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Background: Sevoflurane is a new inhalational anesthetic
with desirable clinical properties. In some clinical situations,
an understanding of the detailed cardiovascular properties of
an anesthetic is important, so the authors evaluated the he-
modynamic effects of sevoflurane in healthy volunteers not
undergoing surgery.

Methods: Twenty-one subjects were randomized to receive
sevoflurane, isoflurane, or sevoflurane: 60% N,O. Anesthesia
was induced and maintained by inhalation of the designated
anesthetic. Hemodynamic measurements were performed be-
fore anesthesia, during controlled ventilation, during spon-
taneous ventilation, and again during controlled ventilation
after 5.5 h of anesthesia.

Results: A few subjects became excessively hypotensive at
high anesthetic concentrations (2.0 minimum alveolar con-
centration [MAC] sevoflurane, 1.5 and 2.0 MAC isoflurane),
preventing data collection. Sevoflurane did not alter heart rate,
but decreased mean arterial pressure and mean pulmonary
artery pressure. Cardiac index decreased at 1.0 and 1.5 MAC,
but in subjects with mean arterial pressure > 50 mmHg re-
turned to baseline values at 2.0 MAC when systemic vascular
resistance decreased. Sevoflurane did not alter echocardio-
graphic indices of ventricular function, but did decrease an
index of afterload. Sevoflurane caused a greater decrease in
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mean pulmonary artery pressure than did isoflurane, but the 2
cardiovascular effects were otherwise similar. Admlmstrauong’\,)
of sevoflurane with 60% N,O, prolonged administration or g

spontaneous ventilation resulted in diminished cardiovascular

depression.

Conclusions: At 1.0 and 1.5 MAC, sevoflurane was well tol-
erated by healthy volunteers. At 2.0 MAC, in subjects with
mean arterial pressure > 50 mmHg, no adverse cardiovascular
properties were noted. Similar to other contemporary anes-

thetics, sevoflurane caused evidence of myocardial depression.
Hemodynamic instability was noted in some subjects at high

anesthetic concentrations in the absence of surgical stimula-
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tion. The incidence was similar to that with isoflurane. The 3

=
cardiovascular effects of sevoflurane were similar to those of S
isoflurane, an anesthetic commonly used in clinical practice 3

since 1981. (Key words: Anesthetics, gases: nitrous oxide. An-
esthetics, volatile: isoflurane; sevoflurane. Blood pressure:
drug effects. Heart: echocardiography; myocardial function;
vascular pressures.)

SEVOFLURANE is a new inhalational anesthetic with
the desirable properties of a low blood-gas partition
coefficient’ and nonpungent character.” Understanding
the cardiovascular properties of a new anesthetic is
important when evaluating its cardiovascular safety and
when applying the agent to clinical situations in which
cardiovascular function is an important consideration.
The cardiovascular properties of sevoflurane in dogs
have been shown to be similar to those of isoflurane,
except that heart rate was lower with 1.2 MAC sevo-
flurane than with isoflurane.? In surgical patients, heart
rate was lower with sevoflurane than with isoflurane
from 3-5 min before incision to 60 min after incision,
but the cardiovascular properties of the agents were
otherwise similar.*

In this article, we report the hemodynamic effects of
sevoflurane administered to healthy male volunteers.
We report the effects of sevoflurane administered in
oxygen with ventilation controlled to maintain nor-
mocarbia and compare them with the hemodynamic
effects of isoflurane administered under identical con-
ditions. Previously studied volatile anesthetics have
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been associated with less cardiovascular depression
during spontaneous than during controlled ventila-
tion.™® We therefore compare the cardiovascular
properties of sevoflurane during spontaneous ventila-
tion with those during controlled ventilation. Similarly,
studies of contemporary volatile anesthetics have
shown that when each is compared to an equipotent
mixture of volatile anesthetic and N,O, the latter pro-
duces less cardiovascular depression.””' Therefore, we
examined the cardiovascular properties of sevoflurane
administered in 60% N,0:40% O, . Because studies of
halothane, enflurane, and desflurane have demonstrated
attenuation of cardiovascular effects or cardiovascular
stimulation with time,"'*~"> we repeated cardiovascular
measurements during controlled ventilation after 5.5
hr of anesthesia.

Materials and Methods

Study Design

Twenty-one subjects were enrolled in a randomized
(1:1:1), parallel trial. Using a computer-generated
schedule 7 volunteers were randomized to receive sev-
oflurane in 100% O,, 7 isoflurane in 100% O,, and 7
sevoflurane in 60% N,0:40% O,. Hemodynamic mea-
surements were performed for each subject before
anesthesia, at three anesthetic concentrations during
controlled ventilation, at three anesthetic concentra-
tions during spontaneous ventilation and at two anes-
thetic concentrations during controlled ventilation af-
ter 5.5 hr anesthesia.

