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Abstract: Adequate cerebral perfusion is of particular concern to
the clinician and is a major factor in postoperative morbidity.
Cerebral circulation has the ability to autoregulate blood flow in
order to maintain nutrient delivery and prevent high intravascu-
lar pressures. The focus of this study was to characterize the
impact of gradually changing arterial CO, levels on cerebral per-
fusion. A total of eight porcine subjects were placed into either
a normothermic group (NG, N = 4, rectal temperature = 35.4 +
1.2° C) or a hypothermic group (HG, N = 4,30.6 + 0.6° C). After
initiation of cardiopulmonary bypass, the PaCO, values sequen-
tially varied between 24 and 56 mmHg. Arterial, venous, and
internal jugular blood gas data were collected at 4 mmHg incre-
ments, and relative cerebral blood flow was calculated as CBF =
1 (CmeriaIOZ—CJ-ugularoz)’1 Physiological parameters were simi-

lar in both groups across all test conditions: mean arterial pres-
sure—NG 81.6 = 11.9 mmHg versus HG 73.4 + 7.0 mmHg, p =
NS, and systemic oxygen consumption—HG 110.6 + 30.0 mL
min  versus NG 136.4 + 37.9 mL min~', p = NS. No significant
differences were found in CBF in the NG (21.8 + 4.4 mL min™"
100 gL at PaCO, = 56 mmHg versus 20.5 + 5.0 mL min~" 100 g~!
at PaCO, = 24 mmHg) or the HG (24.3 + 9.5 mL min' 100 g™*
at PaCO, = 56 mmHg versus 25.6 = 12.0 mL min~' 100 g™* at
PaCO2 = 24 mmHg). In conclusion, the alteration of PaCO,
under both hypothermic and normothermic conditions resulted
in no significant differences in 1 (Cyyieria1Os — CiuguiarQ») " in this
model. Keywords: PaCO,, cerebral perfusion, jugular destura-
tion. JECT. 2001;33:185-192

Neurological complications are associated with the con-
duct of cardiopulmonary bypass (CPB), with methods of
perfusion, surgical technique, and anesthetic management
all implicated as possible causes (1,2). Although over-all
mortality associated with CPB has continued to decline,
death resulting from neurological injury has increased (3).
Although the specific etiologies of cognitive dysfunction
and stroke remain unknown, cerebral hypoperfusion is
known to influence postoperative outcome (4).

Cerebral circulation, as with other vascular beds, is able
to regulate blood flow to maintain nutrient delivery and
prevent high intravascular pressures. However, the
mechanisms that couple cerebral blood flow (CBF) to me-
tabolism are not fully understood. Currently, the most
widely accepted hypothesis is that metabolic products of
neural activity are vasoactive or lead to the release of
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vasoactive substances. Local resistance of blood vessels,
and, therefore flow, is proportional to the local concen-
trations of these metabolites (5). Various metabolites have
been proposed to have the potential to alter CBF, includ-
ing adenosine, carbon dioxide/H+ concentration, oxygen,
potassium, calcium, and prostaglandins (5-11).

Although pH management strategies have received
much investigative attention, the importance of tight regu-
lation of arterial PCO, during bypass, regardless of the
strategy employed, remains controversial. The focus of
this study was to characterize the impact of gradually
changing arterial CO, levels on cerebral perfusion in a
swine model.

METHODS

All animals used received humane care in compliance
with the Guide for the Care and Use of Laboratory Ani-
mals published by the National Institutes of Health (NIH
Publication No. 85-23, revised 1985). A total of eight
mixed gender porcine subjects, approximately 45 kg , were
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Table 1. Hemodynamic and blood gas

experimental period.

TROWBRIDGE ET AL.

ranges during the

Parameter Hypothermic Normothermic
MAP 70-80 mmHg 70-80 mmHg
PaO, 150-250 mmHg 125-200 mmHg
PvO, 3045 mmHg 3045 mmHg
Sa0, 95-100% 95-100%
SvO, 70-80% 70-80%
PaCoO, Varied Varied
PvCO, Varied Varied

used for this investigation. Animals were identified as ei-
ther normothermic (NG, N = 4) or hypothermic (HG, N
= 4).

All subjects were placed on CPB. During each experi-
ment, the animal was maintained within normal physi-
ologic ranges of all hemodynamic parameters, and the ar-
terial and jugular venous blood gases were monitored con-
tinuously with an in-line blood gas monitor (Terumo
Sarns, CDI 500, Ann Arbor, MI). In addition, venous
blood gases were monitored using additional in-line moni-
tors (Terumo Sarns, CDI 400, Ann Arbor MI; Terumo
Sarns, CDI 100, Ann Arbor, MI). Mean arterial blood
pressure and blood gas status were controlled according to
predetermined standards (Table 1). Mixed venous satura-
tion, electrocardiogram, and hemodynamics were mea-
sured continuously.

