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EXTRACORPOREAL CIRCULATION: EFFECT OF LONG‐TERM (24‐HOUR) CIRCULATION ON
BLOOD COMPONENTS

Robert G. Solberg

Extracorporeal circulation damages blood and causes harmful side effects such as stroke
and/or systemic inflammatory response in patients. Reactions of blood components to
extracorporeal circulation include complement and inflammatory reactions, coagulation and
thrombogenesis, frank hemolysis, and platelet activation and adhesion to the extracorporeal
circuit. Non‐physiologic pressure and flow produced by blood pumps contribute to blood
injury. Two pump types, roller and centrifugal, are used for maintaining flow, with various
models available from different manufacturers. This study compared the effects of these two
pumps in identical, isolated, artificial circuits to a non‐pumped control for a period of 24 hours
on heparinized porcine blood. Hematology parameters were used to evaluate blood damage.
Mean corpuscular volume, mean corpuscular hemoglobin, white blood cell count, platelet
count, and mean platelet volume were affected by time of circulation. Mean corpuscular
hemoglobin, platelet count, and red cell distribution width were different between circulated
and non‐circulated blood, however no differences were found between the pumping systems in
any parameter. Red blood cell count, total hemoglobin, and hematocrit were not affected by
time or treatment. The changes observed in this study have implications for the use of
extracorporeal circulation in the clinical setting and in future use of blood as a potential organ
perfusion medium.
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CHAPTER I – INTRODUCTION
Extracorporeal circulation consists of passing a patient’s blood through an artificial
circuit (generally containing tubing, valves, pumps, and oxygenators) and pumping the blood
back into the patient’s body. The most common forms of extracorporeal circulation are
cardiopulmonary bypass, extracorporeal membrane oxygenation, and hemodialysis.
Cardiopulmonary bypass is employed to sustain the lives of more than 500,000 patients each
year [1], for surgeries such as coronary artery bypass surgery, cardiac valve repair or
replacement, repair of aneurisms, heart/lung transplantation, and pulmonary repair
procedures, where a beating heart or blood flow would restrict the ability to perform the
procedure . Each year, more than 400,000 patients in the United States with end‐stage renal
disease require hemodialysis at least once weekly, but typically more often [2]. Pediatric
patients require extracorporeal circulation for a variety of reasons, including severe infections,
heart defects requiring cardiac surgery, trauma, and accidental exposure to toxicants [3]. Most
indications for extracorporeal membrane oxygenation require 3‐10 days of treatment. These
procedures are costly; the annual cost per hemodialysis patient currently ranges between
$70,000 and $250,000. The average cost of a procedure requiring cardiopulmonary bypass is
approximately $100,000[4].
Mammalian blood is a tissue in a fluid form, containing both cellular and non‐cellular
components. The cellular components occupy 35‐45% of the blood volume and include red cells
(erythrocytes), white cells (leukocytes – granulocytes, monocytes, and lymphocytes), and
platelets (thrombocytes). The remaining fluid (plasma) contains an array of proteins (e.g.
albumin, globulins, and coagulation factors) and small molecules (e.g. lipids, salts, amino acids,
1

vitamins, and hormones). Removing blood from a patient’s body, circulating it through
mechanical systems, then returning it to the patient affects the composition of blood and,
ultimately, the health of the patient.
Blood components react to contact with any foreign material [5] and exhibit complex
responses during and after extracorporeal circulation [6]. White blood cells, platelets,
complement and coagulation are all activated by contact with various elements of the
extracorporeal circuit [7]. Mechanisms of activation are intricate and interrelated. For
example, white blood cells express receptors for substances released by activated platelets and
vice versa, resulting in mutual and simultaneous stimulation. The activation of one component
or system results in the activation of all elements of the response to extracorporeal circulation;
the reactions (white blood, complement, platelet, and coagulation activation) cannot be
thought of as mutually exclusive, but as a collective response [8].
These normal hemostatic and inflammatory reactions manifest as serious pathologies
during procedures requiring extracorporeal circulation and remain a barrier to its extended use
in a clinical setting. Examples of pathologies associated with extracorporeal circulation include
systemic inflammatory response syndrome and subsequent multi‐organ failure, renal
insufficiency, neurocognitive dysfunction and stroke, coagulopathy, respiratory failure and
myocardial dysfunction [7, 9]. To make matters worse, procedures requiring extracorporeal
circulation are usually performed on already ill patients (e.g. suboptimal cardiopulmonary, renal
or hepatic function), meaning they are more susceptible to these complications and less able to
recover from them. The severe consequences of these complications, coupled with the number
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of procedures performed each year, make studying the biology of these complications and
optimizing the blood compatibility of these circuits very important [1].
The physiologic reactions triggered by extracorporeal circulation stem from the non‐
physiologic conditions created by these procedures. Blood is exposed to extensive material
contact (tubing, filters, oxygenators, pumping mechanisms) in the extracorporeal circuit ‐ a
combination of large surface areas of components and a large volume of blood traveling
repeatedly through the circuit [10]. For example, the average surface area of cardiopulmonary
bypass circuits is over 4m2 [11]. Oxygenators alone possess surface areas upwards of 2m2 and
hemodialyzers have surface areas between 0.8m2 and 2.2m2 [12]. Patient‐related variables
such as type, site, and severity of disease are recognized risk factors for complications occurring
during cardiopulmonary bypass [13]. Additionally, the length of time a patient is on
extracorporeal circulation affects the rate and severity of blood complications resulting from
extracorporeal circulation, as reactions from most blood components appear to be cumulative
[14]. Flow and pressure within the circuit, a product of the pumping mechanism (the heart of
the extracorporeal circuit) also influence the extent of damage to blood that occurs during
extracorporeal circulation [15]. Pumping systems can induce abnormal shear stresses (the
stress created between layers of fluid moving at different speeds across a surface, see Figure 1)
and produce turbulent flows that can injure blood components and activate various proteins
[16].
Two pumping systems have evolved as the major mechanisms for maintaining flow
through the cardiopulmonary bypass circuit: the roller pump and the centrifugal pump. Both
pumps are known to cause hemolysis and activate blood components primarily through the
3

creation of high flow/pressure areas and elevated shear stresses [17]. No functional census
regarding the superiority of one pumping system over the other can be found in published
literature [18‐21]. The purpose of this study was to compare the effects of these two pumping
systems on circulating whole blood and explore the changes in blood over a prolonged period
of time (24 hours), a time longer than has been previously studied and reported.

4

Hypothesis
Blood deteriorates when circulated through artificial circuits. We hypothesized that the
degree of deterioration of blood in a simulated extracorporeal circulatory system, as indicated
by selected hematology parameters, was dependent upon both time in circulation and the
specific pumping mechanism used to maintain circulation.

5

Chapter II – LITERATURE REVIEW
Injury to blood components stems from normal physiologic reactions to the non‐
physiologic condition of extracorporeal circulation. Section I of this Literature Review will focus
on the physiologic reactions to contact with a foreign material, a condition inherent in artificial
circulation. Section II reviews information concerning the changes in blood during the various
forms of extracorporeal circulation. Section III reviews literature relevant to the evaluation of
blood compatibility and injury caused by extracorporeal circulation. Lastly, Section IV covers
information pertinent to the specific situation of isolated, artificial circulation, the model for
this study.

6

Section I. Biomaterial Contact – Initial Reactions of Extracorporeal Circulation
Reactions to implanted and/or blood‐contacting materials have been extensively
studied, as more than 1 billion medical devices contact blood each year worldwide [5]. There is
a voluminous literature not reviewed here. Rather the reactions to contact with the
extracorporeal circuit and the subsequent activation of blood components are reviewed.
IA. Plasma Protein Adsorption and Activation of Blood Components
The exact composition and concentration of plasma protein is unknown and varies
widely by species, age, and condition of health. However, known constituents include
lipoproteins, albumin, immunoglobin G, complement protein C3, fibrinogen, as well as over
1000 other identified plasma proteins [22, 23]. The most abundant plasma proteins include
albumin, immunoglobin G and fibrinogen (at average concentrations of 40 mg/mL, 10 mg/mL,
and 3 mg/mL, respectively, in human adults) [24]. Plasma proteins adsorb instantaneously to
the surface of any non‐endothelial material (plastics, metals, glass, etc.) that comes in contact
with blood, forming a protein layer buffer between the material and blood [25].
Surface chemistry of the material plays an important role in the composition of the
adsorbed protein layer [26]. The energy created at the material‐blood contact surface, or
“interfacial free energy,” affects the rate, magnitude, and configuration of proteins adsorbed to
the material surface [27]. Hydrophobic surfaces adsorb more protein than hydrophilic surfaces
[28]. The specific chemical structure of the material, especially functional groups and charged
areas, also influence the adsorption of proteins to the material surface [27].
Small proteins present in relatively high concentrations in plasma (such as fibrinogen
and von Willebrand’s factor) are the first to bind to the biomaterial surface[29]. Over time,
7

