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Reductions in platelet contractile force correlate with duration of
cardiopulmonary bypass and blood loss in patients
undergoing cardiac surgery™
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Abstract

Blood loss secondary to platelet dysfunction is known to be increased when the duration of cardiopulmonary bypass (CPB) is prolonged.
The ability to correlate alterations in platelet function with the duration of bypass and early postoperative blood loss, however, has remained
elusive. Platelet contractile force, a novel measure of platelet-mediated clot retraction, is known to be reduced following cardiac surgery and
blockade of platelet adhesion receptors. The aim of this study was to determine if alterations in platelet contractile force (measured using
whole blood) correlated with the duration of CPB and early postoperative blood loss. Thirty patients were entered into a study designed to
measure platelet function before, during, and after CPB. Platelet aggregometry and surface expression of CD42b and CD61 were also
measured (using whole blood) in a subset of subjects (n=10) to further characterize the intrinsic structural and functional defects induced by
CPB. Reductions in platelet contractile force had a significant correlation with duration of CPB (»=0.564; P=0.002) and early blood loss
(r=0.545; P=0.003). Although decreases in platelet contractile force and aggregation both correlated with CPB time in the smaller subset of
patients tested, only platelet contractile force correlated with decreases in CD42b, CD61 and blood loss. The results of this study suggest that
prolongation of CPB is related to increasing degrees of platelet dysfunction and that reductions in platelet contractile force are related to
decreases in platelet adhesion receptors and early postoperative blood loss. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Platelet dysfunction is believed to be the primary cause
of excessive microvascular bleeding following cardiopul-

Abbreviations: CPB, Cardiopulmonary bypass; MFI, Mean fluores-
cence intensity.
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monary bypass (CPB) surgery [1-3]. While an increased
bleeding time has long been considered a hallmark of
platelet dysfunction [1,2], measured decreases in platelet
aggregation [1,2,4—6] and platelet glycoprotein adhesive
receptors [7—11] have also been shown in some studies to
be associated with blood loss. Platelet contractile force is a
novel measurement of platelet function that quantitatively
assesses platelet-mediated clot retraction [12]. Platelet con-
tractile force has been shown to be reduced when platelet
aggregation is decreased secondary to uremia [13], follow-
ing cardiac surgery [14] and platelet adhesion receptor
blockade [15—17]. When measured in platelet-rich plasma,
platelet contractile force has also been shown to correlate
with blood loss following CPB surgery [14].
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Platelet dysfunction acquired during CPB is undoubtedly
multifactorial. The intrinsic platelet defects are considered to
be a combination of both structural and functional abnor-
malities. The functional defects are primarily attributed to
CPB-induced platelet activation [1,2,18] and possibly direct
effects of heparin [2,19]. Structural alterations involving key
surface adhesion [7—9] and thrombin receptors [20,21] also
contribute to the genesis of this acquired platelet function
abnormality. Unlike many platelet bioassays, which may
characterize only a single aspect of platelet structure or
function, the dependence of the platelet contractile force
measurement on platelet aggregation, adhesion receptor
function and thrombin activation may permit it to detect
multiple intrinsic platelet defects following CPB surgery.

If the primary etiology of the intrinsic platelet defect or
“battered platelet syndrome™ is contact with the nonendo-
thelized membrane oxygenator of the bypass circuit, then
the degree of dysfunction should correlate with the length of
time that platelets are exposed to such an insult. In order to
be clinically relevant, this measure of platelet function
should also correlate with blood loss following CPB sur-
gery. The primary aim of this study was to determine if
alterations in platelet contractile force, measured in whole
blood, correlated with the duration of CPB and early post-
operative blood loss. A secondary aim of the study was to
determine if whole-blood platelet aggregation also corre-
lated with CPB time and if observed changes in the ex vivo
measurements of platelet function (platelet contractile force
and aggregation) correlated with altered expression of two
key platelet adhesion receptors (CD61, CD42b).

2. Materials and methods
2.1. Patient selection

Following institutional review board approval by the
Dallas Veterans Affairs Medical Center, patients scheduled
for elective, cardiac surgery requiring CPB were enrolled in
the study. Patients were excluded if they received cortico-
steroids, dipyridamole, or anticoagulants or had documented
platelet or coagulation abnormalities, or had treatment with
thrombolytic therapy within 5 days of surgery. Other exclu-
sion criteria included a creatinine >2.0 mg/dl, ejection
fraction <30%, and a history of adverse reaction to e-
aminocaproic acid. Patients were not excluded from the
study if they were receiving salicylates, nonsteroidal anti-
inflammatory drugs, or heparin preoperatively.

