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A Comparison of the Direct Cerebral Vasodilating Potencies of
Halothane and Isoflurane in the New Zealand White Rabbit

John C. Drummond, M.D.,* Michael M. Todd, M.D.,t Mark S. Scheller, M.D.,+ Harvey M. Shapiro, M.D.§

Halothane is commonly viewed as a more potent cerebral vaso-
dilator than isoflurane. It was speculated that the lesser vasodilation
caused by isoflurane might be the result of the greater reduction in
cerebral metabolic rate (CMR) that it causes, and that the relative
vasodilating potencies of halothane and isoflurane would be similar
if the two agents were administered in a situation that precluded
volatile-agent~induced depression of CMR. To test this hypothesis,
cerebral blood flow (CBF) and the cerebral metabolic rate for oxygen
(CMRy,) were measured in two groups of rabbits before and after
the administration of 0.75 MAC halothane or isoflurane. One group
received a background anesthetic of morphine and N,O, which re-
sulted in an initial CMRo, of 3.21 % 0.17 (SEM) ml - 100 ¢! - min™';
second group received a background anesthetic of high-dose pen-
tobarbital, which resulted in an initial CMRo, of 1.76 + 0.16 m1 - 100
g™' +min™". In rabbits receiving a background of morphine sulfate/
N,O, halothane resulted in a significantly greater CBF (65 + 10
ml+100 g™' - min™") than did isoflurane (40 = 5 ml- 100 g™' - min™").
Both agents caused a reduction in CMRo,, but CMRg, was signifi-
cantly less during isoflurane administration. By contrast, with a
background of pentobarbital anesthesia, CBF increased by significant
and similar amounts with both halothane and isoflurane. With hal-
othane, CBF increased from 22 = 2ml- 100 g™* - min™! in the control
state to 39 * 3, and with isofiurane from 24 + 2 to 38 = 2 ml- 100
g~'+min~'. CMRo, was not depressed further by either halothane
or isoflurane. These results suggest that the relative effects of hal-
othane and isoflurane on CBF are dependent on the CMR present
prior to their administration. When the preexistent CMR is not
markedly depressed, isoflurane decreases CMR and causes less ce-
rebral vasodilation than does halothane. When initial CMR is de-
pressed, halothane and isoflurane have similar vasodilating poten-
cies. (Key words: Anesthetics, volatile: halothane; isoflurane. Brain:
blood flow; metabolism; oxygen consumption.)

In several species,'~® halothane has been shown to cause
greater increases in cerebral blood flow (CBF) than iso-
flurane and, accordingly, halothane is widely viewed as
the more potent cerebral vasodilator. Isoflurane, however,
has been shown to cause a more marked depression of
the cerebral metabolic rate for oxygen (CMRy,).""*® The
authors speculated that the metabolic differences between
halothane and isoflurane might explain the differing ef-
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fects of these two agents on CBF. We reasoned that the
change in CBF caused by a volatile agent might represent
the interaction of at least two separate but simultaneous
effects: 1) a direct effect on cerebral vascular smooth
muscle resulting in relaxation (intrinsic vasodilation); and
2) a “coupled” vasoconstrictive effect occurring as a result
of the reduction in cerebral metabolic rate (CMR) caused
by the volatile agent. Given a constant arterial carbon
dioxide tension and mean arterial pressure (MAP), the
change in CBF caused by a volatile agent would be de-
termined by the summation of these two influences. We
speculated that the intrinsic effects of the two volatile
agents might in fact be quite similar, and that the differ-
ences in the CBF effects of halothane and isoflurane might
be explained by the greater reduction in CMRp, caused
by isoflurane. If true, this leads to a prediction regarding
the CBF effects of halothane and isoflurane: If the effects
of both halothane and isoflurane on CMR could be re-
duced or eliminated, then the vasodilating potency of iso-
Aurane would be similar to that of halothane. To test this
hypothesis, the effects of halothane and isoflurane on CBF
were compared in two groups of New Zealand white rab-
bits. The animals received one of two different back-
ground anesthetics. One regimen provided a greater
background CMRg,, and the other markedly decreased
the background CMRg,. The rationale was that in the
second group, the antecedent suppression of CMRg,
caused by the barbituate might prevent or at least atten-
uate volatile anesthetic-induced metabolic suppression
(and the associated ‘“‘coupled” vasoconstriction) and
thereby unmask for direct comparison the intrinsic va-
sodilating effects of the two agents.

