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The accepted normal pH of 7.40 may not be optimal at lower temperatures. This study evaluated the
effect of maintaining pH in the accepted normal range at hypothermia (group 1, pH stat) or at normo-
thermia (group 2, alpha stat) on organ blood flow and hemodynamics in dogs. The desired pH was
achieved at all temperatures by adjusting pCO,. Hypothermia to 20°C was induced by high flow bypass
in both groups followed by 45 min of reduced flow before rewarming. In group 1 (n = 10), pH was 7.45
+ 0.02 at 20°C and in group 2 (n = 11) it was 7.64 + 0.01. A greater base excess developed by the end
of the low flow period in pH stat animals (—9.4 + 1.1 vs —2.8 + 0.8, P < .001) and resulted in continued
acidosis after rewarming in the pH stat group compared to those in the alpha stat group (7.32 + 0.03 vs
7.38 + 0.01, P < .02). Expressed as a percentage of baseline, regional blood flows after rewarming for
group 1 were: brain 112 + 8%, renal cortex 48 + 8% (P < 0.005, rewarm vs baseline), renal medulla 36
+ 9% (P < 0.005, rewarm vs baseline), epicardium 198 + 40% (P < 0.05, rewarm vs baseline), endocardium
151 + 25%. The values for group 2 were: brain 108 + 11%, renal cortex 59 + 8% (P < 0.005, rewarm
vs baseline), renal medulla 63 + 15%, epicardium 158 + 18% (P < 0.005, rewarm vs baseline), endocardium
129 £ 10% (P < 0.025, rewarm vs baseline). There were no significant differences between groups 1 and
2. Relative to baseline, there were no differences in cardiac output, mean systemic pressure or mean
pulmonary artery pressure between the two groups. This study indicates that alterations in pH and pCO,
control between alpha and pH stat regulation assume lesser importance for regional blood flow when

normal systemic flow is maintained during cooling and rewarming. © 1987 Academic Press, Inc.

INTRODUCTION

The optimal pH for patients undergoing
cardiac surgery using deep hypothermia has
not been determined. The accepted normal
value for man (pH = 7.40 + 0.05) is measured
at a blood temperature of 37°C and may not
be appropriate as body temperature is lowered
[13, 20, 21]. Ample evidence exists in ecto-
thermic animals that pH increases as body
temperature falls in order to maintain CO,
stores constant [13, 20]. This pattern of hy-
drogen ion control, referred to as alpha stat
regulation, is achieved in ectotherms by
maintaining a ‘““normal” minute ventilation
(for 37°C) resulting in relative hypocarbia and
alkalosis as body temperature falls [13]. In
contrast, hibernating animals reduce minute
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ventilation in an effort to maintain the same
normothermic pH and pCO, values at lower
temperatures. This pattern, pH stat regulation,
results in a relative respiratory acidosis when
measured at normothermia [13].

When hypothermia is induced for cardiac
surgery in infants, preliminary surface cooling
may be used. Ventilation is therefore con-
trolled by the anesthesiologist while each organ
cools in proportion to the cardiac output and
regional blood flow. Some groups utilize de-
liberate hypoventilation (pH stat), believing
that the elevated pCO, increases cerebral blood
flow. Others feel that normal ventilation re-
sults in improved cardiac output and that this
is more important for individual organ flow.
However, many surgical groups now induce
hypothermia without initial surface cooling,
lowering body temperature solely on cardio-
pulmonary bypass. Ventilation then becomes
unnecessary and the pH and pCO, must by
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controlled through the pump oxygenator. The
importance of pH and pCO, regulation in this
setting has not been previously assessed.

This study compares these two methods of
pH control in dogs subjected to deep hypo-
thermia on cardiopulmonary bypass. Cooling
was induced entirely with high flow bypass as
is commonly done clinically. In this way, the
influence of pH and pCO, on individual organ
flows and hemodynamics when total body flow
was held constant during cooling and re-
warming could be assessed.

METHODS

Adult mongrel dogs weighing 18 to 26 kg
were anesthetized with intravenous sodium
pentobarbital and ventilated with room air
using a volume cycled Harvard respirator. All
animals received humane care in compliance
with the “Principles of Laboratory Animal
Care” formulated by the National Society for
Medical Research and the “Guide for the Care
and Use of Laboratory Animals™ prepared by
the National Academy of Sciences and pub-
lished by the National Institutes of Health
(NIH Publication 80-23, revised 1978). Tidal
volume and rate were initially adjusted to
maintain pCO, between 30 and 35 Torr and
pH between 7.35 and 7.45. Lactated Ringer’s
solution was given intravenously (20 ml/kg).
The femoral artery was cannulated for arterial
pressure and a thermodilution Swan-Ganz
catheter was placed via the right internal jug-
ular vein. A temperature probe was inserted
into the rectum.

