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Comparative Analysis of Alpha-stat and
pH-stat Strategies with a Membrane
Oxygenator During Deep Hypothermic
Circulatory Arrest in Young Pigs

Won Gon Kim, Cheong Lim, Hyun Jong Moon, and
Yong Jin Kim, Department of Thoracic and
Cardiovascular Surgery and Heart Research
Institute;, BK 21 Human Life Sciences, Seoul
National University College of Medicine and

Clinical Research Institute, Seoul National
University Hospital, Seoul, Korea

Abstract: Using young pigs, this study compared the strat-
egies of alpha-stat and pH-stat during deep hypothermic
circulatory arrest (DHCA) for the cooling time of brains
during the induction of hypothermia and rewarming time
with cardiopulmonary bypass (CPB); the cerebral perfu-
sion rate and metabolism rate, and the ratio of these 2
rates; and the extent of the cerebral edema development
after circulatory arrest. Fourteen young pigs were assigned
to 1 of 2 strategies of gas management. Cerebral blood
flow was measured with a cerebral venous outflow tech-
nique. With CPB, core cooling was initiated and continued
until the nasopharyngeal temperature fell below 20°C. The
flow rate was set at 2,500 ml/min. Once the temperature
reached below 20°C, the animals were subjected to DHCA
for 40 min. During the cooling period, the acid-base bal-
ance was maintained using either alpha-stat or pH-stat
strategy. After DHCA, the body was rewarmed to the
normal body temperature. The animals then were sacri-
ficed, and we measured the brain water content. The ce-
rebral perfusion and metabolism rates were measured be-
fore the onset of CPB, before cooling, before DHCA, 15
min after rewarming, and upon the completion of rewarm-
ing. The cooling time was significantly shorter with alpha-
stat than with pH-sfat strategy while no significant differ-
ences. were observed in the rewarming time between
groups. Also, no significant differences were found in ce-
rebral blood flow volume, metabolic raté, or flow/
metabolic rate ratio between groups. In each group, the
cerebral.blood flow volume, metabolic rate, and flow/
metabolic rate ratio showed significant differences in body
temperature. Brain water content showed no significant
differences between the 2 groups. In summary, this study
found no significant differences between alpha-stat and
pH:stat strategies, except in.the cooling time. The cooling
time was rather shorter with the alpha-stat than with the
pH-stat strategy. . Key Words: Deep hypothermic circu-
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latory arrest—Acid-base management—Alpha-stat—pH-
stat.

Deep hypothermia and circulatory arrest are dra-
matic applications demonstrating the protective ef-
fects of hypothermia in cardiac surgery. However,
the human body is unable to maintain normal physi-
ology when exposed to such induced hypothermia,
and the maintenance of bodily functions under such
a condition, especially that of acid-base balance, re-
mains controversial (1-8). Particularly, controlling
the acid-base balance during a circulatory arrest un-
der deep hypothermia strongly influences the func-
tion of the central nervous system and thus is an
important risk factor for the development of adverse
neuropsychiatric complications (9-13). Theoretical-
ly, the advantages of the poikilotherm mechanism of
acid-base balance control, alpha-stat, are the pos-
sible maintenance of intracellular neutral electrome-
chanical states during hypothermia and the close re-
semblance of coupling pattern of brain perfusion to
its metabolic activity to that in the normal tempera-
ture state. On the other hand, the advantages of the
hibernator mechanism of acid-base balance control,
pH-stat, are in stabilizing cerebral hemodynamics
and maintaining balanced cerebral perfusion thus
providing uniform cooling during hypothermia. The
pH-stat approach, however, carries the risk of devel-
oping thromboembolism or. cerebral edema, Thus,
this study aims to cornpare alpha-stat with pH-stat
strategy for the time requu'ed to cool brains during
the induction of hypothermia and to rewarm with
cardiopulmonary bypass; cerebral perfusion rate,
brain metabolism rate, and their coupling ratio; and
the extent of cerebral edema development after car-
dlopulmonary bypass (CPB) in an experimental
model of hypothermic circulatory arrest in juvenile
pigs.