Subject Selection

After approval from The University of Arizona Human
Subjects Committee, informed consent was obtained
from 21 healthy, young male volunteers aged 19-34
years. They were of normal weight for height and were
healthy by history and physical examination. Specific
exclusion criteria included: evidence of cardiovascular,
pulmonary, hepatic, or renal disease; use of chronic
medications; personal or family history of unusual re-
sponse to halogenated anesthetics; receipt of a general
anesthetic within 6 months; previous use of investi-
gational drugs; use of alcohol or medications within 7
days; and food or drink within 8 hr. Each subject had
normal complete blood count, blood chemistry (in-
cluding sodium, potassium, glucose, blood urea nitro-
gen, creatinine, aspartate aminotransferase, alanine
aminotransferase, and alkaline phosphatase), urinalysis,
electrocardiogram, and diagnostic echocardiogram.
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Cardiovascular Measurements

Each volunteer was placed in the left lateral de-
cubitus position. After 20 min rest, a left ventricular
short axis two-dimensional echocardiogram was re-
corded at the mid-papillary muscle level using an
echocardiography system (Model CFM 775, Vingmed
Sound, Inc., Milpitas, CA) with a 5-MHz transthoracic
echocardiography probe (Vingmed Sound, Inc.). The
volunteer was then placed supine and peripheral in-
travenous, radial artery and pulmonary artery cath-
eters were inserted using local anesthesia without
sedation. The position of the pulmonary artery cath-
eter was established by the pressure waveform. After
20 min rest, preanesthetic hemodynamic values were
measured.

Hemodynamic pressures were measured using
transducers (Model T 4812AD-R, Viggo-Spectramed,
Oxnard, CA), which had been calibrated using a ma-
nometer, and a monitor (Spacelabs 90305 PC2 Bed-
side Monitor, Spacelabs, Inc., Redmond, WA)
equipped with modules for electrocardiogram, in-
vasive pressure, and cardiac output measurement.
Transducers were zeroed at the mid-axillary line.
Hemodynamic measurements were made at end-ex-
piration. Pulmonary artery occlusion pressure was
not measured for reasons of safety. Cardiac output
was determined at end-expiration in triplicate by
thermodilution, using a pulmonary artery thermo-
dilution catheter (Edwards Model 93A-931H7.5F,
Baxter Healthcare Corp., Irvine, CA) and room-tem-
perature saline.

After induction of anesthesia and intubation of the
trachea, a 5-MHz multiplane transesophageal echocar-
diography probe (Vingmed Sound, Inc.) was positioned
in the esophagus at the mid-papillary muscle level and
used to record subsequent two-dimensional echocar-
diograms. Echocardiographic measurements were made
at end-expiration.

Customary formulas were used to calculate derived
hemodynamic variables. A video analysis system
(Vingmed Sound, Inc.) was used to measure left ven-
tricular cross-sectional areas and circumferences. Area
ejection fraction was calculated as described by Abel
et al.'® Velocity of circumferential fiber shortening was
calculated from two-dimensional measurements of left-
ventricular circumference as described by Ruschaupt
et al.'” and corrected for heart rate as described by
Colan et al.'® Meridonal left ventricular end-systolic
wall stress was calculated as described by Douglas et
al’s
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Anesthetic Management

Anesthesia was induced by inhalation of the desig-
nated anesthetic during spontaneous ventilation. Tra-
cheal intubation was facilitated with vecuronium (0.1
mg/kg). Ventilation was controlled to maintain nor-
mocarbia. Cardiovascular measurements were obtained
at 1.0 minimum alveolar concentration (IMAG)SRIES
MAC, and 2.0 MAC end-tidal anesthetic concentrations
after the desired end-tidal anesthetic concentration had
been maintained stable for 20 min. Measurements were
made in order of increasing anesthetic concentration.
If mean arterial pressure (MAP) decreased to less than
50 mmHg, anesthetic concentration was decreased by
0.5 MAC for reasons of safety. Minimum alveolar con-
centration of sevoflurane was taken as 2.05%,2° MAC
of isoflurane was taken as 1.15%.2' and MAC of N,O
was taken as 104%.%* Minimum alveolar concentration
multiple of sevoflurane was assumed to be additive to
that of nitrous oxide. End-tidal anesthetic concentra-
tions were measured at the endotracheal tube orifice
by infrared spectroscopy (Datex Capnomac Ultima,
Datex Medical Instrumentation, Inc., Tewksbury, MA).
Body temperature was maintained at normothermia
with a forced-air warming device (Bair Hugger, Au-
gustine Medical, Inc., Eden Prairie, MN). Intravenous
fluids were infused as lactated Ringer’s solution, using
an estimate of basal metabolic rate of 42 kcal - m 2+ h ™!
and assuming a water requirement of 1 ml/kcal ex-
pended.”’ The calculated fluid deficit from overnight
fasting was replaced before hemodynamic or echocar-
diographic measurements. Additional saline was ad-
ministered at three times the amount of blood lost by
sampling (approximately 150 ml). Additional fluid was
administered if the left ventricular end-diastolic area,
as measured using the video analysis system, decreased
compared to values obtained after replacement of the
calculated deficit and before induction of anesthesia.

