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Review Article

Cerebral Blood Flow and Metabolism:
Effecis of Anesthelic Drugs and Techniques

Alfan L. Smith, M.D.,* and Harry Wollman, M.D.T

JT 15 OUR GOAL to review recent information
concerning cerebral circulation and metabo-
lism in man. Results in unanesthetized man
are considered first, then the effects of anes-
thetic drugs, adjuvants, and special procedures.
Nommal values, units and abbreviations for the
measurements discussed are shown in table
1_'.’4, 96, 183

Methodology and Normal Values

The two techniques most commonly used
for determination of cerebral blood flow (CBF)
in man are Kety-Schmidt inert-gas-uptake
method, which required blood sampling, and
the tissue-clearance technique, which does not.
When the Kety-Schmidt method is employed,
the inert tracer gas is usually inhaled. Blood
samples are withdrawn from an artery and the
superior bulb of one jugular vein (assumed to
contain representative cerebral venous blood)
at intervals of 0.75-5 minutes and analyzed
for the tracer. Curves showing the increases
of arterial and cerebral venous blood tracer
concentrations toward their eventual equilib-
rium values are obtained. CBF is then calcu-
lated from the area between these curves.
When the technique was introduced, 15 per
cent N.O was used as the tracer gas, and a
normmal CBF value of 34 ml/100 g/min was
reported. The normal CMRg, was 3.3 ml/100
g/min.* Later, the technique was modified to
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employ #Kr as the tracer and to include extra-
polation of arterial and venous curves to their
equilibrium values at infinite time”* The
modifications improved accuracy and resulted
in the lower CBF and CMRg, values accepted
today %% 26,97, 183; 44 ml/100 g/min and 3.0
ml/100 g/min, respectively. The Kety-Schmidt
technique is well suited to the study of cere-
bral metabolism, since the sampled blood is
available for chemical analysis, and the jugular
venous blood is from the areas of brain in-
cluded in the CBF measurement. Cerebral
metabolic rates may be calculated as the prod-
uct of CBF and the appropriate arteriovenous
difference (A-V). The method yields average
CBF and metabolic rates (i.e., overall values
for the whole brain).

Tissue-clearance techniques for CBF deter-
mination employ either inhalation or intra-
carotid injection of a radioactive substance,
typically 33Xe.5* CBF is calculated from the
decay of radioactivity in the brain, detected
by external solid scintillation counting. Aver-
age CBF’s determined by this technique and
by the modified Kety-Schmidt method are
similar.®* The intracarotid-injection technique
is not well suited for metabolic studies, since
representative blood samples cannot be ob-
tained from the brain area being monitored.

CBF is normally nonuniform, varying both
with histologic tissue type (grey vs. white
matter) and with anatomic area of the brain.
Regional flows from different anatomic areas
of the brain (rCBF) can be obtained by using
multiple external detectors.®% ¢ This tech-
nique is useful for detecting areas of abnor-
mal CBF, especially in infarction, tumor, and
cerebrovascular disease.

Mathematical analysis of the clearance curves
obtained with the intracarotid-injection tech-
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CEREBRAL BLOOD FLOW AND METABOLISM
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Tapste: 1. Normal Values, Units and Abbreviations

Full Name Abbreviation Normal Values and Units
Cerebral blood flow CBF 44 ml/100 g/min
Regional cerebral blood flow rCBF 20-80 ml/100 g/min
Cerebral perfusion pressure* pp S0 torr
Cerebrosvascular resistancef CV¥R 1.8 torr/ml/100 g/min
Arteriovenous oxygen content difference (A-V)o: 6.8 ml/100 ml
Cerebral metabolic rate for oxygen CMIRRo: 3.0 ml/100 g/min
Cerebral metabolic rate for glucose CMRucoe 4.5 mg/100 g/min
Cerebral metabolic rate for lactate CMRisetate 2.3 my/100 g/min
Cerebral venous oxygen tension Pvo: 3510 torr
Oxygen—glucose index OGI 90-100 per cent
Lactate-glucose index LGI 0-10 per cent
Cerebral blood flow eqquivalent CBF,/CMRlo: 14-15 ml blood/ml O

* Defined as mean arterial minus mean cerebral venous pressure or mean arterial pressure minus intra-

cranial pressure.
{ Defined as PP/CBF.

nique permits partition of the tissue into slow-
and fast-flow areas, This technique has yielded
average flows of 18.7-21.1 ml/100 g/min for
white matter and 78.0-80.5 ml/100 g/min for
grey matter.®* The brain mass was evenly di-
vided between fast- and slow-flow areas. Com-
parable figures were obtained from a similar
analysis of 5¢Kr uptake curves with the Kety-
Schmidt technique.?s®

The metabolic pattern of normal brain is
described in table 1 by the relative values of
the CMR’s. Glucose is the usual substrate. Its
aerobic utilization or combination with oxygen
is represented by the oxygen—glucose index of
90100 per cent.®** That is, nearly all the
glucose utilized by brain tissue is combined
with oxygen to yield CO,, water, and energy.
The small amount of glucose which is con-
verted anaerobically to lactate is represented
by the lactate-glucose index of 0-10 per
cent.>** This metabolic disposition of glucose
vields less energy, but the utilization of this
pathway for a small fraction of glucose me-
tabolism is not abnormal.

The adequacy of the cerebral oxygen supply
may be estimated from the ratio of flow to
a metabolic rate. Typically the ratio CBF/
CMRy, is chosen, as CMRo, can be easily
measured and is not seriously affected by any
but the most rapid alterations in flow or meta-
bolic rate.¢ The ratio CBF/CMRy,, the cere-
bral blood flow equivalent (table 1), is equal

to 1/(A-V)o.* It can thus be determined
from (A-V), without measurement of either
CBF or CMRg,. In conditions where CMRo,
is known to be stable, the CBF equivalent has
been used to estimate relative changes in CBF.

EFFECTS OF AGE AND ARTERIOSCLEROSIS

The normal CBF and CMR,, values given
above were obtained in healthy young adults,
but these vary considerably with age. Ken-
nedy and Sokoloff, employing the N.O-uptake
method, reported a mean CBF of 106.4 ml/
100 g/min and a mean CMRy, of 5.17 ml/100
g/min for a group of children aged 3 to 10
vears.™ Corresponding values for young adults
were 60.1 mi/100 g/min and 4.18 ml/100 g/
min, respectively. Among the children, there
was no correlation of age with CMRg,. It is
likely that the high CBF and CMR,, of child-
hood are not present at birth, since in dogs
the neonatal CBF is low and does not reach its
puppyhood peak until 2-8 weeks of age.™

Old age per se does not seem to affect CBF.
Schieve and Wilson 1% and Sokoloff 2¢ found
no significant differences in CBF and CMRo,
among normal adults of any age group, al-
though arteriosclerosis was associated with de-
creased CBF.'*% Lassen cf al. reported that
normal people of mean age 72.2 years had the
same CBF as young adults, but a slightly lower
CMRo,.”¢ The decrease in CMRo, was prob-
ably due to the inclusion in the group of pa-
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tients with mild organic brain disease, since
CBF and CMR,, are markedly decreased in
persons who have suffered strokes or who have
senile dementia, 93 127, 150, 157 particularly in the
frontotemporal areas.?*®» 157

