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ABSTRACT

A comparative review is made of the four most common asanguineous solutions used for
the priming of cardiopulmonary bypass equipment. Increasing health care costs and concerns
over the administration of blood derived products has cardiac programs examining their prac-
tice of using albumin as a routine part of the priming solution for bypass. Emphasis is being
placed on the use of crystalloids with synthetic colloids, or crystalloids alone, as the priming
agents for extracorporeal circulation.

However new evidence has shown that the use of these solutions, without the addition of
albumin, may be associated with the development of a cold induced agglutination. The data
reviewed suggests that the ideal priming fluid may still not be available and recommendations
are made.
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INTRODUCTION

In preparation for cardiopulmonary bypass (CPB) one of
three combinations of priming solutions is used to prime and
de-air the extracorporeal circuit. These are: 1) crystalloids alone,
2) a combination of crystalloids plus synthetic volume expand-
ers, 3) crystalloids plus albumin. All appear to be effective for
the purpose of CPB and have little adverse effect on patient out-
come. In this review we examine why some perfusate combi-
nations may be more beneficial than others.

HISTORICAL PERSPECTIVE

In 1969, Saltzman (1) discovered that platelets did not ad-
here in vitro, to surfaces that were precoated with albumin. As
a result of this and other observations, in an attempt to preserve
platelets during CPB, the practice of adding albumin to the per-
fusate developed. Several reports indicated that using albumin
as a priming agent minimized the adhesion of platelets and fi-
brinogen to polyvinylchloride (PVC) surfaces (2-5). At that time,
the effects of albumin coating were thought to last for several
hours (4). However, several other reports demonstrated that the
benefits of albumin coating of CPB equipment only worked dur-
ing in vitro circulation of the perfusate. Explanations offered
included the fact that when heparinized blood contacted
precoated synthetic surfaces, plasma proteins were rapidly
adsorbed and the platelet protective effects of albumin were lost
5-7.

Other reasons suggested for the addition of albumin to the
priming solution included the maintenance of an acceptable col-
loid osmotic pressure (COP) during bypass (8, 9) and the reduc-
tion of postbypass lung water (10). A COP below 17 mmHg
was found to increase complications and decrease recovery (11).
However, other researchers found colloid osmotic pressures to
be as low as 12 mmHg in adults, without the development of
postoperative complications (8, 9).

Concern over albumin’s cost and the fact that it is a blood
derived product led to the development of synthetic colloids such
as Hespan®. This became the first real alternative to the use of
albumin as a priming agent for CPB. Use of this volume ex-
pander was slowed when it became linked to postoperative bleed-
ing concerns (3, 12-14). Recent studies with the use of
Pentaspan®, the latest plasma volume expander, have demon-

_strated excellent results in the clinical setting and it has recently
gained popularity as a priming agent for CPB (12, 15, 16).

CRYSTALLOIDS

It is very likely that the majority of cardiac centers world-
wide continue to use crystalloid solutions alone as perfusates for
CPB (17), as demonstrated in a British survey of 38 centers,
which found that 56% of these centers used crystalloid primes
only (10). These solutions are readily available, considerably

cheaper than their colloid counterparts and rapidly eliminated
through the renal system. The most desirable crystalloid solu-
tions for CPB primes are those that are free of calcium and dex-
trose and possess a balanced pH of 7.4.

Allergic reactions and viral transmission of disease are al-
most completely avoided when using crystalloid solutions only
as a CPB prime. As well, crystalloid hemodilution is reported
to provide superior brain and kidney perfusion (18). The major
adverse effect of crystalloid primes is that there is a significant
reduction in the patient’s COP.

Administration of a colloid free solution as a perfusate may
lead to an increase in fluid shifting from the intravascular to the
extravascular spaces. However, when looking at the kinetics of
albumin in the human model, the intravascular space normally
contains only one third of the exchangeable albumin while the
extravascular spaces contain the other two thirds. During CPB,
approximately 40 % of the extravascular albumin may be trans-
ferred to the intravascular space to maintain acceptable COP’s
(19), suggesting that reductions of COP may have detrimental
effects due to water accumulation in the various organs, includ-
ing the myocardium. Several investigators have suggested that
the optimal level of COP during cardiopulmonary bypass is
around 16 mmHg (12, 20). However, in a study of COP during
bypass by Beshere and co-workers (8), they found osmotic pres-
sures dropped to less than 12.5 mmHg with no evidence of com-
plications in the intraoperative or postoperative period.

