156

Anesthesiology

81:156-167, 1994

© 1994 American Society of Anesthesiologists, Inc.
J. B. Lippincott Company, Philadelphia
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Background: Volatile anesthetics depress left ventricular
mechanical performance during multiple phases of the cardiac
cycle. The effects of sevoflurane on systolic and diastolic func-
tion have yet to be fully evaluated. This investigation char-
acterized the systemic and coronary hemodynamic, inotropic,
and lusitropic actions of sevoflurane in chronically instru-
mented dogs in the presence and absence of autonomic ner-
vous system (ANS) reflexes.

Methods: Because ANS activity may influence the actions of
volatile anesthetics in vivo, experiments were conducted in
both ANS-intact and ANS-blocked animals. Eighteen experi-
ments were performed in nine dogs chronically instrumented
for measurement of aortic and left ventricular pressure, rate
of change of left ventricular pressure, subendocardial segment
length, diastolic coronary blood flow velocity, and cardiac
output. The preload recruitable stroke work slope was used
to assess myocardial contractility. Diastolic function was
evaluated by a time constant of isovolumic relaxation, max-
imum segment lengthening velocity during rapid ventricular
filling, and a regional chamber stiffness constant. Dogs were
assigned to receive sevoflurane with or without pharmacologic

blockade of the ANS in a random fashion. On separate exper-
imental days, systemic and coronary hemodynamics and left
ventricular pressure-segment length diagrams and waveforms
were recorded in the conscious state and during sevoflurane
anesthesia (1.0, 1.25, 1.5, and 1.75 MAC).
Results: In dogs with intact ANS reflexes, sevoflurane caused
significant (P < 0.05) increases in heart rate and dose-related

* Fellow in Anesthesiology.

t Assistant Professor of Anesthesiology..

¥ Biomedical Engineer in Anesthesiology.

§ Professor of Ancsthesiology, Pharmacology, and Medicine (Di-

vision of Cardiology): Vice Chairman for Research, Department of
Anesthesiology.

Received from the Departments of Anesthesiology, Pharmacology,
and Medicine, Medical Coliege of Wisconsin, Milwaukee, Wisconsin,
and the Zablocki Veterans Administration Medical Center, Milwaukee,
Wisconsin. Accepted for publication March 8, 1994. Supported by
United States Public Health Service grants HL 36144 and HL 32911
and Anesthesiology Rescarch Training grant GM 08377.

Address reprint requests to Dr. Warltier: Medical College of Wis-
consin, MEB, Room 462C, 8701 Watertown Plank Road, Milwaukee,
Wisconsin 53226.

Ancsthesiology, V 81, No 1, Jul 1994

decreases in mean arterial pressure, left ventricular systolic
pressure, cardiac output, and diastolic coronary vascular re-
sistance. Sevoflurane also decreased myocardial contractility
(preload recruitable stroke work slope 96 * 4 in the conscious
state to 42 + 3 mmHg at 1.75 MAC). Sevoflurane prolonged
isovolumic relaxation (time constant of isovolumic relaxation
35 + 1 in the conscious state to 51 £ 3 ms at 1.75 MAC) and
decreased rapid ventricular filling (maximum segment
lengthening velocity 40.2 + 6.0 in the conscious state to 21.8
+ 3.8 mm-s™! at 1.75 MAC) without affecting regional chamber
stiffness. Sevoflurane caused similar alterations in functional
indices of left ventricular systolic and diastolic performance
in autonomically blocked dogs.

Conclusions: Sevoflurane caused direct negative inotropic
and lusitropic effects in chronically instrumented dogs with
and without ANS blockade. (Key words: Anesthetics, volatile:
sevoflurane. Heart, diastole: diastolic left ventricular function;
isovolumic relaxation; ventricular compliance. Heart, myo-
cardial performance: left ventricular function; myocardial
contractility; preload recruitable stroke work.)

INTEREST in sevoflurane has been rekindled in recent
years because this volatile anesthetic possesses several
advantageous biophysical properties, including low
tissue-gas solubility coefficients and lack of pungency,
which make it attractive for clinical use. The systemic
and coronary hemodynamic effects of sevoflurane have
been incompletely studied. Sevoflurane has been re-
ported to produce a cardiovascular profile which is
similar to that produced by isoflurane.'~¢ Sevoflurane
may depress intrinsic myocardial contractility to a sim-
ilar degree as isoflurane in chronically instrumented
dogs’ and may also result in less direct myocardial
depression than enflurane in humans.® These observa-
tions must be qualified, however, because sevoflurane-
induced changes in systemic hemodynamics may have
directly influenced the indices of contractile state used
in these studies. Recognition that left ventricular func-
tion during diastole also contributes significantly to
overall cardiac performance® provides the rationale for
the examination of the effects of sevoflurane on indices
of diastolic function which have not been previously
characterized.
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This investigation was undertaken to systematically
examine the actions of sevoflurane on systemic and
coronary hemodynamics and left ventricular systolic
and diastolic function in chronically instrumented
dogs. Myocardial contractility was cvaluated with the
preload recruitable stroke work relation slope (M), a
refatively heart rate- and load-independent and easily
quantified index of contractile state én vivo.'"~'? The
preload recruitable stroke work relation was obtained
from a secries of left ventricular pressure-segment
length loops generated by abrupt reduction of venous
return. Diastolic function was assessed using several
indices: a time constant of isovolumic relaxation (7);
the maximum segment lengthening velocity (dL/dt,,.,)
during rapid ventricular filling; and a regional chamber
stiffness constant (K). Experiments were performed
with both intact and pharmacologically blocked au-
tonomic nervous system (ANS) reflexes to determine
the relative role of the ANS in the cardiovascular effects
of sevoflurane.

