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Carbon Dioxide and the Cerebral Circulation

Johnny E. Brian, Jr., M.D.*

THE arterial partial pressure of carbon dioxide (Pa, 0,)
is an important regulator of the cerebral circulation,
and a large body of literature describes this relation.
This review summarizes the current state of knowledge
of the effect of CO, on cerebral physiology, focusing
first on mechanisms of CO,-induced alteration of vascu-
lar tone, then on the effect of CO, on cerebral vascular
regulation, and finally on CO, manipulation in patient
care.

Mechanisms

This section summarizes information regarding the
site of action of CO, on the cerebral circulation
and cellular mechanisms important in CO,-mediated
changes in cerebral vascular tone. The CO,-mediated
alteration of brain extracellular pH is the initial step
leading to changes in vascular tone. The effect of pH
on cerebral vascular tone is mediated by nitric oxide
(NO), prostanoids, cyclic nucleotides, potassium chan-
nels, and intracellular calcium. Most data available sup-
port an important role for each of these mediators in the
response of the cerebral circulation to CO,. However,
contradictory data exist, and there is no comprehensive
understanding of how these mediators interact to con-
trol cerebral vascular tone. Further, mechanisms differ
in neonates and adults.

Site of Action of Carbon Dioxide
Increased carbon dioxide tension (Pco,) relaxes cere-
bral arteries in wvitro, which indicates that CO, can
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cause cerebral vascular relaxation independent of extra-
vascular cells."” In vivo, cerebral arteries respond to
highly localized perivascular alteration of P, and
PH, which indicates that the mechanisms that affect
cerebral vascular tone are localized to the area of the
blood vessel wall.”> Cellular elements that could con-
tribute to the cerebral vascular response to CO, include
vascular cells (endothelium and smooth muscle) and
extravascular cells (perivascular nerves, parenchymal
neurons, and glia). In adult animals, removal of the en-
dothelium in vitro' or endothelial damage in vivo® does
not alter the response of cerebral arteries to hypercap-
nia. This suggests that in adults the endothelium is not
involved in the response to CO,. In neonates, however,
the endothelium does contribute to cerebral vasodilata-
tion during hypercapnia.”® Tetrodotoxin, which blocks
sodium channels and prevents neuronal depolarization,
does not reduce CO,-mediated cerebral vasodilation,
indicating that depolarization of perivascular nerves or
parenchymal neurons is not important.®” Selective de-
struction of cortical neurons also does not alter the
cerebral vascular response to hypercapnia.'’ Although
these data in adults suggest that the endothelium, paren-
chymal neurons, and perivascular nerves are not im-
portant during hypercapnia-induced cerebral vasodila-
tion, it is also possible that these cells produce overlap-
ping vasodilator messengers, and removal of an
individual messenger is not sufficient to alter the re-
sponse. No data exist regarding a potential role for glia
in the CO, response of the cerebral circulation.

In vitro data suggest that extravascular cells are not
important in the response of cerebral arteries to in-
creased Pa.,,. However, the relative contribution of
vascular and extravascular cells to CO,-mediated vasodi-
lation cannot be assessed by comparing iz vivo and in
vitro studies. Although isolated cerebral vessels relax
with increased P, technical differences between in
vivo and in vitro studies make it impossible to know
if vasodilation is equal in isolated vessels compared with
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in vivo blood vessels. Thus, in vivo, it is possible that
dilation is larger, and some of the effect of CO, on
cerebral vessels is mediated by extravascular cells.

pH

When cerebral vascular tone is altered by a change
in Pco,, it is possible that CO, itself, a CO,-mediated
ch:mgé in pH, or both are signals leading to a change
in vascular tone. Applying acidotic or alkalotic solutions
to the brain dilates or constricts cerebral arteries in
vivo, which indicates that pH can affect cerebral vascu-
lar tone." In humans, Severinghaus et al."' showed that
cerebral blood flow (CBF) was normal during chronic
hypocapnia, which suggests that CO, itself does not
alter cerebral vascular tone. Kontos et al.>'? offered the
best evidence that pH rather than CO, is the controlling
messenger for CO,-mediated alterations of cerebral vas-
cular tone. Applying artificial cerebrospinal fluid (CSF)
topically to the cerebral cortex of anesthetized cats,
they showed that the diameter of cerebral arterioles
responded only to changes in pH, regardless of fluid
Pco,. During alterations of fluid Pco,, the pH of the
artificial CSF was held constant by altering its bicarbon-
ate concentration. Because CO, diffuses freely through
cell membranes and bicarbonate does not, these data
suggest that extracellular pH is more important than
intracellular pH in altering cerebral vascular tone. Data
in isolated cerebral arteries also indicate that extracellu-
lar pH is more important than intracellular pH in hyper-
capnic-induced dilation of cerebral arteries.'® However,
changes in extracellular pH do affect intracellular pH in
cerebral vascular smooth muscle,"’ and due to complex
interactions between extracellular and intracellular
PH, " itis not known whether extracellular or intracellu-
lar pH controls cerebral vascular tone.

Cellular Mechanisms

Changes in pH can exert effects on smooth muscle
tone through second messenger systems and by altering
vascular smooth muscle calcium concentration directly.
This section reviews the role of prostanoids, NO, cyclic
nucleotides, potassium channels, and intracellular cal-
cium concentration in CO,-mediated changes in cere-
bral vascular tone.

Prostanoids. Production of prostaglandins is con-
trolled by the availability of arachidonic acid, which is
cleaved from membrane lipids by phospholipase. Cyclo-
oxygenase converts arachidonic acid to prostaglandin
H;, which is subsequently modified by other enzymes
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to yield both vasoconstrictor and vasodilator prostan-
oids. The principle vasoactive prostanoids in the brain
are prostaglandin E, (PGE,) and prostacyclin (PGI,),
both dilator prostanoids, and the constrictor prostanoid
prostaglandin F,, (PGF,,)."” In adult humans and ani-
mals, some studies reported that indomethacin, a cyclo-
oxygenase inhibitor, reduces hypercapnia-induced ce-
rebral vasodilation.'”"” However, other studies re-
ported that indomethacin does not reduce hypercapnia-
induced cerebral vasodilation.”’~** Although indometh-
acin reduces hypercapnia-induced increase in CBF in
humans, aspirin and naproxen have no effect, even
when there is an equal degree of cyclo-oxygenase inhi-
bition.'® Other have reported in animals and humans
that the cyclo-oxygenase inhibitors aspirin, sulindac,
amfenac, and dicolfenac do not alter the response of
the cerebral circulation to hypercapnia.'?***** In adult
humans and animals, brain arachidonic acid, PGL,, and
PGE, concentrations do not increase during hypercap-
nia.'***~** Overall, data in adults indicate that cyclo-
oxygenase products are not responsible for cerebral
vasodilation during hypercapnia. The effect of indo-
methacin on hypercapnia-induced cerebral vasodilation
is difficult to resolve. However, indomethacin does in-
hibit enzymes other than cyclo-oxygenase, including
phosphodiesterase, phospholipase A,, and cyclic aden-
osine monophosphate (cAMP)-dependent protein ki-
nase, which indicate that the effect of indomethacin is
nonselective.*

The neonatal and adult cerebral circulation responds
to CO, in a similar way, although the magnitude of
the response may be less in neonates (see below). In
neonates, prostanoids are important in regulating the
cerebral circulation.” In neonatal animals, damage in
vivo to cerebral vascular endothelium prevents hyper-
capnia-mediated increases in CSF PGI, concentration
and dilation of cerebral blood vessels.® Inhibition of
phospholipase, which prevents the release of arachi-
donic acid and the production of prostanoids, abolishes
the response of the neonatal circulation to hypercapnia
and extracellular acidosis.”” Further, indomethacin in-
hibits hypercapnia-induced cerebral vasodilation and in-
creases in CSF PGIL, and PGE, concentrations in new-
born animals.”"** In human neonates, indomethacin
abolishes hypercapnic-induced increases in CBF.>
These data support the concept that in neonates, vasodi-
lator prostaglandins derived from the vascular endothe-
lium are important in the response to hypercapnia.
However, an alternative role for prostaglandins has
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been suggested by some investigators, who report in
newborn animals that after inhibition of cyclo-oxy-
genase or endothelial injury, application to the brain
of a very low concentration of vasodilator prostanoids
restores hypercapnia-induced cerebral vasodilation.”**
These data suggest that prostanoids may not be direct
mediators of hypercapnia-induced cerebral vasodila-
tion, but rather that a basal level of prostanoids is neces-
sary to “‘permit’ hypercapnia to dilate cerebral blood
vessels. Overall, data indicate that cyclo-oxygenase
products are important regulators in the hypercapnic
response of the newborn but not adult cerebral circula-
tion.

