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The Cerebral Metabolic Effects of Isoflurane at and above
Concentrations that Suppress Cortical Electrical Activity

L. A. Newberg, M.D.,* J. H. Milde,t J. D. Michenfelder, M.D.}

The effects of 1.4-6.0% end-expired isoflurane on cerebral me-
tabolism and hemodynamics were examined in dogs. A dose-related
decrease in cerebral oxygen consumption (CMRo,) occurred until
there was suppression of cortical electrical activity as reflected by
the onset of an isoelectric electroencephalogram. This occurred at
an end-expired concentration of 3% isoflurane when the mean
CMRo, was 2,02 ml+ 100 g™ - min~", Thereafter, increasing concen-
trations of isoflurane to 6% had no further effect on the CMRy,.
Brain biopsies taken at the end of the study revealed normal con-
centrations of ATP and phosphocreatine and a normal energy
charge. Despite a normal cerebral energy state, there was a mild,
dose-related, cerebral lactic acidosis (up to 2.84 pmol/g) that accom-
panied a mild systemic acidosis. It is concluded that the cerebral
metabolic changes produced by isoflurane are secondary to an effect
on cortical electrical activity, that abolition of this activity can be
produced in dogs by a clinically relevant concentration of isoflurane
(3%) without marked systemic hemodynamic effects, and that con-
centrations of isoflurane necessary to abolish cortical activity have
no direct toxic effect on cerebral metabolic pathways. (Key Words:
Anesthetics, volatile: isoflurane. Brain: blood flow; electroenceph-
alogram; metabolism; oxygen consumption.)

PREVIOUS STUDIES from this laboratory'? have sug-
gested that anesthetics in clinical concentrations pro-
duce cerebral metabolic depression only to the extent
that they alter cortical electrical activity. This has been
demonstrated with thiopental, which produces a dose-
related decrease in cerebral metabolism that is corre-
lated to its effect on cortical electrical activity.® Thio-
pental has no apparent direct or toxic effect on the
metabolic pathways necessary for the maintenance of
cellular integrity.> However, halothane, in a concentra-
tion at (4.5%) and up to two times that sufficient to
abolish cortical electrical activity (9.0%), produces a
. dose-related and presumably toxic alteration in oxida-
tive phosphorylation. Isoflurane is unique among the
volatile anesthetics in that an isoelectric electroenceph-
alogram (EEG) can be produced in man with a clinically
relevant end-expired concentration (2.4%).% Like other
volatile anesthetics, isoflurane produces a dose-related
reduction in the cerebral metabolic rate.® This effect is
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nonlinear, the major decrease in metabolic rate occur-
ring when the EEG changes from an ‘‘awake” to an
“anesthetic” pattern.” The cerebral metabolic effects of
higher concentrations of isoflurane, including that re-
quired to produce an isoelectric EEG, have not been
investigated.

This study was designed to determine whether iso-
flurane, like thiopental, reduces cerebral metabolism
only in relation to decreased cortical electrical activity
or whether, like halothane, it has any direct toxic effects
on cellular metabolic pathways. In a dog model similar
to that used for the prior studies of thiopental and hal-
othane, we examined the cerebral metabolic effects of
progressively increasing concentrations of isoflurane,
including that necessary to abolish cortical electrical
activity (3%) to a maximum of twice the concentration
necessary to suppress electrical activity (6%).

Methods

Cerebral metabolic studies were done in nine un-
medicated fasting mongrel dogs weighing 13-17 kg.
Anesthesia was induced and maintained with isoflurane,
1.4% end expired, in oxygen, 50%, and nitrogen. Suc-
cinylcholine (40 mg) was given intravenously to facilitate
endotracheal intubation and continued thereafter at an
infusion rate of 150 mg/h to maintain muscle paralysis.
Ventilation was controlled by a Harvard pump, adjusted
to maintain normocarbia. Cannulae were inserted into
a femoral artery, for pressure measurements and blood
sampling, and into a femoral vein for fluid and drug
administration. Blood collected during the cerebral
blood flow measurements was returned via the femoral
vein. A peripheral intravenous catheter was placed for
the administration of maintenance fluid, isotonic saline,
infused at a rate of 75 ml/h. Esophageal and parietal
epidural thermistor probes were placed to monitor tem-
perature, which was maintained near 37°C with either
heating lamps and pad or ice packs. Biparietal EEG was
recorded continuously from electrodes cemented to the
skull.

