5 Brain metabolism and cerebral

blood flow
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5.1 The basic principles of brain
metabolism and blood flow

51.1 CEREBRAL HEMODYNAMICS

(a) Anatomical and physiological considerations

Cerebral blood flow is influenced and regulated by a
number of factors, including arterial blood pressure,
intracranial pressure, venous outflow, blood viscosity,
P.co, and P,0,, collateral flow, vasoreactivity and the
status of cerebral autoregulation. The regulation of
vascular resistance lies mainly in the arterioles and
precapillary segments (Auer and Loew, 1983). It is
important to note that cerebral metabolism is the
major determinant of regional blood flow.

Anatomy

Each carotid artery contributes approximately 40% to
the total cerebral perfusion, the remaining 20% com-
ing from the two vertebral arteries, which fuse to form
the basilar artery. Autopsy studies, however, show
that there are many variations in the vascular anatomy
and a ‘normal circle of Willis” was seen in only 52% of
brains (Alpers, Berry and Paddison, 1959). Collateral
channels occur on the pial surface or within the brain
itself. These channels cross the arterial boundary
zones (sometimes termed ‘watershed’ zones) and the
severity of focal ischemia after systemic hypotension
or occlusion of a major vessel is determined by these
collaterals.

The major fraction of venous blood draining from
the brain is collected in the transverse sinuses which,
together with the inferior petrosal sinuses, form the
internal jugular veins. The cerebral venous drainage
territories are not sharply delineated and overlap. It is
estimated that approximately 70% of blood in each
internal jugular vein originates in the ipsilateral and
30% in the contralateral hemisphere. Approximately
3% of blood in the internal jugular vein is from

extracranial sources, mainly via the superior petrosal
sinus (Jennett, Miller and Harper, 1976).

The distribution of capillaries is functionally
organized throughout the central nervous system. The
capillary density may provide an anatomical indicator
of oxidative metabolism. Brain areas with high basal
levels of glucose metabolism contain a high density of
capillaries. Some 90% of cerebral capillaries are con-
tinuously perfused and 10% are subject to recruitment
in response to metabolic and other stimuli (Sokoloff et
al., 1977). A close relationship exists between aerobic
metabolism and the microvasculature.

(b) Cerebral perfusion pressure and
cerebrovascular resistance

The net driving force for the cerebral circulation is
defined as the cerebral perfusion pressure (CPP),
which is the mean arterial blood pressure (MABP)
minus the cerebral venous pressure. If the pressure
within the thin-walled cortical veins and the bridging
veins in the subarachnoid space is equal to or less than
the external (CSF) pressure, the veins may collapse
and increase the resistance to flow. Under most
circumstances, however, the pressure in these veins is
slightly above extravascular, (that is intracranial pres-
sure), in order to permit continuous flow. The venous
sinuses do not collapse completely because of their
stiff walls. Because of the close relationship between
cerebral venous pressure and ICP, CPP is generally
defined as the difference between arterial pressure
and ICP. In a normal brain, changes in CPP between 50
and130 mmHg produce only minimal changes in CBF.
A constant flow in this range of CPP is maintained by
an increase or decrease in vascular resistance (Harper,
1966). Outside this range, cerebral vasodilatation or
vasoconstriction cannot maintain a normal cerebral
blood flow (CBF). Following ischemia, trauma or
subarachnoid hemorrhage, the normal autoregulatory
relationship may be lost or its range altered such that
a CPP of about 70 mmHg may be needed to prevent
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ischemic brain damage. A mean systemic blood
pressure of 60mmHg, which is satisfactory in the
normal individual, may result in a profound fall in
CBE such that ischemic brain damage may occur after
only 15-30 minutes.

Thus, CPP = MABP - ICP and CBF = CPP/CVR

where CVR is cerebrovascular resistance.

Blood is a non-Newtonian fluid and viscosity is
velocity-dependent. This, with the pressure loss across
cerebral circulation and the complex geometry of the
brain circulation, makes it difficult to calculate CVR.
However, although the law of Poiseuille describes
steady laminar flow of Newtonian fluids in cylindrical
tubes, it can be used to describe CBF and the CVR.

F=P/[@-p)/0H]

(P = pressure; F = flow; w = viscosity; [ = length; r =
radius).

Since vascular resistance is inversely proportional to
the fourth power of the vessel diameter, a modest
change in cerebral vessel diameter will produce a
marked change in flow resistance

Most resistance to the cerebral circulation lies within
the arterioles and precapillary sphincters. There is a
pressure drop from 90mmHg in the conductance
arteries to 20—-30 mmHg in the capillaries across these
resistance vessels. The resistance arterioles are able to
regulate their own diameter through their vasomotor
smooth muscle. They are supplied with a complex
peptidergic nerve fiber network with cell bodies in
various brain-stem nuclei such as the dorsal raphe
nuclei.

