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pH-Stat {llcmagement Reduces the Cerebral
Metabolic Rate for Oxygen during Profound

Hypotbermia (17°C)

A Study during Cardiopulmonary Bypass in Rabbits

Bradley J. Hindman, M.D.,” Franklin Dexter, M.D., Ph.D.,t Johann Cutkomp, B.S.,+ Tom Smith, B.S.1

Background: Greater cerebral metabolic suppression may
increase the brain’s tolerance to ischemia. Previous studies
examining the magnitude of metabolic suppression afforded
by profound hypothermia suggest that the greater arterial
carbon dioxide tension of pH-stat management may increase
metabolic suppression when compared with a-stat manage-
ment.

Methods: New Zealand White rabbits, anesthetized with fen-
tanyl and diazepam, were maintained during cardiopulmonary
bypass (CPB) at a brain temperature of 17°C with a-stat (group
A, n = 9) or pH-stat (group B, n = 9) management. Measure-
ments of brain temperature, systemic hemodynamics, arterial
and cerebral venous blood gases and oxygen content, cerebral
blood flow (CBF) (radiolabeled microspheres), and cerebral
metabolic rate for oxygen (CMRy,) (Fick) were made in each
animal at 65 and 95 min of CPB. To control for arterial pressure
and CBF differences between techniques, additional rabbits
underwent CPB at 17°C. In group C (a-stat, n = 8), arterial
pressure was decreased with nitroglycerin to values observed
with pH-stat management. In group D (pH-stat, n = 8), arterial
pressure was increased with angiotensin II to values observed
with a-stat management. In groups C and D, CBF and CMRo,
were determined before (65 min of CPB) and after (95 min of
CPB) arterial pressure manipulation.
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Results: In groups A (a-stat) and B (pH-stat), arterial pressure;
hemispheric CBF (44 + 17 vs.21 + 4 ml- 100 g ' - min~' [median
+ quartile deviation]; P = 0.017); and CMR,, (0.54 + 0.13 vs.
0.32 + 0.10 ml1 O,-100 g ' -min'; P = 0.0015) were greater in
a-stat than in pH-stat animals, respectively. As a result of ar-
terial pressure manipulation, in groups C (a-stat) and D (pH-
stat) neither arterial pressure (75 + 2 vs. 78 = 2 mmHg) nor
hemispheric CBF (40 + 10 vs. 48 + 6 m1-100 g'-min™’; P =
0.21) differed between a-stat and pH-stat management, re-

spectively. Nevertheless, CMR,, was greater in a-stat than in
-1

pH-stat animals (0.71 + 0.10 vs. 0.45 + 0.10 m1 O, - 100g™" - min~’,
respectively; P = 0.002).

Conclusions: At 17°C, CMR,, with pH-stat management is 35-
40% less than that with a-stat management and is independent
of CBF or arterial pressure differences between the techniques.
(Key words: Anesthesia: cardiovascular. Brain: blood flow;
hypothermia; metabolism. Surgery: cardiac; cardiopulmonary
bypass. Temperature: hypothermia.)

WITHIN limits, as the brain’s temperature decreases,
its tolerance to ischemia increases. By reducing meta-
bolic rate, hypothermia slows the rate of high-energy
phosphate depletion'* and the development of intra-
cellular acidosis during cerebral ischemia.” In this way,
hypothermia delays or prevents neuronal energy failure
and terminal membrane depolarization during periods
of greatly reduced or absent blood flow.** For this rea-
son, profound hypothermia ( 14-19°C), with or with-
out circulatory arrest, is routinely used during repair
of congenital heart defects in children® and in aortic
arch procedures in adults.®

Q. is defined as the ratio of metabolic rates over a
10°C temperature interval. Greater values for Q,, in-
dicate a greater degree of metabolic suppression. As
shown in table 1, the magnitude of cerebral metabolic
suppression afforded by profound hypothermia varies
as much as twofold among studies. Determining the
cause of this variation could be of major clinical im-
portance. Techniques augmenting hypothermic meta-
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Table 1. Variation in Pac,, and Cerebral Q,, among Studies

Brain Paco,, as Measured
Temperature with Temperature Paco,, as Measured Temperature
Reference (°C) Correction (mmHg) at 37°C (mmHg) Qjo Range (°C)
Steen et al.” 18.0 ~35* ~80 4.9 28-18
Michenfelder et al.® 17.9 27 62 4.41 27-18
Tanaka et al.® 20.0 ~19 ~40* 2.9t 37-20
Astrup et al.® 18.0 11 25 25 37-18

* Numeric values not reported. Paco, estimates based on equations of Andritsch et al."!
+ Calculated from experimental data. Qo = antilog (10 x A[logCMRo,]/AT) where T denotes brain temperature (°C).

bolic suppression may confer a greater degree of brain
protection during ischemia.

We observed that a different hypothermic acid-base
technique was used in each of the studies cited in table
1. Steen et al. (Q,, = 4.9) used pH-stat techniquc," in
which temperature-corrected arterial carbon dioxide
tension (Pacp,) was maintained at approximately 40
mmHg."? Tanaka et al. (Q,, = 2.9) used a-stat tech-
nique,” wherein Pac,, was maintained at approximately
40 mmHg as measured at 37°C."* Michenfelder and
Milde (Q,, = 4.4) used an acid-base strategy that re-
sulted in Paco, values intermediate between pH-stat and
a-stat values,® and Astrup et al. (Q,, = 2.5) used a
strategy that resulted in Paco, values even less than a-
stat ideals."’

Viewed collectively, these studies suggest that greater
Pac., decreases the cerebral metabolic rate for oxygen
(CMRy,), increasing the degree of metabolic suppres-
sion (i.e., Qo) produced by profound hypothermia.
Therefore, we hypothesized that during profoundly
hypothermic (17°C) cardiopulmonary bypass (CPB),
a-stat management would result in a greater CMR,, than
would pH-stat management. This hypothesis was tested
in our rabbit model of CPB.

Materials and Methods

Experimental protocols were approved by the Animal
Care and Use Committee of the University of Iowa in
accordance with the Guide for the Care and Use of
Laboratory Animals of the National Institutes of
Health.§

§ Guide for Care and Use of Laboratory Animals. Publication
85-23. Bethesda, MD, Public Health Services, National Institutes of
Health, revised 1985.
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Preparation

Anesthesia was induced in New Zealand white rabbits
(weight, 4.1-5.0 kg) by inhalation of halothane in 0x-
ygen. After local infiltration with 1% lidocaine, a tra-
cheotomy was performed and the trachea intubated
with a 3.0 cuffed endotracheal tube. Thereafter, the
animals’ lungs were mechanically ventilated to achieve
normocapnia, and anesthesia was maintained with 1.5%
halothane in oxygen for the remainder of pre-CPB
preparation. Animals were paralyzed with an infusion
of succinylcholine-lactated Ringer’s (4 ml-kg™'-h™")
and were placed prone. After a midline sagittal scalp
incision, a 2-mm burr hole was drilled over the right
frontoparietal cortex, and a 1-mm thermocouple (K
type, L-08419-02, Cole Parmer, Chicago, IL) was in-
troduced under the cranium to rest on the dural surface.
A posterior midline craniectomy was performed, ex-
posing the confluens sinuum. Heparin was administered
as a bolus (200 U/kg intravenously) and was added to
the infusion of succinylcholine-lactated Ringer’s to
give a maintenance dose of 200 U-kg™'-h™'. The tip
of a saline-filled polyethylene catheter (PE-90, In-
tramedic, Parsippany, NJ) was placed in the confluens
sinuum, permitting collection of cerebral venous
blood. The cortical thermocouple and cerebral venous
catheter were secured with bone wax and fast-drying
cyanoacrylate cement and the animals placed supine.

