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Paco, Management during Cardiopulmonary Bypass:

Intriguing Physiologic Rationale, Convincing

Clinical Data, Evolving Hypothesis?

IN THIS ISSUE, Bashein et al. establish a milestone in the
longstanding debate about the preferable level of Paco,
and pH during cardiopulmonary bypass (CPB).! Their
well-designed, carefully analyzed study suggests that
Paco, management during CPB does not influence post-
operative neuropsychologic outcome.! An appreciation
of this important work requires examination of four issues:
1) the controversy regarding Paco, management during
CPB; 2) the frequency of neurologic dysfunction following
cardiac surgery; 3) the quantification of neurologic and
neuropsychologic injury; and 4) the potential relationship
of Pago, management during hypothermic CPB to neu-
rologic outcome.

The Controversy

Physiologists and clinicians have attempted for decades
to define normal levels of Paco, and pH under hypother-
mic conditions. One option, termed a-stat management,
maintains Paco, and pH at 40 mmHg and 7.40, respec-
tively, as measured in the blood gas analyzer at 37°C.
The alternative, pH-stat strategy maintains Paco, and pH
at 40 mmHg and 7.50, after correction for body temper-
ature. At a body temperature of 28.5°C, the pH-stat ap-
proach increases Pago, by 50% (table 1).

The physicochemical argument for «-stat management
is that the isoelectric point of water, the pH at which water
maintains a constant ratio of OH™ to H* ions, increases
as temperature decreases.” A physiologic, but species-de-
pendent, argument is that spontaneously cooling poiki-
lothermic animals (e.g., reptiles and amphibians) appear
to follow an a-stat pattern.=® In contrast, heterothermic,
hibernating mammals undergo changes in pH and
Paco, that resemble the pH-stat approach during cooling.?
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FREQUENCY OF POST-CPB NEUROLOGIC AND
NEUROPSYCHOLOGIC DYSFUNCTION

Detailed neurologic examination discloses early post-
operative deficits in 61% of patients following coronary
artery surgery, although many of those deficits do not
grossly impair long-term function.” In an even higher
percentage of patients, psychomotor performance dete-
riorates between preoperative and postoperative test-
ing.”~® Deterioration of neuropsychologic performance is
most likely in patients who also develop neurologic defi-
cits,'>!! suggesting a common etiology for the two types
of abnormalities.

Both neurologic and neuropsychologic deficits appear
to be linked to perioperative ischemic injury. Aberg et al.
measured increased cerebrospinal fluid levels of adenylate
kinase, an enzymatic marker of ischemic neural damage,
in more than 50% of patients following valvular or cor-
onary surgery.'? The authors positively correlated neu-
ropsychologic deterioration with increases in adenylate
kinase.'? Although the economic consequences of subtle
neurologic and neuropsychologic injury have not been
quantitated, clinically evident neurologic events increase
the duration of hospital stay threefold following myocar-
dial revascularization.'?

QUANTIFICATION OF NEUROLOGIC AND
NEUROPSYCHOLOGIC INJURY

Quantification of neurologic and neuropsychologic
complications requires rigorous preoperative and post-
operative evaluation. Most lesions that are detected with
prospective testing would not otherwise be recorded in
the medical record.'® Neuropsychologic testing, though
unfamiliar to many clinicians, is highly quantitative. Such
tests have clearly demonstrated deterioration in psycho-
motor performance as a result of chronic disease and have
been correlated with impaired quality of life.