(c) Effects of hematocrit on CBF

Blood viscosity is determined by a number of factors,
including erythrocyte size and concentration, shear
rate, temperature, pH, plasma protein level and plasma
lipid concentration. Clinical studies show an inverse
relationship between CBF and hematocrit. A hemato-
crit of 47% is associated with a significantly reduced
CBE, whereas lowering the hematocrit within the
physiological range, e.g. by volume expansion, increa-
ses CBE. (Kuschinsky et al., 1972; Humphrey et al.,
1979) A similar inverse relationship can be seen
between red cell concentration and CBF (Thomas et al.,
1977). On the other hand, reduced CBF increases blood
viscosity and stasis may occur. A fall in Po, and pH
increases red cell stiffness and may decreases CBF
further. In normal brain, autoregulatory mechanisms
can compensate for changes in blood viscosity by
changing the cerebrovascular resistance. These chan-
ges take place in the resistance, not the conductance
vessels (Hudak et al., 1989; Giller et al., 1993; Muizelaar
etal.,1992). If viscosity increases, vasodilation occurs to
overcome the increase in cerebrovascular resistance.

5.1.2 REGULATION OF CBF
(a) Arterial gas tension and cerebral vasoreactivity

Minimal changes in arterial Pco, lead to variations of
the cerebral perfusion. CO, molecules are highly
diffusible and pass the blood—brain barrier easily. The
glycolytic pathway, the major energy-producing
source in the brain, produces six moles of CO, per
mole of glucose. Hypercapnia relaxes cerebrovascular
smooth muscles, whereas hypocapnia produces vaso-
constriction. An arterial Pco, of 20-25mmHg may
reduce the CBF by 40-50%, and conversely an increase
in Pco, over 50 mmHg increases CBF by more than
50%.(Olesen, Paulson and Lassen, 1971) These chan-
ges in CBF due to alterations in CO, occur almost
immediately in healthy brain, but the response may be
altered after head injury (Bouma and Muizelaar,
1992).

Carbon dioxide induces changes in the hydrogen ion
concentration (modulating extracellular pH), and it is
most likely this which acts on the smooth muscle,
rather than Pco, (Kontos, Raper and Patterson, 1977;
Wahl et al., 1970). Experimental studies have shown
that HCO;~ solutions decrease CBF whereas low
HCOj;™ solutions increase CBF, supporting the impor-
tance of tissue pH (Cameron and Caronna, 1976).
Various brain structures have different densities of
perfused capillaries, but the number of perfused
capillaries is unchanged during hypercapnia
(although blood flow is increased) compared to
normocapnia (Gobel et al., 1989). Extracellular pH may
also modulate the action of vasomotor agents such as
norepinephrine (noradrenalin). In isolated pial vessels,
the contractile response induced by catecholamines
was reduced by 50% at a pH of 7.0 (Edvinsson and
Sercombe, 1976). Certain pharmacological agents and
therapeutic techniques influence cerebrovascular reac-
tivity via changes in gas tension. The carbonic anhy-
drase inhibitor acetazolamide decreases extracellular
brain pH at a constant arterial Pco,, and increases
normocapnic CBE. However this effect lasts only for a
short time (Ehrenreich et al., 1961; Heuser et al., 1975).
Barbiturates depress cerebrovascular reactivity but the
mechanisms involved are not well understood. Barbit-
urates lower both cerebral metabolism and CBF and
may reduce CO, reactivity (Kassell et al., 1981;
Edvinsson and McCulloch, 1981). In clinical studies,
diminished CO, reactivity is associated with a worse
prognosis and with decreased effectiveness of barbit-
urates (Cold, 1989; Nordstrom et al., 1988; Bouma and
Muizelaar, 1992; Muizelaar et al., 1991; Giller et al.,
1993). If vasoreactivity is preserved, patients with
high ICP may respond to barbiturate therapy with
further reduction in energy consumption and reduced
CBF and volume. In these patients with preserved
reactivity, prolonged hyperventilation may diminish



BASIC PRINCIPLES OF BRAIN METABOLISM AND BLOOD FLOW 91

brain oxygen delivery and it must be used with caution
(Muizelaar et al., 1991).

(b) Autoregulation and CBF

In the normal brain CBF remains relatively constant
despite changes in the systemic blood pressure and
CPP. These vascular responses are also true for changes
in CPP due to ICP increase. This phenomenon, called
cerebral autoregulation, has a range of between 40 and
160 mmHg. The limits of autoregulation are not fixed
and are influenced by both pharmacological agents and
pathological conditions (systemic as well as intra-
cranial). Autoregulation describes a pressure—flow
homeostatic relationship of the cerebral circulation and
several hypotheses have been formulated to explain it.
However, it is most probably controlled and regulated
by the interplay of several mechanisms.

