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The Detrimental Effect of Lidocaine on Cerebral Metabolism
Measured in Dogs Anesthetized with Isoflurane

Leslie Newberg Milde, M.D.,* James H. Mildet

Previous studies in dogs have demonstrated that massive doses of
intravenous lidocaine (160 mg-kg™') can inhibit cerebral oxygen
metabolism to a greater degree when administered with pentobarbi-
tal than can pentobarbital alone. From these data, it was hypothe-
sized that lidocaine decreases cerebral metabolism by two means:
suppression of cortical electrical activity and stabilization of neuro-
nal membranes, and it was suggested that lidocaine might provide
protection for the ischemic brain. In an attempt to apply this prop-
erty clinically, the effect of a lower, clinically tolerated dose of
lidocaine (15 mg- kg™") on cerebral oxygen metabolism and cerebral
blood flow was examined in dogs receiving deep isoflurane anesthe-
sia. Once maximal metabolic suppression, as reflected by an iso-
electric EEG, was achieved with isoflurane (3% end-expired), the
administration of this dose of lidocaine had little effect on cerebral
blood flow (CBF) and cerebral oxygen consumption (CMRO;). The
CBF was 94 = 19 ml - min™'+ 100 g' during 3% isoflurane anesthe-
sia, and was 102 £ 11 ml- min™'- 100 g™' with the addition of lido-
caine. The CMRO; was 2.32 + 0.23 ml - min~'- 100 g™} during iso-
flurane anesthesia, and was 2.18 + 0.09 ml-min™'-100 ¢! follow-
ing the administration of lidocaine. However, this dose of lidocaine
did produce a derangement of cerebral metabolites. The cerebral
concentration of ATP during 3% isoflurane anesthesia was 2.07
+0.04 umol - g" (cerebral ATP in normal unanesthetized dogs is
2.01 +0.01 umol-g"). Cerebral ATP concentration was signifi-
cantly reduced to 1.77 = 0.05 umol - g™' by lidocaine. The cerebral
energy charge (EC) under 3% isoflurane was 0.904 + 0.011. The
administration of lidocaine significantly decreased the EC to 0.844
£ 0.002. From this study, it is concluded that, although a large but
clinically tolerated dose of lidecaine did not produce additional
metabolic suppression in the presence of maximal metabolic sup-
pression produced by isoflurane, it may have a direct toxic effect on
oxidative phosphorylation. Therefore, any measured decrease in
cerebral metabolism produced by large doses of lidocaine may be
due to a combination of factors, both ‘‘protective” and toxic, in-
cluding suppression of electrical cortical activity, stabilization of
membranes, and uncoupling of oxidative phosphorylation. (Key
words: Anesthetics, local: lidocaine. Anesthetics, volatile: isoflur-
ane. Brain: blood flow; electroencephalogram; metabolism; oxygen
consumption. Metabolism: oxidative phosphorylation.)

IT IS REPORTED that a massive dose of lidocaine (160
mg - kg™') given to dogs anesthetized with 1-1.5% halo-
thane inhibits cortical electrical activity, which repre-
sents synaptic activity or interneuronal function, with a
parallel decrease in cerebral oxygen metabolism
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(CMROy).! The magnitude of this effect is similar to
that of several general anesthetics, including thiopen-
tal,? isoflurane,?® and etomidate,* which have no effect
on CMROs in the absence of cortical electrical activity
(indicated by an isoelectric EEG). However, if a maxi-
mal decrease in CMRO; is first achieved by pentobarbi-
tal through abolition of the cortical electrical activity,
the administration of 160 mg-kg™* lidocaine then pro-
duces an additional 15% decrease in cerebral metabo-
lism.! Other studies have revealed that lidocaine not
only suppressed cortical electrical activity with a parallel
decrease in CMRO;,’ but also suppressed ionic leaks
across neuronal membranes, thereby reducing the en-
ergy requirements of those active transport processes
which maintain normal ionic gradients across mem-
branes.®” Theoretically then, this ability of lidocaine to
produce a greater decrease in cerebral metabolism than
other general anesthetics might provide some cerebral
protection during situations of cerebral ischemia.

