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Abstract: Hemolysis is a fact in all extracorporeal circuits, as
shown in various studies by the increasing levels of plasma-free
hemoglobin (PfHb) and decreasing levels of haptoglobin during
and after cardiopulmonary bypass (CPB). Beside complete red
blood cell (RBC) destruction or hemolysis, RBCs can also be
damaged on a sublethal level, resulting in altered rheological
properties. Increased levels of free RBC constituents together
with an exhaust of their scavengers result in a variety of serious
clinical sequela, such as increased systemic and pulmonary vas-
cular resistance, altered coagulation profile, platelet dysfunction,
renal tubular damage, and increased mortality. Sublethal RBC
damage is characterized by decreased microperfusion and hyp-
oxic RBCs, leading to end organ dysfunction caused by cellular
ischemia. Isolated extracorporeal circuit components can be con-
sidered non-hemolytic if used according to recommendations,
but extracorporeal circuit composition and management during
CPB can still be optimized, avoiding cell damaging mechanical
forces. Although most RBC destruction in standard CPB re-

mains within the capacity of the endogenous clearing mecha-
nisms, in some cases, levels of PfHb do substantially rise, and
precautionary measures need to be taken. Higher degree of he-
molysis can be expected in young children, after extensive sur-
gery, and in prolonged support as in patients supported by ven-
tricular assist devices (VADs) or extracorporeal membrane oxy-
genation (ECMO). These patients are especially susceptible to
the toxic influences of unscavenged RBC constituents and the
loss of rheologic properties of the RBCs. Considering the high
percentage of neurologic and renal sequela in post-cardiotomy
patients, all imbalances possibly contributing to these morbidi-
ties should be focused on and prevented, if not treated. Consid-
ering the severity of the consequences of RBC damage, the high
incidence of this complication, and especially the lack of inter-
ventional strategies in cases of suspected or confirmed RBC
damage, there may be a need for a treatment algorithm for this
phenomenon. Keywords: cardiopulmonary bypass, complica-
tions, blood conservation. JECT. 2008;40:257–267

During cardiopulmonary bypass (CPB), forces on the
formed elements of the blood induced through mechanical
stress and other environmental factors result in different
degrees of damage to these cells (1).

Over the past decade, there has been an increasing con-
cern towards the preservation of platelets and handling of
leukocytes during extracorporeal circulation. On the other
hand, beside visual observation of reddening of urine or
plasma, little attention has been spent toward the integrity
of the red blood cells (RBCs). Calculation of the hemoly-
sis index, which refers to hemoglobin being released from
ruptured RBCs into the plasma, is mostly used in terms to
evaluate the hemolytic characteristics of isolated extracor-

poreal components. Once these components are approved
for clinical use, plasma-free hemoglobin (PfHb) is often
no longer a concern for clinicians during CPB. Neverthe-
less, although most isolated extracorporeal circuit compo-
nents can be considered non-hemolytic if used according
to prescription, substantial cellular damage can be in-
flicted by the way the extracorporeal circuit is composed
and managed (2).

Mechanical forces during extracorporeal circulation can
cause complete destruction of the RBC, immediate or de-
layed, but are also known to cause significant changes in
the mechanical properties of RBCs: decreasing their de-
formability and surface charge and increasing their fragil-
ity and aggregability (3).

RED BLOOD CELLS

There are some interesting truths about RBCs that
clarify the clinical complications that are the consequence
of RBC damage.
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The first is the fact that the mature RBC does not con-
tain a nucleus, which makes them easier to deform and
allows them to enter the smallest capillaries. Being anucle-
ate also allows the RBC more space to carry hemoglobin
and makes them lighter, therefore reducing the workload
of the heart by 15% (4). Enucleation also gives these
RBCs their interesting biconcave shape, which enables
them to have maximal contact with the surrounding tis-
sues, facilitating the exchange of O2 and CO2 (4).

A second fact is that the two major characteristics of
RBCs, deformability and aggregability, greatly contribute
to the viscosity of the blood (5). Thus, the visco-elastic
profile of blood is not only influenced by plasma viscosity,
which is mainly a function of the concentration of macro-
molecules, temperature, and RBC count, but additionally,
a modest decrease in RBC deformability results in a sig-
nificant increased viscosity. Consequently, there is a sig-
nificant higher blood pressure required for these rigid
RBCs to enter the microcirculation (6).

A third phenomenon is that the major RBC responsi-
bility, which is transportation of O2 and CO2 between the
lung and tissues, is not a function of the RBC itself but of
its main constituent: hemoglobin (Hb).

Approximately 97% of a dry RBC consists of hemoglo-
bin, which is an assembly of four protein subunits, each of
them containing one heme group with one iron molecule,
and each of the heme groups being capable of binding one
molecule of oxygen.

In addition to the isolation of hemoglobin from the
plasma by the red blood cell membrane, there is also an
efficient mechanism ready to clear the free hemoglobin
from the plasma upon hemolysis. This safe encapsulation
suggests the toxicity of this hemoglobin molecule once
freed in the plasma.

LETHALLY DAMAGED RBCs AND THE
CLINICAL CONSEQUENCES

Upon destruction of the RBC membrane, PfHb and
heme enter the circulation. PfHb is normally cleared by
the Hb scavengers, haptoglobin and CD163. Heme, the
pro-oxidant and pro-inflammatory oxygen-binding com-
ponent of Hb, is transported to the liver by hemopexin
and degraded through heme oxygenase into carbon mon-
oxide, biliverdin, and iron. These products, together with
the interleukin (IL)-10 release induced by the Hb clearing
mechanism, exert an antioxidant, anticoagulant, and va-
sodilating effect in the circulation, thus compensating for
the adverse effects caused by PfHb and heme.

An increasing level of PfHb circulating in the plasma
always indicates hemolysis, whereas normal values are not
indicative of a healthy RBC.

First, the clearing mechanisms of hemolysis-derived end
products only become saturated and exhausted in case of

excessive hemolysis. Second, haptoglobin, essential in
scavenging PfHb, exists in three different phenotypes (Hp
1–1, Hp 1–2, and Hp 2–2), all possessing varying antioxi-
dant capacities and varying abilities to link up with Hg,
which result in different levels of circulating PfHb (7). The
Hp 1–1 allele has a much stronger antioxidant and PfHb
scavenging capacity than the Hp 1–2 and Hp 2–2 pheno-
type. The distribution of these phenotypes show geo-
graphical differences, with whites showing the highest
prevalence of the Hp 2–1 and Hp 2–2 type (8). The Hp 2–2
phenotype is associated with a significantly higher degree
of atherosclerotic disease and higher percentage of diabe-
tes mellitus (9). The prevalence of the Hp 1–1 phenotype
is considerably increased in the elderly, indicating a higher
life expectancy for the Hp 1–1 allele carrier (10). Conse-
quently, one can assume the highest prevalence of Hp2–2
in our adult cardiac surgery population, resulting in the
lowest protection from increasing PfHb levels and the low-
est antioxidant capacity.

Because haptoglobin is synthesized in the liver, patients
with impaired liver function show a decreased haptoglobin
production. However, low levels in these patients should
not be indicative of hemolysis but a decrease in the pro-
tection from PfHb in case RBCs do lyse (11). On the other
hand, haptoglobin acts as an acute-phase protein, with its
plasma concentration increasing in response to a variety of
stimuli, such as infection, acute myocardial infarction
(AMI), and inflammatory reaction. Therefore, monitoring
of hemopexin, which is a non-acute phase protein, should
be preferred over haptoglobin (10).

