Cerebral Carbohydrate Metabolism in Man During
Halothane Anesthesia

Effects of Pa, on Some Aspects of Carbohydrate Utilization
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Cerebral blood flow and carbohydrate utiliza-
tion were measured in healthy adult male volun-
teers during anesthesia produced by 1.2 per cent
halothane in oxygen during hypocarbia, normo-
carbia, and mild hypercarbia. Cerebral oxygen
consumption was unaffected by the rate of cere-
bral blood flow but was diminished by approxi-
mately 15 per cent in the presence of a 1° C. fall
in body temperature. Metabolic alterations in-
duced by 1.2 per cent halothane were slight or
absent. Increased anaerobic metabolism was not
demonstrated when cerebral blood flow was dimin-
ished during hypocarbia. Slight alterations in
the pathways of glucose and oxygen metabolism
were shown to be produced by changes in Paco,

DEeLiBERATE hyperventilation during anes-
thesia is commonly used in the hope of “po-
tentiating” anesthesia. Some investigators 1-6
have proposed that hypocarbia, acting to di-
minish cerebral blood flow (CBF), may result
in cerebral hypoxia and that the “potentiation”
of anesthesia noted during hyperventilation
may be a result of such hypoxia. Others?™?
are of the opinion that the effects of hyper-
ventilation result directly from the diminution
of Py, in cerebral tissue and that no hypoxic
injury results from the technique.

This laboratory has examined the effects of
hyperventilation during halothane anesthesia
on human cerebral metabolism of glucose, oxy-
gen, and lactic acid. The decrease in CBF
produced by decreased Pago, was not associ-
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ated with evidence of cerebral hypoxia. In
addition, normocarbia and mild hypercarbia
of a degree sufficient to increase CBF were also
studied. Cerebral metabolism of glucose, oxy-
gen, and lactate during halothane anesthesia
was little changed from that of awake man.

Methods

Eighteen measurements of whole brain blood
flow and carbohydrate metabolism were per-
formed on ten fasting healthy adult male
volunteers ranging in age from 22 to 41 years.
They were studied without premedication or
operation during the inhalation of 1.2 per
cent halothane in oxygen. Intravenous normal
saline was infused in volume sufficient to re-
place blood removed for samples. Six meas-
urements were made during hypocarbia, six at
normal Pagg,, and six during mild hypercarbia.
All but two of the subjects were studied at
two levels of Pago,; the selection of Pagg, was
randomized.. The anesthetic procedures,
breathing, sampling and recording systems are
described elsewhere.’* Measurements of CBF,
blood pH, Pgo,, Po,, and oxygen content were
made with techniques described in the same
work.

Arterial and cerebral venous ® blood lactate
and pyruvate contents were determined en-
zymatically 1! in a system employing lactic de-
hydrogenase and reduced or oxidized diphos-
phopyridine nucleotide. Glucose content was
also determined enzymatically 3! with com-
mercially available reagents.t All determina-
tions were done in duplicate. Cerebral meta-

® All reference to “venous blood” implies
sam;iling from the superior bulb of the internal
jugular vein,

1 Glucostat (Worthington),
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TasLe 1. Cerebral Blood Flow and Carbohydrate Metabolism During Halothane Anesthesia: Conditions
Hypocarbia Normocarbia Hypercarbia
Mean S.E.m Mean S.Em Mean S.Kum
Age (years) 25.0 1.1 24,7 1.2 25.8 3.1
End-tidal halothane concentration (%) 1.03 0.04 1.08 0.03 0.96 0.05
VE (liters/minute) 12.18 0.67 13.08 0.94 11.48 0.47
Vr (ml.) 801 39 847 59 803 44
f (breaths/minute) 15.4 1.0 15.7 1.1 14.4 0.6
Mid-esophageal temperature (°C.) 36.2 0.4 36.4 0.4 36.0 0.6
Ve = Minute ventilation; Vr = Tidal volume; f = Respiratory rate.
bolic rates for glucose (CMRgyeose), lactate duced from one mole of glucose. Cerebral

(CMRgctate)» and oxygen (CMR,,) were ob-
tained as the product of CBF and arterial-
venous difference in content. An estimation
of anaerobic metabolism was obtained with
the calculation of excess lactate as described
by Huckabee.'? Positive values of excess
lactate indicate an increased lactate : pyruvate
ratio and suggest the presence of significant
anaerobiasis.