The tip of a saline-filled catheter (PE-90), introduced
via the right external jugular vein, was advanced to
the superior vena cava to measure central venous pres-
sure. Both brachial arteries were cannulated (saline-
filled PE-160 tubing) for microsphere reference blood
sampling. The left brachial arterial catheter was also
used for arterial pressure monitoring and collection of
arterial blood. Teflon catheters (14-G, 32 mm long)
were inserted into each femoral artery for arterial inflow
during CPB. The sternum was divided in midline, the
thymus retracted, and a Teflon-pledgeted 4-0 silk purse-
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string suture was placed in the right atrium. After sys-
temic anticoagulation with heparin (300 U/kg, int}a-
venously), either a 18- or 21-French venous cannula
(Polystan, Ballerup, Denmark) was placed in the right
atrium. The right atrial and arterial cannulas were con-
nected to the perfusion circuit and CPB initiated as
described below. Approximately 30 min before CPB,
halothane, maintenance fluids, and the succinylcho-
line-heparin infusion were discontinued. Anesthesia
was maintained for the rest of the experiment with fen-
tanyl (100-ug/kg bolus, 150-ug-kg '-h™' infusion)
and diazepam (2-mg/kg bolus, 3-mg-kg™'-h ' infu-
sion). Muscle relaxation was achieved with pancuron-
ium (0.2 mg/kg).

Cardiopulmonary Bypass

The CPB circuit consisted of a venous reservoir, a
membrane oxygenator—heat exchanger (Capiox 308,
Terumo, Piscataway, NJ), a variable-temperature water
pump (VWR Scientific, San Francisco, CA), and a non-
pulsatile centrifugal pump (540, pump head BP-50,
Biomedicus, Eden Prairie, MN). A continuous in-line
blood gas analysis sensor, which also measured arterial
perfusate temperature (300, Cardiovascular Devices,
Irvine, CA), was placed distal to the oxygenator and
was calibrated against standard blood gas analysis (see
below). The perfusate temperature sensor was cali-
brated against the cortical thermocouple. Circuit
priming fluid consisted of 350 ml 6% (weight in vol-
ume) hydroxyethyl starch in normal saline (Hetastarch,
E. I. du Pont, Bannockburn, IL), 15 mEq sodium bi-
carbonate, 250 mg calcium chloride, and 1,000 U
heparin. The priming fluid was circulated through a
40-um filter for 15-20 min before addition of approx-
imately 150 ml fresh, filtered, packed rabbit erythro-
cytes, achieving a priming hemoglobin concentration
of 7-9 g/dl (OSM3 (rabbit coefficients), Radiometer,
Copenhagen, Denmark).

CPB was initiated a systemic flow rate of 100
ml-kg ' -min~', monitored with a calibrated in-line

| All blood gases were measured on a pH-blood gas analyzer
(IL1304, Instrumentation Laboratory, Lexington, MA) with an clec-
trode temperature of 37°C. Values were corrected to the animal’s
perfusate temperature using the internal blood gas correction program
of IL1304 (National Committee for Clinical Laboratory Standards:
Definition of quantities and conventions related to blood pH and gas

analysis. Catalog C12-T).

# Pilot studies with this preparation showed 65 min was the average
time required to achieve a stable brain temperaturc of approximately
17°C, with less than 1°C additional cooling over an ensuing 30-min
period.
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electromagnetic flow meter (TX-40P, Biomedicus).
The pulmonary artery was clamped to ensure complete
venous outflow to the CPB circuit. To prevent left ven-
tricular ejection or distension, the tip of a 14-G catheter
was placed transapically in the left ventricle to permit
drainage to the venous reservoir. For the first five min
of CPB, no active heating or cooling measures were
taken. Thereafter, systemic cooling was initiated with
a water bath at approximately 27°C, which, during the
next 30 min, was cooled to approximately 16°C. When
a brain temperature of 27.0°C was achieved, systemic
flow was reduced to 80 ml-kg ' -min~', and the fen-
tanyl-diazepam infusion rate was halved. Shed blood
from the surgical field was returned to the venous res-
ervoir after passing through a 40-um filter. Sodium bi-
carbonate was given to maintain a base excess greater
than —4 mEq/l, calculated at 37°C (median = 2.0
mEq-kg~'-h™'). Rabbit erythrocytes were given to
maintain hemoglobin concentration between 6.4-8.4
g/dl. Hypertension (systemic arterial pressure >100
mmHg) was treated with supplemental doses of fen-
tanyl and diazepam, but systemic flow was kept con-
stant. (See Results).

Experimental Protocol (Groups A and B)

Twenty-five animals were randomly assigned to one
of two groups: a-stat management (group A) and pH-
stat management (group B). With a-stat animals, the
oxygenator was ventilated with a variable mixture of
oxygen and nitrogen to maintain Paco, near 40 mmHg
and arterial oxygen tension (Pay,) near 250 mmHg
when measured at an electrode temperature 37°C. With
pH-stat animals, oxygen and nitrogen flows were ad-
justed to keep Paco, near 40 mmHg when corrected to
arterial perfusate temperature. ||

The following variables were recorded every 10 min
for 65 min of CPB and then again at 95 min: systemic
arterial pressure, central venous pressure, CPB flow
rate, brain (epidural) temperature, arterial perfusate
temperature, arterial hemoglobin concentration, and
arterial blood gases (measured at 37°C and tempera-
ture-corrected values). Cerebral blood flow (CBF) de-
terminations (see below) were made at 65 and 95 min
of CPB,# and arterial and cerebral venous blood was
simultaneously collected for blood gas analysis and
measurement of oxygen content (Lex-O,-Con, Lexing-
ton Instruments Corporation, Waltham, MA). At the
completion of experimentation, animals were killed
by discontinuation of CPB and intracardiac administra-
tion of saturated potassium chloride solution.
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Measurements of Cerebral Blood Flow and

Cerebral Metabolic Rate for Oxygen

CBF was measured by the radioactive microsphere
technique. Isotopes included strontium 85, niobium
95, cerium 141, and gadolinium 153 (New England
Nuclear, Boston, MA), although only two isotopes were
used in each experiment. Stock microspheres (400 ul,
approximately 1.8 million microspheres), vigorously
mixed for 5 min before withdrawal, were diluted in
1.5 ml suspending solution (10% dextran-40 in normal
saline with 0.5% [volume in volume] Tween-80) and
mixed an additional 60 s. Microspheres were injected
over a 30-s period into the arterial perfusion tubing
just proximal to its bifurcation into the two femoral
inflow cannulas. Starting 15 s before microsphere in-
jection, and continuing 2 min thereafter, blood was
simultaneously withdrawn from each brachial arterial
catheter by means of a calibrated withdrawal pump
(1.96 ml/min). After the experiment, the brain was
removed and dissected into the following regions: right
and left cerebral hemispheres, cerebellum, midbrain,
and medulla. Fresh tissue samples were weighed,
placed in counting tubes and, with reference blood
samples, each counted for 5 min in a sodium iodide
well-type gamma counter (Minaxiy Auto-Gamma 5000,
Packard Instruments, Meriden, CT). Isotope separation,
background, and overlap corrections, and organ blood
flow calculations (ml- 100 g™' - min~ ') were performed
by standard techniques.'*~'"> Weight-averaged values for
right- and left-hemispheric CBF were used to calculate
mean hemispheric CBF.