In both experimental groups, the PaCO, was increased
from 40 mmHg to 56 mmHg. After reaching 56 mmHg,
PaCO, levels were decreased to 24 mmHg. Following
samples at 24 mmHg, the PaCO, levels were returned to
40 mmHg. Data were collected at each 4mmHg change in
PaCO, from the in-line monitors, anesthesia monitors,
and the computer-assisted perfusion system. In addition,
laboratory analyses of arterial, venous, and jugular blood
gases were performed at PaCO, = 24 mmHg, 40 mmHg,
and 56 mmHg. The results were used to calibrate the
blood gas monitors and to verify the integrity of the final
data.

Anesthetic Management

The selected animals were anesthetized with a mixture
of intramuscular ketamine (20 mg/kg) and xylazine (2 mg/
kg). Each animal was intubated with an endotracheal tube
(6.5 F) and ventilated with a tidal volume equivalent to
20-30 mL kg~' body weight at a rate of 15-20 breaths per
minute. Electrocardiogram leads were placed, and the
heart rate was continuously monitored. The femoral ar-

Table 2. In-line monitor accuracy—CDI versus laboratory
analysis basis.

Location pH PCO, PO,
Arterial sensor (CDI 500) 0.02+0.04 -04+28 8.0+340
Jugular sensor (CDI 500) 0.02+0.01 -04+22 -2.0+3.0
Venous sensor (CDI 400 & 100) 0.04 +0.05 -03=+24 24x6.0
CLIA ’88 Standard +0.04 +5.0 +10%
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tery and vein were cannulated with 14-gauge needles for
hemodynamic monitoring and medication infusion. Sub-
jects were intermittently dosed with pentothal (100 mecg/kg
body weight) and pavulon (50 mcg/kg body weight). The
antiarrhythmic agent bretylium (3 mg/kg) was adminis-
tered before opening the chest through a midline sterno-
tomy.

Surgical Management

A midline sternotomy was performed, and the great
vessels were dissected free in preparation for cannulation.
A purse string suture was placed in the aorta to secure a
7.0-mm arterial cannula (Texas Medical Products, Hous-
ton, TX). A second purse string suture was placed in the
right atrial appendage, into which a dual stage 34/46 F
cannulae (Research Medical Inc., Medvale, UT) was
placed. A third cannula (Research Medical Inc., Midvale,
UT) (16 F) was placed retrograde into the right internal
jugular vein and secured with a purse string suture. Before
cannulation, each animal received a bolus dose of 400 IU/
kg of bovine lung heparin and adequate anticoagulation (>
480 sec) was assured using celite-based ACT analysis.

Perfusion Management

A standard CPB circuit was utilized and consisted of a
hollow fiber membrane oxygenator (Cobe Cardiovascular,
Arada, CO), a hard shell cardiotomy reservoir (Cobe Car-
diovascular, Arada, CO), a soft shell venous reservoir
(Cobe Cardiovascular, Arada, CO), a 40-micron arterial
line filter (Cobe Cardiovascular, Arada, CO), polyvinyl
chloride tubing, and a centrifugal pump (Medronic,
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Figure 1. Cardiopulmonary bypass circuit. ALF = arterial line filter; CR
= cardiotomy reservoir; VR = venous reservoir.



Brooklyn Park, MN) (Figure 1). A CDI 500 shunt sensor
was inserted into the arterial filter purge line. A second
shunt sensor was placed into a bypass line of the jugular
line. In addition, a CDI 400 flow through sensor and a CDI
100 Hct/Sat probe were inserted into the venous line
(Table 2).

The circuit was primed with 1200 mL of plasmalyte-A (a
balanced electrolyte solution), 50 mL of 8.4% sodium bi-
carbonate (1 mEq mL™"), and 2500 IU L™! of bovine lung
heparin.

The CPB procedure was conducted by maintaining a
mean arterial blood pressure with the use of flow and/or
vasoactive substances (neosynephrine, 80 wg mL™! or so-
dium nitroprusside 200 pwg mL™"). Arterial, venous, and
rectal temperatures were measured throughout the entire
procedure. After separation from CPB, the effects of hep-
arin were reversed with protamine sulfate, administered at
a rate of 1 mg of protamine per 100 IU of total heparin
administered.