After heparinization (300-400 units/kg intrave-
nously), the sagittal sinus was exposed, isolated, and can-
nulated as previously described® for direct measurement
of cerebral blood flow (CBF) by a square-wave electro-
magnetic flow meter (EP 300 API, Carolina Medical
Electronics).? The sagittal sinus primarily drains the an-
terior, superior, and lateral portions of the cerebral

0003-3022/83,/0700,/0023 $01.10 © The American Society of Anesthesiologists, Inc.

23

20z Iudy 61 uo 3senb Aq ypd°G0000-000L0£86L-Z¥S0000/02 L 929/€2/1/65/4pd-0l011E/ABOjOISBYISBUE/LIOD JIBYDIBA|IS ZESE//:d)Y WY papeojumoq



24 NEWBERG, MILDE, AND MICHENFELDER v 50, Nl

TABLE 1. Hemodynamic and Metabolic Effects of Phenylephrine at 1.4% Isoflurane

Phenylephrine
Control (11 £ 1 ag/min) P
Pay, mmHg 244 £ 7 260 £ 13 NS
Pa¢,, mmHg 40 £ 1 41 £ 1 NS
pH units 7.36 + 0.01 7.35 £ 0.01 NS
BB* mEq/! 44 + | 43+ 0 NS
Pssq;, mmHg* 62 + 4 56 + 2 NS
Hb g/dl 12.3 + 0.7 12.9 + 0.7 NS
Glucose mg/dl 110 £5 100 + 6 NS
Lactate umol/ml 2.0 £ 0.3 1.8 0.1 NS
L/P 120 141 NS
MAP mmHg 107 + 6 122+ 5 <0.01
Heart rate beats/min 106 + 17 109 + 15 NS
CBF mi-100 g™} - min™" g1 + 10 68 + 10.5 <0.01
CVR mmHg-ml™'+ 100 g+ min 1.2 £ 0.1 2.0+0.3 <0.02
CMRg, ml+100 g~! «min™" 2.83 + 0.11 2.84 + 0.18 NS

Values are means * SEM for five dogs.
P values obtained by Student's ¢ test for paired data.

hemispheres, approximately 54% of the total brain
weight.!® Blood oxygen contents were calculated from
measurement of oxyhemoglobin concentration (CO ox-
imeter, IL 282) and oxygen tension (IL electrodes).'’
Blood glucose, lactate, and pyruvate contents were de-
termined by standard enzymatic techniques.'*'* Cere-
bral metabolic rates for oxygen (CMRg,) were calcu-
lated as the product of CBF and the arterial-sagittal
sinus blood oxygen content difference. Cerebral vas-
cular resistance (CVR) was calculated as the ratio of
mean arterial pressure (MAP) to CBF. Inspired and end-
expired concentrations of isoflurane were measured
with an infrared analyzer (Beckman Medical Gas Ana-
lyzer LB-2) calibrated for isoflurane.

In five dogs, control values were obtained with 1.4%
end-expired isoflurane. Mean values for CBF,
CMRg,, and CVR were calculated from 6-11 sequential
measurements repeated at intervals of 3—4 min. Mean
values for blood glucose, lactate, and pyruvate concen-
trations were obtained from three sequential measure-
ments at 10-min intervals. Because pilot studies had re-
vealed the necessity for phenylephrine support of the
blood pressure in the dogs exposed to the greater con-
centrations of isoflurane (>3%), the same five dogs were
given phenylephrine as a continuous infusion in a dose
sufficient to raise the MAP approximately 15 mmHg
(mean dose = 11 + 1 ug/min). Control values then were
repeated as above for comparison.

