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Abstract: The influence of two inhalational anesthetics, 
isoflurane and sevoflurane, on the end-systolic pressure-vol- 
ume relations (ESPVR) of the left ventricle (LV) in situ was 
investigated in open-chest dogs anesthetized with c~- 
chloralose. The LV volume was measured by a conductance 
catheter while the LV pressure was measured by a tip- 
micromanometer. The end-systolic elastance (Ees) of the LV 
was calculated as the slope of ESPVR which was elicited when 
the inferior vena cava was transiently occluded. The dogs were 
randomly assigned to two groups, receiving either 1.3% and 
2.6% isoflurane (n -- 6) or 2.3% and 4.6% sevoflurane (n = 6), 
which are equivalent to 1 and 2MAC of isoflurane or 
sevoflurane, respectively. Both isoflurane and sevoflurane 
produced dose-dependent decreases in the cardiac output to a 
similar degree. Isoflurane and sevoflurane caused equivalent 
decreases in Ees of 23% and 16% at 1MAC, and 48% and 
41% at 2MAC, respectively. Dobutamine 3~g.kg-l.min -1 
produced a simultaneous restoration of Ees and recovery of 
the cardiac output at i and 2 MAC of both isoflurane and 
sevoflurane. We thus conclude that the depressant effect of 
sevoflurane on cardiac contractility is almost identical to that 
of isoflurane in the dog, and they are both reversed by the use 
of a low dose of dobutamine. 
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Introduction 

The currently used volatile anesthetics such as 
isoflurane and sevoflurane have been shown to exert  
cardiac depression in a dose-related manner  [1-4]. The  
cardiac depressant  effects have been demonst ra ted  in 
the isolated myocardium,  isolated whole hearts,  and in 
situ hearts  f rom animals and humans [1,4,5] based on 
several indices of cardiac contractility. The slope of the 

Address correspondence to: S. H o k a  
Received for publication on July 18, 1994; accepted on 
January 28, 1995 ~ 

left ventricular (LV) end-systolic pressure-volume rela- 
tions (ESPVR),  often refer red  to as end-systolic 
elastance (Ees), has been considered useful for under- 
standing cardiac per formance  under  various loading 
and contractile conditions, since Ees  has been  found to 
be sensitive to inotropic interventions and also to be  
practically independent  of  loading conditions [6,7]. 

The Ees is obtained by combining intraventricular 
pressure with volume. Most  of the studies on Ees have 
been  per formed in the isolated canine ventricle because 
of the difficulty in accurately measuring volume. Other-  
wise, they have employed volume estimation by means 
of a crystal sonomicrometer ,  echocardiography, or 
ventriculography in the heart  in situ. The  development  
of a conductance catheter,  however,  has now made it 
possible to measure  the L V  volume in the heart  in situ, 
allowing the study of pressure-volume relations in the 
intact or open-chest  animal and in humans [8,9]. The 
accuracy of this method has been  shown to be compa-  
rable to that of bal loon-mediated volume measurement  
in the isolated heart  [10]. 

The  purpose of this study was to examine the effects 
of isoflurane and sevoflurane on Ees using an in situ 
conductance catheter  in the canine heart ,  and also to 
investigate the effects of dobutamine  on these anes- 
thetic-induced changes in Ees. 

Methods  

General preparation 

Experiments  were pe r fo rmed  on 12 mongrel  dogs with 
body weights ranging f rom 15 to 19 kg. This study was 
approved by our institutional animal investigation com- 
mittee. Anesthesia  was induced with thiopental  
(20mg.kg -1) and maintained with an infusion of a-  
chloralose (10 mg,kg 1"h-a). The trachea was intubated, 
and a constant-volume intermit tent  positive-pressure 
ventilation at a rate of 14 breaths .min -1 with a mixture 
of oxygen and nitrogen was instituted to produce 
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normocapnia and to keep the arterial oxygen tension at 
approximately 150 mmHg. The electrocardiogram (lead 
II) was monitored continuously. Body temperature was 
maintained between 37~ and 38~ by external warm- 
ing. The arterial blood pressure was measured by means 
of a catheter placed in the aorta through the right axil- 
lary artery. A catheter was placed in the inferior vena 
cava through the femoral vein for the administration of 
fluids and drugs. A transit time flow probe (Transonic 
Systems, New York, NY, USA) was placed on the as- 
cending aorta to measure the aortic blood flow. A cath- 
eter-tip manometer (Millar Instruments, Houston, TX, 
USA) was placed in the left ventricular (LV) cavity by 
retrograde insertion through the right carotid artery via 
the aortic valve to measure the LV pressure. A vascular 
ligature was placed around the intrathoracic inferior 
vena cava (IVC) to rapidly alter left ventricular preload 
by occluding the blood flow. 