Grant et al. evaluated 303 chronically hypoxic patients
who participated in two major clinical trials, the Nocturnal
Oxygen Therapy Trial (NOTT) and the Intermittent
Positive Pressure Breathing (IPPB) trial, and identified a
strong correlation between the severity of hypoxemia and
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TABLE 1. -Stat and pH-Stat Levels of Pacg, at 28.56° C

pH-Stat «a-Stat
Paco, (at 28.5° C body temperature) | 40 mmHg | 27 mmHg
Paco, (at 37° G, blood gas analyzer) 60 mmHg | 40 mmHg

decrements in psychomotor performance.'* More impor-
tantly, they demonstrated that neuropsychologic dys-
function associated with chronic hypoxemia correlates
with deterioration in quality of life.'® In those two series,
the duration of the test battery exceeded the practical
limits that a postoperative surgical patient will tolerate
without excessive fatigue; however, several essential com-
ponents of the battery resemble those used by Bashein et
al.' Table 2 summarizes the results of two tests, Trail
Making B and the Tapping Test, common to both groups
of investigators. Comparison of these results suggests that
cardiac surgery produces an acute decrement in psycho-
motor performance similar in magnitude to that associated
with chronic hypoxemia.

However, the circumstances of the testing are dissim-
ilar. Traditionally, extensive batteries of psychomotor
tests have been used to compare the performance of
groups of individuals, as in the NOTT and the IPPB
trial.'* In such an analysis, baseline data are unavailable;
therefore, mean levels of impairment must be correlated
with coexisting physiologic or neurologic abnormalities.
In contrast, cardiac surgical patients can be examined both
pre- and postoperatively. However, comparison of pre-
operative and postoperative performance is potentially
confounded by several variables, including pain, fatigue,
analgesic drugs, and practice effects. In the few postop-
erative days preceding comprehensive evaluation, a brief
daily examination will identify the occasional deficit that
develops after, rather than during, surgery.

How, then, can an investigator confidently define a
postoperative deficit? Some investigators prefer to com-
pare alternative management strategies on the basis of
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unequivocal neurologic abnormalities,'® although such an
approach requires a large percentage change in a large
number of patients in order to achieve statistical power.
Others, such as Bashein et al., have preferred the greater
statistical power conferred by a concise, focused neuro-
psychologic battery, administered after sufficient conva-
lescence (usually about 5-8 days postoperatively) to min-
imize the effects of pain, fatigue, and drugs."”® Implicit
in the decision to compare neuropsychologic outcome is
the assumption that neurologic and neuropsychologic
outcome should be altered similarly by a given therapeutic
intervention. Although few data are available to examine
that assumption, it is worth noting that Nussmeier et al.
demonstrated that thiopental administration during val-
vular heart surgery significantly reduced major neurologic
deficits but did not alter the incidence of deterioration in
the performance in Trail Making B.'®

Statistical analysis of changes in neuropsychologic status
represents an additional challenge. Bashein et al. com-
pared mean group performance in the a-stat and pH-stat
groups and found no difference in postoperative out-
come.' However, assessment of group means may be mis-
leading if some individuals improve because of practice
effects while others deteriorate. Therefore, Shaw et al.
and Harrison ef al. have defined the number of individual
postoperative patients who deteriorate as those whose
postoperative score in individual components of the bat-
tery has declined more than one standard deviation from
the preoperative group mean score. For comparison, in
most of the tests used in the NOTT and IPPB Trials,
moderately hypoxemic patients performed approximately
one-half standard deviation below the mean group per-
formance of age- and education-matched control sub-
jects.! The conclusions reached by studies that examine
group performance may be radically different than studies
that focus on the incidence of individual deterioration.
Klonoff et al. reported that overall group performance
was improved 1 yr following cardiac surgery.'” In contrast,
Venn et al. reported that 35% of individual patients
showed deficits at a similar postoperative interval.'®