Following control measurements, the isoflurane was
increased abruptly to 3% end expired and then to 6%
end expired. After each step increase in isoflurane,
measurements were repeated at 5-min intervals over a
30-min period for determination of CBF, CVR, and
CMRy,, and at 15-min intervals for blood glucose, lac-
tate, and pyruvate concentrations. At 3% isoflurane,
MAP was maintained above 70 mmHg with the trans-

NS = not significant.
* Sagittal sinus blood Pg,.

fusion of dextran 75 (mean = 50 ml) and infusion of
phenylephrine (mean = 19 pg/min), amounts that did
not differ significantly from those used with 1.4% iso-
flurane. At 6% isoflurane, increases in dextran 75 trans-
fusion (mean = 280 ml) and phenylephrine infusion
(mean = 66 pg/min) were required for maintenance of
the same MAP.

To evaluate the possibility that cardiopulmonary by-
pass (CPB), which was necessary to support circulation
in the previous studies of thiopental and halothane,
might introduce artifactual cerebral effects, a sixth dog
was placed on partial cardiopulmonary bypass using the
technique as described in the previous studies.>* Con-
trol measurements and step increases in isoflurane were
as in the other five dogs. Partial bypass was initiated
with a flow of 1.47 1-min™'+m? Because of marked
vasodilation observed on partial CPB, the MAP could
be maintained only by increasing the bypass flow rates
(to a maximum of 2.9 1 +min™!-m? at 6% isoflurane),
performing a transfusion of 1500 ml dextran 75, and
increasing the phenylephrine infusion to 150 ug/min
at 6% isoflurane. Because of the difficulties encountered
in maintaining this one dog and because of the gross
nonphysiologic interventions that were required to do
so, additional studies using CPB were abandoned.

In three additional dogs, the effects of isoflurane at
concentrations other than 3 and 6% were examined.
Control values were obtained at 1.4% end-expired iso-
flurane, while the animals received 9-12 pg/min phen-
ylephrine as a constant infusion. Thereafter, increases
in isoflurane were accomplished in one to three steps
ranging from 3 to 5.5% end-expired isoflurane. Mea-
surements were obtained at each step as above.

In each of the nine studies, after the last measure-
ments were obtained, the dura overlying the cerebral
hemispheres was excised and four sequential cerebral
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TABLE 2. The Effect of Isoflurane on Systemic Blood Values and Hemodynamics

End-expired Concentration of Isoflurane

1.4% a% 6%
Pag,, mmHg 271 £ 13 267 = 8 277 +£9
Paco, mmHg 40 £ 1 38 + 1 38 + 1
PH units 7.38 + 0.02 7.40 = 0.02 7.32 % 0.03*
BB* mEq/I 44 + 1 45 + 1 40 + 1*
Hb g/di 14.0 = 0.3 13.9 = 0.8 12.2 + 0.3}
Glucose mg/dl 99 + 6 87 x5 121 % 22
Lactate umol/m! 3,13 0.5 2,70 £ 0.4 3.96 + 0.6
Pyruvate umol/ml 0.22] =+ 0.032 0.167 + 0.018% 0.153 + 0.012*
L/P 14+ 1 17 2 25 + 2
MAP mmHg 112+ 8 85 + 4% 77 = 3%
Brain temp °C 37.0x0 37.0£0 37.0x0
Phenylephrine ug/min 111 193 66 + 11*

Mean * SEM in six dogs.
* Significantly different from 1.4% and 3% value P < 0.05.

cortical biopsy specimens were taken at 2-min inter-
vals.'* Each sample was analyzed as described by Lowry
et al.'® for adenosine triphosphate (ATP), adenosine
diphosphate (ADP), and adenosine monophosphate
(AMP) for calculation of the energy charge (EC),'® and
for phosphocreatine (PCr), glucose, lactate, and pyru-
vate.

In the six dogs exposed to 1.4, 3, and 6% isoflurane,
values were compared at each concentration by analysis
of variance, and significant differences were tested by
the Bonferroni ¢ test for paired data. Regression equa-
tions relating cerebral concentrations of ATP, PCr, and
lactate; the cerebral energy charge; and the cerebral
lactate/pyruvate ratio (L/P) to end-expired isoflurane
concentrations were calculated by the method of least
squares. Cerebral concentrations of metabolites at each
isoflurane concentration were also compared with nor-
mal values from a previous study® by Student’s ¢ test for
unpaired data. Systemic and cerebral values obtained
at 1.4% isoflurane before and after the administration
of phenylephrine were compared and significant differ-
ences were identified by Student’s ¢ test for paired data.