However, massive doses of lidocaine produce such
profound cardiac depression that cardiopulmonary by-
pass is necessary for support of the circulation, thus
limiting any possible cerebral protection afforded by
lidocaine to those patients on cardiopulmonary bypass.
The purpose of the present study was to determine
whether lower doses of lidocaine, which might be more
clinically tolerated, could provide additional cerebral
metabolic suppression to that of the general anesthetics.
We studied the effect of a bolus dose of 15 mg-kg™!
lidocaine on the cerebral and systemic hemodynamics
and metabolism in dogs in which maximal metabolic
suppression was achieved by isoflurane.

Methods

Ten unmedicated, fasting mongrel dogs weighing
15-19 kg were anesthetized with 1.4% end-expired iso-
flurane in 30% oxygen and nitrogen for the surgical
preparation. Inspired and end-expired respiratory and
anesthetic gases were continuously monitored by mass
spectrometry. Succinylcholine (40 mg) was given intra-
venously to facilitate endotracheal intubation. Ventila-
tion was controlled with a Harvard pump® adjusted to
maintain normocarbia. Cannulae were inserted into a
femoral artery for pressure measurement and blood
sampling and into a femoral vein for blood return col-
lected during the direct measurement of cerebral blood
flow. A peripheral intravenous catheter was placed for
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drug and fluid administration, isotonic saline infused at
a rate of 75 ml-h™'. A 5-French flow-directed pulmo-
nary artery catheter was placed through the right inter-
nal jugular vein for measurement of mean pulmonary
artery pressure (PAP) and pulmonary capillary wedge
pressure (PCWP), blood sampling, and measurement of
cardiac output by thermodilution. The electrocardio-
gram was recorded continuously from limb leads. Core
temperature, measured by a thermistor in the pulmo-
nary artery, and brain temperature, measured by a pa-
rietal epidural thermistor, were maintained near 37° C.
Intracranial pressure (ICP) was monitored by an epi-
dural fiberoptic device (LADD monitor) and a four-lead
EEG was recorded continuously from electrodes (bi-
frontal and biparietal) cemented to the skull.

After heparinization (300-400 1U-kg™' intrave-
nously), the sagittal sinus was exposed, isolated, and
cannulated as previously described®® for direct mea-
surement of cerebral blood flow (CBF) by a square-wave
electromagnetic flowmeter.f The cranium was closed
rigidly by sealing the cranial openings with Surgicel®
and Super Line® adhesive.

Arterial blood gases, sagittal sinus oxygen tension
(P,,O3) and mixed venous oxygen tension (P,Oy) were
determined by electrodes. Blood oxygen contents were
calculated from measurements of oxyhemoglobin con-
centration and oxygen tension.'” CMRO, was calcu-
lated as the product of CBF and the arterial-sagittal
sinus oxygen content difference, while whole body oxy-
gen consumption (VOy,) was calculated as the product of
cardiac index (CI expressed as 1+min™' - m™?) and the
arterial-mixed venous oxygen content difference. Cere-
bral perfusion pressure was calculated as the difference
between MAP (measured at head level) and ICP. The
cerebral vascular resistance index (CVRI) was calcu-
lated as the quotient of cerebral perfusion pressure and
CBF, and the systemic vascular resistance index (SVRI)
was calculated as the quotient of MAP and cardiac
index. Blood glucose and serum lactate were deter-
mined by standard enzymatic techniques.

Following surgical preparation, the isoflurane con-
centration was increased to produce burst suppression
or isoelectricity on the EEG which previous studies have
demonstrated is accompanied by maximal decrease in
cerebral oxygen consumption.® The concentration of
isoflurane necessary to achieve this was 3% end-expired
or 2.1 MAC in the dog. Steady-state values for the cere-
bral and systemic hemodynamic and metabolic variables
were then obtained over 30 min. Cerebral blood flow,
CVRI, CMRO,, ICP, and EEG were measured at 5-min
intervals. Mean values were calculated from these six

1 EP 300 API, Carolina Medical Electronics.
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observations. Arterial and pulmonary pressures, blood
gases, cardiac index, SVRI, VO,, blood glucose, and
serum lactate were measured at 15-min intervals, and
mean values were calculated from these two observa-
tions.