Nitric Oxide. Nitric oxide is an important regulator
of cerebral vascular tone and is produced by a family
of NO-synthase enzymes in brain vascular endothelial
cells, some perivascular nerves, parenchymal neurons,
and glia.*>*° Nitric oxide activates guanylate cyclase in
vascular smooth muscle, increasing the intracellular
concentration of cyclic guanosine monophosphate
(cGMP), causing vasorelaxation.*® In adult animals, inhi-
bition of NO-synthase activity reduces cerebral vasodila-
tion during hypercapnia®’~*' and extracellular acidosis-
mediated cerebral vasodilation.*” This indicates that NO
is one vasodilator important in the response of the cere-
bral circulation to hypercapnia and acidosis. Although
these studies indicate that NO is important in CO-in-
duced cerebral vasodilation, they also suggest that NO
is not the only vasodilator signal, because after inhibi-
tion of NO-synthase, 10-70% of hypercapnia-mediated
cerebral vasodilation remains. The wide range in the
reduction of cerebral vasodilation may reflect use of
different NO-synthase inhibitors, doses of inhibitors,
timing of doses, degree of hypercapnia, and species
differences. During severe hypercapnia (Pac,, >100
mmHg), CO,mediated dilation of cerebral arterioles
cannot be reduced by inhibition of NO-synthase, which
indicates that cerebral vasodilation during severe hyper-
capnia does not depend on NO.?’ In contrast to adults,
NO does not play a role in hypercapnia-induced cere-
bral vasodilation in neonatal animals.*?

Although it might be surmised from these studies that
hypercapnia increases the synthesis of NO, which leads
to cerebral vasodilation, some investigations suggest an
alternative explanation. The brain tonically produces
NO, creating a constant vasodilator signal.>® Inhibition
of NO-synthase removes tonic NO and increases the
resting tone in cerebral blood vessels, which could alter
the response to other vasoactive signals, such as hyper-
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capnia. Thus inhibition of NO-synthase could cause a
direct effect by preventing hypercapnia-mediated acti-
vation of NO-synthase and indirect effects by reducing
basal NO and ¢cGMP levels and increasing resting tone
of blood vessels. After inhibition of NO-synthase, low
concentrations of NO-dependent and NO-independent
vasodilators can restore cerebral vascular tone to base-
line.” However, NO-dependent but not NO-independent
vasodilators can restore the response to hypercapnia.’
Furthermore, a cell-permeable ¢cGMP analog can also
restore basal vascular tone and the response to hyper-
capnia after inhibition of NO-synthase.” These data sug-
gest that changes in basal tone are not important, be-
cause NO-independent vasodilators cannot restore the
response to hypercapnia. These data indicate that NO
and ¢cGMP are important in CO,-mediated dilation of
cerebral blood vessels. However, NO and ¢cGMP may
not be the final mediators of vasodilation, but rather
that basal levels of NO and cGMP “‘permit’” hypercapnia
to dilate cerebral vessels. Nitric oxide may also function
in a “‘permissive’’ role for other vasodilators in the cere-
bral circulation.****

In the brain, vascular endothelium expresses the en-
dothelial isoform of NO-synthase, and some perivascu-
lar nerves, parenchymal neurons, and glia express the
neuronal isoform of NO-synthase.****~** All are potential
sources of NO important for hypercapnia-induced cere-
bral vasodilation.’® Damage to vascular endothelium in
vivo does not reduce hypercapnia-induced vasodila-
tion,® which indicates that the endothelial isoform of
NO-synthase is not the source of NO involved in hyper-
capnia-induced cerebral vasodilation. Selective inhibi-
tion of the neuronal isoform of NO-synthase reduces
hypercapnia-induced cerebral vasodilation, which indi-
cates that the activity of neuronal NO-synthase is im-
portant.”” Cerebral perivascular nerves originating from
the sphenopalatine ganglia release NO but do not ap-
pear to be important in hypercapnia, because destruc-
tion of these nerves does not alter the cerebral vascular
response to hypercapnia.*® Furthermore, tetrodotoxin,
which blocks sodium channels and prevents neuronal
depolarization, does not reduce hypercapnia-induced
cerebral vasodilation.” This indicates that the activation
of neuronal NO-synthase by depolarization of perivascu-
lar nerves or parenchymal neurons is not important
in hypercapnia-induced cerebral vasodilation. The NO
responsible for hypercapnia-induced cerebral vasodila-
tion could arise either from parenchymal neurons pro-
ducing NO in the absence of depolarization or from
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glia. However, selective destruction of cortical neurons
does not alter hypercapnia-induced cerebral vasodila-
tion, which indicates that parenchymal neurons are not
involved in the response to hypercapnia.'’ Thus data
suggest that, in adult animals, the vascular endothelium,
parenchymal neurons, and perivascular nerves are not
the source of NO important in hypercapnia-mediated
vasodilation. Neuronal NO-synthase appears to be the
source of NO involved in hypercapnia-induced cerebral
vasodilation, but the cellular location is not known.
Glia, which express neuronal NO-synthase, could be
the source of NO, but it is also possible that multiple,
overlapping sources of NO may be involved in hyper-
capnia-induced cerebral vasodilation.

In contrast to hypercapnia, alterations in cerebral vas-
cular tone during hypocapnia do not depend on NO. In
adult rabbits and rats, cerebral vasoconstriction during
hypocapnia is not altered by inhibition of NO-syn-
Hliase =

Cyclic Nucleotides. Changes in cyclic nucleotide
concentrations are important in the signaling cascade
leading from pH to changes in vascular smooth muscle
tone. Nitric oxide activates guanylate cyclase in vascular
smooth muscle, increasing the cGMP concentration
while vasodilator prostanoids (PGE,, PGI,) activate ade-
nylate cyclase and increase the cAMP concentration.***°
In adult rats, hypercapnia increases brain cGMP concen-
tration, consistent with the theory that hypercapnia in-
creases NO production, which then increases cGMP.*
However, in isolated cerebral arteries from adult rats,
increased P, relaxes arteries but does not increase
cGMP, consistent with the “permissive’” hypothesis in
which increases in NO and ¢cGMP are not required for
CO,mediated dilation of cerebral blood vessels.' Cyclic
GMP is important in hypercapnia; however, as after
inhibition of NO-synthase, infusion of a low concentra-
tion of a stable cGMP analog restores hypercapnia-in-
duced vasodilation in the brain.” As with NO, it is not
clear in adult animals whether cGMP functions as a
vasodilator mediator during hypercapnia or whether
basal levels of cGMP are necessary to ‘‘permit’ hyper-
capnia-induced cerebral vasodilation to occur.

In neonatal pigs, hypercapnia causes cerebral vasodi-
lation and increased brain PGI, and cAMP concentra-
tion; inhibition of cyclo-oxygenase prevents these
changes.’* These data suggest that cAMP mediates vaso-
dilation during hypercapnia in neonates. Although vaso-
dilator prostanoids can act permissively for hypercapnia
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in neonates, it is not known whether cAMP can play a
similar permissive role.

Potassium Channels. Recent evidence suggests that
vascular smooth muscle potassium channels play an im-
portant role in regulating cerebral vascular tone.” In
vascular smooth muscle, the opening of potassium
channels allows potassium (the major intracellular cat-
ion) to diffuse out of the cell, making the interior of
the cell more negative (hyperpolarized). When the cell
is hyperpolarized, voltage-gated calcium channels re-
duce the influx of extracellular calcium, decreasing in-
tracellular calcium concentration and reducing vascular
smooth muscle tone.

One subgroup of potassium channels is ATP sensitive
(K,1p). Decreasing pH increases the open-state probabil-
ity of K,p channels (which would hyperpolarize cells),
supporting the concept that during hypercapnia, activa-
tion of K, channels could cause vascular smooth mus-
cle hyperpolarization and cerebral vasodilation.”" Fur-
thermore, extracellular acidosis hyperpolarizes cerebral
vascular smooth muscle, also supporting the concept
that changes in vascular smooth muscle membrane po-
tential are important during hypercapnia.” In large cere-
bral arteries in vitro, acidosis-induced relaxation de-
pends partially on activation of K channels.’* In adult
animals, cerebral vasodilation during modest (Pa, 0,
~55 mmHg), but not marked, hypercapnia can be atten-
uated by blockade of K, channels.*'">?