When the capacity of the intravascular scavenging
mechanisms has been saturated, levels of Hb and heme
increase in plasma and urine. These are associated with
adverse clinical signs and symptoms, most often not rec-
ognized as the underlying phenomenon of hemolysis.

Clinical consequences of excessive PfHb levels include
dystonias involving the gastrointestinal, cardiovascular,
pulmonary, and urogenital systems, as well as clotting dis-
orders (12). It was reported that PfHb directly impairs left
ventricular function and coronary blood flow in neonatal
rabbit hearts, especially when ischemia and reperfusion
were involved (13).

Many of the clinical sequela of intravascular hemolysis
are readily explained by Hb-mediated NO scavenging. On
saturation of free Hb scavengers, PfHb binds NO derived
from the endothelium in a fast and irreversible way. NO
plays a major role in vascular homeostasis and has been
shown to be a critical regulator of smooth muscle tone and
platelet activation and aggregation. It has been shown that
quantities of plasma Hb > 10 mg/dL can potently inhibit
NO vasodilatation in vivo (14).

NO depletion results in elevated systemic vascular re-
sistance (SVR); elevated pulmonary vascular resistance
(PVR); increased thrombin formation, fibrin deposition,
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platelet activation, and aggregation; organ dysfunction;
and is accompanied by an elevated mortality rate (12).

Iron, freed on hemolysis, is transported to the body’s
iron storage proteins (ferritin and hemosiderin) by iron-
transporting proteins (transferrin and lactoferrin). The
iron-binding protein transferrin is normally ∼30% loaded
with iron, retaining a considerable iron-binding capacity
(10). During CPB, iron release is increased, partly as a
result from red cell lysis, resulting in iron overload in
∼20% of adult patients (15) and even a higher percentage
in neonates. Children >5 years of age rarely show signs of
iron overload, probably because of higher plasma trans-
ferrin levels (16). Iron is a pro-oxidant, and iron overload
is accompanied with acute renal failure and increased lung
permeability (17).

Early postoperative hyperbilirubinemia after CPB sur-
gery has been associated with a high mortality rate. This
hyperbilirubinemia is a multifactorial process, of which
the increased bilirubin production from hemolysis plays a
substantial role (18).

Considering all this, one should not be worried about
the relative small loss of functional RBC mass, which has
no clinically significant impact on the primary function of
the RBC, which is gas transport, but should be worried
about the damaging effects of the RBC constituents once
the body’s natural scavenging mechanism is exhausted.

SUBLETHALLY DAMAGED RBCs AND THE
CLINICAL CONSEQUENCES

Beside complete cellular destruction, damage can also
be induced to the RBC membrane on a sublethal level,
resulting in decreased deformability and increased aggre-
gability. This phenomenon is reversible to a certain extend
depending on the time and intensity of damage (19).

This sublethal damage of the RBC membrane is hard to
measure, but can become clinically very important be-
cause these changes can result in the early removal of the
RBC from the circulation by the spleen, or more seriously,
in altered rheological properties of the blood. The de-
crease in cell deformability results in a reduced capacity to
enter small capillaries and a reduced contact of the cell
surface with the surrounding vessel wall, all compromising
efficient microcirculation and oxygen delivery to the sur-
rounding tissues (20). Rigidified RBCs have lower oxygen
content than their healthy colleagues, as a result of a de-
creased oxygen uptake in the lungs (6). Thus, the clinical
consequences of sublethal RBC damage are a function of
the loss of rheologic properties of the RBC and of the
potential of the organism to compensate for the increased
need and loss of vasodilatation and the need for higher
perfusion pressures. Sublethal RBC damage can result in
end organ dysfunction caused by cellular ischemia.

RBC DAMAGE AND CPB

Data from different studies consistently show an in-
crease in plasma Hb concentrations and a decrease in hap-
toglobin levels during CPB, indicating progressive de-
struction of RBCs (21–24).

Results of in vitro studies regarding the sublethal dam-
age caused by CPB are sometimes inconsistent or even
contradictory (25–27). The major problem is the absence
of standard methods of measurement of RBC deformabil-
ity or other parameters characterizing sublethal blood
trauma. Nevertheless, a recent study did indicate that
RBCs exposed to certain uniform shear stresses for pro-
longed time (>20 minutes) show statistically significant
changes in their deformability without lysis (25).

One study showed delayed hemolysis after CPB: ∼15%
of the RBCs subjected to the extracorporeal circulation
were irreversibly damaged and removed during the 24-
hour post-infusion period (28).

Considering the clinical consequences of both RBC de-
struction and decreased RBC deformability, it is obvious
that all efforts should be made to minimize RBC aggres-
sion during CPB.

The first step in the reduction of hemolysis during CPB
is the identification of all factors responsible for RBC
damage. Second, a maximal hemo-compatible system
should be composed and customized for each patient, and
CPB management must be optimized toward gentle blood
handling. Third, high-risk groups, such as small patients
and complex surgery cases, need to be identified and paid
special attention to minimize hemolysis-related morbidity.

The mechanisms of mechanical cell damage during CPB
have been described by different investigators (29,30),
identifying positive pressure, wall impact forces, blood
non-endothelial surfaces, negative pressure, blood–air in-
terface, and shear stress as responsible forces for blood
trauma. It seems that RBCs have a high tolerance to most
forces, except for shear stress (30). Physiologic values of
shear stress range from 1 to 50 dynes/cm2, sublethal dam-
ages are reported to appear from 210 to 430 dynes/cm2

onward, lethal damage to RBCs occur from 1500 dynes/
cm2 onward, and the threshold for platelets and leukocyte
activation is, respectively, ∼100 and 75 dynes/cm2

(22,31,32).
Beside shear stress, time of exposure seems to be an-

other impacting factor related to cellular damage (31).

RBC DAMAGE AND CPB: ISOLATED
CPB COMPONENTS

The magnitude and duration of shear stress will be dif-
ferent in the various components of the CPB circuit but
will always be present to some extent. A high value with
short duration will be found in arterial cannula, but lower
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magnitudes of shear stress with longer duration can be
found in oxygenators and venous reservoirs.

By analyzing the cardiopulmonary system, we can lo-
cate different areas where RBC damage can occur.

Tubing/Connectors
To minimize blood trauma in tubing and connectors,

one should strive to have smooth, hydrophobic inside
walls of non-toxic materials, to avoid velocities >100 cm/s,
and to avoid exceeding the critical Reynolds number
(Recrit). The critical Reynolds number indicates the tran-
sition from laminar to turbulent flow.

One also needs to minimize the gradient necessary to
propel the blood along the tubing. The selection of wide
tubing aids in achieving these objectives, but on the other
hand, greatly increases the priming volume. Keeping the
tubing as short as possible will reduce prime volume, pres-
sure gradient, and blood trauma (33).

Disposable polycarbonate connectors with smooth, hy-
drophobic hemo-compatible inner surfaces that make
smooth junctions with plastic tubing, to minimize turbu-
lence, are desirable. Smooth curves rather than sharp-
angled bends will minimize turbulence.

Silastic rubber, latex rubber, and polyvinyl chloride
(PVC; e.g., Tygon) tubing have been used in the raceway.
The latter type is an integral part of the circuit, is durable,
and is associated with acceptable rates of hemolysis. It is
not preferred as raceway tubing material because it gets
stiff during hypothermia. All are subject to spallation and
tubing wear when used as raceway material (34). Latex
rubber is associated with greater hemolysis, whereas Si-
lastic rubber or silicone has less hemolysis when the pump
was completely occlusive. In a study comparing different
types of tubing, silicone and PVC tubing were both shown
to be non-hemolytic; in contrast, heparin-coated PVC tub-
ing showed a significant higher hemolysis level than those
of the other tubes. However, the degree of hemolysis re-
mains very low, and the material is therefore not consid-
ered hemolytic (35).

