes and work indexes did not incorporate
the central venous and pulmonary pressures, respec-
tively, because no right-sided nor pulmonary pressurc
measurements were performed in the current study. Al-
though a previous investigation'” has shown only small
alterations in central venous pressure, MH may have sig-
nificant effects on right ventricular performance and on
pulmonary artery tone. Thus, these indexes need careful
interpretation. A further methodologic consideration
pertinent to interpretation of the current results con-
cerns the assessment of alterations in the contractile
state. The indexes of contractility used in the current
investigation were either indirect indicators of global
LV function (cardiac output and stroke volume) or are
significantly dependent on heart rate and ventricular
loading conditions. Because of the marked changes in
preload, afterload and heart rate, the estimate of the
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Fig. 4. Myocardial and peripheral release of H' (percentages
of baseline values) and regional arterial — venous H' concen-
tration differences (avDH") in malignant hyperthermia-sus-
ceptible (MHS) swine (n = 12) during baseline recordings (t
= 0) and after 90 min of halothane exposure (1% inspired) in
addition to succinylcholine (3 mg- kg’ intravenously 15 min
after the start of halothane exposure). *P < 0.05 versus base-
line; triangles = P < 0.05 MHS versus nMHS.

inotropic state from +dp/dt and derived variables also
requires careful interpretation.

The best position of the flow probes and the suitable
gage for the LAD and for the hind-limb artery had been
determined in pretests. Both measuring locations only
serve for the determination of regional blood flow in
heart and skeletal muscle. Therefore, no statement can
be made about the total blood flow of the LV using this
method. However, regional blood flow of the LAD can
be considered as being representative for the total per-
fusion of the LV. The absolute data were less interesting
in this respect than the trend of the regional changes
measured during MH in general. The regional param-
eters including blood flow were therefore presented as
relative changes deviating from baseline values.

For peripheral blood flow measurements, a stable and
comparable position of the flow probe with different
pigs could be attained at the hind-limb artery. A more
proximal flow probe position had to be chosen at the
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hind-limb artery in the nMHS pigs because of the ang.
tomical differences between the two breeds. This ex.
plains why the baseline flow in the hind-limb artery
was higher in nMHS than in MHS pigs. The O, con.
sumption and lactate uptake are representative only
for those parts of the LV and hind leg the blood of
which drains into the vena cordis magna and hind-limb
vein, respectively. This is how the expression “re.
gional” uptake and release are meant to be understood.
Furthermore, it has to be taken into consideration that
the start of MH may initiate a variety of changes such
as redistribution of blood flow depending on the extent
of ischemia and shunting, so that the hind-limb artery
blood flow may not be synonymous with that of the
entire hind leg. Therefore, the metabolic information
concerning the hind leg is somewhat restricted.

Systemic Hemodynamics and Left Ventricular

Function

The current results confirm previous studies in swine
in which tachycardia was among the first symptoms of
an MH crisis.®'?*'=*? In the early phase of MH, the in-
crease in heart rate was most pronounced. Cardiac out-
put increased as a result of the strong increase in heart
rate, because stroke volume did not increase and later
even decreased. Also, as the systemic vascular resistance
decreased, one would anticipate that ventricular ejec-
tion would be augmented, so it seems unlikely that
these factors played a major role in stroke volume re-
duction. This assumption is supported by a decrease
in the mean aortic pressure and an increase in the peak
rate of LV pressure development (LV +dp/dt). When
the influences of heart rate, preload and afterload on
this contractility parameter are taken into considera-
tion, the real increase in contractility may have to be
estimated to be higher in view of the afterload reduc-
tion yet lower in view of the strong heart rate increase.
The current data suggest that myocardial contractility
is not impaired during the MH crisis, but is clearly aug-
mented at least in the early phase. This is also shown
by the peak contractile element velocity at zero load,
derived from LV +dp/dt, which may allow a better ap-
proximation of the inotropic situation. Hence, an im-
paired ventricular ejection does not seem to be re-
sponsible for the stroke volume reduction during MH.