Materials and Methods

All experimental procedures and protocols used in
this investigation were reviewed and approved by the
Animal Care and Use Committce of the Medical College
of Wisconsin. All procedures conformed to the Guiding
Principles of the Care and Use of Animals of the Amer-
ican Physiologic Socicty and were performed in accor-
dance with the Guide for the Care and Use of Laboratory
Animals (Department of Health, Education, and Wel-
fare—Dcpartment of Health and Human Services pub-
lication (NIH) 85-23, revised 1985).

General Preparation

The surgical implantation of instruments has been
documented in detail.'"™"" During gencral anesthesia
using sterile techniques, conditioned mongrel dogs (n
= 9; weight 25.8 + 0.8 kg, mean * SEM) underwent
a left thoracotomy for placement of instruments for
measurement of aortic and left ventricular pressure,
rate of change of left ventricular pressure (dP/dt), sub-
endocardial segment length, intrathoracic pressure,
diastolic coronary blood flow velocity, and cardiac
output. A hydraulic vascular occluder was positioned
around the inferior vena cava for control of left ven-
tricular preload. All instrumentation was firmly se-
cured, tunneled between the scapulae, and exteriorized
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via several small incisions. The pericardium was left
open, the chest wall closed in layers, and the pneu-
mothorax subsequently evacuated by a chest tube.

All dogs received systemic analgesics (Innovar-Vet
[fentanyl-droperidol], Pitman-Moore, Mundelein, IL) as
needed after surgery. Dogs were allowed to recover a
minimum of 7 days before experimentation during
which time all were treated with antibiotics (cepha-
lothin 40 mg/kg and gentamicin 4.5 mg/kg) and
trained to stand quietly in an animal sling for hemo-
dynamic monitoring. Coronary blood flow velocity and
segment length signals were monitored by ultrasonic
amplifiers (Crystal Biotech, Hopkinton, MA). End-sys-
tolic segment length was determined at maximum neg-
ative left ventricular dP/dt and end-diastolic segment
length was determined just before the onset of left ven-
tricular isovolumic contraction. The lengths were nor-
malized according to the method described by Theroux
et al.'* Percent segment shortening was calculated as
(EDL — ESL) X 100 X EDL™', where ESL = end-systolic
segment length and EDL = end-diastolic segment
length. Relative diastolic coronary vascular resistance
was calculated as the quotient of diastolic arterial pres-
sure and diastolic coronary blood flow velocity. Pres-
sure work index, an estimate of myocardial oxygen
consumption, was determined using the formula of
Rooke and Feigl.'* The hemodynamic data were con-
tinuously recorded on a polygraph (7758A, Hewlett-
Packard, San Francisco, CA) and digitized by a computer
interfaced with an analog to digital converter. Ventric-
ular pressure and segment length data were also trans-
mitted to a digital storage oscilloscope (4094, Nicolet,
Madison, W) for recording of left ventricular pressure—
segment length waveforms and diagrams.

Experimental Protocol

Dogs were randomly assigned to receive sevoflurane
with or without ANS blockade on separate experimental
days. Each dog was fasted overnight, and fluid deficits
were replaced before experimentation with crystalloid
(500 ml 0.9% saline) which was continued at 3
ml-kg™" - h™' for the duration of each experiment. Dogs
undergoing pharmacological blockade of the ANS re-
ceived intravenous propranolol (2 mg- kg™"), atropine
methylnitrate (3 mg-kg™"), and hexamethonium (20
mg-kg™"). Adequacy of autonomic blockade was es-
tablished by lack of reflex change in heart rate during
an abrupt decline of venous return by inflation of the
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inferior vena caval hydraulic occluder before, during
and after each experiment.

