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Brain Blood Flow and Metabolism Do Not Decrease at Stable
Brain Temperature 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.%, Michael M. Todd, M.D.§, John H. Tinker, M.D.1

Cerebral blood flow (CBF) during human hypothermic cardio-
pulmonary bypass has been reported to decrease with time, sug-
gesting that progressive cerebral vasoconstriction or embolic ob-
struction may occur. We tested the hypotheses: 1) that observed CBF
reductions were due to continued undetected brain cooling and 2)
that CBF during cardiopulmonary bypass would be stable after
achievement of constant brain temperature. Anesthetized New Zea-
land White rabbits underwent cardiopulmonary bypass (membrane
oxygenator, centrifugal pump, bifemoral arterial perfusion) and
were assigned to one of three bypass management groups based on
perfusate temperature and Paco, management: group 1 (37° C, n
= 8); group 2 (27° G, pH-stat, n = 9); and group 3 (27° C, a-stat, n
= 8). Systemic hemodynamics, and cerebral cortical, esophageal,
and arterial perfusate temperatures were recorded every 10 min for
the first hour of bypass and again at 90 min. CBF and masseter
blood flow (radiolabeled microspheres) were determined at 30, 60,
and 90 min of bypass, while the cerebral metabolic rate for oxygen
(CMRy,) was determined at 60 and 90 min. Groups were comparable
with respect to mean arterial pressure, central venous pressure, he-
matocrit, and arterial oxygen content throughout bypass. Cortical
temperature was stable in normothermic (group 1) animals, and there
was no significant change in CBF between 30 and 90 min of bypass:
68 = 18 versus 73 + 20 ml-100 g™’ - min™* (mean + SD). In the hy-
pothermic groups (2 and 3), cortical temperature equilibration (95%
of the total change) required 41 * 6 min. In agreement with our
hypothesis, once brain temperature had stabilized in hypothermic
animals, we found no significant change in CBF between 60 and 90
min of bypass—37 = 6 versus 37 £ 7 ml-100 g™ - min™! (pH-stat)
and 31 = 6 versus 30 = 3 ml-100 g~' - min~! (a-stat). There was no
significant change in CMRg, between 60 and 90 min of bypass in
any group—3.8 + 1.4 versus 3.4 = 1.1 ml- 100 g"' +min~! (37°C); 1.4
* 0.4 versus 1.2 % 0.3 ml-100 g™’ - min~* (pH-stat); and 1.3 = 0.4
versus 1.3 £ 0.5 ml- 100 ¢! - min™! (a-stat). We conclude that at con-
stant brain temperature, CBF and CMRg, are stable during cardio-
pulmonary bypass, and if progressive cerebral vasoconstriction and/
or embolic obstruction occur, such events occur either during the
early phase of bypass or, if later, at levels below the resolution of
this study. (Key words: Anesthesia: cardiovascular. Brain: blood flow;
hypothermia; metabolism. Surgery, cardiac: cardiopulmonary by-
pass. Temperature: hypothermia.)
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BECAUSE NEUROLOGIC COMPLICATIONS are common
following cardiac surgery,' it is important to better char-
acterize the cerebral physiology of cardiopulmonary by-
pass and to understand how it may influence neurologic
outcome. Of particular interest, Rogers et al. observed
that cerebral blood flow (CBF) decreased 4 + 4 ml- 100
g™ +min~! (mean =+ SD) over a period of 26 + 15 min
during human hypothermic bypass, despite stable naso-
pharyngeal temperature.®** The same workers later re-
ported that CBF responses to changing Paco,
(ACBF/APaco,) decreased with time during stable hy-
pothermic bypass.® They proposed a progressive decline
in CBF to account for these findings, ranging from 0.1
+0.1to 0.4 + 0.5 ml-100 g~' + min™! per minute. The
authors suggested that CBF reductions might be attrib-
uted to progressive cerebral vasoconstriction and/or mi-
crovascular (embolic) obstruction, potentially resulting in
cerebral hypoperfusion and neurologic injury.