proteins with lower plasma concentrations but greater affinity for the chemistry of the
biomaterial surface displace proteins with weaker interactions [30]. Adsorption is initially a
reversible process, but can become irreversible following displacement of interposed water
molecules and a strengthening of the protein‐surface interactions [31]. Irreversible binding is
also accompanied by a conformational change in adsorbed proteins which may affect proteins’
reactivity, especially the ability to activate blood components [32].
IB. Platelet Activation
Platelet activation normally occurs in response to stimuli such as an injury to the
endothelium or entry of a foreign substance (infectious agents or material particulates, for
example) into the blood stream. Known endogenous platelet activators include collagen,
thrombin, thromboxane A2, vasopressin, platelet activating factor, epinephrine and several
other compounds [8]. Thrombin, fibrinogen, tissue factor, collagen, and molecules released
from leukocytes or other platelets (such as β‐thromboglobulin) are all potent activators of
platelets [33]. Most of these substances are formed and released at the site of injury of the
endothelium at the surface of a foreign material[34].
Activated platelets exhibit several physiologic responses, including degranulation,
release of thromboxane and arachidonic acid, changes in shape, altered membrane expression
of interaction and receptor proteins, and the tendency to aggregate or clump [35]. These
changes promote platelet adhesion, platelet‐platelet contact, and attract platelets and
leukocytes to the site of platelet activation. Some of the released substances also play a role in
activating leukocytes. Activated platelets are known to associate with monocytes and
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endothelial cells, inducing tissue factor expression and initiating coagulation and complement
reactions [36].
Surface contact with tubing and machinery causes platelet activation during
cardiopulmonary bypass and hemodialysis, resulting in thrombotic (microemboli and
thrombocytopenia/bleeding) complications [37]. The formation of microemboli generates
infarctions and distal thrombotic events and a high rate of platelet consumption in circulation,
which leads to deficits in hemostatic function [38]. Fibrinogen and von Willebrand’s factor
appear to play the largest role in mediating platelet adhesion and response to biomaterial
surfaces [39, 40]. Low concentrations of these adherent proteins on surfaces (<10ng/cm2) are
required for platelet adhesion in vitro and can be even lower depending on flow conditions
[40], probably because their receptors, Glycoproteins IIb/IIIa and Ib/Iia, are present in such a
high concentrations on the platelet surface (40,000 to 80,000 receptors/platelet for IIb/IIIa and
~25,000 receptors/platelet for Ib/IIa) [35]. These receptors induce platelet aggregation via
fibrinogen‐mediated cross‐linking of platelets and the formation of platelet‐leukocyte
aggregates. It is also thought that active complement proteins play a role in activating platelets
[41].
IC. Coagulation reactions
Coagulation occurs when a series of reactions result in the deposition of insoluble,
cross‐linked fibrin strands. The coagulation reactions are commonly divided into two pathways:
the “intrinsic” or “contact activation” pathway and the ‘”extrinsic” or “tissue factor” pathway.
The two pathways share a common final pathway including the conversion of prothrombin to
thrombin and fibrinogen to fibrin (see Figure 2 for a simplified diagram of the coagulation
9

reactions and Figure 3 for an electron micrograph of fibrin strands deposited on a material
surface). Tissue factor is a potent procoagulatory antigen expressed constitutively on all non‐
endothelial cells and initiates a haemostatic response to any disruption of vascular integrity
[42]. The contact activation pathway is initiated by the conversion of factor XII to active form
(factor XIIa) upon contact with a foreign surface and helps protect against blood contacting
foreign bodies – material or biological.
The conversion of factor XII to XIIa represents the first step in the enzymatic activation
of the soluble precursor serine proteases of the intrinsic coagulation cascade. From there, a
series of reactions precedes the conversion of prothrombin to thrombin, the enzyme that
catalyzes the formation of insoluble cross‐linked fibrin strands. Activation of factor XII is
thought to occur through an auto‐activation mechanism in contact with any foreign surface and
to be independent of other proteins adsorbed to the surface [43]. However, the extent of
activation on the surface is dependent upon the presence of other proteins. Zhuo et al
demonstrated less activation of the coagulation cascade at hydrophobic surfaces despite a
stronger activation of factor XII when tested as a purified single protein [29]. This group
hypothesized that adsorption of factor XII to hydrophobic surfaces is inhibited by more
competitive binding of other plasma proteins limiting factor XII contact with the biomaterial.
On hydrophilic surfaces, the authors suggested that reversible binding of proteins due to
competition with water molecules allows more surface contact and subsequent auto‐activation
of factor XII. Once activated, factor XIIa cleaves inactive zymogen precursors, converting them
to an active form and initiating the intrinsic coagulation process [44]. Activation of factor XII can
induce tissue factor expression, involving the “extrinsic” or “tissue factor” pathway as well.
10

In addition to the pro‐coagulation response, the coagulation proteins participate in
several other foreign material reactions. Factor XIIa cleaves complement protein C1s of the
classical complement pathway and C3 of the common pathway [45]. Activated thrombin, a
potent serine protease, can activate complement proteins C3, C5, C6 and factor B [45].
Conversely, activated complement proteins can, in turn, activate members of the coagulation
cascade (discussed below). Platelets express membrane receptors for thrombin that lead to
both platelet activation and adhesion upon binding of thrombin [8]. Leukocytes bear no
identified receptors for coagulation proteins, but do have receptors for activated complement
proteins and bound fibrinogen[8]. These receptors may act as an indirect mechanism of
leukocyte activation by coagulation proteins.
As coagulation reactions progress, several biological mechanisms or feedback loops act
to limit coagulation to the site of injury and prevent coagulation from spiraling out of control
[42]. In plasma, the natural anticoagulant antithrombin III binds to and inactivates thrombin
and several other soluble coagulation factors such as factor IXa, factor Xa, and factor XIa.
Factors XIa and XIIa initiate fibrinolysis by catalyzing the conversion of plasminogen to plasmin,
a serine protease that lyses or dissolves fibrin clots[46]. Plasminogen formation slows the rate
of fibrin production and begins to reverse the reaction as the concentration of plasmin exceeds
that of procoagulatory enzymes[42]. Endothelial cells help to control coagulation by expressing
different protein receptors that inhibit coagulation proteins or by releasing inhibitory
substances, such as Protein C (Protein C inhibits the action of coagulation factors Va and VIIIa)
[42]. Endothelial cells also play a large role in regulating fibrinolysis by releasing stored tissue
plasminogen activator from granules in response to signaling pathways activated by the initial
11

formation of fibrin [42]. One major mechanism of regulation is the release of the
glycosaminoglycan heparin, which potentiates the inhibitory action of antithrombin III by 1000‐
fold [47]. Other mechanisms of regulation include expression of endothelial Protein C receptor,
which binds to thrombomodulin and complexes with Protein C and Protein S to inactivate
coagulation factors Va and VIIIa. Modulation of the expression of tissue factor pathway
inhibitor, which acts as a protease inhibitor, inhibiting the complex formed by factor XIIa, Xa,
and tissue factor is yet another mechanism controlling plasma protein coagulation. Several of
these inhibitory and regulatory roles are absent in isolated artificial circulation, thus regulation
is inherently less controlled and more apt to cause complications during perfusion.
All non‐endothelial cell surfaces induce coagulation to a certain degree. Material
composition seems to have an influence on the extent of coagulation, with hydrophobic
surfaces thought to be less activating than hydrophilic surfaces [25]. Almost all medical devices
require concomitant use of some sort of antithrombotic therapy, ranging from systemic heparin
administration to anti‐platelet and anti‐inflammatory drugs, to prevent activation of
coagulation. Once initiated independent of the control of endothelial cells, coagulation is a
self‐propagating and self‐amplifying reaction that can activate other pro‐inflammatory systems
(such as the kinin and complement systems).
ID. Complement and the Inflammatory Response
The complement system is composed of approximately 30 plasma proteins[48]. Two
pathways, the “classical” pathway and the “alternative” pathway, control the activation of
complement protein C3 (cleaved into C3a and C3b by C3 convertase; see Figure 4). Activated C3
initiates the formation of the “terminal membrane attack complex” and interacts in a pro‐
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inflammatory manner with humoral cells [49]. The classical pathway responds to foreign
bodies either by antigen recognition or signaling molecules released by white blood cells.
The complement response to foreign materials occurs via activation of the alternative
pathway [8]. A small amount of complement protein C3 in the circulation is spontaneously
cleaved into active form (C3a and C3b) as part of normal process circulation [50]. When blood
contacts a foreign material, C3b binds either directly to the material surface or to adsorbed
proteins on the material surface, forming ester and amide bonds with free hydroxyl and amide
groups on biomaterials [48]. C3 can also be activated by adsorbed albumin and immunoglobin
G [50]. Western blots of surfaces incubated in plasma with anti‐C3 antibodies show C3 and its
activated products bind both directly to the biomaterial surface and to other proteins already
adsorbed to the surface [48]. C3b also binds Factor Bb, another complement protein,
assembling a C3 convertase complex that actively cleaves additional C3 into active form,
amplifying the binding of complement proteins to the material surface [50]. As more C3b
molecules attach to the surface, C5 convertase is assembled (two molecules of C3b clustered
around factor Bb). This C5 convertase complex cleaves C5 into C5a (a leukocyte
chemoattractant) and C5b, the first component of the terminal membrane attack complex [48].
Chenoweth et al observed activation products of the complement alternative pathway
in response to contact with several different hemodialysis membranes, each with different
surface properties and coatings [51]. Activation of the classical pathway has been implicated in
complement‐induced inflammation caused by material contact in patients deficient in
alternative pathway proteins [52]. These data indicate that complement activation in response
to contact with biomaterials is likely a product of the activation of both pathways.
13

Activation of the complement system through contact with foreign materials results in
the recruitment of inflammatory cells from the marrow and circulatory pools and the attraction
of inflammatory cells to the biomaterial surface. The inflammatory reaction to biomaterials is
initiated from proteins within the adsorbed protein layer, particularly fibrinogen and C3b [53]
and is also a product of activation by coagulation proteins, complement, platelets and
endothelial cells. Studies with complement inhibitors [54], platelet inhibitors [55], and
anticoagulants [56] indicate that all three play a role in leukocyte activation.
Like platelets, inflammatory cells possess receptors for many different activated blood
components. Stimulatory molecules produced during extracorporeal circulation include
platelet activating factor, cytokines, β‐thromboglobulin, kallikrein, and several activated
complement proteins [8]. Material‐induced activation of inflammatory cells occurs through
several mechanisms involving platelets and adhered and unbound activated plasma proteins
(complement and coagulation proteins). C3a and C3b play a central role in recruiting and
activating leukocytes and platelets[57]. In addition to complement, leukocyte receptors
recognize fibrinogen, fibronectin, and adsorbed immunoglobins via integrins such as CD11 and
very late antigen [8]. Fibrinogen and C3b seem to play the most important role in leukocyte
adhesion to material surfaces [58, 59] as these proteins mediate adhesion to the material
surface and facilitate cell activation, though the mechanism of activation is unclear and could
be mediated by unbound plasma proteins [60].
Activated inflammatory cells alter membrane molecule expression (increased
expression of integrins and selectins), release inflammatory signaling molecules (cytokines and
chemokines) and cytotoxins via degranulation, and exhibit a greater propensity for adhesion, a
14

