Anesthesiology
67:701-706, 1987

Hepatic Oxygen Supply during Halothane or Isoflurane
Anesthesia in Guinea Pigs

Diana Hursh, M.D.,* Simon Gelman, M.D., Ph.D.,t Edwin L. Bradley, Jr., Ph.D.t

The present study was designed to determine changes in hepatic
oxygen supply in guinea pigs during halothane or isoflurane anes-
thesia. Twenty-seven guinea pigs were randomly divided into three
equal groups: control (no anesthesia) group, and animals anesthe-
tized with halothane or isoflurane to decrease mean arterial pres-
sure (MAP) by 50%. Hepatic arterial blood flow (HABF) and portal
blood flow (PBF), as well as arterial and portal venous blood oxygen
content, were determined in awake animals (stage I, baseline
values), and during anesthesia (stage I1). HABF was found to be
extremely low (0.04 ml- min™'+ g™!) during both stages of observa-
tion in the control (no anesthesia) group, as well as during stage I
(awake) in animals trcated with halothane or isoflurane. Equal de-
grees of arterial hypotension during halothane and isofluranc anes-
thesia were accompanied by decreased HABF during halothane
(87%), but no significant change in HABF during isofluranc anes-
thesia, PBF decreased significantly in both experimental groups;
however, the decrease was more prominent during halothane than
during isoflurane anesthesia (57% vs. 23%). The observed hepatic
circulatory changes led to a 65% decreasein hepatic oxygen delivery
during halothane, but only a 34% decrease during isoflurane anes-
thesia. The present study does not exclude the possibility that liver
damage in the guinea pig model is related to the reductive metabo-
lism of halothane or any other mechanism. However, the extremely
low HABF and a prominent reduction in both HABF and PBF
during halothane anesthesia may be responsible for hepatic damage
observed in the guinea pig model. (Key words: Guinea pigs, Anes-
thetics, volatile: halothane; isofluranc. Liver: blood flow; oxygen

supply.)

THERE ARE NUMEROUS reports of hepatic injury devel-
oping after halothane anesthesia."* Experimentally,
liver injury by halothane can be induced in several ani-
mal models. The most widely used is the rat model
which demonstrated halothane-related hepatotoxicity
in rats pretreated with phenobarbital (to produce en-
zyme induction) and then anesthetized with halothane
in hypoxic conditions.** It is proposed that certain in-
termediate products, accumulated during the reductive
metabolism of halothane, which takes place during hy-
poxia, could be responsible for the hepatic injury.>58 It
is also suggested that hypoxia per se produces liver in-
Jjury without direct involvement of the metabolic prod-
ucts of halothane.” However, the rat model by itself
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presents some problems: the reproducibility of hepatic
injury depends on enzyme induction, sex, species, age,
temperature, and season variations.>® This model does
not seem to be very helpful in elucidating certain types
of postoperative liver dysfunction seen in humans.? Al-
though the experimental models have given some valu-
able information regarding halothane-induced hepato-
toxicity, they have not clarified the etiology and patho-
genesis of this process in humans.'?

A model using guinea pigs to produce and study halo-
thane-induced hepatic injury was introduced more than
a decade ago."" This model was challenged because of
the severe hypotension caused by halothane.''*'? How-
ever, the model has been recently modified and used
again to study halothane hepatotoxicity.'® In more re-
cent experiments, hepatic necrosis was observed in
non-pretreated, non-hypoxic guinea pigs after halo-
thane, but not after isoflurane anesthesia.'® Although
the authors suggest that the liver injury was due to halo-
thane biotransformation, the data do not show that the
liver injury was associated with an increase in metabo-
lites from halothane degradation. The investigators also
speculated that the hepatic oxygen supply was similar in
their two groups (halothane and isoflurane) since simi-
lar values of mean arterial pressure (MAP) and blood
gases were maintained.'® Data obtained from other ani-
mal models show that, during equipotent doses of halo-
thane or isoflurane, accompanied by similar decreases
in blood pressure, different decreases in hepatic blood
flow and oxygen supply occurred; specifically, isoflu-
rane facilitated a much better hepatic oxygen supply
than halothane.'*-'® Therefore, the assumption that
similar decreases in MAP during halothane and isoflu-
rane anesthesia in guinea pigs were accompanied by a
similar decrease in hepatic blood flow could be in error.