Methods

Twenty-four New Zealand white rabbits of either sex,
weighing 3.1 + 0.2 (SD) kg, and approximately 6 months
of age, were studied. Each animal received one of two
maintenance anesthetic regimens. Group | animals (n
= 12) received morphine sulphate and nitrous oxide, and
Group 2 animals (n = 12) received pentobarbital. Within
each group, six animals received halothane and six re-
ceived isoflurane.

In both groups, animals were placed in a plexiglass box
and anesthesia was induced with 4% halothane in oxygen.
The animals were intubated, paralyzed with pancuronium
(2 mg, iv) and mechanically ventilated (tidal volume = 15
ml-kg™!; rate = 20 breaths/min). Carbon dioxide was
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added to the inspired gas mixture to maintain normocap-
nia (Paco, 38-42 mmHg) throughout the study. Anes-
thesia was initially maintained with 1.256-1.5% halothane
and 60% nitrous oxide in oxygen. Immediately after
placement of aortic and right atrial catheters via femoral
vessels, the administration of the background intravenous
anesthetic agent began. One group received morphine
sulphate 10 mg - kg™" as a slow intravenous injection over
2-3 min, followed by 2 mg- kg“' -h™! as a continuous
infusion. Halothane was discontinued at the beginning of
morphine administration, and the animals continued to
breathe 60% N3O and 40% O,. During the subsequent
volatile anesthetic, phenylephrine was infused as needed
to maintain MAP within 10 mmHg of the control (pre-
volatile agent) level. A second group received an intra-
venous loading dose, 60 mg-kg™' of pentobarbital. As
pentobarbital administration began, halothane and nitrous
oxide were discontinued and the fatter was replaced with
60% nitrogen. The loading dose was completed over a
period of 30~45 min and at its conclusion an infusion of
pentobarbital was begun at 45 mg-kg™' +h™". A single
fronto-occipital channel of surface EEG was monitored
continuously. Throughout the study, phenylephrine was
infused as needed to maintain MAP within 10 mmHg of
the prevolatile agent value and/or to maintain an MAP
greater than or equal to 65 mmHg. Both groups received
a maintenance infusion of lactated Ringer’s solution at 6
ml-kg™'-h™".

In all animals, the cranial portion of the preparation
began simultaneously with the placement of the vascular
catheters. The dura was exposed in the midline between
the occiput and the first cervical vertebra and a 19-gauge
needle was passed through the atlanto-occipital mem-
brane into the cisterna magna to permit recording of in-
tracranial pressure (ICP). A limited craniectomy was per-
formed over the confluence of the cerebral venous sinuses
and a 23-gauge needle was placed nonocclusively in the
latter structure to permit sampling of cerebral venous
blood. The skull surface was exposed and platinum-alloy
needle electrodes (diameter 250 pm) were positioned
stereotactically via 3 mm burr holes in frontal and parietal
cortex and in the left dorsal hippocampus. The cortical
electrodes were inserted to a depth of 2 mm beyond initial
dural contact. The dorsal hippocampal electrode was ny-
lon coated with the distal 1 mm exposed. It was positioned
according to previously established coordinates,” which
have been verified in this laboratory.® A silver-silver
chloride reference electrode was placed subcutaneously
over the midback. Esophageal temperature was controlled
to 37.5° C with a heat lamp and a warming blanket. Blood
pressure and ICP (both referenced to head level) were
recorded continuously. The ECG and pan-tidal carbon
dioxide and volatile agent concentrations (Beckman LB-
I1® infrared analyzers) were monitored continuously.
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CBF was determined intermittently using the hydrogen
clearance technique.’”'! Following tissue saturation by
breathing 3-5% hydrogen, the hydrogen was omitted
from the inspired gas mixture and the current between
the platinum and the reference electrodes was recorded
during the ensuing “‘washout.” CBF was calculated by
the T o method.” The first 36 s were discarded in order
to exclude from analysis that portion of the curve during
which arterial hydrogen content was greater than 5% of
saturated levels (unpublished data from this laboratory).
The CMR, was calculated as the product of the arterial-
cerebral venous oxygen content difference (Lex-Oy-Con)
X CBF. CBF for the purpose of this calculation was the
mean of the three individually recorded CBF values (dor-
sal hippocampus and two cortical). This value is referred
to herein as CBF.