A second potassium channel is the large conductance
calcium-activated potassium channel. This channel can
be activated by cGMP and NO, hyperpolarizing vascular
smooth muscle and reducing intracellular calcium.’*>
It contributes to cGMP-dependent vasodilation in small
cerebral arterioles’ but not in large cerebral arteries.”
In contrast to K, p channels, large conductance calcium-
activated potassium channels do not contribute to aci-
dosis-induced vasodilation in isolated large cerebral ar-
teries.”” The lack of importance of these channels dur-
ing acidosis-induced vasodilation in large cerebral arter-
ies may reflect the regional heterogeneity of potassium
channel distribution.

A third potassium channel is the delayed rectifier po-
tassium channel (Ky). This channel is normally activated
by membrane depolarization, resulting in repolarization
by allowing potassium to exit the cell.”® In cerebral
vascular smooth muscle, Ky channels are pH sensitive,
and acidosis increases Ky conductance, hyperpolarizing
the cell.”® This suggests that K, channels should be
activated during hypercapnia and contribute to dilation.
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However, in isolated large cerebral arteries, blockade
of Ky channels does not alter dilation to acidosis.’® As
with large conductance calcium-activated potassium
channels, this discrepancy may reflect regional differ-
ences in potassium channel distribution in the cerebral
circulation.

Intracellular Calcium. Vascular smooth muscle
tone is controlled by intracellular calcium concentra-
tion. Under baseline conditions, intracellular calcium is
approximately 0.1 pm, which is 10,000 times less than
extracellular calcium. Small changes in plasma mem-
brane calcium conductance may have a significant ef-
fect on both intracellular calcium concentration and
vascular smooth muscle tone. During alkalosis, cerebral
vascular smooth muscle intracellular calcium concen-
tration increases, which increases tone.” In cerebral
vascular smooth muscle, changes in extracellular pH
affect intracellular calcium concentration and vascular
tone.” Extracellular acidosis-induced dilation of cere-
bral arterioles can be prevented by elevation of extracel-
lular calcium, which suggests that reduced entry of cal-
cium into vascular smooth muscle is important in the
reduction of vascular tone by acidosis.” Cyclic nucleo-
tides (cCAMP and cGMP) affect vascular tone in part by
altering smooth muscle calcium concentration.’*®' Both
CAMP and c¢GMP appear to activate their respective
protein kinases and phosphorylate calcium channels,
which reduces the entry of calcium into vascular
smooth muscle.’"** Cyclic nucleotides also activate po-
tassium channels, leading to membrane hyperpolariza-
tion and inactivation of voltage-gated calcium channels,
reducing intracellular calcium concentration.®

Summary of Mechanisms

The system of mediators that link extracellular pH to
cerebral vascular tone is complex and interrelated (fig.
D). The initial step is alteration of extracellular pH, and
the final common mediator is intracellular calcium con-
centration. In adults, cerebral vasodilation during hyper-
capnia is mediated in part by NO, which increases
cGMP concentration. Cyclic GMP exerts several effects
to decrease intracellular calcium, including activation
of K,rp channels and the direct reduction of calcium
entry through calcium channels. Nitric oxide can also
activate potassium channels directly and thereby hyper-
polarize and relax vascular smooth muscle. Some data
suggest that NO and cGMP are not the direct mediators
during hypercapnia but rather function in a “permis-
sive” way to allow vasodilation. The cellular source
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Fig. 1. Altering the partial pressure of carbon dioxide in
arterial blood (Pa((,z) changes extracellular pH, which is
the initial step leading to changes in vascular smooth mus-
cle (VSM) intracellular calcium concentration and vascular
tone. In adult animals, hypercapnia may activate the neu-
ronal isoform of NO-synthase (nNOS), increasing NO pro-
duction and cyclic guanosine monophosphate (cGMP) con-
centration in VSM. Both NO and cGMP can activate potas-
sium channels, which hyperpolarize VSM. Membrane
hyperpolarization inhibits voltage-gated calcium channels,
which reduces VSM intracellular calcium concentration
and causes vascular relaxation. In addition, cGMP can in-
hibit calcium channels directly and reduce intracellular
calcium concentration in VSM. In adult humans, the cellu-
lar location of nNOS is not known. Further, some data sug-
gest that in adults, NO and cGMP may not function as vaso-
dilators during hypercapnia, but rather basal levels of NO
and cGMP are necessary to “permit”’ hypercapnic vasodila-
tation (see the text for further details). Extracellular acido-
sis can also activate potassium channels directly, hyperpo-
larizing VSM and reducing intracellular calcium concentra-
tion. During hypercapnia in neonates, cyclo-oxygenase,
located in the vascular endothelium, may increase the pro-
duction of vasodilator prostaglandins, which then activate
adenylate cyclase, producing cyclic adenosine monophos-
phate (cAMP) in VSM. However, as with NO in adults, pros-
taglandins may function in a permissive role for hypercap-
nic-induced cerebral vasodilatation in neonates. Little is
known about the mechanism of hypocapnic-induced cere-
bral vasoconstriction, other than changes in extracellular
PH and VSM intracellular calcium concentration.
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of NO important during hypercapnia is unknown but
appears to involve the neuronal isoform of NO-synthase.
In neonates, prostanoids and cAMP function in a way
that is analogous to NO and ¢cGMP during hypercapnia.
However, in neonates the source of prostanoids is the
vascular endothelium. Other than changes in pH and
vascular smooth muscle intracellular calcium concen-
tration, little is known about subcellular mechanisms
that are important during cerebral vasoconstriction
from hypocapnia.

Carbon Dioxide and Cerebral Vascular
Regulation

Alteration of Pac, affects CBF and may interact with
several physiol()gic_or pathophysiologic processes in
the brain. This section reviews (1) the effect of CO, on
CBF and cerebral blood volume (CBV), (2) the effect of
anesthetics on the CO, response of the cerebral circula-
tion, (3) the potential interactions of CO, with other
processes that regulate CBF, and (4) the possibility for
hypocapnia-induced cerebral ischemia in the normal
brain.

Carbon Dioxide and Cerebral Blood Flow

The relative change in CBF during variations of
Pa., depends on several factors, including baseline
CBF, cerebral perfusion pressure, and anesthetic drugs.
However, in a wide variety of subjects and conditions,
most studies report a change in global CBF of 1-
2 ml-100 g '-min ' for each 1 mmHg change in
Paco,.”"*"* Reducing Paco, to 20-25 mmHg decreases
the global CBF by 40-50%, and further reductions of
Pac,, do not reduce CBF any further.*>*" Increasing the
Pac,, to 80 mmHg or more produces a maximal increase
in CBF of 100-200% in anesthetized animals.’”®® In
awake animals, however, increasing the Pa.,, to 80
mmHg increases CBF by six times, but one half of the
increase in CBF is a result of endogenous catecholamine
release and activation of neuronal metabolism.” This
suggests that in awake subjects, severe hypercapnia
may increase the flow by two mechanisms, with a direct
effect of CO, on cerebral blood vessels and an indirect
effect by increasing brain metabolism and blood flow.

Brain blood flow is not homogeneous, and areas of
the brain that receive more blood flow have a steeper
flow response to changes in Pac,. For example, in cats
with a baseline cortical blood flow of 86 ml- 100
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g '-min ', the slope of the CO, response was a 1.7-ml
change in CBF for each 1-mmHg change in Paco,. In
contrast, spinal cord blood flow was 46 ml- 100
g '~min ' with a slope of 0.9.°” Similar findings have
been reported in animals® and humans.” The observa-
tion that baseline CBF influences the response of CBF
to changes in Paco, also holds true when CBF is elevated

artificially, as by inhalational anesthetics.