The metabolic hypothesis

This proposes that a reduction in CBF results in the
release of chemical mediators. Regional CBF is then
regulated by constriction and dilation of cerebral
arterioles and opening and closing of precapillary
sphincters in the metarterioles, which are responsible
for distribution of blood through the cerebrovascular
bed. But a coupling of CBF autoregulation to vasoac-
tive metabolites or molecules is not well defined. CO,,
0,, K*, Ca?*, H* and adenosine have all been
proposed as playing a role (Kuschinsky and Wahl,
1978). Hypercapnia and hypoxia are powerful stim-
ulants for CBF increase. Adenosine, which is formed
from ATP breakdown during energy consumption, is a
potent vasodilator. It increases with reduction in blood
pressure, but the role of adenosine and adenosine
phosphorylated derivatives in controlling CBF is still
unsolved (Winn et al., 1980; Kontos, 1985). Tissue
oxygen pressure may also be a metabolic component
of the control of cerebral autoregulation. This
O,-sensitive mechanism will cause cerebral arteriolar
dilation in response to increased venous pressure, an
effect which can be reversed by local hyperoxia (Wei
and Kontos, 1988).

The myogenic hypothesis

The short latency of the autoregulatory response is
considered to be an argument in favor of a myogenic
mechanism, whereby smooth muscle cells of small
arteries and arterioles constrict or dilate in response to
changes in transmural pressure. A rapid change in
intravascular pressure alters the state of the actin and
myosin filaments within the smooth muscle cells.
Experimentally, changes in arterial transmural pres-
sure correlate positively with changes in smooth

muscle action potentials and membrane potentials
which lead to spontaneous activation (Harder et al.,
1989; Kontos et al., 1978).

Endothelial-cell-related factors have also been
implicated in autoregulation. Endothelium-derived
relaxing factor (EDRF) has been identified as nitric
oxide (NO) or a NO-containing substance produced in
cerebral blood vessels. EDRF action is mediated by the
activation of guanylate cyclase and formation of cyclic
GMP. Ca?*/calmodulin activates NO synthetase,
which generates NO from L-arginine. Stimulated
neurons and glia also produce NO and may mediate
local vasodilation (Furchgott and Vanhoutte, 1989;
Faraci, 1993; Kim and Vanhoutte, 1990). An impaired
endothelium-dependent response with decreased pro-
duction of EDRF but increased release of endothe-
lium-derived contracting factors, such as endothelin
and arachidonic acid, has been found in subarachnoid
hemorrhage. Endothelin is an extremely potent and
long-lasting vasoconstrictor peptide. In experimental
focal cerebral ischemia, activation of nitric oxide
synthetase with a burst of NO and activation of
guanylate cyclase has been found (Kader et al.,
1993).

5.1.3 CEREBRAL ENERGY METABOLISM

(a) Cerebral energy generation

The brain comprises only 2% of body weight, but
receives 15% of cardiac output and uses 20% of total
body oxygen and 25% of total body glucose. Within
normal levels of global CBF the brain extracts about
50% of the oxygen and 10% of the glucose from
arterial blood. High-energy phosphates, predomi-
nantly adenosine triphosphate (ATP), are the most
important energy source for the brain. ATP is pro-
duced almost entirely by the oxidative metabolism of
glucose.

Complete aerobic oxidation of one molecule of
glucose yields 38 molecules of ATP (via the glycolytic
and tricarboxylic acid pathway), whereas anaerobic
breakdown of one molecule of glucose produces only
two molecules of ATP. Carbon dioxide, the end-
product of aerobic oxidation, is easily eliminated from
the brain and crosses the blood-brain barrier (BBB).
On the other hand lactic acid, the end-product of
anaerobic glycolysis, is toxic to neurons and decreases
the pH. A severalfold increase in cerebral tissue lactate
concentration can be seen in ischemic animal models,
where a low level of cerebral perfusion provides some
glucose but insufficient oxygen. Experimental data
show that gray matter uses about three times more
glucose than white matter, although there are con-
siderable inter-regional variations (Abrams et al., 1984;
Phelps, Mazziotta and Schelbert, 1986).
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It is speculated that neurons consume about 75% of
all oxygen in the CNS. About 80% of all energy
generated may be necessary for the maintenance of
ionic gradients. Glial cells, which make up almost 50%
of the brain volume, have a much lower metabolic rate
and account for less than 10% of total cerebral
metabolism (Siesjo, 1984).

(b) The effect of the blood—brain barrier on brain
metabolism

The blood—brain barrier comprises morphological and
functional mechanisms that restrict or facilitate the
passage of substances from blood to brain. Endothe-
lial cells of cerebral capillaries are sealed together by
tight junctions. They contain a large number of
mitochondria and pinocytic vesicles that facilitate
the transport of substances into the brain. Astrocytes
also play an important role in the normal functioning
of the BBB. The uptake of a substance by the brain
depends on its polarity, the presence of carrier
mechanisms, pH, enzymes and the size of the mole-
cules. The endothelial cells are not simply a barrier
between cerebrovascular smooth muscle and the
blood. Endothelium produces vasoactive substances
(see above), such as endothelin-1 which is a potent
vasoconstrictor of cerebral arteries, and vasodilators,
NO and acetylcholine (Faraci, 1993; Robinson and
McCulloch, 1990). Endothelial cells are also part of the
mechanism of hemodynamic regulation via their
responses to changes in transmural pressure (Harder
et al., 1989). Oxygen passes from the blood to the brain
by diffusion, whereas glucose crosses the BBB via a
saturable mechanism that is activated by hypoxia or
hypoglycemia. Blood-brain barrier mechanisms may
be disturbed by head injury but little is known about
the long-term effects of BBB dysfunction in human
head injury (Sokrab et al., 1988).