The use of crystalloid solutions only, as perfusates for CPB,
appears to avoid all of the allergic, religious, renal and cost fac-
tors involved with the composition of a perfusate. In a report
by Scott and co-workers (21), urine output was significantly
enhanced with the use of crystalloids alone as a perfusate, and
hematocrits were higher when compared with other perfusate
compositions (17, 21, 22). However, this translates to a greater
amount of crystalloid requirements during the bypass period.
Reducing some of this positive intraoperative fluid balance can
be achieved by the use of therapeutic doses of 20% mannitol
(23) during the bypass period.

There appears to be a significant increase in the positive
fluid balance of those patients undergoing CPB with crystalloid
primes (20-22). At the same time there is also an increase in
their urine output and no adverse effects on hemodynamic man-
agement or extubation times. In a paper by London and co-work-
ers (12), they concluded that any of the disadvantages of crys-
talloid primes are compensated for by the patient’s intrinsic
physiological mechanisms or by intense clinical care.

ALBUMIN

Albumin is a naturally occurring plasma volume expander,
with a plasma volume expansion of 1:1 of infused volume. It
has an initial plasma half life of around 16 hours, with an aver-
age molecular weight (Mw) of 60,048 (Table 1). Albumin is a
protein that is extracted from human plasma and is then steril-
ized, eliminating the need for cross matching but providing the
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colloid necessary for plasma volume expan-

. Table 1
sion.

While the addition of albumin to the
prebypass priming solution is useful not only
for its excellent effects on COP, plasma vol-
ume expansion capabilities and its reduction in
post bypass lung water, one of its main advan-
tages in extracorporeal circulation is its protein
surface coating capabilities when used as a
priming fluid in circuits with PVC and silicone
surfaces. Due to the fact that PVC surfaces
carry a negative charge, positively charged al-

Mw (Average)

(24 hr)

Plasma Half Life (hr)
Average Cost*

Maximum Dose

Pentaspan® Hespan® Albumin® Normosol R¢
(500 mi) (500 ml) 259 (500 ml)
264,000 450,000 60,048 734

25 255 16 Nil
$36.66 $96.66 $70.30 $1.74
28 ml/kg 20 ml/kg Unknown Unknown

bumin proteins tend to bind to their surface if

* = Canadian dollars

left to recirculate for approximately 30 minutes
(24). The effect of this protein layer is a delay in the adsorption
of circulating fibrinogen. Whether this matter applies to in vivo
situations is a matter of debate (5, 6).

During commercial processing, albumin is heated to 60°C
for a period of 10 hours to destroy all viruses and is then fil-
tered to remove any remaining bacteria. The frequency of ana-
phylactoid reactions to the commercially available albumin
ranges from 0.011% (22) up to 0.015 % (25). It is believed to
be a relatively safe volume expander, but recently there have
been some concerns regarding the possible transmission of vi-
ruses such as Creutzfeldt-Jacob Disease (26). To address these
concerns various agencies, including the Red Cross, have de-
veloped improved testing and predonation screening of poten-
tial blood donors.

As with all volume expanders, albumin has a hemodilutional
effect on all blood components, but appears to have no adverse
effects on postoperative coagulation profiles. When compared
to other priming solutions, its relative cost doubles that of equal
volumes of synthetic volume expanders (Table 1). There are
no maximum dosages for the administration of albumin, except
for the reported deleterious effects on renal function when the
clinician attempts to restore high COP values during CPB (17,
20).

PENTASPAN ®

Pentaspan® (pentastarch) is a synthetic plasma volume
expander that is made up of 10% hydroxyethyl starch in normal
saline. It is similar in its class to a more familiar volume ex-
pander called Hespan®, but with several distinct differences.
These synthetic volume expanders are derived from a waxy
starch composed almost entirely of a substance called amylopec-
tin (25). Pentaspan® has an average molecular weight (Mw) of
264,000 and an average half life of 2.5 hours (Table 1). Mol-
ecules below a Mw of 50,000 are rapidly eliminated through
renal excretion. Anaphylactoid reactions to the use of
hydroxyethyl starches are rare, but are in the reported range of
0.007% (25) up to 0.085 % (22).

Use of pentastarch as an addition to the priming solutions
for CPB derives from its role as an excellent plasma volume ex-

pander (1.5:1.0 of infused volumes [15]), its lower cost com-
pared to similar volumes of albumin (Table 1) and its favorable
effects on COP and postoperative coagulation stability (12, 16).
However, in a randomized clinical study by London et al (12},
they found a lower intraoperative hemoglobin and the greatest
degree of intravascular hemodilution when compared to the use
of either albumin plus crystalloid or crystalloids alone.

