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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 (L'V) in situ was
investigated in open-chest dogs anesthetized with a-
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 1 MAC, and 48% and
41% at 2MAC, respectively. Dobutamine 3 ug-kg='-min~!
produced a simultaneous restoration of Ees and recovery of
the cardiac output at 1 and 2MAC 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 demonstrated in
the isolated myocardium, isolated whole hearts, and in
situ hearts from animals and humans [1,4,5] based on
several indices of cardiac contractility. The slope of the
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left ventricular (LV) end-systolic pressure-volume rela-
tions (ESPVR), often referred to as end-systolic
elastance (Ees), has been considered useful for under-
standing cardiac performance 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 performed 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 balloon-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 performed on 12 mongrel dogs with
body weights ranging from 15 to 19 kg. This study was
approved by our institutional animal investigation com-
mittee. Anesthesia was induced with thiopental
(20mg-kg~?) and maintained with an infusion of a-
chloralose (10 mg-kg '-h~'). The trachea was intubated,
and a constant-volume intermittent positive-pressure
ventilation at a rate of 14 breaths-min~! 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
IT) was monitored continuously. Body temperature was
maintained between 37°C and 38°C 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
(20kHz, 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(1), is computed as

V(t) = (1/a) [L?G(t) — aVc]

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

In practice, L and ¢ are set on the Sigma 5 unit. To
determine aVe, 3ml of hypertonic saline (5% NaCl)
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
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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 10s, and the
pressure-volume relation was obtained during the initial
5 — 7s. 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 leasi-squares method.

Experimental protocol

After the control measurements, the animals received
cither 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
2MAC 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 9ug-kg''min~' at
cach 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 #test.
P < 0.05 was considered to be statistically significant.



S. Hoka et al.: Isoflurane and sevoflurane on Ees
Results

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

Figures 1 and 2 show the effects of dobutamine on the
Ees, cardiac output, MAP, and heart rate during
isoflurane and sevoflurane administration, respectively.
Dobutamine 3 ug-kg "-min~! produced a restoration of
Ees simultaneously with a recovery of the cardiac
output at 1 and 2MAC of both the isoflurane (Fig. 1)
and sevoflurane (Fig. 2) groups. Dobutamine
6ug-kg-min~' produced a significant increase in the
MAP at 1 and 2MAC of isoflurane and 1 MAC of
sevoflurane, as compared with those in the absence of
dobutamine. The heart rate significantly increased dur-
ing dobutamine 6 pg-kg-min~' at 1 and 2 MAC of both
isoflurane and sevoflurane, as compared with those in
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the absence of dobutamine. The systemic vascular resis-
tance was not significantly altered by dobutamine at
each MAC 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
ctfectively 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 demonstrated in
chronically instrumented dogs dose-dependent de-
crease in the left ventricular dP/dt by approximately
40% and 60% at 1.2 MAC and 2 MAC of both anesthet-
ics, respectively, which were compatible with out data
which indicated that isoflurane and sevoflurane at
2MAC decreased Ees by 50% and 60%, respectively.
Conzen et al. [3] also reported 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, maximum 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 clastance (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
CcO ISO 138 + 41 96 + 29* T8 + 27
(ml-kg='min~1) SEVO 118 = 25 93 & 17% 65 + 12%#
Ees 1ISO 51 =17 4.0 £ 1.7* 2.5 £ 1.7#
(ml'mmHg1) SEVO 47 =2.0 41 *15 2.4 = 0.7+
AP 1ISO 79 =10 59 + 15 36 = 10%¢
{(mmHg) SEVO 95 x 25 80 = 20 55 =+ 20%
HR 1ISO 119 = 17 113 = 12 99 = 12
(beats-min~1) SEVO 126 = 29 119 + 24 107 £ 25
SVR 1ISO 0.61 £ 0.17 0.67 = 0.25 0.47 = 0.34
(mmHg-kg'min'ml-') SEVO 0.80 = 0.17 0.86 = 0.20 0.85 = 0.29