Sustained Hypocapnia and Cerebral Blood Flow

In awake humans, active hyperventilation to a Pac,
of 16 mmHg initially reduced CBF by 40%, but during
4 h of sustained hypocapnia, CBF recovered to within
10% of baseline.®® Similar findings have been demon-
strated in goats” and piglets.® Recovery of CBF during
sustained hypocapnia appears to be mediated by a re-
duction in CSF (and extracellular) bicarbonate concen-
tration and correction of extracellular pH (fig. 2).*” Glial
cells appear to be important in the regulation of extra-
cellular bicarbonate concentration because these cells
contain large amounts of carbonic anhydrase, which
can convert bicarbonate to CO, and water.” Bicarbon-
ate is the only buffer in extracellular brain fluid, and
the reduction of bicarbonate concentration during sus-
tained hypocapnia leads to a greater reduction in brain
extracellular pH and a greater increase in CBF during
any subsequent increase in CO,. In support of this con-
cept, after 6 h of sustained hypocapnia in awake goats,
normocapnia caused marked cerebral hyperemia.®’
Chronic hypocapnia in awake rabbits reduces the bicar-
bonate concentration of CSF and enhances the dilation
of cerebral vessels to hypercapnia.”’ Thus, in humans,
acute termination of sustained hyperventilation could
result in cerebral hyperemia and increased intracranial
pressure (ICP). To avoid these events, termination of
sustained hypocapnia is best accomplished by normaliz-
ing Pac, over a period of hours, which allows the brain
to increase the extracellular bicarbonate concentration
and buffer the change in extracellular pH.

Sustained Hypercapnia and Cerebral Blood Flow

In anesthetized dogs, CBF returned to baseline values
during 6 h of sustained hypercapnia, accompanied by
an increase in CSF bicarbonate concentration and par-
tial correction of CSF pH.”* In awake rabbits, chronic
hypercapnia increased CSF bicarbonate concentration
and attenuated the response of the cerebral circulation
to further hypercapnia.”’ In unanesthetized animals,
however, hypercapnia can increase brain catechol-
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Fig. 2. The effect of prolonged hyperventi- A

lation on brain extracellular pH, the par- NORMAL
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in cerebral vasoconstriction, reducing ce-
rebral blood flow (CBF), cerebral blood
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satory changes have occurred during hy- PCOz 30 PCO, 45
perventilation. (D) If hyperventilation is HCOs- 13 HCOs- 14

acutely terminated, marked brain extra-

cellular acidosis occurs due to both elevations of the partial pressure of car]
in cerebral vasodilatation and increased CBF, CBV, and possibly ICP.

amines and activate cerebral metabolism, indirectly
causing an increase in CBF.*>** Anesthetics may influ-
ence the response to hypercapnia by suppressing cate-
cholamine release and preventing increased cerebral
metabolism.

Carbon Dioxide and Cerebral Blood Volume

When hypocapnia is used to reduce ICP, it does so
by reducing CBV and not CBF per se. Technical diffi-
culties have limited the number of studies of Pac, and
CBV. Evidence indicates that during alterations of
Pac,,, changes in CBV are qualitatively similar to
changes in CBF. In humans, baseline CBV is 3 or 4 ml
per 100 g™ and is similar to values reported in ba-
boons and monkeys when measurement techniques are
similar.”"”” Other investigators have reported that CBV
was larger in monkeys, dogs, and goats™**°° and smaller
in rats.'"” In humans, hyperventilation reduces CBV by
0.049 ml- 100 g~ ' - mmHg CO, '°® which is similar to
values in monkeys™" and goats.™ Smaller changes in CBV
have been reported in rats'” and dogs.” Variations in
CBV measurements likely reflect the intrinsic difficulty
of measuring CBV and the measurement techniques.
During sustained hyperventilation in dogs, CBV returns
to baseline during a period of 4 h.'°' The effect of
Paco, on CBV is attenuated during hypotension.”
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bon dioxide and a reduction of bicarbonate, resulting

Anesthetics, Carbon Dioxide, and Cerebral

Blood Flow

Inhaled Anesthetics. In awake humans, hyperventi-
lation decreased CBF by 0.9 ml- 100 g ' - min ' - mmHg
CO, ', and during anesthesia with 1% halothane (and
nitrous oxide), hyperventilation decreased CBF by 2
ml- 100 g '-min '-mmHg CO, "' Although hyper-
ventilation caused a greater reduction of CBF during
anesthesia with halothane because halothane increased
normocapnic CBF from 53 to 88 ml-100 g '-min ',
absolute CBF was greater during hyperventilation with
halothane compared with hyperventilation in the
awake state.”' In halothane-anesthetized humans with
a normocapnic CBF of 50 ml- 100 g ' -min ', CBF was
reduced by 1.4 ml for each 1 mmHg reduction in
Pac,,.%° In halothane-anesthetized animals, hyperventila-
tion Eilways reduces CBF, and the slope of the reduction
is directly related to the normocapnic CBF.°%7380:102-104
These data indicate that the cerebral circulation re-
sponds to hyperventilation during halothane anesthesia,
and the response is increased when normocapnic CBF
is increased.

In humans, reductions in CBF by hyperventilation was
greater during isoflurane anesthesia than in the awake
state.'” The importance of normocapnic CBF in de-
termining the response to hyperventilation during
isoflurane anesthesia was demonstrated in dogs, where
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normocapnic CBF during 2.8% isoflurane is approxi-
mately twice that during 1.4% isoflurane, and the reduc-
tion of CBF by hypocapnia during 2.8% isoflurane is
also approximately twice that during 1.4% isoflurane."”
In humans and animals anesthetized with isoflurane,
CBF is always reduced by hyperventilation, and the de-
gree of reduction is directly related to normocapnic
CBE. %8082 102100107198 1n hymans and dogs anesthetized
with desflurane or sevoflurane, hypocapnia reduces
CBF, and the degree of reduction is also related to nor-
mocapnic CBF.'"”~'"*

In humans exposed to 70% nitrous oxide (N,O), nor-
mocapnic CBF is 40-45 ml- 100 g~ ' -min ', and hypo-
capnia reduced CBF by approximately 1 ml- 100
g '-min '-mmHg CO, '.°””* Hypocapnia-induced de-
crease in CBF is intact in goats exposed to 50% N,O.”®
In humans, the addition of N,O to a propofol anesthetic
does not alter middle cerebral artery flow velocity or the
response of the cerebral circulation to hypocapnia.'"
However, the addition of N,O to a halothane anesthetic
in rabbits increased normocapnic CBF and the slope of
the response to hypocapnia.'”*

Several studies support the concept that by increasing
normocapnic CBF, inhaled anesthetics enhance the re-
sponse of the cerebral circulation to hypocap-
nia.**'°1931% Although the slope of the response to
hypocapnia can be increased by inhalational anesthe-
tics, this does not mean that CBF can be reduced to
lower absolute values during inhalational anesthesia
(i.e., greater vasoconstriction produced). Increased nor-
mocapnic CBF during inhaled anesthetics results in
greater absolute values in CBF during hypocapnia, de-
spite the increased relative response to hypocapnia.
During inhaled anesthesia when normocapnic CBF is
comparable with the awake state, the reduction of CBF
by hypocapnia is similar to that in the awake state.

Intravenous Anesthetics. During thiopental anes-
thesia in humans, hypocapnia reduces CBF, but as anes-
thetic depth increases and normocapnic CBF is re-
duced, the response of CBF to reduction of Pac, also
decreases.””'"* Similar findings have been reported for
thiopental in baboons and dogs."">"'® During anesthesia
with propofol in humans, the cerebral circulation re-
sponds to hypocapnia and hypercapnia.”® However,
compared with the awake state in humans, propofol
anesthesia reduces middle cerebral artery flow velocity
and the hypocapnic reduction of flow velocity.'"® Fur-
ther, the hypocapnia response of the cerebral circula-
tion is less during deep levels of propofol anesthesia.'"”
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During anesthesia with etomidate in humans, CBF is
linearly related to Paco,." ' During sedation with midazo-
Jam in humans, hypercapnia increases CBF.""” After in-
duction of anesthesia with fentanyl and diazepam in
humans, CBF is linearly related to Paco,.'”” In animals
anesthetized with either morphine or fentanyl with
N,O, hypocapnia reduces CBF.®*” Although less well
studied than inhaled anesthetics, data with intravenous
anesthetics indicate that when normocapnic CBF is re-
duced, the response of CBF to hypocapnia is also re-
duced.

Carbon Dioxide and Cerebral Autoregulation

In adult and neonatal animals, a progressive reduction
in cerebral perfusion pressure by hemorrhagic hypoten-
sion decreases the response of the cerebral circulation
to carbon dioxide, and when perfusion pressure is less
than the lower limits of cerebral autoregulation, the
response to CO, is abolished."*""** Other methods of
producing hypotension generally yield a similar effect
on the CO, response of the cerebral circula-
tion.”*7>'%*1% However, hypocapnia-induced reduc-
tions of CBF are present but attenuated during hypoten-
sion with isoflurane, in contrast to other hypotensive
agents.”*'”® This may reflect the greater CBF during
isoflurane, despite equal levels of hypotension. In these
studies, CBF exceeded the value associated with rapid
neuronal death (10 ml-100 g '-min ') during hypo-
capnia and normocapnia. Patients are rarely subjected
to the profound degree of hypotension used in most of
these studies and will likely maintain some response to
hypocapnia during the lesser degree of hypotension
used clinically. These studies suggest that in the normal
brain, hypocapnia combined with hypotension does not
reduce CBF to levels associated with cerebral injury.