(c) Brain tissue oxygen and carbon dioxide

Brain function and tissue integrity are highly depend-
ent on a continuous supply of oxygen and clearance of
CO,. Tissue oxygenation is the product of the blood
flow and arterial O, content. The percentage of
hemoglobin carrying oxygen depends on several fac-
tors, the most important of which is the partial
pressure of oxygen (Po,). The affinity of oxygen for
hemoglobin is increased by decrease in temperature,
hydrogen ion concentration (increased pH) or Pco,,
shifting the oxyhemoglobin curve to the left so that
release of oxygen into tissue is decreased. Conversely,
the release of oxygen into tissue is increased when the
curve is shifted to the right. However hypoxemia
shifts the dissociation curve to the right, decreases O,
loading and consequently reduces O, unloading in the

tissue. Because the movement of oxygen depends on
partial pressure gradients, the cells furthest away from
capillaries are most vulnerable to hypoxia. Oxygen
delivery is also dependent on CBF. Leniger-Follert et
al. (1975) found, in cats, that brain Po, remained
constant if the blood pressure was kept between
50-150 mmHg. However, below a blood pressure of
50mmHg there was a dramatic drop in brain Po,.
Local Po, may be regulated by vasoconstriction
during increased arterial oxygen supply. However,
local regulation is abolished by tissue anoxia or by
adding CO, to the inspired air (Leniger-Follert, Gronc-
zewski and Danz, 1984; Leusen, Weyne and Demee-
ster, 1980; Liibbers, 1968).

Several research groups have investigated con-
tinuous oxygen measurements in brain tissue. Major
drawbacks in the past were the considerable drifting of
oxygen sensors over time and the labor-intensive
calibration procedures (Fleckenstein et al., 1990). In
their animal studies, Maas et al. (1993) found a brain
tissue oxygen of 28 mmHg under normocapnia and
normal CPP, but when CPP was lowered to 40 mmHg
or less there was a sharp decline in brain tissue oxygen
tension. Recently a multiparameter probe has become
available for measuring brain Po,, Pco,, pH and
temperature in one combined sensor. Studies at the
Medical College of Virginia have demonstrated stable
tissue Po, (42 + 9 mmHg), Pco, (58 + 14 mmHg) and pH
(7.0+0.2; Zauner et al., 1995). Hypoxemia, hypocapnia
and hypercapnia significantly changed tissue Pco,,
whereas Po, was markedly changed during hypox-
emia and hypocapnia. On occluding the middle
cerebral artery to produce focal ischemia, Po, fell to
196 mmHg (-53%) immediately and stayed low
throughout the experiment, whereas Pco, increased to
71+11 mmHg (+20%; Zauner et al., 1995; Figure 5.1).
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Figure 5.1 Example of changes in brain oxygen, Pco, and
pH in a feline model of focal ischemia (middle cerebral
artery occlusion), using a multiparameter probe. The onset
of middle cerebral artery occlusion is shown by the arrow.
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This technique was applied to 18 severely head-injured
patients. In patients who made good recoveries
following severe head injury, brain Po, was
35+ 8 mmHg, brain Pco, was 50 + 9 mmHg, brain pH
was 7.12 £0.15 and brain temperature was 37.8 + 0.8°C.

However, patients with poor outcome (died or vege-
tative state) had a brain tissue oxygen of 15+ 6 mmHg,
a brain Pco, of 67 +23 mmHg, a brain pH of 6.95+0.4
and a brain temperature of 36.3+2.4°C (Zauner,
Bullock and Young, 1995a; Figure 5.2).

80r 12500
. g W | actate
70 "om © Glucose
42000
Brain Pco,
- 41500
2 LT . 3
g 40 °o°°°.° .ol..o EgEE = ] 2
€ 0 °° O u . A Brain Po,
o 11000
30F o
%o
o o ©°
20§ °%,
ICP 1%
10
0 . . . 0
(@ Day 1 Day 2 Day 3 Day 4
80~ . -14000
A -
/" \
\\ / \ r~ N
AN \ V) RS
A \ "
— 60} . , AN 3000
© / s ¥ S
T / \\ s 4 \ S~ ~ =
g \\ 4 h S~ E
E J T - L
B - I
< g \ 5
(s}
2 40+ \ —2000 &
S E
8N — — Br Pco, \ e ———— b
= —— Br Po, \ _ - g
g — - — Glucose v 3
20~  ---- Lactate -1 1000
0 =~ . 0
0 2.5 10
(b) Time after injury (hr)