A median sternotomy was performed and
the pericardium opened. A cannula was in-
serted into the left atrial appendage for pres-
sure monitoring and microsphere injection.
Baseline data consisting of cardiac output
(thermodilution), systemic blood pressure,
pulmonary artery pressure, central venous and
left atrial pressure, hematocrit, pH, pO,,
pCO,, and base excess were obtained. Heparin,
300 IU/kg, was administered intravenously.
Cardiopulmonary bypass was instituted using
separate superior and inferior vena cava can-
nulas. The ascending aorta was cannulated for

arterial return. A vent was placed through the
apex of the left ventricle and the cavas were
snared. Standard non-pulsatile flow at 100 cc/
kg/min was instituted with a Cobe-Stockert
pump and Cobe membrane oxygenator (Cobe
Laboratories, Inc., Lakewood, Colo.). Rectal
temperature was gradually reduced to 20°C
using an in-line heat exchanger.

At 20°C, flow was reduced to 25 ml/kg/
min for 45 min, followed by high flow (100
ml/kg/min) rewarming. When rectal temper-
ature again reached 37°C, the animals were
weaned from cardiopulmonary bypass and al-
lowed to stabilize for 20 min. The same re-
spiratory rate and tidal volume used for base-
line measurements were maintained. No ino-
tropic agents were administered. Volume from
the pump was transfused to achieve baseline
central venous and left atrial pressures. He-
matocrit was kept constant by adding blood
to the pump as needed. All pressure measure-
ments, cardiac output and arterial blood gases
were repeated. The animals were then sacri-
ficed for blood flow measurements.

Microsphere injections and measurement of
organ flow. Organ blood flows were measured
by injecting 15 +3 um microspheres sus-
pended in 10% Dextran with 0.01% Tween 80
labeled with '*'Ce, ®Sr or *'Cr (3M Co., Min-
neapolis, Minn.). Thermodilution cardiac
output was measured immediately before mi-
crosphere injection. In 5 animals, cardiac out-
put was also determined by simultaneously
withdrawing a reference sample of 4 ml over
1 min from the femoral artery. These values
correlated closely with those from thermodi-
lution. Microspheres were injected at three in-
tervals: (1) immediately following measure-
ment of baseline hemodynamics before car-
diopulmonary bypass, (2) at the completion
of core cooling before instituting low flow, and
(3) 20 min after weaning from cardiopulmo-
nary bypass following repeat hemodynamic
measurements. The order of microsphere in-
jections was varied between experiments. The
spheres were injected via the left atrial line for
the first and third injections and in a side arm
off the aortic perfusion cannula for the second
measurement. The number of spheres injected
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was precalculated to deliver 1 X 10° spheres
per injection. Regional flows were obtained
from the brain, kidney, and heart. Brain sam-
ples were taken from four areas: tip of the
frontal lobe, watershed area between the an-
terior and middle cerebral artery distributions,
caudate nucleus, and tip of the occiptal lobe.
Kidney samples were cut to separate the cortex
and medulla after removing the outer capsule
and collecting tubules. Heart samples were
taken from the left ventricular free wall, away
from papillary muscles. Slices were divided
into an inner (endocardium) and outer (epi-
cardium) half. All samples were dried,
weighed, and placed into counting vials. Trip-
licate samples were taken for each measure-
ment and the results averaged. Counts were
determined for each window setting on an
LKB Gamma counter. Tissue blood flow, ex-
pressed as milliliters per minute per gram of
tissue, was calculated according to the formula:
organ flow (ml/min/g) = % dose X cardiac
output [6].

Regulation of pH. The animals were divided
into two groups. In group 1 (n = 10), arterial
pH was kept at 7.40 = 0.05 at the dog’s actual
temperature (pH stat). In group 2 (n = 11),
pH was kept at 7.40 = 0.05 as measured at
37°C regardless of the dog’s temperature at
the time of measurement (alpha stat). The de-
sired pH was achieved by adjusting the arterial
pCO, through the gas flow in the pump oxy-
genator. During both cooling and rewarming,
pCO, was adjusted so that the pH changes
would reasonably follow the Rosenthal equa-
tion: A pH/°C = 0.015 [16, 20]. For each
measurement, blood gases were measured both
at electrode temperatures of 37°C and at the
blood temperature at the time of the mea-
surement, rather than simply using the Ro-
senthal equation to correct for temperature.
No sodium bicarbonate was administered
once cooling was begun. pH and pCO, were
measured at 37, 32, 27, and 20°C during the
cooling and rewarming phases to achieve the
proper value at each temperature.