The time course of study was identical for both exper-
imental groups. After surgical preparation, there was a
90-min equilibration period. During and subsequent to
this period, noise and contact with the animal were
avoided. At the end of the equilibration period, CBF and
CMRy, were determined, and a volatile agent (halothane
or isoflurane on an alternating basis) was introduced and
increased gradually over 10 min toa 0.76 MAC end-tidal
value. The MAC values employed for the rabbit for hal-
othane and isofturane were 1.38% and 2.05%, respec-
tively.'? The 0.75 MAC end-tidal value was maintained
for 15 min and then a second CBF/CM R, determination
was performed. In the pentobarbital group, the volatile
agent was then omitted and the EEG was observed for an
additional 60 min to confirm ongoing isoclectricity. This
was done to permit the inference that the pentobarbital
levels during the preceding exposure to the volatile agent
were sufficient to produce isoelectricity without the influ-
ence of the inhaled agent.

Within each group, the data obtained before and dur-
ing the administration of the volatile anesthetic were
compared using Student’s ¢ test for paired data with the
Bonferroni correction for multiple comparisons. Com-
parisons between groups employed a one-way analysis of
variance.§

Results

The data are presented in tables 1 (morphine/N»yO,
Group 1) and 2 (pentobarbital, Group 2). There were no
statistical differences between the two cortical blood flow
measurements (frontal and parietal) in either group and
the value presented in tables 1 and 2 as *‘Cortex” rep-
resents the mean of the two values obtained. In all in-
stances, the end-tidal halothane concentration was less

§ BMDP Statistical Software. Los Angeles, Univeristy of California
Press, 1983.
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TABLE 1. Physiologic Variables in Group 1 Studies
1 2 3 4
ANOVA
Morphine/N:0 1 test Morphine N,O ttest
Morphine/N,O + Halathane lus. 2 Morphine/N;O + Isoflurane 3us. 4 1vs. 8 2us. 4
CBF (ml- 100 g™' - min™")
Cortex 59+ 12 74£13 P<.02 51+11 417 NS NS P<.04
Dorsal hippocampus 334 465 P <.002 27x3 366 NS NS NS
CBF 50+8 656+10 P <.004 43 +7 40+ 5 NS NS P<.04
ICP (mmHg) 2.0+0.2 3.0£0.2 P<.02 2.5+0.4 3.5+04 P<.05 NS NS
MAP (mmHg) 913 8443 NS 912 86+2 P <.02 NS NS
CVR (mmHg- 100
=1 min™") 1.99+0.28 1.37£0.15 | P<.004 || 2.30+0.38 | 2.18+0.26 NS NS P<.02
CMRg, (ml- 100
g™' min7!) 3.31+£0.22 | 275+0.22 | P<.001 || 3.11£0.27 | 1.82+0.23 | P<.001 NS | P<.001
Po, (mmHg) 1397 142+ 4 NS 149+9 145+ 8 NS NS NS
Pco, (mmHg) 40+0.5 40+1 NS 39+1 39+0.5 NS NS NS
hH 7.41 .02 7.38 .02 NS 7.39+.01 7.37x.02 NS NS NS
Phenylephrine
(ug-kg"'-min") 0.04 +.04 2,7+.78 P<.02 0 2.0+ .45 P<.003 NS NS

Values are mean = SEM. n =6 in all groups. NS = not significant.
CBF = cerebral blood flow; CBF: = See ‘‘Methods”; ICP = intra-

than or equal to 0.05% prior to performing the control
(prevolatile agent) CBF and CMRg, measurements.

Grour 1 (MORPHINE/N;O)

There were no differences between the halothane and
isoflurane subgroups at the time of the initial control
measurements (columns 1 and 3, table 1) for any of the
physiologic variables (CBF, CMR,,, ICP, cerebral vas-
cular resistance [CVR], arterial blood gases, or phenyl-
ephrine dose). With the administration of the volatile an-
esthetic (columns 2 and 4, table 1), CBFT increased signif-
icantly (P < 0.004) in the animals that received halothane

cranial pressure; MAP = mean arterial pressure; CVR = cerebral vas-
cular resistance; CMRg, = cerebral metabolic rate for oxygen.

but was unchanged in those that received isoflurane. CVR
mirrored the m changes; specifically, CVR decreased
significantly in the halothane subgroup and was un-
changed witli isoflurane. In spite of the differences in the
CBF effects of the two volatile agents, ICP increased by
similar amounts with both halothane and isoflurane. While
these ICP changes were significant (P < 0.05), the in-
creases were small (approximately | mmHg).

