Anesthesiology
74:298-302, 1991

Effects of Enflurane and Isoflurane on Hepatic and Renal

Circulations in Chronically Instrumented Dogs

Jean-Marc Bernard, M.D.,* Marie-Frangoise Doursout, Ph.D.,t Patrick Wouters, M.D., Craig J. Hartley, Ph.D.,§
Marvin Cohen, M.D.,T Robert G. Merin, M.D.,** Jacques E. Chelly, M.D., Ph.D.11

Seven dogs were chronically instrumented for measurements of
mean aortic blood pressure and cardiac output and for simultaneous
measurements of hepatic, portal, and renal blood flows. Each animal
was studied on two separate occasions, awake and during 1.2, 1.4,
1.75, and 2.0 MAC isoflurane and enflurane. Both anesthetics in-
duced tachycardia; to a greater degree than isoflurane, enflurane
lowered mean aortic blood pressure in a dose-dependent manner
(—347, —45, —48, and —62% vs. —19, —25, —41, and —44%, respec-
tively) and cardiac output (—20, —26, —41, and —48% vs. —3, —5,
—11, and —15%, respectively). With isoflurane, cardiac output de-
creased only at 1.75 and 2.0 MAC, and portal blood flow did not
change significantly, whereas hepatic arterial blood flow increased
at 1.75 and 2 MAC (by 28 and 33%, respectively). With enflurane,
no significant changes were recorded in hepatic arterial blood flow,
whereas portal blood flow decreased in a dose-dependent manner.
Except at 2 MAC, hepatic circulation did not differ between anes-
thetics. Likewise, neither anesthetic significantly changed renal blood
flow, except for enflurane at 2.0 MAC, which was associated with a
35% reduction. Both anesthetics led to similar systemic, hepatic,
and renal vasodilations. Our data suggest that high concentrations
of enflurane are associated with decreases in portal, total hepatic,
and renal blood flows, most likely as a result of an anesthetic-induced
cardiac depression. (Key words: Anesthetics, volatile: enflurane;
isoflurane. Kidney: blood flow. Liver: blood flow.)

IT IS ESTABLISHED that inhalational anesthetic effects on
hepatic circulation play an important dose-dependent role
in drug elimination during anesthesia.'~ For example, in
the presence of halothane, verapamil and propranolol
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plasma concentrations increase as the result of a decrease
in clearance. Gelman et al.,* using injection of radioactive
microspheres, have studied the effects of 1 and 2.0 MAC
halothane and isoflurane. Other reports of anesthetic ef-
fects on hepatic and/or portal blood flow are questionable
because of 1) the excessive weight of the electromagnetic
flow probes used for measurement of portal blood flow;
2) the deleterious consequences of basal anesthesia and
surgical stress®; and 8) the lack of appropriate awake con-
trols for studies conducted in chronically instrumented
swine®? and rats.®? In these studies, radiolabeled micro-
spheres were used to measure regional blood flows. Al-
though this method is more appropriate than electro-
magnetic flowmetry, radiolabeled microspheres allow only
discontinuous measurements of blood flow—a method-
ologic limitation since the time course and nature of
changes have not yet been established.

In the past few years, we have developed a method for
continuous recording of portal and hepatic arterial blood
flows based on the use of Silastic® pulsed Doppler flow
probes in chronically instrumented dogs. This method
has been validated in vitro and in vivo'®'" and has been
validated against injection of radioactive microspheresand
electromagnetic flowmetry.'? It therefore represents an
appropriate experimental approach for assessing the ef-
fects of anesthetics on hepatic circulation.

Even though renal and hepatic circulations are impor-
tant in drug elimination, the effects of enflurane and iso-
flurane—which are used commonly—on hepatic and
renal blood flow have been documented only incom-
pletely.

This study was designed to document the effects of
four concentrations of isoflurane and enflurane on hepatic
arterial and portal blood flow in chronically instrumented,
conditioned dogs. Isoflurane, an isomer of enflurane, was
used as a reference for enflurane because in the United
States today it is the most commonly administered inha-
lational anesthetic. Since renal circulation may be impor-
tant in drug elimination, we decided to document con-
comitantly the effects of anesthetics on renal blood flow
in chronically instrumented dogs. Finally, our design doc-
umented the effects of four concentrations to determine
the dose—-effect relationship.