Elevation of Pac, to 50 - 60 mmHg attenuates cerebral
autoregulation, and elevation of Paco, to 70-90 mmHg
abolishes autoregulation in primates and dogs.®"'** The
cerebral circulation adapts during chronic hypercapnia,
with autoregulation returning toward normal over sev-
eral days, despite continued elevation of the Pa.o,
level.'® In contrast, in primates and dogs, hypocapnia
does not appear to alter autoregulation, although abso-
lute CBF is reduced by hypocapnia ®*'*!

Carbon Dioxide Response in Neonates

In sheep, the response of the cerebral circulation to
Paco, increases during development from fetus to
adult.'” In newborn dogs, hypocapnia has a minimal
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effect on CBF, with the greatest effect occurring in areas
of the brain with more flow."**'*” In newborn pigs, CBF
is reduced only when Pac, is <15 mmHg.'**'* How-
ever, hypercapnia does increase CBF in neonates.'?” '3

Carbon Dioxide Response in Aging

Normocapnic gray matter blood flow has been re-
ported to decrease during aging, as has the CO, respon-
siveness of gray matter blood flow."*"'** However, other
investigators have reported that normocapnic CBF and
hypercapnia-induced cerebral hyperemia were unal-
tered with aging.'” In awake humans, the effect of
hypo- and hypercapnia on middle cerebral artery flow
velocity was not different during aging.'** These data
indicate that if CBF declines with aging, then the CO,
responsiveness of CBF will also decrease.

Some investigators have reported in humans and pri-
mates that atherosclerosis reduces hypercapnia-induced
cerebral hyperemia.'”>'** However, others report that
the response of the cerebral circulation to hypercapnia
is normal in humans with atherosclerosis."*” Occlusive
atherosclerosis could limit the vasodilator reserve of the
cerebral circulation by limiting maximal blood flow to
the brain, thus reducing hypercapnia-induced hyper-
emia. Conflicting data may arise from the variable nature
of atherosclerosis. Similar data assessing the effect of
atherosclerosis on the response of the cerebral circula-
tion to hypocapnia are not available.

Carbon Dioxide Response and Hypertension

It is generally accepted that chronic hypertension
does not alter baseline CBF in either humans or animal
models of hypertension. In hypertensive rats, baseline
CBF and the reduction in CBF during hypocapnia are
not different than in normotensive rats."*® In humans
with essential hypertension but without atherosclero-
sis, changes in CBF during hypocapnia and hypercapnia
are similar to those in normotensive humans.”'?’

Carbon Dioxide Response and Hypothermia

Brain temperature affects CBF and thus the response
of the cerebral circulation to changes in Paco,. An im-
portant issue in the study of temperature effects on CBF
is the method by which Pac, is managed. As blood is
cooled anaerobically, Pac,, decreases due to the in-
creased solubility of CO,, even though total CO, con-
tent remains constant. Blood gas tensions measure par-
tial pressures of gas and are typically measured at 37°C.
Gas tension measured at 37°C can be “corrected’”’ to
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actual in wvivo body temperature based on known
changes in gas solubility."*” For example, a Pa.y, of 40
mmHg at 37°C corrects to a Pa., of 24 mmHg at 25°C
in vivo. In contrast, to achieve ;1vl’;l( o, of 40 mmHg at
25°C in vivo, the measured Pacg, at 37°C would be 68
mmHg. With pH-stat management, Pa,, values are mea-
sured at 37°C and then corrected based on the in vivo
temperature. During hypothermia, pH-stat management
maintains a Pa, o, of 40 mmHg at the in vivo tempera-
ture by adding exogenous CO, to compensate for in-
creased CO, solubility. This increases total CO, content
of body fluids as temperature is reduced. Alpha-stat
management uses Pac, values measured at 37°C with-
out correction for in vivo temperature, and it maintains
total CO, content of body fluids constant as the temper-
ature is reduced. However, with alpha-set management,
Paco, is reduced with reduced temperature due to in-
creased CO, solubility. Thus pH-stat management re-
sults in relative hypercapnia at reduced body tempera-
tures compared with alpha-stat management.

The cerebral circulation responds to changes in
Pac,, during hypothermic cardiopulmonary  by-
pass.""""'** However, hypothermic cardiopulmonary by-
pass reduces CBF and the slope of the CBF/Pa, o, rela-
tion.""* During pH-stat blood gas management, CBF is
greater than during alpha-stat management,'**'** and
autoregulation of CBF is attenuated compared with
alpha-stat management.'**"*> This suggests that the rela-
tive hypercapnia of pH-stat management impairs cere-
bral autoregulation.

Hypocapnia-induced Cerebral Ischemia in the

Normal Brain

In humans, when Pa,, is reduced to 20-25 mmHg,
CBF is reduced to 20-25 ml-100 g !-min~! 3697072
However, CBF remains >20 ml- 100 g '-min ' even
during extreme hypocapnia in anesthetized (Pa, 0, = 10
mmHg)* and nonanesthetized humans (Page, —l6
mmHg).*" In animals, reducing Pac,, <20 mmHg does
not reduce CBF further.”"'*"'"*® In nonanesthetized.,
normothermic humans and primates, the earliest signs
and symptoms of cerebral ischemia such as confusion,
inability to follow commands, focal neurologic deficits,
and slowing of the electric activity of the brain, mea-
sured by an electroencephalogram (EEG), occur at
global CBF levels of 20-30 ml-100 g '-min ' "'+
However, CBF must be reduced to <10 ml- 100
g '*min ' to cause acute neuronal death.'"” Hyperven-
tilation can reduce CBF to a level associated with mild
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cerebral ischemia, and in humans and animals, reducing
the Pac,,, to 20-25 mmHg slows the EEG"**'* and im-
pairs mental function,"”*">" which suggests the occur-
rence of mild cerebral ischemia. In addition to reducing
CBF, marked alkalosis shifts the oxyhemoglobin dissoci-
ation curve to the left, further limiting oxygen delivery
to the brain. Thus many investigators assume that hypo-
capnia-induced changes in EEG and mental activity re-
sult from cerebral ischemia.

A preliminary study in humans reported that hyper-
ventilation-induced slowing of the EEG could be re-
versed by hyperbaric oxygen, which suggests that
hyperventilation reduces oxygen delivery and limits
cerebral metabolism.'*” Brain lactate concentration in-
creases during severe hypocapnia and is inversely pro-
portional to Pac,,, which suggests insufficient oxygen
to maintain oxidative metabolism.*”'>*~">* Cortical oxy-
gen tension is reduced during hypocapnia, and severe
hypocapnia (10 mmHg Pac,) can reduce cortical oxy-
gen tension even while CBF remains constant, which
suggests that increasing alkalosis further limits oxygen
dt‘li\'t’l‘y.lﬁ'ls('

Although hyperventilation slows the EEG, hyperventi-
lation-induced changes in the EEG may not represent
cerebral ischemia. In humans, hypocapnia and hypoxia
produce different changes in spectral power bands of
the EEG."”” Further, because hyperbaric oxygen can in-
crease the frequency of the EEG, and cause seizures, it
is not clear if reversal of hyperventilation-induced EEG
changes represent a specific or nonspecific effect."”
Brain lactate production is pH-dependent, and as pH
increases, lactate production increases independent of
oxygen availability.">>"”

In animals and humans, hypocapnia to a Pac,, 10-20
mmHg does not change cerebral metabolic rate of
oxygen use, which suggests that the brain is re-
ceiving sufficient oxygen to maintain oxidative metabo-
lism:S2:Bo 1Al N st BEE R hiitnotvallyi® 5 studieskre:
port that brain levels of high-energy compounds such
as adenosine triphosphate (ATP) and phosphocreatine
are unchanged during severe hypocapnia, which sug-
gests that sufficient oxygen is reaching the brain to
maintain oxidative phosphorylation. In newborn ani-
mals, cerebral metabolism is not impaired during severe
hypocapnia (Pac,, < 20 mmHg),'"" and brain high en-
ergy stores are not reduced.'*®

Overall, these studies indicate that, in the normal
brain, hypocapnia can reduce CBF to the threshold
of cerebral ischemia, but not to CBF associated with
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rapid neuronal death. If hypocapnia causes cerebral
ischemia in the normal brain, it must be mild, and not
associated with gross disturbances of brain oxidative
metabolism. However, the long-term effect of hyper-
ventilation on the normal brain are not known, be-
cause no data are available regarding hyperventila-
tion-induced loss of neurons or permanent functional
alterations.