Materials and imethods’
" For this study, juvenile pigs of both sexes weighing
25 to 30 kg were used. The 2 test subject groups of
alpha-stat and pH-stat conisisted of 7 pigs each. For
anesthesia, 0:03 mg/kg of atropine was used as a pre-
medication, and 15'to 20 mg/kg of ketamine and 15
to 20 mg/kg of thiopental sodium were used as in-
ducing agents. Intratracheal intubation was followed
by ventilation with a volurne- cycled ventilator. For
iiainténance ‘Anésthesid, 0.5't0' 1.0% halothane and
supplemental oxygen were used. 'Muscle relaxation
was maintained with' a continuous’ infusion of ‘Pan-
curonium (0:25 mg/kg/h). T

"A cannula was inserted into the superior sagittal

sinus to measure the volume of cerebral blood flow
and to take blood sampling of the cerebral vein (14—
16). Before the onset of CPB, an incision was made
on the scalp followed by the removal of the perios-
teum and bone overlying the sagittal sinus. To mini-
mize extracranial blood input into the superior sag-
ittal sinus, a 3 cm circular excision was made from
the outer cortical layer and spongiosa area surround-
ing the exposed region. Thereafter, a 24 Fr catheter
was inserted (Fig. 1). A Forgarty catheter then was
inserted into the sagittal sinus and inflated to pre-
vent the inferior leakage whenever the sagittal sinus
outflow was measured. The weight of the brain
drained by the catheter was presumed to average
43% of the total brain weight although the study was
done in dogs (17). The heart was revealed by a me-
dian sternotomy, after which 300 IU/kg of heparin
was administered. Ascending-aortic and right-atrial
cannulas were then inserted through purse-string su-
tures with 5-0 prolene sutures. A pediatric mem-
brane oxygenator (Univox-IC, Bentley Laborato-
ries. Inc., Baxter Healthcare Corporation, Irvine,
CA, US.A)) and a roller pump (American Optical
Corporation, Greenwich, CT, U.S.A.) were used.
For priming solution, 500 ml of Pentaspan, 160 mi of
mannitol, and 700 ml of Hartman’s solution were
given along with 54 mg of sodium bicarbonate. The
total priming 'volume given was 1,360 ml, and hemat-
ocrit was adjusted between 18 and 20%. The perfu-
sion rate was maintained at 2,500 ml/min. During the
first 10 to 15 min after the onset of CPB, a normo-
thermic perfusion was maintained while basic tests
were performed. Perfusion cooling then was carried
out until the body temperature was decreased to
20°C as measured in the nasopharynx. When the

‘FIG. 1. The schemiatic drawing shows the superior sagittal sinus
outflow measurement, (superior sagittal sinus [1], Fogarty cath-
eter [2], and sampling catheter [3]).
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TABLE 1. Criteria of alpha-stat and pH-stat acid-base managements

Measured and reported at 37

Corrected to in vivo temp

In vivo pH Pco, pH Pco,
temp (°C) Alpha pH Alpha pH Alpha pH Alpha pH
37 740 7.40 40 40 7.40 7.40 40 40
33 7.40 7.34 40 47 744 7.40 35 40
30 7.40 7.30 40 54 7.50 7.40 29 40
27 740 1.26 40 62 755 7.40 26 40
23 7.40 7.21 40 74 7.60 7.40 .22 40
20 7.40 7.18 40 84 7.65 7.40 19 40
17 7.40 7.14 40 96 7.69 7.40 17 40

body temperature fell to 20°C, the circulation was
stopped for 40 min. After the arrest period, the body
was rewarmed to normal body temperature. During
the cooling and rewarming period, the acid-base bal-
ance was maintained according to either the alpha-
stat or the pH-stat strategy (Tables 1 and 2). The
animals then were sacrificed, and their brains were
removed and examined for edema. The brains also
were microscopically analyzed for signs of cerebral
thromboembolism.

* The cerebral perfusion and metabolism rates were
measured before the onset of CPB, before perfusion
cooling, before circulatory arrest, 15 min after re-
warming, upon the completion of rewarming, and 1 h
after rewarming. The cerebral métabolism rate was
calculated according to the following equation: meta-
bolic rate = cerebral blood flow x (arterial blood oxy-
gen content — sagittal sinus blood oxygen content)/
100. Arterial blood gas analyses were regularly
carried out as needed. Body temperature was mea-
sured from the nasopharynx.and the rectum. The
extent of cerebral edema was calculated by subtract-

ing the dry weight of the brain from its wet weight

and then dividing this value by the wet weight. The
dry wejght of the brain was measured after subject-
ing the brain.to 72 h of dehydration at 60°C in a
<kyer machme

. The ‘measurements obtained from the 2 _groups

were compared with the Wilcoxon rank sum test
while the variations with each group were analyzed
with repeated measures ANOVA. A p value less
than 0.05 was considered statistically significant.