Materials and Methods

This study was approved by the Baylor Animal Protocol
Committee. Seven dogs (weight range 16-24 kg) were
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surgically instrumented as follows. After a left thoracot-
omy, an electromagnetic flow probe (Micron, Los Angeles,
CA) was placed around the pulmonary artery for mea-
surement of cardiac output. A catheter (Tygon, Norton,
Akron, OH) was inserted via laparotomy in the abdominal
aorta to measure aortic blood pressure; pulsed Doppler
flow probes (Baylor College of Medicine, Houston, TX)
were placed around the hepatic artery, approximately 3
cm from its origin (sizes 3.0-3.5 mmy), and around the
portal vein (sizes 7.0-8.0 mm). The gastroduodenal
branch of the hepatic artery was ligated to prevent the
outflow from bypassing the liver.'? Finally, after the ap-
propriate incision, a Doppler flow probe was placed
around the renal artery. Ishida et al.'' have demonstrated
that for vessels including the portal vein and hepatic and
renal arteries, the kilohertz output of the pulsed Doppler
flow meters is linearly related to volume flow. We have
repeatedly confirmed these findings.}}:

Dogs were carefully nursed through the first 24 post-
operative hours and on subsequent days were trained to
lie quietly on the laboratory floor. The dogs were studied
no less than 10 days after surgery, when hematocrit was
>30% and when body temperature, appetite, and general
appearance were normal.

The effects of enflurane and isoflurane were studied
in each dog; each experiment was separated by at least 5
days and was performed in fasted animals. End-tidal an-
esthetic concentrations of 2.6, 3.2, 4.0, and 4.6 vol% for
enflurane and of 1.6, 1.8, 2.3, and 2.6 vol% for isoflurane,
equivalent to 1.2, 1.4, 1.75, and 2.0 MAC, were stud-
ied.!*!% The order and the concentrations of anesthetic
administration were randomized. Each animal was studied
awake and during anesthesia, which was induced via mask.
Tracheal intubation was performed with the appropriate
anesthetic. With an Ohmeda ventilator (Ohmeda, Madi-
son, WI), the lungs were ventilated with a mixture of Oy,
Ng, and the anesthetic agent. Ventilation was adjusted to
maintain Pago, and pH at awake levels (Instrumentation
Laboratory, Inc., Lexington, MA). Inspired and expired
concentrations of anesthetic and CO; were continuously
monitored via a catheter in the endotracheal tube at the
carina level by means of an infrared Datex analyzer (Datex
Medical Instruments, Tewksbury, MA) calibrated with
known standards (2.0 and 4.1% for enflurane and 1.57
and 3.02% for isoflurane, balanced with Ny). Lactated
Ringer’s solution (3-5 ml-kg™'-h™") was infused via a
foreleg vein. Rectal temperature, measured with a ther-
mocouple probe (Yellow Springs Instruments, Yellow
Springs, OH), was maintained at awake levels throughout
the experiment.

Prior to anesthesia and during a brief apneic period
20 min after reaching constant end-tidal anesthetic con-

11 Unpublished data.
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centration, measurements were made of: heart rate; aortic
blood pressure; cardiac output; renal, hepatic and portal
blood flows; and arterial blood gases. Systemic and re-
gional resistances were calculated as the ratio between
mean arterial blood pressure and cardiac output or the
appropriate regional (renal and hepatic) blood flow.
Changes in hepatic and portal blood flows were also ex-
pressed as a fraction of cardiac output (ratio between re-
gional blood flow and cardiac output).

For each anesthetic, changes were analyzed by analysis
of variance for repeated-measure design. When signifi-
cant, multiple comparisons within and between groups
were performed after Bonferroni corrections.'® In addi-
tion, to assess the relationship between hemodynamic
changes and anesthetic concentrations, data were fitted
to a linear model. Alpha was set at a level of 0.05. Data
are represented as means = SEM.

Results

The systemic effects of isoflurane and enflurane anes-
thesia are summarized in table 1. Their hepatic and renal
vascular effects are shown in figures 1 and 2, respectively.
In awake animals, Paco, and pH were 30.8 = 1 mmHg
and 7.38 + 0.01, respectively, in the isoflurane group and
29 + 1.7 mmHg and 7.38 + 0.02, respectively, in the
enflurane group. Paco, and pH did not change signifi-
cantly during the study.

Isoflurane administration was associated with tachy-
cardia, a systemic vasodilation (except at 1.2 MAC), and
a dose-dependent decrease in mean aortic pressure. High
concentrations of isoflurane led to a decrease in cardiac
output, whereas no significant changes were observed at
1.2and 1.4 MAC. Enflurane administration was associated
with tachycardia, systemic vasodilation, and dose-depen-
dent decreases in mean aortic pressure and cardiac output.
Mean aortic pressure at each anesthetic concentration and
cardiac output at.1.75 and 2.0 MAC were lower during
enflurane than during equipotent isoflurane anesthesia.