CMR,, (ml O,+ 100 g™ ' - min~ ") was calculated as the
product of mean hemispheric CBF (ml-100
g '-min ') and the arterial-cerebral venous oxygen
content difference. Cerebral oxygen extraction ratio
was calculated as the arterial-cerebral venous oxygen
content difference, divided by arterial oxygen content.

Additional Experiments (Groups C and D)

As described in Results, CMR,,, was significantly
greater with a-stat (group A) than with pH-stat man-
agement (group B). However, both systemic arterial
pressure and hemispheric CBF were also greater with
a-stat management. We could not rule out the possi-
bility that the lesser CMRy,, of pH-stat animals was the
result of their tendency toward lesser CBF (see Dis-
cussion). If CMR,, was CBF dependent at 17°C,
CMRy, differences between a-stat and pH-stat manage-
ment might have been the result of CBF differences,
which in turn were mediated by differences in arterial
pressure. Two address this possibility, 23 additional
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animals were subsequently studied, wherein the effect
of arterial pressure on CBF and CMR,,, could be ex-
amined.

In group C, animals underwent CPB with «a-stat tech-
nique, and CBF and CMR,,, were determined at 65 min
of CPB as described above. Thereafter, keeping systemic
flow constant, nitroglycerin (5 mg/ml, Tridil, du Pont
Pharmaceuticals, Manati, Puerto Rico) was infused into
the venous return line of the CPB circuit to decrease
arterial pressure to a target value of 59 mmHg (median
systemic arterial pressure under pH-stat conditions at
95 min of CPB in group B, see table 2). At 95 min of
CPB, CBF, and CMR,,, determinations were repeated.
In group D, animals underwent CPB with pH-stat tech-
nique, and CBF and CMR,,, were determined at 65 min
of CPB. Thereafter, keeping systemic flow constant, an-
giotensin II (0.5 ug/ml, Sigma, St. Louis, MO) was in-
fused into the venous return line of the CPB circuit to
increase arterial pressure to a target value of 101 mmHg
(median systemic arterial pressure under «-stat con-
ditions at 95 min of CPB in group A, see table 2). At
95 min of CPB, CBF and CMR,,, determinations were
repeated. The conduct of CPB in groups C and D was
as described for groups A and B, except that arterial
inflow was achieved with a single 10-French pediatric
arterial perfusion catheter (Biomedicus) placed ret-
rograde in the descending aorta, 5-8 mm superior to
the distal aortic bifurcation. This protocol change was
made because of a high frequency of femoral arterial
dissection with the bifemoral technique and because
of improved microsphere mixing with use of descend-
ing aortic cannulation. Microspheres were injected into
the arterial perfusion line approximately 25 cm prox-
imal to distal tip of the aortic cannula.

Statistics

Right and left microsphere counts appeared to be
normally distributed, permitting linear regression
analysis to test adequacy of microsphere mixing and
distribution. In contrast, box-and-whisker plots in-
dicated that many physiologic variables did not ap-
pear to be normally distributed. Consequently, all
physiologic variables are summarized using their
median * quartile deviation, the latter equaling
half the difference between the first and third quar-
tiles.

Analyses were performed using Systat statistical soft-
ware.'® CBF appeared to follow a normal distribution,
whereas CMR,,, appeared to follow a log-normal dis-
tribution. Two-measurement, two-group repeated-
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Table 2. Systemic Physiologic Variables: Groups A and B

Bypass Duration (min)

pH, (37°C)

Variable Group Technique 65 95
Systemic arterial pressure (mmHg) A a-stat 83 (16) 101 (10)
B H-
Central venous pressure (mmHg) A ﬁv-stse:tat 53 ﬁ; 53 E?;
B H-stat
: e . Ll
B
| pH-stat 83 (3) 83 (4)
Hemoglobin (g/dI) A a-stat 7.7 (0.3) 7.6(0.2)
B pH-stat 7.4(0.2) 7.6 (0.2)
g a-stat 7.40 (0.01) 7.38 (0.01)
i pH-stat 7.10 (0.01) 7.09 (0.01)
Paco, (mmHg, 37°C) A «-stat 38 (1) 38 (1)
B pH-stat 98 (3) 96 (2)
Pao, (mmHg, 37°C) A a-stat 259 (11) 251 (13)
B pH-stat 347 (8) 338 (8)
pH. (mmHg, temperature corrected) A a-stat 7.69 (0.01) 7.68 (0.01)
B pH-stat 7.36 (0.01) 7.35 (0.01)
Paco, (MMHg, temperature corrected) A a-stat 16 (0) 16 (1)
B pH-stat 41 (1) 40 (1)
Pao, (MmHg, temperature corrected) A a-stat 179 (10) 171 (11)
. B pH-stat 256 (7) 250 (7)
Arterial oxygen content (ml O/dl) A a-stat 11.4 (0.4) 11.3 (0.3)
B pH-stat 11.2 (0.4) 11.3(0.2)
I

Values are median and quartile deviation (parentheses); n = 9 in each group.

measures analysis of variance could not be used for
data analysis (for either CBF or CMRy,) because of un-
equal variance among groups and times.'” Therefore,
for CBF analysis, the mean value of CBF at 65 and 95
min in each animal was compared between a-stat and
pH-stat groups using independent-sample  tests, with
separate within-group variances.'®'” For CMRo, anal-
ysis, the mean value of In(CMRy,) at 65 and 95 min
was compared between a-stat and pH-stat groups using
independent-sample ¢ tests, with separate within-group
variances.'*"”

Results

Groups A and B

Data from seven of 25 animals were rejected. In five
cases, microspheres were not evenly distributed (mak-
ing CBF determination unreliable), in one case the sag-
ittal sinus catheter failed, and in one case brain damage
occurred during craniotomy. Data from the remaining
animals, group A (a-stat, n = 9) and group B (pH-stat,
n = 9) were analyzed.

Microsphere Validation. Paired right and left micro-
sphere reference counts were adequately matched (slope
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= 0.92, ¥ = 0.81, intercept not significantly different
than zero), indicating adequate microsphere mixing and
uniform distribution. There were no right—left CBF asym-
metries between the cerebral hemispheres.

Systemic Variables. Despite equivalent systemic flow
rates, arterial pressure increased in a-stat (group A) ani-
mals and decreased in pH-stat (group B) animals (fig. 1).
In no pH-stat animal did systemic arterial pressure exceed
100 mmHg, whereas arterial pressure exceeded 100
mmHg in five of nine a-stat animals. Supplemental di-
azepam and fentanyl in the five hypertensive a-stat rabbits
was 1-6 mg/kg and 0—180 ug/kg, respectively, over the
entire 95 min of CPB. No supplemental anesthetic was
given to nonhypertensive a-stat rabbits or to pH-stat rab-
bits. Systemic variables at 65 and 95 min of CPB are sum-
marized in table 2. Systemic arterial pressure was greater
in a-stat animals than in pH-stat animals at both 65 and
95 min of CPB. Arterial hemoglobin concentration and
oxygen content, systemic flow rate, and central venous
pressure were equivalent between groups and over time.
As intended, pH, and Pac,, differed between a-stat and
pH-stat groups and were essentially constant between
measurements. Pag, was 75-100 mmHg greater in PH-

stat animals.
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Fig. 1. Systemic arterial pressure over time in a-stat (group A,
solid circles) and pH-stat animals (group B, open circles) Values
are medians + quartile deviation; n = 9 in each group. Data
are time shifted for clarity.