Both CBF and the cerebral metabolic rate for oxygen
(CMRy,) are influenced by temperature. In a prior study

_using a rabbit model of cardiopulmonary bypass, we pro-

posed that brain temperature equilibration during hy-
pothermic bypass is much slower than generally appre-
ciated and that brain temperature lags considerably be-
hind that of the esophagus.* We hypothesized that CBF
reductions during apparently stable hypothermic bypass
might be due to continued, but undetected, brain cooling.
The current experiment was therefore designed to answer
the following questions: 1) How quickly does the brain
cool during hypothermic bypass? 2) At constant, directly
measured, brain temperature, do CBF and/or CMRo,
actually change during cardiopulmonary bypass? 3) Are
there differences in the stabilities of CBF and/or
CMRo, as functions of temperature (normothermic vs.
hypothermic bypass) and/or blood gas management (a-
stat vs. pH-stat)?

Materials and Methods

The experimental protocol was approved by the Ani-
mal Care Committee of the University of Iowa. Anesthesia
was induced with halothane in oxygen in 25 New Zealand
White rabbits (weight 4.2 = 0.7 kg). A tracheotomy was

** Calculated from data presented in figure 1 of Rogers et al.?
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performed and the lungs ventilated to achieve normo-

carbia using a gas mixture containing 1.5% halothane in

33% oxygen/balance nitrous oxide. The animals were

paralyzed with a succinylcholine infusion and placed

prone. After a midline sagittal scalp incision, a 2-mm burr

hole was drilled over the right frontoparietal cortex, and

a calibrated 1 mm thermocouple (K-type, L-08419-02,

Cole Palmer Instrument Co., Chicago, IL) was introduced

under the cranium so as to rest on the dural surface. A

posterior midline craniotomy was then performed, ex-
posing the confluens sinuum. A loading dose of heparin

was administered (200 U /kg intravenously), and heparin

was added to the succinylcholine infusion to give a
maintenance dose of 200 U - kg™ - h™!. The tip of a poly-
ethylene catheter (PE-90, Intramedic, Parsippany, NJ) was
then placed in the confluens sinuum, permitting collection
of venous blood originating from the cerebral hemi-
spheres.® The cortical thermocouple and cerebral venous
catheter were secured with bone wax and fast-drying cy-
anoacrylate cement and the animals turned supine.

Esophageal temperature was monitored via calibrated
thermocouple (same model as above) placed in the mid-
esophagus. Central venous pressure was measured via the
right external jugular vein (PE-90). Both brachial arteries
were cannulated (PE-160) for microsphere reference
blood samples. Teflon catheters (14-G, 32 mm long) were
inserted into each femoral artery, and, after sternotomy
and supplemental heparin (300 U/kg intravenously), an
18-Fr right atrial catheter was secured using a purse-string
suture. Approximately 30 min before cardiopulmonary
bypass was started, halothane, nitrous oxide, and the suc-
cinylcholine/heparin infusion were discontinued. Anes-
thesia was thereafter maintained with fentanyl (100-ug/
kg loading dose, 2.5-pg + kg™ - min™! infusion) and mid-
azolam (l-mg/kg loading dose, 33-pg+kg™' *min™! in-
fusion). Muscle relaxation was achieved with pancuronium
(0.2 mg/kg)

The bypass circuit consisted of a venous reservoir, a
centrifugal blood pump (Biomedicus, Eden Prairie, MN),
a membrane oxygenator/heat exchanger (Terumo, Pis-
cataway, NJ), and a variable-temperature water pump. A
continuous in-line blood gas analysis sensor, which also
measured arterial perfusate temperature (model 200,
Cardiovascular Devices Inc., Irvine, CA), was placed distal
to the oxygenator and was calibrated against blood sam-
ples analyzed via standard blood gas analysis (see below). 1+

+1 All blood gases were measured on an 1L1304 pH/blood gas an-
alyzer (Instrumentation Laboratory, Lexington, MA) with an electrode
temperature of 37° C. Values were corrected to the animal’s perfusate
temperature using the internal blood gas correction program of 1L1304
(National Committee for Clinical Laboratory Standards: Definition of
quantities and conventions related to blood pH and gas analysis. Catalog
#C12-T).
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The priming fluid consisted of 300 ml 6% (wt/vol) hy-
droxyethyl starch in 0.72% sodium chloride, 15 mEq so-
dium bicarbonate, 250 mg CaCly, 1 mEq KCl, and 1,000
U heparin. The priming fluid was circulated through a
40-pm filter for at least 60 min prior to the addition of
~150 ml filtered rabbit packed red blood cells, achieving
a priming hematocrit of 23 *+ 2%.