Results
The cooling time was considered to be the time
taken for the nasopharynx temperature to reach
20°C after CPB cooling was started. The rewarming
time was considered to be the time taken for the
" nasopharynx temperature to reach 38°C after the on-
set of rewarming. The cooling time for the alpha-stat
group was 16.57 + 5.13 min, which was significantly
shorter than that of the pH-stat group, 22.83 + 2.14
min (p < 0.05). However, no significant difference
was observed in the rewarming time, which was 40.0
+ 5.07 min for the alpha-stat group and 46.5 + 6.32
min for the pH-stat group. While the values of the
cerebral metabolic rate and cerebral perfusion as es-
timated from the sagittal sinus outflow measurement
were higher in the pH-stat group than those in the
alpha-stat group, the values were not statistically sig-
. nificant (Fig. 2). The perfusion-to-metabolic-rate ra-
tios also showed no statistically significant differ-
ence. However, a significant change was observed in
the cerebral perfusion and metabolic rate within
each group over the course of the experiment. Par-
tlcularly at 20°C, the brain metabolic rate fell more

TABLE 2.. Gas amounts administered in alpha:stat and pH-stat acid-base managements

Cooling Rewarming
‘ Te;nﬁ‘(j‘c')' O,Lmin  Fio, CO, TFmp (°C). O,Lmin = Fio, CO,
Alpha-stat 37 T 40 075 0 20 18 045 0
' 31 30 060 0 24 20 050 o
27 25" 055 0 27 23 060 0
24 20 050 © 31 25 065 0.
20 18 045 0 37 30 075 0
pH-stat, 37 30 070 50 20 1.0 045 45
31 2.0 065 50 24 20 050 40
27 18 060 50 27 20 060 35
% 15 050 55 31 30 065 30
;20 0.5 040 55 37 30 070 3.0
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Flow (mi/min Metabolism (ml O /min)
¢ ' / Ratio (Flow/Metabolism)
“ 80
70 1.4
30 60 12 4
50 - 1.0 4
20 40 - 0.8
30 - 0.6
10 20 0.4
10 0.2
o . L v . - 0.0
# ” £ E 2 #5 M 2 M s L] ” < " #5
A iy . B O astat —O0— g.siat
=@ pH-siat <@ pHatat - @ pH-stat

FIG. 2. Shown are cerebral flow (A), metabolism (B), and cerebral blood flow/metabolism (C) before the onset of cardiopulmonary by-
pass (#1). before cooling (#2), before deep hypothermic circulatory arrest (#3), 15 min after rewarming (#4), and on completion of

rewarming (#5).

than the cerebral perfusion, so that the perfusion-to-
metabolic-rate recorded was greater than 1. No sig-
nificant difference was observed between groups in
brain water content (78.4 + 5.56% for pH-stat, 81.93

+ 3.70% for alpha- stat) No signs of cerebral embo- .

lism were observed microscopically.

Discussion )

Despite theoretical advantages and disadvantages
of alpha-stat and pH-stat, current studies revealed
no significant difference between these 2 acid-base
management systems in terms of postoperative neu-
ropsychiatric complications after CPB under moder-
ate hypothermia (13). However, extrapolating the
results obtained using either of these systems under
moderate hypothermia directly into pediatric pa-
tients under profound hypothermia is not reasonable
and led us to compare alpha-stat and pH-stat under
profound hypothermia in young pigs. Until now,
only llmlted ‘experimental data were available on
whlch of these 2 gas management systems would give

found hypothermm in the human body. However,
there is a general consensus that a difference does
cxXist bet,wqen the 2, mechamsms since values of the
pH and Paco, bplance devxate far from their no,rmal
values The results of this expenment showeq no dlf-
ferpnce between alpha—stat and, pH-stat in the cere-
bral metabohc rate at 20°C. While, the cerebral per-
fusion rate decreased along w1th the rate of
metabollsm at low temperatures, the cerebral blood
vessels remamed Zresponsive, to Paco,. Thus, the rela-
tive, hypercarbla under pH-stat allowed the dilata-

tion of cerebral vessels and a better perfusion rate
than under alpha-stat. While not statistically signifi-