Left ventricular pressure, intrathoracic pressure, and
segment length waveforms were recorded continuously
on the digital oscilloscope for later off-line analysis of
diastolic function. Left ventricular pressure—segment
length diagrams used to assess contractile state were
generated by abruptly decreasing left ventricular pre-
load. This was accomplished by constricting the infe-
rior vena cava, resulting in decrease of approximately
30 mmHg in left ventricular systolic pressurc over 10~
20 cardiac cycles. Respiratory variation in ventricular
pressure in the conscious state were later reduced off-
line by electronically subtracting the continuous in-
trathoracic pressure waveform from the left ventricular
pressure waveform via the digital oscilloscope, as de-
tailed previously.'' During anesthesia, waveforms were
recorded at end expiration. Inferior vena caval occlu-
sion was released immediately after recording of the
waveforms. Aleeration of preload did not cause a change
in heart rate in any experiment.

Hemodynamic data were recorded, and left ventric-
ular pressure—segment length waveforms and loops
were obtained in two groups of experiments in dogs
with and without ANS blockade. After obtaining data
in the conscious state, all dogs underwent inhalation
induction with sevofluranc in oxygen followed by in-
tubation of the trachea. Ancsthesia was maintained at
1.0, 1.25, 1.5, and 1.75 MAC end-tidal sevoflurane in
anitrogen (79%) and oxygen (21%) mixture. End-tidal
anesthetic concentrations of sevoflurane were measured
at the tip of the endotracheal tube by an infrared an-
esthetic analyzer (Datex Capnomac, Helsinki, Finland)
calibrated for detection of sevoflurane. The canine MAC
value for sevofluranc used in this investigation was
2.36%.'% Each MAC level was mainwined for 30 min,
after which hemodynamics were again recorded and
left ventricular pressure-segment length waveforms
and diagrams acquired in the manner detailed above.
Arterial blood gases were maintained at conscious levels
by adjusting respiratory rate and nitrogen and oxygen
concentrations during cach experiment.

The anesthetic was discontinued and emergence al-
lowed to occur after cach experiment was completed.
Dogs recovered for at least 3 days before undergoing
subsequent experimentation. Eighteen experiments in
two groups (sevoflurane with and without ANS block-
ade) were performed in which the same nine dogs were
studied.
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Calculation of Indices of Systolic and Diastolic

Left Ventricular Function

M,, was used to determine myocardial contractility
as previously described.'"~'? In the conscious state and
at each MAC multiple of sevoflurane, a series of left
ventricular pressure—segment length diagrams were
obtained by transient constriction of the inferior vena
cava. The area of cach diagram, which corresponds to
segmental stroke work, was plotted against the corre-
sponding end-diastolic segment length for each loop.
Linear regression analysis was used to determine M,,
and preload recruitable stroke work-length intercept:
Sw = M,, X (EDL — L), where EDL = end-diastolic
segment length and L, = stroke work—length intercept.
7 was determined assuming a nonzero asymptote of left
ventricular pressure decay according to the method of
Raff and Glantz.'® The dL/dt,,,, during rapid ventricular
filling was determined by differentiation of the contin-
uous segment length waveform, as previously de-
tailed."' K, was derived from ventricular pressure—seg-
ment length data between minimum ventricular pres-
surc and the beginning of atrial systole using a
monoexponential relation assuming a simple elastic
model."”

Statistical Analysis

Statistical analysis of the data within and between
groups in the conscious state with and without ANS
blockade and during all anesthetic interventions was
performed by multiple analysis of variance with re-
peated measures, followed by use of Bonferroni's mod-
ification of Student’s # test.'® Changes were statistically
significant when the P value was < 0.05. The relations
between stroke work and end-diastolic segment length
(calculation of M,, and preload recruitable stroke
work-length intercept) and between —dP/dt and ven-
tricular pressure (calculation of 1) were determined
by usc of linear regression analysis. Least-squares
regression analysis was used to evaluate the exponential
relation between ventricular pressure and segment
length (calcufation of K,,). All data are expressed as
mean + SEM.

Results

In dogs with intact ANS function, sevoflurane pro-
duced a significant (P < 0.05) increase in heart rate
(table 1). Dose-dependent decreases in mean arterial
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Table 1. Systemic and Coronary Hemodynamic Effects of Sevoflurane in Dogs with Intact