Animals were randomly assigned to one of three
groups: group 1 (837° G, n = 8), group 2 (27° C, pH-stat
management, n = 9), or group 3 (27° C, a-stat manage-
ment, n = 8); the water temperature to the heat exchanger
was preequilibrated accordingly. Cardiopulmonary bypass
was initiated (bifemoral inflow, right atrial return) and
maintained at a flow of ~100 ml - kg™" - min™! monitored
with a calibrated in-line electromagnetic flow meter, with
systemic cooling in groups 2 and 3 beginning immediately
with initiation of bypass. The pulmonary artery was
clamped, and a 16-G catheter was placed in the left ven-
tricle to permit drainage to the venous reservoir. Arterial
pressure was measured from the left brachial arterial
catheter. No pharmacologic or mechanical method was
used to control arterial pressure. With both group 1 (37°
C) and group 3 (27° C, a-stat) animals, the oxygenator
was ventilated with a variable mixture of oxygen and ni-
trogen to maintain Paco, near 40 mmHg and Pao, near
250 mmHg when measured at 37° C. With group 2 (27°
C, pH-stat), oxygen and nitrogen flows were adjusted to
keep Paco, near 40 mmHg when corrected to arterial
perfusate temperature.

The following variables were recorded every 10 min
for 60 min of bypass, and then again at 90 min: mean
arterial pressure, central venous pressure, bypass flow
rate, brain (cortical) temperature, esophageal tempera-
ture, arterial perfusate temperature, hematocrit, and ar-
terial blood gases (values measured at 37° C and temper-
ature-corrected values). CBF determinations (see below)
were made at 30, 60, and 90 min of bypass. At 60 and
90 min of bypass, arterial and cerebral venous blood was
collected for measurement of oxygen content via the ex-
traction/galvanic cell method. (Lex-O2-Con, Lexington
Instruments Corporation, Waltham, MA).%"{} Sodium
bicarbonate was given to maintain base deficit of not
greater than 4 mEq/l, measured at 37° C (1.5 + 1.0
mEq - kg™! - h™!). At experiment completion, animals were
killed by discontinuation of bypass and intracardiac ad-
ministration of saturated KCI solution.®

I The specific aim of this study was to assess the stability of cerebral
blood flow and metabolism at constant brain temperature. Because
sampling from the confluens sinuum was technically difficult and pilot
studies indicated that brain temperature equilibration would not be
achieved by 30 min of bypass, cerebral venous blood was not collected
at 30 min of bypass.
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CBF was measured by the radioactive microsphere
technique. Isotopes used included '*!Ce, **Nb, 6Sc, and
88r (New England Nuclear, Boston, MA), although only
three isotopes were used in each experiment. Two
hundred microliters of stock microspheres (~900,000
microspheres), vigorously mixed for 5 min prior to with-
drawal, were diluted in 1.5 ml suspending solution (10%
dextran 40 in normal saline with 0.5% [vol/vol] Tween-
80) and mixed an additional 60 s. Microspheres were in-
Jjected over 30 s into the arterial perfusion tubing just
proximal to its bifurcation into the two femoral inflow
cannulae. Starting 15 s before microsphere injection, and
continuing 90 s thereafter, blood was simultaneously
withdrawn from each brachial arterial catheter via cali-
brated withdrawal pump (1.96 ml/min). After the ex-

periment, the brain was removed and dissected into the

following regions: right and left cerebral hemispheres,
cerebellum, midbrain, and medulla. Right and left mas-
seter muscles were also sampled. Fresh tissue samples were
weighed and placed in counting tubes, and, with reference
blood samples, each was counted for 5 min in a ¥ counter.
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 masseter and right and
left cerebral hemispheric blood flow were used to calculate
mean masseter blood flow and mean hemispheric CBF.
Weight-averaged values for each brain region were used
to calculate global CBF.

CMRo, (ml-100 g™'+min~!) was calculated as the
product of mean hemispheric CBF (ml- 100 g™ - min™")
and the arterial — cerebral venous oxygen content dif-
ference (milliliters oxygen per 100 ml blood). Cerebral
oxygen extraction ratio (OER) was calculated as the ar-
terial — cerebral venous oxygen content difference di-
vided by the arterial oxygen content.