Statistical analysis. Statistical significance
was determined at the 95% confidence level
using Student’s ¢ test and paired ¢ test. Values

are expressed as mean = standard error. Ratios
and percentages were derived from individual
animals and then expressed as a mean.

RESULTS
pH Control

The arterial pH for both groups was kept
close to the confines of the equation A pH/°C
= 0.015 at each of the four temperatures at
which it was measured. The values for pH,
pCO, and base excess for both groups are
shown in Table 1. Control values for pH were
the same in both groups. After the completion
of core cooling in group 1 animals, pH was
7.45 +0.02 as measured at 20°C (Fig. 1). This
value was 7.21 + 0.02 when the blood samples
were repeated at 37°C (Fig. 2). For group 2,
pH was 7.64 = 0.01 at 20°C and 7.40 £ 0.01
at 37°C (P < .01, group 1 vs group 2). After
discontinuing cardiopulmonary bypass, pH
remained significantly higher in the alpha stat
group. The control values for arterial pCO,
were also the same for both groups. At 20°C,
pCO, was significantly higher in group 2 (P
< 0.01). After rewarming, pCO, values were
not different between alpha (38 = 1.4) and pH
stat (42 + 2.1) animals, P = NS,

Control values for base excess were not dif-
ferent between groups. After the end of the 45

TABLE 1

ARTERIAL BLOOD GASES ACTUAL
TEMPERATURE VALUES

37°C 20°C 37°C
Control End low flow Off bypass

Alpha stat

pH 7.42+0.01 7.64%+001* 7.38+0.01%

pCO; 32+09 15+ 0.7** 38+14

Base excess —3.2+0.6 —-2.8+0.8** -23+0.7t
pH stat

pH 743+001 745+0.02*  7.32+003%

pCO, 31+14 23+ 1.0* 42+2.1

Base excess —3.9+0.8 94+ 1.1** —50+0.8%

*P<0.1.
** P <001

e P < 0.001.

t P <0.05.

t P <002
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FI1G. 1. Arterial pH at actual temperature.

min low flow period, the base excess for the
alpha stat group was unchanged. This was sig-
nificantly better than that found in the pH stat
group. This difference persisted after rewarm-
ing. Twenty minutes after discontinuing car-
diopulmonary bypass with all animals restored
to baseline levels of ventilation, the base excess
for pH stat animals was significantly greater
than that for the alpha stat group. This differ-
ence in base excess explains the lower pH in
the pH stat group after rewarming.

Hemodynamic Measurements

Baseline cardiac output was 2.64 + 0.29
liter/min for group 1 and 2.82 + 0.24 liter/
min for group 2. After rewarming and discon-
tinuing cardiopulmonary bypass cardiac out-
put was restored to 84 + 11% of control in
group 1 and to 84 £ 9% in group 2 (NS).

The baseline mean femoral artery blood
pressure for group 1 was 89 £ 5.0 mm Hg and
was 101 + 5.4 mm Hg for group 2. The re-
warm mean femoral artery pressure was 63
+ 6% of baseline for group 1 and 62 + 5% for
group 2 (NS). There were no significant
changes in mean pulmonary artery pressure,
left atrial pressure or central venous pressure
between bascline and rewarming for either
group.

Organ Blood Flow

Brain. Mean blood flows to each of the four
areas of the brain are listed in Table 2. Re-
gional flows decreased markedly during hy-
pothermia for both groups. When all four areas

were taken as a whole, group 1 flow was 65
+ 11% of baseline (P < 0.005) and group 2
was 45 £ 6% (P < 0.005). There was no dif-
ference between groups. Rewarm flow was not
significantly different from baseline in either
group. For all four areas taken as a whole,
group | rewarm flow was 113 + 17% of base-
line and group 2 was 109 + 8%.

Kidney. Mean blood flows to the renal cor-
tex and medulla are shown in Table 3. Hy-
pothermia flows for the cortex were markedly
reduced. In group 1, hypothermic flow was 19
+ 3% of baseline and for group 2 it was 21
* 4%. Hypothermic flow for the renal medulla
was 66 + 28% of control and 100 + 56% of
control for groups 1 and 2, respectively (NS,
group 1 vs group 2).