The cause for the stroke volume reduction during
MH must therefore be attributed to a diminished LV
filling. One cause for the diminished LV filling in the
hyperdynamic phase of MH might be found in the ex-
treme increase in heart rate, which leads to a reduced
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filling time under physiologic conditions. As our data
show, the sum of the filling and relaxation time de-
creased stronger in relation to the ejection time, thus
resulting in a decreased ratio of these parameters. This
decreased ratio during early MH seems to be mainly
frequency-dependent because the ratio increases again
with the reduced heart rate in the later stage of MH.
The increased ratio of LV +dp/dt to LV —dp/dt may
also indicate an impairment of diastolic function during
MH.

It is conceivable that a fluid loss may be an additional
cause for the impaired LV filling during MH. Our data
support this, because the LV filling pressurc decreased.
The transient increase in hemoglobin concentration
that occurred despite the extensive blood sampling and
the adequate substitution with hydroxyethyl starch
suggests significant intravascular loss of fluid during
MH, likely attributable to the extravasation of fluid into
the interstitium and muscle, which becomes cdematous
and weeps.' Judging from the increase in hemoglobin
concentration, hypovolemia seems extremely likely and
may well have contributed to many of the hemody-
namic derangements, decreased CBF resulting from de-
creased diastolic blood pressure, that were observed.
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Our data show that the mean aortic pulse pressure
already decreases in the early phase of MH. However,
the blood pressure amplitude clearly increases during
this stage of MH because of an increase in cardiac out-
put (increasing systolic pressure) and a decrease in
systemic vascular resistance (decreasing diastolic pres-
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Fig. 6. Myocardial and peripheral O, extraction rates (ERy,) in
malignant hyperthermia-susceptible (MHS) swine (n = 12)
during baseline recordings (t = 0) and after 90 min of halo-
thane exposure (1% inspired) in addition to succinylcholine
(3 mg- kg ! intravenously 15 min after the start of halothane
exposure). *P < 0.05 versus baseline; triangles = P < 0.05 MHS
versus nMHS.
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Fig. 7. (4) Ratio of left ventricular minute
index (LVMI) and myocardial O, con-
sumption (MVy,), (B) myocardial uptake
of lactate (MV-lactate), and (C) peripheral
uptake of lactate (PV-lactate) in malignant
hyperthermia-susceptible (MHS) (filled
circles; n = 12) and non-MHS (nMHS)
swine (open circles; n = 8) during baseline
recordings (t = 0) and after 90 min of
halothane exposure (1% inspired) in ad-
dition to succinylcholine (3 mg-kg™ in-
travenously 15 min after the start of halo-
thane exposure). *P < 0.05 versus baseline;
triangles = P < 0.05 MHS versus nMHS.
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sure). However, an excessive decrease in arterial sys-
temic pressure especially in view of the reduced sys-
temic vascular resistance is obviously counteracted by
reflex mechanisms such as the increased cardiac output,
which in turn is augmented by the adrenergic stimu-
lation of the heart. It is conceivable that an early de-
crease in systemic vascular resistance provokes in-
creased sympathetic tone, which probably offset a pri-
mary decrease in myocardial contractility. Only at a
later time with a decreasing cardiac output, does the
diminished pump function of the heart contribute to
progressive hypotension.

Similar findings have been reported in study by Wil-
liams et al.'® who also observed a significant decrease
in systemic vascular resistance. Divergent from our
findings, however, is that these researchers did not find
an increase in cardiac output. This might be explained
by the fact that most of the MHS pigs already showed
increased heart rates before the administration of halo-
thane. Apart from this, MH triggering times might also
have varied strongly, as supported by the large variation
in cardiac output. In agreement with our results, other
researchers have noted a transient increase in cardiac
output during porcine MH.?'**3* A decrease in mean
arterial pressure was consistently observed. However,
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a transient subsequent increase in the mean arterial
pressure can occur in the initial phase of MH if there
has been a strong increase in systolic pressure.