“cant, a higher cerebral blood flow volume appeared

to have been maintained in the pH-stat test group

. than in the alpha-stat test group. In an alert healthy

animal, brain perfusion and metabolism are deter-
mined by regional metabolic demands. Such cerebral
coupling plays an important role in cerebral homeo-
stasis. Under hypothermia, cerebral blood flow falls
proportionately, but brain metabolic rate falls expo-
nentially. The perfusion-to-metabolic-rate ratio thus
increases with a fall in temperature. This experiment
also revealed thé highest perfusion-to-metabolic-
rate ratio at 20°C. However, there was no significant
difference in the perfusion-to-metabolic-rate ratios
between the 2 groups. The cerebral water content,

. used as a measure of edema, also showed no differ-

ence. We did not observe any evidence of thrombo-

.. embolism in the brain specimens of the groups. As

previously described, pH-stat has the theoretical ad-
vantage of better cooling through luxuriant cerebral

", 7 ‘perfusion, which led us to anticipate that the pH-stat

-
TR

would show shorter cooling and rewarming times
compared to alpha-stat, However, alpha-stat showed
the statistically faster cooling time. While not statis-
tically SIgmficant, alpha-stat also showed ‘the ten-
dency for a faster rewarming time. Oue p0551bIe ex-
planatlon for these results is that more uniform
coohng prowded theoretxcally by pH-stat does not
necessanly mean, fast cooling. Another possﬁnhty is
that the. nasopharyngeal temperatute measurement,

_wluqh acts as a. momtor to measure cerebral tem-

perature, does not adequately reﬂect the global tem-
perature of the brain in the pig. Further work with

Artif Organs; Yol. 24, No. 11, 2000
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direct temperature measurement at multiple sites in
the brain of the animal may be needed to clarify the
latter problem although a small difference of cooling
time to induce deep hypothermic circulatory arrest is
not considered to offer a practical problem in clinical
situations.
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Experimental Use of a Compact
Centrifugal Pump and Membrane
Oxygenator as a Cardiopulmonary

Support System

Etsuro Suenaga, Kozo Naito, Zhi-Li Cao,
Hisao Suda, Tetsuya Ueno, Masafumi Natsuaki, and
Tsuyoshi Itoh, Department of Thoracic and
Cardiovascular Surgery, Saga Medical School,
Saga, Japan

Abstract: Compactness and high performance are the
most important requirements for a cardiopulmonary sup-
port system. The Nikkiso (HPM-15) centrifugal pump is
the smallest (priming volume; 25 mi, impeller diameter; 50
mm) in clinically available centrifugal pumps. The Kuraray
Menox (AL-2000) membrane oxygenator, made of
double-layer polyolefin hollow fiber, has a minimum prim-
ing volume (80 ml) and a low pressure loss (65 mm Hg at
2.0 L/min of blood flow) compared with other oxygen-
ators. The aim of this study was to evaluate the perfor-
mance of the most compact cardiopulmonary support sys-
tem (total priming volume: 125 ml) in animal experiments.
The cardiopulmonary bypass was constructed in a canine
model with the Nikkiso pump and Menox oxygenator in
comparison with a conventional cardiopulmonary support
system." The partial cardiopulmonary, bypass was per-
formed for 4 h to evaluate the gas exchange ability, biood
trauma, serum leakage, hemodynamics, and blood coagu-
lative parameters. The postoperative plasma free hemo-
globin level of the compact cardiopulmonary system was
29.5 +10.21 mg/dl (mean + SD), which was lower than that
of the conventional cardiopulmonary system, 48.75 + 27.39
mg/di (mean + SD). This compact cardiopulmonary.system
provided the advantage in terms of reduction of the prim-
ing volume and less blood damage. These results suggested
the possibility of miniaturization for the cardiopulmonary
bypass support system in open-heart surgery in the near
future. Key Words: Compact cardiopulmonary sys-
tem—Centrifugal pump—Membrane oxygenator—
Hemolysis—Coagulation parameters.

- In open-heart surgery, a majority of cardiopulmo-
nary bypass (CPB) systems still utilize bulky roller
puxhps The continuous' invasion of the CPB to the
patlent is related to ‘the CEB time, flow rate, total
internal surface area, pressure, gradre,nt of the circuit,
and biocompatibility of the material .(1). -

Curreintly, a compact atraumatic centrifugal pump
and meémbrihe oxygenator ‘are available for clinical
use(2,3) The combination of these 2 devices is ex-
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