In conscious man, glucose utilization by the
brain involves oxygen consumption and lactate
production.’3-15  Six moles of oxygen are re-
quired for the conversion of one mole of
glucose to CO, and water. When no oxygen
is available, two moles of lactic acid are pro-

glucose and oxygen consumption as well as
lactate production were measured in the pres-
ent experiments. The above assumptions were
used to determine the percentage of glucose
combining with oxygen as well as that per-
centage converted to lactic acid as follows:

Percentage of glucose converted
to lactic acid
CI\IRlnctate

- Cl\leIucose X2 X 100

Pereentage of glucose oxidized

CMR02

= g X 100
CMRzlucose X6

TabLE 2. Cerebral Blood Flow and Carbohydrate Metabolism During Halothane Anesthesia:
Blood Analyses

Hypocarbia Normocarbia Hypercarbia
Mean S.Eim Mean S.E.m Mean S.Eom
Arterial
Pco, (mm. Hg) 25.1 1.0 373 0.8 51.1 1.3
Po; (mm. Hg) 558 35 566 15 573 19
pH 7.595 0.022 7.449 0.019 7.363 0.005
0. content (vol. 9, 20.6 0.4 20.4 0.3 20.5 0.2
Lactate (mM/1.) 1.573 0.188 1.103 0.071 1.413 0.125
Pyruvate (mM/1.) 0.113 0.020 0.086 0.007 0.102 0.011
Glucose (mg. %) 118.6 6.2 121.7 6.4 123.2 9.7
Venous
Pco, (mm. Hg) 39.2 0.8 45.8 1.2 58.3 1.5
Po; (nm. Hg) 30.9 3.9 53.7 5.1 63.5 4.8
pH 7.488 0.016 7.399 0.015 7.333 0.004
0, content (vol. 9¢) 10.5 0.8 149 0.2 16.6 0.2
- Lactate (mM /1) 1.736 0.208 1.187 0.071 1.491 0.166
Pyruvate (mM/1.) 0.141 0.029 0,092 0.009 0.104 0.011
Glucose (mg. %) 101.0 6.7 113.6 6.3 118.1 10.0
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TaBLe 3. Cercbral Blood Flow and Carbohydrate Metabolism During Halothane Anesthesia:
Indices of Cerebral Circulation and Metabolism

Hypocarbia Normocarbia Hypercarbia

Mean S.E.m Mean S.E.m Mean 8.Em
CBF (ml./100 g./min.) 25.9 24 50.8 2.7 63.8 3.2
CMRo; (ml./100 g./min.) 2,65 0.40 2.80 0.23 2.45 0.17
CMRglucose (mg./100 g./min.) 4.51 0.65 4.15 0.51 3.20 0.13
CMRiactate (uM /100 g./min.) 3.99 0.61 4.21 2.39 5.16 3.83
Percentage of glucose converted to lactate 8.3 1.1 8.1 5.2 10.7 11.4
Percentage of glucose combining with oxygen | 80.0 7.4 92.4 4.0 108.3 11.0
Excess lactate (mM/1.) —0.163 0.154 0.021 0.059 0.045 0.067

Statistical analyses were performed by anal-
ysis of variance.!’®* The significance of the
linearity and deviation from zero of the slope
of all regression lines was likewise tested.!?

Results

Conditions of the study are presented in
table 1. No significant differences in any of
these variables were present among the three
groups: hypocarbia, normocarbia, and hyper-
carbia,

In table 2 are presented values of arterial
and cerebral venous blood constituents and
the results of blood gas analyses. All three
groups showed significant differences from
each other in arterial and venous P, and pH
(P <0.01) and in the oxygen content of the
venous blood (P < 0.05). Arterial lactate and
pyruvate contents were elevated during both
hypocarbia and hypercarbia although this ele-
vation was not of statistical significance. Blood
glucose content was higher than normal, a
phenomenon of unknown mechanism very
likely related to the anesthetic agent em-
ployed. There was no significant difference
in arterial glucose content among the three
groups; venous glucose content rose with in-
creasing Pag,, reflecting increased CBF.,

