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Electrophysiologic effects of volatile anesthetics, sevoflurane and 
halothane, in a canine myocardial infarction model 
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Abstract: The effects of sevoflurane and halothane on the 
effective refractory period (ERP) and ventricular activation 
were examined in a canine myocardial infarction model. 
Sevoflurane (1 MAC) reduced the heart rate and prolonged 
ERP in both normal and infarcted zones. A prolongation of 
ERP with sevoflurane was observed also during atrial pacing 
at a fixed rate, but the effect was less than during sinus rhythm. 
Sevoflurane either further delayed or blocked the delayed 
activation entirely in the infarcted zones with only slight ef- 
fects on the activation of the normal zones. Halothane 
(1 MAC) prolonged ERP during sinus rhythm and atrial pac- 
ing, but to a lesser extent during the latter. Halothane also 
depressed ventricular activation in the infarcted zone during 
atrial pacing. In conclusion, sevoflurane as well as halothane 
selectively depresed the delayed activation and the prolonga- 
tion of ERP in myocardial infarction, which may inhibit ven- 
tricular arrhythmias in myocardial infarction. 
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the maximal rate of depolarization (Vmax), slowed the 
conduction, and prolonged the effective refractory pe- 
riod (ERP) in the infarcted zones. According to 
Deutsch et al. [9], volatile anesthetics (halothane, 
enflurane, and isoflurane) suppress the induction of 
ventricular arrhythmias and prolong ERP  in canine 
myocardial infarction, whereas they did not observe any 
significant effects on ventricular conduction. 

Recently, sevoflurane has frequently been used as a 
volatile anesthetic. Hemodynamic  effects and some 
electrophysiologic effects of sevoflurane have been 
studied by several investigators [10-12]. However,  
electrophysiologic effects of sevoflurane on the 
infarcted heart have not been clarified yet. In the 
present study, we examined the effects of sevo- 
flurane on ERP and intraventricular conduction in a 
canine myocardial infarction model and compared 
them with those of halothane, a common volatile 
anesthetic. 

Introduction 

When a volatile anesthetic is administered to patients 
with ischemic heart diseases, it may affect not only he- 
modynamics, but also electrophysiologic properties in 
the ischemic myocardium. There  are several papers 
dealing with effects of halothane on electrical activities 
of normal and ischemic myocardium [1-9]. According 
to Reynolds et al. [2], halothane inhibits automaticity, 
shortens refractoriness, and slows conduction in 
nonischemic ventricular tissues. Turner  et al. [5] exam- 
ined the effects of halothane on the electrical activities 
of Purkinje fibers derived from normal and infarcted 
canine hearts. They showed that halothane decreased 
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Materials and methods  

Animal preparation 

Mongrel dogs weighing between 8.0-13.0 kg were anes- 
thetized with sodium pentobarbital,  30 mg/kg i.v. Each 
animal was intubated and ventilated with room air using 
a positive pressure ventilator. A left thoracotomy was 
performed in the fourth intercostal space and the heart  
was exposed. After  opening the pericardium, the left 
anterior descending coronary artery (LAD)  was oc- 
cluded according to the method of Harris [13] and then 
several branches of LA D  were also occluded. The chest 
was closed after the complete occlusion, and routine 
postoperative care was performed including prophylatic 
antibiotic therapy, i.e., intramuscular administration of 
ceftizoxime everyday, during postinfarction convales- 
cence. 
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Measurement of the excitation threshold and the ERP 