Arterial Cannula
Cannula can cause RBC damage if blood flow exceeds

its size capacity. However, this damage may not be directly
related to the increased pressure inside the cannula, be-
cause investigators have shown that static positive pres-
sures up to 600 mmHg did not result in hemolysis (36,37).
Some investigators showed static pressures as high as 2300
mmHg as safe in regard to RBC membrane rupture. In-
creasing static pressure is only related to hemolysis when
high shear rates are applied to the erythrocytes (38).

In cannula, shear stresses is in relation to the radius and
length of the cannula and pressure drop over the cannula
(pressure drop <100 mmHg is considered to be non-
hemolytic) (39). Shear stress is also a function of canula

design, and studies have shown that there is less shear
stress in uniform sized cannulae and that straight designs
are less hemolytic than angled designs (40).

For any cannula, there exists a fluid flow limit beyond
which laminar flow cannot be maintained, and the flow
becomes at first disturbed and then, at increasing flow
rates, it becomes turbulent. This point can be identified by
plotting pressure against flow and observing the change of
slope at the point of disturbance, which theoretically cor-
responds to a Reynolds number of 2000. At higher flow
rates, local fluid velocities are unpredictable but higher
than the mean forward velocity (30).

Although the underlying mechanisms of turbulence-
induced trauma are not clear, it has been shown that tur-
bulent stresses contribute strongly to blood trauma, gen-
erating exponential increases of hemolysis at higher Rey-
nolds numbers in turbulent flows. At identical shear stress,
turbulent flow produces far more blood trauma than lami-
nar flow (41). Therefore, hydrodynamic flowcharts should
be based on in vitro tests, where blood is used instead of
water. Blood is less susceptible to turbulent flow than wa-
ter, but only in the blood tests is the transition of laminar
flow to turbulent flow apparent. This transition is indi-
cated by a break in the curve, thus better guiding the
choice of the canula size as a function of laminar flow (42).

The choice of arterial canula is especially important in
long-term settings, where the high shear stresses may in-
crease RBC damage to an extent that exhausts scavengers
of hemolysis-derived end products.

Venous Cannula
Venous cannulae are most often large enough for the

required flow to remain laminar; therefore, turbulence is
not a factor influencing hemolysis in this zone.

In contrast, air trapped in the venous blood, either cre-
ated through cavitation or aspirated through uncovered
holes, may result in increased damage to the RBC.

Open/Closed Venous Reservoirs
In case of an open venous reservoir when cavitation

occurs in the presence of an air interface, this interface
acts as a major source for bubble formation. A larger air
interface results in more bubbles and, therefore, more
blood trauma when they collapse. However, studies have
indicated no difference in hemolysis between open venous
reservoirs and closed venous reservoirs in cases of sepa-
rated suction (43).

On the other hand, investigators showed that pumping
high blood flows with low venous reservoirs significantly
increase air microbubble passage through the lines, which
would theoretically cause some degree of damage to the
blood elements (44).

Roller/Centrifugal Pumps
Hemolysis caused by roller pumps is mainly because of

the occlusive settings of the rollers; data indicate the dif-
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ference between barely non-occlusive and just occlusive to
be a major cause of RBC damage (45). Recently, it has
been suggested to set the pump as non-occlusive as pos-
sible to decrease tubing spallation, increase tubing life and
minimizing hemolysis. A suggested method of testing
pump occlusively is the dynamic method; here, the pump
speed is set at 5 rpm and the pressure is maintained at
150–250 mmHg. This way, the error of different roller
positions with varying occlusively is eliminated. The in-
crease in pump speed, to compensate for roller incompe-
tence and decreased pump flow, shows no increase in he-
molysis (46).

There are conflicting data concerning the superiority of
rollers vs. centrifugal pumps with regard to hemolysis. In
summary, it can be said that hemolysis levels in non-
occlusive roller pumps are similar or lower than those seen
with the centrifugal pumps. The roller pump with the stan-
dard occlusion setting (just non-occlusive) caused hemo-
lysis that was the same or higher than that of the centrifu-
gal pump (47).

Blood damage in centrifugal pumps is primarily caused
by shear stress, time, negative pressure, and turbulent flow
and can differ according to different designs. The Jostra
Rotaflow Quadrox (Jostra, Hirrlingen, Germany) and
Cobe Revolution pump (Cobe Cardiovascular, Arvada,
CO) are found to be less hemolytic than the Medtronic
Biomedicus pump (Medtronic, Minneapolis, MN) (48).
The latter is thought to be more hemolytic because of local
heat generation by mechanical friction between shaft and
seal, which causes thrombus formation around the central
bearing on which the pump rotates (49).

Heat is generated when there is a lasting disagreement
between flow and rotations, preventing efficient cooling of
the pump rotor and indicating persistent high negative
pressures or high afterload. These situations are often
seen in long-term, closed circulation settings as in ECMO
or VAD, illustrated by the exponentially increasing hemo-
lysis indicators that disappear on the isolated change-out
of the clotted pump (50). In these long-term applications,
incorporating a negative pressure feedback system to the
pump reduces greatly the risk of pump overheating and
clotting, as well as air entrapment in tubing by cavitation.

One study in neonates found data indicating not only
higher hemolysis levels in the roller pump vs. centrifugal
pump group but also a sustained elevation after CPB in
the roller pump group, indicating a higher sublethal dam-
age in this group (51).

Oxygenators
The hemolytic characteristics associated with oxygen-

ators are not yet well defined. Different types of oxygen-
ators cause different amounts of hemolysis based on shear
stress and blood exposure time.

In addition, the relationship between the value of he-

molysis and pressure drop in the oxygenator is not always
clear, some studies show a close relationship, whereas oth-
ers report a weak correlation, and others found no statis-
tical differences (52,53). The reason for this poor correla-
tion is that the dimensions of the oxygenator (radius and
length) have to be included in the calculation of shear
stresses from pressure drop. An oxygenator with high
pressure drop over a long blood path length may have
smaller shear stress than an oxygenator with a low pres-
sure drop over a short length. Nevertheless, the overall
shear stress levels in most actual oxygenators are far below
the threshold for hemolysis and most often below the
threshold for sublethal RBC damage (54).

Hemolysis from the oxygenator is also dependent on
other physical factors or surface characteristics, such as
surface roughness, coating, and membrane material.

Although some studies could not find data to support
the advantage of coated systems related to RBC rupture
(55), the opposite has been shown in other studies (56).
These investigators also showed that, in uncoated systems,
albumin prime reduces the degree of RBC damage. The
increased hemolysis in uncoated oxygenators might be re-
lated to the increased shear stress and transient high pres-
sure drop resulting from the packing of platelets to the
uncoated fibers, which can be prevented by albumin coat-
ing. Data from other studies indicate that heparin coating
also reduces RBC rheologic or sublethal damage signifi-
cantly in patients undergoing CPB. However, the clinical
significance is not yet clear (57).

Considering all of the above, one can conclude that
most isolated CPB components, if used according to the
manufacturer’s instructions, can be considered relatively
non-hemolytic.

RBC DAMAGE AND CPB: CPB COMPOSITION
AND MANAGEMENT

More important in respect to RBC integrity is the com-
position of the CPB system and CPB management.