Cerebral Physiologic Variables. Cerebral physio-
logic variables at 65 and 95 min of CPB are summarized
in table 3. There were no differences between groups
in the rates of perfusate or brain cooling (fig. 2). Mean
hemispheric CBF was greater in a-stat than in pH-stat
animals (44 + 17 vs. 21 = 4 ml- 100 g"' - min~', re-
spectively; P = 0.017). This CBF difference between
groups must be interpreted with some caution, how-
ever, because, when corrected for multiple compari-

Table 3. Cerebral Physiologic Variables: Groups A and B

C)

©

Temperature

T
0 20 40 60 80 100
Cardiopulmonary Bypass Duration (min)

Fig. 2. Brain (circles) and perfusate (triangles) temperatures
over time in a-stat (group A, solid symbols) and pH-stat (group
B, open symbols) animals. Values are medians *+ quartile de-
viation; n = 9 in each group. Data are time shifted for clarity.

sons, P = 0.017 is not statistically significant. Mean
CMR,,, was significantly greater in a-stat than in pH-
stat animals (0.54 £ 0.13 vs. 0.32 £ 0.10 m1 O,- 100
g '-min"', respectively; P = 0.0015). (See fig. 3.)
CMR,,, did not differ between the five hypertensive a-
stat animals receiving supplemental fentanyl and di-
azepam, and the four nonhypertensive «-stat animals
(0.60 + 0.13 v5. 0.54 £ 0.19 ml O,- 100 g ' - min" ',
respectively).

Bypass Duration (min)

Variable Group Technique 65 95
Brain temperature (°C) A a-stat 17.4 (0.3) 16.8 (0.2)
B pH-stat 17.6 (0.4) 17.1(0.2)
Cerebral venous oxygen content (ml O,/dI) A a-stat 9.2 (0.8) 9.8 (0.5)
B pH-stat 10.0 (0.3) 9.8 (0.1)
Cerebral arterial-venous oxygen content difference (ml O/dl) A a-stat 1.8 (0.4) 1 0(0.7)
B pH-stat 1.3 (0.5) 3(0.7)
Cerebral oxygen extraction ratio A a-stat 0.16 (0.03) 0. 09 (0.06)
B pH-stat 0.12 (0.04) 0! 2 (0. 03)
Hemispheric cerebral blood flow* (ml- 100 g~' - min~") A a-stat 37 (13) 8 (17
B pH-stat 1(5) (3)
Cerebral metabolic rate for oxygent (ml O,-100 g '-min™") A a-stat 0. 59 (0.09) 0.52 (0.23)
B pH-stat 0.25(0.12) 0.24 (0.12)

Values are median and quartile deviation (parentheses); n = 9 in each group.
“ a-stat cerebral blood flow greater than pH-stat (P = 0.017).
t a-stat cerebral metabolic rate greater than pH-stat (P = 0.0015).
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Fig. 3. Cerebral metabolic rate for oxygen in a-stat (group A,
solid circles) and pH-stat animals (group B, open circles) at
65 and 95 min of cardiopulmonary bypass.

Groups C and D

Data from seven of 23 animals were rejected. In four
cases, microspheres were not adequately mixed, in one
case the animal was accidentally rewarmed before data
collection, in one case Lex-O,-Con measurements were
unreliable, and in one case brain damage occurred dur-
ing craniotomy. Data from the remaining animals,
group C (a-stat, n = 8) and group D (pH-stat, n = 8)
were analyzed.

Microsphere Validation. Paired right and left mi-
crosphere reference counts were adequately matched
(slope = 1.02, »* = 0.98, intercept not significantly
different than zero), indicating adequate microsphere
mixing and uniform distribution. Right-hemispheric
CBF was slightly but significantly (P = 0.01) less than
left-hemispheric CBF (7 + 13%), perhaps because of
trauma from thermocouple placement.

Systemic Variables. Before the 65-min time point,
three of eight a-stat animals required supplemental di-
azepam (1-7 mg/kg) or fentanyl (0-170 ug/kg) for
arterial pressures greater than or equal to 100 mmHg.
Supplemental anesthetics were not given to nonhyper-
tensive a-stat rabbits or to pH-stat rabbits. Systemic
physiologic variables at 65 and 95 min of CPB are sum-
marized in table 4. As before, at 65 min of CPB, systemic
arterial pressure was greater in a-stat (group C) animals
than in pH-stat (group D) animals (93 + 7 vs. 55 + 4
mmHg, respectively). In a-stat animals, target systemic
arterial pressure at 95 min of CPB (58 = 1 mmHg) was
achieved using 469 + 586 pg-kg '-min ' nitroglyc-
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crin. In pH-stat animals, target systemic arterial pressure
at 95 min of CPB (101 + 2 mmHg) was achieved using
18 + 8 ng-kg ' - min ' angiotensin II. The average of
arterial pressure over time (65 and 95 min of CPB) did
not differ between a-stat (group C) and pH-stat (group
D) animals (75 + 2 vs. 78 + 2 mmHg, respectively).
Arterial hemoglobin concentration and oxygen content,
systemic flow rate, and central venous pressure were
equivalent between groups and over time. Arterial PH
and Pac, differed between a-stat and PH-stat groups
and were essentially constant between measurements.
As before, Pa,, was 75-100 mmHg greater in pH-stat
animals.

Cerebral Physiologic Variables. Cerebral physio-
logic variables at 65 and 95 min of CPB are summarized
in table 5. In pH-stat animals, with the increase in ar-
terial pressure, there was a large increase in hemi-
spheric CBF, from 30 + 9 to 62 + 10 ml-100
g '*min ' In a-stat animals, with the decrease in ar-
terial pressure, there was no change in hemispheric
CBF (40 £ 20 to 32 = 8 ml- 100 g '-min'). Mean
CBF (65 and 95 min of CPB) did not differ between «-
stat (group C) and pH-stat (group D) animals (40 +
10 vs. 48 = 6 ml-100 g™'-min™', respectively; P =
0.21). As before, mean CMR,,, was significantly greater
in a-stat than in pH-stat animals (0.71 £ 0.10 vs. 0.45
+ 0.10 ml O,-100 g '-min"'; P = 0.002). (See fig.
4.) CMR,,, did not differ between the three hypertensive
a-stat animals receiving supplemental anesthetics, and
the five nonhypertensive a-stat animals (0.72 + 0.17
v5.0.71 £0.10 ml O,-100 g ' -min~', respectively).

Discussion

Cerebral Metabolism and Blood Flow

These experiments show pH-stat management results
in CMR,,, values 35-40% less than those with «-stat
management during profoundly hypothermic (17°C)
CPB.