The effects of the drugs were examined in seven ani- 
mals. Five to eight days after the LAD occlusion, the 
animals were reanesthetized with sodium pentobarbital  
20 mg/kg i.v. Ventilation was performed at 12 times/min 
with 100% 02 at a tidal volume of 15 ml/kg. The body 
temperature  of the animal was maintained at 36-37~ 
Left  thoracotomy was performed and the pericardium 
was opened. After  the heart  was cradled on the pericar- 
dium, bipolar stimulating electrodes were sutured on 
the left atrial appendage for atrial pacing. Several bipo- 
lar electrodes were also sutured on the epicardial sur- 
face of the left and the right ventricle for measuring 
ERP. The measurement  was performed during atrial 
pacing slightly above the sinus rate in the control state. 
The measurement  was performed also during a sinus 
rhythm after administration of the drug. The excitation 
threshold was measured by applying premature stimuli 
with various strengths at a coupling interval of 260 msec 
to the infarcted or the normal zones. For  measuring 
the ERP,  premature stimuli with a strength of twice 
the threshold were introduced to the infarcted or the 
normal zones at progressively shorter coupling inter- 
vals. The ER P  was defined as the shortest interval at 
which conduction was successful. The systolic blood 
pressure of the femoral artery and the heart  rate were 
also measured. In each animal, the effects of both 
sevoflurane and halothane were examined at a time 
interval of 1 h when the effect of the first drug was 
considered negligible. 

Measurement of the ventricular activation time 

The effects of the drugs were examined in eight animals. 
Five to eight days after the L A D  occlusion, the animals 
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Fig. 1. Localization of the pacing electrode (P), stimulating 
electrode (S), and electrode for recording the ECGs of normal 
(N) and infarcted zone (/). Right, Typical ECGs of normal 

were prepared as mentioned above. After  the heart  was 
cradled on the pericardium, bipolar stimulating elec- 
trodes were sutured on the left atrial appendage and the 
right ventricle for atrial pacing and applying a ventricu- 
lar premature stimulation, respectively. Several bipolar 
electrodes were also sutured on the epicardial surface of 
the left or the right ventricle for recording ventricular 
activation. Usually, one electrode was sutured on the 
normal area in the right ventricle, and other two were 
on the infarcted zone in the left ventricle (Fig. 1). By 
monitoring the electrocardiograms in the risk areas, an 
area was searched for where delayed activation was 
observed, and one of the electrodes was sutured to the 
surface of the area. Another  electrode in the infarcted 
zone was located at any point within the infarcted area 
regardless of the activation delay. The atrial pacing was 
performed at a rate slightly above the sinus rate in a 
control state throughout  the electrophysiological study. 
Premature stimulation of the right ventricle was per- 
formed by a 5-msec rectangular pulse with a stimulus 
strength triple the diastolic threshold. To study the 
effect of the drugs on ventricular activation, the con- 
duction time of the premature stimulation-induced 
ventricular excitation was measured in both normal and 
infarcted zones of the ventricle. The time interval from 
the artifact of the premature stimulation to a sharp and 
reproducible deflection was measured on the epicardial 
bipolar electrocardiograms, and this value was esti- 
mated as the activation time. Premature stimulation was 
triggered by excitation of the normal zone (Fig. 1). The 
coupling interval of the stimulation (i.e., the time be- 
tween the stimulation and the prior normal excitation, 
usually fell within the range 300-140 msec. The activa- 
tion of the two drugs was compared in the same area. 
The bipolar electrocardiogram was amplified at a filter 
frequency of 5-1000 Hz. Lead II ECG,  femoral arterial 

200msec 

L 

(NZeg) and infarcted zones (IZeg). L-II, standard limb lead II 
ECG. The upward and downward arrows indicate a prema- 
ture stilumlation and delayed activation, respectively 
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pressure, and the epicardial bipolar electrocardiograms 
were recorded on an 8-channel polygraphic recorder  
(Nihon Koden, Tokyo, Japan) at a paper speed of 
100 mm/sec. In each animal, the effects of the two drugs 
were examined at a time interval of 1 h when the effect 
of the first drug was considered negligible. 

Drug administration 

The concentrations of the volatile anesthetics were ad- 
justed to maintain the end-tidal concentration at about 
1 MAC (2.4% for sevoflurane, 0.9% for halothane). 
Similar concentrations were employed by other investi- 
gators [11,12]. An anesthetic gas analyzer (Engstrtim 
EMMA, Engstr6m, Stockholm, Sweden) was used to 
monitor both inspired and expired end-tidal anesthetic 
gas concentrations. The measurements after the volatile 
anesthetic were started after achieving a steady state for 
60 min. In the study of the intraventricular activation 
time, effects of the volatile anesthetics were determined 
at a concentration of about 0.5 MAC. 