STATISTICS

Right and left microsphere counts were distributed
normally, permitting linear regression analysis to test ad-
equacy of microsphere mixing and distribution. Box plots
showed systemic physiologic variables to be normally dis-
tributed. Thus, these variables were expressed as mean
+ standard deviation. Time to achieve 95% of the total
change in temperature (cerebral cortex and esophagus)
was calculated by linear interpolation of the temperature
versus time data for each hypothermic animal.

Changes in CBF and CMRy, over time were analyzed
for each group independently by linear regression.'? (See
Appendix.) Because CBF followed a normal distribution,
we analyzed differences in CBF. On the other hand, be-
cause CMRo, was log-normally distributed, we tested
whether the ratio of CMRg, values at 60 and 90 min was
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significantly different than 1. Statistical power was cal-
culated at the 80% level to detect a change in CBF or
CMR, with an « of 0.05.'3

Results

Paired right and left microsphere reference counts
were well matched (r? = 0.94, slope = 0.98, intercept
[921 cpm] not significantly different than zero), indicating
excellent microsphere mixing and uniform distribution.
There were no right-left blood flow asymmetries between
either the cerebral hemispheres or masseter muscles.

Systemic physiologic variables are shown in table 1.
There were no physiologically meaningful intra- or in-
tergroup differences at 30, 60, and 90 min of bypass with
respect to the following variables: mean arterial pressure,
central venous pressure, Pao,, hematocrit, and arterial
oxygen content. As intended, arterial pH and Pco, dif-
fered between a-stat and pH-stat management, but values
were constant within all groups at 30, 60, and 90 min of
bypass.

Cortical temperature as a function of group assignment
and bypass duration is shown in figure 1. Cortical tem-
perature was constant over the entire 90 min of bypass
in group 1 (37° C). There were no differences in cortical
temperature between group 2 (pH-stat) and group 3 (a-
stat) at any time, nor any difference in the time required
to achieve 95% of the total change in temperature (39
* 6 vs. 42 + 6 min, respectively). Only 1 of 17 hypother-
mic animals achieved 95% cortical temperature equili-
bration in 30 min or less. Thus, CBF and CMRo, com-
parisons in groups 2 (pH-stat) and 3 (a-stat) are made only
on data obtained at 60 and 90 min of bypass, during which
time cortical temperature was constant. Esophageal tem-
perature achieved 95% equilibration by 29 = 4 min. The
median difference between cortical and esophageal tem-
perature exceeded 1° C for the first 30 min of cooling
(fig. 2).

Cerebral physiologic variables are shown in table 2.
For clarity, P values and power analyses for the following
comparisons are shown in table 3. There was no significant
change in global CBF between 30 and 90 min of bypass
in group 1 (37° C). 68 * 18 versus 73 = 20 ml- 100
g~' +min~!. There were no significant changes in global
CBF between 60 and 90 min of bypass in either group 2
(pH-stat; 37 £ 6 vs. 37 = 7 ml- 100 g~' - min™) or group
3 (c-stat; 31 = 6 vs. 30 + 3 ml-100 g~' - min~?). There
was no significant change in CMRo, between 60 and 90
min of bypass in any group: group 1 (37° C): 3.8 = 1.4
versus 3.4 = 1.1 ml- 100 g™'*min™"; group 2 (pH-stat):
1.4 + 0.4 versus 1.2 = 0.3 ml- 100 g™' - min™'; and group
3 (a-stat): 1.3 £ .04 versus 1.3 £ 0.5 ml- 100 g™! - min™".
Masseter blood flow was equivalent among groups and
measurement intervals, averaging 16 ml+ 100 g™ - min™',
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* Corrected to arterial perfusate temperature.

Mean = SD. Group 1 (37° C, n = 8); group 2 (27° C, pH-stat, n = 9); group 3 (27° C,