Termination

The experimental period consisted of a CPB duration of
approximately 170 min. During this time, hemotologic and
hemodynamic parameters were maintained according to
the above protocol.

At termination of each experiment, the animal was eu-
thanized by the concurrent administration of barbiturate
(1 mg kg™') and potassium chloride (20 mEq) directly into
the aortic root. The ventilator was turned off, and the
endotracheal tube was removed. If any electrical activity
ensued, or spontaneous breathing occurred, the animal
was given an additional dose of the euthanizing drugs.

Data Collection

The following data were recorded: partial pressure of
oxygen in the jugular vein (P;,0,), partial pressure of car-
bon dioxide in the jugular vein (P;,CO,), arterial hemo-
globin-oxygen saturation (S,0,), arterial partial pressure
of oxygen (P,0,), arterial partial pressure of carbon diox-
ide (P,CO,), venous hemoglobin—oxygen saturation
(§,0,), venous partial pressure of oxygen (P,O,), venous
partial pressure of carbon dioxide (P, CO,), mean arterial
pressure (MAP), pump flow, temperature (arterial, ve-
nous, and rectal). In addition, S,0, and S;,0, were calcu-
lated as:

(PO,’)? +150 PO,’
(PO,’)* +150 PO, + 23400

where PO,’ = PO, x 1010-48(PH~7.40)-0.0013([HCO;-]-25)]

At each data collection point, calculated S,0, values
were compared to measured S;O, values to verify the va-
lidity of the equation for calculating S;,0,.

The preceding parameters were recorded for all ani-
mals following the described sampling sequence. From
these measurements, arterial, venous, and jugular venous

% SO, =
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oxygen content (CaO,, C,0,, and C;,0,), oxygen delivery
(DO,), systemic oxygen consumption (VO,), the differ-
ence in oxygen content between arterial blood and jugular
venous blood (A-;,0,), and relative cerebral blood flow
(A-jVOZ’l) were calculated as:

CxO,(mL/dL) = (%SxO,x[Hb] x 1.36) + (0.003 x PxO,)
DO,(mL/min) = CaO,x flow rate x 10
VO,(mL/min) = (CaO, - Cv0O,) x flow rate x 10
A-JvO,(mL/dL) = CaO, - CjvO,
A-jvO,'(mL/min/100g) = 1/(A-jvO,)

Statistical Analysis

Parametric data were analyzed using one-way analyses
of variance (ANOVA). When significant f ratios were
reached, additional multiple comparison tests were per-
formed and included Fisher’s least significance difference.
Statistical significance were accepted at the p <.05 level.

RESULTS

Mean CPB time for both groups was 170 + 23 min.
Measured temperatures and VO, differed significantly be-
tween the hypothermic and normothermic group at each
sample point. Otherwise, no significant differences were
seen between groups or sample times for DO,, VO,,
MAP, or 1/(A;,0,) (Figures 2, 3a, 3b).

The values obtained from the CDI monitors were com-
pared to the values obtained from laboratory analyses at
PaCO, = 24, 40, and 56 mmHg. The mean differences
(bias) between the CDI and laboratory analysis for pH,
PCO,, PO,, and saturation for each sample location were
calculated. Each of the monitors fell within the standards
for laboratory analyzers set forth by the Clinical Labora-
tory Improvement Act of 1988 (Table 2).

The equation used to calculate S;,O, was verified by
performing concurrent calculation and measurement of
S, 0, (Figure 4). The mean difference between calculated
and measured S, O, values was 0.7 + 3.3%.

DISCUSSION

Adequate cerebral perfusion continues to be a chal-
lenge to clinicians seeking to prevent postoperative neu-
rological morbidity. Cerebral dysfunction does not repre-
sent discrete negative outcomes; rather, it is a continuum
ranging from stroke, occurring in 2-5% of coronary artery
bypass grafting (CABG) patients, to more cryptic cogni-
tive deficits, occurring in 30-80% of the patients (12-23).
These events place a significant burden on the health- care
delivery system, because the cost of perioperative (both
cardiac and noncardiac) stroke is estimated to be $6 billion
(US) per year, representing over 25% of the resources
spent for stroke treatment (24).