Biostatistical Methods

A one-way analysis of variance was used to compare
demographic and baseline variables of treatment
groups. Cardiovascular data were analyzed to compare
anesthetic effects between treatment groups, to ex-
amine effects of anesthetic in each treatment group, to
compare spontaneous and controlled ventilation and
to compare initial measurements with those after 5.5
hr of anesthesia. The change from preanesthesia to each
intra-anesthetic measurement was calculated. At each
evaluation time, these changes were compared among
the three treatment groups with least significant dif-
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ference tests within a one-way analysis of variance. TH
effects of anesthetics within each treatment group wej
tested using a pooled estimate of error from the analys|
of variance. Repeated-measures analysis of variand
could not be used because measurements could not b
made for all subjects at all anesthetic concentrationy
The differences between controlled and spontancog
ventilation or between early and late measureme
were analyzed using a paired 7 test.

Results

Of the 21 subjects enrolled in this protocol, 7
ceived sevoflurane in O,, 7 sevoflurane in N,O:0,, a 5
6 isoflurane in O,. One subject randomized to recei & |
isoflurane withdrew from the study prior to anesthetzsci
induction.

The treatment groups were comparable with rega
to age, weight, and height (table 1). They were al%)
comparable with regard to baseline values of cardi§-
vascular measurements, except that subjects receivir%
sevoflurane had higher preanesthetic mean pulmonasy
artery pressure than did subjects receiving sevoﬂurané:
N>O or isoflurane and heart rate was lower at baselir@
in subjects receiving sevoflurane:N,O than in subjec%
receiving sevoflurane.

In the 7 subjects receiving sevoflurane during cog
trolled ventilation, MAP was >50 mmHg during 1.
and 1.5 MAC anesthetic, whereas in 5 of 7 MAP was
=50 mmHg during 2.0 MAC sevoflurane. All subjecé
receiving sevoflurane in N,O tolerated 1.0 and 1.§
MAC, while 6 of 7 tolerated 2.0 MAC. All subjects rés
ceiving isoflurane tolerated 1.0 MAC, 4 of 6 toleratts:‘gl
1.5 MAC, and in 3 of 6 MAP was >50 mmHg with 2.8
MAC. When the desired MAC level could not be mairé’
tained, data for that subject at that MAC multiple werg
not included in the analysis. E

After replacement of the calculated fluid deficit fron%
overnight fasting, left ventricular end-diastolic area was
maintained constant by administration of additional
fluid, if necessary. The mean total amount of fluid ad-
ministered, including replacement of the calculated
deficit, through the controlled ventilation phase of the
protocol (data shown in figs. 1-3) was 1857 + 181
ml for sevoflurane, 2015 + 304 ml for isoflurane, and
1757 £ 137 ml for sevoflurane:60% N,O.
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Cardiovascular Effects of Sevoflurane
The effects of sevoflurane on selected hemodynamic
variables are shown in figure 1. Sevoflurane did not
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Table 1. Physical Characteristics and Baseline Values of Volunteers

Volunteers Receiving

Volunteers Receiving

Volunteers Receiving

Sevoflurane Isoflurane Sevoflurane:N,O

n=7) (n = 6) n=7)
Age (yr) 26EED PAE D, 24 + 1
Height (cm) 17 8l=2, 185 + 3 178 -£13
Weight (kg) 72+ 4 82 +4 83 +4
Temperature (°C) 36.6 +0.4 36.8 + 0.3 36.7 £ 0.5
HR (beats/min) 72+ 4 62 + 4 58 + 4*
MAP (mmHg) 92 +£3 85+3 88 + 3
MPAP (mmHg) 16 + 1 251 157 =41
CVP (mmHg) 51018 3.8+0.38 6.1 +0.8
Cl(L-min~'-m3) 3.8+02 40+02 38+0.2
SVR (dyne-s-cm™) 974 + 65 823 + 70 881 + 65
LVEDA (cm?) 18 + 1 20 + 1 18 + 1
LVEF (%) 41 +£3 43+ 3 36 + 3
Vs (circ/s) 0.63 = 0.08 0.71 = 0.09 0.62 + 0.09
SWS (g/cm?) 123 + 16 120517 126 + 17
Svo, (%) 782 76 + 1 74 + 2

Data are mean + SEM.

HR = heart rate; MAP = mean arterial blood pressure; MPAP = mean pulmonary arterial blood pressure; CVP = central venous pressure; Cl = cardiac index; SVR
= systemic vascular resistance; LVEDA = left ventricular end-diastolic cross-sectional cavity area; LVEF = left ventricular area ejection fraction; Vs = velocity of
circumferential fiber shortening; SWS = systolic wall stress; Syo, = mixed venous oxyhemoglobin saturation.

