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Abstract The effects of enflurane anesthesia on cerebral blood flow (CBF) and cerebral
metabolic rate for oxygen (CMRo,;) were studied in 17 patients. The patients were divided
into two groups according to the depth of anesthesia, i.e., group 1, 2% inspired enflurane,
and group I, 3.5% inspired enflurane. Cerebral perfusion pressure (CPP) was maintained
above 60 mmHg with phenylephrine. In group I, patients were studied before surgery,
while in group I, the measurements were performed before and during surgery. In group |
(enflurane concentration in the arterial blood, 15 mg/dl), mean CBF and CMRo; were 53 and
2.8 ml/100g/min, respectively. These values were not significantly different from CBF (46
ml/100g/min) and CMRo. (3.1 ml/100g/min) in the awake patients. The electroencephalo-
gram (EEG) showed predominant activities between 12 and 15 Hz with amplitude of 50 to
100 ¢V with anterior dominance. In group Il before surgery (enflurance concentration, 27
mg/dl), mean CBF (61 ml/100g/min) and CMRo: (2.6 ml/100g/min) were significantly dif-
ferent from the awake values, while the EEG showed frequent spikes and suppression. In
group I during surgery (enflurane concentration 27 mg/dl), mean CBF (67 ml/100g/min)
and CMRo; (2.6 ml/100g/min) were not different from the values before surgery despite
significant EEG changes (decreased spiking, increased suppression). The results indicate
that enflurane is a cerebral vasodilator and causes an increase in CBF and a decrease in
CMRo; in man at an anesthetic level characterized by frequent spikes and suppression on
the EEG. No changes in CBF and CMRo; despite EEG changes with surgical stimulation
suggest redistribution of flow coupled with metabolism.

Key Words: Anesthetics; enflurane, Brain: blood flow, oxygen consumption, glucose consumption

be evaluated in terms of its impact on the

Introduction balance between oxygen supply and demand.

Enflurane is known to cause muscle twit-
ching and tonic-clonic convulsion with EEG
seizure pattern at deep level of anesthesia'™®.
This stimulating effect which is different
from that of other volatile anesthetics must

However, the effects of enflurane on cerebr-
al blood flow (CBF) and oxygen consump-
tion (CMRo;) have not been throughly in-
vestigated in man. Wollman et al? reported
that CBF remained unchanged while CMRo;
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decreased by 50% at a level of anesthesia
characterized by frequent EEG spike acti-
vity separated by periods of electrical silen-
ce. If CBF during enflurane anesthesia is
unchanged as they reported, this drug is
unique since all other volatile anesthetics are
known to increase CBF®. However, subsequ-
ent study from the same laboratory®, though
it is only an abstract form, revealed that
enflurane, 1.1 and 1.6 minimum alveolar
concentration (MAC), increased CBF by 37%
and 80% from the awake values if blood
pressure was supported. Rolly and Van
Aken” recently reported significant decreas-

es in regional CBF in frontal and. occipital .

region at 2% inspired enflurane anesthesia.
However, in. their study patients were pre-
medicated with meperidine and anesthesia
was maintained in combination with nitrous
oxide, 67%, and hence there may be drug
interaction, which makes it difficult to eval-
uate ,the sole effect of enflurane on CBF.
These discrepancies prompted us to examine
the effect of enflurane at two different leve
of anesthesia on CBF and CMRo; in man,
and in addition to evaluate the CBF and
CMRo; responses to surgical stimulation.

Method

Seventeen patients (male; 4, female; 13) who
were undergoing elective surgery were studied.

Age of patients ranged from 25 to 58. Preopera-

tive  examination revealed no cardiopulmonary or
neurological disorders in all patients. Atropine
sulfate, 0.5 mg, was given intramusculary 30 min
before induction. Anesthesia was induced with
enflurane in oxygen and inspired concentration of
enflurane was increased to 4% over 3 to 4 min.
Endotracheal intubation was facilitated with intra-
venous administration of pancuronium bromide, 6
to 8 mg. The patients were divided into two grou-
ps; group I (7 patients) was investigated at a
“light” level of anesthesia without surgical stimula-
tion, and group [ (10 patients) was investigated at
a “deep” level of anesthesia before surgery and
then the measurements were repeated during sur-
gery. After ‘intubation, enflurane concentration was

changed to either 2% in group [ or 3.5% in group
I. In all patients ventilation was mechanically
controlled to maintain normocapnia and nitrogen
was added to adjust the inspired oxygen concent-