n =6 tfor ISO and 1 = 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 13% (1MAC) and 2.6% (2MAC) of
isoflurane. The CO and Ees decreased by 29% and 23%, and
35% and 48% at 1 and 2ZMAC of isoflurane, respectively.
Dobutamine 3 pg-kg™'-min~! produced a restoration of Ees
simultaneously with a recovery of the cardiac output at both 1
and 2MAC of isoflurane. CO, cardiac output; Ees, end-
systolic elastance; MAP, mean arterial pressure; IR, heart
rate; SVR, systemic vascular resistance. Data are shown as
mean * SE. Closed bars, without dobutamine; shaded bars,
dobutamine 3pg-kg l'min~'; hatched bars, dobutamine
6 ug-kg~1'min-%; open bars, dobutamine 9 pg-kg=t-min=%; *P <
0.05 vs no dobutamine at 0% isoflurane; *P < 0.05 vs no
dobutamine at each % isoflurane

introduced by Baan et al. [8] to assess the Ees. The
conductance catheter can measure LV volume continu-
ously by measuring intraventricular conductance and
provide real-time pressure-volume loops. Although
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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% (I1MAC) and 4.6% (2MAC) of
sevoflurane. The CO and Ees decreased by 20% and 16%, and
42% and 41% at 1 and 2MAC of isoflurane, respectively.
Dobutamine 3 pg-kg -min~! produced a restoration of Ees
simultaneously with a recovery of the cardiac output at both 1
and 2MAC of isoflurane. Data are shown as means * SE.
Closed bars, without dobutamine; shaded bars, dobutamine
3ug-kg l-min~Y; hatched bars, dobutamine 6pg-kg='-min~%;
open bars, dobutamine 9ug-kg ' min~Y; *P < 0.05 vs no
dobutamine at 0% sevoflurane; *P < 0.05 vs no dobutamine at
each % sevoflurane

there are potential sources of error in the measurement
of volume by the conductance catheter such as a mis-
match between the length of the catheter and the ven-
tricular long axis, as well as a possible bending of the
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catheter during contraction, this method has been vali-
dated in both experimental [8,13,14] and clinical studies
[8,9].

Using a conductance catheter, we found that
isoflurane and sevoflurane could decrease Ees to a simi-
lar degree, indicating a comparable decrease in cardiac
contractility. Our results also show that dobutamine
3ug-kgt'min~! could reverse the depressed cardiac
contractility simultaneously with the recovery of the
cardiac output (Figs. 1 and 2). The major mechanisms
by which volatile anesthetics depress the myocardial
contractility include a depression of the slow-channel-
mediated Ca?* entry and alteration of the Ca?* uptake
and release by the sarcoplasmic reticulum, which re-
sulted in a reduction of the Ca*" available to the con-
tractile elements [15,16]. The fact that dobutamine can
reverse the isofiurane- and sevoflurane-induced depres-
sion of cardiac contractility may suggest that the stimu-
lation of the p-receptor-mediated Ca?* channel can thus
overcome the reduction in the Ca?* availability pro-
duced either directly or indirectly by both agents.

Our results also show that several other cardiovascu-
lar effects of sevoflurane, including a slight but not
significant decrease in the heart rate, closely paralleled
that of isoflurane. In contrast, Bernard et al. [1], using
chronically instrumented dogs, reported a greater in-
crease in the heart rate during sevoflurane than
isoflurane. However, previous studies have shown
various results on the heart rate [3,4,17] during the ad-
ministration of isoflurane and/or sevoflurane anesthe-
sia. Therefore, the effects of these anesthetics on the
heart rate may thus depend on the experimental
conditions.

Our experiments were performed in the presence of
an o-chloralose-based anesthetic. We do not assume
that a-chloralose-based anesthesia had any particular
pronounced effect on the canine cardiovascular system
since a-chloralose has only a minor effect on hemody-
namics [18]. Our results of the hemodynamic variables
including Ees under a-chloralose-based anesthesia were
also in good agreement with those obtained in conscious
dogs [9].

In summary, our study in which Ees was used as an
index of cardiac contractility by means of a conductance
catheter, indicates that isoflurane and sevoflurane are
cardiodepressive agents in vivo and that have almost
identical negative inotropic effects at the given concen-
trations. Our findings also indicate that the circulatory
depression observed during isoflurane and sevoflurane
anesthesia may be counteracted by increasing the myo-
cardial contractility.
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