combined effect of changes in shape and membrane expression. Membrane expression of
CD11b and tissue factor increases while L‐selectin expression decreases [61, 62]. Activation
results in the release of many biologically active substances, including inflammatory mediators,
cytokines, arachidonic acid metabolites and oxidants. The release of these molecules results in
the activation of platelets and proteins of the coagulation cascade, recruitment of more
leukocytes to the area of initial activation, and damage to the surrounding cells. Depending on
the length and severity of reactions, these changes manifest clinically as either acute or chronic
inflammation, and may develop into other complications such as systemic inflammatory
response syndrome and subsequent organ dysfunction [63].
Activation of white blood cells in contact with different biomaterials is well documented
and occurs via interaction with adsorbed proteins and the complement system. Leukocyte
activation and adhesion has been demonstrated on a variety of materials, including plastics,
oxygenators, dialysis membranes, polyethylene glycol surfaces, and several stent surfaces [8].
Activation occurs on biomaterial surfaces with or without action of the coagulation and
complement systems [64, 65](though they are shown to contribute to leukocyte response), and
is influenced but not inhibited by the use of antiplatelet drugs [55].
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Section II – Extracorporeal Circulation
The first hemodialysis treatment, performed in 1924 by Dr. Georg Haas[66], represents
the earliest example of extracorporeal circulation. In his report of the procedure, Haas wrote “it
is obvious that blood coagulation must be prevented otherwise coagulation in the dialysis
tubing would prevent blood circulation.” After the first successful cardiopulmonary bypass
procedure in 1953, research on extracorporeal membrane oxygenation advanced
understanding of the biology of the physiologic response to extracorporeal circulation [67, 68].
In “Changes in blood after using extracorporeal circulation (1961),” A. L. Bloom described
platelet and fibrinogen deficiencies and “alteration of coagulation factors” after these
procedures[69]. From research on cardiopulmonary bypass and hemodialysis, we know that all
forms of extracorporeal circulation induce changes to blood components, including: 1) contact
activation of coagulation cascade proteins; 2) stimulation of platelets and inflammatory cells by
adsorbed proteins and mechanical stresses; 3) activated cell responses such as shape changes,
adhesion, and clumping; and 4) hemolysis and the release of hemoglobin into blood plasma.
IIA. Changes in Blood Components
The cumulative response of blood components to extracorporeal circulation is
formation of an activated tissue (i.e. blood) circulating through the patient, which one author
describes as “angry blood” [14]. While the adsorption of protein and contact activation occur
almost immediately, changes to blood components continue to accumulate during
extracorporeal circulation. The concentrations of activated cells and extracellular mediators
increase with time, requiring pharmacologic management, limiting the circulation time of blood
outside of the body, or both. Brister et al [70] reported a 10‐fold increase in levels of thrombin‐
16

antithrombin complex developing over 4 hours of circulation in cardiopulmonary bypass
patients. The authors noted that longer surgeries result in a greater total production of
prothrombin fragments (formed when prothrombin is cleaved into thrombin) than shorter, less
complex surgeries. It is thought that levels of thrombin‐antithrombin complex (indicating
continued production of thrombin) accumulate despite anticoagulation therapy because
heparin inhibits thrombin activity but not the activity of other coagulation enzymes. These
active enzymes remain in circulation and can catalyze the formation of active thrombin for up
to 48 hours after the end of extracorporeal circulation [14].
Thrombin is a potent activator of platelets (see above under “Platelet Activation”) and
probably catalyzes the initial activation of platelets seen in extracorporeal circulation. As
circulation continues, secreted procoagulants from activated platelets and leukocytes
contribute to further formation of thrombin and activation of cellular blood components[14].
Such compounds include thromboxane A2, vasopressin, platelet activating factor, and cathepsin
G [71]. Activated platelets released into circulation change shape and adhere to each other, to
the patient’s endothelium, and to artificial surfaces, initiating thrombus formation and
releasing chemoattractants that recruit more platelets[34]. P‐selectin expression on platelet
membranes increases, allowing for interaction with neutrophils and monocytes, resulting in
reciprocal activation[72]. The release of cytokines, including interleukin‐1β, interleukin‐8 and
platelet activating factor, activates proximal leukocytes and involves the inflammatory response
in the reaction to extracorporeal circulation[14].
Complement is activated through contact activation (the “alternative” pathway) and via
cross‐talk mechanisms with activated coagulation proteins, platelets and leukocytes during
17

extracorporeal circulation[46]. Neutrophils bind complement protein C5a as an activating
signal molecule, linking complement activation and inflammatory activation[14]. Contact with
the complement terminal membrane attack complex causes these cells to release inflammatory
mediators and oxygen free radicals [73]. The membrane attack complex formation also
promotes expression of specific adhesion molecules on neutrophil and monocyte membranes.
These adhesion molecules make interactions and activation of platelets, endothelial cells and
artificial surfaces much more likely [74].
Release of inflammatory mediators from platelets, leukocytes and damaged endothelial
cells directs inflammatory cells to specific areas of injury via chemotaxis[75]. In extracorporeal
circulation, adhesion to the artificial surfaces and the patient’s endothelium create areas that
imitate areas of injury and act as vehicles of subsequent activation. Actual injury to the
endothelium from the release of reactive oxygen species and other cytotoxic substances further
enhances the inflammatory response. Increased membrane expression of CD11a and CD11b
also increases the probability of leukocyte adhesion and activation[76]. Inflammatory cells
localize at the site of inflammatory mediator release and begin phagocytosis of injured cells and
release molecules involved in the inflammatory response [76]. These compounds propagate
the inflammatory response, and are at least partially responsible for systemic inflammatory
response syndrome seen in cardiopulmonary bypass patients[77].
Shear stresses and turbulent flows, the formation of cytotoxic protein complexes, and
release of cytotoxic substances into the blood stream all contribute to red blood cell (RBC)
damage and hemolysis during extracorporeal circulation[78]. RBC aggregates, also thought to
arise from these stresses, are recognized as abnormal by inflammatory cells and may be
18

another pathogenic mechanism in extracorporeal circulation [79]. RBC deformability can be
compromised in extracorporeal circulation, causing these cells to experience difficulty in
passing through the smallest capillaries in the microcirculation[80]. A study comparing
pumping mechanisms by Valeri et al [16] found an average of 15% hemolysis after just 2 hours
of cardiopulmonary bypass. RBC damage diminishes the patient’s ability to adequately
oxygenate tissues and increases the need for blood transfusions to sustain oxygen delivery
capabilities. RBC fragments play a role in activation of inflammatory cells and in triggering
coagulation and complement
IIB. Cardiopulmonary Bypass
A typical bypass circuit consists of arterial and venous cannulae, tubing of various
lengths and sizes, a venous blood reservoir, oxygenator, several sensors (pressure,
temperature, bubble detectors, blood gas monitors, etc.), filters, and a cardiotomy reservoir.
Blood is collected from the patient’s vena cava into the venous reservoir and pumped through
the oxygenator and arterial line back into the body through the aorta. Blood from the surgical
wound is collected into the cardiotomy reservoir, where it is filtered into the venous reservoir
to be pumped back into the patient’s body.
The procedure of cardiopulmonary bypass subjects blood to repeated traumatic events
which may lead to complications. Removing blood from circulation and the homeostatic,
regulatory environment provided by intact circulation and endothelial cells causes a variety of
reactions as described above. Pumping systems force blood into variable and non‐physiologic
pressure and flow situations which activate blood components and damage red blood cells [81].
The introduction of foreign materials into circulation (such as debris from surgical equipment,
19

activated blood from the surgical wound and contact with air in the perfusion circuit) initiates
coagulation and the complement response, platelet activation, and leukocyte activation,
causing embolic complications and contributing to the response to extracorporeal circulation.
Tubing wear, spallation, and leaching of plasticizers has been demonstrated in roller pump
systems and is a concern for the use of these pumps, especially in prolonged circulations [82].
A variety of complications accompany cardiopulmonary bypass, including
neurocognitive dysfunction, systemic inflammatory response syndrome, excessive bleedin,
stroke, and death [83]. Although the death rate from cardiopulmonary bypass is declining, it
remains at around 2% nationwide [4]. Reports of neurocognitive dysfunction, caused by
infarctions or ischemic events and measured by function on a battery of cognitive tests before
and after bypass, have been reported as high as 83% in bypass patients [84]. Hammon et al
[85] found that the amount of aortic plaque and the number of microemboli produced during
surgery are both risk factors for neurocognitive dysfunction after cardiopulmonary bypass. In
pediatric patients, extracorporeal circulation procedures can have drastic developmental
consequences. The incidence of complications such as brain death, hemorrhage, and infarctions
vary for different procedures. For example, Barrett et al [86] reports a 22% incidence rate of
acute neurologic injury in extracorporeal membrane oxygenation for failed cardiopulmonary
resuscitation, while O’Brien et al [87] reports only 2% neurologic injury for all pediatric
extracorporeal membrane oxygenation procedures.
Systemic inflammatory response syndrome is characterized by inflammatory reactions
throughout the circulatory system and subsequent multi‐organ failure. Clinical signs of this
condition are non‐specific and left to interpretation by the clinician, but include increased heart
20