Figure 5.2 (a) Brain Po,, Pco,, lactate, glucose and ICP plotted against time in a patient with good outcome. The brain Po,
increases in the first 24 hours after injury. Note the drop in brain lactate in the first 36 hours after injury. (b) Brain Po,, Pco,,
and dialysate glucose and lactate in a patient with arterial hypoxemia (Pao,-55 mmHg on admission to ICU). Note that brain
CO, was very high (pulmonary contusions). Hyperventilation at Fio, 1.0 failed to improve brain Po, to >20 mmHg, and
dialysate lactate remains very high. (The patient died 9.5 hours after monitoring commenced.)
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5.1.4 NEUROTRANSMITTERS AND CBF

(@) Metabolic effects of neurotransmitters

The close relationship between regional CBF and
glucose utilization is generally accepted. CBF increas-
es with increased neuronal activity and also during
tissue hypoxia. It is thought that Pco,, pH and
adenosine serve as coupling factors, but the mech-
anisms involved cannot be fully explained. Extra-
cellular K* affects membrane function and cerebrovas-
cular tone (Kuschinsky et al., 1972). Astrocytes may
play a role by raising K* concentration around
cerebral arterioles.

The role of neurotransmitters with vasomotor
effects on cerebral vessels and cerebral metabolism is
less well understood. The presence of dopamine
receptors (D,) in neurons and cerebral blood vessels
suggests that they can increase CBF and glucose
metabolism (Sharkey and McCulloch, 1995). Different
cerebral regions have a variable amount of - and B-
adrenoreceptors. The literature reports a diversity of
roles for catecholamines and both vasoconstriction
and vasodilation have been reported. It seems that the
systemic application of catecholamines has little
direct effect on cerebral metabolism. However, if the
blood-brain barrier is disrupted, CBF and cerebral
metabolic rate of oxygen are increased (Edvinsson,
1982). The effect of gamma-aminobutyric acid
(GABA), one of the most widely distributed neuro-
transmitters in the human brain, on CBF and metabo-
lism is not known. Both increased and decreased
regional CBF have been reported after systemic
administration (Alborch et al., 1984; Kelly and McCul-
loch, 1983).

An intrinsic neuronal pathway that may influence
and partially regulate the cerebral circulation and
metabolism has received attention, although the
results of experimental studies are diverse. For exam-
ple, electrical stimulation of the cerebellar fastigial
nucleus increased cerebral cortical blood flow, but no
change in local metabolism and glucose utilization
was observed (Nakai et al., 1983).

5.2 Normal values for CBF and
metabolism

The most widely used clinical techniques for measur-
ing CBF are described in detail in Chapter 11. In
summary, quantitative blood flow measurement is
available using:

e stable xenon-enhanced computer tomography;

® inhalational i.v. xenon-133;

e PET scanning;

o MRI angiography and flow measurement by oxy-
hemoglobin spectral shifts, and contrast indication

transit times — this is currently being investigated
for use in patients with acute severe head injuries;

e SPECT (Section 9.5);

e laser Doppler flowmetry and the thermal diffusion
techniques — these are useful for monitoring pro-
gressive changes but they are essentially
qualitative;

e transcranial Doppler sonography;

e near-infrared spectroscopy — the last two methods
are non-invasive and are being used more fre-
quently at the bedside, but they do not measure
CBF directly, and their value in the intensive care
management needs further evaluation;

e continuous monitoring of jugular venous oxygen
saturation to give an assessment of global cerebral
oxygenation and an indirect indication of CBF;

@ brain tissue sensors for oxygen and carbon dioxide
— these allow direct substrate delivery measure-
ments but are still undergoing experimental
evaluation.

The normal values for xenon CBF and jugular bulb
oximetry are summarized below. Other techniques,
which measure relative quantitative or qualitative
changes, are described in Chapter 11.

52.1 XENON CBF MEASUREMENTS

A wide range in CBF values has been reported for
different brain locations measured by the stable (non-
radioactive) xenon and the xenon-133 methods (Ris-
berg et al., 1975; Austine et al., 1972; Gur, Yonas and
Good, 1989; Gur, Good and Yonas, 1992; Nakano et al.,
1992). Dettmers found a mean hemispheric CBF value
of 444+57ml/100g/min in 17 normal volunteers
(mean age 29 years; Dettmers ef al., 1992). In a recent
series of nine healthy volunteers of similar age, we
found that the mean hemispheric CBF was 54.9 =9.0.
Different clinical approaches for CBF evaluation
necessitate the differentiation of various brain com-
partments. Meyer et al. reported a CBF of 52.8+10.9,
57.7+15.2 and 15.8 +3.3ml/100 g/min for frontal cor-
tex, thalamus and frontal white matter respectively in
22 neurologically normal volunteers. They also noted
a decline in cortical gray matter blood flow with
advancing age (Meyer et al., 1992). The variations in
CBF using stable xenon in different studies are most
likely due to the limitations in the spatial resolution of
computed tomography, the use of different xenon
concentrations and different durations of xenon inha-
lation, as well as biological variation. Most of the
current stable xenon equipment and calculations are
for adult patients, and less is known about CBF in
infants and children. However, Suzuki et al. used the
intravenous xenon-133 clearance method to study CBF
in 80 children, aged from 1 week to 15 years (Suzuki,
1990). Within the first weeks of life CBF was



BLOOD FLOW AND METABOLISM FOLLOWING HEAD INJURY 95

20-60ml/100 g/min. Between 6 months and 1 year
mean CBF was 74+10 and between 1 and 2 years
101 +12. There was a peak of 108 +5 between 2 and 4
years, followed by a slow decline to 90 + 10 between 4
and 9 years, and a further decline to 71+12ml/
100 g/min between the ages of 9 and 15.