Assisted Venous Drainage
Hemolysis in a gravity-assisted venous drainage system

(GAVD) was reported to be approximately three times
higher when air was entrained with the blood than when
no air was allowed to enter the system (58).

In dynamic conditions, increasing negative pressures led
to an increase in the number of microbubbles transmitted,
and this air–blood contact, causing high shear stresses, is a
major factor in the damage to the RBCs.

Increasing negative pressures also result in increased
shear stress by increasing turbulence. Increasing suction
beyond a critical point, reported to be −70 mmHg, will
cause the vessels to collapse, cavitation to occur, and the
flow to stagnate (58).
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Suction pressures below −40 mmHg can be considered
as safe and do not significantly increase gaseous micro-
emboli activity and can therefore be considered as non-
hemolytic (58).

Apart from the level of negative pressure, studies indi-
cate that the way of augmenting venous drainage can have
an influence to the degree of damage; in vitro and in vivo
studies showed no significant increase in RBC damage in
VAVD compared with the classical GAVD (59–61).

Although venous drainage can improve significantly
when assisted with a vacuum, the use of a VAVD in-
creases the risk of air embolism, and negative pressure
exceeding –50 mmHg can result in a significant overesti-
mation of the delivered blood flow, probably caused by
the collapse of the raceway tubing (62).

Some investigators have found a higher degree of he-
molysis in VAVD in comparison to KAVD. They state
that the direct application of vacuum to the venous reser-
voir causes an augmentation of turbulence and shear stress
to the RBCs (59).

Cavitation can occur in venous drainage lines when
blood is exposed to negative pressure, thus forming
bubbles causing shear stress to the RBCs. When these
bubbles collapse, the high local pressures impulses and
high-velocity microjets that are created damage the sur-
rounding cells. In absence of an air interface, the bubbles
formed from the gas dissolve in the blood. The number
and the size of the bubbles depend on the amount of gas
the blood contains (29).

Separated Suction/Cardiotomy Suction
The cardiotomy suction reservoir has been found to be

a major source of hemolysis, particulate and gaseous mi-
croemboli, fat globule formation, cellular aggregation, and
platelet injury and loss. A major contributor to these ad-
verse effects is the amount of air that is aspirated along
with the blood. The severe trauma caused by air entrap-
ment in cardiotomy suction has been explained by some
through the fact that air has a much lower viscosity than
blood; therefore, air flows at a much higher velocity than
the blood when subjected to the same applied force. This
causes turbulence and high shear stresses that injure both
RBCs and platelets (63).

The entrapped gaseous microemboli within open car-
diac chambers are particularly hard to dissipate because
they mainly contain nitrogen, which is quite insoluble. For
this reason, the insufflation of CO2 flush in the surgical
field has been suggested (64).

Some authors have analyzed the ability of various com-
mercial cardiotomy reservoirs to remove bubbles from as-
pirated blood and have described desirable features: direct
injection of blood into the defoamer, avoidance of turbu-
lence at the inlet, ensuring that all blood passes through
the defoamer, avoiding free fall of blood into the reser-
voir, and incorporation of a micropore filter (66). Storing

the blood in the cardiotomy reservoir for as long as pos-
sible rather than letting it continuously flow into the main
circuit will reduce the number of gaseous microemboli and
will reduce the air-to-blood ratio in the transferred blood.
Although static negative pressures up to −300 mmHg
failed to induce RBC damage, the threshold values for
blood damage by negative pressure in dynamic conditions,
under which conditions the blood will experience negative
pressure during CPB, are possible at around −120 mmHg
(66).

The amount of blood damage can be minimized by
avoiding or minimizing coaspiration of air (the sucker tip
should be kept below the blood level and the field not
sucked “dry”), using the slowest flow rates and largest
suction tips possible, and avoiding generation of high de-
grees of negative pressure by not occluding the sucker tip
and using a controlled vacuum suction rather than a roller
pump. It has been reported that using a vacuum pump
device to generate negative pressure, instead of a roller
pump, results in significantly less hemolysis, possibly be-
cause less foaming occurred with vacuum suction (67).
The use of controlled vacuum suction, however, is some-
what more complicated and requires a closed system, in-
creasing the risk of developing positive pressure in the
cardiotomy reservoir and thereby risking systemic air em-
bolism.

The avoidance of air entrapment has been exploited in
the design of several automatic cardiotomy suction sys-
tems that switch the suction pump on and off depending
on the presence of blood or air in the suction catheter.

These systems reduce blood trauma, but the beneficial
effects do not match up to expectations in clinical practice
because of a continuing problem of air aspiration each
time the pump switches off with a negative pressure re-
siding within the suction catheter (68–70). This problem
may be solved by the control of the pump speed as shown
in another suction system (71). In this device, a sensor at
the tip of the suction catheter records the depths of the
pool of blood and also the rate of blood flow into the pool.

Consequently, the speed of the suction pump is always
matched to the volume of the blood that has to be pumped
and air intake is close to zero. Here, even at very low
suction rates, the difference in blood trauma between
manual and automatic suction is clear and applies to plate-
let trauma and to RBC destruction. Another controlled
suction system has a jet-driven aspirator separating and
removing air from blood immediately within the suction
tip (72). This device suctions blood at rates from 100 to
700 mL/min and separates and removes 80–100% of aspi-
rated air, resulting in significantly less hemolysis.

An alternative avoiding PfHb during CPB is the sepa-
ration of the cell-damaged suctioned blood in a separate
cardiotomy reservoir and to discard this blood. Neverthe-
less, if large amounts of blood are collected, it may be
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necessary to subsequently process the blood in a red cell
washer and return it to the patient. In this case, the way
the suctioned blood has been handled is of major impor-
tance for the quality of the recuperated RBCs (21).

Left Ventricular Venting
The left ventricular (LV) vent is classically attached to

a suction device, either a roller pump or regulated wall
suction, and the blood is returned to the cardiotomy res-
ervoir. When the tip of the vent is in the ventricle, the
degree of suction must be constantly adjusted to avoid
excess suction (with collapse and trauma of the ventricle
and the risk of aspirating air) or inadequate suction (with
overdistension). Minimizing RBC trauma during venting
implements avoiding air and excessive negative pressures.
Incorporation of suction relief or one-way vent valves in
the vent line prevents excessive negative pressures but
allows air.

The “Gentle Vent” pump header (Medtronic) allows
the pump header tube to collapse, preventing build-up of
negative pressure and does not allow air into the circuit.
This header controls negative pressures from −150 to −250
mmHg and has a valve incorporated to prevent backflow
(73).

To avoid excessive air, some surgeons use gravity drain-
age instead of suction. This requires that the drainage res-
ervoir be placed well below the patient, and it may not
provide adequate drainage if large volumes of blood are
returning to the left heart. To avoid this problem, they Y
the line coming from the ventricular vent so that either
gravity or suction drainage can be used.

Venting the left ventricle could also be performed with
a pressure-controlled suction system with a feedback
mechanism to the roller pump. This way the roller pump
stops in case of increasing negative pressure, avoiding as-
piration of air by cavitation or through pressure relieve
valves present in the venting lines.

Autotransfusion
The harmful effects of autotransfusion that contribute

to RBC damage are analogous to these of the separated
suction, yet the identification of the damaging forces
somehow differs among different investigators. Most
agree that the combination of negative pressure with air
interface causes the greatest range in change in PfHb fol-
lowed by negative pressure alone and then air interface
alone (29,74–76).

Data from several studies support the idea that the low-
est vacuum pressure compatible with a clear surgical field
should be used during intraoperative blood salvage and
that the suctioning of air should be avoided as much as
possible (77). RBC lysis is shown to occur from negative
pressures of −120 mmHg onward, but suction can be in-
creased up to −300 mmHg if required by the rate of bleed-

ing without causing excessive hemolysis, in case there is no
air aspiration (29).