rate, blood pressure, body temperature and respiration rate [88]. Massad et al [89] reported
an incidence rate of 27.7% in 130 bypass patients, identifying bypass duration, pre‐bypass
temperature, and shorter activated clotting time as predictive factors for systemic
inflammatory response.
The root causes of many of these complications are thought to be activation of
complement, coagulation, fibrinolytic, and kallikrein cascades, activation of neutrophils with
degranulation, and the synthesis of various cytokines from mononuclear cells – that is, the
induction of “acute inflammation” [6, 54, 90‐92]. However, attempts to reduce complications
arising from these mechanisms have been largely unsuccessful and this remains an area for
further investigation [93].
Several components of the perfusion circuit are thought to create the majority of
trauma to the circulating blood. Components that produce turbulent flows and possess large
surface areas are known to activate blood components[7]. In particular, the oxygenator and
blood pump have been identified as major sources of blood trauma within the bypass circuit
[12, 17]. The membrane oxygenator’s surface constitutes 85% of the surface area of the
perfusion circuit in cardiopulmonary bypass [94]. The large surface area that oxygenators must
have to facilitate adequate gas exchange, combined with shear stresses and turbulent flow
patterns, creates extensive material contact and triggers the formation of thrombi and acute
inflammation. A retrospective comparison of two oxygenators, the Avecor (Medtronic,
Minneapolis, MN) and the Monolyth (Sorin, Irvine, CA), with different designs and coatings in
bypass patients, demonstrated that the oxygenator’s properties influence platelet
consumption, procoagulatory reactions, the release of inflammatory mediators, and
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complement activation [94]. Platelet adhesion and protein adsorption are also associated with
membrane oxygenation [95]. Advances in oxygenator design and coatings have made
significant differences in the activating properties of these devices; however, overcoming the
massive surface area‐induced contact activation remains a bioengineering concern. Kawahito
et al demonstrated the undesirable and apparently unavoidable hemolytic properties of several
clinically accepted oxygenators, noting differences in hemolysis rates among the
oxygenators[96].
Anticoagulants are essential to prevent excessive clotting and coagulation in both the
circuit and the patient and to limit thrombus and embolus formation that may occlude vessels
or capillaries when pumped into the patient’s circulation. The most commonly used
anticoagulant is unfractioned isolated from either bovine or porcine blood [97]. Heparin acts by
promoting antithrombin’s ability to bind and inactivate factors XIIa, Xa and thrombin. Though
specific protocols vary between and sometimes within hospitals, heparin is typically
administered at a high intravenous dose (300‐400 IU/kg) and supplemented with an additional
bolus (5,000 – 10,000 IU) systematically, or in response to measured coagulation activity [97].
Heparin administration often contributes to post‐operative bleeding and thrombocytopenia
[98]; the latter being seen in 6‐7% of patients [99]. With a half‐life of about 150 minutes in
higher concentrations (protein degradation is rate‐limited by the concentration of heparin
degrading enzymes), heparin can remain in the patient’s circulatory system at doses sufficient
to interfere with clotting, and may contribute to excessive bleeding for over 10 hours.
Individual patient response to heparin dosing varies with respect to heparin resistance and
immune system response to heparin‐platelet complexes [100].
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Other pharmaceutical anticoagulants, such as leprudin, bivalirudin, and argatroban – all
direct thrombin inhibitors ‐are less widely used and typically reserved for cases of heparin
resistance or where the patient tests positive for anti‐heparin‐platelet factor 4 antibodies (a risk
factor for heparin‐induced thrombocytopenia)[97]. While heparin’s anticoagulant effect can be
reversed by protamine, other anticoagulants have no known antidotes, so reversing the effect
of anticoagulation, a post‐operative priority, is more difficult and less controllable. Bivalirudin, a
synthetic congener of hirudin, is approved by the Food and Drug Administration only as a
substitute for heparin in cases of heparin‐induced thrombocytopenia (where heparin
complexes with platelet factor 4 result in immunologic consumption of platelets)[42]. Leprudin,
a recombinant hirudin from yeast cells, is cleared from the body exclusively by the kidneys, and
is not given to patients with impaired renal function. Argatroban is a synthetic direct thrombin
inhibitor derived from L‐arginine metabolized (cleared) in the liver; therefore, it is not given to
patients with impaired liver function[97]. Platelet inhibitors and Glycoprotein IIb/IIIa binding
inhibitors are sometimes given, but administration of these drugs further increases the risk of
bleeding both during and after surgery. In most bypassed patients, complications due to
thrombosis (e.g. stroke, myocardial infarction, deep vein thrombosis, graft occlusion) are a
major post‐operative concern. Platelet inhibitors (aspirin and clopidogrel) are given for at least
five days after the operation to prevent post‐operative thrombosis and ischemic events [101].
IIC. Hemodialysis
Hemodialysis circuits consist of tubing, the blood pump, the dialysate filter, an air trap
or bubble filter, and several monitors (for pressure, flow and air bubbles). Typically, blood is
passed from the patient’s arm through the cannulae and inflow dialysate line, through the
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dialyzer, through the outflow hose and back into the patient powered by a roller pump [102].
The outflow hose contains a filter for thrombi and particulates and/or bubble trap.
Hemodialysis, like cardiopulmonary bypass, requires heparin administration as anti‐thrombotic
therapy, since similar blood‐surface reactions from the extracorporeal circulation cause
thromboembolic and inflammatory complications [103]. Hemodialysis is usually prescribed for
3‐4 hours several times per week, but can require 8‐10 hours for patients on nocturnal dialysis.
Considerable morbidity is associated with end stage renal disease and treatment by
dialysis. Complications originating from the process of hemodialysis and the extracorporeal
circuit include thromboembolism, anaphylactic and inflammatory reactions, bleeding and
thrombocytopenia and platelet dysfunction [104, 105]. Other complications include the risk of
cardiovascular events from continuous hypertension, infection from catheters or machinery,
electrolyte and pH imbalances, nutritional deficits, and lower efficacy of drugs due to their
removal from circulation through the dialysis membrane [105].
Dialysis membranes must possess a large surface area to effectively filter a patient’s
blood. Like oxygenators used in cardiopulmonary bypass, the surfaces of the dialysis membrane
activate blood components. Leukocytes express several cell activation markers such as CD18
and CD49 and release pro‐inflammatory cytokines, including tumor necrosis factor‐α and
interleukin‐1β, as a result of contact with the dialysis membrane [106]. Platelet‐leukocyte
interactions during hemodialysis result in mutual activation [107]. These interactions have a
variety of pathophysiologic implications, including the release of inflammatory mediators, such
as leukotrienes and platelet activating factor, the release of reactive oxygen species (free
radicals), which produce endothelial cell damage and generate an acute inflammatory response
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[108, 109]. The dialysis membrane is also responsible for contact activation of both the
coagulation and complement systems [90], which may manifest as thromboembolic
complications [105] or result in clotting and fouling of the dialysis membrane itself [110].
Anticoagulant use in hemodialysis mirrors that of cardiopulmonary bypass, with heparin
as the default treatment and direct thrombin inhibitors such as argatroban being prescribed in
instances of heparin‐induced thrombocytopenia (see above) [110]. Additionally, regional citrate
anticoagulation can be used in patients with heparin‐induced thrombocytopenia. Citrate
inhibits the coagulation cascade by chelating calcium and magnesium ions required as cofactors
by the cascade’s proteases. Because its action is reversed physiologically (through metabolic
processes), citrate exhibits lower bleeding complications than heparin [111].
IID. Blood Pumps and Flow in Extracorporeal Circuits
Two types of pumping systems have evolved as the major mechanisms for circulating
blood through extracorporeal circuits: the roller pump and the centrifugal pump. Both pumps
are known to cause hemolysis and activate blood components through the creation of high
flow/pressure areas and elevated shear stresses [17]. While hemodialysis circuits rely almost
exclusively on roller pumps, centrifugal pumps have gained popularity for use in
cardiopulmonary bypass. Several pump comparisons have been published [18‐21], though no
functional consensus on the superiority of one pump over the other can be reached. From
these comparisons, however, it is apparent that the pumping system, regardless of type, is a
source of hemolysis, complement and platelet activation, and induction of events associated
with acute inflammation. Paparella, et al [17] demonstrated increases in prothrombin
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fragments, plasma free hemoglobin, platelet factor 4 expression, and P‐selectin expression over
4 hours in vivo and 6 hours in vitro, respectively, with both roller and centrifugal pumps.
Another area of concern regarding the pumping mechanism is the output waveform,
characterized as either pulsatile or non‐pulsatile, based on whether flow is variable or constant.
Both types of wave forms can be produced by manipulating flow, but pulsatile flow is inherently
created by roller pumps and non‐pulsatile flow is created by centrifugal pumps. Studies
conducted both in patients and in vitro have been inconclusive as to the superiority of one flow
form over the other [112]. Despite extensive research comparing the two flow forms (over 680
published articles since 1969; National Library of Medicine), the benefits of pulsatile perfusion
over non‐pulsatile perfusion are widely debated and data from clinical studies are inconclusive
[112‐114]. Alghamdi and Latter[112] reviewed all available literature on the subject prior to
March 2005, and evaluated each qualified study for difference between pulsatile perfusion and
non‐pulsatile perfusion for total mortality, myocardial infarction, renal dysfunction, and stroke.
They found only one “fair randomized controlled” study showing the benefits of pulsatile
perfusion in reducing myocardial infarction and total mortality [115]. Six other clinical studies
included in the review found no statistically significant differences in total mortality [112]. No
statistically significant differences in occurrence of stroke or renal failure were found between
pulsatile and non‐pulsatile groups in any of the reviewed studies. Abramov et al [116] found no
significant differences between pulsatile and non‐pulsatile groups in any of the four categories.
Alghamdi and Latter concluded that the current available evidence was insufficient to
recommend the routine use of pulsatile perfusion over non‐pulsatile perfusion.
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Contrary to Alghamdi and Latter’s findings, a review by Ji and Undar found
“considerable evidence that pulsatile flow is superior to non‐pulsatile flow in cardiopulmonary
bypass [117].” They reviewed 194 published articles (74 animal studies, 84 clinical studies, and
35 reviews or evaluations of new devices) on the subject of pulsatile perfusion. They found no
papers that claimed “significant undesirable effects” of pulsatile perfusion compared with non‐
pulsatile perfusion. They found evidence to support the superiority of pulsatile flow to non‐
pulsatile flow: lower pulmonary vascular resistance, improved microcirculation and less edema,
improved blood flow to internal organs, lower incidence of systemic inflammatory response,
decrease in post‐procedure death rate, and no increase in hemolysis or platelet consumption,
activation, or dysfunction. While the results of Ji and Undar suggest the superiority of pulsatile
perfusion, their review did not address or evaluate study design and control. In summarizing
their review, they cite three reasons pulsatile perfusion is not currently the clinical standard:
•

limited understanding of the quantification of wave form pressures and flow,

•

limitations of experimental design

•

the choice of circuit components without scientific evidence.