This study was designed to test the hypothesis that
similar changes in MAP and oxygen content in arterial
blood during halothane or isofturane anesthesia in
guinea pigs are accompanied by similar changes in he-
patic oxygen supply. If the hypothesis is confirmed, the
speculations that the differences in hepatotoxicity be-
tween halothane-or isoflurane-treated guinea pigs are
related to metabolic biotransformation of halothane
would be indirectly supported. On the other hand, if
the hypothesis is rejected, and the halothane-treated
animals develop a more severe hepatic oxygen depriva-
tion than isoflurane-treated animals, then the data ob-
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served by Lunam et al.'? may have an alternative expla-
nation: hepatic oxygen deprivation per se, without the
direct involvement of halothane metabolism, could be
responsible for halothane-induced hepatic damage.

Methods and Materials

This study was performed on 27 adult male Charles
River guinea pigs weighing 500-550 grams. They were
fed rabbit pellets and given water with added ascorbic
acid. Anesthesia was induced with isoflurane in oxygen
in a chamber. Surgical preparation of the animals was
also performed with isoflurane administered via mask.
The animals were fixed to a surgical table over a heated
electrical blanket, maintaining body temperature at 37°
C. The left ventricle was cannulated via the left carotid
artery and the distal aorta was catheterized via the fem-
oral artery with a polyethylene tubing of an appropriate
size. A laparotomy was performed and a 20-gauge cath-
eter was placed into the portal vein. All incisions were
closed. The catheters were externalized and fixed.
Blood pressure was continuously monitored using a
transducer and a Grass® polygraph.

In approximately 60-90 min after surgical prepara-
tion, when the animals were awake, responsive to
sounds, and able to move freely in the cage, arterial and
portal venous blood (0.4 ml of blood from each vessel)
was obtained for measurements of pH, blood gas ten-
sions, and oxygen content using an Instrumentation
Laboratory (IL) 813 pH Gas Analyzer and IL 282 Co-
oximeter, respectively. The hemoglobin of the guinea
pig and the human has a relatively high level of 2,3-di-
phosphoglycerate and, therefore, a high affinity for ox-
ygen; Pyo values range from 26.9-27.8 mmHg.'™'? A
set of 15 pm spheres labeled %*Nb or ''3Sn in 1 ml of
saline (approximately 150,000-200,000 spheres sus-
pended in 10% dextran solution and Tween 80) was
injected into the left ventricle (baseline values at awake
state, stage I).

The microsphere technique used in these experi-
ments has already been described.!*!'%2% All micro-
spheres were obtained from the 3M Co., St. Paul, Min-
nesota, and were checked for size, aggregation and
fragmentation. Microspheres were mixed with normal
saline in a 1 ml syringe and shaken vigorously on a
Vortex mixer for 2 min before injection. Blood refer-
ence samples were withdrawn by a Holter Precision
roller pump from the distal aorta at a rate of 1 ml-
min~' for 2.5 min and collected in five test tubes.

The animals were divided into three groups: control
(no anesthesia), halothane, and isoflurane, with nine
animals per group. Each animal was randomly assigned
to different treatment groups using a table of random
numbers. The control group was exposed to 40% oxy-
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gen in nitrogen without endotracheal intubation for 1
h. Halothane or isoflurane was administered in 40%
oxygen in nitrogen via an endotracheal tube, also for 1
h. Controlled ventilation with a constant Pagg, was as-
sured. The anesthetics (halothane or isoflurane) were
administered until MAP was stabilized at 50% of base-
line values for at least 45 min. Inspired concentrations
of the anesthetics were measured using an Engstrom
EMMA anesthetic analyzer. A second set of 15 micro-
spheres labeled differently, !'*Sn or *Nb, was injected
using the same technique as was used for the first micro-
spheres injection (stage II).

After the experiments were completed, the animals
were killed by an intracardiac injection of KCl. The
position of the catheter in the left ventricle was verified.
All splanchnic organs were removed for activity count-
ing and blood flow determinations. Activity found in
the liver was used to calculate hepatic arterial blood
flow (HABF), while activity found in all other splanch-
nic organs (stomach, intestines, pancreas, spleen, and
mesentery) was used to calculate portal blood flow
(PBF). Radioactivity in the tissues and reference blood
samples was analyzed with a Tracor 22560 Gamma
Counting System. This method employs an isotope cali-
bration file that contains the decay rate, the number of
counts per microsphere, and the spectral definition of
the isotopes used in the study. Once lcaded into mem-
ory, this calibration file is used by the Microspheres
Analysis (MSA) program to compare the spectra con-
tained in the file with the spectra of the blood or tissue
sample. The MSA calculates cardiac output and blood
flow per gram of tissue. If the difference between the
values of blood flow in the kidneys was greater than
10%, and/or if the number of spheres in any tissue
sample was less than 400, the observed results were
discarded since this indicated an inadequate mixing of
microspheres in the blood stream.