Rewarm blood flow failed to reach baseline
levels for the renal cortex. This ratio was 48
+ 8% for group 1 and 59 + 8% for group 2.
The difference between groups was not signif-
icant. For the renal medulla, rewarm to base-
line was 36 = 9% for group 1 and 63 + 15%
for group 2 (P = NS, group 1 vs group 2).

Heart. Table 4 lists the mean blood flows
for the epicardium and endocardium of the
heart. During hypothermia, epicardial flow
was reduced to 43 + 16% of baseline for group
1 and 97 + 36% for group 2. Endocardial flow
was 40 = 14% for group 1 and 64 + 23% for
group 2. Again, there was no difference be-
tween groups 1 and 2.

After rewarming, epicardial flow for group
1 was 198 = 40% of baseline and was 158
+ 18% for group 2. The difference between
group 1 and 2 was not significant. Endocardial
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FIG. 2. Arterial pH at 37°C electrode temperature.
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TABLE 2

BRAIN FLOW (ml/min/g)

Baseline Hypothermia P value? Rewarm P value®
Group Group Group Group Group Group Group Group Group  Group
Region 1 2 1 2 1 2 1 2 1 2
Occipital 081£0.12 055006 0.39+008 0.24+007 0025 0005 080+0.13 0.48+0.07 NS NS
Watershed 0.72+0.12 043£0.07 0.55+0.25 0.20+0.04 NS 0.005 0.73+0.12 0.45+0.05 NS NS
Frontal 0.73+0.12 053+£0.07 0.39+009 023+004 0025 0005 079+0.14 0.52+0.07 NS NS
Caudate 098+0.15 0.71+0.11 030+0.08 0.15+£0.04 0.005 0.005 107+022 0.68+0.09 NS NS

“ Baseline vs hypothermia.
% Baseline vs rewarm.

flow was 151 + 25% of control for group 1
and 129 + 10% for group 2 (P = NS).

DISCUSSION

The ideal pH during deep hypothermia re-
mains controversial [10, 13, 14, 17, 20, 21].
Repair of complex cardiac malformations in
infants and children usually involves profound
hypothermia and low flow cardiopulmonary
bypass or complete circulatory arrest. The
regulation of arterial pH during these proce-
dures is accomplished by one of two com-
monly used methods {13, 20]. One method
considers the “ideal” pH of 7.40 to be optimal
at all temperatures (pH stat regulation). Since
the relationship between pH and temperature
remains constant according to the Rosenthal
equation: A pH/°C = 0.015 [3, 5], a pH of
7.40 at 20°C would represent a significant aci-
dosis when measured at 37°C (pH = 7.145).
The second method follows the pattern of ec-
tothermic animals. Thus, a pH of 7.40 is felt

to be optimal only at 37°C and should increase
inversely with temperature in order to main-
tain constant CO; stores [13, 14]. A relative
alkalosis during hypothermia results. Since, in
the clinical setting, arterial blood gas mea-
surements are made with electrodes calibrated
for 37°C samples, the result must be “‘cor-
rected” to the patient’s actual temperature us-
ing the Rosenthal relationship [21]. Those
groups practicing pH stat regulation decrease
minute ventilation or add CO, to the gas mix-
ture in order to achieve the desired degree of
respiratory acidosis. For those utilizing alpha
stat regulation, minute ventilation must be
maintained at euthermic normal values to ob-
tain a relative alkalosis as the temperature is
lowered. Practically speaking, as long as the
blood gas values at 37°C are “normal,” the
proper pH and pCO, for the decrease in tem-
perature has been achieved.

A number of studies have examined the re-
lationship between hypothermia and regional
blood flow [3-5, 9, 11, 18, 19, 22]. In a study

TABLE 3

KIDNEY FLOW (ml/min/g)

Baseline Hypothermia P value® Rewarm P value®
Region Group 1 Group 2 Group 1 Group2 Group ! Group 2 Group 1 Group2 Groupl Group 2
Cortex 8.90+0.82 6.97+0.72 1.63+023 1.45+024 0.005 0.005 4.29+0.80 4.16+0.82 0.005 0.005
Medulla 0.06+0.01 0.19+0.12 0.02+0.04 0.05+0.02 0.005 NS 0.02+0.002 0.10+0.06 0.005 NS

< Baseline vs hypothermia.
® Baseline vs rewarm.
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TABLE 4

HEART FLOW (ml/min/g)

Baseline Hypothermia P value® Rewarm P value®
Group Group Group Group Group Group Group Group Group Group