TABLE 2. Comparison of Neuropsychologic Scores

Chronically Hypoxemic Patients

Cardiac Surgical Patients

(NOTT and IPPB Trials) (Bashein ef al.)
Moderately
Test Control Hypoxemic Preoperative Postoperative
Trail Making B 122 *62 156 *78 95.0 £ 384 134.2 £ 79.1 ()
(time in s) 144.9 + 80.2 (pH)
Tapping Test 46.7 = 8.1 42,1+ 9.8 45,0+ 7.8 41.0 £ 14.0 (@)
(taps per 10 s, dominant hand) 43.0 £ 13.5 (pH)
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F1G. 1. A displays two levels of Paco,, uncorrected for body tem-
perature, measured in 25 patients undergoing cardiopulmonary bypass
ata mean temperature of 27.5°C. Patients, randomized to a-stat (open
circles and triangles) or pH-stat (open squares and diamonds) manage-
ment, underwent two measurements of jugular venous bulb oxygen
saturation (S;,O¢) and two estimates of cerebral blood flow (CBF), ob-
tained from analysis of the clearance of '**Xenon, at two randomly
ordered levels of Pacg,. Circles represent the higher level of Pacg, and
triangles the lower level in the a-stat group; squares represent the
higher level and diamonds the lower level in the pH-stat group. By
experimental design, there is no overlap of Paco, values between the
a-stat and pH-stat patients. B demonstrates the considerable overlap
of 5;,0; values in the two groups, although the lowest values are in
the a-stat group. G demonstrates that the values for cerebral blood
flow also overlap, although the highest values are in the pH-stat group.
Therefore, by knowing Paco,, one cannot predict individual levels of
cerebral blood flow or individual levels of cerebral oxygen extraction,
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WHY SHOULD Paco, MANAGEMENT DURING CPB
AFFECT NEUROLOGIC OUTCOME?

From a physiologic perspective, the results reported by
Bashein et al. suggest the impending demise of an intrigu-
ing physiologic question. However, any comparison be-
tween a-stat and pH-stat management must be based upon
presumed differences in the physiologic effects of the two
strategies. The two do produce somewhat different av-
erage effects on cerebral blood flow (CBF) and metabolism
during hypothermic, nonpulsatile CPB. Investigators have
demonstrated that the pH-stat approach produces luxury
perfusion,'? impairs autoregulation,? and uncouples CBF
and metabolism.' In addition, because the increased
Paco, produced by the pH-stat approach increases CBF,?!
it theoretically could result in the distribution of an in-
creased proportion of embolic debris to the brain rather
than the systemic circulation.?® In contrast, the lower CBF
associated with the a-stat approach might cause critical
hypoperfusion in selected patients. Available data do not
quantitate either hypothetical concern, i.e., the risk of in-
creasing cerebral emboli or the risk of cerebral hypoper-
fusion. Both potential hazards are related to the level of
CBF or the level of cerebral metabolism, of which mea-
surement of Pago, is at best an indirect indicator.

To illustrate, figure 1 displays individual data derived
from a study of CBF and jugular venous bulb oxygen
saturation (S;yOq) in 25 hypothermic patients (=27.5°C)
randomized either to a range of Pagg, comparable to a-
stat values (n = 13), or a range similar to pH-stat values
(n = 12).2% As is evident in figure 1A, Paco, in the two
patient groups is distinctly different. As figure 1B shows,
Pacq, fails to predict cerebral oxygen extraction in indi-
vidual patients. Although §;,O¢, an index of the ability
of global CBF to supply cerebral metabolic needs, is gen-
erally lower in the «-stat patients, only one-third of pa-
tients in the a-stat group have S;,O values lower than
those in awake, normothermic patients (fig. 1B). That
one-third of patients presumably would include an even
smaller number who are at risk for cerebral hypoperfu-
sion. Figure 1C displays CBF values in the same group of
patients. Although the patients with the highest levels of
flow and therefore the highest theoretical risk for embolic
events are in the pH-stat group, CBF clearly exceeds that
in the a-stat group in only about one-half of the patients.
CBF is determined in part by Pagg,, as it is by cerebral
perfusion pressure, but the choice of a target Paco, dur-
ing CPB provides limited information about cerebral per-
fusion.

Accordingly, we conclude that the study by Bashein et
al. though a major milestone in a protracted, unresolved
debate, does not dismiss the question about a preferable
level of Paco, during cardiopulmonary bypass. The res-
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olution of that question awaits correlation of carefully
defined neurologic and neuropsychologic endpoints with
measured cerebral circulatory and metabolic changes
during CPB.
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