Autonomic Nervous System Function

Sevoflurane (MAC)
Conscious

n Controt 1.0 1.25 1.5 1.75
HR (beats/min) 9 71+ 3 128 + 7* 127 = 6* 118 + 6* 113 = 6"t
MBP (mmHg) 9 96 + 4 75 £ 4* 73 + 3* 67 + 2* 59 + 2"t
LVSP (mmHg) 9 124 £ 5 89 + 4* 85 + 3* 79  2* 70 + 2"t 4§
LVEDP (mmHg) 9 9+1 6+1* 6+ 1* 61" 7+1
DCBFV (Hz-10%) 8 54 +7 55 +7 54 + 7 51+8 49+ 7
DCVR {ru) 8 1.72 + 0.25 1.44 + 0.22* 1.41 = 0.20* 1.40 + 0.21* 1.23 £ 0.15*
CO(I-min™) 8 22+0.2 1.9+02 1.8 £ 0.2* 1.7 £0.2* 1.5 £ 011
SVR (dyne-s-cm™5) 8 3690 + 260 3320 = 210 3450 + 250 3430 + 260 3280 + 250
SV (ml) 8 31 x2 14 £ 2¢ 14 + 1* 14 £ 1* 13+ 1
PWI (ml-min~'-100 g™ 8 8306 83+£06 7.8+04 6.9 £ 0.4*t 6.0 + 0.4" 14
pH (units) 8 741 £ 0.01 7.39 £ 0.01 7.40 £ 0.01 7.38 + 0.01 7.39 + 0.01
Po, (mMmHg) 8 86 + 2 106 + 6* 106 + + 5* 110 + 6* 117 £ 9*
Pco, (mmHg) 8 32+1 31 1 311 33+1 31 +1
ET (%) 9 —_ 2.39 + 0.03 2.96 + 0.02t 3.49 + 0.011¢ 4.11 + 0.0211+§

Data are mean + SEM.

MAC = minimum alveolar concentration; HR = heart rate; MBP = mean aortic blood pressure; LVSP and LVEDP = left ventricular systolic and end-diastolic pressure,
respectively; DCBFV = diastolic coronary blood flow velacity; DCVR = diastolic coronary vascular resistance; CO = cardiac output; SV = stroke volume; SVR
= systemic vascular resistance; PWI = pressure work index; ET = end-tidal sevoflurane concentration.

* Significantly different (P < 0.05) from conscious control.

1 Significantly different (P < 0.05) from 1.0 MAC sevoflurane.
1 Significantly different (P < 0.05) from 1.25 MAC sevofiurane.
§ Significantly different (P < 0.05) from 1.5 MAC sevoflurane.

pressure, left ventricular systolic pressure, and cardiac
output occurred during administration of sevofiurane.
No change in systemic vascular resistance was observed.
Diastolic coronary vascular resistance was also de-
creased by sevoflurane. Diastolic coronary blood flow
velocity was unchanged during sevoflurane anesthesia.
Sevoflurane decreased in the pressure work index (cal-
culated myocardial oxygen consumption) at 1.5 and
1.75 MAC.

Pharmacological blockade of the ANS increased heart
rate and decreased mean arterial blood pressure, left
ventricular systolic pressure, systemic vascular resis-
tance, and stroke volume (table 2). ANS blockade pro-
duced no change in cardiac output, left ventricular end-
diastolic pressure, pressure work index, diastolic cor-
onary blood flow velocity, or diastolic coronary vascular
resistance. A dose-dependent decrease in heart rate,
mean arterial pressure, left ventricular systolic pres-
sure, cardiac output and pressure work index occurred
during sevoflurane anesthesia in ANS blocked dogs. No
change in diastolic coronary blood flow velocity or sys-
temic vascular resistance occurred during administra-
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tion of sevoflurane to ANS blocked dogs. A significant
decrease in diastolic coronary vascular resistance and
an increase in left ventricular end-diastolic pressure
were observed at 1.75 MAC.

Administration of sevoflurane to dogs with intact ANS
function dose-dependently decreased My, (96 + 4 dur-
ing the conscious state to 42 £ 3 mmHg at 1.75 MAC)
indicating a decrease in intrinsic inotropic state (table
3). No change in the preload recruitable stroke work—
length intercept was observed. A concomitant decrease
in left ventricular dP/dt,., +dP/dts,, and percent seg-
ment shortening occurred consistent with direct myo-
cardial depression. Sevoflurane decreased the magni-
tude of left ventricular —dP/dt,,;, (—2,359 + 89 in the
conscious state to —1,052 = 70 mmHg- s~ at 1.75
MAC) and increased 7 (35 %= 1 in the conscious state
to 51 £ 3 ms at 1.75 MAC) in a dose-related manner
consistent with delays in isovolumic relaxation. Sevo-
flurane also dose-dependently decreased dL/dt,,. (40.2
* 6.0 in the conscious state to 21.8 + 3.8 mm-s™" at
1.75 MAC) indicating impairment of early ventricular
filling. K, was unchanged by sevoflurane indicating that
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Table 3. Effects of Sevoflurane on Indices of Left Ventricular Systolic and Diastolic Function in Dogs with Intact Autonomic
Nervous System Function

Sevoflurane (MAC)