They do not discuss conflicting data or lack of conclusive data as a reason for the continued use
of non‐pulsatile perfusion in cardiopulmonary bypass. The authors ultimately conclude that
pulsatile perfusion minimizes many adverse effects of bypass, and causes no additional adverse
effects; thus it should be regarded as superior to non‐pulsatile perfusion.
Perhaps as important as the produced output wave form is the flow within the pump
itself. Factors such as turbulence, stagnation, recirculation, high shear stresses, and negative
pressure all contribute to blood damage within the pump [118]. Mulholland, et al [119]
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investigated the flow produced by roller pumps via computation fluid dynamics and compared
results to data previously obtained from flow analysis on centrifugal pumps. They found that
flow velocities and shear stresses produced by roller pumps at certain points in the rotation
cycle (when first contacting or releasing the tubing) were well above published thresholds for
inducing hemolysis and damage to blood cells. The authors noted that exposure times to these
stresses are important, as both time and shear stress compose the thresholds. The time spent
above these thresholds for a single revolution of a roller pump is very short (the approximation
is <0.01 seconds) but significant damage accumulates over the many revolutions required to
pump blood in a procedure such as cardiopulmonary bypass. For comparison, computational
fluid dynamics of a Medtronic Biomedicus BP‐80 created very similar shear stress profiles with
comparable maximum shear stress and shear stress distributions [120] with the greatest shear
stresses occurring at the inlet, outlet, and ends of the impeller blades.
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Section III – Evaluation of Hemocompatibility in Extracorporeal Systems
Evaluation of medical device hemocompatibility is a complex process affected by the
reactive nature of blood and conditions of measurement. Efforts to control variables and
standardize testing procedures are important to ensure accurate results. These variables
include hematocrit, anticoagulants, sample collection, sample age, sample storage, aeration,
pH, temperature, sequence of tests versus control studies, surface‐to‐volume ratio, and fluid
dynamic conditions[121]. The Food and Drug Administration refers to “ISO‐10993, ‘Biological
evaluation of medical devices,’” published by the International Organization for
Standardization, as guidelines for the assessment of blood‐device interactions [121]. This
document divides blood testing into five categories: thrombosis, coagulation, platelets,
hematology, and complement system, all of which are required for the development of
extracorporeal circulation devices. Several different tests are recommended within each
category. For extracorporeal circulation devices, these guidelines suggest tests of platelet
function, complement activation, and thrombus accumulation (i.e. tests of thrombogenesis and
activation of the pro‐inflammatory system) be done.
Red blood cell injury and hemolysis associated with oxygenators and pumps is
frequently evaluated by measuring plasma free hemoglobin [92, 122‐124]. Direct photometric
measurements, as described in Harboe [125] and Cripps [126], are mentioned in ISO‐10993 as
acceptable methods of plasma hemoglobin determination. Hemolysis is often reported as a
normalized index of hemolysis, defined as the grams of free hemoglobin produced per 100 L of
blood pumped[127]. This value is calculated from free hemoglobin concentration and the
hematocrit; the equation is shown in Figure 5. The use of normalized index of hemolysis has
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been criticized because the observed value is influenced by variation in the amount of
hemoglobin contained by each lysed cell[128].
Assays of degranulation products and expression of activation markers and adhesion
molecules are regularly reported as indicators of leukocyte damage during extracorporeal
circulation [124, 129‐134]. Degranulation products include elastase, myeloperoxidase,
lactoferrin, and inflammatory cytokines such as tumor necrosis factor alpha and interleukin 1‐
beta [133]. Degranulation indicates cellular activation through interactions with adsorbed
protein, platelets and other cells, or from biochemical influences such as metabolite
deficiencies or pH imbalance [135]. CD11b, an adhesion molecule expressed by activated
leukocytes, is often used as an indicator of inflammatory activation in extracorporeal circuits
[129]. Measuring CD11b expression, along with L‐selectin expression and microscopic
evaluation of devices post‐perfusion, is recommended by ISO‐10993 when testing for leukocyte
activation[121]. Other indicators of leukocyte activation include cell counts [132] and assays of
leukocyte function [136].
Contact activation and thrombogenesis are tested by both functional and
immunochemical methods. Common assays of contact activation and coagulation include
measurement of activated factor XIIa, thrombin‐antithrombin complex, fibrin degradation
products (FDP), and prothrombin fragments[121]. Other functional tests of coagulation include
activated partial thromboplastin time, prothrombin time, activated clotting time, and thrombin
time [6, 137]. Plasma fibrinogen concentration is also reported but is indicative of both
adsorption and deposition, which cannot be separated as causes of decreasing fibrinogen
levels, at least in short‐term circulations [138].
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Commonly reported platelet assays include microscopic evaluation for adherent
platelets to a device or material surface, assays for β‐thromboglobulin, and the expression of
fibrinogen receptor glycoprotein IIb/IIIa [130]. Tests of platelet function, such as in situ
aggregation and platelet plug formation are also available [121]. Platelet count is used as a
indicator of platelet aggregation and adhesion, but can be confounded by heparin‐induced
thrombocytopenia or platelet aggregation [98].
Complement activation is determined by assays for activated complement products,
namely C3a, C5a, and the terminal membrane attack complex [48]. Concentrations of C3a
indicate activation of the alternative (contact activation) pathway; C5a and the membrane
attack complex measure activation of both the classical and alternative pathways[8].
Complement activation can also be measured by assays that measure a sample’s ability to
generate either C3a or C5a, indicating the presence of activated complement products in a
sample[121].
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Section IV ‐ The use of isolated, artificial systems for studying the effects of extracorporeal
circulation on blood
The dynamic nature of blood and the complexity of its various functions make studying
its reaction to extracorporeal circulation in a clinical setting challenging. A patient’s collective
response to attachment to extracorporeal circulation and any resulting pathologies are a
mosaic of countless, inter‐related physiologic reactions. Comparing results obtained in the
clinical setting, where patients vary dramatically in their overall health, disease situation, and
individual reactivity, is difficult. To overcome this variability, studies are often performed in
isolated artificial circuits that simulate extracorporeal circulation. Such studies are attractive
because they limit variability induced by the interaction of blood components with the
circulation and organs of an ill patient. Studies on purified components of blood (such as
neutrophils or purified coagulation proteins) offer even more control, but fail to take into
account cross‐talk communication between and amplification of other systems present in blood
[139]. In vitro studies of whole blood allow a reasonably comprehensive means of studying
blood component interactions, while eliminating many of the patient‐related variables
encountered in the in vivo setting. The results of in vitro studies allow researchers to gather
useful information when studying blood itself or its interactions with a biomaterial, device, or
extracorporeal circuit.
In vitro circulations are commonly used to investigate extracorporeal blood biology,
different perfusion protocols and treatments, and blood‐material or blood‐device interactions
[12, 17, 92, 122‐124, 127, 130, 132‐134, 140‐143]. Experimental in vitro circuits vary in design,
from a simple rotating tube (dubbed the “Chandler Loop”) [144], to sophisticated pulsing
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chambers that circulate blood through live explanted blood vessels [33]. Some studies
investigating protein adsorption and platelet adhesion to different surfaces or coatings employ
static exposure techniques, where the material or component is incubated in collected blood
for a certain period [142, 145]. However, most circuits consist of some sort of “simulated”
extracorporeal circuit, such as a closed loop heart‐lung machine, though most are miniaturized
in some way because of the large volume of blood required to prime a full‐size heart‐lung
machine. Such circuits usually consist of a pumping mechanism, tubing, an oxygenator and
variable sensors depending of the application. Some also include blood reservoirs to adjust for
volume fluctuations during priming or sampling [127]. Variables in simplified, in vitro
experimentation systems include different components of the mock perfusion circuit, duration
and temperature of circulation, flow and pressure within the circuit, and blood variables (such
as species, anticoagulant, dilution, and freshness).
Comparing extrapolated information reported from experiments conducted in isolated,
artificial systems to clinical extracorporeal circulation setting is often problematic for several
reasons. First, blood used in different studies using isolated, artificial circuits is collected from
many different sources (i.e. porcine, bovine [96, 146], human[131]) and under differing
conditions. Most published studies use fresh whole blood, but some use expired banked blood
or isolated components of blood [147]. Choices of anticoagulant include heparin, acid citrate
dextrose, citrate phosphate dextrose, and leprudin, and drug concentration is a decision of the
investigator and not part of a standardized protocol. The circuits used for study may include
different components or different materials, have different pumping systems, and may be
operated at differing temperatures for different durations. Finally, different parameters are
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measured to indicate damage to blood cells and other components of blood. Despite these
differences, in vitro studies have provided valuable information applicable to the use of clinical
extracorporeal circulation. For example, hemolysis, platelet activation and consumption,
coagulation, complement and leukocyte activation and adhesion have all been studied in
artificial circuits and have generated clinically relevant information.
Watanabe et al [131] reported a comparison of membrane oxygenator coatings in an
isolated, artificial circuit using fresh human blood in citrate‐phosphate‐dextrose anticoagulant.
Levels of C3a and C4a were measured in circuits using ten different oxygenators over 6 hours of
perfusion (five coated with a silicone membrane and five uncoated). Nearly linear increases of
C3a, C4a, and granulocyte elastase were observed over time in both groups with silicone‐
coated surfaces proving to be the least activating. Platelet counts in this study exhibited an
immediate decrease, then a steady increase over the duration of circulation (6 hours) in both
situations, which was attributed to platelets releasing from the surface of the extracorporeal
circuit into circulation during the perfusion period.
In a similar fashion, thrombin, β‐thromboglobulin, C3a and C4a production was shown
by Baba, et al [140] to increase with time in simulated circulation when comparing heparin‐
coated circuits with non‐coated circuits using pooled, heparinized human blood circulated for 3
hours. This study reported a similar pattern in platelet count to that of Watanabe et al [131].
The observed changes in platelet count were explained by the theory that platelets
immediately adhere to biomaterial surfaces and then are released as circulation time increases.
Another possibility is that the observed increase in platelet count is actually due to red cell
fragmention; cell counters may read red cell fragments as platelets because of similarities in
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size and impedance [148]. A similar, though not as pronounced, pattern in the number of
leukocytes was also observed.
In another artificial circulation experiment comparing heparin‐bonded circuits to non‐
bonded circuits, Bannan et al [92] perfused fresh heparinized human blood through an artificial
circuit for 6 hours using a Medtronic Biopump centrifugal pump. This study reported a steady
decrease in white blood cell and platelet counts, and increases in the expression and release of
inflammatory mediators (elastase and interleukin‐8). Interestingly, the expression of IL‐8 and P‐
selectin exhibited drastic increases between 2 and 6 hours, but not before 2 hours. These data
suggest that mechanisms of blood response exhibit different response schedules and patterns
over time.
RBC damage is a significant complication in the use of blood pumps and is well
documented in closed‐loop artificial circulations. Several studies have reported that hemolysis,
as indicated by plasma free hemoglobin and flow cytometry methods, increases with circulation
time [12, 18, 92, 96, 122, 128, 149, 150]. In a study comparing three centrifugal pumps (the
Medtronic Biomedicus, Jostra Rotaflow, and Cobe Revolution) to the Cobe Century roller pump
system, Lawson, et al [122] observed constant increases in hemolysis from four different
pumping systems over a 6‐hour test circulation period using fresh, heparinized bovine blood.
Though different perfusion systems exhibit different rates of hemolysis (the roller pump being
the lowest and the Biomedicus centrifugal pump being the highest), all artificial circuits caused
free hemoglobin levels to increase at least 8 times over the baseline value. Skogby et al
(discussed below) [124], noted a similar pattern in plasma free hemoglobin using fresh, pooled,
heparinized human blood in two different perfusion systems. Other studies (cited at the
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beginning of this paragraph) noted similar increases in hemolysis over time, despite differences
in perfusion circuits, blood source, length of perfusion time and anticoagulant. The results of
these studies (above) support the hypothesis that alterations in the composition of blood
increase over time in isolated, artificial circuits. However, few studies document perfusion
times greater than 6 hours, which is highly relevant in long‐term extracorporeal membrane
oxygenation and in ex vivo organ perfusion.
A study of two extracorporeal perfusions systems published by Skogby et al [124] in
1998 evaluated the effect of 24 hours of extracorporeal circulation using two different pumping
systems, a centrifugal pump and a novel pumping system. The study evaluated cell counts,
expression of platelet membrane glycoproteins and leukocyte membrane receptors, and
release of inflammatory cytokines, coagulation proteins, and hemoglobin as markers of blood
damage using samples of pooled, heparinized human blood. The authors reported increasing
levels of inflammatory cytokines, plasma hemoglobin, and membrane expression of activation
and adhesion markers over the 24‐hour measurement period, indicating substantial cell
activation and damage to cells. Decreasing platelet and leukocyte counts support this
conclusion, indicating adhesion, consumption, and destruction. The changes for each
parameter were different between the two pumping systems (which were identical save for
pumping mechanism), indicating that the pumping mechanism plays a role in the degree of
blood damage created by the perfusion system.
No other in vitro studies on long‐term extracorporeal circulation could be found in an
exhaustive search of the Pubmed National Institutes of Health database. Search terms included
“cardiopulmonary bypass”, “hemodialysis” and “extracorporeal circulation” and various
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combinations of “in vitro,” “hemolysis,” “red blood cell,” “leukocyte,” “platelet,” “activation,”
“pumping mechanism,” and several other terms depending on the topic being discussed at the
time of the search. References from papers found in these searches were reviewed to provide
additional references relevant to this project.
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Literature Review Summary
The literature relevant to the changes in blood components during extracorporeal
circulation was reviewed. Changes include:
•