The CMR, decreased significantly (P < 0.001) with
the administration of both halothane and isoflurane. The
decrease, however, was larger with isoflurane and the
CMRg, at 0.75 MAC of that agent (1.82+0.23 ml
04+ 100 g™' - min™") was significantly (P < 0.001) less than

TABLE 2. Physiologic Variables in Group 2 Studies

1 2 3 4
ANOVA
Pentobarbital ttest Pentobarbital £ test
Pentobarbital + Halothane Tws. 2 Pentobarbital + Isoflurane Bus 4 lus 3 2us. 4
CBF (ml+ 100 g™' - min™")
Cortex 24 +3 44+5 P <0.006 26+3 43+3 P <0.0008 NS NS
Dorsal hippocampus 17+2 30+2 P <0.009 16 £2 28+0 P <0.004 NS NS
CBF 22+2 393 P <0.002 22+2 38+2 P <0.0004 NS NS
ICP (mmHg) 0.5+0.2 2+0.4 P <0.007 0.5+0.2 24+0.2 P <0.002 NS NS
MAP (mmHg) 70+0.5 71+1 NS 712 68+3 NS NS NS
CVR (mmHg- 100
g_'-min'l) 3.37+0.28 1.91+0.11 P <0.006 3.36::0.44 1.74 £ 0.11 P <0.006 NS NS
CMRg, (ml- 100
g ' min™") 1.76 £0.27 1.66+0.14 NS 1.75 £ 0.17 1.47+0.24 NS NS NS
Po, (mmHg) 179 +13 185+ 14 NS 196 + 19 199+ 19 NS NS NS
Pco, (mmHg) 39+0.5 40:+1 NS 39+1 39+0.5 NS NS NS
PH 7.37%+0.02 7.33 £0.02 NS 7.38 £0.02 7.38 £0.02 NS NS NS
Phenylephrine
(ug'kg'I -min~") 1.07 0.4 2.7+0.3 P <0.0007 1.6 0.5 3.9+0.8 P <0.01 NS NS

Values are mean = SEM. n = 6 in all groups. NS =not significant.

See table 1 for other abbreviations.
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that observed with halothane (2.75 = 0.22 ml Og- 100
g~'emin™").

There was a trend toward a reduction in MAP in both
subgroups, although that decrease was significant (P
< 0.02) only for isofturane. None the less, MAP during
the administration of the two volatile agents was not dif-
ferent, i.e., halothane 84 + 3 mmHg and isoflurane 86 + 2
mmHg. There were no differences in arterial blood gas
variables at any study period. The rate of phenylephrine
infusion increased in both subgroups during volatile agent
administration, but there was no difference between the
halothane and isoflurane subgroups.

GroOUP 2 (PENTOBARBITAL)

The dose of pentobarbital employed was sufficient to
induce and maintain EEG isoelectricity throughout the
period of study in all animals. Again, there were no dif-
ferences between the control measurements in the halo-
thane and isoflurane subgroups (columns 1 and 3, table
2) for any physiologic variable. With the administration
of halothane and isoflurane (columns 2 and 4, table 2),
CBF increased by significant (P < 0.002) and similar
amounts in both subgroups. This latter observation is in
sharp contrast with the results obtained in those receiving
morphine/N,O, wherein CBF increased following halo-
thane administration but was unchanged with isoflurane.

ICP increased by significant (P < 0.002) and similar
amounts in both subgroups and CVR decreased (P
< 0.006). The CMRo, was not significantly altered by the
administration of either volatile anesthetic, although there
was a trend suggesting a small decrease in CMRo, during
isoflurane administration. MAP, PaO,, Paco,, and pH
did not differ at any measurement interval.