“ration to 33%. A 21 gauge teflon indwelling cathe-

ter was placed in the radial artery and 18 gauge
Medicut® catheter was placed in the jugular bulb
for blood sampling and pressure measurement. The
position of catheter tip was confirmed by rentoge-
nogram. In group I, measurements were made 30

 min after starting enflurane inhalation, 2%. Arteri-

al enflurane concentration was 14.5+0. 8 mg/dl In
group |, measurements were made 30' min after
enflurane inhalation, 3.5%, (before surgery) and
then 15 to 30 min after the start of abdominal
surgery (during surgery). The arterial concent-
rations of enflurane in group [ before and dur:
ing surgery were 27.341.0 mg/dl and 27.3%0.9
mg/dl, respectively. The rectal temperature was
monitored by a calibrated thermistor probe and
was kept at 36.8+0.2°C using a cooling-warming
water mattress. The end-expired carbon dioxide
concentration was monitored continuously with an
infra-red gas analyzer (Datex, Normocap, Denmark).
Bilateral unipolar, ' frontal and occipital electro-
encephalograms (EEG) were monitored and recor-
ded continuously (Nihon. Koden; MAFS5, Japan).
CBF was measured by the Kety-Schmidt technique
using nitrous oxide, 15%, as the indicator. "After
the arterial and jugular bulb venous blood sampl-
ing, nitrous oxide was added to the gas mixture
and nitrogen concentration was adjusted to maint-
ain constant inspired oxygen concentration at 33%.
Simultaneous arterial and jugular bulb venous blood
samples were obtained at 1,2,3,4,5,7,9,12, 156 min
after the start of inhalation of nitrous oxide. The
concentration of nitrous oxide in the blood was
measured by :gas chromatography ' (Shimazu, GC-
4APTF, Japan). The CBF was calculated by modi-
fication of the Kety-Schmidt method which includ-
es prolongation of nitrous- oxide saturation phase
and extrapolation of the arterio-venous difference
of nitrous oxide concentration to infinity. The
arterial and internal jugular venous pressures were
measured by strain gauge transducers with the
zero point at the mastoid process. The difference
between meén arterial pressure (MAP) and mean
jugular venous pressure was defined as cerebral
perfusion pressure (CPP). Cerebral vascular resis-
tance (CVR) was calculated as the ratio of CPP to
CBF. Poz, Pco:, pH were measured with blood gas
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analyzer (ABL2, Radiometer, Denmark). Oxygen
saturation.and hemoglobin concentration were me-
asured with IL Co-oximeter (Model 282, Instrum-
entation Laboratory, U.S.A.). Blood glucese concen-
tration was measured by an enzymatic method.
These values were measured before and at 5, 10,
15 min after the start of nitrous oxide inhalation,
and the mean values of the 4 samples were shown
in table. Arterial and jugular bulb venous blood
concentrations of enflurane were measured by gas
chromatography. The values shown in the table
were the mean of the 3 samples taken before and
5 15 min after [the inhalation of nitrou$ oxide.
Oxygen content was calculated from the hemoglo-
bin oxygen-carrying capacity and the amount of
dissolved oxygen, as estimated from Po; and oxyg-
en solubility. CMRo: and CMRglucose were calcu-
lated as the product of CBF and the oxygen cont-
ent difference or glucose content difference resp-
ectively between the arterial and the j'ugular bulb
blood. Oxygen-glucose index was calculated as
suggested by Cohen et al®’. CPP was maintained
above 60 mmHg with infusion of phenylephrine
(0. 005% solution); 0.4=+0.1 pg/kg/min in group
I, and 1.340.3 pg/kg/min and 0.9+0.1 pg/kg/
min in group [ before and during surgery, respec-
tively. If CPP fell below 60 mmHg despite pheny-
lephrine infusion or if CPP fluctuated more than
10% of the mean value obtained during inhalation
of nitrous oxide, the data were discarded. In group
I, in order to quantify the EEG change, the fre-
quency of spikes (greater than 100 gV, less than
1/12 sec duration), sharp waves (greater than 100

#V, 1/12-1/5 sec duration), spike-and-wave com-
plex, and the percentage of time occupied by the
periods of suppression (electrical silence 1 sec in
duration or longer) were determined during 15
min-period of CBF measurement. The analysis was
blinded and visually done.

Statistical differences were tested by the one-way
analysis of variance with critical-difference-testing.
The significance of results in the EEG analysis
was tested by Wilcoxon’s rank sum test. P<C0.05
was considered significant.

Results

Physiological parameters in each group
are summarized in Table 1, and compared
with .the awake values previously established
in our laboratory”. Blood concentration of
enflurane was maintained constant during
measurements. Pao, was maintained above
100 mmHg, and Paco, and pH were within
the normal range. The mean rectal tempera-
ture in the present study (36.8°C) was 0.6
°C higher than the awake group (36.2°C)
in which nasopharyngeal temperature was
measured. There was no significant differ-
ence in age between the groups.