Initial reactions of protein adsorption to contact with foreign (non‐biological) materials
and subsequent activation of the coagulation and complement systems, platelets, and
leukocytes

•

Hemolysis and platelet and leukocyte activation due to non‐physiologic shear stresses,
flow velocities and patterns

•

Propagation of these reactions because of contact between the activated blood systems
(cellular and humoral)

These changes have been observed in clinical and simulated CPB and hemodialysis, and in
isolated, artificial circuits used to study extracorporeal circulation. These changes are
dependent on the duration of extracorporeal circulation, and appear to depend on different
components of the extracorporeal circuit such as pumping mechanism, oxygenator, and
coating. However, studies of the effects of pumping mechanism have led to mixed and even
conflicting results.
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Chapter III – MATERIALS AND METHODS
Study Design Summary
The study was performed on blood from swine (Sus domesticus). Pigs were selected as
the species for this test because of similarities between the pig and human cardiovascular
system and the ability to provide the large volume of blood needed to fill both systems. Blood
was drawn from each pig into a pre‐heparinized blood bag and transported to the laboratory.
Two identical artificial circuits, one with a roller pump and one with a centrifugal pump, were
filled with blood and the remaining blood was placed on a rocker as a non‐circulated control. At
the start of perfusion and after 1, 6, 12, 18, and 24 hours of perfusion, samples were drawn
from each treatment and analyzed by a Heska CBC Diff hematology analyzer.
Sample Collection
Blood was collected from young adult pigs via cardiac puncture, according to
Institutional Animal Care and Use Committee approved protocol 08‐131‐CVM. Pigs were
removed from the housing pen to a separate room and sedated with a combination of xylazine
(5.0 mg/kg) and telazol (5.0 mg/kg). Satisfactory sedation was verified by observation of
decreased motor activity and decreased reactivity to handling and gentle restraint. After
cleansing the puncture area with povidone iodine solution and alcohol, a 14‐gauge, 4‐inch
spinal catheter needle (AngioCath, Becton Dickinson, Inc) was inserted into the heart to collect
blood. A total volume of 600 mL was collected into sterile bags containing 600 µL of sodium
heparin (10000 IU/mL; Abraxis Pharmaceuticals). The bags were rocked gently back and forth
during the blood draw to ensure even distribution of anticoagulant in the blood. The blood bags
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were transported to the laboratory in a room temperature insulated cooler. The circuits were
filled with blood within one hour of collection.
Circuit Preparation and Construction
Duplicate circuits, one containing a Medtronic Biomedicus BP‐80 centrifugal pump and
the other containing a Cobe Century roller pump (Sorin Group USA, Arvada, CO), were set up
side by side for comparison. Each pump was integrated into an artificial test circuit, which
consisted of a Capiox 308 Oxygenator (Terumo Cardiovascular Systems, Ann Arbor, MI), 60 cm
of LS‐20 silicone tubing (Cole‐Parmer Instrument Company, Vernon Hills, IL), 48 cm of
Medtronic 3/8” Class VI (Medtronic Inc, Minneapolis, MN), a 3‐way Luer port to facilitate
sampling, and two 3/8” –1/4” hose adapters (Green Leaf Inc, Fontanet, IN; see Figure 8). Prior
to each experiment, the circuit was disassembled, cleaned, dried, and sterilized with ethylene
oxide gas. Approximately two hours before testing, the circuit was aseptically re‐assembled
and primed with sterile Lactated Ringer’s Solution (Baxter Healthcare, Deerfield, IL).
Infusion and Circulation Procedure
The 3‐way Luer connector in the circuit was disconnected and connected to the blood
bag via 25cm of sterilized Tygon R‐3603 tubing (Baxter Healthcare Corporation, McGaw Park, IL)
and a female Luer connector. A 14‐gauge, 1‐inch needle was connected to the opposite end of
the Tygon tubing and inserted into the blood bag. Blood was then introduced into the circuits
and the Lactated Ringer’s prime solution was allowed to flow out of the circuit. Infusion was
stopped when the expelled prime solution appeared slightly colored. The circuit was then re‐
connected and allowed to circulate for 2 minutes, allowing the leftover prime solution and
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blood to mix evenly. Each pump was set to a flow rate of 500 mL/min. Samples were drawn at
time zero and after 1, 6, 12, 18, and 24 hours of perfusion.
Sample Testing
Blood samples drawn from the circuit were analyzed immediately using a Heska CBC‐Diff
Complete Blood Counter (Heska Corporation, Loveland, CO). Absence of clots was confirmed
visually before sampling. Samples were tested only once based on previous quality assessment
of this instrument (Tables 1 and 2). This machine measures white blood cell (WBC), red blood
cell (RBC), and platelet (PLT) counts by electrical impedance of cells in a precisely diluted
sample. The sample is then lysed and the resulting fluid is analyzed photometrically to
determine total hemoglobin (HGB) concentration. The red cell distribution width (RDW), mean
cell volume (MCV), and mean platelet volume (MPV) are determined from the histogram of
impedances collected from the sample. The mean corpuscular hemoglobin (MCH = HGB/RBC),
hematocrit (HCT = RBC X MCV), and mean corpuscular hemoglobin concentration (MCHC =
HGB/HCT) are calculated from HGB, RBC count, and MCV.
Quality Control and Validation
The Boule Normal Veterinary Hematology control (supplied by Heska) was tested before
and after sampling to ensure the machine was operating within the manufacturer’s
specifications. The instrument was maintained according to the manufacturer’s instructions for
the duration of the experiment, including weekly bleach cleaning and monthly enzymatic
cleaning. Intra‐assay precision from the Boule Normal Control and a single porcine blood
sample were determined prior to experimentation (Tables 1 and 2).
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Statistical Analysis
A mixed‐model repeated‐measures analysis of covariance (ANCOVA) was performed
using the Glimmix Procedure using time zero measurements as a covariate to identify effects of
time of circulation, treatment, and the interaction of time and treatment. Each variable was
analyzed for effects of treatment and time overall, for effects of each individual treatment over
time, for differences between times within each treatment, and for differences between the
treatments at each time point. Besides the fixed effects (time, treatment and the covariate),
the analysis specified pig as a random effect in modeling correlation of the observations over
time. Normality of the data was confirmed using normal probability plots generated by proc
univariate. Residual plots were inspected to verify model adequacy (e.g. that the errors
followed a normal distribution with a constant variance). The results of one pig were omitted
from analysis because of missing data at time 0 for the perfusion circuits. Statistical significance
was set at alpha = 0.05. All analyses were performed using SAS (Version 9.2; Cary, NC, USA).
Blood Gases
Blood gases were analyzed with an I‐Stat CG8+ cartridge (Heska Corp, Loveland, CO)
after 24 hours of treatment for pig 2 and pig 3. Analysis of variance with Tukey comparison of
means between treatment groups was performed for each blood gas parameter using proc
mixed in SAS (Version 9.2; Cary, NC, USA).
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CHAPTER 4 – RESULTS
Red Blood Cell Count (Figure 7)
Red blood cell counts were not affected by treatment (P= 0.5719), time (P=0.6756), nor
time by treatment interaction (P=0.9258). No differences in RBC counts were observed
between the pumping systems (P=0.4039).
Mean Corpuscular Volume (Figure 8)
Mean corpuscular volume increased (P<.001) over 24 hours, but was not affected by
treatment (P= 0.2352) nor the interaction of time and treatment (P= 0.5687). After 24 hours,
the MCV was 50.1 fL for the uncirculated control and 48.8 fL for the centrifugal pump system
(P=0.0225). No difference in MCV was observed between the two pumping systems (P=0.4362).
Mean Corpuscular Hemoglobin (Figure 9)
Mean corpuscular hemoglobin increased over 24 hours (P=.0019), but was neither
affected by treatment (P=0.6506) nor the interaction of time and treatment (P=0.4905). MCH
was greater (P<0.05) at 18 and 24 hours than at hour 1 for each of the treatment groups. No
differences were observed between pumping systems (P=0.4903).
Mean Corpuscular Hemoglobin Concentration (Figure 10)
Mean corpuscular hemoglobin concentration was not affected by treatment (P=0.1499)
nor time (P=0.9344). Mean MCHC differed between the uncirculated control and the centrifugal
pump system at 12, 18, and 24 hours (P < 0.05). No difference in MCHC was observed between
the pumping systems (P=0.2214).
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Red Cell Distribution Width (Figure 11)
Red cell distribution width was affected by treatment (P=0.0003). RDW was not
affected by time, but the effect of time showed tendency towards significance (P=0.0777). RDW
was not affected by the interaction of treatment and time (P=0.5876). No difference in RDW
was observed between the two pumping systems (P=0.7573).
White Blood Cells (Figure 12)
White blood cell count was affected by time (P<0.0001), but neither by treatment
overall (P=0.3728) nor the interaction of time and treatment (P=0.5147). The uncirculated
control and the centrifugal pump WBC count decreased over 24 hours (P=0.0004 and P=0.0227,
respectively), while it did not for the roller pump system (P=0.6037). However, no difference in
WBC count was observed between the two pumping systems (P=0.4139).
Platelet Count (Figure 13)
Platelet counts were affected by treatment overall (P<0.0001) but neither by time
(P=0.5598) nor time by treatment interaction (P=0.1022). PLT count of the uncirculated control
individually showed a time effect (P=0.0356), but not of the roller and centrifugal systems
(P=0.7653 and P=0.3829, respectively). PLT counts of both pumping systems differed from the
control at each time point (P<.01). No difference was observed between the two pumping
systems (P=0.7488).
Hemoglobin (Figure 15)
Total hemoglobin concentration was not affected by time (P=0.8558), treatment
(P=0.3101), nor the interaction of time and treatment (P=0.9870). No difference was observed
between the pumping systems (P= 0.2404).
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Hematocrit (Figure 16)
Hematocrit was neither affected by time (P=0.8812), treatment (P=0.3981), nor the
interaction of time and treatment (0.9732). No difference was observed between the pumping
systems (P=0.4249).
Blood Gas Analysis (Table 3)
Treatment affected blood pH (P=0.033), pCO2 (P<0.001), HCO3‐(P=0.006), and TCO2
(P=0.004). The treatment effects were a product of the difference between the two circuits and
the control. No differences were observed between the pumping mechanisms for any
parameter P>0.50). PO2, base excess, and SO2% were not affected by treatment (P>0.25).
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CHAPTER 5 – DISCUSSION
The purpose of this study was two‐fold: to compare two pumps used clinically for
extracorporeal circulation and to evaluate changes in circulated blood and a non‐circulated
control over a period of 24 hours. Literature relevant to the effect of pumping mechanism is
inconclusive; several studies claim superiority of one pump type over another and others
observe no differences between different pumps. Both pump types are used clinically for
extracorporeal circulation. Data comparing the effects of roller pumps and centrifugal pumps
on hematology parameters over periods of time longer than 6 hours are not available, but are
relevant to applications like pediatric extracorporeal membrane oxygenation and for using
blood or blood products as organ preservation mediums.
The results of this study show that time affects blood elements circulated through
simulated extracorporeal circulatory systems. Time affected WBC, MCV, MPV, and MCH, and
may affect MPV and RDW. Changes in PLT count, MCHC and RDW differed between the
pumped blood and the uncirculated control blood. No differences between the two pumping
systems were observed with the exception of a time‐dependent decrease in WBC count
observed for the centrifugal pumping system, but not for the roller pump system. RBC count
did not change over 24 hours of circulation, although up to 52% hemolysis has been reported in
animal bypass experiments [151].
Sakota et al [152] investigated changes in MCV, MCH and MCHC to assess trauma to
RBCs during extracorporeal circulation, hypothesizing that selective hemolytic degradation of
aged RBCs resulted in a population shift towards younger, larger cells, seen as an increase in
MCV and decrease in MCH and MCHC. They compared three isolated artificial systems (each
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with a different pumping mechanism) with a non‐circulated control; the non‐pumped control
was used to illustrate changes in the absence of shear stresses caused by pumping and