To date there have been no published reports of the platelet
protective effects of hydroxyethyl starches during in vitro or in
vivo extracorporeal circulation (13). Most studies focus on the
role of synthetic volume expanders in regards to weight gain,
COP and coagulation effects (25, 27). Pentastarch has been re-
ported to prolong the activated partial thromboplastin time
(aPTT) in relation to other priming agents and lowers platelet
counts on CPB due to the increased hemodilutional effects (12,
17). However, neither had any adverse effects on the outcome
of coagulation stability when compared to other priming agents.
The maximum recommended dosages for the administration of
pentastarch is 2000 ml over a 24 hour period, or approximately
28 ml/kg of body weight.

HESPAN®

Hespan® (hetastarch) is a synthetic plasma volume ex-
pander that is made up of 6% hydroxyethyl starch. It was the
predecessor to pentastarch, having experienced some use as a
priming additive for CPB. This artificial colloid has an average
Mw of 450,000 and a half life of 25.5 hours (Table 1).

During CPB, intraoperative and postoperative platelet
counts were found to be lower when compared to the use of other
priming solutions containing albumin plus crystalloid or crys-
talloid alone (28). Explanations for these lowered platelet counts
appear to be centered around the dilutional effects of synthetic
colloid solutions. However, adverse effects on coagulation of a
nondilutional nature, such as enhancement of fibrinolysis, mi-
nor prolongation of bleeding times and increased needs for blood

a  DuPont Merck Pharma - Mississauga, Ontario
b Bayer Corporation - Elkhart, Indiana
¢ Abbott Laboratories Ltd - Saint-Laurent, Quebec
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transfusions in the postoperative period (12, 13) were also ob-
served.

Clinical experience using hetastarch has shown variable ef-
fects ranging from its use as a safe and effective agent (28, 29),
to reports of potential problems with postoperative coagulation
and hemostasis management (3, 13, 14). It was considered to
be safe in doses up to 20 ml/kg/day. Dosages above 20 ml/kg
have demonstrated clinically significant coagulopathies (16).

CRYOFIBRINOGENATION

As previously stated, depending on the attending staff, hos-
pital and country in which CPB is carried out, the use of crys-
talloids alone, may be the most widely used and universal solu-
tion. However, a potentially severe problem with the use of crys-
talloids alone is not that of fluid accumulation or a lowered COP,
but the process described as cryofibrinogenation, leading to cryo-
precipitate and platelet deposits on heat exchangers during hy-
pothermic CPB.

More recently, several reports have linked the absence of
albumin, as part of the perfusate, to the occurrence of platelet
mediated clots around the heat exchangers of several brands of
oxygenators. The formation of these gel-like clots may be due
to the actions of cold reactive proteins called cryofibrinogens,
which react strongly with platelets in a temperature dependent
fashion in some patients’ blood (30, 31). The overall incidence
of cold reactive proteins in cardiac patients is around 0.4% to
4.0% (32). In the classification of cold reactive proteins,
cryofibrinogens are but one of four members. The others are
cold agglutinins, Donath-Landsteiner antibodies and cryoglobins.
During the normal course of CPB, it appears that the absence of
the protein coating provided by albumin allows fibrinogen from
the patient’s biood to readily deposit around the heat exchanger
of an oxygenator. In those patients who have cryofibrinogens
in their blood (cryofibrinogenemia), there is a potential to trig-
ger a cold agglutination process which results in the formation
of cryoprecipitates, containing large amounts of factor VIIL, von
Willibrand factor, fibronectin, fibrinogen and factor XIII (31).
It is highly probable that these fibrinogen and cryoprecipitate
deposits trigger the platelet and coagulation activation process,
leading to the formation of fibrin gel networks around the heat
exchanger.

In those reported cases of oxygenator clotting there were
many variables in regards to disease state, hematology and thera-
peutic regimen. However, all cases had three factors in com-
mon. There was active cooling below 30°C, albumin was not
used as part of the priming solution and abnormal increases in
premembrane pressures and pressure differentials were recorded
(30, 32).