Hepatic oxygen delivery was calculated as follows:

HDO, = CaOy+ HABF + CpvOy- PBF,

where HDOg is hepatic oxygen delivery in ml
Oy min~' - g7, CaOyand CpvOgq are arterial and portal
venous oxygen content, respectively, in ml Og-ml™" of
blood; and HABF and PBF are hepatic arterial blood
flow and portal venous blood flow, respectively, in
ml- min~" . g~! of the liver.

Data were summarized as the standard error of the
mean for each group (control, halothane, and isoflu-
rane) and both stages. The variables were also ex-
pressed as percent of baseline values. Comparison of
groups at each stage utilized a one-way analysis of vari-
ance. Tests of significance for percent changes used a
one-sample { test. Multiple comparisons between pairs
of group means used the Fisher’s protected least signifi-
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cant difference test. Pearson correlation coefficients
were used to measure the association between pairs of
measurements.?' Differences were declared significant
with P < 0.05.

Results

Baseline (awake) values characterizing main cardio-
vascular function and hepatic oxygen supply (stage 1)
did not differ significantly among the groups in any of
the variables studied (table 1). Values in the control (no
anesthesia) group at stage II were no different from
those during stage 1. Values of arterial pH, pgo,, and
oxygen content were similar in all three groups of ani-
mals during both stages of experiments (tables 1, 2).
These results demonstrate that the model used in this
study did not deteriorate with time, and the changes
observed resulted only from the anesthetic in question.
According to experimental design, MAP in the halo-
thane and isoflurane groups decreased during stage 11
to a similar extent: during halothane anesthesia (0.95
* 0.11 vol%), MAP decreased from 79 + 2.4 to 42
% 0.9 mmHg; during isoflurane anesthesia (1.22 + 0.17
vol%), MAP decreased from 84 + 3.1 to 43 + 1.7
mmHg (fig. 1). However, at the same time, cardiac out-
put (CO) decreased twice as much during halothane as
during isoflurane anesthesia. Variables characterizing
hepatic circulation and oxygen supply show a striking
difference between the two experimental groups: the
values of HABF, total hepatic blood fAow (THBF), and
hepatic oxygen delivery (HDO,) were significantly less
in animals treated with halothane than in animals anes-
thetized with isoflurane (fig. 1, table 2).

Discussion

The purpose of this study was to test the hypothesis
that similar decreases in MAP during halothane and
isoflurane anesthesia are accompanied by equal changes
in oxygen delivery to the liver in the guinea pig model.
The study rejects the hypothesis. Halothane anesthesia
accompanied by a 50% decrease in MAP was associated
with a much greater decrease in hepatic oxygen supply
compared with isoflurane, which was also administered
at concentrations sufficient to decrease blood pressure
50%. Blood sampling resulted in a loss of approximately
3.3 ml of blood before the last injection of micro-
spheres. An additional 2.5 ml of blood was withdrawn
at the time of the second set of microspheres injection,
which was during the last 2.5 min of the experiments.
Such blood loss represents approximately 10-12% of
total blood volume of the guinea pig.?? This blood loss
probably did not play a significant role in either the
overall results or the conclusions of this study, since all
animals in the three groups experienced equal blood
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TABLE 1. Baseline (Awake) Values for Control (No Anesthesia),

Halothane and Isoflurane Groups (Mean + SE)

Variable No Anesthesia Halothane Isoflurane
bH 7.45 + 0,01 7.43 + 0.01 7.41x0.01
Pace, 23.6 £ 0.77 26.4 = 1.2 26.9 % 1.1
MAP 79 + 2.6 79 + 2.4 85+ 3.1
Cco 171 + 14.5 207 + 35.9 169 % 20.4
HABF 0.04 + 0.008 0.04 £ 0.010 0.04 + 0.006
PBF 2.11 % 0.25 2.06 + 0.13 1.97 + 0.24
THBF 2,15 + 0.25 2.10 £ 0.13 2.00 % 0.24
$a0, 98.6 + 0.35 98.1 + 0.31 97.9+0.33
SpvO, 88.8 + 1.21 88.4 + 2,34 89.3 £2.27
CaO, 18.2+0.12 18.1 £°0.15 18.2 +0.30
CpvOq, 16.3 = 0.23 16.2 + 0.50 16.5 + 0.26
HADO, 0.007 + 0.001 0.007 £ 0.001 0.007 %+ 0.001
PVDO, 0.34 + 0.04 0.33 + 0.01 0.32 +0.03
HDO, 0.35 + 0,04 0.34 + 0.01 0.33 +0.03