circulation. After 6 hours of perfusion, blood samples from the pumping systems had higher
MCV and lower MCH and MCHC compared to the non‐circulated control blood. Combined
effects of a younger cell population with lower hemoglobin concentrations and hemoglobin
leaching (“subhemolytic damage”) were deemed responsible for concurrently decreasing MCH
and MCHC. The current study, however, shows no difference in MCV and MCH in between the
control and the pumping systems, and MCHC was greater in the pumping systems than in the
control. Over time, the current results indicate that MCV and MCH increase and MCHC does not
change in both isolated perfusion circuits and non‐circulated controls. Compared to non‐
circulated blood, our circulated blood showed trends opposite those reported by Sakota et al:
less of an increase in MCV, a greater increase in MCH, and higher MCHC throughout the
experiment. Changes observed up to 6 hours of circulation for MCV, MCH, and MCHC do not
necessarily continue beyond that time. For example, in our study, MCV did not change
between individual time points after 12 hours for any of the experimental groups.
Several procedural differences between the current study and Sakota et al could
explain these conflicting observations. The current study incorporated an oxygenator into the
perfusion circuits but not a reservoir, used heparin as an anticoagulant instead of citrate, and
perfused at a lower flow rate (0.5 L/min vs 5 L/min). Differences in flow likely affected changes
in red cell parameters as flow and pressure influence hemolysis [153].
Another possible explanation for the changes seen in these two studies is that, in the
absence of oxygen, glucose is consumed more quickly by circulating cells, depleting the energy
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source red blood cells use to maintain osmotic balances. In the absence of energy necessary to
drive membrane Na+/K+ pumps, red blood cells swell, membranes eventually degrade, and the
cells lyse [154]. An increase in MCH does not support this explanation, as a decrease would be
expected with membrane degradation and hemoglobin leeching. We attribute the slight
increase in MCH to the MCH being a calculated ratio of total hemoglobin concentration to the
RBC count, and that minor, clinically irrelevant changes in this ratio resulted in a slight increase
in MCH over the first 6 hours of perfusion.
Increased concentrations of cytokines interleukin‐6, interleukin‐8 and interleukin‐1β
observed in isolated artificial perfusion systems over 24 hours of circulation are evidence of
WBC activation [124]. Increases in leukocyte activation markers P‐selectin and elastase have
been observed in other studies of isolated artificial systems [92]. WBCs activated by artificial
circulation are more apt to adhere to surfaces in the perfusion circuit, decreasing the number
of circulating cells and the measured WBC count. Adrian et al [133] observed decreases in WBC
count in both an artificial circuit and a non‐circulated control over 24 hours. Similarly, in a
comparative study using heparin‐bonded and non‐heparin bonded circuits, Bannan et al [92]
observed almost linear decreases in WBC count over just 6 hours of perfusion in both types of
circuits. In our study, decreases in WBC count were observed only for the centrifugal pump
system and the uncirculated control; there was no difference in WBC count between time
points in the roller pump system. Our observed decreases in WBC count from the control bag
were comparable to WBC counts from blood in control bags, but not to those for the roller
pump system. Our observed decrease in WBC count from blood in the centrifugal pump system
was less than reported in Bannan et al.
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Differences in species, experimental temperature, circuit components, dilutions, and
other procedural differences might explain the disparities between observations in Bannan et al
[92], Adrian et al [133], and the current study. Both Adrian et al and Bannan et al conducted
studies with heparinized human blood at 37°C with flow rates similar to those used in our study
(0.6 L/min and 1 L/min respectively) and heparin concentrations were similar between the
studies (5.5 IU/mL for Adrian, et al, 3.3 IU/mL for Bannan et al and 5‐10 IU/mL for our study
after dilution). Bannan et al diluted the blood to achieve a hematocrit of approximately 20%
with Hartmann’s Solution (Baxter Healthcare), while Adrian, et al pooled undiluted blood from
several donors. Different oxygenators were used for each study: Adrian et al used a Lilliput
(Mirandola, Italy) Dideco D901; Bannan et al used a Minimax Pediatric Membrane Oxygenator
(Medtronic); and a Capiox 308 (Terumo) was used in our study. Previous studies have
attributed variations in the degree of WBC and platelet activation to differences in oxygenator
design and coatings [94, 127, 131], and disagreement between these studies and the current
study could be explained by the use of different oxygenators.
The effects of anticoagulation and circulation on the PLT count and the integrity of their
physiologic activity post‐circulation are very important in extracorporeal circulation, since
bleeding and thrombosis are major post‐operative concerns. Borgdorff et al [141] studied the
effect of a roller pump on platelet aggregation (activation and subsequent clumping). In a
circuit designed to flow with or without pumping, Borgdorff et al found that pumping has an
effect on the production of platelet aggregates during the first ten minutes of blood circulation,
with a marked decrease in PLT count. The observed decrease in the number of circulating
platelets continued through 60 minutes of pumping, dropping to less than half of the original
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platelet count at time zero. Skogby et al [124] observed a similar immediate decrease in PLT
count over 30 minutes, followed by an increase in subsequent time periods, finally a return to
levels comparable to baseline at 24 hours. Baba et al [140] observed no change in PLT count
over 3 hours in a silicone coated circuit and a decrease similar to that observed by Skogby et al
in a non‐coated circuit. Bannan et al compared heparin bonded and non‐bonded circuits over 6
hours and noted a marked decrease to approximately 10% of the baseline PLT count during the
first 30 minutes, followed by a gradual rise to approximately 20% of the original count after 6
hours of perfusion. In contrast, the PLT count in the non‐bonded circuit showed little change in
the first 2 hours of perfusion, but decreased to about half of the original count after 6 hours.
Adrian et al observed no change in PLT count over 24 hours of perfusion in an isolated artificial
circuit, and no change in PLT count from the non‐circulated control blood bag, Thelin et al [155]
reported average decreases in PLT count to approximately 60% the original levels in a study of
eleven pigs with simulated cardiopulmonary bypass using non‐heparin bonded circuits. Using
non‐bonded tubing, we were not able to replicate the decreases in PLT count mentioned above.
Our results indicate no changes in PLT count over 24 hours in either perfusion circuit (P=0.7653
for the roller system and 0.3829 for the centrifugal system). Platelet counts in our study may
have been affected by the time between the blood draw and circuit infusion, which was
approximately an hour. It is possible that the platelet count decreased as observed in the
aforementioned studies, but did so prior to the first sample time and was not observed in our
measurements.
The data from these studies collectively support the conclusion that platelet activation
and adhesion vary with circuit design and experimental protocol. A decrease in PLT count
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within the first hour of blood collection in several studies may be due to rapid platelet adhesion
to the artificial surfaces after infusion into the circuit. At some point, platelet adhesion slows
and is followed by an increase in PLT count that could be due to the release of platelets back
into circulation. Surface chemistry of materials plays a large role in the adhesion of platelets as
demonstrated by differences between heparin‐bonded and non‐bonded [92, 155] and albumin
coated and non‐albumin coated circuits [141]. These data suggest collectively that platelet
activation and adhesion are products of surface chemistry and are not affected by pumping
mechanism. No difference in PLT counts or MPV were observed between the pumping systems
in the current study.
Heparin‐induced thrombocytopenia is defined clinically as a 50% or more reduction in
platelet count and is often evaluated by an antibody test for anti platelet factor 4 – heparin
antibodies. Thrombocytopenia is reported in up to 8% of patients [156]. All absolute platelet
counts in this study were below or on the low side of published reference (“normal”) values.
Our average PLT count before dilution were approximately 250 x 103 /µL; the reference interval
for pigs of this age is 325‐715 x 103 /µL [157]. Preliminary experimental data from our
laboratory suggest that heparin may artificially decrease the platelet count compared with
other anticoagulants, which is an area worthy of further investigation.
Results of blood gas analysis suggest that blood circulated for 24 hours in an isolated,
artificial circuit maintains adequate partial pressures of oxygen and carbon dioxide to
effectively oxygenate tissues. The data were obtained from only two samples and only at the
end of the 24 hour perfusion period, so additional data is necessary for drawing conclusions
about the ability of blood to maintain normal blood gas values over this period in
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extracorporeal circulatory systems. The pH differed between the pumping systems and the
control, indicating that the inclusion of an additional buffer may be necessary to use blood as a
means of maintaining tissues ex vivo.
Dilution of the samples in the pumping systems but not in the uncirculated control in
the current study hinders separation of dilution and pumping effects. Differences identified
between the blood in the uncirculated control and the perfusion circuits could be due to the
effects of oxygenation, depletion of energy sources, or dilution. Because oxygenators require
flow to adequately oxygenate blood, it was not possible to design an oxygenated non‐
circulating control. However, it is of interest that blood diluted with Lactated Ringer’s Solution
appears to show less indication of blood damage than reported in previous studies using non‐
diluted blood for applications like isolated organ perfusion or organ preservation. It is apparent
that blood, as opposed to current organ preservation solutions, is the ideal medium for
preserving organs, as blood accomplishes this feat for years inside the body. Organs outside
the body are currently preserved with a crystalloid solution for a limited ex vivo preservation
period constrained to 24 hours. Extended preservation periods and the delivery of a healthier
organ may be possible with the use of oxygenated blood or some modified form of blood. This
study indicates that blood can be perfused outside the body for an extended period without
producing extensive damage indicated by hematology parameters.
Future work with ex vivo artificial circulatory systems will be designed to further explore
some of the findings of this study and other variables that may affect the health of blood
components. Several important questions that have been generated from this research
include:
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• What are the effects of variables such as dilution, flow rate and pulse form on the health
of blood components?
• How long can blood be circulated before changes in the RBC count occur?
• How does removing leukocytes from the blood affect the health of RBCs during
extracorporeal circulation?
• Is the activation of WBCs and platelets with subsequent release of inflammatory
mediators and cytotoxins responsible for damage to RBCs?
• How long can RBCs be circulated in artificial systems before losing the ability to carry
and deliver oxygen (this ability is lost when the cell breaks or is no longer able to keep
itself in a reduced energy state because of energy depletion)?
• Do changes in RBC indices MCV and MCH indicate damage to RBC or can these changes
be explained by cell swelling, hemoglobin leaching, and energy depletion?
• Does heparin affect the reactivity of platelets to artificial surfaces compared with other
anticoagulants in the human as our data seem to suggest for the pig?
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CHAPTER 6 – CONCLUSIONS
This study investigated the effects of long‐term circulation in an isolated, artificial
oxygenated system on hematology parameters indicative of biological changes in blood. Blood
from 5 pigs was circulated by two different pumps in identical artificial circuits for 24 hours and
compared to blood kept as a non‐pumped control. Both circulation and time of perfusion
affected some of the studied parameters.
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Table 1 – Intra‐assay Precision of Heska CBC‐Diff Using Boule Normal Control (15 Repeats)
RBC
(106/µl)