Low CMRg, is probably usual in organic
brain disease, since it occurs even in children.
In this age group, hydrocephalus, mental re-
tardation, and epilepsy are associated with de-
creased CMRg, and there is a direct cormela-
tion between CMR,, and mental ability.**

Control of CBF in Unanesthetized Man
ErrFects oF CarsoN DIOXIDE

Paco, has the greatest effect on CBF. Within
the range of 20 to 60 torr, CBF varies approxi-
mately linearly with Pago.. Each torr increase
or decrease in Pagg, is associated with an in-
crease or decrease in CBF of about 1 ml/100
g/min.*%*® Within the same range, Paco. has
no measurable effect on CMRg,.* The effect
appears to be general throughout the central
nervous system, since Pagg, affects spinal cord
blood flow in a similar manner.1%*

The mechanism for the Pagg, effect on CBF
seems to be control of vascular tone by the
pH of extracellular fluid (ECF) near cerebral
arterioles.2% 154 338, 175 An alteration in Paco,
changes CBF almost immediately, because CO.
diffuses rapidly from blood vessels to affect
the pH of the ECF.2* In the presence of con-
stant Pago,, acute changes in arterial [H'] or
[HCO,] have little immediate effect on CBF,
since these ions enter the ECF slowly.

Extrenes oF CO, TExsioN

As Pacg, is increased to very high values,
CBF reaches a plateau. It is not clear at what
point this occurs in man, but in the monkey
CBF begins to level out at about 2.5 times its
normocarbic value, 80-120 torr.?** Presum-
ably, maximum vasodilatation (minimal CVR)
is reached at this point.

The decrease in CBF with hypocarbia is
limited, and minimal CBF in man is reached
at a Pago, of about 10-20 torr.2*®  There is
evidence to indicate that cerebral tissue hy-
poxia occurs at very low Pago, levels and
plays a role in limiting the decrease of CBF
in hypocapnia.® 2% Functional changes, such
as alterations in critical flicker fusion fre-
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quency® and in reaction time,™™ have been
demonstrated in man following hyperventila-
tion. Metabolic pathways are altered as well.
The deficient supply of oxygen is associated
with decreased aerobic utilization of glucose
and thus, decreased CMRo,. However, changes
in CMR,, are more dificult to measure and
are usually not observed until hypoxa is se-
vere. As glucose supply is not a limiting fac-
tor, even when CBF is low, anaerobic utiliza-
tion of glucose is increased and CMRyctate
rises. The oxygen—glucose index decreases and
the lactate—glucose index increases.®

Metabolic abnormalities are mitigated if hy-
perventilation is carried out during hyperbaric
oxygenation,** presumably because even a
low CBF then provides a sufficient oxygen
supply. Further evidence for the presence of
cerebral hypoxia during hyperventilation is
given by the EEG changes of hyperventilation,
which resemble those of arterial hypoxemia
and can be reversed by hyperbaric oxygena-
tion.3 All the changes associated with hyper-
ventilation seem to be reversible and therefore
not dangerous in young, healthy persons.

One might wish to proscribe extreme hypo-
capnia (Paco, levels below 20 torr) in the
aged, arteriosclerotic, hypotensive, or febrile
patient, and in those with known cerebrovas-
cular disease. However, the peculiar phe-
nomena of regional cerebral circulation re-
quire a closer look before the effects of moder-
ate hypocapnia can be fully evaluated in the
patient with localized cerebrovascular disease.

ABNoRMALITIES OF Respoxse To CO.

Control of CBF in areas around cerebral in-
farctions or tumors is sometimes Jost.3¢ The
blood supply to these surrounding regions may
be supranormal relative to CMRo,, and local
Pvy, is clevated. This phenomenon has been
termed the “luxury perfusion syndrome.” %8 A
local accumulation of metabolic products is
assumed to provide a maximum vasodilatory
stimulus. The blood vessels in these areas are
fully dilated and further local decrease in CVR
is not possible. Vasomotor paralysis may also
occur within ischemic areas of brain, without
a Iocal Pv,, increase.

If patients with focal cerebral ischemia are
given CO. to breathe, the resultant hyper-
carbia increases rCBF in normal areas of brain,
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as normal cerebral arterioles are dilated. But
vessels in ischemic arcas may be unable to
dilate further and thus fail to respond to in-
creased Pacg,. Since CVR does not decrease
in the abnormal areas, but does in the normal
ones, blood is shunted away from the abnor-
mal areas and their flow decreases. This phe-
nomenon has been termed the “intracerebral
steal syndrome.” *5 It has been observed clini-
cally and in animals by several investigators,3%
58,100,170, 191 glthough one laboratory was un-
able to demonstrate it in animals.®?

The “inverse steal” or “Robin Hood” syn-
drome is postulated to occur in response to
hypocarbia.1®®  Arterioles in diseased areas of
brain are under maximal stimulus to remain
dilated. They may not constrict in response
to low Pagq,, while CVR is increased in nor-
mal areas of brain. Thus, blood would be
shunted info ischemic areas. This argument
suggests that hypocarbia can be beneficial, but
the clinical evidence in its favor is still incom-
plete. It is important to note that “steal” and
“inverse steal” do not occur in every patient
with regional abnormalities of the cerebral cir-
culation when Pacy, is altered. Moreover, it is
not yet possible to predict how a particular
patient will react. Thus, the benefit of hypo-
or hypercarbia in patients with regional cere-
brovascular disease remains a question. A trial
of each in individual patients may be neces-
sary if one wishes to attempt treatment of re-
gional cerebrovascular disease with alteration
of Paco..

CO. AND INTRACRANIAL PRESSURE

Hypercarbia increases intracranial pressure
(ICP) and hypocarbia decreases jt.10% 149, 133, 163
Changes in cerebral blood volume may be in-
volved in the mechanism of this phenomenon,
since hypercarbia is associated with increased
cerebral blood volume and hypocarbia de-
creases cerebral blood volume,14 145,163 Un.
fortunately, the phenomenon has not been well
quantitated in normal man. In animals the re-
duction in ICP obtained with hyperventilation
to a Pagg, of 20 torr is small and transient,
partly because the decreased blood volume is
offset by an increase in CSF volume.*** How-
ever, in many patients with space-occupying
cerebral lesions, hvperventilation has been
clinically cffective in lowering increased ICP
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and producing a “relaxed brain” at opera-
tion,10%:14%, 155 In one study, the mean CSF
pressure in a group of patients with intracra-
nial tumors was halved by hyperventilation to
a mean Pagg, of 20 torr, using positive-nega-
tive ventilation.”? Alternative techniques for
decreasing intracranial pressure during neuro-
surgery can also be effective and recently have
been reviewed elsewhere, 113 153

Hyroxra

If Pag, is lowered while Paco, is maintained
constant, CBF is unaffected until Pag, falls be-
Iow 50 torr. At this point cerebral vasodila-
tion occurs and CBF increases.?® At a Pag, of
33 torr, mean CBF was increased to 77 ml/
100 g/min in a group of healthy men. CMRg,
was unchanged, but increases in CMRyuiae
and the glucose-lactate index suggested cellu-
lar hypoxia.®* Jugular bulb Py, was 27 torr,
not so low as the value of 17 torr observed
during extreme hypocarbia.® However, the se-
verity of the metabolic changes in hypoxia and
hypocarbia were about the same. Thus, jugu-
lar bulb Py, is not always a useful indicator of
the severity of cerebral hypoxin. Cerebml
capillary or tissue P, cerebral function, or
metabolic pattern is far superior.