Results

The hemodynamic and metabolic effects produced
by phenylephrine during the control period are sum-
marized in table 1. There was no change in the arterial
blood gases, glucose, acid-base status, or hemoglobin.
The mean 15 mmHg increase in MAP produced by
phenylephrine was reflected in a markedly increased
CVR, while CBF fell. However, phenylephrine pro-
duced no change in the CMR,.

In the only dog done with partial cardiopulmonary
bypass, the increased requirement for fluid and phen-
ylephrine to support the MAP did not affect the cerebral
hemodynamic and metabolic variables, and these data

T Significantly different from 1.4% and 3% value P < 0.05.

were combined, therefore, with the data from the five
dogs studied without cardiopulmonary bypass.

In these six dogs, throughout the exposure to iso-
flurane, the arterial blood gases remained unchanged,
although a mild metabolic acidosis occurred at 6% iso-
flurane as indicated by significant decreases in pH,
buffer base, and pyruvate and an increase in the L/P
ratio (table 2). The MAP progressively decreased, de-
spite increases in the infusions of phenylephrine and
Dextran 75, the latter producing a significant hemo-
dilution at 6% isoflurane.

With increasing concentrations of isoflurane, the
CMRg, decreased until an abrupt change in the EEG
was observed. Consistently, at an end-expired concen-
tration of 3%, the EEG changed from the high-ampli-
tude slow wave pattern of deep anesthesia to either an

—
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F1G. 1. EEG in a single dog during the administration of 1.4%, 3%,
and 6% end-expired isoflurane. An EEG pattern of deep anesthesia
can be seen during 1.4%. At 3% and 6% isoflurane, rhythmic spikes
separated by periods of isoelectric silence (left) or an isoelectric EEG
(right) occur.

20z Iudy 61 uo 3senb Aq ypd°G0000-000L0£86L-Z¥S0000/02 L 929/€2/1/65/4pd-0l011E/ABOjOISBYISBUE/LIOD JIBYDIBA|IS ZESE//:d)Y WY papeojumoq



26

NEWBERG, MILDE, AND MICHENFELDER

Anesthesiology
V 59, No 1, Jul 1983

TABLE 3. The Effect of Isoflurane on Cerebral Metabolism and Circulation

End-expired Concentration of Isoflurane

1.4% 8% 6%
CMRo, (ml-100 g™' -min™") 2.81 £0.12 2.02 &+ 0.12* 2.05 + 0.06*
CBF (ml- 100 g™* +min™") 63 £ 9.1 64 £ 8.7 67 + 5.2
CVR (mmHg-ml™"+ 100 g+ min) 2.00 £ 0.3 1.45 £ 0.19 1.18 £ 0.1%*
Psso, (mmHg)t 57+ 6 65 + 5 67 + 3
Mean £ SEM for six dogs. T Sagittal sinus blood Pg,.
* Significantly different (P < 0.05) from 1.4% value.
isoelectric EEG or an isoelectric pattern with superim- flurane produced a mild dose-related cerebral lactic
posed spikes occurring at a rate of 10-60/min (fig. 1). acidosis up to 2.84 umol/g at 6% (fig. 3).
In individual dogs, at and above isoflurane concentra-
tions of 3%, either or both of these patterns were vari- Di .
. . . iscussion
ably observed but did not correlate with any change in
CMRg,. Once the change in EEG occurred (at 3% iso- In previous studies done in this laboratory, a constant
flurane), increasing concentrations to as high as 6% is-  infusion of thiopental produced a dose-related reduc-
oflurane did not alter the CMRg,. The ‘‘basal” tion in CMRg, until the onset of an isoelectric EEG,
CMRy, produced at 3% isoflurane was 2.02 ml- 100 indicative of cessation of cortical electrical activity. At
g~'+min~" and at 6% isoflurane was 2.05 ml- 100 g™! - a mean dose of 72 + 10 mg/kg thiopental, the
min~! (table 3, fig. 2). CMRy, reached a plateau at 2.2 ml-1007' - min~".
The CBF remained constant (63—67 ml-100 g'- Thereafter, doubling the infusion rate to a mean total
min~") at all concentrations of isoflurane, despite a de- dose of 177 + 10 mg/kg thiopental did not further alter
crease in MAP from 112 to 77 mmHg; accordingly, the CMRo, or adversely affect the cerebral energy state.?
CVR also decreased from 2.00 to 1.18 mmHg - ml™"- However, this relationship of CMRo, to EEG activity
100 g min (table 3). The adequacy of cerebral oxygen is not common to all anesthetics. Halothane is the only
delivery was refiected by the maintenance of the CBF  volatile anesthetic that has been examined at clinical
and high oxygen tensions in the sagittal sinus blood concentrations and at concentrations sufficient to abol-
(table 3). ish electrical activity (4.5%).* Unlike doubling thiopen-
A normal cerebral metabolic state was demonstrated tal, doubling the halothane concentration (9%) pro-
at the end of the study by the cerebral tissue assays for duced a dose-related decrease in CMRg, to 1.4 ml- 100
ATP and PCr and by the calculated energy charge (EC) g~'+min~! that was unrelated to cortical electrical ac-
(table 4). However, increasing concentrations of iso-  tivity. At the greater concentrations, oxidative phos-
[
30
i L
E
o ——
8 20 )<'
T FiG. 2. Individual CMR, values
E obtained at increasing concentra-
- tions of isoflurane. EEG activity
gN abruptly changed at 3% isoflurane.
=
o .o
o ' I ' I . 1 L I L l ) J
| 2 3 4 5 6
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TABLE 4. Brain Biopsy Values Following Exposure to Isoflurane