MCV
(fL)

HCT
(%)

PLT
(103/µl)

MPV
(fL)

WBC
(103/µl)

HGB
(g/dL)

MCH
(pg)

MCHC
(g/dL)

RDW
(%)

MEAN

3.99

65.72

26.21

212.00

11.74

9.37

10.07

25.29

38.48

18.72

SD

0.02

0.88

0.33

5.01

0.20

0.17

0.07

0.15

0.48

0.36

CV (%)

0.50

1.35

1.26

2.36

1.73

1.79

0.68

0.60

1.26

1.94
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Table 2 – Intra‐assay Precision using a Single Fresh Porcine Sample in EDTA (18 Repeats)
RBC
(106/µl)

MCV
(fL)

HCT
(%)

PLT
(103/µl)

MPV
(fL)

WBC
(103/µl)

HGB
(g/dL)

MCH
(pg)

MCHC
(g/dL)

RDW
(%)

MEAN

6.32

46.86

29.63

196.60

7.76

27.50

9.94

15.74

33.59

21.53

SD

0.08

0.35

0.32

17.66

0.14

0.47

0.12

0.16

0.45

0.32

CV (%)

1.19

0.75

1.07

8.99

1.80

1.71

1.23

1.04

1.34

1.49
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Table 3 – Blood Gas Analysis After 24 Hours of Experimentation for Pigs 2 and 3

pH
pCO2
pO2
BEECS
HCO3‐
TCO2
SO2%

Pig 2 (12‐18‐09)
Control Roller Centrifugal
7.251
7.919 7.739
56.4
6.9
8.8
169
155
155
‐2
‐2
‐7
24.8
14.2
11.9
26
14
12
99
100
100
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Control
7.297
55
50
0
26.9
29
80

Pig 3 (1‐7‐10)
Roller
Centrifugal
7.668
7.664
9.1
9.8
169
141
‐10
‐9
10.4
11.2
11
11
100
100

Figure 1 – An illustration of the velocity of different layers moving along a surface. The length
of the arrows represents the velocity of the fluid layer. Fluid in direct contact with the surface
has an ideal velocity of zero. Stress created between these layers because of the different
velocities is shear stress.
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Figure 2 – A simplified diagram of the coagulation reactions, resulting in the deposition of
insoluble fibrin modified from Gorbet and Sefton (2003) [8].
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Figure 3 – Electron micrograph of a clot on the surface of an implanted metal disc. Platelets,
red blood cells, and leukocytes are visible trapped within the deposited fibrin strands.
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Figure 4 – A simplified diagram of the complement cascade culminating in the formation of the
membrane attack complex modified from Nilsson et al (2007) [48].
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Figure 5 – Equation for Normalized Index of Hemolysis
ΔPfHb = change in the plasma free hemoglobin
V = the volume of blood pumped for the given time
Hct = hematocrit
Q = flow rate in liters per minute
T= Time of measurement period in minutes
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Figure 6 – The Cobe Century roller (bottom) and Medtronic Biomedicus BP‐80 centrifugal pump
(top) isolated artificial circuits constructed for this experiment. The systems consist of a Capiox
308 Oxygenator (Terumo Cardiovascular Systems, Ann Arbor, MI), 60 cm of LS‐20 silicone
tubing (Cole‐Parmer Instrument Company, Vernon Hills, IL), 48 cm of Medtronic 3/8” Class VI
(Medtronic Inc, Minneapolis, MN), a 3‐way Luer port to facilitate sampling, and two 3/8” –1/4”
hose adapters (Green Leaf Inc, Fontanet, IN).
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Figure 7 – Least squares means with time zero covariates of red blood cell counts at 1, 6, 12, 18,
and 24 hours of blood of five swine circulated in two identical artificial perfusion circuits with
either a roller pump or a centrifugal pump, and in a non‐circulated control.
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Figure 8 – Least squares means with time zero covariates of mean cell volumes at 1, 6, 12, 18,
and 24 hours of blood of five swine circulated in two identical artificial perfusion circuits with
either a roller pump or a centrifugal pump, and in a non‐circulated control.
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Figure 9 – Least squares means with time zero covariates of mean corpuscular hemoglobins at
1, 6, 12, 18, and 24 hours of blood of five swine circulated in two identical artificial perfusion
circuits with either a roller pump or a centrifugal pump, and in a non‐circulated control.
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Figure 10 – Least squares means with time zero covariates of mean corpuscular hemoglobin
concentrations at 1, 6, 12, 18, and 24 hours of blood of five swine circulated in two identical
artificial perfusion circuits with either a roller pump or a centrifugal pump, and in a non‐
circulated control.
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Figure 11 – Least squares means with time zero covariates of red cell distribution widths at 1, 6,
12, 18, and 24 hours of blood of five swine circulated in two identical artificial perfusion circuits
with either a roller pump or a centrifugal pump, and in a non‐circulated control.

77

Figure 12 – Least squares means with time zero covariates of white blood cell counts at 1, 6, 12,
18, and 24 hours of blood of five swine circulated in two identical artificial perfusion circuits
with either a roller pump or a centrifugal pump, and in a non‐circulated control.
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Figure 13 – Least squares means with time zero covariates of platelet counts at 1, 6, 12, 18, and
24 hours of blood of five swine circulated in two identical artificial perfusion circuits with either
a roller pump or a centrifugal pump, and in a non‐circulated control.
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Figure 14 – Least squares means with time zero covariates of mean platelet volumes at 1, 6, 12,
18, and 24 hours of blood of five swine circulated in two identical artificial perfusion circuits
with either a roller pump or a centrifugal pump, and in a non‐circulated control.
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Figure 15 – Least squares means with time zero covariates of total hemoglobin concentrations
at 1, 6, 12, 18, and 24 hours of blood of five swine circulated in two identical artificial perfusion
circuits with either a roller pump or a centrifugal pump, and in a non‐circulated control.
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Figure 16 – Least squares means with time zero covariates of hematocrits at 1, 6, 12, 18, and 24
hours of blood of five swine circulated in two identical artificial perfusion circuits with either a
roller pump or a centrifugal pump, and in a non‐circulated control.
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