Pacg, = arterial carbon dioxide tension (nmHg); MAP = mean
arterial pressure (mmHg); CO = cardiac output (ml- min~!); HABF,
PBF, THBF = hepatic arterial blood flow, portal blood How, total
hepatic blood flow, respectively (ml+ min™' g™'); SaOy, SpvO, = oxy-
gen saturation in arterial and portal venous blood, respectively
(%HbO,); CaOg, CpvO, = oxygen content in arterial and portal
venous blood, respectively (ml Og- dl™!); HADO,, PVDO,, HDO,
= hepatic oxygen delivery via hepatic artery, portal vein, and total
hepatic oxygen delivery, respectively (ml Og - min™'+ g™!), There were
na significant differences among groups for any value (n = 9 for each

group).

loss and, thus, the differences among the groups re-
sulted apparently from the anesthetics rather than
blood loss. Approximately similar blood loss took place
in the study by Lunam et al.;'* therefore, it is not sur-
prising that the concentrations of the anesthetics re-
quired to achieve a 50% decrease in MAP were very
similar in the present study (mean values of 0.95% halo-
thane and 1.22% isoflurane), and in the study by
Lunam et al. (mean values of 0.95% halothane and
1.11% isoflurane'®). Thus, we purposely used experi-

TABLE 2. Percent of Baseline (Awake) Values for Control
(No Anesthesta), Halothane and Isoflurane Groups (Mean + SE)

Variable No Anesthesia Halothane Isoflurane
MAP 94.4 + 2.06 53.4+231* 51.3 1 2.09%
CO 91.1+ 3.81 48.4 + 6.59* 78.3 £ 5.90%}
HABF 109.5 + 21.16 63.0 & 4.28* 93.8 + 5,747
PBF 94.2 2,51 42.8 + 4,00* 77.3 & 2,48%
THBF 94.2 + 2,50 43.1 £ 3.93* 77.6 + 2.42%
Sa0, 99.9+0.12 99.8 + 0.09 100.0 + 0.26
SpvO, 92.2 + 2.77 82.8 + 2,12 85.9 + 3.83
CaOq 98.56 £ 0.72 98.4 + 0.64 98.4 + 1.80
CpvO, 96.4 + 2.50 81.5 % 2.33% 84.4 * 4.09
HADO, 108.3 +2].48 61.9 + 4,05 92.4 + 6.18%
PVDO, 90.7 £ 2.73 34.6 + 3.06* 65.1 + 3,49%}
HDQO, 90.7 £ 2.71 35.1 £3.01* 65.8 + 3.45%¢

See footnote to table 1 for abbreviations. All values arc expressed in
percent of control.
* P < 0.05 versus control.

+ P < 0.05 versus halothane.
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F1G. 1. Changes in mean arterial pressure (A. MAP in mmHg) and
hepatic oxygen delivery (8. HDOy in ml Og+min™! - g™!) in guinea pigs
during halothane and isoflurane anesthesia, *P < 0.05 compared with
values observed before anesthesia. *P < 0.05 compared with values
observed during halothane anesthesia,

mental conditions (degree of arterial hypotension,
blood loss due to sampling, and dose of anesthetics re-
quired) identical to those used in the study by Lunam et
al., who demonstrated that anesthesia with halothane
and isoflurane producing similar degrees (50%) of arte-
rial hypotension resulted in different effects on the
liver: namely, halothane led to clear hepatic damage,
while isoflurane did not.?® Lunam e al. speculate that
the hepatic damage observed in guinea pigs treated with
halothane, but not with isoflurane, resulted from halo-
thane metabolism, since similar degrees of arterial hy-
potension and similar changes in arterial blood gases
probably meant similar hepatic oxygen supply.'* The
present study clearly demonstrates that such specula-
tion is not justified.