Since CO, has such a pronounced effect on
CVR, it is not surprising that Pac,, modifies
the effects of hypoxia on CBF. If hyperventi-
lation is permitted to occur in response to hy-
poxia, the resultant hypocarbia counteracts the
cerebrovascular dilating effect of hypoxia and
CBF may not increase until Pag, is below 35
torr.>* It is not clear how hypoxemia dilates
cerebral vessels, but accumulation of acid me-
tabolites in the ECF around cerebral arterioles
may be involved.’*

HyPEROXIA

The increase in Pag, induced by breathing
100 per cent oxygen at 1 atmosphere absolute
(ATA), causes slight cerebral vasoconstric-
tion.’® Turner and associates believe that
much of this constriction can be accounted for
by alterations in Pag,.1"3 At 2 ATA, the ef-
fect is more pronounced, and CBF is decreased
21 per cent from the normoxic state at constant
Pago,.-” Experimentally raised ICP is also de-
creased by oxygen at 2 ATA.1*
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TanLt 2. Cerebral Blood Flow and Metabolism in Anesthetized Man during Normocarbia*

CBF CMRo:
Concen- CVR CBF/
Anesthetic Agent tration torr/ml/ | oSiRa, | Reference
(per cent) | ml/100 | Per cent ml/100 | Per Cent | 100 g/min o
r/min Change #/min Change

N:0, thiopental induc- | 70 40.5 (— 9 239 {(—=23) 217 17.0 2,184
tion 70 454 (+ 1) 3.02 (-2 1.97 15.0 3, 186
N0, no thiopental 70 454 (+ 2 2.38 {(—23) 2.0 19.0 164
Halothane 12 50.8 (+14) 2.80 (-9 1.1 18.1 [ 21,183
127 .4 (+27) 219 {—26) 14 24.8 20

Cyclopropane B —3 —-40 15.6 4, 189
13 —-25 —29 15.1 4, 189

20 +61 —11 4, 189

20 (+51) (—23) 164

37 +66 —-30 4, 189

Diethyl ether 24 -6 175 —34 1.91 a2 187
4.5 +56 224 -11 0.99 30.1 187
Ethrane 0.53 39.0 (— 3 (—25) b
2.0 40.6 (+ 2 (—33) be

3.0 40.0 -3 —50 188
3.2 40.8 (+ 2) (—40) b

* All values were obtained using the inert gas-uptake technique with extrapolation of venous concentra-
tion to infinite time. Parentheses refer to changes from assumed awake values. Other per cent changes refer
to studies in which each subject acted a= his own control.

T Corrected for assumed vaporizer characteristics.
1 Unpublished data from the author’s laboratory.

AUTOREGULATION

“Autoregulation” refers to the ability to keep
blood flow constant in the face of alteration in
perfusion pressure. This is accomplished by
changes in vascular resistance. The capacity
to autoregulate is present to a remarkable
extent in the normal cerebral vasculature.
Variations of mean perfusion pressure over the
range of 60 to more than 150 torr have no sig-
nificant effect on CBF.?> Autoregulation is not
an instantaneous phenomenon; it may take as
long as two minutes for CVR to change in re-
sponse to altered perfusion pressure.S% 111 At
very low arterial blood pressures, autoregula-
tion finally fails as the limits of cerebrovascular
dilation are reached. CBF decreases and clini-
cal signs of ischemia (nausea, fainting, dizz-
ness, dimmed vision, etc.) occur when mean
arterial blood pressure is 48-35 torr.3" 1%

Increased intracranial pressure decreases
cerebral perfusion pressure, but because of

autoregulation CBF does not decrease until
CSF pressures of 380—450 mm H.O are
reached.# %1% At a CSF pressure of 920
mm H.O, mean CBF is decreased by about
25 per cent.f$

Autoregulation is disturbed in certain dis-
ease states. Following a grand mal seizure,
CBF is elevated and increases passively if
blood pressure increases.!3* Loss of autoregu-
Jation in tissue in and around areas of cerebral
infarction has been alluded to in the discus-
sion of vasomotor paralysis.® !¢  Conditions
which cause cerebral vasodilation, such as hy-
percarbia 13 and hypoxia,» $* also disrupt au-
toregulation. In chronic hypertension, auto-
regulation of CBF is present, but the range
over which CBF is maintained constant may
be smaller. Thus, the CBF’s in some hyper-
tensive patients may be very sensitive to small
decreases in perfusion pressure.**
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AvuToNOMIC INFLUENCES

It has long been known that cerebral ves-
sels are supplied with autonomic nerves, but
the significance of these nerves in control of
the cerebral circulation remains questionable.
Some authors believe that autonomic influ-
ences exert important modifving effects on
the other factors controlling cerebral circula-
tion,?* 112119 while others find no physiologic
effect of the autonomic nervous system on
CBF control.#- 1315 The occasionally-sug-
gested therapeutic procedure of bilateral stel-
late-ganglion block did not appear to affect
CBF or CMR,, in either normal subjects or
stroke patients.®* The effects of this block on
the CO, response of CBF and on autoregula-
tion were not determined.

NoryaL SLEEP

A group of healthy volunteers was studied
while awake but tired, and later when sleep
spindles appeared in the electroencephalo-
gram.’**  Mean CBF was about 10 per cent
higher during sleep, while CMR,,, and Pacq,
were unchanged. Increased CBF has also been
observed in animals during both rapid-eve-
movement and slow-wave sleep.?*$

Inhalation Anesthetics
ErFects ox CBF

The effects of the common inhalational an-
esthetics on human CBF are shown in table 2.
The effects of the anesthetics on CBF are
graphed in figure 1 as a function of minimum
alveolar concentration (MAC). 143. 148

Seventy per cent nitrous oxide caused a
slight, questionably significant fall in CBF in
one study and no change from normal in two
others.16% 154 156 The mild cerebrovascular ef-
fects of this agent make it useful as the back-
ground anesthetic for investigations involving
the cerebral circulation.

Halothane produces different results. In-
creases in human CBF to 50.8 and 54.4 ml/
100 g/min have been reported with 1.2 per
cent of this anesthetic.20- 12 Although studies
of other concentrations have not been reported
for man, CVR in the dog was found to de-
crease progressively at increasing halothane
levels from 0.5 to 4.0 per cent.’** Thus, halo-
thane appears to be a cerebral vasodilator at
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most clinically useful concentrations. In con-
trast, the effects of cyclopropane on CBF are
biphasic.1® Five per cent cyclopropane, a
subanesthetic concentration, caused CBF to
fall 36 per cent in a group of normal men.
During light (13 per cent) cyclopropane anes-
thesia, CBF was depressed 25 per cent below
its awake value. However, deep cyclopropane
anesthesia was a potent cerebral vasodilator;
CBF was increased 61 per cent and 65 per
cent, respectively, by 20 per cent and 37 per
cent of this drug.