* P < 0.05 versus volunteers receiving sevoflurane.

alter heart rate compared to awake values. Sevoflurane
decreased MAP, mean pulmonary artery pressure, and
stroke volume index at all anesthetic concentrations.
Cardiac index decreased compared to awake measure-
ments at 1.0 and 1.5 MAC, but not at 2.0 MAC where
systemic vascular resistance decreased. Central venous
pressure decreased slightly compared to awake values
at 1.5 MAC, but not at 1.0 or 2.0 MAC. Mixed venous
hemoglobin saturation increased at all anesthetic con-
centrations, while total body oxygen consumption de-
creased at all anesthetic concentrations. Arterial base-
excess was unchanged. Sevoflurane did not alter left
ventricular area ejection fraction, or velocity of cir-
cumferential fiber shortening (figure 2). Systolic wall
stress decreased at all anesthetic concentrations. Left
ventricular end-diastolic area was unchanged, as dic-
tated by the experimental protocol.

Cardiovascular Effects of Sevoflurane Compared

with Those of Isoflurane

The effects of isoflurane on cardiovascular variables
are shown in figures 1 and 2. Isoflurane increased heart
rate at 1.5 and 2.0 MAC. Cardiac index decreased com-
pared to awake measurements at 1.0 MAC, but not at
1.5 and 2.0 MAC where systemic vascular resistance
decreased. Mean arterial pressure, stroke volume index,
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and systolic wall stress decreased at all anesthetic con-
centrations. Mixed venous hemoglobin saturation in-
creased at all isoflurane concentrations, while total
body oxygen consumption decreased at 1.5 and 2.0
MAC. Other measured variables were unchanged.

When treatment groups were compared directly, sev-
oflurane caused a greater decrease in mean pulmonary
artery pressure at 1.0 and 1.5 MAC than did isoflurane.
No other differences between treatment groups were
noted.

Cardiovascular Effects of Sevoflurane: N,O

Compared to Those of Sevoflurane

The cardiovascular effects of sevoflurane administered
in 60% N,0:40% O, during controlled ventilation were
compared directly to those of sevoflurane in 100% O,
(figs. 1 and 2). Mean arterial pressure decreased less
at 1.0 MAC and mean pulmonary artery pressure de-
creased less at 1.0 and 1.5 MAC with sevoflurane:N,O
than with sevoflurane. Mixed venous oxyhemoglobin
saturation increased less with sevoflurane:N,O than
with sevoflurane at all anesthetic concentrations.

Cardiovascular Effects of Sevoflurane during

Spontaneous Ventilation

During sevoflurane, sevoflurane:N,O, or isoflurane
anesthesia in spontaneously ventilating subjects, arte-
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Fig. 1. (4-G) Hemodynamic indices of the cardiovascular effects of sevoflurane, sevoflurane:N,O, or isoflurane anesthesia in
healthy men during controlled ventilation. Zero MAC value refers to preanesthetic measurement. Data are expressed as mean
+ SEM. *P < 0.05 versus preanesthetic value. #P < 0.05 compared to sevoflurane. See table 1 for definitions of abbreviations.
Data could not be collected for some subjects at higher anesthetic concentrations because of intolerable hypotension. Before
anesthesia and at 1.0 MAC, n = 7 for sevoflurane and sevoflurane:N,O and # = 6 for isoflurane. At 1.5 MAC, n = 7 for sevoflurane

and sevoflurane:N,O and n = 4 for isoflurane. At 2.0 MAC, n = 5 for sevoflurane, n = 6 for sevoflurane:N,O and n = 3 for
isoflurane.

rial partial pressure of carbon dioxide increased com-
pared to preanesthetic values (fig. 3). At each MAC
multiple, PaCO, values did not differ among treatment
groups.

All subjects receiving sevoflurane during sponta-
neous ventilation tolerated 1.0 and 1.5 MAC, while
in 1 of 7 subjects MAP fell below 50 mM Hg at 2.0
MAC. Heart rate and stroke volume index were higher
during spontaneous than during controlled ventila-
tion at 1.0 and 1.5 MAC (table 2). Mean arterial pres-
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sure was higher during spontaneous ventilation at
1.0 MAC. Cardiac index was higher and systemic vas-
cular resistance lower during spontaneous ventilation
at all anesthetic concentrations. Velocity of circum-
ferential fiber shortening was higher during sponta-
neous ventilation at 1.5 MAC.