Although neurological complications have always been
common and costly problems associated with CPB, im-
provements in perfusion technology, surgical technique,
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Figure 2. Oxygen delivery (DO,, mL/min), oxygen consumption (VO,, mL/min), rectal temperature, and mean arterial pressure (MAP) during the
experimental period. HG = hypothermic group; NG = normothermic group.

and anesthetic management have focused attention in this
area. The significant improvements in myocardial protec-
tion and cardiac outcome have resulted in an increasing
percentage of morbidity and mortality associated with
central nervous system (CNS) injury (1,2). Although over-
all mortality associated with CPB has declined, the portion
of deaths resulting from neurological injury has increased
(3). The problem will likely increase parallel to the demo-
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graphic shift toward more elderly patients (25), because
increasing age is well known to increase risk for postop-
erative cognitive decline and stroke (19,21,26-31). In ad-
dition to microembolic events, cerebral hypoperfusion has
been demonstrated to be involved in cognitive dysfunction
and stroke (4). Although the relative contribution of each
is unknown, it is unlikely that the two are mutually exclu-
sive.

70
60 -
50 4
40
30+

20+ M

I B N P N

1/A-JO,

40 44 48 52 56 52 48 44 40 36 32 28 24 28 32 36 40

PaCO; (mmHg)

Figure 3a. 1/A-JO, versus arterial PCO, in the normothermic group. Figure 3b. 1/A-JO, versus arterial PCO, in the hypothermic group.
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Figure 4. Actual versus calculated venous oxygen—hemoglobin satu-
ration.

Influence of Blood Gas Control

Acid-base management during hypothermic CPB is a
long-debated topic, and changes in cerebral blood flow
during CPB are intimately related to the PaCO, main-
tained during bypass (32,33). The specific strategy (alpha-
stat versus pH-stat) employed will not alter cerebral me-
tabolism, but it does affect cerebral blood flow and neu-
rologic outcome (34). Neurological dysfunction has been
reported in patients receiving pH-stat management, prob-
ably resulting from cerebral hyperemia (34). In a random-
ized study by Patel and associates, patients receiving al-
pha-stat management had less disruption of cerebral au-
toregulation during CPB, accompanied by a reduced
incidence of postoperative cerebral dysfunction (35).
More recent studies have shown less decline in cognitive
performance when alpha stat management is employed,
especially with prolonged CPB times (34,36). These data
support the theory that alpha-stat management produces
stable cerebral autoregulation and enzymatic activity.

PaCO, and Cerebral Embolization

Temperature and pH management also influence mi-
croembolic phenomena, and modifications in these pa-
rameters have increasingly been shown to reduce the in-
cidence of postoperative neuropsychologic dysfunction
(37). These findings are significant, because more than
one-third of embolic events originate from unknown
sources. In a study of 196 patients undergoing routine
CABG, over 30% of embolic signals, detected by ultra-
sound, were not associated with any specific act by the
surgeon, perfusionist, or anesthesiologist (38). At least
some of these events may be related to the blood gas
management performed. For example, the PaCO, main-
tained during CPB has been shown to influence the inci-
dence of cerebral emboli. At both normothermia and hy-
pothermia, a decrease in PaCO, of approximately 25
mmHg reduced the number of measured emboli by 45—
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60% in a series of swine studies conducted at the Mayo
Clinic (39,40).

PaCO, and Cerebral Blood Flow

Cerebral oxygen metabolism is intimately related to ce-
rebral perfusion, and several measures are available to
reflect this balance. Increasing C,;,0, is associated with
cognitive decline independent of age (40,41). During low
perfusion states, the brain can compensate for reduced
CBF by increasing oxygen extraction from arterial hemo-
globin, which is reflected in S;,0,. Such a decrease of
S;,O, indicates a mismatch between oxygen supply and
demand. Decreased S;,0, is associated with reduced ce-
rebral perfusion pressure and increased postoperative ce-
rebral dysfunction (39,42). Furthermore, calculations of
relative changes in cerebral blood flow can be made from
C,jvO; if the cerebral metabolic rate for oxygen remains
unchanged, which can be assumed during stable thermic
CPB (7,8). Under such conditions, CBF can be calculated
by:

CBF - 1 / Ca—jV02

The cerebral blood flow (CBF) response to metabolic
coupling is thought to be curvilinear, but for PaCO, values
between 20 and 80 mmHg the response is almost linear,
increasing 1.8 mL/100 g/min/mmHg PaCO, (7,8). The
mechanism of carbon dioxide reactivity seems to be a di-
rect action of H+ on the vascular smooth muscle on the
brain side of the blood-brain barrier (5). The response to
arterial PCO, is dependent on the diffusion of carbon
dioxide across the blood-brain barrier and the exclusion
of HCO;_. The result is a decrease in periarteriolar cere-
brospinal fluid pH and subsequent dilatation. Although
this pH response is not unique to the cerebral vascular
bed, the high solubility of CO, and the exclusion of H*
and HCO;_ by the blood-brain barrier make the cerebral
vasculature very sensitive to pH (5).