Diethyl ether seems to behave like cyclo-
propane with respect to the cerebral circula-
tion, over the range for which data are avail-
able. There was a small decrease in CBF to
a mean of 38.8 ml/100 g/min during 2.4 per
cent ether and an increase to 67.5 ml/100 g/
min with 4.5 per cent ether.s*

The new anesthetic Ethrane (Ohio 347; 2-
chloro-1,1,2 trifluoroethyl difluoromethyl ether)
is interesting in that concentrations of 0.83 to
3.2 per cent (0.59 to 2.2 MAC) have no ef-
fect on CBF despite the EEG abnormalities
that occur.?*s § The authors are aware of no
CBF determination in man during anesthesia
with trichloroethylene, fluroxene, chloroform,
or methoxyflurane. However, trichloroethyl-
ene had no effect on canine cortical flow.1s
Chloroform (0.5-1.0 per cent) was found to
increase the cortical flow of dogs by 19 per
cent, and methoxyflurane (0.5 per cent) given
to dogs for 30 minutes produced a 19 per cent
decrease in flow.1*> The effects of inhalation
anesthetics on the distribution of regional flows
have not been determined.

Errects oy CMR,,

CMRg. values for the agents discussed
above appear in table 2 and are shown in fig-
ure 2 as a function of MAC. Seventy per
cent nitrous oxide decreased CMR,, by 2 per
cent in one study and by 23 per cent in two
others.1%4. 154,156 Halothane, 1.2 per cent, was
found to decrease CMRg, by 9 per cent in one
study and 26 per cent in another.® >t The
differences between studies must be accounted
for by differences in awake values (which
were not measured), slight decreases in body

1 Also, unpublished data from the authors” labo-
ratory.
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temperature during anesthesia, and variability
in responses to anesthesia. In any case, it
seems reasonable to conclude that 70 per cent
nitrous oxide and 1.2 per cent halothane are
both mild depressants of CMRo..

Larger changes in CMR, were observed
during cyclopropane anesthesia in a study in
which each subject acted as his own awake
control.4  Concentrations of 5 to 36 per cent
of this agent depressed CMRg, from 11.3 to
40.4 per cent, but the amount of depression
was nof related to anesthetic depth in a simple
manner, as figure 2 shows. In fact, the lowest
CMR,, was obtained during anesthesia with
the lowest cyclopropane concentration studied.
It also seems odd that there was so little de-
crease in CMRg, with 20 per cent eyclopro-

pane. Another study reported a somewhat

greater depression of CMRo, (23 per cent)
with 20 per cent cyclopropane, but is less reli-
able for comparison, since it did not awake
controls.2*

The depression of CMRg, with diethyl ether
also is greater during light anesthesia. A 34
per cent decrease in CMRo, was found during
anesthesia with 2.4 per cent ether and an 11
per cent decrease in CMRg, found with 3 per
of men with 4.5 per cent ether.1$?

Although it has little effect on CBF, Ethrane
(Ohio 347) depresses CMRg,; the depression
increases with depth of anesthesia. The 50
per cent decrease in CMRg, found with 3 per
cent Ethrane makes this agent the most potent
depressor of cerebral metabolism among the
inhalation agents.1%8
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There are no data from studies of humans
for methoxyflurane, chloroform, and trichlero-
ethylene, but these agents depress canine
CMRg, 10 to 20 per cent.'®*

Errects ox CBF/CMR,,

It may not be proper to treat figures 1 and 2
as dose-tesponse curves,'’* and perhaps this is
why there is a rather dissatisfving lack of uni-
formity in the manner in which the inhalation
anesthetics affect CBF and CMR,,. Consist-
ency improves, however, with consideration of
the effect of deepening anesthesia on the ratio
of CBF to CMRy,, i.c., the CBF equivalent
(fg. 3). There is a clear trend for CBF/
CMRy, to increase as anesthetic depth is in-
creased, thus providing higher tissue and ve-
nous Py, values. Data for all agents lie close

together, so that CBF/CMRg, seems to de-
pend more on MAC than on the agent used.
This correlation raises a number of questions.
Does increased CBF/CMR,, with deep anes-
thesia indicate an improved safety margin?
Or is the higher tissue Pg, somehow necessi-
tated by a block in oxygen utilization or up-
take? Is the mechanism of this phenomenon
similar to the luxury perfusion syndrome?
These questions remain unanswered.

METABOLIC PATHWAYS DURING ANESTHESIA

With a single exception, no changes from
the normal patterns of cerebral carbohydrate
metabolism have been observed with nor-
moxie, normocarbic general anesthesia. The
exception is 5 per cent cyclopropane, which
was associated with increased cerebral lactate

20z ludy g1 uo 3sanb Aq ypd°G1000-000+02.6 L-Z¥S0000/6 L SZ6Z/8LE/Y/IE/HPd-01o1n1e/ABO|0ISOUISBUE/WOD IIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



A. L. SMITH AND H. WOLLMAN

. Anesthesiology
v 36, No 4, April 1972

386
® Awake ' !
O Nitrous Oxide
34 A Halothane a7
& Cyclopropane i
w Diethy! Ether
32 o Ethrane )
30F 4
£<)
s}
_—g 281 a B
E a
o 26f o 4
Q
~ A
o’ 24
E
[ ]
& 221 o
s o
8 20 -
o [¢]
8 181 a -
2
16 a -
[a) faY
et *® J

E Fic. 3. The effect of
anesthetic depth (MAC)
on the cerebral blood
R flow equivalent, calcu-
lated from the data of
figures 1 and 2.

T

MAC

production.t The question whether 5 per cent
cvclopropane causes cerebral hypoxia is inter-
esting, since low cyclopropane concentrations
must be present in the brain at least transiently
during induction and emergence.

The effects of anesthetics on the response of
CBF to arterial hypoxemia have not been de-
termined in man. However, pentobarbital an-
esthesia has been found not to alter this re-
sponse in the monkey.!?*

AxEsTHESLs AND THE CBF-CO, RESPONSE

The responsiveness of CBF to changes of
Page, in the awake state and during anesthe-
sia is shown in figure 4. During anesthesia
with 70 per cent nitrous oxide, the response of
CBF to hypercarbia is almost identical to that
in the awake state.2s* Halothane, 1.2 per cent,

seems to increase the sensitivity of CBF to
Pacg,.' Christensen et al., using another tech-
nique, also found that hypercarbia potentiated
the cerebral vasodilatory effect of halothane.?®
The Pagg, sensitivity of CBF is clearly greater
during anesthesin with 20 per cent cyclopro-
pane than in the awake state.§ However, hy-
perventilation will produce a low CBF even
with cyclopropane anesthesia. At low Paco,’s
the CBF values with all agents approach each
other (fg. 4); at a Pago, of 20 torr, the CBF’s
with all anesthetics shown span a range of
only 8 ml/100 g/min.