Conscious

n Control 1.0 1.25 1.5 1.75
My, (mmHg) 8 96 + 4 72 + 4* 69 + 5* 55 + 4*t+¢ 42 + 3*11§
Ly (mm) 8 134 £ 22 139+ 23 14023 141 +23 141 £23
+dP/dtma (MmHg/s) 9 2,469 + 115 1,565 + 63* 1,444 + 43" 1,265 + 44* 1,070 + 64*11§
+dP/dts, (mmHg/s) 9 2,182 + 90 1,542 + 57* 1,435 + 41* 1,256 + 43"} 1,036 + 67"1+§
—dP/dtm, (mmHg/s) 9 -2,359 + 89 ~1,622 + 69* —1,495 + 57* —1,281 = 52*4% —-1,052 + 70*t++§
EDL (mm) 9 1564 £ 28 13.9+ 24" 140 + 2.4* 141 £ 2.5* 143 + 2.5*
ESL (mm) 9 126 £ 2.3 12.0 £ 2.1* 123 £ 2.1 125 £ 2.2 12.7 + 2.2t
SS (%) 9 18.4 + 1.1 132+ 14" 1.7 = 1.4* 11.0 £ 1.3 10.9 + 1.2¢
dL/dtpa. (Mm/s) 9 40.2 + 6.0 29.1 +6.1* 26.3 £ 5.6* 24.0 + 48"t 21.8 + 3.8*t¢
7 (mMs) 9 35 +1 38 £1 41 = 2* 46 + 2t ¢ 51 = 3*t¢
Ko (mm™) 9 0.47 +£ 0.05 0.41 £ 0.04 0.42 £ 0.04 0.41 + 0.04 0.38 + 0.03

Data are mean + SEM.

MAC = minimum alveolar concentration; M,, and L,, = preload recruitable stroke work slope and length intercept, respectively; EDL and ESL = end-diastolic and
end-systolic segment length, respectively; SS = segment shortening; + = time constant of isovolumic relaxation; K, = regional chamber stiffness.

* Significantly different (P < 0.05) from conscious control.

1 Significantly different (P < 0.05) from 1.0 MAC sevofiurane.
¥ Significantly different (P < 0.05) from 1.25 MAC sevoflurane.
§ Significantly different (P < 0.05) from 1.5 MAC sevoflurane.

this volatile anesthetic does not alter regional ventric-
ular compliance.

ANS blockade decreased M,,, +dP/dt,,«, +dP/dts,,
percent segment shortening, and the magnitude of
—dP/dty,, (table 4). No changes in other indices of
diastolic function (7, dL/dt,,, and K,) occurred with
ANS blockade. Administration of sevoflurane to dogs
with ANS blockade dose-dependently decreased M,, (76
* 6 in the conscious state to 34 + 4 mmHg at 1.75
MAC), +dP/dty., +dP/dts,, and percent segment
shortening indicating direct myocardial depression.
Sevoflurane significantly, and in dose-related manner,
increased 7 (38 = 1 in the conscious state after ANS
blockade to 56 * 3 ms at 1.75 MAC) consistent with
delays in isovolumic relaxation. This observation was
supported by a concomitant decrease in the magnitude
of —dP/dt,,, which was proportionally greater than
the decrease in left ventricular systolic pressure. Sev-
oflurane also decreased dL/dt,., (45.3 + 6.8 in the
conscious state to 22.2 + 4.7 mm-s~' at 1.75 MAC)
suggesting that sevoflurane may impair early diastolic
filling during ANS blockade. No changes in K, were
observed.

Alterations in indices of left ventricular systolic and
diastolic function induced by sevoflurane are depicted
in figure 1. Sevoflurane caused a dose-dependent de-
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crease in myocardial contractility in both ANS-intact
and ANS-blocked dogs without significant differences
between groups (M,, 100% in the conscious state before
anesthesia to 40 + 4 and 45 + 3% of control at 1.75
MAC in ANS-intact and ANS-blocked dogs, respectively).
In addition, no significant differences in the negative
lusitropic effects of sevoflurane were observed between
autonomically intact or blocked dogs during isovol-
umic relaxation (7 100% in the conscious state before
anesthesia to 150 = 11 or 148 = 10% of control at
1.75 MAC in ANS-intact and ANS-blocked dogs, respec-
tively) and rapid ventricular filling (dL/dt,,,x 100% in
the conscious state before anesthesia to 53 *+ 4 or 47
+ 3% of control at 1.75 MAC in ANS-intact and ANS-
blocked dogs, respectively).

Discussion

The systemic and coronary hemodynamic effects of
sevoflurane have been described in animals under a
variety of experimental conditions. Manohar and Parks'
demonstrated that sevoflurane caused dose-dependent
decreases in cardiac output, stroke volume, mean a2ortic
blood pressure, left ventricular work, and coronary
blood flow without change in heart rate or systemic
vascular resistance in chronically instrumented pigs.
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Table 4. Effects of Sevoflurane on Indices of Left Ventricular Systolic and Diastolic Function in Dogs with Autonomic Nervous