Statistical analysis 

All data were expressed as arithmetic means _+ SD. 
Paired comparisons between pre- and post-administra- 
tion values of the ERP  or the ventricular activation time 
were performed by analysis of variance followed by a 
Dunnet t  test. Comparisons of pre- and post-administra- 
tion values of the heart  rate or the blood pressure were 
performed by a two-tailed, paired Student's t-test. Com- 
parisons between the two treatment groups were per- 
formed by a two-tailed, unpaired Student's t-test. The 
criterion for statistical significance was P < 0.05. 

Table 1. Effects of sevoflurane and halothane on the heart 
rate and the arterial blood pressure in dogs with myocardial 
infarction 

Sevoflurane Halothane 

Control 1 MAC Control 1 MAC 

Heart rate 174 _+ 15 139 _+ 7* 175 + 19 114 + 15" 
(beats/rain) 

Blood pressure 150_+ 10 103_+ 10" 153_+ 12 105 + 15" 
(mmHg) 

Values are the mean + SD of seven animals. 
* P < 0.01. 

Effects of  sevoflurane and halothane on ERP and 
excitation threshold 

In the normal zone, sevoflurane 1 MAC signific- 
antly prolonged the ERP during sinus rhythm (Table 
2). Sevoflurane prolonged the ERP  during atrial 
pacing, but to a lesser extent than during sinus 
rhythm. 

In the infarcted zone, the ERP  in the control state 
was longer than that in the normal zone. During atrial 
pacing, sevoflurane 1 MAC significantly prolonged the 
ERP,  but to a lesser extent than during sinus rhythm. 
Sevoflurane did not change the excitation threshold. 
Halothane 1 MAC also prolonged the ERP  in both the 
normal and the infarcted zones during sinus rhythm. 
During atrial pacing, halothane prolonged the ERP,  but 
to a lesser extent than during sinus rhythm. 

Although sevoflurane and halothane both reduced 
blood pressure, there was no correlation between the 
reduction and prolongation of ERP (correlation coeffi- 
cient = 0.09, Fig. 2). 

Drugs 

The following drugs were used: sevoflurane (Maruishi 
Pharmaceutical, Osaka, Japan) and halothane (Takeda 
Pharmaceutical, Osaka, Japan). 

Results 

Effects of  sevoflurane and halothane on blood pressure 
and heart rate 

Table 1 summarizes the results of seven animals. 
Sevoflurane 1 MAC reduced blood pressure by about 
48 mmHg during sinus rhythm, and halothane 1 MAC 
exerted a similar effect. Both anesthetics also reduced 
blood pressure during atrial pacing to the same extent 
as during sinus rhythm (data not shown). Sevoflurane 
and halothane 1 MAC reduced the heart  rate by about 
36 and 38 beats/min, respectively. 

Effects of  sevoflurane and halothane 
on ventricular activation 

Representative electrocardiograms recorded from nor- 
mal and infarcted zones of the ventricle are shown in 
Fig. 3 (control). At  the basic cycle length, the electro- 
cardiogram recorded from the normal zone consisted of 
deflections with durations of less than 50 msec, whereas 
most of the electrocardiograms recorded from the 
infarcted zone were fractionated potentials, indicat- 
ing that the activation in the infarcted zone was 
delayed. The delayed activation was further delayed 
in the premature excitation induced by premature  
stimulation. 