INTRACRANIAL PRESSURE

Halothane, trichloroethylene, and methoxy-
flurane all increase intracranial pressure when

§ Unpublished data from the authors” laboratory.
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suddenly added to an established nitrous oxide
anesthetic.>% 7116 The magnitude of the in-
crease seems related to the concentration of
the agent administered. The changes are seen
in people with normal CSF dynamies, but are
greater in the presence of intracranial space-
occupying lesions. In groups of normal per-
sons, the administration for 10 minutes of 0.5
per cent halothane, 1.5 per cent methoxyflu-
rane, and 0.9 per cent trichloroethylene raised
mean CSF pressure 68, 57, and 105 mm H.O,
respectively.’? In patients with intracranial tu-
mors, mean CSF pressure was increased 179
and 279 mm H.O, respectively, after 10 min-
utes of administration of 0.5 per cent halo-
thane and 0.9 per cent trichloroethylene.”
The administration of 1.5 per cent methoxy-
flurane for only 10 minutes to five patients
with intracranial space-occupying lesion mark-
edly increased mean CSF pressure from 171
to 561 mm H.0.*% Since halothane and me-
thoxyflurane also decrease arterial pressure,
these agents can cause greater decreases in
cerebral perfusion pressure (measured as mean
arterial less intracranial pressure} in tumor pa-
tients than in normal individuals. The intra-
cranial pressures observed in patients under
nitrous oxide—oxygen-relaxant anesthesia were
only slightly elevated.®s

The mechanism of ICP changes with the
volatile agents is probably as follows: these
drugs produce cerebral vasodilatation and thus
increase cerebrovascular volume.® 14162 In
the normal person, compensation for the in-
creased cerebrovascular volume occurs by dis-
placement of intracranial CSF to the spinal
subarachnoid space. The compensatory mecha-
nism is already at least partly exhausted in the
tumor patient, so that within the closed skull,
small increases in blood volume may induce
large increases in ICP. If this explanation is
correct, then when anesthesia is very light and
CBF is normal or decreased there might be
little or no effect on ICP. The studies of vola-
tile anesthetics and CSF pressure quoted above
were done with nitrous oxide as the back-
ground anesthetic. Since nitrous oxide itself
causes a slight increase in ICP, the effects ob-
served may have resulted from summation of
nitrous oxide and volatile anesthetic actions.
1t is possible that 0.7 MAC halothane, for ex-
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ample, has an effect little different from that
of 0.7 MAC nitrous oxide.

Langfitt and associates have studied the rela-
tion between a space-occupying lesion and
CBF in an animal model.**?* They found
that rapid inflation of an intracranially-placed
balloon decreased CBF. They also reported
that in chronic intracranial hypertension CBF
was maintained by vasodilation. However,
any additional vasodilation could cause a fur-
ther rise in ICP and thereby impede How."
The volatile anesthetic agents may produce
such undesirable vasodilation, particularly
when anesthesia is deep. It is very likely,
therefore, that the acute increase in ICP with
administration of vasodilating anesthetics in
patients with space-occupying lesions quickly
results in decreased CBF. The increased ICP
and decreased CBF probably cause cerebral
hypoxia in man, since in animals this situation
is associated with increased cerebral venous
blood lactate and CSF lactate concentrations
and elevated lactate/pyruvate ratios.s$* In
addition, cortical ATP and phosphocreatine
concentrations are decreased in intracranial
hypertension. 193 194

At present, it would seem wise to avoid any-
thing but the lowest concentrations of volatile
anesthetics in patients with intracranial space-
occupying lesions. Although hyperventilation
may mitigate the effects of the volatile agents
on ICP, this maneuver should not be relied
upon to prevent them.** Hyperventilation may
not counteract unesthetic-induced cerebral
vasodilation in the patient with an intracranial
space-occupying lesion, as it does in normal
individuals. Last, we must stress the impor-
tance of smooth anesthesia in patients with in-
creased ICP. Struggling and irregular respira-
tion during induction and a long apneic period
associated with endotracheal intubation are as-
sociated with further increases in CSF pres-

" sure,168

Intravenous Anesthetics and
Adjuvant Drugs

BaRBITURATES

Sedation with the barbiturates thiopental,
phenobarbital, and amytal in doses which do
not cause loss of consciousness is not associ-
ated with alterations in CBF or CMRg,.">
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104,165 In contrast, anesthesia with thiopental
has marked effects on cerebral hemodynamies.
A dose of thiopental which still permitted some
muscular response to pain reduced CMRo, by
36 per cent.>* The same metabolic depression
resulted from a 0.5-1.6-g dose of this drug.*s
In neither of these two studies was respiration
controlled, so that the CBF values reported
are difficult to evaluate. Pierce et al. gave a
larger dose of thiopental (mean 35 mg/kg),
controlled respiration, and used the Kety-
Schmidt N.O-uptake technique to study cere-
bral hemodynamics.'*® During normocarbia,
mean CBF was decreased to 27.6 ml/100 g/
min and mean CMRg, was decreased to 1.5
m}/100 g/min. When Paco, was 17.5 torr,
mean CBF was only 16.4 ml/100 g/min and
CMRy, was similar to that during normo-
carbia. Thus, although CBF was decreased,
sensitivity to alterations in Pago, remained in-
tact during thiopental anesthesia.

1t is well known that acute tolerance to the
anesthetic effects of thiopental oceurs. In ad-
dition, acute tolerance to the cerebral hemo-
dynamic effects of the drug has been demon-
strated in animals. Altenberg ct al. studied
dogs with halothane as the background anes-
thetic.” The depression of CBF and CMRo,
caused by thiopental infusion was mitigated
when the animals were given a bolus of thio-
pental two hours before the infusion. Bar-
biturate anesthesia has also been shown, in
animals, to reduce the regional differences in
CBF which are normally present in the awake
state.s?

Thiopental and pentobarbital administration
are associated with unchanged or decreased CSF
pressure if CO, retention is prevented.® s
The magnitude of the effect has not been well
defined.

NarcoTtics AND NEUROLEPTICS

Small doses of narcotics, such as might be
used for premedication, have no significant ef-
fect on the cerebral circulation.* Even mor-
phine, 20-30 mg, given subcutaneously, has a
negligible effect.** The slight increase in CBF
found after morphine, 60 mg, was given intra-
venously to normal men was probably the re-
sult of an increase in Pagy,.2** However, the
decrease in mean CMRg, from 3.2 to 1.9 ml/
100 g/min was significant; furthermore, the
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subjects who became most somnolent had the
greatest declines in CMRg,. The metabolic
depression found in this study could be par-
tially reversed by 25 mg of n-allylnormophine
(Nalline).t** The effects of anesthetic doses
of narcotics on the cerebral circulation have
not yet been investigated. The increase in in-
tracranial pressure that occurs after morphine
administration is due to respiratory depression
and can be prevented if Pac, is maintained
constant.”* *™

Small doses of neuroleptanesthetic agents,
such as 5 mg droperidol with 1.5 mg pheno-
peridine, do not affect CBF,'® and this com-
bination has been used for sedation in clinical
CBF studies.® Anesthetic doses of neuroleptics
have not been investigated in man, but in a
group of dogs droperidol, 0.3 mg/kg, de-
creased CBF 40 per cent without affecting
CMR,,,.1** Fentanyl, 0.006 mg/kg, decreased
CBF and CMRg, by 47 and 18 per cent, re-
spectively, 15 minutes after administration.??$
The combination drug, Innovar, decreased ca-
nine CBF 50 per cent and CMRg, 23 per
cent.’s The data suggest that Innovar de-
creases cerebral venous oxygen content, and
this has been confirmed by others.s7+1%¢ In-
novar has also been found to decrease the re-
sponse of CBF to alterations in Pacp,.1%

The effects of the neuroleptic agents on CSF
pressure contrast with those of the volatile
agents. Droperidol, 5 mg, plus phenoperidine,
1.5 mg, produced variable small changes in
CSF pressure of normal patients.®® However,
droperidol, 5 mg, plus fentanyl, 0.1 mg, de-
creased intracranial pressures in all patients
with normal CSF pathways and in all but one
of a group of patients with intracranial space-
occupying lesions.** Since mean arterial blood
pressure fell in the latter group, cerebral per-
fusion pressure was essentially unchanged.
Decreased CSF pressure along with reduction
in CBF suggests that cerebrovascular volume is
decreased by these agents. Thus, the fentanyl-
droperidol combination, or perhaps thiopental,
would seem superior to the volatile agents as
a supplement to nitrous oxide anesthesia in
patients with head injuries or tumors.