Significant reduction of blood damage can also be ob-
tained by diluting blood with normal saline while suction-
ing it from the surgical field (78).

Being a cause of hemolysis itself, autotransfusion de-
vices have the capacity of removing up to 90% of the free
hemoglobin. Processed blood should preferably be kept
aside until the bypass is terminated, because a lot of these
cells are sublethally damaged and have therefore a much
lower threshold for lysis than normal RBCs.

RBC DAMAGE AND CPB:
ENVIRONMENTAL INFLUENCES

The primary cause for RBC damage during CPB is in-
deed mechanical aggression, but the susceptibility of
RBCs to this stress can be influenced by other environ-
mental factors during CPB.

First, and important in interpreting hemolysis-related
studies, there is a difference in individual RBC fragility
toward mechanical stress. Fetal RBCs show a significantly
higher susceptibility toward mechanical stress than adult
RBCs. Male RBCs are significantly more fragile than fe-
male RBCs, and human RBCs are significant more fragile
than RBCs from animals. RBCs show a shear stress–
induced pre-conditioning; sublethally damaged RBCs lyse
at a much lower shear stress threshold than healthy RBCs
(79).

In vitro data showed a significant decrease in RBC de-
formability and increased fragility caused by either hypo-
thermia or plasma dilution (80).

The effect of hypothermia is more pronounced in deep
than in moderate hypothermia and was found to be tran-
sient. The reasons for the effect of hypothermia on the
mechanical properties of RBCs remain to be identified.

It was shown by some investigators that the dilution of
plasma with phosphate-buffered saline (PBS) or dextran
solutions caused a significant increase in the susceptibility
of human RBCs to mechanical stress. Their results indi-
cate that hemodilution without plasma protein replace-
ment may therefore elevate hemolysis during extracorpo-
real circulation. The mechanisms of a plasma protective
effect on RBC fragility is not fully understood, but it may
be assumed that the components of plasma that provide
protection against hemolysis give a surface coating to
RBCs (81).

Recent studies showed a protective effect from me-
chanical damage to the RBCs through innovative pharma-
cologic approaches.

Pentoxifyline
Pentoxifyline (PTX), a methylxanthine derivative, has

been known for its hemorheologic properties. The pri-
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mary pharmacodynamic effects of PTX are caused by in-
creased RBC deformability and decreased blood viscosity.
PTX treatment caused statistically significant decrements
in PfHb levels during CPB. In contrast, plasma haptoglo-
bin levels stayed higher in PTX-medicated patients during
CPB compared with control subjects. PTX was shown to
be an effective agent in reducing hemolysis during CPB
(82).

Polyethylene Glycol
Polyethylene glycol (PEG) molecules (20,000 molecular

weight) have been shown to be efficient in reducing me-
chanical trauma to RBCs (83).

Melatonin has been shown to protect against lipid per-
oxidation and membrane rigidity in erythrocytes from pa-
tients undergoing CPB surgery (84).

Simvastatin
The 3-hydroxy-3-methylglutaryl coenzyme A (HMG-

CoA) reductase inhibitors, or statins, are widely used for
the control of hypercholesterolemia. Among patients with
hypercholesterolemia undergoing CPB surgery, use of
simvastatin for 3 weeks before surgery has had significant
beneficial effects on erythrocyte membrane fluidity (85).

Inhaled NO
Inhaled NO (iNO) may prevent mechanical deteriora-

tion of RBCs exposed to high shear stresses by NO-
mediated inhibition of potassium leakage (86).

DEALING WITH CPB-INDUCED RBC DAMAGE

Separated suction is a major contribution toward mini-
mizing RBC damage during CPB (65).

Autotransfusion devices remove up to 90% of plasma
Hg and therefore could be used in processing damaged
blood. If possible, a separate cardiotomy reservoir should
be installed in all CPB cases, and damaged blood should
be processed in an autotransfusion device to eliminate
lysed RBCs and PfHb (87). If the blood in the separated
cardiotomy reservoir is too damaged, the blood should be
discarded, because it will contain sublethal damaged
RBCs that will lyse later.

In case there is no separated suction and the blood is
potentially too damaged because of a long and compli-
cated run, the pump blood should preferably not be re-
turned to the patient unless processed through an au-
totransfusion device (88).

Although autotransfusion devices are capable of remov-
ing most of the PfHb, this is not the case for hemofilters
used perioperatively.

Various types of membranes are traditionally used for
perioperative hemofiltration, all capable of removing mol-
ecules up to a molecular weight of 20,000–50,000 da. Free
hemoglobin molecules have a molecular weight of ∼68,000

da, and free hemoglobin dimers are ∼32,000 da (89). This
may lead to retention of these toxic molecules during clas-
sical hemofiltration. Studies have shown a contribution of
hemofilters to additional hemolysis, especially in “rinse-
free” hemofilters with no crystalloid prime before use
(90).

To remove PfHb as efficiently as washing and centrifu-
gation, a super high-flux 100,000-da hemofilter must be
used (89).

There are some options for a pharmacologic approach
in patients with hemolysis.

In case of exhausted endogenous clearing mechanisms
for PfHb, additional haptoglobin could be administered.
Some data have shown that haptoglobin treatment signifi-
cantly decreases the levels of renal tubular enzymes, sug-
gesting a protective effect on renal tubular function (23).

Comparing the prophylactic administration with the
therapeutic administration of haptoglobin, both methods
effectively prevented an increase of PfHb level, but pro-
phylactic administration (priming administration) was
safer and more useful considering PfHb level in filtered
blood and changes of serum-free haptoglobin, free hemo-
globin, and creatinine clearance during and after the op-
eration (23,24,90).

A second pharmacologic approach is the administration
of indirect or direct NO donors, compensating for the de-
crease in NO availability caused by the binding of endog-
enous NO with PfHb.

A study investigating sodium nitroprusside administra-
tion during the rewarming or reperfusion period showed a
decreased PfHb-induced increased pulmonary (PVR) and
systemic vascular resistance (SVR). Their data also
showed a protective effect on renal function (91). Another
study warned of the adverse effect of sodium nitroprusside
administration; it may induce accelerated free cyanide re-
lease, resulting in increased risk of cyanide toxicity.

This cyanide toxicity is hard to recognize and is accom-
panied by hypotension, encephalopathy, and metabolic
acidosis (92).

Restoration of endogenous NO depletion could also be
provided through iNO administration.

iNO converts plasma-free oxyHb to plasma-free methe-
moglobin, which is not an effective NO scavenger, and one
study showed a 100% reversal of PfHb-induced PVR and
SVR (84). In contrast, the formation of methemoglobin
can induce oxidative damage because of formation of
other radicals (93).

Methemoglobin has a very high affinity for oxygen and
can clinically be detected during extracorporeal circula-
tion by the appearance of chocolate-colored blood.

Data from a recent NIH-supported study suggested that
nitroxyl generated by Angeli salt (sodium �-oxyhypo-
nitrite, Na2N2O3) preferentially reacts with cell-free he-
moglobin compared with that encapsulated in the RBCs
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under physiologically relevant conditions. Nitroxyl oxi-
dizes oxygenated ferrous hemoglobin to methemoglobin
and can convert the methemoglobin to a more stable, less
toxic species: iron-nitrosyl hemoglobin. These results sup-
port the notion that Angeli salt or a similar compound
could be used to effectively treat conditions associated
with intravascular hemolysis (94).