The effect of sevoflurane 1 MAC on ventricular acti- 
vation is shown in Fig. 3. Sevoflurane prolonged the 
activation time in the premature excitation in the 
infarcted zone. Sevoflurane did not change the configu- 
ration of the electrocardiogram in the infarcted zone 
except the prolongation of its duration. In the normal 
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Table 2. Effects of sevoflurane and halothane on the effective refractory period (ERP) in canine infarcted myocardium 

Sevoflurane 1 M A C  Halothane 1 MAC 

Control Sinus rhythm Atrial pacing Control Sinus rhythm Atrial pacing 

Normalzone 148.9 + 12.0 184.3 + 12.5"* 170.3 + 8.5 **# 151.4 + 9.7 185.6 + 9.5** 171.9 + 8.1 **# 
Infarcted zone 193.1 + 19.4 233.9 + 18.3"* 215.4 _+ 16.4 *# 186.9 + 11.5 234.4 + 11.7"* 210.8 + 12.4 *# 

Values are the means + SD (msec) of seven animals. 
*P < 0.05, **P <0.01 vs control; '~P < 0.05 vs sinus rhythm. 
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Fig. 2. Lack of a correlation between a reduction of systolic 
blood pressure (SBP)  and a prolongation of effective refrac- 
tory period (ERP)  with sevoflurane (squares) and halothane 
(circles) 

zone ,  sevof lu rane  d id  no t  show any obv ious  effect  on  
the  ac t iva t ion  t ime  of  the  p r e m a t u r e  exci ta t ion .  T h e  
effect  of  sevof lu rane  d i s a p p e a r e d  r ap id ly  af te r  cessa t ion  
of  i nha l a t i on  (Fig.  3). T h e  b l o o d  p re s su re  and  ac t iva t ion  
de l ay  r e c o v e r e d  to  the  con t ro l  levels  20 min  af te r  cessa-  
t ion.  F igu re  4 shows the  effect  of  sevof lu rane  on  seri-  
ously  d e l a y e d  ac t iva t ion  in the  in fa rc t ed  zone.  

Sevof lu rane  a t  1 M A C  p r o d u c e d  a b lock  of  d e l a y e d  
ac t iva t ion  in t h r e e  of  seven  an imals  examined .  A s imi la r  
b lock  was o b s e r v e d  also wi th  ha lo thane .  

The  effect  of  sevof lu rane  was coupl ing  in te rva l -  
r e l a t e d  (Fig. 5): at  a coupl ing  in te rva l  of  280 msec,  the  
ac t iva t ion  t ime  was p r o l o n g e d  f rom 135 to 165 msec,  
whi le  a t  180 msec  the  ac t iva t ion  t ime  was p r o l o n g e d  
f rom 145 to  200 msec.  

T a b l e  3 s u m m a r i z e s  the  effects  of  sevof lurane  and  
h a l o t h a n e  at  1 M A C  dur ing  a t r ia l  pac ing  in seven  ani-  
mals.  T h e  ac t iva t ion  which  was b l o c k e d  by  the  vo la t i l e  
anes the t ics  was no t  i nc luded  in these  data .  Sevof lu rane  
m a r k e d l y  p r o l o n g e d  the  ac t iva t ion  t ime  of  in fa rc t ed  
zones  at  a coupl ing  in te rva l  of  180 msec,  while  it  was 
sl ightly bu t  s ignif icant ly  p r o l o n g e d  at  a coupl ing  in te rva l  
of  280 msec.  In  the  n o r m a l  zones ,  sevof lurane  s l ight ly  
p r o l o n g e d  the  ac t iva t ion  t ime  to 180 msec.  The  effects  
of  h a l o t h a n e  were  s imi lar  to  those  of  sevof lurane .  
Sevof lu rane  and  h a l o t h a n e  at  0.5 M A C  p r o l o n g e d  the  
ac t iva t ion  t ime  in the  in fa rc t ed  zone  f rom 124 ___ 7 to  
133 +__ 11 msec  (n = 5, P < 0.05) and  f rom 121 ___ 8 to  
135 ___ 12 msec  (n = 5, P < 0.05) at  a coupl ing  in te rva l  of  
180 msec,  respec t ive ly .  T h e  ac t iva t ion  t ime  in the  nor -  
ma l  zone  was no t  affected.  

In  two of  seven  animals ,  the  s t i m u l a t i o n - i n d u c e d  
p r e m a t u r e  b e a t  was fo l lowed  by  ven t r i cu la r  ec top ic  
bea t s  (Fig. 6). These  ven t r i cu la r  bea t s  were  no t  
i nduc e d  dur ing  anes thes i a  wi th  sevof lu rane  o r  
ha lo thane .  