System Blockade

Sevoflurane (MAC)
Conscious

n Control ANS Blockade 1.0 1.25 1.5 1.75
My (mmHg) 8 102 + 4* 76+ 6 58 + 5* 50 + 4"t 45 + 4"t 34 + 44§
Ly (mm) 8 134+ 23 134+ 23 13.6 £ 23 134 22 13.56+23 13.2+23
+dP/dtmax (MmHg/s) 9 2,576 + 108" 1,819 + 101 1,365 + 116" 1,226 + 94* 1,084 + 83*1¢ 912 + 68"1¢
+dP/dtso (MmHg/s) 9 2,295 + 94* 1,781 + 98 1,347 + 117* 1,214 + 95° 1058 + 86" 11 852 + 87 11§
~dP/dtn (MMHg/s) 9 -2,257 * 56* —1,674 + 66 -1,250 + 72* -1,143 + 72* -1,017 £ 76*t% 859 + 75"1'+§
EDL (mm) 9 16.5 + 2.8* 16.0 £ 2.6 15.2 + 2.4* 15.4 £ 2.5* 155+ 2.5
ESL (mm) 9 134 +22 134 £2.2 13.0+ 20 131 +21 133+ 2.1 135+22
SS (%) 9 18.7 £ 1.1° 16.6 + 1.2 145 + 1.6* 14.0 £ 11" 13.5 - 1.0* 12.7 £ 1.2*¢
dL/Gtmax (MM/s) 9 43.0 + 6.0 453 + 6.8 28.7 +6.1* 26.4 + 6.0* 23.8 + 4.8*t 222+ 4.7
T (ms) 9 361 38+ 1 44 + 2* 48 + 2* 51 + 3% 56 + 31t
Ky (mm™) 9 0.48 + 0.06 0.45 + 0.07 0.41:x 0.05 0.40 + 0.04 0.41 + 0.04 0.42 + 0.04

Data are mean + SEM.

ANS = autonomic nervous system; MAC = minimum alveolar concentration; M,, and L, = preload recruitable stroke work slope and length intercept, respectively;
EDL and ESL = end-diastolic and end-systolic segment length, respectively; SS = segment shortening; r = time constant of Isovolumic relaxation; K, = regional

chamber stiffness.

* Significantly different (P < 0.05) from ANS blockade.

1t Significantly different (P < 0.05) from 1.0 MAC sevofiurane.
1 Significantly different (P < 0.05) from 1.25 MAC sevoflurane.
§ Significantly different (P < 0.05) from 1.5 MAC sevoflurane.

Lerman et al.? found that sevoflurane (1.5 MAC) de-
creased heart rate and systolic arterial pressure without
changing cardiac index in acutely instrumented, new-
born swine. In contrast, Crawford et al.>* showed that
sevoflurane caused little change in systemic hemody-
namics with the exception of declines in mean arterial
pressure at 1.5 MAC in spontaneously breathing rats.
Increased carbon dioxide tension probably resulted in
sympathetic nervous system stimulation'®*” which ob-
scured the direct cardiovascular depressant effects of
sevoflurane in these studies.*" Conzen et al.’ observed
dose-dependent decreases in heart rate, cardiac output,
rate-pressure product, systemic vascular resistance as
well as declines in coronary blood flow and coronary
vascular resistance in rats anesthetized with hypoten-
sive concentrations of sevoflurane. Lethal concentra-
tions of sevoflurane decreased heart rate, mean arterial
pressure, and cardiac output without altering systemic
vascular resistance in swine, in contrast to isoflurane
which decreased systemic vascular resistance without
changing heart rate.® Bernard et al.” reported that sev-
oflurane and isoflurane produced nearly identical
changes in systemic and coronary hemodynamics in
chronically instrumented dogs. The findings of Bernard
et al” demonstrated that sevoflurane and isoflurane
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caused similar increases in heart rate and coronary
blood flow, and decreases in systemic and coronary
vascular resistance.

In the current investigation, sevoflurane produced
increases in heart rate which were not dose-related
in dogs with intact ANS function. This sevofiurane-
induced tachycardia probably resulted from barore-
flex activation of the sympathetic nervous system be-
cause direct negative chronotropic effects were ob-
served with sevoflurane during pharmacological
blockade of the ANS. Similar decreases in heart rate,
consistent with depression of phase-4 sinoatrial node
depolarization, have been described for isoflurane,
enflurane, and halothane in vitro*! and have also
been observed with volatile anesthetics, including
desflurane, during ANS blockade i vivo.'” Sevoflur-
ane caused dose-related decreases in mean arterial
pressure, left ventricular systolic pressure and car-
diac output without changes in calculated systemic
vascular resistance supporting the observations of
Manohar and Parks' and Cork et al.® in swine. Alter-
ations in these variables were qualitatively similar to
those produced by desflurane, halothane, and en-
flurane, but not isoflurane, in previous investigations
in dogs from this®? and other laboratories.?* 3¢
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Fig. 1. Comparison of the effects of sevoflurane on indices of left ventricular systolic and diastolic function in the absence and
presence of autonomic nervous system (ANS) blockade (ANS-intact and ANS-blocked, respectively). Data are presented as per-
centage of control before anesthesia (C). All data during sevoflurane in both ANS-intact and ANS-blocked groups are significantly
(P < 0.05) different from (C). At equivalent MAC, no differences between dogs with and without ANS function were observed.