In contrast to the early phase, the late phase of MH
is—as our data demonstrate—defined by a hypody-
namic cardiovascular situation with a pronounced re-
duction in cardiac output and blood pressure. Myo-
cardial contractility appears to be reduced to a level
with the halothane effects found in nMHS pigs. At this
stage, impaired ventricular function may have been re-
sponsible for a portion of the deterioration of the MHS
animals. Heart failure associated with high preload (LV
filling pressure) or with clearly diminished contractility
(LV +dp/dt) could not be detected in this phase either.
The reduced LV preload still persisted when the ini-
tially increased contractility decreased again. The lack
of heart failure from volume overload may result from
extravasation of fluid and a decreasing LV filling. It is
conceivable that heart failure from volume overload
could well occur during clinical cases in which massive
fluid administration was used to treat decreased arterial
pressure. The reduced stroke volume during the ad-
vanced phase of MH initially remained constant,
whereas the cardiac output was reduced as a result of
the decreasing heart rate, which however remained
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above the baseline level. Manifestations of cardiac death
in MH were exclusively hyposystole and asystole. Aci-
dosis, hypercapnia, and especially the extreme and
progressive increase in serum K, particularly in the
late phase of MH, may be essential factors responsible
for the progressive cardiovascular deterioration. The
wide QRS complexes preceding cardiac death suggest
that conduction blockade may have caused cardiovas-
cular collapse; serious dysrhythmias such as ventricular
fibrillation are not responsible for cardiac death in MH.
The final event appears consistent with a hyperkalemic
arrest.

Regional Hemodynamics and Metabolism

In accordance with a previous study of Gronert et
al.’ a fourfold increase in M\'/O2 and a threefold increase
in CBF was also observed in our MHS pigs during the
early phase of MH. In addition, the current study in-
dicates that the increase in CBF—in view of a pro-
gressively decreasing coronary perfusion pressure—is
based on a considerable dilatation of the coronary ves-
sels. In the later phase of the disease, the coronary vas-
cular resistance remained constantly reduced by about
70%, while the CBF decreased as the result of the pro-
gressive decrease in coronary perfusion pressure. This
finding might provide evidence that maximum vaso-
dilation was present, and thus CBF decreased in direct
portion to coronary perfusion pressure. If coronary
vascular resistance could not have decreased any fur-
ther, then indeed the restriction occurs primarily be-
cause arterial blood pressure is too low and at the rapid
heart rates, the diastolic interval was too short. On the
other hand, if coronary vascular resistance could have
decreased further, one must question whether the high
catecholamine concentrations we documented are a
contributing factor. A major problem with this inter-
pretation seems to be the probable decrease in intra-
vascular volume. If the animals had received more fluid
repletion, then it seems likely that the systemic blood
pressure and cardiac output would have been more
adequately supported and the CBF could have been
maintained at a higher level. In nMHS pigs, however,
halothane reduced coronary vascular resistance to a
much smaller extend. This effect and the other regional
hemodynamic halothane findings on normal pigs are
in agrc'cmcnt with the results found in other stud-
iCS..Z_’ 24,29,30

Despite the obvious maximum dilatation of cor-
onary vasculature and the high O, extraction, the
decrease in systemic diastolic blood pressure pre-
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vented adequate blood flow to the myocardium to
match the massively increased demand. The high O,
extraction rate of about 80% may be interpreted as
an indication of demand ischemia due in large part
to inadequate perfusion pressure. Autoregulatory
mechanisms are obviously disabled so early and to
such an extent that an adequate increase in the cor-
onary flow and thus adequate O, consumption can-
not be obtained during MH. Therefore, the reduction
in MV, observed in late MH might also be primarily
the result of a reduced myocardial blood flow. The
continuous high O, extraction rate supports this as-
sumption.