It has been demonstrated, in other species (dogs, pigs,
rats), that halothane and isoflurane administered in
equipotent doses according to MAC and/or according
to a degree of arterial hypotension are accompanied by
different degrees of splanchnic circulatory distur-
bances, resulting in different reductions in hepatic oxy-
gen supply. For example, in dogs, equipotent doses of
halothane or isoflurane, accompanied by approximately
similar de~reases in MAP and even CO, were associated
with very different types of hepatic circulatory distur-
bances; isoflurane increased HABF, while halothane
maintained HABT in small doses and decreased HABF
in larger doses.!* Obviously, such changes in hepatic
circulation were accompanied by a much more promi-
nent decrease in hepatic oxygen supply during halo-
thane compared with isoflurane anesthesia. In pheno-
barbital pretreated hypoxic rats, equipotent doses of
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halothane and isoflurane were also accompanied by dif-
ferent reductions in hepatic blood flow and in hepatic
oxygen supply: HABF, THBF, and HDO, decreased
twice as much during halothane anesthesia compared
with equipotent doses of isoflurane.'® Ross et al. ob-
served similar changes in mean values of HABF; how-
ever, the difference between values did not reach a sta-
tistically significant level.* In intact rats, the values of
PBF and HABT were also much lower during halothane
compared with isoflurane.'® In miniature pigs, hepatic
oxygen supply during halothane anesthesia was approx-
imately 0.6-0.7 of that observed during isoflurane an-
esthesia when administered in conditions of similar sur-
gical stress (Gelman et al., unpublished data). Thus, in
this regard, the guinea pigs do not scem to be very
different from other studied species.

On the other hand, with regard to the hepatic circu-
lation, guinea pigs appear to be very different from
other species. We observed extremely low HABF in
these animals in all three groups before halothane or
isoflurane was administered. The arterial fraction of
THBFT in our observations equaled approximately 2%
of THBF (table 1). We do not doubt the accuracy of the
HABT measurements, since the number of micro-
spheres in all liver samples from 27 animals included in
the analysis exceeded 500. Four guinea pigs (besides the
27 animals presented in this study) with less than 400
spheres in liver samples also had a difference greater
than 10% between the values of blood flow in the right
and left kidneys. Therefore, according to experimental
design, these animals were excluded from the study. In
addition, similar values of HABF in guinea pigs were
observed by other investigators.?*2*

The low values of HABF and the low arterial fraction
of total hepatic blood supply in guinea pigs are very
different from the majority of other species, where
HABFT representsapproximately 20-35% of THBF.?%26
Such a difference might make guinea pig livers ex-
tremely susceptible to ischemic insult. In dogs, for ex-
ample, calculations show that, if HABF is 20% of
THBF, the hepatic arterial blood contributes 27% of
hepatic oxygen uptake; if HABF is 30%, the arterial
blood contributes 65% of the oxygen consumed.?® It
seems conceivable, therefore, that the extremely low
ratio of HABF to PBF in guinea pigs can play an impor-
tant role in the susceptibility of the liver of the guinea
pig to ischemic/hypoxic insult. This can be one reason
guinea pigs develop hepatic damage during halothane
anesthesia without additional hypoxia and/or pheno-
barbital pretreatment. The peculiar hepatic blood and
oxygen supply in guinea pigs probably results in a rela-
tively narrow margin of safety for the liver, or, in other
words, in a relatively small difference between normal
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hepatic oxygen supply and inadequate hepatic oxygen
supply, which may easily develop during certain condi-
tions, e.g., hypoxia, hypotension, low cardiac output,
etc. This may suggest that the guinea pig model is suit-
able for studying some ischemic mechanisms of liver
injury, since hepatic ischemic injury would develop be-
fore cerebral or cardiac death; however, the model does
not seem to be appropriate for studying hepatic circula-
tory responses to anesthetics or any other insult.

The role of HABF in hepatic oxygen supply has been
appreciated for years.*® Some studies have even sug-
gested that the hepatic oxygen requirement itself gov-
erns the reciprocity between PBT (with partially deoxy-
genated blood) and HABF.?"-® [t has been suggested
the the loss of the PBF-HABF reciprocal relationship
during anesthesia may be responsible for the develop-
ment of postoperative hepatic dysfunction.?