Discussion

The intent of the present protocol was to produce, in
those receiving pentobarbital, a degree of CMR, depres-
sion in the control condition that would preclude further
significant reduction of CMRg, by a superimposed volatile
anesthetic. That this could be achieved was suggested by
studies of the cerebral effects of thiopental'® and isoflu-
rane.!* In those studies, it was observed with both anes-
thetics that CMR, reached similar minimum values si-
multaneously with the occurrence of electrocerebral si-
lence. The administration of additional anesthetic beyond
that necessary to produce EEG isoelectricity resulted in
no further reduction in CMRg,. The present protocol
employed a moderate pentobarbital “‘overdose™ in Group
9 animals to achieve and maintain EEG isoclectricity
with the intent of establishing a similar CMRg, plateau.
The statistical constancy of CMRg, throughout the
pentobarbital (Group 2) studies indicates that a CMRg,

plateau was achieved and that halothane and isoflurane
did not, in fact, produce further significant suppression
of CMRg,.

The results obtained in animals that received morphine
sulphate and nitrous oxide as a background anesthetic
were consistent with previous rabbit studies performed
in our laboratories® and with numerous other studies'~®
that have indicated that halothane produces greater in-
creases in CBF than isofluranc. By contrast, in the cir-
cumstances of CMRo, suppression produced by pento-
barbital, halothane and isoflurane were equipotent ce-
rebral vasodilators. We suspect that the explanation for
the disparity between the CBF effects of isoflurane in the
two groups lies with the thesis presented in the introduc-
tion, i.e., that, given a constant Pacp, and MAP, the ce-
rebral vasodilation caused by a volatile agent is a result
of the summation of two separate effects: 1) a direct or
intrinsic vasodilating effect (mechanism unknown), which
is very similar for the two agents; and 2) a secondary
“coupled” vasoconstrictive effect occurring as a result of
the depression in CMR caused by the volatile anesthetic.
This latter effect should normally be greater with isoflu-
rane because this agent is known to be a more potent
CMR depressant than halothane."*% This may account
for the lesser net cerebral vasodilation apparent with iso-
flurane under most circumstances, including those of
pretreatment with morphine/N,O in the present study.
With initial pentobarbital treatment, further CMR
depression by either anesthetic was precluded by the an-
tecedent barbiturate-induced suppression of CMRg,, and
we suspect that, accordingly, only the intrinsic VdSOdll’ltlng S
effect was operative. The identical CBF increases that oc- ®
curred with exposure to halothane and isoflurane in this 2
circumstance suggest that the magnitude of this direct or
intrinsic effect on cerebral vascular smooth muscle is quite
similar for halothane and isoflurane.

The ICP changes in those receiving morphine sul-
phate/nitrous oxide treatment present an apparent con- P
tradiction. Whereas CBF increased with the administra- &
tion of halothane but not with the administration of iso- 2.
flurane, ICP increased during anesthesia with both =
anesthetics. We have observed this dissociation of ICPN
and CBFT effects during isoflurane administration previ-g
ously,™® and its explanation remains a matter of specu-
lation. CBF is known to be an important determinant of
the volume of the contents of the intracranial compart-
ment (via the effect of GBF on cerebral blood volume.'®
Changes in CBT, however, probably reflect only the in-
fluence of changes in the caliber of cerebral resistance
vessels, and cerebral blood volume may also be modified
by changes in the status of capacitance vessels.'® The rel-
ative effects of halothane and isoflurane on the latter are
undefined in the rabbit. Similarly, alterations in cerebro-
spinal fluid (CSF) dynamics may be important in deter-
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mining the ICP effects of a given anesthetic regimen'’~

'9and the influence of volatile anesthetics on CSF dynam-
ics have not been examined in the rabbit. It may be rel-
evant that unexplained ICP increases which are inconsis-
tent with the anticipated CBF effects of isoflurane have
also been observed in humans with intracranial mass le-
sions.?

The CMRp, method employed in the present study is
not without limitations. The CBF value used in the cal-
culation was the mean of the three regional values (dorsal
hippocampus, parietal cortex, and frontal cortex). This
approach was selected to weight the CBF value to reflect
the relatively large contribution of the cerebral cortex to
total sagittal sinus blood flow.?! The CBF value obtained
may not, however, accurately represent CBF in the com-
partment traversed by the blood that was sampled from
the sagittal sinus. Nonetheless, while the absolute values
may be inaccurate, the CMRo, data obtained should ac-
curately reflect trends.