Even though the extreme O, extraction from the cor-
onary blood as such does not offer any conclusive ev-
idence for a hypoxic heart during MH, it is an expres-
sion for the extremely increased rate of metabolism.
An O, extraction of about 80% may be seen in healthy,
awake animals under stress conditions and may also be
explained by the sympathetic overstimulation in the
MHS animals. However, a myocardial lactate and H"
production with consecutive release into the venous
blood seen in our animals can be interpreted as a further
indication of myocardial ischemia.®> The current study
clearly demonstrates a shift in the lactate balance in
conjunction with a massive H' release into the coronary
venous blood. The large imbalance between MVOZ and
supply appears to be responsible for the gradual in-
crease in myocardial lactate and H" production. Be-
cause significant (negative) arterial-coronary venous
concentration differences in lactate and H" were noted
in the early phase and in the later phase of MH, it seems
unlikely that the lactate and H' release into the vessels
of the left heart are attributable to a ‘‘pass-through”
phenomenon, in which arterial lactate and H*' are in-
creased and washing through the heart. The almost 29-
fold increase in H' argues against the possibility that
H' is in part a product of the increased CO, production,
which results from the only 4-fold increase in MVo, .
However, it is possible that the bicarbonate buffering
of lactate and H' is an additional source of the CO,
production. Ventilation was not increased during MH
as the animals would do spontancously, and as the
anesthesiologist would do in response to the increased
metabolism associated with MH. As a result, arterial
CO, tension increased to 98 mmHg and pH decreased
to 6.7 during MH. Acidosis inhibits pyruvate dehydro-
genase and limits entry of pyruvate into the Krebs ci-
trate cycle. It is conceivable, that this effect enhances
myocardial lactate production.
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A quantitative assessment of hypoxia from the lactate
balance is not possible,*>*° because there is no constant
or proportional relation between the extent of myo-
cardial hypoxia and anaerobic glycolysis, respectively,
and the amount of lactate release. This could explain—
despite some essential methodologic differences such
as right heart bypass with extracorporeal circulation—
why Gronert et al.” could not demonstrate any lactate
release from the heart. When interpreting their findings
it must be taken into account that measurements of the
lactate concentration in coronary blood are several
steps away from the critical point at the mitochondrial
level. Neither the cellular membrane is freely perme-
able for lactate, nor is there any balance between the
mitochondrial and cytoplasmic nicotinamide adenine
dinucleotide oxidation-reduction systems. As a result
of the accumulation of the hydrogenated end products
of glycolysis, especially lactate, an increase in the cy-
toplasmic lactate—pyruvate ratio is possible without
necessarily leading to an immediate release of lactate
into the coronary vein.*>?” A failing lactate production
can only be proven by measuring the cellular lactate
concentration. Other findings by Gronert et al.'” in-
directly confirm this because they demonstrate a very
high lactate gradient between the tissue and peripheral
venous blood of skeletal muscle during MH. However,
because the authors® did not make any statement to the
PH reaction in coronary venous blood, these results
must be interpreted carefully with regard to the exclu-
sion of a primary involvement of the heart during MH.

In addition to a secondary hypoxia-induced lactate
production, causes for a primary nonhypoxic related
lactate production in the myocardium must also be
considered. Gronert*® makes this assumption with re-
spect to skeletal muscle based on the observation that
an increase in the venous lactate concentration in skel-
etal muscle occurs earlier than any signs of hypoxia.®
The current study confirms these observations and
demonstrates this phenomenon for the myocardium as
well. The coronary venous lactate concentration in-
creased significantly within the first 10 min after halo-
thane exposure, while arterial lactate concentration did
not increase and coronary venous O, saturation even
increased. Hemodynamic alterations at this time prob-
ably would not result in ischemia. The causes for a
primary nonhypoxic lactate production during early
MH might be the result of a mitochondrial insufficiency
or pathologic acceleration of glycogenolysis. The later
mechanism would be explained by -adrenergic over-
stimulation caused by excessive increase in circulating
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catecholamines or to an exaggerated response to them,
By activation of adenylate cyclase, an increase in cyclic
adenine dinucleotide phosphate, and activation of
phosphorylase, both mechanisms could continue op
the glycolytic pathway to an accumulation of pyruvate
and lactate, which is associated with a shifting of the
oxidation—reduction system of nicotinamide adenine
dinucleotide. The consecutive increase in H' might
explain the very early and prehypoxic decrease in the
PpH values in regional venous blood. However, to prove
nonhypoxic lactate and H* production in tissue, in-
dependent and direct measures of tissue O, tension are
required.