A conductance catheter was introduced into the LV 
through the apex to measure the LV volume. A full 
description of the principles and technique of the Baan 
volume catheter method has appeared elsewhere [8,9]. 
Briefly, the method is based on the measurement of the 
time-varying electrical conductance of five segments of 
blood in the LV, from which the total LV volume is 
calculated. The conductance catheter has. eight plati- 
num electrodes and generates an electrical field 
(20 kHz, 0.07 mA) in the LV from electrodes at the apex 
and at the aortic valve. The sensing electrodes, which 
are evenly distributed along the catheter, measure the 
conductance between the electrode pairs located within 
the LV. The conductances are summed and converted 
to the volume using a signal coordinator, Sigma 5 
(Leycom, Oegstgeest, The Netherlands). The volume of 
the LV, V(t), is computed as 

V(t) = (1/c 0 [L2QG(t) - c~Vc l 

where G(t) is the sum of the five segmental conduc- 
tances, c, is a unitless constant, L is the distance between 
the sensing electrodes, 9 is the blood resistivity, and 
aVc is the volume correction due to parallel conduc- 
tance outside the LV blood pool. 

In practice, L and Q are set on the Sigma 5 unit. To 
determine aVc, 3 ml of hypertonic saline (5% NaC1) 
was injected as a bolus into the main pulmonary artery 
through a previously placed catheter causing a transient 
increase in the measured volume, G(t), without signifi- 
cantly altering the cavity volume. The calculation of 
parallel conductance by the saline method assumes that 
V(t) remains constant and that the ejection fraction 
does not change. 

Assessment of Ees 

To rule out the influence of respiration and variations in 
lung volume on LV volume and conductance, all data 

were collected during periods of suspended respiration. 
Ventilation was stopped at end-expiration. Each set of 
isochronic points of the LV volume, V(t), and LV pres- 
sure, P(t), was digitized and displayed on a microcom- 
puter (PC 9801 RX, NEC, Tokyo, Japan) at a sample 
frequency of 333 Hz. 

Ees was determined during a quick decrease in the 
venous return produced by a transient occlusion of IVC. 
The duration of the occlusion was about 10 s, and the 
pressure-volume relation was obtained during the initial 
5 - 7 s. This occlusion was considered not to affect the 
level of sympathetic tone because the determination of 
the pressure-volume relation was completed at an early 
stage of the occlusion and the heart rate remained 
unchanged during this procedure. This procedure was 
repeated at least twice to obtain the pressure-volume 
relation. The end-systole was defined as the instanta- 
neous peak of the ratio of the LV pressure to volume. 
The pressure-volume data points at the end-systole 
during caval occlusion were fitted by a linear regression 
using the least-squares method. 

Experimental protocol 

After the control measurements, the animals received 
either isoflurane or sevoflurane. Six dogs received 
isoflurane and the other six dogs received sevoflurane at 
equivalent concentrations of 1 and 2MAC for each 
agent. For each anesthetic agent evaluated, the order of 
concentration was randomized during each experimen- 
tal procedure. The anesthetic concentrations evaluated 
in each animal were 1.3% and 2.6% for isoflurane and 
2.3% and 4.6% for sevoflurane, which are equal to 1 and 
2 MAC for each anesthetic, respectively [2,11]. 

Twenty minutes were allowed for a steady cardiovas- 
cular state to be achieved after each change in the in- 
spired concentration. Thereafter, dobutamine was 
infused at three doses of 3, 6, and 9 ~tg.kg 1-min-1 at 
each anesthetic concentration. Vaporizers were cali- 
brated over the appropriate range of concentrations 
using an anesthesia/respiratory gas monitor (Raman 
Scattering Gas Monitor, Rascal, Albion Instruments, 
Salt Lake City, UT, USA). The ability of the vaporizer 
to maintain these concentrations over the time-course 
for the study was also established. 