The suggestion that drug-induced changes in CMR are
important in determining the net CBF effects of a volatile
anesthetic has been made previously, and Smith reported
observations supporting this notion.?*** However, Smith
proposed that volatile agents were not direct cerebral va-
sodilators, but rather that CBF changes were a secondary
response to the combined influences of alterations in CMR
and a volatile-agent-induced change in the set point of
unspecified regulatory mechanisms seeking to keep ce-
rebral venous P, constant. By contrast, our theory pro-
poses a direct or primary effect on cerebral vascular
smooth muscle combined with secondary effects due to
changes in CMRg,. The present data are consistent with
either theory and cannot serve to clarify the exact mech-
anism of the vasodilating effects of volatile agents.

Interpretation of the present results is inevitably limited
by the simultaneous administration of substantial doses
of pentobarbital. In intact subjects, pentobarbital is a ce-
rebral vasoconstrictor, probably resulting from the asso-
ciated reduction in CMR. However, in isolated cerebral
vessel preparations, it causes a smooth muscle relaxation*
and attenuates the effect of vasoconstrictors.?*-2% The in-
teractions between pentobarbital and vasodilators have
not been studied in vitro. Accordingly, the possibility exists
that the pentobarbital employed here in some way mod-
ified the direct effects of the volatile anesthetics on the
cerebral vascular smooth muscle. This possibility cannot
be excluded. However, it seems unlikely that pentobar-
bital should have produced any qualitative change in the
action of the volatile anesthetic, although the magnitude
of change may have been modified.

The protocol allowed variation in arterial pressure by
an amount not greater than 10 mmHg, while altogether
preventing reduction in MAP below 656 mmHg. The in-
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tent was to minimize the effects of alterations in autoreg-
ulation caused by the various anesthetics while avoiding
the extremely large doses of vasopressor (phenylephrine)
that might have been required to hold MAP constant at
some arbitrary level in all animals in all groups. However,
the phenylephrine may have had some quantitative influ-
ence on the results for CBF. Although the cerebral vas-
cular effects of phenylephrine have not been extensively
studied, there are data to suggest that phenylephrine is
probably a cerebral vasoconstrictor?” and may thereby
have caused some reduction in the observed CBF values.
Fortunately, the doses employed were modest, and there
were no differences in phenylephrine dose between the
subgroups for either the control or the control plus volatile
agent measurements. Accordingly, any effect of phenyl-
ephrine is likely to have been similar for both halothane
and isoflurane and should not impair the merit of this
comparison.

The results of the present study were obtained in nor-
mal rabbits, and no direct extrapolation to human anes-
thesia can be made with certainty. However, these results
may be relevant to that population of patients with a de-
pressed CMR, (e.g., severe head injury, including those
already receiving barbiturates; subarachnoid hemorrhage
patients in Hunt-Hess grades 4 and 5; and various en-
cephalopathies). It is possible that in some of these pa-
tients, the vasodilating action of volatile anesthetics may
be greater than in patients with a more normal CMR.
Accordingly, the relative advantage attributed to isoflu-
rane by merit of the lesser increases in CBF that it causes
in normal subjects may be less apparent in this population
of patients.

In summary, when halothane and isoflurane were
added to a background anesthetic consisting of morphine
and nitrous oxide (a circumstance in which isoflurane
caused a greater reduction of CMR, than halothane) only
halothane caused an increase in CBF, By contrast, both
halothane and isoflurane caused substantial and identical
increases in CBF when superimposed on a background
of barbiturate-induced EEG isoelectricity (a state that
prevented significant volatile-agent—induced depression
of CMR,). These results are consistent with the sugges-
tion that the intrinsic or direct vasodilating effects of hal-
othane and isoflurane on cerebral vascular smooth muscle
may be similar. Furthermore, they are consistent with the
suggestion that the lesser cerebral vasodilating effects of
isoflurane that have been observed in several models may
reflect a greater “‘coupled” reduction in CBF normally
occurring during the administration of isoflurane. The
results, in addition, suggest the possibility that the cerebral
vasodilating potency of a given volatile agent will vary
with the CMR immediately prior to exposure to that vol-
atile agent.
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