a-stat, n = 8).
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Discussion

In a study of 12 patients undergoing hypothermic car-
diopulmonary bypass, Rogers ¢ al. observed spontaneous
reductions in CBF ranging from 0 to 14 ml-100
g~!-min~! (mean = 4 ml- 100 g™' - min™") over a period
of 16 to 70 min (mean = 26), corresponding to a rate of
decline 0f 0.2 + 0.2 ml+ 100 g™ - min~* per minute.? The
authors used the data to time-correct CBF data in sub-
sequent studies of cerebrovascular responses to phenyl-
ephrine and sodium nitroprusside during bypass.'*!° Re;
cently, Prough et al. presented additional evidence for a
reduction in CBF during stable hypothermic bypass, with
estimated rates of decline between 0.1 *+ 0.1 and 0.4
+ 0.5 ml- 100 g”' - min~! per minute over a measurement
interval of 20-30 min.? In the latter study, nasopharyn-
geal temperature and CMRo, were unchanged over the
measurement interval. Based on this, the authors sug-
gested that CBF reductions were unlikely due to contin-
ued undetected brain cooling but more likely due to pro-
gressive cerebral vasoconstriction and/or microvascular
(embolic) obstruction.® In a prior investigation using our
rabbit bypass model, we also found a significant inverse
correlation between CBF and bypass duration.* When the
earliest time points were omitted (CBF measured at 23
+ 5 min of bypass), the correlation between CBF and time
disappeared. This suggested to us that the early depen-
dency of CBF on bypass duration was most likely due to
incomplete brain cooling in the early phase of bypass,
which was undetected by esophageal thermometry. We
hypothesized that if decline in CBF during cardiopul-
monary bypass was due to progressive cerebral vasocon-
striction and /or embolic obstruction, such a decline would
occur at stable brain temperature and would also be ob-
served during later periods of bypass. If, on the other
hand, both CBF and CMRo, were unchanged over time
at constant brain temperature, then progressive cerebral
vasoconstriction and/or microvascular obstruction would
be essentially ruled out. .

In this experiment, with unchanging, directly mea-
sured, cortical temperature, there were no significant
changes in either CBF or CMRg, over time during either
normothermic or hypothermic bypass. Power analysis (ta-
ble 3) indicated an 80% probability of detecting a CBF
change of 2 ml+ 100 g™' - min™" in the a-stat group and
5ml-100 g~ - min~! in the pH-stat group. Over the 30-
min measurement interval, this would correspond to the
ability to detect a decline of CBF of 0.07 and 0.17 ml - 100
g ' min~! per minute, respectively; values less than or
equal to those reported by Rogers et al.? and Prough et
al.® During normothermic bypass, due to larger intrain-
dividual CBF variation, 80% power of detecting a CBF
change was considerably weaker, 19 ml+ 100 g™ - min™",
Over the longer measurement interval in this group (60
min), this corresponds to the ability to detect a CBF de-
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F1G. 1. Brain temperature during cardiopulmonary bypass. Squares
= group 1 (37°C, n = 8); circles = group 2 (27°C, pH-stat, n = 9);
crosses = group 3 (27°C, a-stat, n = 8). Missing data points are due
to overlap. Group 3 data points are right-shifted for clarity.

crease of 0.32 ml- 100 g™' - min™! per minute. A similar
pattern was noted with respect to CMR,. Over the mea-
surement interval, we had sufficient power to detect de-
clines of 23% and 6% in groups 2 (pH-stat) and 3 (a-stat)
respectively, corresponding to absolute changes in
CMRo, of 0.32 and 0.08 ml- 100 g™' - min~'. Again, dur-
ing normothermia, due to larger intraindividual variation,
80% power of detecting a CMRq, change was markedly
weaker, corresponding to a change in CMRg, of 1.4
ml- 100 g' - min~". Overall, we observed neither reduc-
tions in CBF or CMRg, nor any evidence for a differential
effect of either temperature or blood gas management
upon stability of CBF or CMRo,. Thus, we find no evi-
dence of either embolic obstruction or progressive cere-

Anesthesiology
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bral vasoconstriction during cardiopulmonary bypass, as
indicated by changes in CBF and CMRq,. If either is pres-
ent, it occurs at levels below detection with current meth-
odology. This is consistent with studies in humans wherein
CBF and/or CMR, were stable during hypothermic by-
pass and, in the absence of circulatory arrest, returned to
prebypass values with warming and separation from by-
pass,16-21

What can account for the differences between the find-
ings of Rogers et al.? and Prough et al.® and those of this
experiment? Because membrane oxygenators were used
in both the aforementioned studies and this experiment,
differences in cerebral embolization based on oxygenator
type are unlikely. Prough et al. and Rogers et al. did not
report the duration of hypothermic bypass at which initial
(control) CBF measurements were taken, stating only that
nasopharyngeal temperature had been stable for at least
5 min.?? Based on this description, it seems likely that
control measurements were made earlier in the course of
hypothermic bypass than our control measurements (60
min). Thus, if cerebral vasoconstriction and/or embolic
obstruction occur primarily in the early phase of bypass,
our experiment would not have detected it, whereas ev-
idence for such a process might be observed by Rogers ¢t
al. and Prough et al. Nevertheless, we believe that the
most likely explanation for the decrements in CBF pre-
viously reported from human studies is, simply, continued
brain cooling in the early phase of bypass, despite stable
nasopharyngeal temperatures.