In this study, however, gradually changing PaCO, lev-
els did not seem to affect cerebral perfusion. In both the
hypothermic group and the normothermic group, factors
that would affect the validity of the measurement tech-
nique were held constant across experimental conditions.

At first glance, these data suggest that slowly drifting
PaCO, does not affect cerebral blood flow, and, therefore,
may not be of concern. Indeed, the A,0,, a validated
reflection of cerebral blood flow, did not change in re-
sponse to altered PaCO,. The in-line monitors used for a
portion of the data collection performed as assessed by
monitor laboratory bias. The physiological variables, in-
cluding mean arterial pressure and body temperature,
were well controlled and should not have influenced the
final results. However, the conclusion that PaCO, does
not affect cerebral blood flow would be erroneous based
upon this study alone. The reactivity of cerebral circula-
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tion to arterial PCO, is influenced by factors that could
not be controlled in this model, including the initial meta-
bolic state of the tissue and the resting caliber of the ves-
sels. In addition, any metabolic or pharmacological pro-
cess that alters the blood-brain barrier will alter the PCO,
response by allowing HCO;_ to cross into the cerebrospi-
nal fluid and alter pH. None of these influences was ac-
counted for in this study.

Furthermore, discretion must be used when translating
the results of animal trials into the human response. For
example, cerebral CO, reactivity is much greater in gray
matter than white matter, probably because gray matter
has a greater vascular density (5). The human brain has a
larger portion of gray matter, thus it is reasonable to as-
sume that the PCO, response in swine is somewhat muted.

CONCLUSION

Cerebral perfusion, measured by A ;,0,, did not vary
significantly in response to steady changes in PaCO, in
this swine model. Future refinements in this model should
account for the factors that are known to alter cerebro-
vascular CO, reactivity. Further investigation into the im-
pact of PCO, management during CPB is needed to es-
tablish its relative importance to patient outcome and to
define optimal blood gas management strategies.

REFERENCES

1. Gardener TJ, Horneffer PJ, Manolio TA, et al. Stroke following
coronary artery bypass grafting: A 10-year study. Ann Thorac Surg.
1985;40:574-81.

2. Cosgrove DM, Loop FD, Lytle BW, et al. Primary myocardial re-
vascularization. J Thorac Cardiovasc Surg. 1984;88:673-84.

3. The Warm Heart Investigators. Randomized trial of normother-
mic versus hypothermic coronary bypass surgery. Lancet. 1994;10:
91-8.

4. Newman MF, Grocott HP, Croughwell N, et al. Strategies for the
reduction of neurological injury after cardiopulmonary bypass. In:
Neuroprotection. Blanck TJJ, ed. Baltimore: Williams & Wilkins,
1997.

5. Heistad DD, Kontos HA. Cerebral circulation. In: Handbook of
Physiology, vol. 3, sect. 2, part 1: The Cardiovascular System. Be-
thesda, MD: The American Physiological Association, 1983, pp 137-
82.

6. Winn HR, Rubio GR, Berne RM. The role of adenosine in the
regulation of cerebral blood flow. J Cerebral Blood Flow Metab.
1981; 1:239-44.

7. Young WL, Newman MF, Amory D, Reeves JG. Cerebral blood
flow values during cardiopulmonary bypass: Relatively absolute or
absolutely relative? Ann Thorac Surg. 1995; 59: 558-61.

8. Grubhofer G, Lassnigg AM, Schneider B, et al. Jugular venous bulb
oxygen saturation depends on blood pressure during cardiopulmo-
nary bypass. Ann Thorac Surg. 1998; 65: 653-8.

9. Jones MD, Traystman RJ, Simmons MA, et al. Effects of changing
arterial O, content on cerebral blood flow in the lamb. Am J Physiol.
1981;240: H209-H15.

10. Kuschinsky W, Wahl M, Bosse O, et al. Perivascular potassium and
pH as determinants of local plial arterial diameter in cats. Circ Res.
1972:31:240-7.

11. Betz E, Csornai M. Action and interaction of perivascular H+, K+,
and Ca+ on plial arteries. Pfugers Arch. 1978;374:67-72.

JECT. 2001;33:185-192

12

13.

14.

15.
16.

17.

18.

19.

20.
21.
22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

TROWBRIDGE ET AL.

. Gardner TJ, Horneffer PJ, Manolio TA, et al. Stroke following coro-
nary artery bypass grafting: A 10-year study. Ann Thorac Surg. 1985;
40:574-81

Breuer AC, Furlan AJ, Hanson MR, et al. Central nervous system
complications of coronary artery bypass graft surgery: A prospective
analysis of 421 patients. Stroke. 1983;14:682-7.