Summary of Carbon Dioxide and Cerebral

Vascular Regulation

The cerebral circulation is very responsive to changes
in CO,; at approximately 20-80 mmHg Pac,,, CBF
changes 1-2ml- 100 g~ ' -min~' - mmHg CO, ' in many
species under various conditions (Cablcmh N liTcNic
sponse of the cerebral circulation to changes in Paco,
depends on resting CBF, and the slope of the response
to CO, increases as normocapnic CBF increases. At both
extremes of Paco,, the response of the cerebral circula-
tion is attenuated or abolished. During sustained alter-
ation of Pac,, CBF recovers to baseline during a period
of hours as brain extracellular pH corrects. During alter-
ations in Pac,,, CBV changes in parallel with changes
in CBF, but the relative change is less marked. The
cerebral circulation maintains its response to CO, dur-
ing administration of anesthetics, but the relative re-
sponse of the cerebral circulation to change in Pac,
may be altered if anesthetics alter normocapnic CBE.
Hypotension to less than the lower limit of autoregula-
tion can abolish the response of CBF to hypocapnia,
and hypercapnia can attenuate or abolish cerebral auto-
regulation. The response of the cerebral circulation to
CO, increases during development from neonate to
adult. However, aging does not alter the response to
changes in Paco, as long as normocapnic CBF is un-
changed. Hypertension does not affect the response of
the cerebral circulation to Pac,,, but atherosclerosis
may limit hypercapnia-induced cerebral vasodilation.
Hypothermia reduces CBF and the response of CBF to
changes in Pac,,. Many studies have tried to demon-
strate hypocapnia-induced cerebral ischemia in the nor-
mal brain, but clear evidence for this is lacking.

Clinical Use of Hypocapnia and
Hypercapnia

Manipulation of Paco, is common in both the op-
erating room and the intensive care unit, with hypocap-
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Table 1. Summary of CO, and Cerebral Physiology
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Cerebral Blood

Cerebral Blood Flow (CBF) Volume (CBVY)

Cerebral Autoregulation

CO, Response

CO, Response
and Anesthetics

and Disease/Injury

CBF changes 1-2
ml-100 g "= min~’
for each 1 mmHg

CBV changes 0.05 ml/
100 g for each 1
mmHg change in

change in CO, CO, abolishes
between 20 and 80 autoregulation
mmHg CO,

Slope of the response CBV returns to baseline

depends on
normocapnic CBF
CBEF returns to baseline
during sustained
alteration of CO,

during sustained
alteration of CO,

Modest hypercapnia
impairs and marked
hypercapnia

Hypotension below the
lower limit of
autoregulation
abolishes
hypocapnic cerebral
vasoconstriction

CO; response is
maintained during
inhaled and
intravenous
anesthetics

Hypercapnic response
intact with
hypertension

Relative response to Hypocapnic response
hypocapnia depends present with brain
on normocapnic injury, but may be

CBF attenuated

nia being used to treat increased ICP and both hypocap-
nia and hypercapnia used to treat cerebral ischemia.
This section reviews the clinical and experimental evi-
dence regarding the manipulation of Pac,, in patient
care.

Carbon Dioxide in the Management of Cerebral

Ischemia

The pathophysiology and therapy of cerebral isch-
emia is complex and poorly understood, and a full over-
view of cerebral ischemia is beyond the scope of this
review. In an attempt to enhance blood flow to isch-
emic brain, Pac., has been manipulated during cerebral
ischemia. However, manipulation of Paco, affects not
only CBF but also brain pH, which may affect cerebral
ischemia independent of CBF.'® Further, small varia-
tions in brain temperature can significantly affect the
severity of a cerebral ischemic insult, and many studies
did not adequately control brain temperature.'* Tt is
difficult to retrospectively assess the interactions of
these factors during studies of Pa.,, manipulation and
cerebral ischemia. However, this section will focus on
the effect of Pac,, manipulation on CBF during cerebral
ischemia, and on how such changes in CBF may affect
cerebral ischemia and patient care.

Focal Cerebral Ischemia. Cerebral embolization or
occlusion of cerebral vessels results in focal cerebral
ischemia. Hyperventilation is proposed to be beneficial
during focal cerebral ischemia by constricting the non-
ischemic brain and diverting blood flow to the ischemic
brain (known as Robin Hood or inverse steal). This
hypothesis assumes that the ischemic brain lacks hypo-
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capnic-induced vasoconstriction. An early study in dogs
reported that hyperventilation reduced the volume of
brain infarction after middle cerebral artery occlusion,
which suggests a favorable redistribution of blood flow
by hyperventilation.'”” However, the same investiga-
tors'*® and others'® later reported in cats and primates
that hyperventilation did not reduce the volume of brain
infarction after middle cerebral artery occlusion. In cats
with middle cerebral artery occlusion, hyperventilation
does not increase blood flow to the ischemic brain.””' ™
Furthermore, during focal cerebral ischemia in pri-
mates, hyperventilation exacerbated the reduction in
brain high-energy compounds and impaired oxidative
metabolism in the ischemic brain, which suggests that
hyperventilation exacerbated cerebral ischemia.'”"'72
In rats with middle cerebral artery occlusion, hyperven-
tilation enlarges the area of the ischemic brain.'"” In
humans who have had a stroke, CBF in the ischemic
brain is low and can be further reduced by hyperventila-
tion.'™'”* However, blood flow to the ischemic brain
is increased in approximately 10% of patients who have
had a stroke.'™ Hyperventilation of humans with acute,
focal stroke does not alter patient outcome.'”
Temporary focal cerebral ischemia may be induced
in humans during carotid cross-clamping for endarterec-
tomy. Hypocapnia during carotid cross-clamping does
not reduce the incidence of new neurologic deficits
after carotid endarterectomy, which suggests that CBF
is not favorably redistributed by hypocapnia.'” When
CBF was measured during carotid cross-clamping in hu-
mans, hypocapnia decreased the CBF in the ischemic
cerebral hemisphere in three of seven patients but in-
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creased CBF in one of seven patients.'”” A case report
also indicates that hypocapnia combined with hyperten-
sion was effective in reversing ischemic EEG changes
during carotid cross-clamping.' ™

Thus, although an early animal study suggested that
hyperventilation was beneficial during focal cerebral
ischemia, other experimental studies indicate that hy-
perventilation is not beneficial and may be harmful by
further reducing CBF in the ischemic brain. In humans
with focal cerebral ischemia, hyperventilation appears
to cause a favorable redistribution of CBF (inverse steal)
in approximately 10% of patients.
whether hyperventilation is helpful or harmful in indi-
vidual patients with focal cerebral ischemia requires
measurement of CBF, cerebral function, or both. Fur-
thermore, because of the transient effect of Pa, alter-
ations on CBF, any enhancement of CBF will likely be
temporary.

Hypercapnia has been proposed to be beneficial in
focal ischemia by vasodilating the ischemic brain and
increasing blood flow. Hypercapnia may also decrease
blood flow to the ischemic brain by vasolidating the
normal brain and diverting blood flow from the isch-
emic brain, which cannot be further dilated by hyper-
capnia (intracerebral steal). In animals with middle cere-
bral artery occlusion, hypercapnia does not change or
decreases blood flow in the ischemic brain.””"7"!'7*'8
In animals with focal ischemia, hypercapnia does not
dilate arteries in the ischemic brain cortex.””'®" In hu-
mans who have had acute stroke, hypercapnia does not
increase blood flow in the ischemic brain.'®*'® Several
days after the onset of focal stroke in humans, the re-
sponse of CBF to hypercapnia is more heterogeneous,
with some patients demonstrating increased and others
decreased flow in the ischemic brain.'®* However, in
dogs with focal cerebral ischemia, modest hypercapnia
increased blood flow in the ischemic brain and im-
proved somatosensory evoked potentials.'® The posi-
tive outcome of both hypercapnia and hypocapnia stud-
ies in dogs may reflect differences in the collateral cere-
bral circulation in dogs, which predisposes these
animals to benefit from alterations of Pac,,. Overall,
however, data indicate that hypercapnia is not benefi-
cial in focal cerebral ischemia.