There are few studies comparing nasopharyngeal and
brain temperature in humans or primates during hypo-
thermia. In a study of 13 adults undergoing neurosurgery
with hypothermia (29° C, using surface cooling), Whitby
and Dunkin found that nasopharyngeal temperature un-
derestimated brain temperature by 0.5-1.0° C.?2 In that
study, temperature measurements were made under fairly
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TABLE 2. Cerebral Physiologic Variables during Cardiopulmonary Bypass

Cerebral
Sagittal | Arterial-Venous
Bypass Cortical Global Cerebral Hemispheric Sinus Oy 0O, Content Oy Cerebral Metabolic Masseter
Time | Temperature Blood Flow Blood Flow Content Difference Extraction Rate for Oy Blood Flow
Group (min) ° 0 (ml+100 g~* - min™") | (ml+ 100 g~*+min™')|  (mi/dl) (ml/dl) Ratio (m1+100 g~ -min~") | (m!-100 g™! + min~?)

1: 37° C 30 (36.3+0.3 68 £ 18 66 x 19 —_— — — — 18 =10
60 |36.5 +0.2 73 £ 12 73 £ 17 6.0+1.0( 52x1.3 |0.46+0.10 3.8x14 17+ 10

90 (36.5+0.2 73 £ 20 72 + 26 6.0+1.1{ 49+0.9 |0.45x0.09 34+1.1 15+ 9

2: 27° C, pH-stat| 30 {27.8 £0.5 38+t 9 34+ 9 — — — — 14+ 8
60 |26.8+04 37 6 33+ 5 6.6+1.2] 42+1.1 |0.39+0.09 14+04 1811
90 |26.7 = 0.3 37x 7 32+ 7 6.6 13| 3.9%13 (037 x0.11 1.2+0.3 20 + 14
3: 27° G, a-stat 30 |27.9%0.7 38+ 9 34+ 7 — — — — 13+ 7
60 126.9+0.6 31+ 6 28+ 6 6.56+1.4| 47+16 [042*0.12 1.3+ 04 14+ 5
90 {26.7 £0.5 30+ 3 26+ 4 6.6+ 1.7 5.0+2.0 |043+0.15 1.3+0.5 16 7

Mean = SD. Group 1 (37° C, n = 8); group 2 (27° G, pH-stat, n = 9); group 3 (27° G, a-stat, n = 8).

stable thermal conditions. In contrast, with rapid cooling
of arterial blood as occurs with cardiopulmonary bypass,
nasopharyngeal temperatures probably more accurately
indicate the temperature of the blood entering the Circle
of Willis, with brain temperature lagging behind. Based
on a Qo of 2.8, a reduction of brain temperature of
~1.5° C would be sufficient to account for the CBF re-
ductions reported by Rogers et al.? and Prough et al.’ In
light of Whitby and Dunkin’s observations, we believe
such a reduction in brain temperature, without a change
in nasopharyngeal temperature, is possible during sys-
temic (“‘core”) cooling with cardiopulmonary bypass.

In our rabbit model, brain temperature equilibration
during systemic cooling was remarkably slow, requiring
about 40 min. This observation is in agreement with those

of Harper et al.,? Civalero et al.,** and Kramer et al.,*®

who observed comparable rates of brain cooling and large
brain — esophageal temperature gradients in dogs per-
fused via the femoral artery. Civalero and co-workers*
found that brain temperature decreased more quickly
with perfusion via the subclavian artery. Ongoing studies
with our preparation have found 1) that carotid blood
temperature is significantly warmer than arterial perfusate
temperature during cooling (temperature gradients of
~3°C,2°C,and 1° Cat 10, 20, and 30 min of cooling,
respectively), and 2) that brain temperature more closely