2.2. Sample collection

Arterial blood samples were collected: (1) before induc-
tion (baseline), (2) during CPB (normothermic CPB, fol-
lowing cross-clamp removal), and (3) post-CPB (within 2 h
after the termination of CPB). Blood was drawn from the
radial arterial line into a polypropylene syringe and was

transferred immediately into a sterile 3.2% Na-citrate-buf-
fered Becton Dickinson brand Vacutainer. Heparinase I
(IBEX, Montreal, Quebec, Canada) was added to whole-
blood samples (1.5 pg/ml, final concentration) to remove
residual heparin prior to performing the platelet contractile
force assay.

2.3. Technique of operation

Preoperative medications, including B-blockers, nitrates,
and antiarrythmics, were continued until surgery. After
sedation with midazolam 2—5 mg, intravenous access, a
radial arterial cannula, and routine monitors were placed.
Following induction with etomidate, 0.3 mg/kg, fentanyl,
5-10 pg/kg, and rocuronium 1 mg/kg, a pulmonary artery
catheter was inserted via the right internal jugular vein.
Anesthesia was maintained with isoflurane, 0.2—1.0%
inhaled, and fentanyl, 25-50 pg/kg. A propofol infusion,
25-50 pg/kg/min was started at the beginning of rewarming
during CPB and continued into the postoperative period for
sedation.

All the procedures were performed by one of three
surgeons using a standardized technique for coronary revas-
cularization, valve repair/replacement and myocardial pro-
tection. Extracorporeal circulation was performed using a
membrane oxygenator (Gish, Irvine, CA) with nonpulsatile
flow using a centrifugal pump (Biomedicus, Eden Prairie,
MN). The extracorporeal circulation circuit was primed with
2 L of lactated Ringer’s solution, 100 cc of 25% albumin,
44.6 meq of sodium bicarbonate and 50 g of mannitol.
Perfusion was done at moderate systemic hypothermia
(28-32 °C) and myocardial protection was achieved using
antegrade and retrograde sanguineous (4:1, blood:cardiople-
gia) cardioplegia administered every 20 min. Perfusion flow
rates were maintained at 2 L/min/mm? during hypothermia
and at 2.5 L/min/mm? during normothermia.

Anticoagulation was achieved with bovine heparin and
monitored to initially achieve a kaolin activated clotting
time (ACT) level of 480 s and then the heparin level was
maintained using the Hepcon (Medtronic, Parker, CO)
system. Temperature was monitored via a bladder probe
and separation of bypass was initiated at 36.5 °C. Reversal
and the presence of residual heparin were monitored with a
protamine titration protocol.

Blood was collected from the surgical field via pump
suctions during full anticoagulation and returned to the
patient intraoperatively. Mediastinal chest drainage was
not reinfused. Packed red blood cells were transfused when
the hemogloblin level fell below 8.0 g/dl and platelet
concentrates were given for platelet counts <70,000/ul in
patients with clinical evidence of microvascular bleeding.

2.4. Measurement of platelet contractile force

Determination of platelet contractile force was performed
on the Hemodyne hemostasis analyzer model RM-2 (Hemo-
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dyne, Richmond, VA) as previously described by our
laboratory [16]. Physiologic levels of thrombin (1 U/ml)
and calcium chloride (5—10 mM) were added to initiate clot
formation at 37 °C. Final platelet concentration after dilu-
tion was 90% of the actual concentration at the time of
collection. Each measurement lasted 20 min, and each
sample was tested in duplicate.

2.5. Measurement of platelet aggregation

Platelet aggregation studies were performed using a dual-
channel impedance aggregometer (Chrono-Log, Havertown,
PA) as previously described [5]. The platelet count was
determined using Coulter T-540 whole-blood counter
(Coulter, Hialeah, FL) and the platelet count was corrected
to 75,000 platelets per pl by dilution with physiological
saline solution. Collagen (Chrono-Log, 10 ug/ml, final) was
used as an agonist and was added at time zero.