Table 3. Effects of Sevoflurane and halothane on the activation time in canine 
infarcted myocardium 

Activation time (msec) 
Coupling 

interval (msec) Control After  drug 

Sevoflurane (1 MAC) 

Halothane (1 MAC) 

Normal zone 180 
28O 

Infarcted zone 180 
28O 

Normal zone 180 
280 

Infarcted zone 180 
280 

43 + 5 46 ___ 7 
40 ___ 5 42 + 5 

125 + 31 184 + 27** 
113 + 29 133 + 36* 
42 + 7 42 + 7 
42 + 7 43 + 7 

126 + 22 172 + 24** 
115 + 24 129 + 24* 

Values are the mean + SD of seven animals. 
*P < 0.05, **P < 0.01 vs contral. 
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Fig. 3. Effects of sevoflurane on ventricular activa- 
tion. L-H, standard limb lead II ECG; NZeg, IZeg, 
ECGs of the normal and the infarcted zones; BP, 
arterial blood pressure. The upward arrows indicate 
the premature stimulation with a coupling interval of 
180 msec. The basic cycle length was 380 msec. The 
downward arrows are delayed activations. The num- 
bers under IZeg are the activation times (msec) 

Discussion 

Electrophysiologic effects of the volatile anesthetics on 
infarcted hearts have not been fully examined yet. 
Many reports have dealt mainly with the effects of 
halothane [1-9,14]. In in vivo experiments, halothane 
reduced AV conduction and conduction in the His- 
bundle, Purkinje fibers and ventricular muscles [2]. 
Hauswirth reported that halothane at 2% lowered the 
maximal rate of depolarization (Vmax) of Purkinje 
fibers in the sheep [1]. On the contrary, Lynch et al. 
reported that halothane did not depress "Qmax in the 
ventricular muscles of guinea pigs [15]. There are also 

several reports on the intraventricular conduction in 
ischemic hearts [7-9]. Turner  et al. [8] showed that 
halothane depressed the "Vmax and slowed the conduc- 
tion in isolated Purkinje fibers of canine infarcted 
hearts. However,  Deutsch et al. [9] did not observe any 
significant effects of volatile anesthetics in a similar 
infarction model in vivo. Sevoflurane is now frequently 
used as a volatile anesthetic. However,  an electrophy- 
siologic effect of sevoflurane in a myocardial infarction 
model has not been examined. 

The present study showed that sevoflurane depressed 
the delayed activation in infarcted zones of canine ven- 
tricles. The effect of sevoflurane was selective to the 



98 H. Hashimoto et al.: Effects of sevoflurane on infarcted heart 

L-II 

NZeg 

IZeg 

IZeg 

CONTROL 

- 4  

J / 

200msec 
SEVOFLURANE 

Fig. 4. Sevoflurane-induced block of delayed activation in the 
infarcted zone. L-H, standard limb lead I I  ECG; NZeg, IZeg, 
ECGs of the normal and the infarcted zones. The upward and 
downward arrows indicate the premature stimulation with a 
coupling interval of 220 msec and delayed activation, respec- 
tively. Basic cycle length was 350 msec 

activation in the infarcted zone. The effect of 
sevoflurane on the activation of the normal zone was 
minimal. Halothane also showed a similar depression. 
A selective depression of the delayed activation was 
observed with class I antiarrhythmic drugs [16]. A previ- 
ous study showed that halothane decreased the Vm in 
the isolated Purkinje fibers of infarcted hearts [8]. 
Halothane showed only a slight effect on the activation 
of the normal zone, which was consistent with a previ- 
ous report that halothane did not depress the Vmax of 
Purkinje fibers in non-infarcted zones [8]. According to 
Ikemoto et al. [17], halothane depresses the sodium 
currents of cardiac muscles, and shifts the steady state 
inactivation curve in a negative direction along the po- 
tential axis. Thus, the effect of halothane on delayed 
activation may be caused by an inhibition of sodium 
channels. On the other hand, Terrar and Victory [18] 