follows carotid blood temperature, with carotid — brain
temperature gradients less than 0.5° C after 20-25 min
of systemic cooling. In total, these observations suggest
that brain cooling should be more rapid with perfusion
techniques using the ascending aorta relative to techniques
using alternative perfusion sites. Clearly, as shown in fig-
ure 2, large thermal gradients persist for relatively long
periods during cooling, rendering indirect methods of
brain temperature monitoring, most notably esophageal
thermometry, seriously inaccurate. This finding is partic-
ularly important for animal studies using species having
a carotid rete, such as dogs, cats, and sheep (but not the
rabbit), wherein brain blood temperature follows neither
carotid nor core temperature because of cooling of ce-
rebral blood in the cavernous sinus.?® Future investiga-
tions of cerebral physiology during hypothermic cardio-
pulmonary bypass, in both humans and animals, must 1)
account for differences in arterial perfusion technique, 2)
use methods that reliably estimate brain temperature,
and/or 3) allow sufficient time to ensure brain tempera-
ture equilibration.

By increasing CBF, hypercarbia has long been advo-
cated as a method to increase the rate of brain cooling
during cardiopulmonary bypass.?*-?® Accordingly, we an-
ticipated that brain cooling would be more rapid with pH-
stat management than with e-stat management. It was

TABLE 3. Comparisons and Power Analysis of Cerebral Blood Flow and Metabolism

Group Comparison P 80% Power to Detect a Difference
1:37°C CBF gy vs. CBFgp 0.45 ACBF = 19 ml-100 g~ *min~!
CMRO! (60) us. CMRQ’ (90) 0.50 CMRO’ (go)/CMRo’ (60) = (.63
2:27°C pH.s[at_ CBF(So) vs. CBF(go) 0.70 ACBF = 5 ml- 100 g_’ -min"
CMRo, g0) vs. CMRo, a0) 0.11 CMRo, (90)/CMRo, 60y = 0.77
3: 27° C a-stat CBFgp) vs. CBF gy, 0.45 ACBF = 2 ml- 100 g™ »min™!
CMRo, s0) 5. CMRg, 90 0.50 CMRo, 90)/CMRo, 60y = 0.94

CBF = cerebral blood flow; CMRg, = cerebral metabolic rate for
O,. Subscripts refer to bypass duration in minutes. See Appendix for

complete discussion of statistical techniques.
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not (fig. 1). As shown in table 2, there was, in fact, no
difference in CBF between pH-stat and a-stat groups at
30 min of systemic cooling, although at later time points,
in this and prior experiments,**° CBF responses to carbon
dioxide were present. Watanabe and associates recently
made compatible observations, finding little to no increase
in the rate of brain cooling despite the use of marked
hypercarbia (Paco, 70-110 mmHg measured at 37° C).3!
Further experiments are required to confirm this phe-
nomenon, but it appears that in our experiment the ce-
rebral vasculature was rendered temporarily unresponsive
to the vasodilatory effect of carbon dioxide during the
cooling phase. Mechanistic possibilities include cerebral
vasoconstriction in response to cold arterial blood and/
or diminution of vascular responsiveness as a result of
neurogenic mechanisms.>?

As in prior investigations, hypothermia was associated
with reductions in CMRo,, with a Q¢ of 2.8 (95% con-
fidence interval 2.3-3.4).§§ Although Murkin and co-
workers found no difference in CMRo, between a-stat
and pH-stat management,®® Prough et al. recently re-
ported that pH-stat management reduced CMRg, by 50%
compared to a-stat management during cardiopulmonary
bypass at 27° C.** Inspection of our CMR, data indicate
no major difference in CMRg, between a-stat and pH-
stat groups in this experiment (table 2). The discrepancy
between our findings and those of Prough et al.?* is unex-
plained, except for potential methodological differences,
as discussed below.