Global Ischemia. Global cerebral ischemia occurs
during cardiac arrest; after resuscitation, cerebral hyper-
fusion or hypoperfusion can occur. In an attempt to
enhance CBF in the postarrest state, Paco, has been
manipulated. However, after global cerebral ischemia
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Assessment of

in animals, the response of the cerebral circulation
to hypocapnia is attenuated or abolished,”* "™ '*" and
the response to hypercapnia is markedly attenu-
ated.3"'%71%8 1n newborn piglets, CBF can be reduced
by hypocapnia, but hypercapnia does not increase CBF
after global ischemia."*"'®” However, after global isch-
emia in juvenile pigs, the CO, reactivity of the cerebral
circulation is normal 2 h after ischemia."”” In rabbits
subjected to global cerebral ischemia, hypocapnia de-
creases the release of glutamate and glycine during isch-
emia, which suggests less severe neuronal damage.'”
After global cerebral ischemia in dogs, hypercapnia but
not hypocapnia delayed electrophysiologic recovery,'”!
which suggests that hypercapnia was detrimental. Also
in dogs, hyperventilation improved the brain histopa-
thology score after 15 min of cardiac arrest.'”*'”* Thus,
although some data suggest that hypocapnia can be
beneficial after global ischemia, it is not possible to
draw a definitive conclusion regarding potential bene-
fits. Furthermore, most studies indicate that the re-
sponse of the cerebral circulation to CO, is markedly
attenuated or abolished immediately after global cere-
bral ischemia. Similar data addressing manipulation of
Paco, after cardiac arrest in humans are not available.

Hyperventilation and Intracranial Pressure

Hyperventilation is a common component in the man-
agement of increased ICP. Most evidence regarding hy-
perventilation in the management of increased ICP is
derived from studies of head-injured patients. In the late
1960s and early 1970s, hyperventilation was proposed
to decrease the mortality rate in patients after head
injury.'”* " However, these reports are difficult to in-
terpret because often the Pac,, was not measured. More
importantly, the control patients in these studies
breathed spontaneously with a native airway. Thus it
is impossible to assess the degree of hyperventilation
achieved and the contribution of airway maintenance
and possible improved oxygenation on the outcomes
of theses studies.

During the late 1970s and 1980s, several authors re-
ported that the mortality rate for head injury was re-
duced if a multimodal treatment approach was used
that included hyperventilation.'””'”® However, other in-
vestigators'”” reported that mechanical ventilation did
not affect outcome in patients with head injury. In 1991,
a randomized, prospective trial of head injured patients
reported that hyperventilation initially worsened out-
come in a subset of patients, but by 1 yr after injury
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there was no difference between hyperventilated and
nonhyperventilated patients.*” Due to inherent prob-
lems with this study, including hyperventilation of pa-
tients with normal ICP and relatively small differences
in Paco, between the hypocapnic and normocapnic
groups, it is difficult to draw conclusions about the
effect of hyperventilation on outcome in head injured
patients.”"

After head injury, CSF lactate concentration in-
creases,”' and hyperventilation has been proposed as
beneficial by correcting brain acidosis.’*> However, in
cats with severe fluid-percussion brain injury, brain in-
tracellular pH decreases only transiently after injury,**®
and hyperventilation increases brain lactate produc-
tion.*”* Thus brain intracellular acidosis appears limited
after injury, and hyperventilation may exacerbate acido-
sis by increasing lactate production.

Cerebral blood flow can be low and ICP normal after
head injury, especially in the first hours after injury.?*®
Some authors have proposed that decreased CBF after
head injury represents cerebral ischemia.’”> However,
cerebral metabolism is also decreased after head injury,
and the reduction in CBF may not represent cerebral
ischemia but rather may reflect appropriate flow-metab-
olism coupling.”” Because the cerebral circulation usu-
ally retains some responsiveness to CO, after head in-
jury, hyperventilation can reduce CBF further.'73200-208
However, reduction in CBF alone is not sufficient to
produce cerebral ischemia, because the threshold for
ischemia depends not only on flow but also on metabo-
lism. In some patients with head injury, hyperventila-
tion reduces CBF, increases arteriovenous oxygen ex-
traction, and reduces the cerebral metabolic rate of oxy-
gen, which suggests the onset of cerebral ischemia.2’®
In animals with ICP elevated to the threshold of cerebral
ischemia, hyperventilation reduced brain phosphocre-
atine, which suggests cerebral ischemia.?”® Thus cere-
bral metabolic evidence suggests that after head injury,
hyperventilation can reduce CBF to the point of cere-
bral ischemia.

Acute hyperventilation is effective in controlling in-
creased ICP,*'"*'! and in contrast to the studies just
noted, hyperventilation can increase CBF by reducing
ICP.*"? However, because hyperventilation has transient
effects on CBF and CBYV, it is only a temporary measure
to control increased ICP.*”” Current recommendations
for Pac,, management after brain injury discourage the
use of prophylactic hyperventilation and suggest that
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hyperventilation should be used only when increased
ICP is refractory to other methods of control. 2’

Recent reports suggest that measurement of an objec-
tive parameter of cerebral oxygenation or CBF can as-
sess the effect of hyperventilation on the brain meta-
bolic state in head injured patients.?'*?' The ability to
optimize cerebral perfusion would allow more rational
treatment of individual patients. However, the methods
proposed have not been evaluated prospectively, and
their effect on patient outcome is unknown.

Based on clinical experience and experimental data,
increased ICP can be reduced by acute hyperventila-
tion. As ICP is reduced, cerebral perfusion pressure is
increased and CBF may be increased. However, after
head injury, despite the presence of coma, some pa-
tients may have reduced CBF and normal ICP. When
ICP is normal, there is no benefit to hyperventilation,
and there may be detriment by further reducing CBF.
Prophylactic or indiscriminate use of hyperventilation
in head injured patients should be avoided, and hyper-
ventilation should be reserved for the acute treatment
of increased ICP. Because the effect of hyperventilation
on CBF, CBV, and ICP is transient, other interventions
are necessary for long-term control of ICP.

Hyperventilation and Subarachnoid Hemorrbage

In primates, subarachnoid hemorrhage resulting in
coma and hemiparesis does not alter the response of
the cerebral circulation to hypocapnia, although the
hypercapnia-induced increase in CBF was reduced by
50%.'"" In humans with subarachnoid hemorrhage,
those with no or mild angiographic vasospasm have a
normal response to hypocapnia.®'> However, in patients
with severe vasospasm documented by angiography,
CBF responded less to hyperventilation.*'> All patients
in this study, including those with relatively low normo-
capnic CBF (<25 ml-100 g '-min "), responded to
hyperventilation, even though the response was attenu-
ated in patients with low normocapnic CBF. In patients
with severe cerebral vasospasm, attenuation of hypo-
capnia-induced cerebral vasoconstriction may be due
to preexisting constriction from vasospasm.

Intraoperative Hyperventilation

Hyperventilation is considered an integral component
of the anesthetic management of patients undergoing
intracranial surgery. Hypocapnia is proposed to be ben-
eficial by reducing CBV and ICP, thus allowing brain
tissue to be retracted with less force, thereby enhancing

¥202 YoIeN €1 uo 3sanb Aq jpd'62000-00050866 | -27S0000/L06Z6€/S9E L /5/88/4Pd-01011e/AB0|0ISBUISBUE/WO JIEYDIDA|IS ZESE//:d}Y WOI) papeojumoq




1378

JOHNNY E. BRIAN, JR.

operative exposure. Hyperventilation was proposed as
an adjunct to anesthetic management in intracranial op-
erations in the late 1950s. Before then, most patients
undergoing intracranial operations breathed spontane-
ously while they were anesthetized. Although it was
recognized that hypercapnia increased CBV and ICP,*"°
early discussions of anesthetic management of patients
having neurosurgery do not mention controlled ventila-
tion or hyperventilation.”'”*'" In 1957, a subjective re-
port detailed the use of intraoperative hyperventilation
to improve intracranial operating conditions.”"” Later,
when ICP and Pa.,, were measured in anesthetized
patients having intracranial surgery, Pac,, and ICP were
frequently elevated (Pac,, >60 mmHg) and “hyperven-
tilation™ only restored Pac, to normal levels.**’ Subse-
quent reports supported the use of intraoperative hy-
perventilation, but these reports are subjective rather
than critical evaluations of the technique.**"*** All of
these reports compare spontaneous ventilation to hy-
perventilation, with hyperventilation usually defined
based on delivered minute ventilation rather than mea-
surement of Pac, .