In the first experiment (groups A and B), systemic
arterial pressure, hemispheric CBF, and CMR,, were
all greater in «-stat than in pH-stat animals. We were
surprised that a-stat animals tended to have greater CBF
because, at moderate hypothermia (25-27°C), the
greater Pac,, of pH-stat technique results in greater CBF
compared with that by the a«-stat technique, in
humans'® and in this animal model.'"” However, at pro-
found hypothermia, cerebral autoregulation appears to
be completely inhibited, such that CBF varies directly
with arterial pressure.?’~** Thus, we believe the greater
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Table 4. Systemic Physiologic Variables: Groups Cand D

Bypass Duration (min)

Variable Group Technique 65 95

Systemic arterial pressure (mmHg) C a-stat 93 (7) 58 (1)

D pH-stat 55 (4) 101 (2)
Central venous pressure (mmHg) C a-stat 3(1) 3.(1)

D pH-stat 3(1) 4 (1)
Systemic flow (ml-kg™" - min~") C «-stat 80 (5) 80 (4)

D pH-stat 78 (3) 78 (3)
Hemoglobin (g/dL) C a-stat 7.7 (0.2) 7.2 (0.3)

D pH-stat 7.2 (0.1) 7.5(0.2)
pH, (37°C) C a-stat 7.40 (0.01) 7.39 (0.02)

D pH-stat 7.10 (0.01) 7.08 (0.02)
Paco, (MmHg, 37°C) C a-stat 40 (2) 38 (1)

D pH-stat 90 (5) 100 (3)
Pa,, (mMmHg, 37°C) C a-stat 271 (16) 267 (23)

D pH-stat 309 (46) 337 (43)
pH. (MmHg, temperature corrected) C a-stat 7.69 (0.01) 7.69 (0.02)

D pH-stat 7.36 (0.01) 7.33 (0.02)
Paco, (MmHg, temperature corrected) C a-stat 17 (1) 16 (1)

D pH-stat 41 (3) 42 (1)
Pao, (mMmHg, temperature corrected) C «-stat 193 (16) 186 (22)

D pH-stat 230 (38) 251 (38)
Arterial oxygen content (ml O/dl) C a-stat 11.2(0.2) 10.3 (0.4)

D pH-stat 10.9 (0.4) 11.2 (0.5)

Values are median and quartile deviation (parentheses); n = 8 in each group.

CBF of a-stat management was most likely the result
of the greater systemic arterial pressure that occurred
with this technique (see below).

Because of this unexpected CBF difference, it was
not clear whether the difference in CMR,,, between a-

Table 5. Cerebral Physiologic Variables: Groups C and D

stat and pH-stat management occurred because of a dif-
ference in Paco, (as hypothesized) or might actually
have occurred as a result of the CBF difference. Some
non-CPB studies suggest that oxygen transfer from
blood to tissue may be impaired during hypothermia

Bypass Duration (min)

Variable Group Technique 65 95
Brain temperature (°C) C a-stat 17.4 (0.2) 16.8 (0.2)
D pH-stat 17.5(0.2) 16.7 (0.4)
Cerebral venous oxygen content (ml O/dl) C a-stat 9.1 (0.4) 8.3 (0.9)
D pH-stat 9.5 (0.8) 10.5 (0.4)
Cerebral arterial-venous oxygen content difference (ml O,/dl) C a-stat 2.2 (0.3) 2.1 (0.5)
D pH-stat 1.6 (0.6) 0.7 (0.1)
Cerebral oxygen extraction ratio C a-stat 0.20 (0.03) 0.21 (0.04)
D pH-stat 0.15 (0.08) 0.06 (0.01)
Hemispheric cerebral blood flow (ml-100 g~' - min~") C a-stat 40 (20) 32 (8)
D pH-stat 30 (9) 62 (10)
Cerebral metabolic rate for oxygen* (ml O,-100 g~' - min™") C a-stat 0.79 (0.17) 0.61(0.10)
D pH-stat 0.46 (0.18) 0.39 (0.04)

Values are median and quartile deviation (parentheses); n = 8 in each group.
" a-stat cerebral metabolic rate greater than pH-stat (P = 0.002).
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Fig. 4. Cerebral metabolic rate for oxygen in a-stat (group C,
solid circles) and pH-stat animals (group D, open circles) at
65 and 95 min of cardiopulmonary bypass.

because of increased hemoglobin oxygen affinity or
impaired erythrocyte capillary transit.?*~?°> With im-
paired oxygen transfer from blood to brain, it is possible
CMR,,, may become flow limited, that is, CBF depen-
dent. If so, our observation of lesser CMRy, in pH-stat
animals may have been the result of their tendency
toward lesser CBF relative to a-stat animals.

To address this possibility, additional experiments
were performed where arterial pressure (and CBF)
were altered. In a subsequent set of pH-stat animals
(group D), arterial pressure was increased to a-stat lev-
els using angiotensin II, which has no direct effect on
CMR,,,.”" As expected, CBF increased. However, a con-
comitant decrease in oxygen extraction kept CMRg,
constant. Thus, CMR,,, was not CBF-dependent in pH-
stat animals. In an additional set of a-stat animals (group
C), arterial pressure was decreased to pH-stat levels
using nitroglycerin, which has no direct effect on
CMR,,,.”” The CBF response was variable. In some an-
imals CBF decreased and in others it increased. The net
result was an insignificant decrease in CBF, an insig-
nificant increase in oxygen extraction, and an insignif-
icant decrease in CMRy,,. As a result of arterial pressure
manipulation, systemic arterial pressure averaged over
time (65 and 95 min of CPB) did not difter between
a-stat (group C) and pH-stat (group D) animals. As a
probable result, hemispheric CBF averaged over time
(i.e., mean CBF) also did not differ substantively be-
tween groups. Despite equivalence in mean arterial
pressure and CBF, mean CMR,, was still significantly
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less in pH-stat (group D) animals than in c-stat animals.
We conclude, therefore, CMR,, differences between a-
statand pH-stat management at 17°C were not because
of CBF or arterial pressure differences between tech-
niques.

Instead, we postulate that pH-stat—induced CMR,,
reduction resulted from suppression of cerebral me-
tabolism by the greater Paco, of pH-stat management.
Most enzyme reaction rates are pH-dependent, and
many enzymes have pH optima that follow the predic-
tions of a-stat theory.”**” Because pH-stat management
creates a relatively acidic intracellular environment,
this would be expected to decrease enzyme reaction
rates, adenosine triphosphate consumption, and, con-
sequently, CMR,,,. In fact, this process has been pro-
posed as the mechanism by which hibernating species,
which follow pH-stat strategy, reduce oxygen con-
sumption in nonessential organs to the lowest possible
values.””~*' Our finding of additional cerebral meta-
bolic suppression in pH-stat groups at 17°C provides
a possible explanation for differences among the afore-
mentioned studies in the CMR,,,—temperature relation
(table 1).

Our findings are in contrast to the work of Aoki et
al., who reported no difference in CMR,, between «-
stat and pH-stat management in piglets undergoing CPB
at 15°C.*? Aoki et al. used samples from a retrograde
internal jugular vein catheter to represent cerebral ve-
nous blood. Rudinsky and Meadow have shown that in
the pig, internal jugular blood does not accurately rep-
resent cerebral venous blood because of extracranial
venous contamination.®® We have previously shown
that although CBF decreases during hypothermic CPB,
extracranial blood flow (masseter muscle) does not.'”
Data from the study by Aoki et al.*? also showed that
extracranial blood flow decreased far less than CBF
during profound hypothermia. Therefore, during hy-
pothermic CPB in the pig, the extracranial contribution
to jugular venous blood is likely to further increase.
Thus, samples from an internal jugular catheter will
not represent cerebral venous blood and, as a conse-
quence, CMR,,, calculations using the Fick principle
will not be accurate. In our experiments, cerebral ve-
nous blood was obtained from the confluens sinuum.
Blood from this site is derived from the cerebral hemi-
spheres and is free of extracranial venous contamina-
tion.”"