Iron chelation therapy such as recombinant human
transferring or lactoferrin for neonates or desferrioxamine
for adults has proven to be beneficial to avoid iron over-
load (17).

A recent study suggested the prophylactic alkalinization
of urine with sodium bicarbonate during CPB to protect
the kidney from acute kidney injury by PfHb (95).

Sublethal blood damage resulting in decreased micro-
circulation is harder to detect, and thus, to treat. Innova-
tive ways of monitoring oxygen consumption in vital or-
gans, such as non-invasive venous oxygen saturation moni-
toring, might help to detect hypoperfusion of the brain
and abdominal organs. Once detected, efforts could be
made to restore systemic vasodilation, and blood pressure
could be increased to ensure microperfusion.

DISCUSSION

In summary, it can be said that the mechanical forces
and environmental damage during standard CPB are rea-
sonably well tolerated by RBCs.

If proper component selection is made, the little RBC
damage that does occur is mostly within the clearance
capacity of the reticulo-endothelial system, so that the
PfHb should not increase significantly during standard
CPB. On the other hand, even with state of the art equip-
ment and proper size selection, much damage can be in-
curred from the way a perfusionist is managing the heart
lung machine.

Additionally, there are inevitable situations of more
pronounced hemolysis, such as in pediatric cases and dur-
ing more extensive or prolonged surgery.

This is the case for long-term support, as in VAD or
ECMO support, where isolated component selection is
much more important than in regular CPB. Here, me-
chanical RBC damage is often encouraged by the blood
pump in combination with inappropriate cannula size or
design. In VAD- and ECMO-supported patients, control
of bleeding and coagulation is detrimental for improved
outcome, low pulmonary and systemic resistance is essen-
tial for the suffering ventricle and/or lungs to be weaned
off mechanical support, and compensatory mechanisms
fail to compensate for the increased viscosity because of
rigidified RBCs. Thus, outcome in these patients could
theoretically be substantially improved by eliminating
toxic hemolysis-derived end products and rheologic-
altered blood cell characteristics.

In all patients with poor outcome results, potential clini-
cal complications of sublethal and lethal RBC damage
might add to increased morbidity and mortality rate, and,
even more importantly, to decreased quality of life.

In patients undergoing CPB, efforts are routinely done
to minimize damaging forces, although this is mainly done
to protect platelets and leukocytes from activation. Perfu-
sionists and physicians consider the detection of free he-
moglobin only as a window to a greater view; because
RBCs are much more resistant to mechanical stress than
platelets and white blood cells, it is assumed correctly that
once RBCs are damaged, other blood elements have al-
ready been affected more severely.

To summarize, besides clinical monitoring through red-
dening of urine or plasma in standstill blood, no further
action is undertaken during or after CPB, and nowhere in
the literature is there any mention of existing written pro-
tocols or algorithms toward protecting patients from this
underestimated complication.

CONCLUSION

From extensive literature, it seems that hemolysis dur-
ing CPB is a well-recognized, but somewhat underesti-
mated complication. Although efforts are made to mini-
mize RBC damage during CPB, the potential conse-
quences of hemolysis seem to be neglected in the
perioperative management of patients undergoing CPB.
Nevertheless, a growing list of clinical manifestations re-
lated to hemolysis suggests the toxicity of the pro-
inflammatory and pro-oxidant RBC-derived components.

Therefore, and especially in those patient groups where
there is still room to improve outcome, there may be a
need for an algorithm in the detection, prevention, and
treatment of RBC damage and related complications.

REFERENCES

1. Kameneva M, Undar A, Antaki J, Watach M, Calhoon J, Borovetz
H. Decrease in red blood cell deformability caused by hypothermia,
hemodilution, and mechanical stress: Factors related to cardiopul-
monary bypass. ASAIO J. 1999;45:307–10.

2. De Somer F. Optimisation of the perfusion circuit and its possible
impact on the inflammatory response. J Extra Corpor Technol. 2007;
39:285–8.

3. Kameneva M. Hemorheology of mechanical blood damage. Pre-
sented at the 3rd International Conference on Pediatric Mechanical
Circulatory Support and Pediatric CPB, Hershey, PA, 17–19th May
2007.

4. Snyder GK, Sheafor BA. Red blood cells: Centerpiece in the evolu-
tion of the vertebrate circulatory system. Am Zool. 1999;39:189–98.

5. Thurston GB. The viscoelasticity of human blood. Biophys J. 1972;
12:1205–17.

6. Cabrales P. Effects of erythrocyte flexibility on microvascular per-
fusion and oxygenation during anaemia. J Physiol Heart Circ Phys-
iol. 2007;293:H1206–15.

7. Na N, Owyang J, Taes YE, Delanghe JR. Serum free haptoglobin
concentrations in healthy individuals are related to haptoglobin type.
Clin Chem. 2005;51:1754–5.

265HEMOLYSIS AND CPB

JECT. 2008;40:257–267



8. Carter K, Worwood M. Haptoglobin: A review of the major allele
frequencies worldwide and their association with diseases. Int J Lab
Hematol. 2007;29:92–110.

9. Tseng CF, Lin CC, Huang HY, Lin HC, Mao SJ. Antioxidant role of
human haptoglobin. Proteomics. 2004;4:2221–8.

10. Langlois M, Delanghe J. Biological and clinical significance of hap-
toglobin polymorphism in humans. Clin Chem. 1996;42:1589–600.

11. Körmöczi GF, Säemann M, Buchta C, et al. Influence of clinical
markers on the haemolysis marker haptoglobin. Eur J Clin Invest.
2006;36:202–9.

12. Rother R, Bell L, Hillmen MB, Gladwin M. The clinical sequelae of
intravascular hemolysis and extracellular plasma hemoglobin.
JAMA. 2005;293:1653–62.

13. Nemoto S, Aoki M, Dehua C, Imai Y. Free hemoglobin impairs
cardiac function in neonatal rabbit hearts. Ann Thorac Cardiovasc
Surg. 2000;69:1484–9.

14. Jeffers A, Gladwin MT, Kim-Shapiro DB. Computation of plasma
hemoglobin nitric oxide scavenging in haemolytic anaemias. Free
Radic Biol Med. 2006;41:1557–65.

15. Mumby S, Chaturvedi R, Brierley J, et al. Risk of iron overload is
decreased in beating heart coronary artery surgery compared to con-
ventional bypass. Biochim Biophys Acta. 2001;1537:204–10.

16. Mumby S, Koh T, Pepper J, Gutteridge J. Iron overload in paediat-
rics undergoing cardiopulmonary bypass. Biochim Biophys Acta.
2000;1500:342–8.

17. Davis C, Kausz A, Zager R, Kharasch E, Cochran R. Acute renal
failure after CPB is related to decreased serum ferritin levels. J Am
Soc Nephrol. 1999;10:2396–402.

18. Yong AN, Xiao Y-B, Zhong Q-Z. Hyperbilirubinemia after extra-
corporeal circulation surgery: A recent and prospective study. World
J Gastroenterol. 2006;12:6722–6.

19. Lee SS, Antaki J, Kameneva M, et al. Strain hardening of red blood
cells by accumulated cyclic supraphysiological stress. Artif Organs.
2007;31:1.

20. Watanabe N, Sakota D, Ochuchi K, Takatani S. Deformability of red
blood cells and its relation to blood trauma in rotary blood pumps.
Artif Organs. 2007;31:352–8.

21. Pierangeli A, Masieri V, Bruzzi F, et al. Haemolysis during cardio-
pulmonary bypass: How to reduce the free hemoglobin by managing
the suctioned blood separately. Perfusion. 2001;16:519.