showed that halothane inhibits cell-to-cell electrical 
coupling. In addition, Ozaki et al. [19], reported that 
halothane and enflurane reduced the conduction veloc- 
ity in guinea pig papillary muscles without any signifi- 
cant reduction of Vmax. Spray and Burt [20] showed 
that a variety of lipophilic molecules, including halo- 
thane, and myoplasmic acidification reduce cell-to-cell 
electrical coupling. Therefore, a depression of cell-to- 
cell electrical coupling may also contribute to the de- 
pression of the delayed activation during the inhalation 
of the volatile anesthetic. Although electrophysiologic 
effects of sevoflurane have not been examined in vitro, 
similar mechanisms may be involved in the depressant 
effects of sevoflurane on the delayed activation. 

A seriously depressed activation in the infarcted 
zones was blocked by sevoflurane and halothane in 
some cases. A markedly delayed activation may lead to 
reentrant arrhythmias, and the blockade of the activa- 
tion with antiarrhythmic drugs prevents arrhythmias 
[16,21-23]. In the two animals in which ventricular 
~r"h'"hmias were induced by the premature stimula- 
tion, which were suppressed during the inhalation of 
sevoflurane or halothane. The antiarrhythmic effects of 
halothane in canine myocardial infarction have been 
reported previously [24-26], which may be caused 
partly by a selective depression with halothane of de- 
layed activation in the infarcted zone. Although 
antiarrhythmic effects of sevoflurane have not been ex- 
amined previously, the results indicate that sevoflurane 
also may have similar antiarrhythmic effects. 

Sevoflurane and halothane markedly prolonged ERP 
in both normal and infarcted zones, and a similar effect 
of halothane has also been reported by other investiga- 
tors [9]. The prolongation of ERP with these anesthetics 
was significantly reduced during atrial pacing. Thus, 
these drugs prolonged ERP via both a direct action on 
myocardial cells and secondarily by reducing the heart 
rate. It is unlikely that a reduction of the blood pressure 
with sevoflurane and halothane resulted in a prolonga- 
tion of ERP because there was no correlation between 
the two parameters. As in the case of antiarrhythmic 
drugs, a prolongation of ERP may contribute to the 
antiarrhythmic effects of halothane and sevoflurane. 

The depressant effect of the volatile anesthetics on 
the delayed activation was related to the coupling 
interval. A similar effect was observed with class I 
antiarrhythmic drugs [16], which may be caused by a 
time-dependent inhibition of sodium channels [27]. 
However, it is not clear whether or not the mechanism 
of the coupling interval-related effects of the volatile 
anesthetics is similar to those of class I antiarrhythmic 
drugs. It is also probable that the prolongation of ERP 
with the anesthetics contributed to depression of the 
delayed activation at a short coupling interval. 

In two animals, premature stimulation induced ven- 
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Fig. 5. Effects of sevoflurane on the acti- 
vation time of the delayed activation at 
different coupling intervals. L-II, stan- 
dard limb lead II ECG; NZeg, IZeg, 
ECGs of the normal and the infarcted 
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Fig. 6. Effect of sevoflurane on the pre- 
mature stimulation-induced ventricular 
arrhythmias. L-II, standard limb lead II 
ECG; NZeg, IZeg, ECGs of the normal 
and the infarcted zones. Coupling interval 
was 140msec. Basic cycle length was 
350 msec. The upward arrows are the pre- 
mature stimulations 
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tricular arrhythmias, which were suppressed by 
sevoflurane and halothane. Although it is not clear that 
the arrhythmias were caused by a reentry mechanism or 
abnormal automaticity, a prolongation of ERP and/or 
depression of delayed activation may be involved in the 
suppression of the arrhythmias by these anesthetics. 

In conclusion, sevoflurane and halothane selectively 
depressed the delayed activation in the infarcted zones 
and prolonged ERP in both normal and infarcted zones, 
which may be caused by both direct and secondary 
effects of these drugs. These effects of the volatile 
anesthetics may inhibit the ventricular arrhythmias in 
myocardial infarction. 
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