Absolute CMRy,, values appeared to differ between
groups A and B and between groups C and D, with
greater values in the latter groups. The most likely ex-
planation for this difference is that bifemoral arterial
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inflow was used in groups A and B, and descending
aortic inflow was used in groups C and D. A similar
pattern in this model can also be seen at P O
Nevertheless, the relation between a-stat and pH-stat
remained the same in both sets of experiments, spe-
cifically, pH-stat management resulted in CMR,,, values
35-40% less than those with a-stat management.

Systemic Arterial Pressure

Unlike our experience at moderate hypothermia
(27°C)," we noted major differences in systemic ar-
terial pressure between a-stat and pH-stat management
at profound hypothermia ( 17°C). «-Stat animals had a
progressive increase in arterial pressure during cooling
whereas pH-stat animals tended to have a progressive
decrease. Because carbon dioxide is a known vasodi-
lator,*® we postulate the greater Paco, of pH-stat man-
agement prevented the arterial pressure increase ob-
served in a-stat animals. Arterial pressures observed
with a-stat management in these experiments greatly
exceed those reported in other species (pigs,”” sheep,™
and dogs*’) and in human infants***" cooled to 15-
20°C with a-stat management at equivalent systemic
flow rates. Therefore, hypertension with a-stat man-
agement at 17°C differs significantly from the clinical
situation and makes the rabbit a less attractive species
for studies of cerebral physiologic variables during
profoundly hypothermic CPB. Therefore, we believe
our CMR,,, findings should be confirmed in other spe-
cies, with appropriate care to ensure accurate CBF de-
terminations (such as paired microsphere reference
samples), reliable cerebral venous blood samples, and
constant brain temperature.

We did not consider a complete lack of arterial pres-
sure control in a-stat animals (groups A and C) a tenable
option because clinically unacceptable, supraphysiol-
ogic values of arterial pressure would have often oc-
curred. Some studies of profoundly hypothermic CPB
using a-stat technique, both in animals**** and hu-
mans,**~*> report the administration of vasodilators
(phentolamine, phenoxybenzamine) with onset of
perfusion cooling, suggesting these agents are necessary
to prevent systemic arterial vasoconstriction. In pilot
studies, we found nei “er phentolamine nor trimeth-
aphan, antihypertensive agents having little direct effect
on CBF and CMRy,,, to effectively control hypertension
during profound hypothermia. Pilot studies also
showed reduction in systemic flow rate to less than 80

** Hindman BJ, Cutkomp J, Smith T: Unpublished data. 1992.
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ml-kg '-min' resulted in inadequate microsphere
mixing at 17°C, rendering CBF data uninterpretable.
Thus, reduction in systemic flow rate was not an option
to control arterial pressure. Because development of
hypertension is often considered a sign of potentially
inadequate anesthesia, we considered administration
of supplemental anesthetic to be a reasonable (although
not entirely ideal) option to control arterial pressure.
Consequently, in a-stat animals we gave supplemental
anesthetics whenever arterial pressure exceed 100
mmHg. We recognized that by giving additional anes-
thetic we might mask CMR,,, differences between «-
stat and pH-stat management. Our results indicate that
this probably did not occur. If supplemental anesthetics
were to influence cerebral metabolism, they would be
expected to decrease CMR,,. Consequently, one of the
following may be expected: a lesser CMRy, in a-stat
animals compared with pH-stat animals or a lesser
CMR,,, in a-stat animals that received supplemental an-
esthetic compared with a-stat animals that did not. In
fact, neither was the case. Thus, we believe anesthetic
differences between animals and groups at 17°C had
little if any effect on CMRo,.

Opposing Effects of Systemic Arterial Pressure

and Pac, on Cerebral Blood Flow

Given that pH-stat management results in much
greater Paco, than does a-stat management, we were
surprised that in the first set of experiments, CBF was
greater in a-stat (group A) than in pH-stat (group B)
animals. This finding might appear to be a radical de-
parture from established physiologic characteristics:
normally, increasing Paco, increases CBF. However,
groups A and B differed not only in Paco,, but systemic
arterial pressure as well, with a-stat animals having
markedly greater systemic arterial pressure than pH-
stat animals. Because profound hypothermia abolishes
cerebral autoregulation,?’™** it was not possible to dis-
cern the extent to which the CBF difference between
groups A and B was the result of arterial pressure or
Paco, differences. In the second set of experiments
(groups C and D), we altered arterial pressure within
each group, maintaining constant Paco,. When arterial
pressure equaled approximately 100 mmHg in both
groups C (a-stat, 65 min) and D (pH-stat, 95 min), CBF
was, as expected, greater in the pH-stat group (40 *
20 vs. 62+ 10ml-100 g ' -min', respectively). This
finding is consistent with normothermic physiologic
characteristics and with our studies™ at 17°C in which
acute increases in Paco, (a-stat to pH-stat conditions)
were found to increase CBF. When arterial pressure
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equaled approximately 58 mmHg in both groups C (a-
stat, 95 min) and D (pH-stat, 65 min), CBF was equiv-
alent (32 £ 8 vs. 30 + 9 ml- 100 g™ '+ min ', respec-
tively). This later result suggests that CBF response to
Paco, may vary with arterial pressure,***7 or the vaso-
dilatory effect of nitroglycerin has a greater influence
than the vasoconstricting effect of hypocapnia.*® Hence,
our findings regarding the effects of arterial pressure
and Paco, on CBF during profound hypothermia are not
incompatible with established physiologic character-
istics, although initially they may appear so.

Implications for Hypothermic Brain Protection

By reducing CMR,,, hypothermia increases the du-
ration of ischemia that can occur before neuronal en-
ergy stores are depleted and membrane depolarization
occurs. By this and other mechanisms,**~>' hypothermia
provides a measure of brain protection during periods
of cerebral ischemia. In these experiments we have
shown pH-stat management significantly increases the
suppressive effect of hypothermia on CMRy,,. It is pos-
sible the additional CMR reduction of pH-stat manage-
ment may significantly increase the allowable duration
of cerebral ischemia before onset of terminal membrane
depolarization and, thereby, provide an extra measure
of brain protection.

Although membrane depolarization is the first step
in the ischemic cascade, it is not the sole determinant
of neurologic outcome. Once depolarization occurs,
many subsequent events and processes (calcium influx,
excitatory neurotransmitter release, reperfusion inju-
ries) play critical roles in determining the final extent
of neurologic injury.**~>' How, or if, hypothermic acid-

consequently, net neurologic outcome in the setting
of complete global cerebral ischemia (i.e., circulatory
arrest) is currently unclear. In a retrospective study,
Jonas et al. reported better postoperative developmen-
tal outcome in children undergoing circulatory arrest
with pH-stat as opposed to a-stat technique. > However,
whether outcome differences were related to Paco, dif-
ferences, or instead to differences in prearrest brain
temperature cannot be ascertained. Animal studies are
contradictory. Aoki et al. observed less brain water and
a more prompt recovery of intracellular pH and aden-
osine triphosphate concentration after circulatory arrest
(1 h at 15°C) in piglets cooled, arrested, and reper-
fused with pH-stat rather than a-stat management.”” In
stark contrast, Watanabe et al. found recovery of brain
PH and P,, was more complete in dogs after circulatory
arrest (1 h at 18°C) when animals were cooled, ar-
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rested, and reperfused under a-stat conditions as com-
pared with hypercapnic (pH-stat) conditions.’> There-
fore, additional laboratory work and randomized clin-
ical trials will be necessary to determine which
hypothermic acid-base strategy provides optimal ce-
rebral protection, and under what conditions (contin-
uous flow vs. circulatory arrest).