Indices of cerebral circulation and metab-
olism are given in table 3. The CBF in each
of the three groups is significantly different
from that in the other two groups (P < 0.05);
the effects of Pago, upon CBF have been fully
discussed.’® Over the range of CBF presented
in the study, oxygen consumption did not
vary significantly when Paco, was changed.
Similar findings were made with respect to

the rate of glucose consumption although there
appears to be a trend relating a decrease in
CMR;jyeose t0 an increase in Pagg,. There
were no significant alterations in either the rate
of cerebral lactate production or the presence
of excess lactate at any level of Pagg,. At all
levels of CBF, the percentage of glucose con-
verted to lactic acid remained constant. These
findings indicate the absence of any changes in
the rate of anaerobic metabolism occurring
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Fic. 1. Arterial-venous oxygen difference as a

function of cerebral blood flow during halothane
anesthesia.
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A-V aGLUCOSE (mg %)

tog & GLUCOSE = x
=113 log CBF + 279
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CBF (ml./100 g./min)
Fic. 2. Arterial-venous glucose difference as a

function of cerebral blood flow during halothane
anesthesia.

with variation in CBF. Although there were
no statistically significant changes among the
three groups in the percentage of glucose
combining with oxygen, there is a tendency for
this percentage to increase with increasing
Pago,-

Figures 1 and 2 illustrate the relationship
of the arterial-venous differences in glucose

Anesthesiology
Mar.—Apr. 1964

and oxygen content to the rate of CBF. As
CBF decreases, the extraction of these sub-
stances by the brain increases so that a nor-
mal rate of consumption is maintained.

Figure 3 illustrates the effects of changes in
Pagp, on the ratio of arterial-venous oxygen
difference to arterial-venous glucose difference.
The data indicate that there is a direct rela-
, , A-V oxygen
tionship between Pagg, and the A~V ghicose
ratio.

Figure 4 indicates the effect of temperature
upon the rate of cerebral oxygen consumption.
Solution of the equation of the regression line
for a temperature of 37° C. yields a value of
2.96 ml./100 g./minute, which may be com-
pared with the value of 3.09 ml./100 g./minute
found in conscious man in this laboratory. A
regression line derived from the work of
Bering 18 is presented for comparison.

Discussion

A diminished rate of CMRo, during hypo-
thermia has been demonstrated in animals 8 12
and in man.?® Although the present results
were obtained over a fairly small range of tem-
perature, there is a good correlation of the
rate of cerebral oxygen consumption with
body temperature as illustrated in figure 4.
These data would indicate that most of the
15 per cent depression of CMRo, seen in this
study results from the lowered body tempera-
ture of the subject. A small reduction of

a0z (mM/L)
a GLUCOSE (mM/L)

a0z

L

~GLUCOSE ~ 0.072 F’qco2 + 2,92

Fic. 3. Ratio of ar-
terial-jugular venous dif-
ference of oxygen: glu-
cose as related to Paco.
—  during halothane anes-
thesia.

| ! I

1 1l 1 1
20 25 30 35
chog (mm.Hg)

N
5 1o IS

1
40 45 50 55 60

20z ludy 21 uo 3senb Aq ypd°€1000-000£0+96 L-Z¥S0000/1 981 1.9/581/2/G2/HPd-01o1n1e/AB0|0ISOUISBUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



Volume 25
Number 2

CMRo, by the anesthetic agent itself cannot
be ruled out. Furthermore, the effects of other
concentrations of halothane on CMRo, are not
now known.

That CMRo, does not decrease in con-
scious man during hypocarbia was suggested
by Kety and Schmidt.2t 22 Pierce et al.2® have
shown that although cerebral oxygen consump-
tion is lowered following large doses of thio-
pental, the diminished CBF produced by hy-
perventilation results in no further changes in
oxygen consumption. However, in both of
these studies, where the N,O method was used
for estimation of CBF, there are systematic
errors in the calculation ¢ which would tend to
overestimate the CBF and consequently the
CMRo,. This overestimation becomes in-
creasingly significant as CBF is diminished.
This criticism cannot be applied to the Krs®
method of determining CBF as employed in
the present investigation.2s

In this study, cerebral oxygen utilization re-
mained stable at the three specified levels of
Pago, (table 3). The lack of effect of Pago,
on CMRo, is further illustrated in figure 1
which demonstrates that over a considerable
range of cerebral blood flows, the brain re-
tains its ability to extract sufficient oxygen
from the perfusing blood to maintain normal
consumption.