Statistical analysis 

All the data are shown as the mean _+ SD, but in figures 
they are shown as the mean ___ SE for simplicity. The 
differences in the hemodynamic variables were tested 
by a repeated-measures analysis of variance. If a signifi- 
cant effect was present, inter-group comparisons were 
performed using Scheffe's test. The percent changes 
from the baseline values were tested by the paired t-test. 
P < 0.05 was considered to be statistically significant. 
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Results 

The cardiac output;  Ees; mean  arterial pressure (MAP);  
and heart  rate in the absence of sevoflurane or 
isoflurane (0 MAC) ,  at 1 M A C  (1.3% for isoflurane and 
2.3% for sevoflurane),  and 2 M A C  (2.6% for isoflurane 
and 4.6% for sevoflurane) for the two anesthetics are all 
summarized in Table  1. Isoflurane and sevoflurane pro- 
duced dose-related decreases in the Ees and cardiac 
output. The Ees  decreased by 23% (P < 0.05) and 48% 
(P < 0.05) at i and 2 M A C  of isoflurane and by 16% 
(n.s.: not  significantly) and 41% (P < 0.05) at 1 and 
2 M A C  of sevoflurane, respectively (Table i and Figs. 1 
and 2). The cardiac output  decreased by 29% (P < 0.05) 
and 35% (P < 0.05) at 1 and 2 M A C  of isoflurane and by 
20% (P < 0.05) and 42% (P < 0.05) at 1 and 2 M A C  of 
sevoflurane, respectively. The M A P  decreased by 25% 
(n.s.) and 54% (P < 0.05) and 1 and 2 M A C  of 
isoflurane and by 10% (n.s.) and 28% (P < 0.05) at 1 
and 2 M A C  of sevoflurane, respectively. The hear t  rate  
tended to decrease,  but not significantly, at each M A C  
of isoflurane and sevoflurane. The systemic vascular 
resistance did not significantly change at each M A C  of 
both anesthetics. The  decreases in these variables were 
not significantly different between the two anesthetics 
at comparable  M A C  values. 

Figures i and 2 show the effects of dobutamine  on the 
Ees, cardiac output,  MAP,  and heart  rate during 
isoflurane and sevoflurane administration, respectively. 
Dobutamine  3 ~tg.kg 1.min-I produced a restorat ion of 
Ees simultaneously with a recovery of the cardiac 
output at 1 and 2 M A C  of both  the isoflurane (Fig. 1) 
and sevoflurane (Fig. 2) groups. Dobu tamine  
6 ~g.kg 1.min-] produced a significant increase in the 
M A P  at 1 and 2 M A C  of isoflurane and 1 M A C  of 
sevoflurane, as compared  with those in the absence of 
dobutamine.  The  heart  rate significantly increased dur- 
ing dobutamine  6 ~tg.kg t .min-t  at 1 and 2 M A C  of bo th  
isoflurane and sevoflurane, as compared  with those in 

the absence of dobutamine.  The systemic vascular resis- 
tance was not significantly altered by dobutamine at 
each M A C  of both anesthetics. 

Discussion 

The major  findings in this study are that isoflurane and 
sevoflurane produced a dose-related depression of Ees 
to a similar degree, and that  a low dose of dobutamine 
effectively reversed the depressed Ees with a simulta- 
neous recovery of cardiac output.  

The depressant  effects of  isoflurane and sevoflurane 
on cardiac performance  have been previously shown in 
a study by Bernard  et al. [1]. They demonstra ted  in 
chronically instrumented dogs dose-dependent  de- 
crease in the left ventricular dP/dt by approximately  
40% and 60% at 1.2 M A C  and 2 M A C  of both anesthet- 
ics, respectively, which were  compat ible  with out data 
which indicated that isoflurane and sevoflurane at 
2 M A C  decreased Ees by 50% and 60%, respectively. 
Conzen et al. [3] also repor ted  that  equipotent  hemody-  
namic concentrations of sevoflurane and isoflurane, 
which produced a mean arterial pressure of 70 mmHg,  
had similar effects on the depression of the cardiac out- 
put and stroke volume in rats. 

We  used Ees as an index of cardiac contractility. 
Since the preload and afterload are likely to change 
during isoflurane and sevoflurane anesthesia, the indi- 
ces which are easily influenced by loading conditions, 
such as stroke volume, max imum dP/dt, or ejection frac- 
tion, cannot accurately reflect the contractile state dur- 
ing anesthesia [12]. Ees is considered to be relatively 
insensitive to changes in the preload and afterload [6,7]. 
Therefore,  we chose to use the Ees  as an indicator of 
contractility. 