2.6. Flow cytometric analysis

Platelet adhesion receptor expression was determined by
flow cytometry. Duplicate aliquots of whole blood (5 pl)
were placed into two 12 X 75 polypropylene falcon tubes
containing 20 pl each of CD61 FITC (Becton Dickinson
clone RUU-PL 7F12) and CD42b PE (Pharmingen clone
HIP1), and either 10 pl of TRAP (2 mM) or 10 pl of
Tyrode’s buffer. The tubes were then incubated at room
temperature for 20 min in the dark. After incubation, the
samples were fixed in 1% paraformaldehyde and stored at
4 °C until analyzed later on the day of collection.

Samples were analyzed using a FACstar Plus flow
cytometer (Becton and Dickinson Immunocytometry Sys-
tems). In each experiment, one sample was stained with

Table 1

Patient and surgical demographics

Variable

No. of patients 28

Age (years) 63.0 £ 8.76
Body weight (kg) 949254
Body surface area (m?) 2.08 £0.18
Ejection fraction (%) 5515

Aspirin/NSAID 25/28 (89%)

Procedure

No. of CABG only 18

No. of valve only

No. of valve+CABG 5
CPB time (min)

Minimum 65

Median 130

Maximum 251
Cross-clamp time (min) 88.2+33.0
Total heparin ( x 10? TU) 430 £ 86.1
Total protamine (mg) 342 + 141
4 h blood loss (ml) 397 £357

Values shown are mean + standard deviation, unless indicated otherwise.

Table 2

Coagulation and platelet function data

Variable Baseline CPB Post CPB

Platelet contractile force 11.8 £3.31 8.82 £2.63 8.48 +£2.56
(x 10%, dynes)

Platelet aggregation 19.6 £ 10.5 11.1 £6.91 14.7 £ 8.05

Platelet counts 174+ 504 115+353 107 £29.3
(% 10/l

Fibrinogen (mg/dl) 413 £ 125 214 +75.6 208 £ 95.5

Hematocrit (%) 37.1 £ 3.66 23.9+2.87 26.3+3.42

Values shown are mean + standard deviation.

FITC- and PE-conjugated, irrelevant isotypes, which served
as the negative control. Platelets were gated using forward
and side scatter and the purity of the gated cells were
assessed using antibodies directed against either CD42b or
CD61. The mean fluorescence intensity (MFI) was used to
quantify platelet CD42b and CD61 expression. Only acti-
vated CD61 and unactivated CD42b were analyzed as we
believe this represents the most likely physiologic state
when each of these receptors engage their respective pri-
mary ligands.

2.7. Statistical analysis

Statistical analysis was performed with GraphPad Prism
Software (GraphPad Prism Software, San Diego, CA).
Descriptive statistics were expressed as mean + standard
deviation unless otherwise stated. A linear regression anal-
ysis was used to examine relationships between data. A
value of P<.05 was considered statistically significant.

3. Results
3.1. Patient and surgical data

Following written informed consent, a total of 30 sub-
jects were enrolled in the study. Complete data were
obtained from only 28 of the subjects that consented, as
one subject expired before the post-CPB data could be
collected and another had an incomplete data set due to
unavoidable logistical reasons. For patients’ demographic
and surgical data see Table 1. The actual platelet counts,
fibrinogen concentrations, platelet contractile force and
platelet aggregation values are shown in Table 2.

3.2. Platelet functional assays and CPB time

The correlation between decreases in platelet contractile
force and CPB time is illustrated in Fig. 1. The decrease in
platelet contractile force (expressed as a percentage of
baseline) measured post-CPB significantly correlated
(r=0.564; P=0.002) with the duration of CPB. Platelet
aggregometry was measured in a subset of 10 of the 28
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Fig. 1. Correlation between platelet contractile force (PCF) and cardio-
pulmonary bypass (CPB) time. PCF was measured in whole blood
following CPB and is expressed as a percentage of the baseline
(preinduction) value.

subjects and was also found to significantly correlate
(r=0.744; P=0.014) with the duration of CPB. The corre-
lation between platelet contractile force and CPB time in
this same subset of patients was also significant (»=0.791;
P=0.006). There was no correlation between decreases in
platelet counts and duration CPB or platelet contractile
force.