As noted earlier, the brain has little storage capabil-
ities for ATP and glucose and virtually no reserves of
oxygen. Therefore CBF must be tightly coupled to
cerebral metabolism. At a normal serum glucose
concentration, the influx of glucose to the brain is
twice the glucose utilization. However, if serum
glucose falls below 2.5umol/ml the availability of
glucose to the brain is reduced (Robinson and Rapo-
port, 1986). The average cerebral metabolic rate for
glucose (CMRG) in adults is 0.325 pmol/g/min (Hata-
zawa et al., 1988). In normal brain more than 90% of
glucose usage is met by aerobic metabolism and the
remaining by anaerobic glycolysis, which yields lac-
tate as the end product (Hatazawa et al., 1988). The
cerebral metabolic rate of lactate (CMRL) can be
positive or negative depending on whether there is
uptake or excretion of lactate by the brain. Normally
under aerobic conditions, the CMRL is —0.02 pmol/
g/min (Ritter and Robertson, 1994). The normal
cerebral metabolic rate for oxygen (CMRO,) in healthy
adults ranges from 1.8-3.9ml of oxygen/100g/min
(mean 3.4 = 1.5 pmol/g/min; Muizelaar and Schréder,
1994). After head injury CMRO, is often reduced to an
average of 0.9 pmol/g/min. Less than 0.6 wmol/g/min
is insufficient to maintain normal cellular function
(Ritter and Robertson, 1994). The cerebral arter-
iovenous oxygen difference (AVDO,), representing the
amount of oxygen extracted by the brain, ranges from
4.5-8.5ml (mean 6.5) O,/100ml of blood. In a normal
coupled relationship between AVDO, and CBF
(AVDO, = CMRO,/CBF), AVDO, remains unchanged
when the CMRO, changes. However if CMRO,
remains constant, changes in AVDO, reflect uncou-
pled changes in CBF (Robertson et al., 1989). If CBF
decreases following head injury, AVDO, will increase
as the brain compensates by extracting a greater
amount of oxygen. A further uncompensated decline in
CBF leads to ischemia and a fall in CMRO, and an
increase in the cerebral lactate production.

The average jugular venous saturation (5;,0,) in
normal adults is 65%, ranging from 55-71%. However
in comatose patients, values greater than 50% are
considered normal (Cruz, 1993a, b; Sheinberg et al.,
1992). Whenever S;,0, drops below 50% for more than
15 minutes, the cause must be sought (Sheinberg et al.,
1992). If technical errors are excluded, a decline in
S0, may be caused by a low P,0, prolonged
hyperventilation, decreased CPP (<70 mmHg), vaso-
spasm or, very occasionally, low hemoglobin (Gopi-
nath et al., 1994).

5.3 CBF and metabolism following head
injury

The severity of injury to the brain resulting from
mechanical trauma depends not only on the structural
damage inflicted by the impact, but also on complex
pathophysiological events occurring in the first hours
or days. In the past a distinction has been made between
primary and secondary injury. Current research is
seeking ways of intervening before or during the
secondary events to correct metabolic derangements.

A classification of head injury based on initial CT
findings was introduced by the Traumatic Coma Data
Bank (TCDB; Marshall et al., 1991). This classification
shows a strong relationship between CT appearance,
mortality and the frequency of increased ICP in the
early phase of injury. It is also helpful in the early
prediction of outcome in these patients. The stable
xenon technique can be performed at the same time as
a diagnostic CT scan, thus allowing a better inter-
pretation of the CBF results.

In keeping with the known heterogeneity of trau-
matic brain injury, considerable variations in CBF
values, ranging from abnormally low to abnormally
high flow, are found. There is little information on the
time course and significance of CBF changes in the
early hours following brain injury. Both very low and
very high blood flow values have been associated with
poor outcome. Low CBF represents either a state of
ischemia or reduced brain metabolism and is seen
especially in patients with severe head injury. On the
other hand, hyperemia or luxury perfusion due to
uncontrolled vasodilation contributes to brain swell-
ing and high ICP and may also be associated with
poor outcome (Obrist et al., 1984; Bouma and Muize-
laar, 1992).