Gonzalez-Scarano F, Hurting HI. Neurologic complications of coro-
nary artery bypass grafting: Case-control study. Neurology. 1981;31:
1032-5.

Bojar RM, Najafi H, DeLaria GA, et al. Neurological complications
of coronary revascularization. Ann Thorac Surg. 1983;36: 427-32.
Martin WRW, Hashimoto SA. Stroke in coronary bypass surgery.
Can J Neurol Sci. 1982;9:21-6.

Carella F, Travaini G, Contri P, et al. Cerebral complications of
bypass surgery: A prospective study. Acta Neurol Scand. 1988;77:
158-63.

Strenge H, Lindner V, Paulson G, et al. Early neurologic abnormali-
ties following coronary artery bypass surgery: A prospective study. J
Arch Psychiat Neurol Sci. 1990;239:277-81.

Murkin JM, Martzke JS, Buchan AM, et al. Cognitive and neuro-
logical function after coronary artery bypass surgery: A prospective
study. Anesth Analg. 1992;74:S215.

Shaw PJ, Bates D, Cartlidge NEF, et al. Early neurological complica-
tion of cardiopulmonary bypass surgery. Br Med J. 1985;291:1384-7.
Smith PLC, Newman SP, Ell PJ, et al. Cerebral consequences of
cardiopulmonary bypass. Lancet. 1986;1:823-5.

Hammeke TA, Hastings JE. Neuropschologic alterations after car-
diac operation. J Thorac Cardiovasc Surg. 1988;96:326-31.

Stump DA, Rogers At, Kon ND, et al. When emboli occur during
coronary artery bypass graft surgery. 1993. Anesthesiology. 1993;79:
A49(suppl 3A).

Mangano DT. Perioperative cardiac morbidity. Anesthesiology.
1990;72:153-84.

Tuman KJ, McCarthy RJ, Najafi H, et al. Differential effects of
advanced age on neurologic and cardiac risks for coronary artery
operations. J Thorac Cardiovasc Surg. 1992;104:1510-17.
Sontaniemi KA. Cerebral outcome after extracoporeal circulation:
Comparison between prospective and retrospective evaluations.
Arch Neurol. 1983;40:75-7.

Shaw PJ, Bates D, Carlidge NE, et al. Early intellectual dysfunction
following coronary bypass surgery. Q J Med. 1986;58:559-68.
Sontaniemi KA, Juolasmaa A, Hokkanen ET. Neuropsychologic
outcome after open-heart surgery. Arch Neurol. 1981;38:2-8.
Savageau JA, Stanton BA, Jenkins CD, Klein MD. Neuropsycho-
logic dysfunction following elective cardiac operation—Early assess-
ment—I. J Thorac Cardiovasc Surg. 1982;84:585-94

Savageau JA, Stanton BA, Jenkins CD, et al. Neuropsychologic dys-
function following elective cardiac operation—II—A 6-month reas-
sessment. J Thorac Cardiovasc Surg. 1982;84:595-600.

Newman S, Smith P, Treasure T, et al. Acute neuropsychological
consequences of coronary artery bypass surgery. Curr Psychol Res
Rev. 1987; 6:115-24.

Prough DS, Stump DA, Roy RC, et al. Response of cerebral blood
flow to changes in carbon dioxide tension during hypothermic CPB.
Anesthesiology. 1986;64:576-81.

Murkin JM, et al. Cerebral autoregulation and flow/metabolism cou-
pling during CPB: The influence of PaCO,. Anesth Analg 1987;66:
825-32.

Stephan H, Weyland A, Kazmaier S, et al. Acid base mangement
during hypothermic CPB does not alter cerebral metabolism but
does affect cerebral blood flow and neurologic outcome. Br J
Anesth. 1992;69:51-57.

Patel RL, Turtle MR, Chamber DJ, et al. Alpha stat regulation
during CPB improves neuropsychological outcome in patients un-
dergoing CABG. J Thorac Cardiovasc Surg. 1996;111:1267-79.
Murkin JM, Martzke JS, Buchan AM, et al. A randomized study of
the influence of perfusion technique and pH management in 316
patients undergoing coronary artery bypass surgery: Part II. Neuro-
logical and cognitive outcomes. J Thorac Cardiovasc Surg. 1995;110:
349-62.