EEG recordings in group I showed pre-
dominant 12-15 Hz activities with amplitude
of 50 to 100 4V in 5 of 7 patients, while in
the remaining two, 8-10 Hz activities with

‘Table 1 Physiological Parameters and Anesthetic Concentration during Enflurane

Anesthesia
Enflurane
B n confgg%tion nlj\/}lﬂ%’g mf;sl‘ffg rg;%’; pH
Group 7 | BL3E08 ) g1aor | 135 ¢ | 37.8+1.0 | 7.370.02¢
peo L 110 | STBELY] 7owar | 191252% | 34.920.9 | 7.41-0.00%
(urne ooy | 10| 33508 803 | 177£31* | 36.540.9 | 7.400.00%
Awake 3 13 % — | 954 47312 | 35.1£11| 7.45+0.01

The values are mean=+SE., A; Arterial blood, V; Jugular bulb blood.
* Significantly different from awake value (P<C0.05).
§ Data from our laboratory (Br J Anaesth 48:545-550, 1976), Flo.=Ll.0.
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Fig. 1 Representative electroencephalogram dur-
ing enflurane anesthesia (group I).

Predominant 12 to 15 Hz of 50 to 100V waves
were observed with higher amplitude in frontal
leads than in occipital leads (anterior dominance).
CBF and CMRo: were 56.7 ml/100g/min and
3.0 ml/100g/min, respectively. Enflurane con-
centration in the arterial blood was 16.8 mg/dl
and Paco: was 38.5 mmHg.

amplitude of 25 to 50 uV were predominant.
In all patients anterior dominance!® was
observed. Representative EEGs in group I
and [ were shown in Fig. 1 and 2, respec-
tively. Table 2 shows the results of the
analysis of EEG in group I. With surgical
stimulation, frequences of spike and spike-
and-wave complex were decreased and sup-
pression disappeared in most cases. There
was no consistent relationship between indi-
vidual EEG and CMRo: change.

Cerebral circulatory and metabolic para-
meters are summarized in table 3. Our awa-
ke values of CBF and CMRo, were 46+2
and 3.1+0.2 ml/100g/min, respectively. CPP
was slightly lower in groups [and [ as com-
pared with the awake values. There was no
significant difference in CBF between group
I and the awake group. However the mean

Table 2 Electroencephalographic Changes with
Surgical Stimulation during Enflurane Anesthesia
(group I)

Before surgery | During surgery
frequgx?ci?ees/min 1742 9L2%
Fguencies/min|  4+1 oy
freilzirr?civ::/v riin 11£2 13£2

S‘;iﬁ”iiii?“ 102 1£1*

The vaiues are mean-+SE.
* Significantly different from the value before
surgery. (P<0.05).

CBF in group || before surgery was 33%
higher than that of the awake group. In
group I, the mean CBF during surgery was
higher than that of before surgery but the
difference did not reach to statistical signi-
ficance. The mean CVR decrease significan-
tly in groups | and [ as compared with the
awake values.

There was no significant difference in
CMRo, between group | and awake group.
However, the mean CMRo. in group [ be-
fore surgery was 17% less (P<C0.05) than
that of awake group. Surgical stimulation
did not cause significant change in CMRo;
as compared with the values before surgery.

The mean CMRglucose tended to decrease
in both group I and [[as compared with the
awake values. There was no significant de-
crease in oxygen-glucose index in any group.
Jugular venous Po; was unchanged in group
I and significantly higher in group I than in
the awake group.

Discussion

The present study demonstrates that in
man, enflurane causes an increase in CBF
(when CPP maintained above 60 mmHg) at
a level of anesthesia characterized by frequ-
ent spikes and suppression on the EEG. The
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Fig. 2 Representative electroencephalogram during enflurane anesthesia (group I[).

Frequent spikes and suppression observed before surgery (left) disappeared during surgery (right). CBF
and CMRo; before and during surgery were 60 ml/100g/min vs. 72 ml/100g/min and 2.6 ml/100g/min
vs. 2.4 ml/100g/min, respectively. Enflurane concentration and Paco: before and during surgery were 26.5
mg/dl vs. 25.8 mg/dl and 33.6 mmHg vs. 35.5 mmHg, respectively.

Table 3 Cerebral Circulation and Metabolism during Enflurane Anesthesia

CBF

CMRo:

CVR CMRglucose

Oxygen-

n | mmtly | 0% | pi/A0s | molie/nl | meo | gl | S5GH,

Group 7| 7322¢ | 5343 |28+01 |1420.1% | 42+06 |100+13 | 4241
beio P Ly 110 6623% | Blaar | 2640.1% | 1120.1% | 3.940.4 | %6+ 9 | 4g2*
(during wutgery) | 10| TIEF* | 6745 | 2,601 | 110, ) 8.9%0.4 | 97 T | 512
Awakes | 13| 90£3 | 4622 |3.1£0.2 |2.0£0.1 | 5.0£0.5 | 8810 | 412

The values are mean4SE.
* Significantly different from awake value (P<C0.05).
T Significantly different from group I (P<C0.05).