The stability of oxygen consumption as CBF
diminishes does not, in itself, rule out the
presence of cerebral hypoxia. It is conceiva-
ble that changes in CMRo, may occur in spe-
cific areas of the brain and not be detected
by measurement of the rate of whole brain
oxygen consumption. In addition, the de-
mand for oxygen by the brain could change
with variation in Pagy, even if the rate of
oxygen consumption remained constant. Thus,
other criteria for the presence of cerebral hy-
poxia have been employed in this investigation
and may now be considered. Many work-
ers 26-3t have called attention to the biochemi-
cal changes occurring in the hypoxic brain.
These consist of an increase in lactic acid and
inorganic phosphate with a decrease in phos-
phocreatine and adenosine triphosphate. Re-
cent unpublished work by this laboratory in-
dicates that the inhalation of 7.5 per cent
oxygen, while normocarbia is maintained, pro-
duces no alteration of human cerebral oxygen
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Fic. 4. Effect of temperature on CMRo, during
halothane anesthesia.

consumption. At the same time, however, ex-
cess lactate is produced and the percentage
of glucose converted to lactic acid increases
markedly. In the present study, excess lactate
did not accumulate nor was the fraction of
glucose converted to lactic acid altered at any
level of CBF. The present findings suggest
that the lowering of CBF caused by a decrease
in Pagy, does not produce biochemical evi-
dence of cerebral hypoxia. These findings are
similar to those of Cain® who demonstrated
that excess lactate was not produced by the
brain of the anesthetized (pentobarbital 30
mg./kg.) hyperventilated dog.

Although the consumption of oxygen by the
brain was unaltered by changes in Pago,, the
ratio of CMRo,:CMRy,,co, did vary signifi-
cantly with Paco, (figure 3, table 3). This
is of some interest as it may indicate alternate
pathways of glucose utilization, none of which
reflects the presence of cerebral hypoxia. In
this study, at normal levels of Pago, all of the
glucose consumed by the brain was either oxi-
dized or appeared as lactate. During hypo-
carbia, a small fraction of glucose (10 per
cent) was neither oxidized nor converted to
lactate but may have entered into other phases
of glucose metabolism. In contrast, during
hypercarbia, about 10 per cent more oxygen
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than was necessary to oxidize glucose was
taken up by the brain and may have oxidized
substances other than glucose. The work of
Geiger 33 has demonstrated that glucose is
rapidly transformed into amino-acids by the
perfused animal brain. In addition, it has
been shown in animals 33 and in man 3¢ that
CO, is produced in the brain from substances
other than glucose. It would thus appear that
changes in Pagg, may slightly alter the path-
ways of glucose and oxygen metabolism while
glucose and oxygen continue to be utilized by
the brain in amounts sufficient to maintain the
integrity of cerebral function.

Summary

Eighteen measurements of whole brain
blood flow and carbohydrate utilization were
performed on adult males during the inhala-
tion of 1.2 per cent halothane in oxygen.
Measurements were made during hypocarbia
(Paco, =25 mm. of mercury), normocarbia
(Pago, = 37 mm. of mercury), and hyper-
carbia (Pacg, =51 mm. of mercury). The
rate of cerebral oxygen consumption was
depressed by 15 per cent, a phenomenon
ascribed largely to a lowered body tempera-
ture. A small depression of CMRo, due to
the direct effect of the anesthetic agent cannot
be ruled out. Effects of other concentrations
of halothane are not known at the present
time.

Although the cerebral blood flow was mark-
edly influenced by Pagq,, the rate of oxygen
consumption was not altered when CBF and
Pa.,, were changed. Measurements of cere-
bral lactic acid and glucose metabolism gave
no evidence for the occurrence of hypoxia
when CBF was diminished during hypocarbia.

Changes in Pagg, during halothane anes-
thesia may result in slight alterations in the
pathways of glucose and oxygen metabolism,
although none of these changes could be as-
cribed to the presence of cerebral hypoxia.
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MANNITOL DIURESIS Studies on the mechanism of mannitol diuresis have

been carried out in dogs, in man, and in vitro.

Systemic administration of man-

nitol produces a fall in hematocrit, a decrease in renal vascular resistance, and an
increased renal blood flow. Regional perfusion of the kidney with mannitol produces
similar qualitative and quantitative effects, thereby ruling out primary extrarenal

mechanisms in the mediation of mannitol diuresis.

The primary effect of mannitol

is to produce a fluid shift from both red blood cells and extravascular compartments
which alters the plasma and red blood cell volume relation. (Lilien, O. M., Jones,
S. G., and Mueller, C. B.: Mechanism of Mannitol Diuresis, Surg. Gynec. Obstet.

117: 221 (Aug.) 1963.)
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