Gill R, Murkin RJ. Nueropsychologic dysfunction after cardiac sur-



191

gery: What is the problem? J Cardiovasc Thorac Anesth. 1996;10: 40. Plochl W, Cook DJ. Quantification and distribution of cerebral em-

91-8. boli during cardiopulmonary bypass in swine: The impact of PaCO.,.
38. Grubhofer G, Lassnigg AM, Schneider B, et al. Jugular venous bulb Anesthesiology. 1999;90:183-90.

oxygen saturation depends on blood pressure during cardiopulmo- 41. Croughwell ND, Newman MF, Blumenthal JA, et al. Jugular bulb

nary bypass. Ann Thorac Surg. 1998;65:653-8. saturation and cognitive dysfunction after cardiopulmonary bypass.
39. Cook DJ, Plochl W, Orszulak TA. Effect of temperature and PaCO, Ann Thorac Surg. 1994;58:1702-8.

on cerebral embolization during cardiopulmonary bypass in swine. 42. Bojar RM, Najafi H, DeLaria GA, et al. Neurological complications

Ann Thorac Surg. 2000;69:415-20. of coronary revascularization. Ann Thorac Surg. 1983;36:427-32.

Appendix A. Arterial, jugular, and venous pH changes with changing arterial PCO,.

Normothermic pH Hypothermic pH

PaCO, Arterial Jugular Venous Arterial Jugular Venous

40 mmMg 7.48 +0.02 7.40 = 0.03 7.43 +0.05 7.50 = 0.06 7.41 +0.06 7.46 +0.05
44 mmHg 7.45 +0.03 7.41 +0.02 7.44 +0.06 7.47 +0.05 7.41 +0.05 7.44 +0.05
48 mmHg 7.43 +0.02 7.41 +0.03 7.43 +0.06 7.45 +0.07 7.41 +0.05 7.42 +0.05
52 mmHg 7.40 = 0.05 7.38 +0.03 7.40 +0.08 7.42 +0.07 7.39 +0.04 7.41 +0.04
56 mmHg 7.36 +0.07 7.36 = 0.05 7.37 +0.09 7.39 +.07 7.39 +0.04 7.37 +0.04
52 mmHg 7.40 = 0.05 7.36 +0.03 7.37 +0.07 7.40 = 0.04 7.38 +0.03 7.39 +0.05
48 mmHg 7.41 +0.06 7.36 +0.04 7.37 £0.07 7.42 +0.05 7.38 £0.04 7.38 £0.05
44 mmHg 7.45+0.04 7.37 +0.04 7.39 +0.09 7.44 +0.05 7.39 +0.03 7.39 +0.03
40 mmHg 7.49 +0.06 7.38 £0.04 7.41 +0.08 7.46 +0.04 7.40 +£0.04 7.43 +0.06
36 mmHg 7.50 +0.05 7.39 +0.03 7.45 +0.05 7.50 = 0.06 7.41 +0.06 7.45 +0.04
32 mmHg 7.54 +0.06 7.41 +0.04 7.47 +0.06 7.54 +0.05 7.44 +0.07 7.48 +0.06
28 mmHg 7.58 +0.06 7.43 £ 0.04 7.51 £ 0.07 7.59 £ 0.05 7.45£0.10 7.52 +£0.05
24 mmHg 7.61 +0.06 7.45 +0.04 7.54 +0.07 7.63 +0.04 7.48 +0.06 7.59 +0.11
28 mmHg 7.58 +0.06 7.48 +0.03 7.57 £0.07 7.59 +0.04 7.50 = 0.06 7.57 £0.05
32 mmHg 7.55+0.06 7.48 +0.03 7.55 +0.07 7.56 +0.05 7.49 +0.06 7.56 +0.06
36 mmHg 7.51 +0.06 7.47 +0.03 7.53 +0.06 7.52 +0.05 7.48 +0.05 7.53 +0.07
40 mmHg 7.49 = 0.07 7.46 = 0.04 7.50 = 0.07 7.48 +0.05 7.46 +0.04 7.51 +0.04
Average 7.48 +0.05 7.41 +0.03 7.45 +0.07 7.49 +0.05 7.43 +0.05 7.46 +0.05

Appendix B. Arterial, jugular, and venous PCO, changes during the experimental period.