PCr (umol/g) ATP (umol/g) EC Lactate (gmol/g) L/p
Control (n = 7)* .07 +0.17 2.14 £ 0.10 0.92 = 0.01 1.04 = 0.14 17 £ 1
3% isoflurane (n = 1) 3.32 1.99 0.94 0.95 13
4.5% isoflurane (n = 1) 3.91 2.13 0.94 1.78 15
5.5% isoflurane (n = 1) 3.58 2.19 0.94 2.73 22
6% isoflurane (n = 6) 3.41 +0.13 2.13 £ 0.07 0.93 + 0.004 2.84 = 0.27% 20 + 4
Mean + SEM. study.?

* Normal values without exposure to isoflurane from a previous

phorylation was altered, as demonstrated by progressive
decreases in the cerebral tissue concentrations of ATP
and phosphocreatine and large increases in cerebral lac-
tate to 15 pumol/g. In vitro studies have also demon-
strated that halothane (>2%) directly altered mitochon-
drial electron transport and respiratory control.!”

The purpose of this study was to determine the ce-
rebral metabolic effects of isoflurane at the concentra-
tion and at double the concentration that abolishes cor-
tical electrical activity as reflected by the EEG. In man,
electrical activity ceases at an alveolar concentration of
2.4% isoflurane.® This study demonstrates that in dogs
a flat EEG (with or without superimposed spikes) occurs
at an end-expired concentration of 3% isoflurane.

Isoflurane progressively decreased the cerebral met-
abolic rate for oxygen only until cortical electrical ac-
tivity ceased as evidenced by an isoelectric EEG. Despite
doubling the concentrations of isoflurane to 6% (end
expired), CMRo, was maintained at a constant rate, the
*“basal” rate presumably required for the maintenance
of cellular integrity. This basal metabolic rate (2.05 ml -
100 g™'+min™') was similar to that obtained in dogs
when thiopental abolishes EEG activity (2.2
ml- 100 g”'+min™"),? to that calculated from rates of
cerebral ATP depletion and lactate accumulation in
dogs during the initial minutes of complete cerebral
anoxia (2.0 ml- 1007" - min™'),' and to in vitro CMRo,
values reported for unstimulated human gray matter
(2.2 ml-100 g~' - min™!).'8

There was no evidence that isoflurane altered normal
oxidative phosphorylation. The cerebral energy stores
of ATP and PCr and the energy charge remained con-
stant and within normal limits for each concentration
of isoflurane. There was a small dose-related increase
in cerebral lactate levels, although the greatest lactate
(2.84 umol/g) was markedly less than that observed
with high halothane concentrations (7-15 umol/g).
This was accompanied by a mild systemic acidosis, which
possibly accounted for the cerebral lactic acidosis. Thus,
it appears that in concentrations necessary to suppress
cortical electrical activity, isoflurane, unlike halothane
but like thiopental, has no direct toxic effect on cerebral
metabolism.