M,, = preload recruitable stroke work slope; T = time constant of isovolumic relaxation; dL/dt,,., = maximum segment lengthening
velocity during rapid ventricular filling,

In contrast to the current findings, Bernard et al.”  the location of chronically implanted flow probes (de-
demonstrated that sevoflurane decreased systemic vas-  scending thoracic aorta vs. pulmonary artery) used to
cular resistance similar to that caused by isoflurane in  measure cardiac output or the position of the dog dur-
chronically instrumented dogs. The reasons for this dif- ing anesthesia (suspended in a retraining sling vs. lying
ference between the current investigation and the study in lateral position) may have been contributing factors.
of Bernard et al.” are unclear, although differences in ~ Kikura and Ikeda® observed a sevoflurane—nitrous ox-
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ide—induced decrease in left veatricular end-systolic
wall stress (a quantitative measure of afterload) in hu-
mans, suggesting that sevoflurane decreases impedance
to left ventricular outflow via a decreased peripheral
vascular resistance. Cardiac output was not measured
and systemic vascular resistance was not calculated in
that study,® however.

Sevoflurane decreased diastolic coronary vascular re-
sistance without altering diastolic coronary blood flow
velocity in dogs with and without ANS activity. These
observations support the findings of Conzen ef al.’ in
pigs and partially support the results of Bernard ef al.”
in dogs. A dose-related decrease in calculated myocar-
dial oxygen consumption was observed with sevoflur-
anc in both the autonomically intact and blocked states
in the current investigation. Because coronary blood
flow is coupled to myocardial oxygen consumption,
maintenance of diastolic coronary blood flow velocity
with a concomitant decreasce in diastolic coronary vas-
cular resistance combined with a decreased myocardial
oxygen consumption suggest that sevoflurane may pro-
duce direct coronary vasodilatory actions. This conclu-
sion requires qualification, however, because myocar-
dial oxygen extraction or coronary sinus oxygen tension
were not directly measured in the current investigation,

Two previous investigations have examined the ef-
fects of sevoflurane on myocardial contractility 7n
vivo.”® Bernard et al.” demonstrated that sevoflurane
and isoflurane nearly identically decreased myocardial
contractility as ¢valuated by left ventricular peak pos-
itive dP/dt, an isovolumic index of contractile state
which is heart rate and preload dependent.?” Neverthe-
less, these observations strongly implied that sevoflur-
anc and isoflurane affect intrinsic inotropic state to
similar degrees because these volatile anesthetics
caused similar changes in heart rate and ventricular
loading conditions.” Kikura and Ikeda® compared the
effects of sevofluranc—nitrous oxide and enflurane-ni-
trous oxide on myocardial contractility in ASA physical
status 1 or 2 patients before elective surgery. Trans-
thoracic (conscious state) and transesophageal echo-
cardiography (during anesthesia) were used to derive

the relation between left ventricular end-systolic wall
stress and heart rate—corrected velocity of circumfer-
ential fiber shortening. This relation has been shown
to be a relatively preload independent index of con-
tractility which incorporates changes in afterload into
its calculation® and has been used clinically to assess
acute changes in contractility in patients with
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hypertensive?® and dilated cardiomyopathies.” Al-
though different patient groups were studied in the
conscious and anesthetized states, the results of Kikura
and Ikeda® suggested that myocardial depression was
less pronounced in patients anesthetized with sevo-
fluranc—nitrous oxide when compared with those
anesthetized with enfluranc-nitrous oxide. Quantifi-
cation of these changes in contractile function was dif-
ficult, however, because the linearity of the relation
between left ventricular end-systolic wall stress and
velocity of circumferential fiber shortening degener-
ated at higher anesthetic concentrations. Observed
changes in more conventional echocardiographically
derived measures of contractile function, including
velocity of circumferential fiber shortening alone, frac-
tional shortening, and ejection fraction, also supported
the hypothesis that sevoflurane produces less myocar-
dial depression than enflurane in humans.?

In the current investigation, sevoflurane dose-depen-
dently decreased myocardial contractility as evaluated
by M,,. The findings indicate that the negative inotropic
effects of sevoflurane occur independent of ANS activity
because similar declines in M,, were observed during
sevoflurane anesthesia with and without ANS blockade.
Sevoflurane decreased contractility to approximately
40-45% of control values at 1.75 MAC. This magnitude
of contractile depression has been previously reported
by this laboratory for isoflurane and desflurane in the
presence’’ and absence®? of ANS tone using an identical
experimental preparation. Thus, the current results in-
dicate that sevoflurane probably causes a similar degree
of direct myocardial depression as that caused by des-
flurane and isoflurane. In contrast, halothane has been
shown to depress contractile state to less than 30% of
bascline levels at 1.75 MAC,** suggesting that sevo-
fluranc causes less depression of inotropic state than
halothane in dogs.