53.1 CEREBRAL ISCHEMIA AFTER SEVERE HEAD
INJURY

Decreased CBF is frequently seen following severe
head injury. It may be secondary to depressed metabo-
lism rather than a sign of cerebral ischemia (Obristet al.,
1984; Adams and Graham, 1972). Many of the earlier
studies of CBF and AVDO, were performed several
hours after injury and in several of these reports, CBF
values below the threshold of ischemia (18ml/
100g/min) and critically high values of AVDO,,
indicative of ischemia, were extremely rare (Obrist et
al.,, 1984; Bouma and Muizelaar, 1992; Adams and
Graham, 1972; Jones et al., 1981; Bruce et al., 1973;
Muizelaar and Schroder, 1994). Autopsy studies,
however, have indicated that cerebral ischemic damage
is present in 80% of patients dying from severe head
injury (Adams and Graham, 1972; Jennett ef al., 1973).
Furthermore, experimental work suggests that head
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injury enhances the vulnerability of brain tissue to
ischemia and that this vulnerability persists for at least
24 hours following the injury (Jenkins ef al., 1989).

Using the stable xenon CT technique with the initial
diagnostic CT scan, Schroder et al. (1995) confirmed
that the threshold for global ischemia of 18ml/
100 g/min was accurate and that most patients with
CBF values below this value will develop low-density
changes on CT scans and die within 48 hours. They
assumed that these very low CBF values last for a few
hours only and are therefore missed in studies
performed beyond 4 hours after injury. It is generally
assumed that if CBF stays above 18 ml/100 g/min but
below 20-25ml/100 g/min neurons will survive but
may not function. However, recent research suggests
that infarction will ensue with a CBF of 5ml/
100 g/min sustained for more than 1.5 hours, 10ml/
100 g/min for more than 3 hours, 15ml/100 g/min for
more than 3.5 hours or 18 ml/100 g/min for more than
4 hours (Obrist et al., 1984; Bouma et al., 1991, 1992;
Heiss, Hayakawa and Waltz, 1976; Schrider, Muize-
laar and Kota, 1994).

CMRO,; is typically reduced after severe head injury
to 0.6-1.2umol/g/min. This decrease in metabolic
requirements may protect against cerebral ischemia
caused by the injury (Ritter and Robertson, 1994).
Salvant and Muizelaar suggested that a parallel
reduction in CBF and CMRO, without an increase in
AVDO, is consistent with diminished cerebral meta-
bolic requirements or reduced capacity for oxidative
metabolism (Salvant and Muizelaar, 1993). If CBF falls
below the ischemic level of 18 ml/100 g/min, CMRO,
is low and AVDO, is increased, usually to over
4-8ml/100ml blood, as the brain compensates by
extracting a greater amount of oxygen (Ritter and
Robertson, 1994; Obrist et al., 1984; Robertson, Nar-
ayan and Gokaslan, 1989). If ischemia continues, an
increase in CSF lactate and CMRL is observed. Very
high cerebral lactate levels can be seen in patients who
die early after severe head injury (Robertson, Narayan
and Gokaslan, 1989). In theory, it is possible to
differentiate viable brain at severe risk for ischemia
(low CBE high AVDO,, low CMRO,), from com-
pensating and ‘low-risk’ brain (low CBE normal
AVDO,, low CMRO,), and from irreversible brain
damage (low CBE, low AVDO,, very low CMRO,
Muizelaar and Schroder, 1994).

With the ability to measure global cerebral oxygen
saturation via a jugular bulb catheter either con-
tinuously or by intermittent blood samples, cerebral
desaturation (defined as a sustained jugular bulb
oxygen saturation less than 55% for more than 15
minutes) might theoretically be detected early (Shein-
berg et al., 1992). However in some studies, more than
50% of the fiberoptic catheter readings are not reliable
and major improvements in the equipment are needed

to make this technique more widely applicable. Our
studies with continuous brain tissue Po,, Pco,, pH
and temperature monitoring via a single fiber suggest
that this may be a better way to continuously monitor
cerebral oxygenation and metabolism (Zauner et al.,
1995; Zauner, Bullock and Young, 1995a, b, c).

5.3.2 CEREBRAL HYPEREMIA AFTER SEVERE HEAD
INJURY

Hyperemia is defined as CBF in excess of metabolic
demands and is frequently seen in severely head-
injured patients. When CBF is reduced, CBF and
CMRO, often stay coupled, whereas in hyperemia
uncoupling of CBF and metabolism is more likely
(Obrist et al., 1984; Bruce et al., 1973; Enevoldsen et al.,
1976). Although the etiology is unknown, hyperemia
implies one of:

e metabolic derangement;

® vasodilation due to loss of vasomotor tone;

® scvere tissue acidosis (Obrist et al., 1984; Bouma
and Muizelaar, 1992; Lassen, 1966; Langfitt, Wein-
stein and Kassell, 1965).

Hyperemia after severe brain injury usually follows
a period of reduced CBF or increased ICP. It may start
approximately 48 hours after injury and last from a
few hours to 7-10 days (Bouma and Muizelaar, 1992).
Hyperemia is frequently seen shortly after removal of
an epidural or acute subdural hematoma (Schroder,
Muizelaar and Kota, 1994). Pressure—volume index
(PVI) and cerebral blood volume (CBV) studies have
suggested that the association between hyperemia
and ICP is probably due to an increase in cerebral
blood volume rather than CBF (Bouma and Muize-
laar, 1992; Marmarou et al., 1987).