In summary, during steady-state CPB at 17°C, pH-stat
management reduced CMR,,, 35-40% relative to a-stat
management. The additional metabolic suppression of
pH-stat management may explain previous discrepan-
cies in the literature regarding the effect of profound
hypothermia on CMRy,,.

The authors thank Dr. Michael M. Todd and Dr. John H. Tinker for
their helpful suggestions during preparation of this manuscript.

References

1. Sutton LN, Clark BJ, Norwood CR, Woodford EJ, Welsh FA:
Global cerebral ischemia in piglets under conditions of mild and
deep hypothermia. Stroke 22:1567-1573, 1991

2. Michenfelder JD, Theye RA: The effects of anesthesia and hy-
pothermia on canine cerebral ATP and lactate during anoxia produced
by decapitation. ANESTHESIOLOGY 33:430-439, 1970

3. Astrup ], Skovsted P, Gjerris F, Sorensen HR: Increase in extra-
cellular potassium in the brain during circulatory arrest: Effects of
hypothermia, lidocaine, and thiopental. ANESTHESIOLOGY 55:256-262,
1981

4. Bering EA: Effects of profound hypothermia and circulatory ar-
rest on cerebral oxygen metabolism and cerebrospinal fluid electro-
lyte composition in dogs. ] Neurosurg 39:199-205, 1974

5. Newberger JW, Jonas RA, Wernovsky G, Wypij D, Hickey PR,
Kuban KCK, Farrell DM, Holmes GL, Helmers SL, Constantinou J,
Carrazana E, Barlow JK, Walsh AZ, Lucius KC, Share DJC, Wessel DL,
Hanley FL, Mayer JE, Castaneda AR, Ware JH: A comparison of the
perioperative neurologic effects of hypothermic circulatory arrest
versus low-flow cardiopulmonary bypass in infant heart surgery. N
Engl ] Med 329:1057-10064, 1993

6. Ergin MA, Galla JD, Lansman SL, Quintana C, Bodian C, Griepp
RB: Hypothermic circulatory arrest in operations on the thoracic aorta:
Determinants of operative mortality and neurologic outcome. ] Thorac
Cardiovasc Surg 107:788-799, 1994

7. Steen PA, Newberg L, Milde JH, Michenfelder JD: Hypothermia
and barbiturates: Individual and combined effects on canine cerebral
oXygen consumption. ANESTHESIOLOGY 58:527-532, 1983

8. Michenfelder JD, Milde JH: The relationship among canine brain
temperature, metabolism, and function during hypothermia. ANEs-
THESIOLOGY 75:130-1306, 1991

9. Tanaka J, Shiki K, Asou T, Yasui H, Tokunaga K: Cerebral au-
toregulation during deep hypothermic nonpulsatile cardiopulmonary
bypass with selective cerebral perfusion in dogs. ] Thorac Cardiovasc
Surg 95:124-132, 1988

10. Astrup J, Serensen PM, Sorensen HR: Inhibition of cerebral
oxygen and glucose consumption in the dog by hypothermia, pen-
tobarbital, and lidocaine. ANESTHESIOLOGY 55:263-268, 1981




994

HINDMAN ET AL.

11. Andritsch RF, Muravchick S, Gold MI: Temperature correction
of arterial blood-gas parameters: A comparative review of method-
ology. ANESTHESIOLOGY 55:311-310, 1981

12. Hickey PR, Andersen NP: Deep hypothermic circulatory arrest:
A review of pathophysiology and clinical experience as a basis for
anesthetic management. J Cardiothorac Anesth 1:137-1 55, 1987

13. Buckberg GD, Luck JC, Payne DB, Hoffman JIE, Archie JP,
Fixler DE: Some sources of error in mcasuring regional blood
flow with radioactive microspheres. J Appl Physiol 31:598-604,
1971

14. Heymann MA, Payne BD, Hoffman JIE, Rudolph AM: Blood
flow measurements with radionuclide-labeled particles. Prog Car-
diovasc Dis 20:55-79, 1977

15. Marcus ML, Bischof CJ, Heistad DD: Comparison of micro-
sphere and xenon-133 clearance method in measuring skeletal muscle
and cerebral blood flow. Circ Res 48:748-701, 1981

16. Wilkinson L: Systat: The System for Statistics. Evanston, IL,
Systat, 1990, pp 149-158, 218, 493, 494

17. Blalock HM: Social Statistics. 2nd edition. New York, McGraw-
Hill, 1979, pp 230-231, 343

18. Murkin JM, Farrar JK, Tweed A, McKenzie FN, Guiraudon G:
Cerebral autoregulation and flow/metabolism coupling during car-
diopulmonary bypass: The influence of Paco,. Anesth Analg 66:825—
832, 1987

19. Hindman BJ, Dexter F, Cutkomp J, Smith T, Todd MM, Tinker
JH: Cerebral blood flow and metabolism do not decrease at stable
brain temperature during cardiopulmonary bypass in rabbits. ANEs-
THESIOLOGY 77:342-350, 1992

20. Greeley WJ, Ungerleider RM, Kern FH, Brusino FG, Smith LR,
Reves JG: Effects of cardiopulmonary bypass on cerebral blood flow
in neonates, infants, and children. Circulation 80 (suppl 1):1-209-1-
215, 1989

21. Taylor RH, Burrows FA, Bissonnette B: Cerebral pressure-flow
velocity relationship during hypothermic cardiopulmonary bypass
in neonates and infants. Anesth Analg 74:636-0642, 1992

22. BuijsJ, Van Bel F, Nandorff A, Hardjowijono R, Stijnen T, Ot-
tenkamp J: Cerebral blood flow pattern and autoregulation during
open-heart surgery in infants and young children: A transcranial,
Doppler ultrasound study. Crit Care Med 20:771-777, 1992

23. Cain SM, Bradely WE: Critical O, transport values at lowered
body temperature in rats. ] Appl Physiol 55:1713-1717, 1983

24. Schumacker PT, Rowland J, Saltz S, Nelson DP, Wood LDH:
Effects of hyperthermia and hypothermia on oxygen extraction
by tissues during hypovolemia. J Appl Physiol 63:1246-1252,

1987

25. Hershenson MB, Schena JA, Lozano PA, Jacobson MJ, Crone
RK: Effect of pentoxiphylline on oxygen transport during hypother-
mia. ] Appl Physiol 66:96-101, 1989

26. Tamaki K, Saku Y, Ogata J: Effects of angiotensin and atrial
naturiuretic peptide on the cerebral circulation. J Cereb Blood Flow

Metab 12:318-325, 1992

27. Hammaguchi M, Ishibashi T, Katsumata N, Mitomi A, Imai S:
Effects of sodium nitroprusside (MR7S1) and nitroglycerin on the
systemic, renal, cerebral and coronary circulation of dogs anesthetized
with enflurane. Cardiovasc Drugs Ther 6:611-622, 1992

28. Somero GN, White FN: Enzymatic consequences under al-
phastat regulation, Acid-base Regulation and Body Temperature. Ed-
ited by Rahn H, Prakash O. Boston, Martinus Hijhoff, 1985, pp 35-
80