The effects of sevoflurane on several indices of left
ventricular diastolic function were also evaluated in
the current investigation. Diastolic mechanics have
been shown to play an important role in overall cardiac
performance, and diastolic dysfunction has been im-
plicated as an important contributing factor in the
pathogenesis of congestive heart failure.” Previous in-
vestigations from this'''7*% and other laboratories®**¢
have demonstrated that volatile anesthetics alter indices
of diastolic performance during isovolumic relaxation
and early ventricular filling but do not, with the pos-
sible exception of halothane,*”** appear to alter ven-
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tricular chamber compliance.'”* Sevoflurane caused
a dose-related increase in 7 and a decrease in the mag-
nitude of —dP/dt,,, consistent with delays in the iso-
volumic relaxation phase of diastole. Sevoflurane also
blunted rapid ventricular filling as indicated by de-
creases in dL/dty,, but did not affect regional chamber
stiffness. These alterations in indices of early diastolic
performance occurred in both ANS-intact and ANS-
blocked dogs, indicating that the sevoflurane-induced
increases in 7 and decreases in dL/dt,,,, were indepen-
dent of underlying ANS tone.

The dose-related change in 7 produced by sevoflurane
was qualitatively greater than that reported for equi-
MAC concentrations of desflurane, isoflurane, and
halothane (e.g., 7 45 * 3, 47 + 3, and 42 * 4 ms,
respectively, at 1.5 MAC) in ANS-blocked dogs in a pre-
vious investigation in this laboratory using the identical
experimental preparation,'” indirectly suggesting that
sevoflurane may produce a relatively greater negative
lusitropic effect than other volatile anesthetics. How-
ever, sevoflurane-induced alterations in dL/dt,,,, were
similar in magnitude to those reported for isoflurane
and halothane at 1.25 and 1.5 MAC,""*! implying that
sevoflurane causes a similar degree of impairment in
carly ventricular filling when compared with that
caused by other volatile anesthetics. A strict statistical
comparison between the results of the current and
those of previous investigations'"!'”** was not per-
formed, however.

The effects of sevoflurane on indices of diastolic
function must be interpreted within the constraints of
the concomitant changes in systemic hemodynamics
and contractile state observed during sevoflurane anes-
thesia. 7 has been shown to be dependent on heart rate,
ventricular loading conditions, and inotropic state,*"
and changes in these variables may have contributed
to the clevation of 7 with sevoflurane. Heart rate and
afterload effects can probably be excluded as causes
for prolonged isovolumic relaxation because a sevo-
flurane-induced increase in 7 was observed in both the
ANS-intact and ANS-blocked states, experimental con-
ditions that resulted in directly opposite alterations in
heart rate and no change in calculated systemic vascular
resistance. In addition, end-systolic segment length re-
mained essentially unchanged during sevoflurane anes-
thesia in both experimental groups, providing indirect
evidence that no changes in cellular myofibrillar length
had occurred. Increased affinity of the contractile ap-
paratus for calcium at longer muscle lengths®! has been
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described which could account for prolongation of
isovolumic relaxation, however, no changes in end-
systolic segment length were observed indicating that
increases in 7 were not myocyte length-related. A sev-
oflurane-induced delay in isovolumic relaxation be-
cause of depression of myocardial contractility cannot
be completely excluded from the analysis, however.
The rate of rapid ventricular filling (as evaluated with
dL/dty,) is directly affected by relaxation rate and is
also dependent on the gradient between left atrial and
left ventricular pressure during this phase of dia-
stole.**>4% This gradient was not specifically measured
in this investigation. No change in K, was observed
with sevoflurane administration in either experimental
group, indicating that this volatile anesthetic does not
affect this measure of regional compliance.

In summary, the results of the current investigation
indicate that sevoflurane causes a baroreflex-mediated
increase in heart rate and a dose-related decrease in
mean arterial pressure, left ventricular systolic pres-
sure, cardiac output and calculated myocardial oxygen
consumption (pressure work index) with relative
maintenance of systemic vascular resistance and dia-
stolic coronary blood flow velocity in chronically in-
strumented dogs with intact ANS reflexes. Sevoflurane
also decreased diastolic coronary vascular resistance,
suggesting that sevoflurane may possess slight coronary
vasodilating properties. Sevoflurane depressed myo-
cardial contractility (as assessed by M,,), prolonged
isovolumic relaxation (7 and —dP/dt,,), and decreased
dL/dt,, during rapid ventricular filling without af-
fecting K, in ANS-intact and ANS-blocked dogs, sug-
gesting that the left ventricular systolic and diastolic
mechanical consequences of sevoflurane occur inde-
pendent of ANS activity.

‘The authors wish to extend their appreciation to John Tessmer and
David Schwabe for technical assistance, to Angela M. Barnes for prep-
aration of the manuscript, and to Abbott Pharmaccuticals for the
generous supply of sevoflurane.
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