In the early 1960s, hyperventilation of patients under-
going craniotomy was reported to reduce tension of
the dura, as assessed in an unblinded fashion by sur-
geons.”****' However, Pac,, was not measured, anesthe-
tic agents were not standardized, and hyperventilation
compared with spontaneous ventilation.”*****
These investigators also reported that in spontaneously
breathing patients, osmotic dehydrating agents were as
effective as hyperventilation in reducing dural ten-
sion.”*" Although these anecdotal reports do not indi-
cate if hyperventilation resulted in hypocapnia or nor-
mocapnia, they began the tradition of hyperventilation
for patients undergoing intracranial surgery.

By the mid-1960s, investigators reported that halo-
thane could increase CBF and ICP.”*>**° Hyperventila-
tion before administration of halothane was proposed
as a method to attenuate halothane-induced increases
in ICP.**"**® Isoflurane was later reported to increase
CBF and ICP,**”**" and hyperventilation was again pro-
posed as a method to offset isoflurane-induced increases
in ICP.”*” In contrast to halothane, isoflurane-mediated
elevations of ICP could be prevented when hyperventi-
lation was instituted concomitantly with the administra-
2231 In dogs, 2% isoflurane signifi-

was

tion of isoflurane.*’
cantly increased CBV, and hyperventilation attenuated
this effect.” However, in dogs with supratentorial
space - occupying lesions, administration of isoflurane
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after induction of hyperventilation does not increase
[CP fusthens

In humans undergoing craniotomy, the degree of hy-
perventilation required to prevent an inhaled anesthe-
tic-induced increase in ICP appears to vary, which re-
flects individual variability in intrinsic mechanisms to
compensate for increased CBV. In one study of patients
with intracranial tumors, ICP was not different (12-15
mmHg) during modest hypocapnia (Pac,, =30 mmHg)
during anesthesia with either isoflurane with nitrous
oxide or propofol with fentanyl.”* However, other in-
vestigators reported in patients with intracranial tumors
that isoflurane increased ICP from 14 to 22 mmHg de-
spite hyperventilation to an end-tidal CO, level of 26
mmHg.**" In patients undergoing CSF shunt procedures,
isoflurane increased ICP from 4 to 26 mmHg, and subse-
quent hyperventilation reduced ICP to 2 mmHg.**" Al-
though hyperventilation is commonly used in patients
undergoing intracranial surgery, the effect of hyperven-
tilation on patient outcome has not been evaluated ob-
jectively. Furthermore, the relative degree of hyperven-
tilation required also has not been determined. Hyper-
ventilation can reduce increased ICP and can offset the
effect of inhaled anesthetics on ICP. However, due to
the variable nature of intracranial disease, the degree
of hyperventilation required in individual patients can
only be assessed on an individual basis. The need for
and degree of hyperventilation in patients should be
guided by preoperative signs and symptoms of in-
creased ICP, by inspection of intracranial contents dur-
ing craniotomy, and by measurement of ICP.

Summary of the Clinical Use of Hypocapnia and

Hypercapnia

During permanent focal cerebral ischemia, hyperven-
tilation does not improve outcome in humans and can
exacerbate cerebral ischemia in animals. In a minority
of patients, hyperventilation can increase blood flow
during temporary and permanent focal cerebral isch-
emia. Hypercapnia also does not appear to be beneficial
with focal cerebral ischemia. Manipulation of Pac,, after
global ischemia has been studied less, and definite con-
clusions regarding the use of Pa.,, manipulation are not
available. However, immediately after global ischemia,
the response of the cerebral circulation to CO, is attenu-
ated or abolished. After head injury, acute hyperventila-
tion can reduce increased ICP and increase cerebral
perfusion. However, head injury can reduce CBF in hu-
mans, and hyperventilation can further reduce CBE. In
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animals with elevated ICP, hyperventilation can reduce
both CBF and brain energy stores. Although control of
elevated ICP is an important goal after head injury, there
is no objective evidence that hyperventilation improves
outcome in patients with head injury. Current recom-
mendations are to avoid prophylactic hyperventilation
in brain injured patients and to reserve hyperventilation
to treat increased ICP that cannot be controlled by other
methods.

Intraoperative hyperventilation appears to be a clini-
cally useful intervention to control ICP, to offset the
effect of inhaled anesthetics, and to enhance operative
exposure. However, intraoperative hyperventilation
has not been evaluated rigorously, and the overall effect
on patient outcome is unknown. The degree of intraop-
erative hyperventilation necessary in individual patients
requires assessment of preoperative signs and symp-
toms of increased ICP, intraoperative inspection of in-
tracranial contents, and measurement of ICP. Excessive
or indiscriminate use of intraoperative hyperventilation
may not be innocuous, because some evidence suggests
that hyperventilation can further reduce CBF in the
brain with low normocapnic blood flow.

Conclusions

In the past 100 yr, a great deal has been learned re-
garding CO, and the cerebral circulation. Today much
is known about the mechanisms of CO,-mediated
changes in cerebral vascular tone. A key step in CO,-
mediated signaling is alteration of extracellular brain
PH. After alterations in pH, changes in intracellular cal-
cium concentration are the final common mediator in
both hypercapnia and hypocapnia. In adults animals,
NO and cGMP contribute to modest but not marked
hypercapnia-induced dilation of cerebral blood vessels.
However, NO and cGMP may not be the direct vasodila-
tors, but rather may function in a “permissive” role.
In neonates, cyclo-oxygenase products and cAMP are
important in hypercapnia-induced cerebral vasodila-
tion, but they also may not be the direct vasodilators.
Finally, activation of K,;» channels is important in cere-
bral vasodilation to modest hypercapnia in adults.

Between Paco, values of 20 and 80 mmHg, CBF
changes 1 to 2 ml-100 g '-min ' for each 1 mmHg
change in Pac,,. The change in CBF is related to the
normocapnic CBF, and when flow is increased, the rela-
tive response to hypocapnia is increased. During sus-
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tained alterations of Pac,,, CBF returns to baseline over
several hours due to a correction of brain extracellular
PH. Anesthetics that increase CBF enhance the reduc-
tion of CBF by hypocapnia, and anesthetics that reduce
CBF reduce the response. Cerebral blood volume
changes in a manner that is similar to CBF, but the
relative change is less marked. Hypotension less than
the lower limit of autoregulation attenuates or abolishes
the response of the cerebral circulation to changes in
Paco,. Hypercapnia can attenuate or abolish autoregula-
tion. The response of CBF to changes in Pa,, increases
during development from neonate to adult. However,
during aging the response to hypocapnia does not
change as long as normocapnic CBF is unchanged. Un-
treated hypertension does not affect the response of
the cerebral circulation to changes in Pa., . Hypother-
mia reduces normocapnic CBF and the rcsp})nsc of CBF
to changes in Pac,,. Many studies have tried to demon-
strate hypocapnic-induced ischemia in the normal
brain, but clear evidence for this is lacking.
During temporary focal cerebral ischemia, neither hy-
percapnia nor hypocapnia improve and in fact may
worsen outcome. Hypocapnia has been reported to in-
crease blood flow to the ischemic brain during tempo-
rary and permanent focal cerebral ischemia in a minor-
ity of patients. Animal data suggest that hyperventilation
can improve some indicators of cerebral well-being
after global cerebral ischemia. However, no data are
available to assess the effect of hyperventilation after
global ischemia in humans. When ICP is increased,
acute hyperventilation can reduce ICP and may increase
CBF. However, the effect of hyperventilation on patient
outcome is uncertain. Current recommendations are to
reserve hyperventilation for the treatment of increased
ICP that cannot be controlled by other methods. After
subarachnoid hemorrhage, the cerebral circulation re-
sponds to reductions in Pacg,, although the response
may be attenuated if vasospasm is present. Intraopera-
tive hyperventilation appears to be useful in controlling
ICP, offsetting the effect of inhaled anesthetics, and
improving intracranial operating conditions. However,
objective data on intraoperative hyperventilation and
operative exposure or patent outcome are lacking. In
the clinical care of patients in the operating room, the
need for and degree of hyperventilation can be guided
only by assessment of the signs and symptoms of in-
creased ICP, inspection of intracranial contents during
craniotomy, and measurement of ICP. As in the inten-
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sive care unit, it would be prudent to avoid unnecessary
hyperventilation in the operating room.

The author thanks Drs. Bradley J. Hindman, Frank M. Faraci, and
Costantino Iadecola for helpful suggestions.
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