The sensitivity of guinea pigs to halothane appears to
be genetically determined.*® These observations can be
explained not only by the metabolic or immunologic
theories of an induced hepatic injury, but also by the
hypoxic hypothesis: some guinea pigs might have a
higher hepatic oxygen demand and/or might develop a
severer reduction in hepatic oxygen supply due to a
particular sensitivity of the arterial hepatic vasculature
to halothane than other animals, resulting in a lower
oxygen supply-demand ratio.

The possibility that the two anesthetics studied affect
hepatic oxygen demand differently should be consid-
ered, since, if, for example, halothane decreased he-
patic oxygen demand to a much greater extent than
isoflurane, the hepatic oxygen supply-demand ratio
could have been similar for the two anesthetics in ques-
tion. Hepatic oxygen demand and/or uptake during
halothane or isoflurane anesthesia are very similar in
dogs®' and in rats.* Therefore, if these two anesthetics
affect oxygen demand in guinea pig livers, as they do in
dogs and rats, the speculation that halothane may in-
duce liver damage by ischemic mechanisms would be
justified. However, hepatic oxygen uptake was not de-
termined in this study, and, therefore, the possibility
that the difference in the hepatic oxygen supply-de-
mand ratio between the halothane and isoflurane
groups was less dramatic than the observed difference
in hepatic oxygen supply, cannot be ruled out com-
pletely.

In summary, the results of this study reject the hy-
pothesis that maintained arterial oxygen content and
similar reductions in MAP induced by halothane or iso-
Aurane are accompanied by similar reductions in he-
patic oxygen supply. The results demonstrate that halo-
thane produces more severe hepatic oxygen deprivation
than isoflurane when administered in doses accompa-
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nied by similar decreases in MAP. The present study
does not exclude the possibility that liver damage in the
guinea pig model is related to the reductive metabolism
of halothane (which takes place in hypoxic conditions)
or any other mechanism. However, the absence of asso-
ciation between hepatic injury and metabolites pro-
duced during the reductive biotransformation of halo-
thane'® does not fit the hypothesis that halothane me-
tabolism is directly responsible for halothane-induced
liver damage. On the other hand, the extremely low
HABF in guinea pigs, in conjunction with the halo-
thane-induced severe reduction in hepatic oxygen sup-
ply, makes it conceivable that the hepatic damage ob-
served in the guinea pig model during halothane anes-
thesia'* is related to hepatic oxygen deprivation per se
without a direct involvement of halothane metabolism.

References

1. Stock JGL, Strunin L: Unexplained hepatitis following halothane.
ANESTHESIOLOGY 63:424-439, 1985
2. Carney FMT, VanDyke RA: Halothane hepatitis: A critical re-
view. Anesth Analg 51:135-160, 1972
3. McLain GE, Sipes 1G, Brown BR: An animal model of halothane
hepatotoxicity: Roles of enzyme induction and hypoxia, ANES-
THESIOLOGY 51:231-326, 1979
4. Ross WT Jr, Daggy BP, Cardell RR: Hepatic necrosis caused by
halothane and hypoxia in phenobarbital-treated rats. ANEs-
THESIOLOGY 51:327-333, 1979
5. Plummer JL, Cousins MJ, Hall P: Hypoxia and halothane hepato-
toxicity. Anesth Analg 62:859, 1983
6. Gandolfi A], Brown BR: Hypoxia and halothane hepatotoxicity.
Anesth Analg 62:859-861, 1983
7. Shingu KI, Eger EI 11, Johnson BH: Hypoxia per se can produce
hepatic damage without death in rats. Anesth Analg 61:820—
823, 1982
8. Johnstone M: Halothane hepatitis. Lancet 2:526, 1978
9. Strunin L, Harrison L], Davies JM: Etiology of halothane hepato-
toxicity. ANESTHESIOLOGY 58:391, 1983
10. Hughes HC Jr, Lang CM: Hepatic necrosis produced by repeated
administration of halothane to guinea pigs. ANESTHESIOLOGY
36:466-471, 1972
11. Reves ]G, McCracken LE: Halothane in the guinea pig. ANES-
THESIOLOGY 42:230-231, 1975
12. Simpson BR, Strunin L, Walton B: Evidence for halothane hepa-
totoxicity is equivacal, Controversy in Internal Medicine.
Edited by Inglefinnger FJ, Ebert RB, Findland M, Relman AS.
Philadelphia, WB Saunders, 1974, pp 580-594
13. Lunam CA, Cousins MJ, Hall P:-Guinea pig model of halothane
associated hepatotoxicity in the absence of enzyme induction
and hypoxia. J Pharmacol Exp Ther 232:802-809, 1985
14. Gelman S, Fowler KC, Smith LR: Liver circulation and function
during isoflurane and halothane anesthesia. ANESTHESIOL-
oGY 61:726-730, 1984
15. Gelman S, Rimerman V, Fowler K, Bishop S, Bradley EL: The
effect of halothane, isoflurane and bload loss on hepatotoxicity
and hepatic oxygen availability in phenobarbital-pretreated
hypoxic rats, Anesth Analg 63:965-972, 1984
16. Seyde WC, Longnecker DE: Effect of halothane, enflurane, or
isoflurane on the regulation of total hepatic blood flow in rats
(abstract). ANESTHESIOLOGY 61:A277, 1984