These observations suggest the usefulness of com-
bined studies of CBV and CBF with the xenon-
enhanced computed tomography (Chapter 11) in
acute severely head-injured patients.

According to Obrist et al. (1984), in patients with
head injury CBF below 33 ml/100 g/min at a P,co, of
34 mmHg should be considered to be reduced, and all
values above this level are hyperemic. CBF between 33
and 55 ml/100 g/min represents relative hyperemia and
above 55ml/100 g/min, absolute hyperemia.

Previous studies have reported hyperemia in more
than 50% of patients after severe head injury, generally
associated with high ICP and uncoupling of CBF and
CMRO, (Obrist et al., 1984; Bouma and Muizelaar,
1992). In children hyperemia was found even more
frequently in some studies, but others found no
increased incidence for hyperemia in children aged
3-18, nor a relationship between ICP and CBF (Bouma
and Muizelaar, 1992; Salvant and Muizelaar, 1993;
Muizelaar, Marmarou and Desalles, 1989; Muizelaar et



al., 1989a, b; Sharples et al., 1995). Children normally
have a higher CBF depending on their age (see above),
and this must be taken into consideration.

5.3.3 CEREBROVASCULAR REACTIVITY AFTER
SEVERE HEAD INJURY

Under normal physiological conditions there is a
3-6% change in CBF permmHg P,co, (Obrist et al.,
1984; Bouma and Muizelaar, 1992; Enevoldsen et al.,
1976). In most patients with severe head injury, some
depression of CO, reactivity is seen for some time
(Bouma and Muizelaar, 1992). Diminished CO, reac-
tivity is associated with a poor outcome and is most
probably a reflection of the severity of the injury
rather than a causative mechanism. Reduced CO,
reactivity is also associated with decreased effective-
ness of barbiturate therapy in the control of raised ICP
(Messeter et al., 1986). A xenon-enhanced CBF study in
17 severely head-injured patients found that hemi-
spheric CO, reactivity ranged from 1.3-8.5%
per mmHg change in P,co, (Bouma and Muizelaar,
1992).

Prolonged hyperventilation may decrease brain
oxygenation and must be used with caution and only
for a short period of time (Muizelaar et al., 1991). In
the future, measuring brain tissue Po, and Pco, may
allow P ,co, to be adjusted more accurately and safely
(Zauner, Bullock and Young, 1995a; Zauner et al., 1995;
Figure 5.3).

Current knowledge on the status of cerebral autor-
egulation following severe head injury is inconclusive.
In general, pressure autoregulation is usually intact
for the first hours after injury but may deteriorate in
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Figure 5.3 Changes in brain Po,, Pco, and pH in the
human brain during hyperventilation after severe head
injury. Brain Po, is lowered during hyperventilation, result-
ing in decreased substrate delivery, although this remains
above theshold levels (=20 mmHg). Brain Pco, follows the
washout of arterial CO,, resulting in an increase in the pH of
the brain tissue.
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many patients (Obrist et al., 1984; Bouma and Muize-
laar, 1992; Enevoldsen et al., 1976; Lassen, 1966;
Muizelaar, Marmarou and Desalles, 1989). However,
conclusions regarding the outcome of patients accord-
ing to the status of autoregulation should be made
with great caution. Bouma and Muizelaar performed
158 autoregulation tests, using CBF measurements
and an alpha-adrenergic agonist, on 117 severely
head-injured patients. They found autoregulation to
be intact in 51% and defective in 49% (Bouma and
Muizelaar, 1992). They concluded that the presence or
absence of pressure autoregulation had no specific
temporal profile, nor a clear relationship to clinical
status or outcome. This has also been the finding in
head-injured children (Muizelaar ef al., 1989b; Shar-
ples et al., 1995). However, the status of autoregulation
is important for determining the most appropriate
blood pressure and CPP in a particular patient, and
may influence the choice of treatment for raised ICP.
For example, mannitol may be more effective if
autoregulation is intact (Bouma and Muizelaar,
1992).

534 POST-TRAUMATIC CEREBRAL
HYPERMETABOLISM FOR GLUCOSE

Positron emission tomography has been used to
measure brain metabolism after human head injury.
Uniformly reduced glucose metabolism has been
reported, although marked regional variations were
present in two studies performed more than 1 week
after injury (Alavi et al., 1986; Langfitt et al., 1986).
Recently Hovda et al. (1995) have found striking
increases in regional glucose utilization in post-
traumatic studies performed within the first few days
of injury. This was seen especially in the underlying
brain after hematoma removal. This early post-
traumatic hyperglycolysis may result from cellular
efforts to re-establish ionic gradients. Thus the
hyperemic zones seen in some patients may represent
an appropriate response to metabolic needs.
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