As the current results show, the LV contractility is
initially maintained despite an early change in lactate
balance. Thus, in the early phase of MH, the energy
production not only from aerobic but also from anaer-
obic substrate utilization must obviously still have been
sufficient. As a clear indicator of reduced left heart ef-
ficiency during MH, the ratio of LVWI to the MV, de-
creased by a factor of 5 in the current study. Gronert
et al.’ presented similar results and showed an eightfold
decrease in heart efficiency. This quantitative difference
might be explained by the different test conditions al-
ready mentioned, because the right-side heart bypass
with extracorporeal circulation might influence the
course of MH. The right heart bypass might also explain
the lack of tachycardia and lactate efflux. During right-
side heart bypass, as the authors stated, the constant
pump flow limited the perfusion to hypermetabolic
tissues and the extracorporeal 37°C heat exchanger
limited the temperature increases.

The early and extreme decrease in the LV efficiency
during MH may lead to the assumption that the myo-
cardium does not use its chemically available energy
economically to preserve its cell function but rather
contributes to an overflowing thermic energy release
by means of its hypermetabolic reaction. However, it
appears more likely that the heart may have become
extremely inefficient because of catecholamine stim-
ulation, increased heart rate, and acidosis. The high
concentrations of catecholamines, which are markedly
increased by 10 and 20 min, will increase intracellular
Ca*" stores and cycling in the myocardium. This effect
can result in an increase in O, consumption. The in-
creased heart rate can increase the Ca>" cycling due
the commonly positive treppe phenomenon. Acidosis
may decrease the tropomyosin binding, also resulting
in less tension for the same Ca*' cycled. However, the
important point is that the increased Ca*" cycling car
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ries with it a substantial metabolic requirement, which
can become more prominent and can constitute a
greater component of O, consumption at small ven-
tricular sizes. Consequently, it is not surprising that
the efficiency of the heart decreases so dramatically
within the first 0.5 h. On the other hand, the efficiency
that is estimated here merely on the basis of O, con-
sumption will not reflect the certainly very high an-
aerobic energy production or the entire chemically us-
able energy that is released. Furthermore, the observed
ingreasc in inotropy as an important determinant of
MV, plays only an indirect role in estimating left heart
efficiency. To prove that the myocardial effects were
primary, one would need to reproduce these features
in a non MH animal and study the LV and coronary
dynamics and metabolism.

The current findings indicate that the heart showed
no changes comparable to the skeletal muscle contrac-
ture with a consecutively reduced flow. The K" release
into the coronary venous blood—which appeared
clearly later than in peripheral blood—might reflect a
loss of integrity of the myocardial cell. The late oc-
currence of myocardial K' release appears to be the
result of the relatively long maintenance of cell integ-
rity in the heart. The finding of a myocardial release of
K" only in the terminal stage also explains why Gronert
et al.’ could not detect any K release from the heart,
because their observation time was limited to 40 min.

Our study shows that the O, consumption of the skel-
etal muscle increases only by a factor of 2.5. On the
other hand, even higher rates are often attained under
extreme physical stress. According to Gronert’® this
paradoxical disparity between O, consumption and
hyperthermic reaction cannot be explained by a mi-
tochondrial defect alone. A possible explanation for
this alleged discrepancy may be offered by the current
hemodynamic findings: the aerobic energy production
during MH is generally limited by the insufficient ad-
aptation of the O, supply. A maximal extraction of the
so-called aerobic capacity presupposecs that the reflex
mechanisms that control the cardiovascular system are
intact and that sufficient O, is available. Even in the
initial stage of MH, this is obviously no longer the case,
such that the animals are forced to switch to an anaer-
obic energy production in a very carly stage.