Cardiovascular Effects of Prolonged Anesthesia
All subjects receiving sevoflurane after 5.5 hr of anes-
thesia tolerated 1.0 MAC, while 3 of 7 subjects devel-
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Fig. 2. (A-D) Echocardiographic in-
dices of the cardiovascular effects of
sevoflurane, sevoflurane:N,O, or iso- E 16F
flurane anesthesia in healthy men k.
during controlled ventilation. Zero
MAC value refers to preanesthetic 8
measurement. Data are expressed as
mean *+ SEM. *P < 0.05 versus pre-
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anesthetic value. No difference be-
tween treatment groups was noted.
See table 1 for definition of abbrevi-
ations. Data could not be collected for
some subjects at higher anesthetic
concentrations because of intolerable
hypotension. Before anesthesia and r
at 1.0 MAC, n = 7 for sevoflurane and
sevoflurane:N,O and n = 6 for isoflu-
rane. At 1.5 MAC, n = 7 for sevolurane
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and n = 3 for isoflurane. r
02 40 F
0.0 T e 0 gt T SO, S AR w e A
0 05 1.0 15 20 0 05 1.0 15 20
MAC MAC

oped intolerable hypotension (MAP <50 mmHg) at 2.0
MAC. At 1.0 MAC heart rate, cardiac index, stroke vol-
ume index, and mixed venous oxygen saturation were
higher after 5.5 hr of sevoflurane anesthesia than during
the first 150 min of anesthesia (table 3). Systemic vas-
cular resistance was less in the later period at both 1.0
and 2.0 MAC.

Discussion

We evaluated the hemodynamic effects of sevoflurane
in healthy volunteers not undergoing surgery. The use
of volunteers allows detailed measurement of cardio-
vascular variables under controlled conditions without
confounding factors common in surgical patients.

Study Limitations

Cardiovascular measurements could not be per-
formed on some subjects receiving high anesthetic
concentrations because of unacceptable hypotension.
These data were not available for inclusion in the sta-
tistical analysis. This introduces a bias in the analysis
of the response of MAP and possibly of other cardio-
vascular variables to 1.5 or 2.0 MAC anesthetic. This

Anesthesiology, V 83, No 5, Nov 1995

bias is significant because data from subjects with the
greatest hemodynamic response to anesthetic were not
available for analysis. In addition to creating a possible
bias in averaged data, inability to include data from
some subjects decreases statistical power and may cause
cardiovascular effects of higher anesthetic concentra-
tions to go undetected. It was possible, however, to
collect data for all subjects at 1.0 MAC sevoflurane,
sevoflurane:N,O, and isoflurane. Therefore, compari-
sons are valid at this anesthetic concentration. It is
likely that the effects of isoflurane on MAP at higher
anesthetic concentrations were underestimated to an
equal or greater extent than were those of sevoflurane
and sevoflurane:N,O because a greater number of mea-
surements were unable to be performed during isoflu-
rane anesthesia than during anesthesia induced by the
other agents. The effects on other hemodynamic vari-
ables of the loss of data from some subjects at higher
anesthetic concentrations cannot be accurately pre-
dicted.

We administered anesthetics in increasing concen-
trations so that if adverse hemodynamic events occurred
at lower concentrations, higher concentrations with
more adverse consequences would not be attempted.
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80 Arterial Carbon Dioxide Tension

70 F

PaCO2
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—&— Sevoflurane
—8B— |[soflurane

el —A— Sevoflurane-N,0
10 |
O L 1 1 1 L 1 1 1
0 0.5 1.0 1.5 20
MAC

Fig. 3. Effect of sevoflurane on PaCO, during sevoflurane, sev-
oflurane:N;O, or isoflurane anesthesia in healthy men during
spontaneous ventilation. Zero MAC value refers to preanesth-
etic measurement. Data are expressed as mean + SEM. *P <
0.05 versus preanesthetic value. No differences between treat-
ment groups were noted. See table 1 for definition of abbre-
viations. Data could not be collected for some subjects at higher
anesthetic concentrations due to intolerable hypotension. Be-
fore anesthesia and at 1.0 MAC, n = 7 for sevoflurane and
sevoflurane:N,O and n = 6 for isoflurane. At 1.5 MAC, n = 7
for sevoflurane and sevoflurane:N,O and n = 4 for isoflurane.
At 2.0 MAC, n = 5 for sevoflurane, n = 6 for sevoflurane:N,O,
and n = 3 for isoflurane.

This also raises a possible confounding factor (the effect
of anesthetic duration) when different anesthetic con-
centrations are compared.

Examination of our data reveals some apparent phys-
iologic inconsistencies. For example, left ventricular
end-diastolic volume and left ventricular area ejection
fraction were unchanged, whereas stroke volume de-
creased. Also, at 2.0 MAC sevoflurane, cardiac index
and heart rate were unchanged, whereas stroke volume
decreased. This is probably because changes in some
related variables did not achieve statistical significance
owing to the small number of subjects enrolled. In ad-
dition, two-dimensional echocardiographic indices of
ventricular volume are likely to be relatively insensitive
to small changes in volume. Therefore, caution should
be used in drawing detailed physiologic conclusions
from our data. These data are more appropriately used
descriptively to anticipate the changes in the same

variables when patients are anesthetized with these
agents.