Insix dogs, lidocaine (15 mg - kg™') was then injected,
as a bolus, intravenously, and all hemodynamic and
metabolic variables were measured at 5-min intervals
for 20 min and mean values were calculated from these
four observations.

At the end of the study, the dura overlying the cere-
bral hemispheres was excised and bilateral cerebral cor-
tical biopsy specimens were taken'! and prepared for
analysis.'? Tissue extracts were analyzed by enzymatic
fluorometric techniques for phosphocreatine (PCr),
ATP, ADP, AMP, glucose, lactate, and pyruvate.'* The
energy charge (EC) of the tissue was then calculated
from the adenine nucleotides.'*

Cerebral cortical biopsies were taken from the four
dogs receiving isoflurane alone, referred to as the qual-
ity control isoflurane group, and from the six dogs
which received 15 mg+ kg™ lidocaine in addition to iso-
flurane.

Within-group comparisons of the effect of 3% iso-
flurane versus 3% isoflurane + 15 mg « kg™' lidocaine on
systemic and cerebral metabolism and hemodynamics
were analyzed in the test group by Student’s ¢ test for
paired data. Comparison of the metabolic and hemody-
namic data of the quality control isoflurane group with
the test group receiving isoflurane followed by lido-
caine were analyzed by Student’s ¢ test for unpaired
data. Comparison of cerebral metabolic concentrations
obtained at the end of the study was made between the
quality control isoflurane group, the test isoflurane

+ lidocaine group, and a normal unanesthetized
group'® by Student’s ¢ test for unpaired data with a
Bonferroni correction. Statistical significance was as-
sumed if P < 0.05.

Results

The data from the two groups of dogs, the quality
control isoflurane group which received only isofiurane
(3% end-expired) and the test group which received
isoflurane (3% end-expired) to which was added 15
mg-kg™' lidocaine, are presented in tables 1-4. The
effects of 3% end-expired isoflurane alone and with the
addition of lidocaine on systemic hemodynamics are
presented in table 1. There were no differences be-
tween the quality control group receiving isoflurane
and the test group receiving isoflurane alone. However,
the bolus of lidocaine produced the predicted cardiac
depression as indicated by a significant decrease in car-
diac index from 3.1 + 0.3 to 2.0 £ 0.3 I *min™'+m™*
and a significant increase in both mean pulmonary ar-

20z ludy 21 uo 3sanb Aq ypd°G0000-00080.86 1-Z¥S0000/688% L.€/081/2/L9/3Pd-81o11e/AB0|0ISOUISBUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



182

TABLE 1. Effect of Isoflurane and Lidocaine
on Systemic Hemodynamics

L. N. MILDE AND |J. H. MILDE

Test
Quality Isoflurane (3%)
Contral, + Lidocaine
Isoflurane (3%) | Isoflurane (3%)}| (15 mg-kg™")
n=4 n=6 n==6
MAP (mmHg) 92+ 7 93 +3 109+ 11
Heart rate (beats/min) 102+8 110+ 6 102+ 3
PAP (mmHg) 201 20+ 1 29 + 2%
PCWP (mmHg) 10+ 1 1+l 2] + 2%
C.IL (I*min~'+m~?) 3607 | 3.1 0.3 20+ 0.3*
SVRI(mmHg:1"'-min-m? | 28+4 32+3 57 & 4*
VO, (ml-min~'-m™?) 152+ 9 149 +10 152+ 7

Mean * S.E.
* Significantly different from 3% isoflurane values (P < 0.05).

tery pressure from 20 % 1 to 29 *+ 2 mmHg and pulmo-
nary capillary wedge pressure from 11 to 21 mmHg.
The sytemic vascular resistance also increased signifi-
cantly from 32 to 57 mmHg- 17"+ min-m? This in-
crease in afterload may have also contributed to the
decreased cardiac index. However, despite the de-
creased cardiac function, the increase in systemic vascu-
lar resistance maintained mean arterial pressure at
90-110 mmHg. Heart rate and total body oxygen con-
sumption were not affected by the addition of lidocaine.

The arterial blood values are presented in table 2.
There were no differences among the blood gases or
chemistries between the two isoflurane groups or with
the addition of lidocaine.