3.3. Platelet functional assay and early postoperative blood
loss

The relationship between platelet contractile force and
early (first 4 hours following CPB) blood loss (mediastinal
chest tube drainage) is illustrated in Fig. 2. The decrease in
platelet contractile force (expressed as a percentage of

2000+

E

® 1000- .

o

e

o

o

5  0-

=

) r = 0.545

p = 0.003

-1000

I I I I 1
0 25 50 75 100 125
Platelet Contractile Force

Fig. 2. Correlation between platelet contractile force (PCF) following
cardiopulmonary bypass (CPB) and blood loss. PCF is expressed as a
percentage of the baseline (preinduction) value and blood loss is expressed
as the volume of chest tube drainage during the first 4 h after mediastinal
chest tube placement.

baseline) post-CPB correlated (r=0.545; P=0.003) with 4
h blood loss. Although the decreases in platelet contractile
force also correlated (r=0.673; P=0.033) with early post-
operative blood loss for the subset of patients in which
platelet aggregation was determined, decreases in aggrega-
tion did not correlate with blood loss (P=0.8).

3.4. Platelet functional assays and loss of adhesion receptor
following CPB

Platelet adhesion receptor (CD61, CD42b) analysis was
performed on 10 of the 28 subjects analyzed in this study.
These subjects were the same 10 subjects that also had
platelet aggregation assays performed. The data in Fig. 3a
and b demonstrate that decreases in platelet contractile force
correlate with activated CD61 receptor expression (Fig. 3a;
r=0.744; P=0.014) and CD42b (Fig. 3b. r=0.697;
P=0.025) when measured following CPB. No correlation
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Fig. 3. Correlation between platelet contractile force (PCF) and surface
expression of activated CD61 (a) and CD42b (b) following cardiopulmo-
nary bypass (CPB). PCF is expressed as a percentage of the baseline
(preinduction value) and activated CD61 and CD42b are expressed as mean
fluorescence intensity (MFT).
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could be found between decreases in platelet aggregation
and decreases in CD61 (P=0.7) and CD42b (P=0.7).

4. Discussion

This investigation tests the hypothesis that the duration
of CPB influences the degree of platelet dysfunction follow-
ing cardiac surgery. Our results demonstrate that decreases
in platelet contractile force and aggregation correlate with
duration of CPB when measured using whole blood. Unlike
aggregometry, platelet contractile force also correlates with
early postoperative blood loss. A direct correlation was also
found between decreases in platelet contractile force and the
measured MFI of two platelet adhesion receptors (CD42 and
CD61). Collectively, these results suggest that the measure-
ment of the platelet contractile force is reflective of intrinsic
structural and functional platelet defects induced by CPB,
and furthermore that the degree of alteration in platelet
contractile force correlates with the degree of blood loss
during the early postoperative period.

Although platelet dysfunction is considered to be the
primary cause for microvascular bleeding following CPB
[1-3], the ability to experimentally characterize the relation-
ship between intrinsic platelet defects and blood loss con-
tinues to be a challenge. Some authors contend the defect is
not primarily intrinsic, but rather an extrinsic defect possibly
due to insufficient platelet agonist at the site of clot
formation [2]. The ability of the platelet contractile force
to detect significant intrinsic platelet dysfunction using
whole blood in this study reinforces previous work using
platelet-rich plasma [14]. Similar to platelet aggregometry,
time (CPB duration)-dependent decreases in contractile
force suggest that prolonged exposure to the CPB circuit
clearly contributes to the degree of this intrinsic defect.
Additionally, the correlation of platelet contractile force
(both platelet-rich plasma and whole blood), with early
postoperative blood loss suggests that the platelet’s ability
to initiate and sustain a contractile force plays a role in
minimizing microvascular bleeding following CPB.