Anesthesiology, V 83, No 5, Nov 1995

Systematic administration of fluid is important when
C\'a'lu;mng the cardiovascular effects of a medication,
because fluid administration can affect preload. Preload
can, in turn, affect other measures of cardiovascular
performance. In this study, we administered fluid based
on metabolic formulas. The limitation of this approach
is that it does not account for variation in urine output
or in insensible losses. We minimized respiratory losses
by humidifying inspired gasses; however we did not
measure urine output and were unable to measure other
insensible losses. We therefore administered additional
fluid to maintain constant left ventricular end-diastolic
volume, our best measure of left ventricular preload.
Our results therefore most accurately apply under con-
ditions of constant preload.

Our results, which are measured in healthy, young,
non-premedicated male subjects not undergoing sur-
gery have limitations when applied to surgical patients.
Cardiovascular disease, age, gender, physical condi-
tioning, concomitant medications, and surgical stim-
ulation potentially affect cardiovascular responses to
sevoflurane. However, because cardiovascular prop-
erties of the anesthetic are a significant determinant of
cardiovascular responses during surgery, understanding
these properties enables the clinician to anticipate
possible cardiovascular responses to the variety of
clinical situations faced. Most importantly, the detailed
cardiovascular responses to sevoflurane are nearly
identical to those of isoflurane, an anesthetic with
which most clinicians are familiar.

Cardiovascular Effects of Sevoflurane

The decrease in cardiac index or systemic vascular
resistance, combined with the unchanged filling pres-
sures and heart rate observed with sevoflurane indicates
decreased myocardial contractility. The pattern of un-
changed echocardiographic ejection-phase indices of
left ventricular function (left ventricular area ejection
fraction and velocity of circumferential fiber shorten-
ing) with unchanged preload (left ventricular end-di-
astolic area) and decreased afterload (systolic wall
stress) also indicates decreased myocardial contractil-
ity. The ejection-phase indices would be expected to
increase in the face of decreasing afterload if contrac-
tility were maintained.*"*> Sevoflurane-induced myo-
cardial depression is consistent with the work of Pagel
et al.,** who showed that sevoflurane administered to
chronically instrumented dogs decreases preload-re-
cruitable stroke work slope, a reliable index of myo-
cardial contractility. In addition, isoflurane, an anes-
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Table 2. Differences Noted with Spontaneous Ventilation Compared with Controlled Ventilation
idn. during Sevoflurane Anesthesia

Preanesthetic

Spontaneous

Variable MAC Value Controlled Ventilation Ventilation
HR (beats/min) 1.0 72+ 4 67 2. 84 + 4
1els) 72+ 4 33 83+ 3
MAP (mmHg) 1.0 92+ 3 64 + 2 70+=£13
Cl(L-min~'-m™?) 1.0 3.8+0.2 2= 052 39+0.2
1) 3.8+ 0.2 20052 3.8+0.3
2.0 3.8+0.2 3.2 +£ 0.1 45+04
SVR (dyne-s-cm®) 1.0 974 + 65 948 + 41 741 + 59
S 974 + 65 832 + 34 618 + 48
2.0 974 + 65 25153 478 + 56

Data are mean + SEM

Variables included in this table are those for which there was a difference (P < 0.05) between mechanically ventilated and spontaneously ventilated subjects receiving
sevoflurane. Data could not be collected for some subjects at 2.0 MAC due to intolerable hypotension (MAP < 50 mmHg); n = 7 at 1.0 and 1.5 MAC, n = 5at 2.0
MAC for controlled ventilation, and n = 6 at 2.0 MAC for spontaneous ventilation.

HR = heart rate; MAP = mean arterial blood pressure; Cl = cardiac index; SVR = systemic vascular resistance

thetic known to decrease contractility,””*® produced
a similar pattern of changes in preload, afterload, car-
diac index, and echocardiographic indices of contrac-
tility.

Cardiovascular Effects of Sevoflurane Compared

with Those of Isoflurane

In our comparative study, the cardiovascular effects
of sevoflurane were qualitatively and quantitatively
similar to those of isoflurane. When cardiovascular
measurements during anesthesia were compared to
baseline values, some differences between anesthetics
were suggested. However, when the effects of sevo-
flurane and isoflurane were compared directly, sevo-
flurane differed from isoflurane only in that mean pul-

monary artery pressure decreased at 1.0 and 1.5 MAC
sevoflurane but not with equipotent concentrations of
isoflurane. This may have been because preanesthetic
mean pulmonary artery pressure was higher in subjects
receiving sevoflurane than in those receiving isoflurane.

Comparison with Previous Studies of

Cardiovascular Effects of Volatile Anesthetics

Our measurements during isoflurane anesthesia cor-
respond well to those of Stevens et al.”” Four differences
were noted, however. First, in our study, heart rate
increased only at 1.5 and 2.0 MAC, not at 1.0 MAC as
observed by Stevens et al. Second, in our study, systemic
vascular resistance was maintained at 1.0 MAC and de-
creased only at higher end-tidal isoflurane concentra-

Table 3. Differences Noted with Prolonged Sevoflurane Administration

Preanesthetic

Variable MAC Value Early Value Late Value

HR (beats/min) 1.0 72 =4 67 + 2 8343
Cl(L-min~'-m™?) 1.0 3.8+£02 270+ 02 3:8-£10:3
SVR (dyne s -cm™°) 1.0 974 + 65 948 + 41 712 + 76

2.0 974 + 65 712 £ 53 3730

SVI (ml/m?) 1.0 57 + 4 41 + 2 47 + 3
Svo, (%) 1.0 78.0+1.8 86.3 + 1.1 90.2 + 0.6

Data are mean + SEM.