The effects of isoflurane alone and isoflurane + lido-
caine on cerebral hemodynamics and metabolism are
presented in table 3. Despite the marked changes in
systemic hemodynamics produced by the bolus of 15
mg - kg™ lidocaine (table 1), there were no changes in
the cerebral blood flow (maintained above a mean of 90
ml-min™' - 100 g™"), cerebral vascular resistance (main-
tained at 1.2-1.5 mmHg-m1~' - min- 100 g), or ICP
(9 mmHg). Most importantly, this dose of lidocaine
produced only an insignificant decrease in global cere-
bral metabolism which decreased from 2.32 + 0.23 to
2.18 £0.09 ml- min™'-100 g'.

TABLE 2, Effect of Isoflurane and Lidocaine on Arterial Blood Values
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TABLE 3. Effect of Isoflurane and Lidocaine on Cerebral
Hemodynamics and Metabolism

Test
Isoflurane (3%)
Quality Control, + Lidocaine
Isoflurane (8%) | Isoflurane (3%) | (15 mg-kg™")
n=4 n=6 n=6
CBF (ml-min™'-100g™")| 140 % 30 94 + 19 102 = 11
ICP (nmHg) 10 +3 92 9+2
CVRI (mmHg:ml™!
+min+ 100 g) 0.5 +0.1 1.2+03 1.5+ 0.4
CMRO; (ml-min™!
<100g™") 2.34 £ 0.25 | 2.32+0.23 | 2.18+0.09
PO, (nmHg) 78 + 8 64 + 4 69 £ 5
Mean + S.E.

No significant differences.

The cerebral metabolic concentrations obtained at
the end of the study are presented in table 4. A'so pre-
sented in table 4 are the normal values for cerebral
metabolites in unanesthetized dogs for our labora-
tory."” There was no difference in cerebral metabolite
concentrations between the quality control group re-
ceiving 3% isoflurane and the normal unanesthetized
group. However, the large dose of lidocaine given to
isoflurane anesthetized dogs produced a significant de-
crease in the cerebral energy stores. ATP concentration
was significantly decreased from 2.07 + 0.04 to 1.77
+ 0.05 umol-g~'; and the energy charge, which repre-
sents the energy balance of the cell between ATP re-
generation and processes that consume ATP, was signif-
icantly decreased from 0.904 + 0.011 to 0.844 + 0.002.
There was no change from normal in phosphocreatine,
glucose, or lactate concentration in either the quality
control isoflurane group or in the test isoflurane + li-
docaine group.

TABLE 4. The Combined Effect of Isoflurane and Lidocaine
on Cerebral Metabolism

Test
Quality Isoflurane (3%)
Control, + Lidocaine
Isoflurane (3%} Isoflurane (3%) (15 mg-kg™")
n=4 n=6 n=6
Pag, (nmHg) 206 + 20 183 + 16 182+ 17
Paco, (mmHg) 390 39+1 41t 1
pH (units) 7.33 £0.01 { 7.35+0.00 | 7.32+0.01
Lactate (umol-ml™') | 2.4 +0.3 1.9+ 0.4 23+0.4
Glucose (mg-dl™") 113+ 13 90 + 4 100 + 6

Mean + S.E.

No significant differences.

Test
Isoflurane (3%)
Quality Control, + Lidocaine
Normal (15) Isoflurane (3%) (15 mg-kg")
n=6 n=4 n=6
ATP (umol - g‘l) 2.01 £0.01 2.07 = 0.04 1.77 £ 0.05*
Phosphocreatine
(umol- g”l) 2,99 £0.12 3.40 = 0.12 | 3.08 +0.08
Energy charge 0.871 £ 0.001(0.904 £ 0.011(0.844 + 0.002*
Glucose (umol-g™!)| 2.46 £ 0.18 | 3.64 = 0.55 | 4.08 +0.25
Lactate (umol ~g") 1.23 = 0.04 1.27 £ 0.14 1.50 + 0.06
Lactate/pyruvate
ratio 11x0 151 12+ 1
Mean £ S.E.