To obtain the Ees, it is necessary to combine the 
measurements  of the left ventricular pressure and vol- 
ume simultaneously. We used a conductance catheter  

Table 1. The changes in cardiac output (CO), end-systolic elastance (Ees), the mean 
arterial poressure (MAP), heart rate (HR), and systemic vascular resistance (SVR) 
for the control, 1 MAC, and 2 MAC of isoflurane (ISO) and sevoflurane (SEVO) 

Control 1 MAC 2 MAC 

CO ISO 138 + 41 
(ml.kg 1.min-1) SEVO 118 -- 25 

Ees ISO 5.1 _+ 1.7 
(ml.mmHg -1) SEVO 4.7 + 2.0 

MAP ISO 79 _+ 10 
(mmHg) SEVO 95 _+ 25 

HR ISO 119 _+ 17 
(beats-min 1) SEVO 126 _+ 29 

SVR ISO 0.61 +_ 0.17 
(mmHg-kg.min.m1-1) SEVO 0.80 _+ 0.17 

96 -+ 29* 78 -+ 27 *# 
93 + 17" 65 _+ 12 *# 

4.0 _+ 1.7" 2.5 -+ 1.7 *# 
4.1 _+ 1.5 2.4 -+ 0.7 *# 
59+_ 15 36+_ 10 *# 
80 +-20 55-+20" 

113_+ 12 99-+ 12 
119 + 24 107 +_ 25 

0.67 -+ 0.25 0.47 -+ 0.34 
0.86 + 0.20 0.85 _+ 0.29 

n = 6 for ISO and n = 6 for SEVO. Values are the means +SD. 
* P < 0.05 Vs. control; # P < 0.05 vs. 1 MAC. 
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Fig. 1. Effects of dobutamine infusion on hemodynamics in 
the absence of isoflurane (0% isoflurane) and during the ad- 
ministration of 1.3% (1MAC)  and 2.6% (2MAC) of 
isoflurane. The CO and Ees decreased by 29% and 23%, and 
35% and 48% at 1 and 2 M A C  of isoflurane, respectively. 
Dobutamine 3 vg 'kg- l 'min  i produced a restoration of Ees 
simultaneously with a recovery of the cardiac output at both 1 
and 2 M A C  of isoflurane. CO, cardiac output; Ees, end- 
systolic elastance; MAP, mean arterial pressure; HR, heart 
rate; SVR, systemic vascular resistance. Data are shown as 
mean _+ SE. Closed bars, without dobutamine; shaded bars, 
dobutamine 3 ~g-kg-~.min 1; hatched bars, dobutamine 
6 ~g.kg-Z.min-1; open bars, dobutamine 9 ~g.kg-Lmin 1; . p  < 
0.05 vs no dobutamine at 0% isoflurane; #P < 0.05 vs no 
dobutamine at each % isoflurane 
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Fig. 2. Effects of dobutamine infusion on hemodynamics in 
the absence of sevoflurane (0% sevoflurane) and during the 
administration of 2.3% (1MAC) and 4.6% (2MAC)  of 
sevoflurane. The CO and Ees decreased by 20% and 16%, and 
42% and 41% at 1 and 2 M A C  of isoflurane, respectively. 
Dobutamine 3 ~tg.kg 1.min-1 produced a restoration of Ees 
simultaneously with a recovery of the cardiac output at both 1 
and 2 MAC of isoflurane. Data are shown as means _+ SE. 
Closed bars, without dobutamine; shaded bars, dobutamine 
3 ~tg.kg-l-min-1; hatched bars, dobutamine 6~g.kg-~-min-i; 
open bars, dobutamine 9~tg.kg-t'min 1; . p  < 0.05 vs no 
dobutamine at 0% sevoflurane; #P < 0.05 vs no dobutamine at 
each % sevoflurane 

i n t r o d u c e d  by  B a a n  et  al. [8] to  assess the Ees.  T h e  
c o n d u c t a n c e  c a t h e t e r  can  m e a s u r e  L V  v o l u m e  con t inu-  
ous ly  by  m e a s u r i n g  i n t r a v e n t r i c u l a r  c o n d u c t a n c e  and  
p r o v i d e  r ea l - t ime  p r e s s u r e - v o l u m e  loops .  A l t h o u g h  

t h e r e  a r e  po t en t i a l  sources  o f  e r ro r  in the  m e a s u r e m e n t  
of  v o l u m e  by  the  c o n d u c t a n c e  c a t h e t e r  such as a mis-  
m a t c h  b e t w e e n  the  length  of  the  c a t h e t e r  a n d  the  ven-  
t r i cu la r  long  axis, as well  as a poss ib le  b e n d i n g  of  the  
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c a t h e t e r  dur ing  con t rac t ion ,  this m e t h o d  has b e e n  val i -  
d a t e d  in b o t h  e x p e r i m e n t a l  [8,13,14] and  cl inical  s tudies  