202 Yo1eN 0z uo 3sanb Aq 4pd'¥1000-0001 L L861-27S0000/60£Z€9/ L 0.L/5/29/4pd-ajonie/ABojoISaUISBUR/WIOD JIBYIIDA|IS ZESE//:dRY WO papEojUMOQ



706

17.

18.

19,

20.

21.

22.

23.

24,

Sisk DB: Physiology, The Biology of the Guinea Pig. Edited by
Wagner JE, Manning PJ. New York, Academiic Press, 1976,
p 66

Schaefer KE, Messier AA, Morgan CC: Displacement of oxygen
dissociation curves and red cell cation exchange in chronic
hypercapnia. Respir Physiol 10:299-312, 1970

Baumann R, Bauer G, Bartels H: Influence of chronic and acute
hypoxia on oxygen affinity and RBC 2,3-diphosphoglycerate
of rats and guinea pigs. Respir Physiol 11:135-144, 1971

Heyman MA, Payne BD, Hoffman JIE, Rudolph AM: Blood flow
measurements with radionuclide-labeled particles. Prog Car-
diovasc Dis 20:55-79, 1977

Snedecor GW, Cochran WG: Statistical Methods, Seventh Edi-
tion. Ames, The Iowa State University Press, 1980, pp 64-72,
175-184, 215-222, 233-237

Bacci V, Vit A: Organ plasma volume of normal rat and guinca-
pig. Arch Fisiol 63:85-98, 1965

Ferguson JL, Spitzer JJ, Miller HI: Effects of endotoxin on re-
gional blood flow in the unanesthetized guinea pig. ] Surg Res
25:236-243, 1978

Pecters LLH, Grutters G, Martin CB Jr: Distribution of cardiac
output in the unstressed pregnant guinea pig. Am J Obstet
Gynecol 138:1177-1183, 1980

HURSH, GELMAN, AND BRADLEY
25,
26.

27,

28.

29.

30.

3L

32,

Anesthesiology
V 67, No 5, Nov 1987

Richardson PDI, Withrington PG: Liver blood flow, Gastroenter-
ology 81:159-173; 356-375, 1981

Greenway CV, Stark RD: Hepatic vascular bed. Physiol Rev
51:23-65, 1971

Gelman S: The effect of enteral oxygen administration on the
hepatic circulation during halothane anaesthesia: Experimen-
tal investigations. Br | Anaesth 47:1253-1259, 1975

Gelman S, Ernst EA: Role of pH, PCOg, and O, content of portal
blood in hepatic circulatory autoregulation. Am J Physiol
233:E255-E262, 1977

Seyde WC, Longnecker DE: Anesthetic influences on regional
hemodynamics in normal and hemorrhaged rats. ANESTHESI-
oLoGY 61:686-698, 1984

Lunam CA, Cousins M], Hall P: Genetic predisposition to liver
damage after halothane anesthesia in guinca pigs. Anesth
Analg 65:1143-1148, 1986

Gelman S, Dillard E: Hepatic oxygen supply-demand relationship
during ancsthesia in the dog (abstract). ANESTHESIOLOGY
63:A504, 1985

Matsumoto N, Rorie DK, Van Dyke RA: Hepatic oxygen supply
and consumption in rats exposed to thiopental, halothane, en-
flurane, and isoflurane in the presence of hypoxia. ANESTHE-
SIOLOGY 66:337-343, 1987

202 Yo1eN 0z uo 3sanb Aq 4pd'¥1000-0001 L L861-27S0000/60£Z€9/ L 0.L/5/29/4pd-ajonie/ABojoISaUISBUR/WIOD JIBYIIDA|IS ZESE//:dRY WO papEojUMOQ