* Significantly different from normal and quality control 3% iso-

flurane values (P < 0.05 with Bonferroni correction).
Normal canine cerebral metabolites described in reference 15.
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Discussion

Lidocaine has long been administered as a supple-
ment to inhalation anesthesia.'® It has been shown to
decrease the MAC of nitrous oxide, halothane,'” and
enflurane,'® thereby acting as a general anesthetic. Li-
docaine has a biphasic effect on cortical electrical activ-
ity and the cerebral metabolism necessary for that activ-
ity. In dogs, a low-dose single injection of lidocaine, 3
mg - kg™, produces a 10% decrease in CMRO; which
lasts approximately 5 min.> A moderate dose of lido-
caine, 15 mg-kg™!, decreases cortical electrical activity
as evidenced by changes in EEG activity, which is ac-
companied by a maximal decrease in CMRO; of 27%,
which lasts approximately 20 min.® In cats, a 50-mg
bolus of lidocaine (12.5-20 mg-kg™), followed by a
continuous infusion of lidocaine at a rate of approxi-
mately 1 mg-kg™'+min™', produces burst suppression
usually progressing to isoelectricity with time.'" Higher
doses of lidocaine, given as a continuous infusion at 3.8
mg+kg™'-min™!, first decrease CMRO; to 70% of con-
trol, and then increase CMRO; from 70% to 112% of
control when seizures occur.? In that study, a mean dose
of 26.8 mg - kg™ lidocaine was necessary to induce sei-
zures on EEG.® Massive doses of lidocaine, above the
seizure threshold (160 mg-kg™"), abolish cortical elec-
trical activity reflected by the production of an isoelec-
tric EEG, and produce a maximal 35% decrease in
CMRO; in dogs anesthetized with 1.4% halothane." If
suppression of electrical activity is first achieved in halo-
thane-anesthetized dogs by the administration of 40
mg - kg™ pentobarbital, then the administration of 160
mg - kg™ lidocaine produces an additional decrease in
cerebral metabolism; 15% more than that produced by
either pentobarbital or lidocaine alone.! No explana-
tion is given as to why the massive doses of lidocaine
administered to pentobarbital-treated dogs produced
an additional decrease in cerebral metabolism over that
produced by lidocaine alone. However, an explanation
as to why lidocaine plus pentobarbital produced an ad-
ditional decrease in cerebral metabolism over that pro-
duced by pentobarbital alone was set forth.

Astrup et al. concluded that lidocaine decreases
CMRO; by two mechanisms: suppression of cortical
electrical activity and membrane stabilization.' Because
of its ability to suppress this electrical activity, lidocaine
resembles many of the general anesthetics.>™* In addi-
tion, lidocaine, by blocking sodium channels, thereby
restricting sodium and potassium fluxes or leaks (its
local anesthetic function), might decrease the work of
the ion pumps and the attendant energy requirements
necessary to maintain ion homeostasis.! Astrup et al.
hypothesized that, in the normal brain, this might ap-
pear as a further reduction in oxygen metabolism.
Their study seemed to support this. They observed ad-
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ditional metabolic inhibition following the administra-
tion of massive doses of lidocaine in animals in which
cortical electrical activity was maximally suppressed by
pentobarbital.

However, a nonspecific toxic effect on oxidative
phosphorylation as has been observed with high dose
halothane?® might also explain the observed metabolic
inhibition produced by lidocaine in this circumstance.
The results of the present study make this the more
likely explanation. Even with the lower dose of lido-
caine (15 mg-kg™"), cerebral stores of ATP were signif-
icantly decreased to 1.77 + 0.05 umol - g', and the en-
ergy charge was significantly decreased to 0.844
+ 0.002, reflecting a significantly decreased ATP con-
centration and a significantly increased AMP concen-
tration. This denotes both consumption of ATP and a
decrease in ATP regeneration. This occurred despite
the fact that MAP remained normal (109 = 11 mmHg)
and both a normal-high CBF (91 + 19 ml- min~'-
100 g7') and sagiual sinus oxygen tension (69 £ 5
mmHg) indicated adequate oxygen supply.

An in vitro study also supports our conclusion that the
observed decrease in cerebral metabolism produced by
lidocaine may be partially due to a direct toxic effect on
oxidative phosphorylation. In porcine brain mitochon-
dria, lidocaine produced a dose-dependent inhibition of
oxygen metabolism and a dose-dependent uncoupling
of oxidative phosphorylation, indicated by the decreas-
ing ratio of inorganic phosphate uptake into ATP to
oxygen utilized.?' This is due to a block of electron
transport at the NADH dehydrogenase level.”!