The metabolic situation during MH is characterized
by a demand ischemia of the heart and of the skeletal
muscle. The O, extraction rate (70-80%), which re-
mains increased at a maximum throughout the MH Cri-
sis, is an expression of the insufficient adaptation of
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the peripheral blood flow to the increased O, demand
of the skeletal muscle. The relatively low increase in
peripheral O, consumption during the MH crisis (factor
2.5)—in view of the hyperthermia and acidosis—seems
to result primarily from an inadequate increase in blood
flow (factor 1.5). These data confirm previous studies
by Gronert and Theye,® who observed a 2.7-fold in-
crease in peripheral O, consumption with a 1.4-fold
increase in blood flow under similar conditions. This
initial increase in blood flow is—as our data show—
based upon a considerable decrease in vascular resis-
tance in skeletal muscle. These findings do not support
the hypothesis*** of a peripheral vasoconstriction as
the result of high catecholamine concentrations during
MH. However, the current data cannot fully exclude a
vasoconstriction in other vessels (7.e., the skin).

The increase in peripheral vascular resistance in ad-
vanced MH, which is in marked contrast to the uni-
phasic responses in coronary and systemic vascular re-
sistance, does not appear to reflect the high sympathetic
activity because the increase in plasma catecholamine
concentrations occurred even in early MH. The increase
in peripheral vascular resistance is probably the result
of mechanical causes such as edema and increased
muscle tension and contracture, which, with a pro-
gressive decrease in perfusion pressure, lead to con-
siderable reduction in muscular blood flow. The pro-
gressive decrease in O, consumption therefore is not
at all an expression of a diminished O, demand but
again a result of reduced perfusion. This is also made
obvious by the continuous highly increased O, extrac-
tion in the hind leg. Similarly, the observed decrease
in lactate release does not allow speculation about the
changes in lactate production occurring in the tissue
because the (negative) arterial — venous concentration
difference in lactate and in H" remained increased at
the same time.

The comparative investigations on skeletal muscle
have demonstrated that not only do the O, consumption
and blood flow in the heart and skeletal muscle increase
simultaneously during the initial phase of MH, but also
lactate and H* release increase, changes that might be
considered pathognomonic for MH. Although the ap-
pearance of such changes characteristic for MH in both
tissues simultaneously and the ‘‘signs’ of nonhypoxic
lactate production might lead to the assumption that
the cardiac symptoms during MH are in part primary
in nature, there is no clear evidence to support this.
Because several variables confound interpretation in
the current experimental setting, it is not possible to
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conclude clearly from the current results in vivo
whether myocardial lactate production during MH is
primarily the result of MH specific mechanisms. High
heart rate and changes in MV, as a result of sympathetic
nervous stimulation also complicate the interpretation.
Studies that include maintenance of hemodynamics and
arterial blood gas tensions after triggering agents arc
administered, or studies on isolated heart and skeletal
muscle in which substrate availability and pH could be
carefully controlled probably provide a clearer answer.

On the basis of our results we conclude that the met-
abolic situation during MH is characterized by a demand
ischemia of the heart. Whereas skeletal muscle demand
ischemia involves hypermetabolism caused by de-
ranged Ca®" regulation, cardiac performance is dra-
matically altered by the decreased perfusion pressure
and markedly increased metabolism caused by tachy-
cardia and excessive catecholamine stimulation. Hy-
potension and decreased cardiac output in the ad-
vanced porcine MH crisis appear to occur because of
cardiac failure not accompanied by an increase in LV
filling pressure. Acidosis, hypovolemia, and the ex-
treme and progressive increase in serum K, especially
in the late phase of MH, may be additional essential
factors responsible for the progressive cardiovascular
deterioration and cardiac death.

The authors express their sincere thanks to Dr. Gerald A. Gronert
and Dr. Robert M. Merin for their valuable review and advice on the
manuscript and to Birgit Wieloch-Schwengler for her expert technical
assistance.
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