22. Svenmarker S, Jansson E, Stenlund H, Engström K. Red blood cell
trauma during cardiopulmonary bypass: Narrow pore filterability
versus free hemoglobin. Perfusion. 2000;15:33.

23. Tanaka K, Kanamori Y, Sato T, et al. Administration of haptoglobin
during cardiopulmonary bypass surgery. ASAIO J. 1991;37:M482–3.

24. Shimizu T, Kudo T, Yamaguchi H, Ishimaru S, Furukawa K. Hap-
toglobin administration with autotransfusion of blood ultrafiltered
after cardiopulmonary bypass. Kyobu Geka. 1991;44:206–10.

25. Watanabee N, Arakawa Y, Atsushi S, et al. Deformability of human
red blood cells exposed to a uniform shear stress as measured by a
cyclically reversing flow generator. Physiol Meas. 2007;28:531–45.

26. Ekestrom S, Lal Koul B, Sonnenfeld T. Decreased red cell deform-
ability following open-heart surgery. Scand J Thorac Cardiovasc
Surg. 1983;17:41–4.

27. Belboul A, Krotkiewski M, Al-Khaja N, et al. Oxygen free radical
generation during cardiac surgery induces lipid peroxidation and de-
creases blood cell rheology. Vasc Surg. 1993;214:288–92.

28. Valeri R, McGregor H, Ragno G, Healey N, Fonger J, Khuri S.
Effects of centrifugal and roller pumps on survival of autologous red
cells in cardiopulmonary bypass surgery. Perfusion. 2006;21:291.

29. Mulholland JW, Massay W, Shelton JC. Investigation and quantifi-
cation of the blood trauma caused by the combined dynamic forces
experienced during cardiopulmonary bypass. Perfusion. 2000;15:485.

30. Wright G. Haemolysis during cardiopulmonary bypass: Update. Per-
fusion. 2001;16:345.

31. Leverett L, Hellums D, Alfrey C, Lynch E. Red blood cell damage
by shear stress. Biophys J. 1972;12:257–73.

32. Kroll MH, Hellums JD, McIntire LV, Schafer AI, Moake JL. Plate-
lets and shear stress. Blood. 1996;88:1525–41.

33. De Somer F. Strategies for Optimisation of Paediatric Cardiopulmo-
nary Bypass. Maastricht: Shaker Publishing; 2002.

34. Kim WG, Yoon CJ. Roller pump induced tubing wear of polyvinyl-
chloride and silicone rubber tubing: Phase contrast and scanning
electron microscopic studies. Artif Organs. 1998;22:892–7.

35. Harmand MF, Briquet F. In vitro comparative evaluation under
static conditions of the hemocompatibility of four types of tubing for
cardiopulmonary bypass. Biomaterials. 1999;20:1561–71.

36. Handa N, Yasuda Y, Funakubo A, Fukui Y. The relation between
physical forces and hemolysis. Jpn J Artif Organs. 1998;27:118–23.

37. Yasuda T, Funakubo A, Miyawaki F, Kawamura T, Higami T, Fukui
Y. Influence of static pressure and shear rate on hemolysis of red
blood cells. Artif Organs. 2002;26:27–31.

38. Blackshear PL, Dorman FD, Steinbach JH. Some mechanical effects
that influence hemolysis. Trans Am Soc Artif Intern Organs. 1965;
11:112–7.

39. Hessel EA. Cardiopulmonary bypass circuitry and cannulation tech-
niques. In: Gravlee GP, Davis RF, Utley JR, eds. Cardiopulmonary
Bypass Principles and Practice. Baltimore: Williams & Wilkins;
1993;55–92.

40. Ringgaard S, Madsen T, Pedersen E, Stodkilde-Jorgensen H, Ny-
gaard H, Hasenkam M. Quantitative evaluation of flow patterns in
perfusion cannulae by a new magnetic resonance imaging method.
Perfusion. 1997;12:411–6.

41. Kameneva M, Burgreen G, Kono K, Repko B, Antaki J, Umezu M.
Effects of turbulent stresses upon mechanical hemolysis: Experimen-
tal and computational analysis. ASAIO J. 2004;50:418–23.

42. Andersen M, Ringgaard S, Hasenkam J, Nygaard H. Quantitative
haemodynamic evaluation of aortic canula. Perfusion. 2004;19:323–
30.

43. Schönberger J, Everts P, Hoffmann J. Systemic blood activation with
open and closed venous reservoirs. Ann Thorac Surg. 1995;59:1549–
55.

44. Colangelo N, Toracca L, Lapenna E, Moriggia S, Crescenzi G, Alfi-
eri O. Vacuum-assisted venous drainage in extrathoracic cardiopul-
monary bypass management during minimally invasive cardiac sur-
gery. Perfusion. 2006;21:361–5.

45. Hansbro SD, Sharpe A, Catchpole R, et al. Hemolysis during car-
diopulmonary bypass; an in vivo comparison of standard roller
pumps, nonocclusive pumps and centrifugal pumps. Perfusion. 1999;
14:3.

46. Tamari Y, Lee-Sensiba K, Leonard E, Tortolani A. A dynamic
method for setting roller pumps nonocclusively reduces hemolysis
and predicts retrograde flow. ASAIO J. 1997;43:39–52.

47. Rawn DJ, Harris HK, Riley JB, Yoda DN, Blackwell MM. An un-
der-occluded roller pump is less hemolytic than a centrifugal pump.
J Extra Corpor Technol. 1997;29:15–8.

48. Lawson DS, Ing R, Cheifetz IM, et al. Hemolytic characteristics of
three commercially available centrifugal blood pumps. Pediatr Crit
Care Med. 2005;6:573–7.

49. Taenaka AK, Masuzawa T, Tatsumi E, et al. Hemolysis and heat
generation in six different types of centrifugal blood pumps. Artif
Organs. 1995;19:928–32.

50. McDonald J, Green TP, Steinhorn R. The role of the centrifugal
pump in hemolysis during neonatal extracorporeal support. ASAIO
J. 1997;43:35–8.

51. Morgan IS, Codispoti M, Sanger K, Mankad PS. Superiority of cen-
trifugal pump over roller pump in pediatric cardiac surgery: Prospec-
tive randomised trial. Eur J Cardio Thorac Surg. 1998;13:526–32.

52. Kawahito S, Maeda T, Yoshikawa M, et al. Blood trauma induced by
clinically accepted oxygenators. ASAIO J. 2001;47:492–5.

53. Kawahito S, Maeda T, Motomura T, et al. Hemolytic characteristics
of oxygenators during clinical extracorporeal membrane oxygen-
ation. ASAIO J. 2002;48:636–9.

54. De Somer F, Foubert L, Vanackere M, Dujardin D, Delanghe J, Van
Nooten G. Impact of oxygenator design on hemolysis, shear stress
and white blood cells and platelet count. J Cardiothorac Vasc
Anesth. 1996;10:884–9.

55. Moen O, Fosse E, Dregelid E, et al. Centrifugal pump and heparin
coating improves cardiopulmonary bypass biocompatibility. Ann
Thorac Surg. 1996;62:1134–40.

266 L. VERCAEMST

JECT. 2008;40:257–267



56. Belboul A, Akbar O, Löfgren C, Jungbeck M, Storm C, Roberts A.
Improved blood cellular biocompatibility with heparin coated cir-
cuits during cardiopulmonary bypass. J Cardiovasc Surg (Torino).
2000;41:357–62.