T . Normothermic PCO, (mmHg) Hypothermic PCO, (mmHg)

arge

PaCoO, Arterial Jugular Venous Arterial Jugular Venous
40 mmMg 40.0 £ 0.0 523+75 483 +9.4 40.0 £ 0.0 52.8+53 50.0 £6.5
44 mmHg 44.0 + 0.0 523 +8.0 48.8 +9.4 43.0+2.0 528 +3.9 503 +£5.6
48 mmHg 48.0 £ 0.0 528 +74 50.3 +£10.9 48.0 £ 0.0 54.0 3.6 533+3.9
52 mmHg 52.0+0.0 563 +6.1 545+11.2 52.0+0.0 55.0+2.9 56.0 +4.2
56 mmHg 56.0 £ 0.0 57.8 £ 6.6 57.5+122 56.0 £ 0.0 58.5+3.7 61.5+4.1
52 mmHg 52.0+0.0 575111 583 +11.9 52.0+0.0 59.0 £2.6 57.8 4.6
48 mmHg 48.0 £ 0.0 59.8+9.9 56.0 £9.6 48.0 0.0 585+21 57.8+2.1
44 mmHg 44.0 £0.0 57.5+7.9 53.0+8.5 43.0+2.0 56.8 £3.2 54.8 £4.0
40 mmHg 40.0 + 0.0 56.3+7.0 51.0+8.5 403 +£0.5 548 +3.7 51.0+0.8
36 mmHg 36.0 £ 0.0 535+78 458 £ 6.6 36.0 £0.0 52.0+4.5 475+2.6
32 mmHg 32.0+0.0 51.5+5.8 433+59 32.0+0.0 485+5.4 448 +£2.6
28 mmHg 28.0 £ 0.0 485+5.4 40.5+6.1 283 +0.5 463 +6.1 423+1.5
24 mmHg 24.0 £0.0 458 £5.4 38.0+4.5 24.0 £0.0 433 +£6.0 36.0£2.2
28 mmHg 28.0 + 0.0 413+54 345+54 28.0 +0.0 40.5+6.5 348 +1.7
32 mmHg 32.0+0.0 413+59 385+93 32.0+0.0 42.0+55 36.5+1.9
36 mmHg 36.0 + 0.0 428 +5.9 383+73 36.0 £ 0.0 435+4.5 40.0+2.4
40 mmHg 39.5+0.6 45.0+5.4 413+8.1 40.0 £ 0.0 458 +3.0 423+1.7
Average 40.0 £ 0.0 51.3+7.0 46.9 £ 8.5 39.9+0.3 50.8 +£4.3 48.0+3.1
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Appendix C. Arterial, jugular, and venous PCO, changes with changing arterial PCO,

Normothermic PO, Hypothermic PO,

Target

PaCO, Arterial Jugular Venous Arterial Jugular Venous
40 mmMg 2113 +434 27.8+83 26.3 + 6.6 217.5+29.0 31.5+11.0 340+11.2
44 mmHg 198.8 +48.3 26.0 = 8.0 250x73 197.8 +21.2 30.0 £9.6 33.5x14.0
48 mmHg 169.8 £22.1 253 +8.1 245+79 189.0 £25.4 31.3+94 31.5+9.7
52 mmHg 152.5+22.8 26.0+6.3 245+72 187.5 +18.3 31.8+9.2 345+114
56 mmHg 1443 +15.2 29.0 +4.5 26.5+5.3 197.3 £16.0 31.8+6.2 345 +10.7
52 mmHg 166.8 +14.8 27.8 +6.8 23.8+8.9 2175 +17.8 31.8 +8.1 383+2.2
48 mmHg 181.3 £16.9 29.5+8.5 255+9.0 2305 +12.1 33.0+10.1 38.8 +3.1
44 mmHg 191.8 £17.0 28.8 +4.6 253 +83 2283 +28.2 31.5+95 373 +4.6
40 mmHg 202.8 252 283 +5.9 253+7.6 2213 +19.2 31.8+10.6 37.0+£5.6
36 mmHg 199.3 +28.1 26.5+4.9 26.5+5.3 215.0+ 185 31.0+£9.9 36.0+5.6
32 mmHg 193.8 +18.2 26.8 +4.9 25547 209.0 £ 41.8 31.5+£99 35.0+9.6
28 mmHg 209.0 +10.0 26.8+2.2 255+4.38 218.8 +22.6 32.8+5.3 32.5+8.9
24 mmHg 214.8 +19.8 250+5.2 25.0 +4.7 2228 +17.6 283 +8.6 30.8 +8.2
38 mmHg 192.5 +16.1 26.0 4.2 24.0+52 203.5+31.9 323+10.3 31.3+6.8
32 mmHg 176.0 £15.3 223 +45 235 +4.7 209.8+11.3 32.0+10.7 323 +4.1
36 mmHg 164.5 +21.8 225+49 23.8+5.0 204.5 £ 10.6 31.8+12.0 320+73
40 mmHg 152.8 £21.5 21.5+1.7 235+4.4 184.5 +10.4 320+1.7 323 +6.0
Average 183.6 £22.1 262 +5.5 249+6.3 209.1 +20.7 31.5+9.0 342+7.6
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