With isoflurane, no significant changes in portal and
total hepatic blood flows were observed. At 1.75 and 2.0
MAC, hepatic arterial blood flow and its cardiac output
fraction increased significantly (9.9 = 1.4% at 1.75 MAC
and 11.3 +1.9% at 2.0 MAC vs. 6.8 = 0.9% awake). With
enflurane, portal and total hepatic blood flows decreased
in a dose-dependent manner. No significant changes were
recorded in hepatic arterial blood flow. However, the he-
patic fraction of cardiac output increased significantly (9.2
+1.3%at 1.4 MAGC, 10.9 £ 1.5% at 1.75 MAC, and 10.2
+ 1.2% at 2.0 MAC) in comparison to this fraction in
awake animals (6.6 = 0.9%).

Isoflurane and enflurane administration resulted in a
similar dose-dependent hepatic vasodilation. Differences
between the anesthetics for lower hepatic arterial, portal,
and total hepatic blood flows were significant at 2.0 MAC
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TABLE 1. Effects of Enflurane and Isoflurane on Cardiac Function
MAC
Parameter Anesthetic Awake 1.2 1.4 1.75 2.0

MAP (mmHg) E 104 2 66 + 2% 57 £ 8%f | 45 3k 40 Qb
I 97 +7 79 £ 4% 72 + 3% 67 =+ 3% 64 6%t

HR (beats per min) E 87 =7 109 + 4* 108 + 3% 111 £ 5% 110 =+ 4*
1 82 =+5H 119 x£11#% 123 £ 12% 127 £ 8% 127 9%

CO (I/min) E 2.2 + 0.2 1.8+ 0.1% 1.7+ 0.1% 1.3 £ 0.1% 4T 1.2 £ 0.1%+4 41
1 2.1 £0.1 20+ 0.1 2.0+ 0.1 1.9 + 0.1* % 1.8 £ 0.1*{¢

SVR (mmHg- 17!+ min™") E 48 +4 37 = 2% 35 =+ 2% 33 2% 34 + 1%
1 47 +4 39 + 2 36 + 1* 34 + 1% 36 £ 3%

Mean + SEM.
P < 0.05: *versus awake; tversus 1.2 MAC; fversus 1.4 MAC; §versus
1.75 MAC. TP < 0.05: versus isoflurane at each concentration.

enflurane. However, when expressed as fractions of car-
diac output, both anesthetics produced similar effects.
Isoflurane and enflurane anesthesia resulted in a similar
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FiG. 1. Effects of enflurane (open squares) and isoflurane (filled
squares) on hepatic blood flow (HEP BF) and resistance (HEP RES),
portal blood flow (PORT BF), and total hepatic blood fiow (TOTAL
HEP). Mean * SEM; *P < 0.05 versus awake; TP < 0.05 versus 1.2
MAG; 1P < 0.05 versus 1.4 MAC; §P < 0.05 versus 1.75 MAG; TP
< 0.05 versus isoflurane.

E = enflurane; 1 = isoflurane; MAP = mean aortic pressure; HR
= heart rate; CO = cardiac output; SVR = systemic vascular resistances.

degree of renal vasodilation. With isoflurane, no signifi-
cant changes were observed in renal biood flow. Renal
blood flow decreased at 2 MAG enflurane, but did not
differ from that recorded at an equipotent MAC of iso-
flurane.

Discussion

Our study provides original findings on the effects of
isoflurane and enflurane (at four concentrations) on he-
patic and renal circulations in chronically instrumented
dogs. We intentionally precluded concentrations above
2.0 MAC since these are of limited clinical value. The
effects of inhalational anesthetics on hepatic and renal
circulations have been described previously on the basis
of data generated by separate studies with no more than
two concentrations.*!”!8 In addition, except for the work

. of Gelman et al.,* models used were either acutely and

surgically stressed or in the presence of basal anesthesia.
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F1G. 2. Effects of enflurane (open squares) and isoflurane (filled
squares) on renal blood flow (REN BF) and resistance (REN RES).
Mean + SEM; *P versus awake; 1P < 0.05 versus 1.2 MAC: P < 0.05
versus 1.4 MAG; §P < 0.05 versus 1.75 MAG; 1P < 0.05 versus isoflurane.
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Furthermore, in a number of cases rats and swine were
the species of choice. Unfortunately, these animals’ re-
sponses to inhalational anesthetics has been demonstrated
to differ from those of humans. Thus, it is established that
isoflurane produces a coronary vasodilation that is not
observed in swine’ and rats.® Our design included ex-
posure to four levels of either isoflurane or enflurane,
which allowed more appropriate assessments of the dose—
effect relationship in chronically instrumented dogs. In
addition, the two anesthetics were investigated within the
same group of animals. In these conditions, both anes-
thetics were found to produce similar degrees of dose-
independent tachycardia and decreases in blood pressure.
At low concentrations of isoflurane, cardiac output was
unchanged and at high concentrations was better main-
tained than with enflurane. Since no significant differences
in peripheral resistances were found between anesthetics,

the lower mean aortic blood pressure at each concentra-:

tion and at the same level of heart rate documented the
more depressant effect of enflurane on cardiac pump
function.