§ Data from our laboratory (Br J Anaesth 48:545-550, 1976).

increase in CBF was accompanied by a
reduction in CVR, indicating that enflurane
is a cerebral vasodilator. In group I (“light”
anesthesia), the significant reduction in CVR
could be largerly due to a decrease in CPP.
Wollman et al? reported no significant ch-

ange in CBF in volunteers during enflurane
anesthesia when EEG showed frequent spik-
es seperated by periods of electrical silence.
Subsequent study from the same laboratory
by Murphy et al® demonstrated that CBF
did not change significantly at 0.6 MAC
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enflurane but increased by 37 and 80% at
1.1 and 1.6 MAC with arterial blood press-
ure support, respectively, as compared with
the awake values. For. comparison, MACs in
group [ and [ in the present study calculated
from arterial blood concentration of enflura-
ne, assuming blood gas partition coefficient
of 1.91 and MAC of enflurane 1.68%, were
0.6 and 1.2, respectively. However, actual
MAC values must be slightly higher because
there are several factors which contribute to
the difference in the estimation of arterial
and end-tidal anesthetic concentration'?.
Then, the anesthetic level may be compara-
ble with that reported by Murphy et al® and
therefore, the increase in CBF with arterial
blood pressure - support observed in this
study is in agreement with their results.

Decrease in regional CBF in 2/10 areas,
measured by ¥Xe clearance technique, at
enflurane, 2%, has been reported by Rolly
and Van Aken”. This could be the result of
combined effects of enflurane, nitrous oxide
and meperidine and/or a decrease in MAP
to approximately 60 mmHg. The difference
between their study and this study, can not
be attributable to regional difference because
most of the regional CBF values they meas-
ured were reduced from control values. The
present findings, therefore, suggest that
enflurane at “deep” level of anesthesia caus-
es an increase in CBF when CPP is maint-
ained above the lower limit of CBF autore-
gulation.

Studies in the dog indicated that hemisp-
heric CBF was either increased or unchang-
ed with enflurane'?!®. This difference also
could be explained by the fact that the
reduction in CPP was greater in the report
where CBF did not increase!®. From these
consideration, the author concludes that the
effect of anesthetics on CBF must be evalua-
ted when CPP is maintained. Wollman et
al? found 50% reduction -in CMRo, with
enflurane anesthesia while EEG showed fre-
quent spikes and suppression. This is the

largest decrease ever reported in volatile
anesthetics. However, Murphy et al® from
the same laboratory reported, subsequently,
that CMRo: was unchanged or slightly de-
creased during enflurane anesthesia (0.6 to
1.6 MAC), though, they did not present the
actual values. There seems, therefore, to be
discrepancies between their two studies and
it is difficult to compare the cerebral meta-
bolic effects of enflurane reported in their
studies with the present study. In this study
,however, 17% reduction in CMRo,, as com-
pared with the awake value, was observed
at a “deep” level of anesthesia. Cerebral
metabolic depression with enflurane was also
reported in the canine studies and the re-
duction in CMRo; seems to be dose-related
1219 but nonlinear'®. Therefore, no signifi-
cant changes between group ] and awake
group may reflect nonlinear response of
cerebral metabolic depression with enflurane.

With surgical stimulation, CMRo; and CBF
remained unchanged despite the apparent
EEG changes. In our laboratory it was de-
monstrated in the dog that EEG- desynchroni-
zation produced by electrical stimulation dur-
ing the peripheral nerve was accompanied by
an increase in CMRo,, but with deepning of
anesthesia CMRo; remained unchanged when
EEG did not change with stimulation dur-
ing halothane or methoxyflurane anesthesia'®.
This animal study led us to anticipate that
EEG change in group I during surgery mi-
ght be accompanied by a significant change
in CMRo;. However, this was not a case in
the present study. This might be due to the
difference of the area of the brain where
the CBF and CMRo; were measured. Name-
ly, in the canine studies cerebral hemisphe-
ric CBF and CMRo; were measured while in
man CBF and CMRo: of a whole brain were
measured. However, unchanged CMRo; does
not necessarily mean unaltered neuronal
function. Instead, it is more likely that the
redistribution of blood flow coupled with
metabolic change occured with surgical sti-
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mulation.

The present study shows that the balance
between oxygen supply and demand in a
whole brain was well maintained during
enflurane anesthesia when CPP was mainta-
ined above 60 mmHg as judged by oxygen-
glucose index and by jugular venous Po,. In
summary enflurane caused an increase in
CBF and a decrease in CMRo; and there
was no metabolic derangement during surgi-
cal depth of anesthesia.

Thisw ork is a thesis for the Graduate School of
Medicine, Yamaguchi University.
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