Isoflurane is a recognized potent systemic vasodilator

F Statistically different from control P < 0.05.

and can produce a dose-related fall in MAP. In the pres-
ent study, at concentrations of isoflurane above 3%,
maintenance of MAP > 70 mmHg required infusion of
phenylephrine. Phenylephrine has been used in clinical
studies of isoflurane to maintain the MAP.§ It was re-
ported previously to have no effect on CBF' and
CMRo,?® and also was used in a study of cerebral au-
toregulation.?! A comparison of cerebral values at 1.4%
end-expired isoflurane in this study before and after the
infusion of phenylephrine demonstrated a significant
decrease in CBF with an increase in CVR during the
phenylephrine infusion. However, CMRo, remained
unchanged.

The EEG changes were notable with increasing con-
centrations of isoflurane. At 3% end-expired isoflurane,
the EEG pattern changed abruptly to an isoelectric
pattern or an isoelectric pattern with superimposed
rhythmic high amplitude spikes occurring 10-60 per
minute. The spikes did not appear in all dogs and were
not related to isoflurane concentration or CMRo,.
There was no spike response to hand clapping, no EEG
seizure activity, and no motor activity (in dogs not re-
ceiving succinylcholine). This pattern is similar to that
reported by Joas et al.,*® who detected spiking activity
at 3.0-3.7% end-expired isoflurane in hyperventilated
dogs. The significance of the spike pattern is unknown.
It has been demonstrated with other fluorinated ethers
(methoxyﬂurane and fluroxene) and has been demon-
strated in dogs, cats, and humans.® Whether this rep-
resents direct cortical irritation by isoflurane, cortical
irritability secondary to suppression of ascending inhib-
itory pathways from the midbrain, or midbrain irrita-
bility superimposed on an isoelectric cortex is unknown.
Possibly, the appearance of the spikes does represent a
nonspecific toxic effect of isoflurane, the metabolic or
functional consequences of which were not demonstra-
ble by this study.

The cerebral metabolic rates for oxygen measured
at 1.4% and at 3% end-expired isoflurane did not differ

§ Murphy FL, Kennel EM, Johnstone RE, et al: The effects of en-
flurane, isoflurane, and halothane on cerebral blood flow and metab-
olism in man, Abstracts of Scientific Papers. Annual Meeting of the
American Society of Anesthesiologists, 1974, p 61.
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F1G. 3. Cerebral tissue lactate concentration obtained at the final
isoflurane concentration, with the calculated linear regression line.
Cerebral lactate concentration = 0.64% (end-expired isoflurane)
+0.98. R = 0.82

significantly from those reported in a 1977 study from
this laboratory using the same dog model.” However,
the CMRg, at 1.4% in both of these studies was signif-
icantly less than that reported in a 1974 study.® Reasons
for this discrepancy are not obvious but possibly include
less accurate measurement of isoflurane concentrations
in the earlier study, differences in surgical techniques,
or the effect in the earlier study of a period of relative
awakefulness with increased circulating catecholamines
on cerebral metabolism. Whatever the reason for the
discrepancy, this again emphasizes the potential error
in using historic controls for comparison purposes.

The present results demonstrate that suppression of
cortical electrical activity and maximal nontoxic depres-
sion of CMRg, can be produced in dogs at 3% end-
expired isoflurane. Like thiopental, but unlike halo-
thane, greater concentrations (up to two times) do not
further alter CMR, and have no adverse effect on the
cerebral energy state. If these observations can be ex-
trapolated to man, maximal nontoxic CMRg, depres-
sion should occur at 2.4% end-expired isoflurane,® a
concentration that is tolerated hemodynamically by nor-
mal man.?2*

Assuming that cerebral metabolic depression without
toxicity relates to brain protection, a potential clinical
use of isoflurane is that of cerebral protection in cir-
cumstances currently cited as appropriate for barbitu-
rate therapy.
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