57. Belboul A, Al-Khaja J, Gudmundsson M, et al. The influence of
heparin-coated and uncoated extracorporeal circulation on blood
rheology during cardiac surgery. J Extra Corpor Technol. 1993;25:
40–6.

58. Cirri S, Negri L, Babbini M, et al. Hemolysis due to active venous
drainage during cardiopulmonary bypass: Comparison of two differ-
ent techniques. Perfusion. 2001;16:313.

59. Mueller X, Tevaearai H, Horisberger J, Augstburger M, Buriki M,
Von Segesser L. Vacuum assisted venous drainage does not increase
trauma to blood cells. ASAIO J. 2001;47:651–4.

60. Shin H, Yozu R, Maehare T, et al. Vacuum assisted cardiopulmonary
bypass in minimally invasive cardiac surgery: Its feasibility and ef-
fects on hemolysis. Artif Organs. 2000;24:450–3.

61. Bevilacqua S, Matteucci S, Ferrarini M, et al. Biochemical evaluation
of vacuum-assisted venous drainage: A randomized, prospective
study. Perfusion. 2002;17:57–61.

62. Fiorucci A, Gerometta PS, DeVecchi M, Guzman C, Constantino
ML, Arena V. In vitro assessment of the vacuum-assisted drainage
system: risk and benefits. Perfusion. 2004;19:113–7.

63. Jegger D, Horrisberger J, Jachertz M, et al. A novel device for re-
ducing hemolysis provoked by cardiotomy suction during open heart
cardiopulmonary bypass surgery: A randomized prospective study.
Artif Organs. 2007;31:23–30.

64. Svenarud P, Persson M, Van der Linder J. Effect of CO2 insufflation
on the number and behaviour of air microemboli in open-heart sur-
gery: A randomized clinical trial. Circulation. 2004;109:1127–32.

65. Skrabal CA, Khosravi A, Choi YH, et al. Pericardial suction blood
separation attenuates inflammatory response and hemolysis after
cardiopulmonary bypass. Scand Cardiovasc J. 2006;40:219–23.

66. Gregoretti S. Suction-induced hemolysis at various vacuum pres-
sures: Implications for intra-operative blood salvage. Transfusion.
1996;36:57–60.

67. Murakami F, Usul A, Hiroura M, Kawamura M, Koyama T, Murase
M. Clinical study of totally pumpless cardiopulmonary bypass sys-
tem. Artif Organs. 1997;21:803–7.

68. Barthelemey R, Vives M, Couzy M, et al. Dispositif de controle
automatique des aspirations chirurgicales en chirurgie cardiaque.
Med Biol Eng Comput. 1978;16:165–8.

69. de Jong JF, ten Duis JH, Smit Sibinga CT, Wildevuur CHR. Hema-
tologic aspects of cardiotomy suction in cardiac operations. J Thorac
Cardiovasc Surg. 1980;79:227–36.

70. Tevaerai HT, Mueller XM, Horisberger G, et al. In situ control of
cardiotomy suction reduces blood trauma. ASAIO J. 1998;44:M380–7.

71. Wright G, Zhang SF. A low trauma cardiotomy suction system for
use in open-heart surgery. Proceedings of the 20th Annual Interna-
tional Conference of IEEE/EMBS, Hong Kong, 1998;20:452–3.

72. Clague CT, Blackshear PL Jr. An atraumatic aspirator for use in
autologous transfusion and cardiac bypass. ASAIO J. 1995;41:M551–6.

73. Gentle Vent Pump Header. www.medtronic.com.cardsurgery/
arrested_heart.

74. Chambers SD, Lamberteaux KR, Merz SI, Montoy JP, Bartlett RH.
Effects of static pressure on red blood cells on removal of the air
interface. ASAIO J. 1996;42:947–50.

75. Tevaearai HT, Mueller XM, Horisberger J. In situ control of car-
diotomy suction rduces blood trauma. ASAIO J. 1998;44:M380–7.

76. Boonstra PW, van Imhoff GW, Eysman L. Reduced platelet activa-
tion and improved hemostasis after controlled cardiotomy suction
during clinical membrane oxygenator perfusions. J Thorac Cardio-
vasc Surg. 1985;89:900–6.

77. Chambers S, Ceccio S, Annich G, Bartlett R. Extreme negative pres-
sure does not cause erythrocyte damage in flowing blood. ASAIO J.
1999;45:431–5.

78. Waters J, Williams B, Yazer M, Kameneva M. Modification of suc-
tion-induced hemolysis during cell salvage. Anesth Analg. 2007;104:
684–7.

79. Lee SS, Kim N, Lee S, et al. Shear-induced pre-conditioning effect of
red blood cell damage. Summer Bioengineering Conference, June
25–29, Florida, June 25–29, 2003.

80. Kameneva M, Undar A, Antaki J, Watach M, Calhoon J, Borovetz
H. Decrease in red blood cell deformability caused by hypothermia,
hemodilution, and mechanical stress: Factors related to cardiopul-
monary bypass. ASAIO J. 1999;45:307–10.

81. Kameneva M, Antaki J, Yeleswarapu K, Watach M, Griffith B,
Borovetz H. Plasma protective effect on red blood cells exposed to
mechanical stress. ASAIO J. 1997;43:M571–5.

82. Golbasi I, Akbas H, Ozdem S, Ukan S, Ozdem SS, Kabukcu M. The
effect of pentoxifylline on haemolysis during cardiopulmonary by-
pass in open heart surgery. Acta Cardiol. 2006;61:7–11.

83. Kameneva M, Repko B, Krasik E, Perricelli B, Borovetz H. Poly-
ethylene glycol additive reduce hemolysis in red blood cell suspen-
sion exposed to mechanical stress. ASAIO J. 2003;49:537–42.

84. Ochoa J, Vilchez M, Palacios M, Garcia J, Reiter R, Munos-Hoyos
A. Melatonin protects against lipid peroxidation and membrane ri-
gidity in erythrocytes from patients undergoing cardiopulmonary by-
pass surgery. J Pineal Res. 2003;35:104–8.

85. Coccia R, Spadaccio C, Foppoli C, et al. The effect of Simvastatin on
erythrocyte membrane fluidity during oxidative stress induced by
cardiopulmonary bypass: A randomized controlled study. Clin Ther.
2007;29:1706–17.

86. Baskurt OK, Uyuklu M, Meiselman HJ. Protection of erythrocytes
from sub- hemolytic mechanical damage by nitric oxide mediated
inhibition of potassium leakage. Biorheology. 2004;41:79–89.

87. Lau K, Shah H, Kelleher A, Moat N. Coronary artery surgery: Car-
diotomy suction or cell salvage? J Cardiothorac Surg. 2007;2:46.

88. Betrus C, Remenapp R, Charpie J, et al. Enhanced hemolysis in
pediatric patients requiring extracorporeal membrane oxygenation
and continuous renal replacement therapy. Ann Thorac Cardiovasc
Surg. 2007;13:378–83.

89. Nitescu N, Bengtsson A, Bengtsson JP. Blood salvage with a con-
tinuous autotransfusion system compared with a haemofiltration sys-
tem. Perfusion. 2002;17:357–62.

90. Glogowski K, Stammers A, Niimi K, Tremain KD, Muhle M, Trow-
bridge C. The effect of priming techniques of ultrafiltrators on blood
rheology: An in vitro evaluation. Perfusion. 2001;16:221–8.

91. Hashimoto K, Nomura K, Nakano M, Sasaki T, Kurosawa H. Phar-
macological intervention for renal protection during CPB. Heart
Vessels. 1995;8:203–10.
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