[8,91. 
Us ing  a c o n d u c t a n c e  ca the te r ,  we  f o u n d  tha t  

i sof lurane  and  sevof lu rane  could  d e c r e a s e  Ees  to  a s imi-  
la r  degree ,  i nd ica t ing  a c o m p a r a b l e  dec rea se  in ca rd i ac  
contrac t i l i ty .  O u r  resul ts  also show tha t  d o b u t a m i n e  
3 ~tg.kg 1.min ~ cou ld  r eve r se  the  d e p r e s s e d  ca rd i ac  
cont rac t i l i ty  s i m u l t a n e o u s l y  wi th  the  r e c o v e r y  of  the  
ca rd iac  o u t p u t  (Figs.  1 and  2). T h e  m a j o r  m e c h a n i s m s  
by  which  vo la t i l e  anes the t ics  depress  the  m y o c a r d i a l  
con t rac t i l i ty  inc lude  a dep re s s ion  of  t he  s low-channe l -  
m e d i a t e d  Ca 2+ en t ry  and  a l t e r a t i on  of  the  Ca 2+ u p t a k e  
and  r e l ea se  by  the  sa rcop la smic  re t i cu lum,  which  re-  
su l ted  in a r e d u c t i o n  of  the  Ca 2+ ava i lab le  to  the  con-  
t rac t i le  e l e m e n t s  [15,16]. T h e  fact tha t  d o b u t a m i n e  can  
r eve r se  the  i sof lurane-  and  s evo f lu r ane - induced  de p re s -  
s ion of  ca rd i ac  con t rac t i l i ty  may  sugges t  that  t he  s t imu-  
l a t ion  of  the  B - r e c e p t o r - m e d i a t e d  Ca 2+ channe l  can  thus  
o v e r c o m e  the  r e d u c t i o n  in the  Ca 2+ ava i l ab i l i ty  p ro -  
d u c e d  e i the r  d i rec t ly  or  ind i rec t ly  by  b o t h  agents .  

O u r  resul t s  also show tha t  severa l  o t h e r  ca rd iovascu -  
lar  effects  of  sevof lurane ,  inc luding  a sl ight  bu t  no t  
s ignif icant  d e c r e a s e  in the  hea r t  ra te ,  c losely  p a r a l l e l e d  
tha t  of  i sof lurane .  In  contras t ,  B e r n a r d  et  al. [1], us ing 
chron ica l ly  i n s t r u m e n t e d  dogs,  r e p o r t e d  a g r e a t e r  in- 
c rease  in the  h e a r t  r a te  dur ing  sevof lu rane  t h a n  
isof lurane.  H o w e v e r ,  p rev ious  s tud ies  have  shown  
var ious  resul ts  on  the  h e a r t  r a te  [3,4,17] dur ing  the  ad-  
min i s t r a t i on  o f  i sof lurane  and /o r  sevof lurane  anes the -  
sia. T h e r e f o r e ,  the  effects  of  these  anes the t i c s  on  the  
h e a r t  r a t e  m a y  thus d e p e n d  on the  e x p e r i m e n t a l  
condi t ions .  

O u r  e x p e r i m e n t s  were  p e r f o r m e d  in the  p r e s e n c e  of  
an c~-chlora lose-based anes the t ic .  W e  do no t  a s sume  
tha t  c~-chlora lose-based anes thes ia  h a d  any p a r t i c u l a r  
p r o n o u n c e d  effect  on  the  can ine  ca rd iovascu l a r  sys tem 
since c t -chlora lose  has only  a m i n o r  effect  on  h e m o d y -  
namics  [18]. O u r  resul ts  of  the  h e m o d y n a m i c  va r i ab l e s  
inc luding  Ees  u n d e r  ~ - c h l o r a l o s e - b a s e d  anes thes i a  we re  
also in g o o d  a g r e e m e n t  wi th  those  o b t a i n e d  in consc ious  
dogs [9]. 

In  s u m m a r y ,  ou r  s tudy  in which Ees  was u sed  as an 
index  of  ca rd i ac  con t rac t i l i ty  by m e a n s  of  a c o n d u c t a n c e  
ca the te r ,  ind ica tes  tha t  i sof lurane  and  sevof lu rane  a r e  
c a r d i o d e p r e s s i v e  agents  in vivo and  tha t  have  a lmos t  
iden t i ca l  n e g a t i v e  i no t rop i c  effects at  the  given concen -  
t ra t ions .  O u r  f indings also ind ica te  tha t  the  c i r cu l a to ry  
de p re s s ion  o b s e r v e d  dur ing  i sof lurane  and  sevof lu rane  
anes thes i a  m a y  be  c o u n t e r a c t e d  by  increas ing  the  m y o -  
card ia l  cont rac t i l i ty .  
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