KETAMINE

The cerebral hemodynamic effects of keta-
mine have been investigated in the dog with
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basal nitrous oxide anesthesia. Immediately
following the injection of 2 mg/kg, CBF in-
creased 80 per cent and CMR,, increased 16
per cent.?® These values returned to control
levels during the subsequent 20-30 minutes.
The increase in CMRg, suggests that ketamine
should be used cautiously in patients with
cerebrovascular disease, since these individu-
als may not be able to compensate for the in-
creased CMRg, by increasing CBF.

Ketamine increased lumbar CSF pressure an
average of 253 mm H.O in a group of pa-
tHents without neurologic disease.# It is likely
that even greater increases in ICP would be

20 30 40 50 60 70

F'Ucoa (torr)

produced by this drug in patients with intra-
cranial space-occupying lesions.

Vasoactive Drucs

A single intracarotid injection of epineph-
rine does not affect CBF.#%:12%  An intramus-
cular dose without pressor effect does not alter
CBF or CMRg,.'** A continuous intravenous
infusion of epinephrine, at a mean rate of 28.9
pg/min, increased blood pressure and did not
measurably affect CBF or CMR,.*® With a
larger intravenous dose of epinephrine, 36.9
pg/min, CBF and CMRg, were augmented by
23 and 23 per cent, respectively.®* Evidently,
the effect of this drug on cerebral vessels is
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dose-related. Moderate amounts of epineph-
rine have no measurable effect. Large doses
increase CBF and CMRy, vin unknown mecha-
nisms.

Mephentermine, in a dose which raises mean
arterial blood pressure only 10 torr, increased
CMRy, in nomal subjects by 24 per cent;
a compensatory increase in CBF did not oc-
cur.®® This suggests that care should be exer-
cised when using the drug in patients with
cerebral circulatory disease.

Although intracarotid norepinephrine is with-
out effect on CBF,i 125 both norepinephrine
and metaraminol appear to be mild cerebral
vasoconstrictors when administered systemi-
cally to normotensive persons.S; 16152 In
contrast to epinephrine and mephentermine,
these drugs do not alter CMRg,. Norepineph-
rine and metaraminol have been utilized to
treat the low CBF associated with hypoten-
sion. However, because of their cerebral vaso-
constricting effect, blood pressure must be ele-
vated to slightly supranormal levels in order to
obtain a near-normal CBF.2**

Neither angiotensin nor phenylephrine af-
fects CBF or CMRg, in normal man. 4o 228164
Theoretically, these drugs might be superior to
other pressors for the treatment of decreased
CBF due to hypotension.

OT1HER DRrucs

Neither promazine, 50-200 mg iv, nor chlor-
promazine, 50 mg im or iv, has any effect on
CBF or CMR,, so long as blood pressure re-
mains normal.3% 2% A small dose of ethyl al-
cohol (22 ml) has no effect on CBF or
CMRg,..}* However, stupor or coma due to
acute ethyl alcohol intoxication (mean blood
level 320 mg/100 ml) was found to decrease
CMRo,, by 31 per cent. This degree of in-
ebriation was also associated with a 21 per
cent inerease in CBF, which could be partially
accounted for by a slight increase in Pago..'*

d-Tubocurarine in modest doses, 40-75 mg,
has no effect on CBF or CMRg,.»3 The cere-
bral metabolic effects of succinylcholine have
not been reported.

Neither ACTH nor cortisone, 100-200 mg,
nor desoxycorticosterone glucoside, 50 mg, al-
ters CBF or CMR,,.5 1> ¢ However, general
anesthesia produced by intravenous adminis-
tration of the steroid 21-hydroxypregnanedione
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3,20 caused a 19 per cent decrease in mean
CMRy, and a 31 per cent decrease in mean
CBF.#*

No cerebral llemodynamic or metabolic
changes were found after intravenous infusion
of 750 mg procaine over 2 20-minute period.***

In normal dogs, 1.5 g/kg of urea, given in-
travenously, did not affect CBF or CMRy,, al-
though the brain was observed to shrink mark-
edly.® A decrease in CSF pressure would not
be expected to affect CBF in normal brain, be-
cause of autoregulation. However, only 0.63
g/kg urea increased CBF in three of four pa-
tients with brain tumors; CMR,, was un-
changed.#* Mannitol, 0.7 g/kg, caused mean
CBF to increase from 36 to 53 ml/100 g/min
and augmented mean CMRg, from 2.0 to 2.5
ml/100 g/min in six brain-tumor patients.t®
The patients probably had low CBF because
perfusion pressure, at least in some regions,
had been reduced below autoregulatory limits
by increased ICP. When the osmotic agents
decreased CSF pressure, cerebral perfusion
pressure increased and blood flow and me-
tabolism returned towards normal.

A number of unrelated drugs, including the
nitrates, !> histamine,'%® papaverine,® and ny-
lidrin 3* have cerebral vasodilating properties.
Some of these have been tested for treatment
of cerebrovascular disorders, but the results
have been mixed.10s:11v  Often extracerebral
vascular dilation decreases cerebral perfusion
pressure, and sclerotic vessels which cannot
autoregulate may suffer a decrease in flow.
One would suspect that the success of these
drugs might be further limited by intracere-
bral steals.

Special Techniques and Procedures
HYPOTHERMIA

Hypothermia decreases CBF and CMRy, in
man,’ but quantitative data with controlled
Pagg, are scanty. Cohen et al. correlated
CMIR,, with body temperature over the small
range 34-38 C during halothane anesthesia
and reported log CMRy,=0.073 T —2.23.2
Extrapolation of these data would vield the
rather high Q,q of 5.7

€ Q. is the factor by which a metabolic rate is
altered when temperature changes 10 C.
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Rosomofl and Holaday reported that in dogs
CBF fell linearly with temperature to 25 C at
the rate of 6.7 per cent per degree C. CMR,,
fell with hypothermia, with a Q. of about
3.1t Michenfelder and Theyve reported a Qg
of 2.23 in dogs.’"* In monkeys, Bering found
that CMR,,, decreased with hypothermia {Q,,
3.5).1* Hornbein ¢t al. observed a mean Q,q
of only 2.07 in this species and a decrease in
CBF of 55 per cent over the range 37-27 C.%°
From these data it may be conjectured that
Qy¢ for the human brain is in the range of 2-3.
In nejther the dog nor the monkey was evi-
dence of anaerobic metabolism seen during hy-
pothermia. o 114