Region l 2 1 2 1 2 1 2 1 2
Epicardium 1.74+0.34 1.29%0.17 0.53+0.21 1.00+£0.29 0.005 NS 269+047 198+031 0.05 0.005
Endocardium 1.52+0.25 1.34+0.14 0.56+0.30 0.75+0.21 0.01 0.05 195+030 1.74x£025 NS 0.025

% Baseline vs hypothermia.
® Baseline vs rewarm.

by Anzai and associates, surface cooling was
used to lower rectal temperature at 21°C in
dogs [1]. Rewarming was also achieved by
surface techniques without cardiopulmonary
bypass. Minute ventilation was not altered
from euthermic values (pH = 7.32 + 0.15 at
37°C). Marked reductions in flow to the brain,
heart and kidney were found during hypo-
thermia with restoration of baseline flows
upon rewarming, despite a cardiac output that
remained significantly below baseline. The
pattern of pH stat regulation was not exam-
ined.

Kawashima and colleagues studied the
changes in the distribution of cardiac output
by surface induced deep hypothermia in dogs
using pH stat regulation [7]. Phenoxybenz-
amine was administered prior to hypothermia
to minimize vasoconstriction. They found a
uniform decrease in organ flow during hypo-
thermia which closely paralleled the fall in
cardiac output. Flows were not determined af-
ter rewarming.

Using perfusion cooling and rewarming,
Rudy and associates noted a marked reduction
in brain flow which did not return to baseline
after rewarming [15]. Myocardial blood flow
was unaffected, while renal flow decreased
during cooling and then returned toward
baseline. The arterial pH corrected to 15°C
was 7.26 £ 0.06, a value far more acidotic than
either of our two groups.

In another study, the effects of hypocarbia
and normocarbia on cardiovascular dynamics
and regional circulation were determined in
surface cooled hypothermic dogs [12]. Adding

CO, to the inspired gases to maintain a “nor-
mal” pCO, during hypothermia (pH stat reg-
ulation) was beneficial in maintaining cerebral
perfusion but resulted in a significantly lower
cardiac index.

This study compares two commonly used
methods of pH regulation on the regional
blood flows to the brain, kidney, and heart.
Although it would have been preferable to
control pH and pCO, independently of each
other, this would have difficult experimental
implications. We chose to control pH by vary-
ing pCO, as would be done clinically. This
also allows for rapid and precise alterations
during cooling and rewarming. Marked re-
ductions in regional flows during hypothermia
despite the maintenance of overall blood flow
on bypass were found. This was not affected
by the method of pH regulation, however. Af-
ter rewarming, brain flow was restored to
baseline levels, renal flow remained reduced,
and myocardial flow was markedly increased
over baseline. As with hypothermia, these
trends remained consistent independent of the
method of pH regulation.

Becker and colleagues noted improved
maintenance of cerebral blood flow when a
markedly alkalotic pH scheme was achieved
by lowering the pCO, [2]. Cooling was
achieved predominantly by surface tecniques.
The authors speculated that the improved ce-
rebral perfusion was due to the maintenance
of a higher systemic blood pressure and cardiac
index in their alkalotic group. Although the
pH schemes followed by Becker were not
strictly comparable to those in this study (their
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groups were more alkalotic), the major differ-
ence appears to be our use of high flow car-
diopulmonary bypass to achieve profound
hypothermia, rather than allowing each organ
to cool in proportion to its cardiac output as
occurs with surface techniques. Since cardiac
output is linear and fixed at normal levels on
bypass, autoregulation in various organs may
become less influential, and the effect of pH
and pCO, on that vasoregulation may be mit-
igated [2].

The increase in base excess during hypo-
thermic perfusion noted in the pH stat animals
may possibly indicate inadequate tissue per-
fusion compared to those in the alpha stat
group. The base excess did not vary from con-
trol values among alpha stat animals and, in
fact, improved slightly. This discrepancy be-
tween groups persisted after the rewarming.
Although we did not measure lactate produc-
tion, the results of Becker’s study indicated
that it was lactate accumulation which ex-
plained the greater base excess in their pH stat
group [2]. However, an equally likely expla-
nation for this finding relates to increased lac-
tate production associated with alkalosis and
hypothermia themselves. Therefore, we can-
not conclude from our data that increased base
excess necessarily implies inadequate tissue
perfusion. Deep hypothermia for the correc-
tion of complex congenital defects is now often
achieved entirely on cardiopulmonary bypass
[22]. This study suggests that alterations in pH
and pCO, control between alpha and pH stat
regulation assume lesser importance for re-
gional blood flow when normal systemic flow
is maintained during cooling and rewarming,
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