As stated, in thosc rarc paticnts that cxhibit cryofibrino-
genemia, platelet/fibrinogen deposits may be triggered by the
start of active cooling through the oxygenator’s heat exchanger
and the absence of albumin in the priming solution. Neverthe-
less, this course of action may be transient because it was found

that warming of the patient’s blood tended to reverse the pro-
cess (30). This was demonstrated by the reduction of
premembrane/postmembrane pressure gradients as the tempera-
ture approached 37°C. However transient, cryoprecipitate and
platelet deposits have the ability to reduce the oxygen transfer
capabilities of a membrane oxygenator, acutely elevate
premembrane pressures and increase the possibility of
microemboli release. This then becomes of great concern and
an increased diagnostic challenge for those who are responsible
for the safe and effective delivery of extracorporeal circulation.
Excessively increased premembrane pressure could indicate one
of several problems: 1) excessively high flows and viscosity
problems at decreasing temperatures, 2) interference with the
membrane’s fluid path due to manufacturing defect or blood clot-
ting, 3) impending hemolysis and membrane failure, 4) a reduc-
tion of oxygen transfer and 5) subsequent reductions of blood
flow that may not provide adequate perfusion for the patient’s
demands.

When looking at the relationship between such cold reac-
tive proteins as cryofibrinogens and heat exchangers, a question
comes to mind. Why is this problem being recognized now?
After all, non-albumin primes and cold reactive proteins have
been around for a long time.

The answer to this question may be found in the expense,
technique and technology. First may be in the fact that albu-
min, being an expensive blood derived product, is being replaced
by synthetic colloids for routine CPB by an ever increasing num-
ber of cardiac centers. Secondly, many centers do not find it
necessary to routinely measure premembrane pressures during
CPB. Finally, membrane manufacturers are producing smaller
and more efficient membranes and heat exchangers as technol-
ogy steadily improves.

PRACTICAL CONSIDERATIONS

We have had the opportunity to use all three agents as per-
fusates for CPB. Crystalloids only and crystalloids plus albu-
min are by far the easiest perfusates to use to debubble and prime
bypass tubing, oxygenators and filters. Priming with crystal-
loid plus pentastarch requires a great deal of care and gentle han-
dling of the arterial line filter. If microbubbles are generated in
these filters during priming with pentastarch, they become very
difficult to remove and tend to become very adherent to the fil-
ter wall. Flushing the filters with CO, prior to priming does seem
to help with the removal of microbubble adherence but it does
not eliminate it.

The use of albumin preparations in CPB perfusates appears
to also be a safe and reliable source of colloid replacement. The
advantages of coating the bypass components with proteins is
unique to albumin. Recent reports have recommended the use
of some albumin in all CPB primes (30, 31). In an attempt to
completely eliminate fluid retention during CPB, as much as 175
g of albumin have been added to perfusates with no success.
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However, as little as 50 g has shown a significant decrease in
fluid accumulation during bypass (20). As of yet, there is no
research indicating how much albumin is required to avoid the
potential cryofibrinogen problem, but those centers reporting as
little as 12.5 g of albumin in the prime have yet to report the
occurrence of a problem that resembles the cryofibrinogen pro-
cess. At current market prices for albumin, this may be an ac-
ceptable alternative for those centers utilizing synthetic colloids
as part of their perfusates. In utilizing larger volumes of albu-
min, synthetic colloids like pentastarch have been gaining popu-
larity as an inexpensive replacement for the albumin in CPB per-
fusates. As noted in the Pentaspan® monograph (25), special
care should be taken in the presence of impaired renal function.
Our center has adopted a policy not to use pentastarch as a prim-
ing additive in those patients who have serum creatinines above
the normal value. It has yet to be reported that any of the syn-
thetic colloids can provide the platelet protective effects of se-
rum albumin, however short lived.

CONCLUSIONS

The ideal solution for priming the extracorporeal circuit
would alleviate all of the potential adverse reactions, debubbling
problems, and increased costs associated with current priming
solutions. It would also reduce the risk of spreading transmis-
sible disease, maintain acceptable colloid osmotic pressures and
reduce the activation of platelets and the coagulation cascade
from foreign surfaces. Unfortunately, such a solution does not
exist.

However, until the ideal perfusate is found, further research
and investigation should be carried out on the process of
cryofibrinogenation and the potential for adverse outcome dur-
ing CPB. In the meantime, to avoid confusion regarding the
potential causes for abnormal changes in premembrane pressures
during hypothermic CPB, we suggest that it may be appropriate
to add some amount of albumin to precoat extracorporeal sur-
faces and prevent the possibilities of cold induced blood reac-
tions. Also, to alert the clinician to potential problems within
the oxygenator, we suggest the monitoring of premembrane as
well as postmembrane pressures.
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