Two reports have noted that (A-V)g, was
unaltered by hypothermia.®® 141 A third re-
ported a decrease in (A-V)q, with hypother-
mia, but this may have been due to altera-
tions in Page,.''* Thus, it appears that dur-
ing hypothermia per cent decreases in CBF
and CMRy, are similar and arteriovenous oxy-
gen difference remains unchanged. However,
Pvy, decreases, because the solubility of oxy-
gen in blood increases at lower temperatures.s®

Additional metabolic effects which serve to
protect the brain against anoxia have been ob-
served during hypothermia. Processes which
occur during cerebral anoxia, including ATP
depletion, decrease in the ATP/ADP ratio, in-
crease in inorganic phosphate, and accumula-
tion of lactate, are all slowed in the presence
of hypothermia ® 86 117,172 Fyrthermore, hy-
pothermia may reduce the quantity of oxygen
necessary to maintain cerebral cellular in-
tegrity, as well as that necessary to maintain
function.11¥

DELIBERATE ALTERATIONS OF
Broob PRESSURE

Autoregulation of CBF is intact during gen-
eral anesthesia, so that the normal brain can
compensate for either hypertension or hypo-
tension.2%* Since the drugs commonly used to
induce hypotension during anesthesia have no
important direct effects on CBF or CMR,,,'%®
the cerebral vasculature autoregulates and
maintains CBF constant over a wide range of
pressures when deliberate hypotension is in-
duced. Although in normal awake man signs of
cerebral ischemia occur at mean arterial blood
pressures in the range of 48-33 torr,’% 1%
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healthy anesthetized patients seem to tolerate
even Jower pressures. Eckenhofl ¢t al. studied
42 patients made hypotensive for surgical op-
erations.™* The mean arterial pressure at heart
level was as low as 40 torr (svstolic pressure
about 50 torr), but since head-up tilts averag-
ing 24 degrees were used, pressures at the base
of the skull must have been even less. The low-
est Pvg, observed was 27 torr in one patient;
in all of the others, Pvg,’s were greater than 30
torr. In another study of hypotensive anesthe-
sia, Schettini and associates reported a Pvg,
range of 29-46 torr with head-up tilt and a
mean arterial blood pressure of 49 torr.’* No
patient in either group suffered permanent
neurologic or psychologic deficits. Perhaps the
decreased CMR,, occurring during general an-
esthesia was responsible in part for the appar-
ent protection. Perhaps a small temperature
decrease resulting from heat loss due to pe-
ripheral vasodilation was protective. It should
be emphasized that the above results pertain
to normal, nonarteriosclerotic man. The situa-
tion may be very different when there are me-
chanical limitations to flow, cerebrovascular
disease, or a hypermetabolic state (c.g., fever).
In such cases deliberate hypotension of any
degree may be extremely hazardous.

Anesthesia for Carotid-artery Surgery

Patients about to undergo carotid endarte-
rectomy are frequently elderly and hyperten-
sive, and may have generalized arterial dis-
ease. If a temporary shunt is not utilized and
arterial occlusion is necessary, the remaining
cerebral arteries, which often are diseased
themselves, must then supply the tissue pre-
viously nourished by the occluded vessel. The
exquisite sensitivity of brain tissue to hypoxia
is well known. Can the anesthesiologist do
anything to reduce the chance of permanent
neurologic damage secondary to cerebral is-
chemia? The answer is probably yes, through
control of the factors that affect CBF and
CMR,y,, including Paco,, arterial blood pres-
sure, body temperature, and type and depth
of anesthesia.

That there is no general agreement about
the best combination of these variables is illus-
trated in table 3, which lists the techniques
used by a representative sample of workers in
carotid-artery surgery.
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Blood | Awake Hyper-

Author Paco: Anesthetic Drug Prewure) Tt | Shum | go%e

port* ing ation
Bloodwell'* Induced hypercarbia C:Hg, 20 per cent Yes No No No
Coleman® Spontaneous respiration | Methohexitone drip 1 Yes Yes No
Connolly*¢ Induced hypercarbia Methoxyflurane No Yes | No No
Ehrenfeld® Induced hypocarbia Halothane, 0.58-0.85 per cent | Yes No No No
Homi* Induced hypercarbia C;He, 20-30 per cent Yes 1 1 Yes
Jacobsonse Normocarbia Halothane, 1 per cent i No No Yes
Jenkinst® Induced hypercarbia Halothane = N:O Yes | No Yes | No
Jennett™ Normocarbia Trichloroethylene 1 i i Yes
Raniertss Spontaneous respiration | Local No Yes Yes No
Thompson'™ | Induced hypocarbia f No XNo Yes No
Whitet® Induced hyperearbix 11alothane, 0.4~1.5 per cent in | No No No No

N0

* Ruising arterial pressure with drugs to above the resting level or above 140 torr systolic.

f Not reported.

The evidence favoring hypercarbia is straight-
forward—it increases CBF and the ratio CBF/
CMRy,. Aguainst hypercarbia is the fact that
it sometimes causes an intracerebral steal,
worsening ischemia. In animals subjected to
ligation of the middle cerebral artery, higher
Peo.s were associated with Jarger infarc-
tions.’> 157 Additional evidence for the delete-
rious effects of hypercarbia has been obtained
in similar middle cerebral artery-ligation prepa-
rations. Symon found that arteriolar pressure
distal to the occlusion was decreased by car-
bon dioxide administration.?” Brawley and
associates also observed this phenomenon and
found, in addition, that in five of seven cases
1CBF in the ischemic area decreased as Pagg.
increased.’s A decrease in the availability of
oxygen in ischemic areas (measured polaro-
graphically) when carbon dioxide was adminis-
tered has also been reported.>* A fourth labo-
ratory, again using a middle cerebral artery-
ligation preparation, obtained the opposite re-
sult, and reported increases in flow to ischemic
areas with carbon dioxide administration.s?

Boysen et al. studied patients during carotid
endarterectomy at varjous levels of Pacg,.!*
They measured rCBF in 14 areas of the op-
erated side, as well as carotid arterial blood
pressure distal to the surgical clamp (stump
pressure).®® Hypercapnia, in contrast to nor-

mocapnia and hypocapnia, was associated with
decreases in both stump pressure and efficiency
of autoregulation. Although hypercapnia in-
creased overall CBF, it reduced rCBF to is-
chemic areas in five of 21 patents studied.
Pistolese et al. found that increased Pago, aug-
mented CBF in endarterectomy patients be-
fore carotid-artery clamping, but after clamp-
ing hypercarbia caused either no change in
CBF or a steal from the ischemic areas.**!
Fourcade et al. have also reported studies of
stump pressure during surgery.®® They ob-
served the effects of alterations in Paco, and
systemic arterial pressure. In most patients,
the highest stump pressures were associated
with the lowest Pagg,s. Unfortunately, the
situation is far from clear-cut. One of Four-
cade’s patients had the greatest stump pres-
sure during hypercarbia. Another exception is
a case of acute middle cerebral artery occlu-
sion in a 9-year-old girl!® Thirty-six hours
after the occlusion, hyperventilation decreased
flow in the ischemic area, while four days later
hyperventilation improved CBF in the is-
chemic area.