Variables included in this table are those for which there was a difference (P < 0.05) between the early and late values. Early value is that obtained during first 150
min of anesthesia. Late value is that obtained after 320-400 min of anesthesia. Data could not be collected for some subjects at 2.0 MAC due to intolerable
hypotension (MAP < 50 mmHg); n = 7 at 1.0 MAC, n = 5 at 2.0 MAC in the early period, and n = 4 at 2.0 MAC in the later period.

HR = heart rate; Cl = cardiac index; SVR = systemic vascular resistance; SVI = stroke volume index; Syo, = mixed venous oxyhemoglobin saturation.
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tions. Third, our data show isoflurane’s effect on cardiac
index to be biphasic; in subjects with MAP =50 mmHg
at all
creased at 1.0 MAC, but returned to preanesthetic val-

anesthetic concentrations, cardiac index de-
ues at higher isoflurane concentrations as systemic vas-
cular resistance decreased. Fourth, the increased right
atrial pressure observed by Stevens et al. was not found.
The reasons for these differences are not clear. The
subjects of Stevens et al. displayed a higher baseline
systemic vascular resistance, possibly contributing to
the observed differences in this variable between the
two studies. It is possible that the subjects of Stevens
et al. were relatively hypervolemic compared to our
subjects, leading to increased right atrial pressure. Ste-
vens et al. did not describe the protocol used for fluid
administration, whereas our echocardiographic data
demonstrate constant preload.

The cardiovascular effects of sevoflurane are similar
to those of previously studied volatile anesthetics, with
a few exceptions. During sevoflurane anesthesia, car-
diac index is maintained as systemic vascular resistance
decreases, whereas during halothane anesthesia, car-
diac index falls as systemic vascular resistance is main-
tained."”’ The response of cardiac index to sevoflurane
differed from that with halothane, enflurane, and des-
flurane. With sevoflurane, in subjects who tolerated all
three anesthetic concentrations, cardiac index de-
creased at 1.0 and 1.5 MAC, but returned to preanesth-
etic values at 2.0 MAC as systemic vascular resistance
fell."*'" In this study, we observed this biphasic re-
sponse of cardiac index with isoflurane as well, sug-
gesting methodologic differences between our protocol
and those of previous investigators. Sevoflurane also
differed from previously studied volatile anesthetics in
that central venous pressure did not increase. Echo-
cardiographic measurements during sevoflurane anes-
thesia yielded similar results to those obtained during
desflurane anesthesia by Weiskopf et al."”

Cardiovascular Effects of Sevoflurane N,O

Compared with Those of Sevoflurane

Sevoflurane administered in 60% N,0:40% O, caused
a smaller decrease in MAP at 1.0 MAC than did an equi-
potent concentration of sevoflurane in 100% O, . Better
maintenance of arterial pressure with N,O mixtures
has also been observed with previously studied volatile
anesthetics.””'* Although neither cardiac index nor
systemic vascular resistance independently was higher
with sevoflurane:N,O than with sevoflurane alone, both
tended to be higher at 1 MAC sevoflurane:N,O than at
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1 MAC sevoflurane and may have contributed to better
maintenance of MAP. Of previously studied volatile an-
esthetics. isoflurane:N,O and desflurane:N,O caused
higher systemic vascular resistance, while halothane:
N,O and enflurane:N,O caused higher cardiac index
than did the volatile anesthetics alone.””"* Sevoflurane:
N,O decreased mean pulmonary artery pressure less
than did sevoflurane alone. No difference in mean pul-
monary artery pressure was noted with desflurane:N,O
compared to desflurane alone.'” The increased pul-
monary artery pressures observed with desflurane:
N,O,'? were not observed with sevoflurane:N,O.

Differences between sevoflurane:N,O and sevoflurane
alone may have been due to the specific cardiovascular
properties of N,O or may have been caused when sev-
oflurane was replaced in part by an agent with fewer
cardiovascular effects. Our study design does not allow
us to distinguish between these possibilities. Forty per-
cent N,O alone, when administered to healthy volun-
teers, did not affect MAP.*" It did increase total periph-
eral resistance, one factor that may have contributed
to the observed increase in MAP when N,O was added
to sevoflurane. Forty percent N,O alone did cause a
decrease in heart rate and in central venous pressure.*’
We did not observe these changes when sevoflurane:
N,O was compared to sevoflurane alone.