The platelet contractile force assay measures the force
generated during platelet-mediated clot retraction [12]. The
quantitative measure of platelet contractile force depends
not only on the functional integrity of platelet cytoplasmic
proteins (actin—myosin), but also on the expression of
conformationally active structural adhesive receptors [13].
Optimal platelet activation ensures both the extension of the
actin—myosin mediated pseudopodia and the conforma-
tional changes needed for high-affinity ligand binding by
CD61 and CD42b [22,23]. Shortly after CD61-mediated
fibrinogen binding, contraction of actin filaments results in
retraction of the platelet pseudopodia toward the platelet
central mass. The subsequent development of contractile
force and the consequent retraction process produces tension
within the clot structure leading to a measurable increase in
elastic modulus and enhanced clot rigidity [23]. Whether

due to thrombocytopenia [12,23] congenital defects [24],
disease state [14,17] or pharmacological blockade
[13,15,25], in vivo impairment of any one of the mecha-
nisms contributing to platelet-mediated clot retraction could
potentially lead to increased blood loss. The correlation of
platelet contractile force and blood loss in this study is most
likely due to this assay’s ability to detect multiple mild-to-
moderate structural and functional defects when measured
with physiologic concentrations of calcium and thrombin in
whole blood.

Surface expression of platelet CD42b (GP1b) and CD61
(GPIIb/IIla) are critical to effective platelet adhesion and
aggregation [7—9]. Although the primary ligand for CD42b
and CD61 are von Willebrand factor and fibrinogen, respec-
tively, crossover is known to occur when the receptors’
primary ligand concentrations are low [24,26]. Alterations
in platelet adhesive receptors following CPB represent a
potential structural link to decreases in intrinsic platelet
function like platelet-mediated clot retraction. Several stud-
ies have demonstrated that platelet activation during CPB
can lead to significant reductions in CD42b and CD61
expression [4,7—11,27,28]. If combined with significant
reductions in these receptors’ ligand concentrations (by
hemodilution or consumptive processes), a platelet’s ability
to translate its contractile force to the clot’s surface could be
impaired, thus leading to a decrease in the platelet contrac-
tile force measurement. Indeed, alterations in platelet adhe-
sive receptor function have been shown to lead to excessive
blood loss following CPB surgery [3,29]. Although our data
suggest a clinically relevant link between alterations in
platelet contractile force and CD61 and CD42b, it remains
unclear whether it is due to decreases in: (1) receptor
density, (2) ligand concentration, (3) functional integrity
of the receptor, and/or (4) effectiveness of actin—myosin
contractile activity.

Despite the use of whole-blood samples for measuring
platelet aggregation and contractile force, decreases in
platelet aggregation following CPB failed to correlate with
decreased adhesion receptor expression under the experi-
mental conditions used in this study. The difference in the
presence or absence of extracellular calcium and type of
agonist used for each of the assays may have contributed to
our findings. Previous studies have shown an association
between blood loss and collagen-induced platelet aggrega-
tion and for this reason, collagen was added to the citrated
whole blood used for this assay [5]. In contrast, platelet
contractile force is a thrombin-dependent process that is
either delayed or reduced when either prothrombin conver-
sion is deficient or thrombin activity is inhibited [30]. As
such, physiologic concentrations of calcium and thrombin
are used to ensure the measurement of peak platelet con-
tractile force [12]. Perhaps the ex vivo addition of optimal
concentrations of calcium and thrombin to the platelet
contractile force assay more closely reflects the patient’s
intrinsic platelet function and thus the correlation with the
loss of adhesion receptors was more evident. Alternatively, a
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direct antiplatelet effect of heparin on platelet aggregation
could have influenced these measurements as Heparinase I
was only added to whole blood samples used to perform the
platelet contractile force measurements.

It is important to note that both of these assays suffer
from the lack of dynamic flow conditions and lack of in
vivo agonist concentrations that truly reflect the conditions
at the surgical wound. In addition, Heparinase I was added
ex vivo to remove residual heparin prior to measuring the
platelet contractile force assay given the sensitivity of this
assay to the effects of heparin [19,30]. Collectively, these
factors limit the ability to perfectly duplicate and detect
conditions at the surgical wound—thus making this panel of
assays potentially insensitive to the presence of an extrinsic
defect (i.e., insufficient agonists) on platelet function in the
patients we studied.

In summary, this study demonstrates that prolongation of
CPB is related to increasing degrees of platelet dysfunction
and that reductions in platelet contractile force measured in
whole blood are related to decreases in platelet adhesion
receptors and early postoperative blood loss. Given that
platelet dysfunction is a major cause of blood loss following
CPB, the use of the whole blood platelet contractile force
measurement may be useful in providing a near-site method
for monitoring of platelet function in patients undergoing
cardiac surgery.
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