=° Stump pressure is a measure of cerebral per-
fusion pressure on the operated side. It is not a
direct measure of CBF, since its value depends on
patency of collateral arterial channels proximal to
the occlusion, CVR of vessels distal to it, and cere-
bral venous pressure.
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Although a decreased Paco, is often bene-
ficial, the problem is that we cannot predict in
advance what will happen in a given patient.
It would seem most prudent, then, to avoid
extreme Pagg, levels in carotid surgery and to
maintain either normocarbia or mild hyper-
ventilation (Pace, =30 torr), perhaps with the
aid of end-tidal P¢o, monitoring. In this Paco,
range, the theoretical problems that hyperven-
tilation causes hypoxia and that hypoventila-
tion causes increased intracranial pressure are
not considerations. This procedure should
benefit some patients and harm few or none.
It seems to be a logical middle ground to tread
until we understand more about how to pre-
dict the effect of CO, in the presence of dis-
eased cerebral vessels, or until we are prepared
to make rapid measurements of regional CBF
in the operating room as Pacg, is altered.

The question of arterial blood pressure sup-
port is more easily resolved. In animals sub-
jected to ligation of the middle cerebral ar-
tery, hypertension drastically reduced the area
of ischemia.’* Hypertension was also observed
to reverse neurologic symptoms in four pa-
tients with cerebrovascular insufficiency, while
CO, inhalation and papaverine failed.** In a
group of patients prior to carotid clamping,
hypertension did not affect CBF on the op-
erated side; this indicated the presence of nor-
mal autoregulation. After clamping, hyperten-
sion augmented CBF, demonstrating loss of
autoregulation on the clamped side; this vaso-
motor paralysis was probably due to is-
chemiz.?®* In two studies there were consist-
ent increases in pressure distal to the arterial
occlusion when systemic hypertension was in-
duced.?® 4  Waltz cast a dissenting opinion.
He observed that hypertension did not in-
crease CBF in the ischemic region around the
ligated middle cerebral artery in the cat.'*s
Although agreement on the use of hyperten-
sion is not complete, certainly no one advo-
cates hypotension. Some who recommend hy-
percarbia are probably achieving concomitant
hypertension.

The choice of anesthetic technique for ca-
rotid surgery first revolves about local or gen-
eral anesthesia. Some prefer local anesthesia
because if neurologic symptoms develop with
carotid clamping they are immediately obvi-
ous. Others argue that general anesthesia
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seems to improve tolerance to cerebral is-
chemia in animals.?s #5,151,182  Possibly in-
creased tolerance has been demonstrated in
man,’® and we have noted the tolerance of
the anesthetized brain to hypotension.

If general anesthesia is elected, the choice
of agent and depth is a difficult one. There
are no clinical studies comparing different
agents, so we must proceed on theoretical
grounds. The choice of anesthesia that mark-
edly increases CBF, such as deep ether or cy-
clopropane anesthesia, is open to criticism,
The agent may elevate ICP or may produce
an intracerebral steal similar to that seen with
hypercarbia.  Although the steal phenomenon
has not been investigated with anesthetics,
other cerebral vasodilators like papaverine
have been associated with worsening,’' no
change,1°% and improvement 198 of flow to is-
chemic areas. Furthermore, aminophylline, a
constrictor of normal cerebral vessels, increases
rCBF in focally diseased areas in some pa-
tients,’s!  As in the case of CO., patient re-
sponses may differ, and it may be wise to em-
ploy agents such as nitrous oside, which are
not strong cerebral vasodilators. Furthermore,
the use of explosive agents interferes with the
cautery desired by many surgeons.

Is jt worthwhile to choose the anesthetic
which depresses CMR,, the most? Figure 2
shows that the differences among available an-
esthetics in quantity of CMR,, reduction are
small. Furthermore, we do not know whether
a decreased CMRy, is beneficial. It has been
suggested that the decrease in CMR,, during
anesthesia is secondary to a reduced level of
brain function and does not indicate a change
in the quantity of oxygen needed to maintain
cellular integrity.1t” Evidence for this state-
ment was obtained in a study of anoxia and
cercbral tissue ATP levels.11%:117  Tissue ATP
concentration may be regarded as a measure
of energy reserves. Groups of animals were
anesthetized with different agents and various
degrees of metabolic depression resulted. The
cerebral ATP level before anoxia was pro-
duced and the rate of decrease of cerebral
ATP during anoxia were unrelated to the
amount of anesthetic-induced CMR,,, depres-
sion. This implies that the protective action
of anesthetics against anoxia is not correlated
with CMRg,. If it is desired to produce
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the fewest physiologic changes and only mild
effects on cerebral hemodynamics, then ni-
trous oxide anesthesia supplemented by small
amounts of Innovar, narcotic, or muscle re-
laxant might be selected.

Deep anesthesia increases CBF/CMR,, and
cerebral venous oxygen saturation more than
light anesthesia (fig. 3). However, jugular ve-
nous oxygen saturation is an average over the
whole brain, and it has not proven useful in
predicting the occurrence of focal neurologic
defects.”> There is no way of determining
whether potentially ischemic areas will be or
can be luxury-perfused. In spite of this, sev-
eral groups have recommended using jugular
venous oxygen tension or saturation as a mea-
sure of CBF.#%%.17¢ Perhaps the electroen-
cephajogram ** or even rCBF monitoring % will
prove more useful as a predictor of incipient
neurologic damage during carotid clamping.

Hyperbaric oxygenation has been consid-
ered as an adjunct to management of carotid
endarterectomy because of its potential to im-
prove oxygen delivery during the period of de-
creased CBF.**-70 However, the safe period
of cerebral circulatory arrest in animals is only
slightly prolonged by 100 per cent oxygen at
3 ATA.=% 122 At a Pag, of about 1,000 torr,
mean cerebral venous P,. in a group of pa-
tients was increased more than 30 torr; never-
theless, hyperbaric oxygenation should not be
expected to be of benefit in regions of total
ischemia.™

Hypothermia is another technique that may
be useful for carotid surgery, because of its
metabolic effects. In dogs subjected to middle
cerebral artery ligation, hypothermia decreased
the sizes of the infarcts, compared with the
normothermic state.?*> The duration of circu-
Iatory arrest which produces permanent neuro-
logic deficits in dogs is increased from 4-6
minutes during normothermia to 20-29 min-
utes at 28-29 C.%12* Polarographic measure-
ments in the human cortex during carotid
clamping have indicated augmented O. avail-
ability at 29 C.20 Wylie discussed a series of
24 patients, most of whom showed intolerance
to carotid clamping while normothermic.?%*
All but one underwent carotid operations with-
out shunts at 30-31 C and suffered no neuro-
logic complications. Additional salutary ef-
fects of hypothermia include reduction in brain
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volume and cerebrospinal fluid pressure.14?
The disadvantages of hypothermia are that it
may considerably prolong anesthesia time and
that it has its own morbidity. Complications of
hypothermia include cardiac arrhythmias, heat
or cold damage to skin and subcutaneous tis-
sues, and impaired blood coagulation. Its place
in anesthesia for carotid surgery is still being
argued. Not many use or recommend it pres-
ently. Perhaps it should be reserved for the
patient with severe disease who will not have
a shunt placed during the operation.
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