It had been originally suggested by Astrup et al. that
lidocaine might provide protection for the ischemic
brain because it provided additional metabolic suppres-
sion and reduced potassium efflux believed due to a
membrane-stabilizing effect.!®* However, the demon-
stration of a direct toxic effect of lidocaine on oxidative
phosphorylation make it an unlikely protective agent.
In a feline model of severe cerebral ischemia, produced
by 4-6 h of complete occlusion of the middle cerebral
artery, lidocaine in doses sufficient to produce an iso-
electric EEG (50 mg bolus followed by a continuous
infusion of 50 mg-kg™'+h™") failed to prevent the isch-
emic neuronal alterations in histopathology or histo-
chemistry."

In the present study, the cerebral concentration of
phosphocreatine obtained under anesthesia with either
3% isoflurane or isoflurane + lidocaine remained nor-
mal because of decreased utilization due to suppression
of cortical electrical activity and its attendant metabolic
requirements by isoflurane and/or lidocaine. The cere-
bral glucose concentration under either anesthetic regi-
men increased because of the decreased glucose metab-
olism which paraliels the decreased oxygen consump-
tion.
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Two technical aspects of the present study deserve
comment. The dose of lidocaine chosen (15 mg-kg™")
was one which was known to provide burst suppression
or electrical silence on EEG in dogs® and cats,' but one
which would be clinically tolerated without the need for
cardiopulmonary bypass which would have introduced
additional variables. MAP was maintained within nor-
mal limits without therapeutic intervention, despite
some changes in cardiac index and systemic vascular
resistance. The stable systemic hemodynamics provided
stable cerebral hemodynamics, so that the observed
changes in cerebral metabolites could not be attributed
to detrimental effects of cerebral blood flow or intra-
cranial pressure. Cerebral hemodynamics and metabo-
lism were followed for 20 min after the administration
of lidocaine, because that is the length of time that 15
mg kg™ lidocaine has been shown to have an effect on
CMRO,.*

Secondly, isoflurane was chosen as the anesthetic to
produce maximum metabolic suppression prior to the
administration of lidocaine. Maximal metabolic sup-
pression in the dog occurs when abolition of cortical
electrical activity (isoelectric EEG) is produced by 3%
isoflurane, and can be produced with little change in
cerebral blood flow® and little cardiovascular change.
This dose of isoflurane alone has no detrimental effects
on cerebral metabolites.*?? This differs from the back-
ground anesthetic circumstance used by Astrup et al.!
which consisted of 1-1.5% halothane, known to mark-
edly increase cerebral biood flow and moderately de-
crease cerebral metabolism,?® plus 40 mg-kg™' pento-
barbital, which decreases cerebral blood flow in parallel
with the maximal metabolic suppression that barbi-
tuates can produce.'?

It is concluded that, in dogs anesthetized with 3%
isoflurane sufficient to produce an isoelectric EEG, the
addition of a clinically tolerated dose of lidocaine (15
mg+ Kg™') has no effect on cerebral hemodynamics, but
does alter the cerebral energy state. Furthermore, dur-
ing anesthesia with 3% isoflurane, cerebral energy
stores of high energy phosphates are sufficiently de-
creased with the administration of lidocaine to indicate
a toxic effect on oxidative phosphorylation. High con-
centrations of lidocaine, in addition to decreasing corti-
cal electical activity and stabilizing membranes, may im-
pair cellular respiration and prevent ATP production.

References

1. Astrup ], Sorensen PM, Sorensen HR: Inhibition of cerebral oxy-
gen and glucose consumption in the dog by hypothermia, pen-
tobarbital, and lidocaine. ANESTHESIOLOGY 55:263-268,
1981

2. Michenfelder JD: The interdependency of cerebral functional
and metabolic effects following massive doses of thiopental in
the dog. ANESTHESIOLOGY 41:231-236, 1974

L. N. MILDE AND J. H. MILDE

3.