Sevoflurane in 60% N,0:40% O, resulted in lower
values of mixed venous oxyhemoglobin saturation than
did sevoflurane in 100% O,. This may have resulted
from a lower inspired oxygen concentration and lower
arterial oxygen content leading to decreased venous
oxygen content. Even during sevoflurane:N,O anes-
thesia this index was higher than before anesthesia.

Kikura and Ikeda studied the cardiovascular prop-
erties of sevoflurane with 60% N,O in surgical pa-
tients.”" In contrast to our results, they found no in-
crease in heart rate compared to preanesthetic values,
although they did find a decrease in blood pressure at
all anesthetic concentrations. Systolic wall stress de-
creased from the lowest (0.9 MAC) to the highest (1.6
MAC) sevoflurane concentration used. Velocity of cir-
cumferential fiber shortening, fractional area change,
and end-diastolic area did not change with anesthetic
concentration. It is not possible to determine changes
in echocardiographic variables from the preanesthetic
state, because preanesthetic values were not measured
in the group of patients studied during anesthesia.

The cardiovascular effects of sevoflurane administered
with 60% N,O are similar enough to those of equipotent
concentrations of sevoflurane that the decision to add
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nitrous oxide to sevoflurane should be based on factors
other than hemodynamic considerations.

Effects of Spontaneous Ventilation during

Sevoflurane Anesthesia

We observed diminished cardiovascular depression
when sevoflurane was administered during spontaneous
ventilation compared to controlled ventilation. The
cardiovascular effects of sevoflurane administered dur-
ing spontaneous ventilation are likely to be a combi-
nation of direct anesthetic effects and effects of anes-
thetic-induced hypercapnia. In addition, comparison
of cardiovascular effects of anesthetics in normocapneic
and hypercapneic subjects is typically complicated by
the hemodynamic effects of mechanical ventilation.
Our study design does not allow separation of these
confounding effects. The cardiovascular effects of sev-
oflurane during spontaneous ventilation are generally
similar to those during normocarbic controlled venti-
lation, suggesting that direct anesthetic effects play a
major role in determining cardiovascular performance
in both conditions.

Many of the quantitative differences between the car-
diovascular effects of sevoflurane administered during
spontaneous ventilation and those during mechanical
ventilation may be due to the effects of hypercarbia.
In conscious, healthy, mechanically ventilated volun-
teers, hypercarbia increased heart rate, cardiac index,
and stroke volume.** Hypercarbia decreased systemic
vascular resistance. These results parallel the observed
differences in cardiovascular properties of sevoflurane
during controlled and spontaneous ventilation.

Weiskopf et al. suggested that spontaneous ventila-
tion improves the safety of inhaled anesthetic admin-
istration, because the concentration of previously
studied volatile anesthetics producing cardiovascular
collapse exceeds that producing apnea.** Spontaneous
ventilation during sevoflurane anesthesia results in
higher MAP, cardiac index, and stroke volume index
than does controlled ventilation. This diminished car-
diovascular depression may result in increased cardio-
vascular safety.

Effects of Prolonged Anesthesia

We observed evidence of cardiovascular stimulation
during prolonged sevoflurane anesthesia. This was
manifested by increased heart rate and cardiac index
and decreased systemic vascular resistance and stroke
volume index at 1.0 MAC after 5.5 hr of sevoflurane
compared to the earlier period. At 2.0 MAC, the only
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difference noted with prolonged anesthesia was that
systemic vascular resistance was lower during the later
period. This pattern of changes was similar to those
observed with halothane, enflurane, and desflurane.'*~"°
The most notable difference in our study compared to
the referenced studies was a decrease in stroke volume
index with prolonged anesthesia, whereas stroke vol-
ume was unchanged over time with desflurane and in-
creased over time with 1% halothane and 1 MAC en-
flurane.'*~"> We cannot exclude the possibility that the
hemodynamic changes noted with prolonged anes-
thesia occurred because the later period followed a
period of spontaneous ventilaticn in which changes in
heart rate, cardiac index, systemic vascular resistance,
and stroke volume index were also noted.

Conclusions

Sevoflurane was well tolerated by healthy volunteers
at 1.0 and 1.5 MAC end-tidal anesthetic concentrations.
Hemodynamic instability (MAP < 50 mmHg) was noted
in some subjects at 2.0 MAC end-tidal concentrations
in the absence of surgical stimulation. The incidence
of intolerable hypotension with sevoflurane was similar
to that seen with isoflurane. At 2.0 MAC, in subjects
with MAP =50 mmHg no adverse cardiovascular effects
of sevoflurane were noted. When administered with
60% N,O, sevoflurane caused a smaller decrease in MAP
than did sevoflurane alone. Spontaneous ventilation
during sevoflurane anesthesia or prolonged sevoflurane
administration resulted in diminished cardiovascular
depression. The cardiovascular effects of sevoflurane
are similar to those of isoflurane, an anesthetic com-
monly used in clinical practice since 1981.
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