Reported values for cerebral OER during hypothermic
cardiopulmonary bypass in humans approximate 0.25 with
a-stat management®2!3%8536 and 0.10 with pH-stat man-
agement.>2%3337 These values are substantially lower than
normal normothermic OERs, approximating 0.40,2!/33.35-37
Consequently, some authors have characterized the ce-
rebral circulation as having an excess of perfusion relative
to metabolic demand during hypothermic bypass, partic-
ularly when pH-stat management is used.'®**38 In con-
trast, our data, in agreement with the work in animals by
Michenfelder and Theye,*® Rosomoff and Holaday,*® and
Lafferty et al.,*' shows cerebral OER during hypothermia
(27° C) to be virtually indistinguishable from that during
normothermia, indicating that cerebral oxygen supply/
demand relationships are essentially normal at 27° C.
CMRo, and OER calculations depend on accurate deter-
mination of cerebral venous oxygen content. Studies in
humans have used jugular bulb catheters, introduced ret-
rograde from the internal jugular vein, to obtain cerebral
venous blood. Under normothermic conditions, only 3-

§§ Quo = antilog (10 X AflogCMRo,]/AT). AllogCMRg,]/AT was
calculated by linear regression of the pooled CMRq, versus temperature
(T) data from all groups.
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6% of the blood in the jugular bulb is derived from ex-
tracranial sources,*?*® such that sampling from this site
yields a reliable cerebral venous specimen. Data from this
and a prior study® indicate that although intracranial
blood flow decreases dramatically during hypothermic
bypass, extracranial blood flow (in the masseter muscle)
does not. Consequently, it is possible that extracranial
contributions to jugular bulb venous flow may increase
as a percentage of the total during hypothermia. If so,
this would artifactually increase verious oxygen content
and decrease the calculated OER and CMRg, values. In
this experiment and in the other animal studies cited
above, cerebral venous blood was obtained from the sag-
ittal sinus®**' or confluens sinuum, obviating the issue of
extracranial contamination.

In summary, in our rabbit model of cardiopulmonary
bypass, we conclude: 1) brain temperature equilibration
during systemic cooling is remarkably slow; 2) indirect
(esophageal) thermometry, as an estimate of brain tem-
perature, is seriously inaccurate, with brain temperature
lagging behind during cooling; 3) at constant, directly
measured, brain temperature, CBF and CMR, are stable
during cardiopulmonary bypass; and 4) cerebral oxygen
supply/demand relationships are essentially normal at 27°
C and are minimally affected by blood gas management.
We find no evidence that either progressive cerebral em-
bolization or cerebral vasoconstriction occurred over 90
min of bypass in this experiment.

Appendix

Performing linear regression, rather than a ¢ test, to examine
change in CBF and CMRo, over time, increased our power sig-
nificantly.'? Using linear regression to analyze change in each
animal, we found a substantial portion of the variance in the 90-
min data could be accounted for by knowing an earlier value.
For example, the mean-square error of the linear regression for
a-stat CMRo, was 22% of the variance of the measurements
themselves. Analysis of covariance on CBF and CMRo, data,
which might have improved our power to detect change, was
not possible for two reasons: 1) normothermic CBF measure-
ments had substantially higher variance than did hypothermic
measurements (although we did not find a clear dependency of
CBF variance on CBF), and 2) CMR, slopes and groups inter-
acted significantly.

We analyzed CBF differences and the relative change in
CMRg,. We analyzed CBF differences because CBF followed a
normal distribution. For CBF analyses, the independent variable
was the difference between CBF at the earlier time and the
arithmetic mean CBF at the earlier time, and the dependent
variable was CBF at the later time. CMRo,, on the other hand,
appeared to be log-normally distributed. Therefore, we tested
whether the ratio was significantly different than 1 or, more
precisely, whether the logarithm was different than 0. For
CMRy, analyses, the independent variable was the difference
between the logarithm of the CMRg, at the earlier time and the
arithmetic mean of the logarithms of CMR, at the earlier time,
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and the dependent variable was the logarithm of the CMRg, at
the later time.

Standard regression diagnostics were used. First, no student-
ized residuals or Cook’s statistics were statistically significant at
the P = 0.05 criteria; i.e., no data were statistically significant
outliers. Second, studentized residuals showed no evidence for
correlation with the independent variable or estimates of the
dependent variable, as assessed graphically.** Thus, the assump-
tion of linearity is reasonable. Third, probability plots and Lil-
liefor's test indicated that studentized residuals were not incon-
sistent with normal distribution,*® which is required for P and
power values to be accurate.

The authors thank E. I. du Pont de Nemours & Co. for kindly
providing Hetastarch® powder and Cardiovascular Devices Inc. for
their generous loan of a model 200 in-line blood gas analysis device.
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