12,

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Anesthesiology
V 67, No 2, Aug 1987

Newberg LA, Milde JH, Michenfelder JD: The cerebral meta-
bolic effects of isoflurane at and above concentrations that
suppress cortical electrical activity. ANESTHESIOLOGY 59:23-
28, 1983

. Milde LN, Milde JH, Michenfelder |D: The cerebral funtional,

metabolic, and hemodynamic effects of etomidate in dogs. AN.
ESTHESIOLOGY 63:371-377, 1985

. Sakabe T, Maekawa T, Ishikawa T, Takeshita H: The effects of

lidocaine on canine cerebral metabolism and circulation re-
lated to the electroencephalogram. ANESTHESIOLOGY
40:433-441, 1974

. Astrup J, Skovsted P, Gjerris F, Sorenson HR: Increase in extra-

cellular potassium in the brain during circulatory arrest: Ef-
fects of hypothermia, lidocaine, and thiopental. ANESTHESI-
OLOGY 55:256-262, 1981

. Astrup ], Sorensen PM, Sorenson HR: Oxygen and glucose con-

sumption related to Na*-K* transport in canine brain. Stroke
12:726-731, 1981

. Michenfelder |D, Messick JM Jr, Theye RA: Simultaneous cere-

bral blood flow measured by direct and indirect methods. |
Surg Res 8:475-481, 1968

. Takeshita H, Michenfelder JD, Theye RA: The effect of canine

cerebral metabolism and circulation. ANESTHESIOLOGY
37:605-612, 1972

. Theye RA: Calculation of blood O content from optically deter-

mined Hb and HbOy. ANESTHESIOLOGY 33:653-657, 1970

. Kramer RS, Sanders AP, Lesage AM: The effect of profound

hypothermia on preservation of cerebral ATP content during
circulatory arrest. ] Thorac Cardiovasc Surg 56:699-709,
1968

Folbergrova ], MacMillan V, Siesjo BK: The effect of moderate
and marked hypercapnia upon the energy state and upon the
cytoplasmic NADH/NAD" ratio of rat brain. ] Neurochem
19:2497-2505, 1972

Lowry OH, Passoneau ]V, Hasselberger FX, Shultz DW: Effect of
ischemia on known substrates and cofactors of the glycolytic
pathway in brain. ] Biol Chem 239:18-30, 1964

Atkinson DE: The energy charge of the adenylate pool asa regu-
latory parameter. Interaction with feedback modifiers. Bio-
chemistry 7:4030-4034, 1968

Newberg LA, Milde JH, Michenfelder ] D: Cerebral and systemic
effects of hypotension induced by adenosine or ATP in dogs.
ANESTHESIOLOGY 62:429-436, 1985

Phillips CC, Lyons WB, Harris LC, Nelson AT, Graff TD, Frazier
TM: Intravenous lidocaine as an adjunct to general anesthesia:
A clinical evaluation. Anesth Analg 39:317-322, 1960

Himes RS, DiFazio CA, Burney RG: Effects of lidocaine on the
anesthetic requirements for nitrous oxide and halothane. AN-
ESTHESIOLOGY 47:437-440, 1977

Himes RS, Munson ES, Embrow J: Enflurane requirement and
ventilatory response to calcium dioxide during lidocaine infu-
sion in dogs. ANESTHESIOLOGY 51:131-134, 1979

Shokunbi MT, Gelb AW, Peerless ], Mervatt M, Floyd P: An
evaluation of the effect of lidocaine in experimental focal cere-
bral ischemia. Stroke 17:962-966, 1986

Michenfelder JD, Theye RA: In vivo toxic effects of halothane on
canine cerebral metabolic pathways. Am ] Physiol 229:1050—
1055, 1975

Haschke RH, Fink BR: Lidocaine effects on brain mitochondrial
metabolism in vitro. ANESTHESIOLOGY 42:737-740, 1975

Newberg LA, Milde JH, Michenfelder JD: Systemic and cerebral
effects of isoflurane-induced hypotension in dogs. ANESTHESI-
OLOGY 60:541-546, 1984

Theye RA, Michenfelder JD: The effect of halothane on canine
cerebral metabolism. ANESTHESIOLOGY 29:1113-1118, 1968

20z ludy 21 uo 3sanb Aq ypd°G0000-00080.86 1-Z¥S0000/688% L.€/081/2/L9/3Pd-81o11e/AB0|0ISOUISBUE/WOD JIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