A pulsed Doppler method was used to assess the effects
of isoflurane and enflurane on hepatic and renal circu-
lations. With this method, isoflurane was found to increase
hepatic arterial blood flow, whereas no change in total
hepatic blood flow was recorded. Our findings on hepatic
circulation agree with those of Gelman et al.,* who have
used radionuclide-labeled microspheres for similar pur-
poses. Prior to the current study, the effects of enflurane
were controversial. Using microspheres in rats, Miller e¢
al.,? found an increase in hepatic blood flow and in most
splanchnic organs at 1.0 MAC enflurane, whereas in a
similar study at similar concentrations of enflurane, Seyde
and Longnecker reported a 43% decrease in hepatic ar-
terial and no change in portal vein flow.® Again, the use
of rats—a species known to respond differently to inha-
lational anesthetics than humans—and the presence of
surgical stress as indicated by high heart rate and mean
arterial blood pressure limited the value of the latter in-
vestigators’ findings.?

Our results provide original evidence that enflurane
induces a dose-dependent decrease in portal and total he-
patic blood flow in the absence of significant changes in
hepatic arterial blood flow. Our data contrast with those
obtained in acutely instrumented and pentobarbital-anes-
thetized dogs, in which Irestedt and Andreen'’ and
Hughes et al.'® demonstrated with electromagnetic flow-
metry that 1.0 MAC enflurane was associated with a 50—
65% decrease in hepatic blood flow. Again, the discrep-
ancies between the findings of these two studies and the
current study are due most likely to the role of basal anes-
thesia and surgical stress.!® Furthermore, portal blood
flow is also impeded by the bulkiness and weight of elec-
tromagnetic flow probes. Thus, the portal vein is a high-
compliance vessel that is acutely affected by the surgical
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trauma necessary for implantation of an electromagnetic
flow probe. The weight of electromagnetic flow probes,
and consequently, its effect on portal compliance is of
importance when considering the thinness of the vessel
wall.

Although increases in hepatic arterial blood flow
changes may be related to decreases in portal blood flow,*
it is unlikely that this was the mechanism of the effects of
isoflurane on hepatic circulation. In fact, exposure to iso-
flurane resulted in an increase in hepatic arterial blood
flow, whereas portal blood flow remained essentially un-
changed. Blood pressure also has been recognized as a
modulator of local vascular tone. However, it is established
that this type of autoregulation plays a minor role in the
control of hepatic circulation, and in contrast, Chauvin et
al.?' demonstrated that during nitroprusside-induced hy-
potension, changes in hepatic plasma flow were linearly
correlated to changes in cardiac index but not to changes
in mean arterial blood pressure.

In our study, hepatic blood flow increases paralleled
decreases in mean arterial pressure in the presence of
isoflurane. Since hepatic blood flow was maintained de-
spite a slight but significant reduction in cardiac output
in the presence of 1.75 and 2.0 MAC isoflurane, it appears
that other factors also contributed to the control of hepatic
circulation during inhalational anesthesia. Thus our re-
sults concur with those of Gelman et al.* in that isoflurane
provided a specific effect on the hepatic vasculature by
directly dilating the hepatic artery—an effect that is in-
dependent of a decrease in portal blood flow.

Our study showed that with 1.75 and 2.0 MAC isoflu-
rane hepatic arterial blood flow significantly increased,
whereas with 2.0 MAC enflurane it decreased. In addition,
there were no significant differences in hepatic arterial
resistance between enflurane and isoflurane. With both
anesthetics, the hepatic fraction of cardiac output in-
creased similarly. Since enflurane produced a more pro-
nounced decrease in cardiac output than did isoflurane,
our findings suggest that the differences between anes-
thetics in effects on hepatic artery blood flow were due
not to differences in potency, but to the respective effects
of isoflurane and enflurane on cardiac function.

Both isoflurane and enflurane, except for 2.0 MAC
enflurane, affected renal autoregulation only minimally,
since renal blood flow was maintained despite a significant
decrease in mean aortic blood pressure. It is most likely
that the decrease in renal blood flow recorded at 2.0 MAC
enflurane was due to hypotension beyond the range of
autoregulation. Therefore, some consideration should be
given to the deleterious consequences of high-concentra-
tion enflurane on the renal elimination of drugs.

In conclusion, both enflurane and isoflurane adminis-
tration resulted in potent and similar renal and hepatic
vasodilations in chronically instrumented dogs. However,
contrasting with isoflurane, the highest concentration of
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