29. Somero GN: Protons, osmolytes, and fitness of internal milieu
for protein function. Am J Physiol 251:R197-R213, 1986

Anesthesiology, V 82, No 4, Apr 1995

30. Malan A: Acid-base regulation during hibernation, Acid-base
Regulation and Body Temperature. Edited by Rahn H, Prakash O.
Boston, Martinus Hijhoff, 1985, pp 33-53

31. Malan A, Mioskowski E: pH-Temperature int¢ractions on pro-
tein function and hibernation: GDP binding to brown adipose tissue
mitochondria. ] Comp Physiol [B] 158:487-493, 1988

32. Aoki M, Nomura F, Stromski ME, Tsuji MK, Fackler JC, Hickey
PR, Holtzman DH, Jonas RA: Effects of pH on brain energetics after
hypothermic circulatory arrest. Ann Thorac Surg 55:1093-1103,
1993

33. Rudinsky BF, Meadow WL: Internal jugular venous oxygen
saturation does not reflect sagittal sinus oxygen saturation in piglets.
Biol Neonate 59:322-328, 1991

34. Scremin OU, Sonnenschein RR, Rubinstein EH: Cerebrovas-
cular anatomy and blood flow measurements in the rabbit. ] Cereb
Blood Flow Mctab 2:55-606, 1982

35. Hindman BJ, Dexter F, Ryu KH, Smith T, Cutkomp J: Pulsatile
versus nonpulsatile cardiopulmonary bypass: No difference in brain
blood flow or metabolism at 27°C. ANESTHESIOLOGY 80:1137-1147,
1994

36. Cullen DJ, Eger El I1: Cardiovascular effects of carbon dioxide
in man. ANESTHESIOLOGY 41:345-349, 1974

37. Mault JR, Whitaker EG, Heinle JS, Lodge AJ, Greeley W], Un-
gerleider RM: Cerebral metabolic effects of sequential periods of
hypothermic circulatory arrest. Ann Thorac Surg 57:96-101, 1994

38. Anderson RV, Siegman MG, Balaban RS, Ceckler TL, Swain JA:
Hyperglycemia increases cerebral intracellular acidosis during cir-
culatory arrest. Ann Thorac Surg 54:1126-1130, 1992

39. Redmond JM, Gillinov AM, Blue ME, Zehr KJ, Troncoso JC,
Cameron DE, Johnston MV, Baumgartner WA: The monosialoganglio-
side, GM1, reduces neurologic injury associated with hypothermic
circulatory arrest. Surgery 114:324-333, 1993

40. Greeley WJ, Kern FH, Ungerleider RM, Boyd JL 111, Quill T,
Smith LR, Baldwin B, Reves JG, Sabiston DC: The effect of hypothermic
cardiopulmonary bypass and total circulatory arrest on cerebral me-
tabolism in neonates, infants and children. J Thorac Cardiovasc Surg
101:783-794, 1991

41. Burrows FA, Bissonnette B: Cerebral blood flow velocity pat-
terns during cardiac surgery utilizing profound hypothermia with
low-flow cardiopulmonary bypass or circulatory arrest in neonates
and infants. Can J Anaesth 40:298-307, 1993

42. Kawata H, Fackler JC, Aoki M, Tsuji MK, Sawatari K, Offutt M,
Hickey PR, Holtzman D, Jonas RA: Recovery of cerebral blood flow
and energy state in piglets after hypothermic circulatory arrest versus
recovery after low-flow bypass. J Thorac Cardiovasc Surg 106:671-
685, 1993

43. Di Eusanio G, Ray SC, Donnelly RJ, Hamilton DI: Open heart
surgery in first year of life using profound hypothermia (core cooling)
and circulatory arrest: Experience with 134 consecutive cases. Br
Heart ] 41:294-300, 1979

44. Williams GD, Scifen AB, Lawson NW, Norton JB, Readinger
RI, Dungan TW, Callaway JK, Campbell GS: Pulsatile perfusion versus
conventional high-flow nonpulsatile perfusion for rapid core cooling
and rewarming of infants for circulatory arrest in cardiac operation.
J Thorac Cardiovasc Surg 78:667-677, 1979

45. Jonas RA, Bellinger DC, Rappaport LA, Wernovsky G, Hickey
PR, Farrell DM, Newburger JW: Relation of pH strategy and devel-
opmental outcome after hypothermic circulatory arrest. J Thorac
Cardiovasc Surg 106:362-368, 1993

46. Harper AM, Glass HI: Effect of alterations in the arterial carbon
dioxide tension on the blood flow through the cerebral cortex at

a-STAT VERS

normal and low :
chiatry 28:449-4

47. Tuor Ul F
during hemorrhag
H40-HS51, 1984

48. Artru AA:
ing nitroglycerin-
1985

49. Tod@MM,
Cerebral mé{uh()l
(editorial ) SANEST

20z ludy Q1 uo 3senb Aq jpd°£Z000-00070566 1-Z¥S0000/1 99/ 8E/€86/1/28/HPd-8o1e/ABO|0ISAYISBUE/WOD IIEUYDIBA|IS ZESE]/:dRY WO Pi

AnCSthesiology, V 8




1ation, Acid-base
n H, Prakash 0.

“ractions on pro-
'n adipose tissye
)88

ckler JC, Hickey
energetics after
55:1093—1 103,

venous Oxygcn
ation in piglets.

EH: Cerebrovas-
rabbit. J Cereb

omp J: Pulsatile
ference in brain
30:1137-1147,

carbon dioxide

sreeley W), Un-
itial periods of
96-101, 1994
er TL, Swain JA:
0sis during cir-
92

|, Troncoso )C,
nosialoganglio-
h hypothermic

JL III, Quill T,
of hypothermic
n cerebral me-
‘ardiovasc Surg

w velocity pat-
othermia with
*st in neonates

ari K, Offutt M,
ral blood flow
ry arrest versus
urg 106:671-

DI: Open heart
(core cooling)
utive cases. Br

JB, Readinger
erfusion versus
d core cooling
liac operation.

sky G, Hickey
cgy and devel-
rrest. J Thorac

arterial carbon
-bral cortex at

a-STAT VERSUS pH-STAT EFFECTS ON CMR,, AT 17°C

normal and low arterial blood pressures. J Neurol Neurosurg Psy-
chiatry 28:449-452, 1965 2

-

47. Tuor UI, Farrar JK: Pial vessel caliber and cerebral blood flow
during hemorrhage and hypercapnia in the rabbit. Am J Physiol 247:
H40-HS51, 1984

48. Artru AA: Cerebral vascular responses to hypcapnia dur-
ing nitroglycerin-induced hypotension. Neurosurgery 16:468-472.
1985

49. Todd MM, Warner DS: A comfortable hypothesis reevaluated:
Cerebral metabolic depression and brain protection during ischemia
(editorial). ANESTHESIOLOGY 76:161-164, 1992

Ancslhc.siolog). V 82, No 4, Apr 1995

50. Ginsberg MD, Sternau LL, Globus MYT, Dietrich WD, Busto
R: Therapeutic modulation of brain temperature: Relevance to isch-
emic brain injury. Cerebrovasc Brain Metab Rev 4:189-225,
1992

51. White BC, Grossman LI, Krause GS: Brain injury by global
ischemia and reperfusion: A theoretical perspective on membrane
damage and repair. Neurology 43:1656-1665, 1993

52. Watanabe T, Miura M, Inui K, Minowa T, Shimanuki T, Nish-
imura K, Washio M: Blood and brain tissue gaseous strategy for pro-
foundly hypothermic total circulatory arrest. J Thorac Cardiovasc
Surg 102:497-504, 1991




