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Abstract

Introduction

To improve the biocompatibility of biomaterials a
new surface treatment has been described based on the
addition of polysiloxane containing copolymers to the
base polymer resin (surface modifying additives). In an
in vitro and a clinical study, we compared the thrombogenicity of polyvinyl chloride (PVC) to PVC with these
surface modifying additives (SMA).
In the in vitro study, adsorption of thrombin and fibrinogen, binding of platelets and platelet release were
measured on the tubing and were found reduced on
SMA-PVC.
For the clinical study, we examined tubing material
and blood collected after cardiopulmonary bypass (CPB).
Onto the tubing, the binding of platelet receptor Gpilla,
and the adsorption of fibrinogen was measured. The
binding of Gpilla on the arterial SMA tubing was significantly less than on the arterial PVC tubing (p < 0.02).
In the blood collected during the operation, the concentrations of .6-thromboglobulin and prothrombin fragment
1 + 2 were higher in samples obtained from control
patients (p < 0.05).
We conclude that SMA altered the properties of
PVC into a less thrombogenic character. These data
suggest also that the initial interaction of thrombin and
fibrinogen plays an important role in the thrombogenicity of the tubing.

Contact of blood with artificial material surfaces
may induce reactions of the contact and complement system which result in impairment of hemostasis and in
release of cytotoxic enzymes or oxygen radicals. An
important effect of artificial materials in blood is thrombus formation onto materials and bleeding due to loss of
platelet function and consumption of clotting factors.
Extensive or prolonged exposure of patient's blood to
artificial materials, like in cardiopulmonary bypass
procedures (CPB), can thus lead to hemostatic disorders
and organ dysfunction.
Therefore, application of biocompatible materials
and treatment of surfaces to improve biocompatibility
has become a major issue in the present generation of
blood contacting devices.
A new surface treatment has been described based
on the addition of polysiloxane containing copolymers to
the base polymer resin (SMA, surface modifying additives) (Tsai et al., 1994).
In this study, we evaluated the thrombogenicity of
polyvinyl chloride (PVC) with SMA (SMA-PVC) by in
vitro exposure of blood to these surfaces, and by examination of tubing material collected from the heartlung machine after clinical cardiopulmonary bypass
procedures.
Materials and Methods

Key Words: Biomaterials, thrombogenicity, bloodcompatibility, surface modifying additives, platelets
binding, extracorporeal circuit, cardiopulmonary bypass,
fibrinogen binding, clotting activity.

In vitro study
Tubing of SMA-PVC and untreated PVC was available with a fixed inner diameter of 12.7 mm. All tubing
had been treated with ethylene oxide for sterilisation,
similar as for clinical use. The tubing was cut into
pieces with a inner volume of 0.5 ml (i.e., 0.4 em of
12.7 mm plus one more centimeter to be closed by a
cap). The pieces of tubing were closed by a cap at one
side. In these tubes, the incubations with blood or blood
components were performed at room temperature. The
blood was regularly mixed inside the tubes by gentle
pipetting. Blood was obtained from healthy volunteers
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was diluted in this plasma to a concentration of 0. 75
IU /mi. In each piece of tubing, 500 ml of this solution
was incubated for 20 minutes. Then, the tubing was
emptied, three times washed with saline and new caps
were placed. Thrombin substrateS 2238 (Chromogenix,
Molndal, Sweden) was diluted in saline to a concentration of 0. 75 mM, whereafter, 500 ml of this solution
was added to the materials and incubated at room temperature for 20 hours. Thereafter, the yellow colour
was measured at 405 nm in a spectrophotometer (Microplate Reader 3550-UV, Biorad, Richmond, CA, USA).
A standard curve was made with thrombin solutions of
known concentrations.

by venipuncture and mixed with sodium citrate (0. 32%,
final concentration). The following experiments were
then performed in six-fold:

Platelet binding: Citrated blood was used to prepare platelet rich plasma (PRP) by centrifugation at 500
x g for 10 minutes. Platelets were isolated from PRP by
gel filtration on Sepharose Cl2B (Pharmacia, Uppsala,
Sweden) in 50 mM phosphate buffered saline (PBS)
solution. The isolated platelets were mixed with EuC13
solution and subjected to hypotonic shock, allowing uptake of EuC13 (Fluka Chemie AG, Buchs, Switzerland).
After centrifugation at 250 x g for 10 minutes, the
supernatant (containing free EuC13) was discarded and
the labeled platelets were resuspended in 25% salinediluted autologuous plasma. Platelet binding was studied
by incubation of this EuC13 mixture with material. As
a standard procedure, 500 ml of the incubation mixture
containing Eu-labeled platelets was incubated for 2 hours
at room temperature with biomaterial on a shaker. After
2 hours, the mix was removed from the biomaterial tubing, the biomaterials were washed three times in saline
and the caps were replaced to exclude the influence of
binding onto the caps. After this, the pieces of tubing
were subjected to enhancement solution to release the Eu
ions from bound platelets for fluorescence counting
(LKB Wallac Oy, Turku, Finland). Platelet numbers on
the material surface were calculated by assessing the
platelet count and the corresponding amount of label in
the incubation mixture.

Fibrinogen adsorption measured with europiumlabeled fibrinogen: Fibrinogen was labeled with europium-DTTA according to the Delfia instructions (Pharmacia, Uppsala, Sweden) and diluted in plasma to obtain
10% of the fibrinogen fraction in a labeled form. The
amount of label per weight of fibrinogen was calculated.
The SMA-tubing and control-tubing were cut into
pieces with a volume of 500 J.'l. Each piece of tubing
was covered with a cap at one site and then rinsed 3
times with saline.
In each piece of tubing, 500 J.'l Eu-labeled plasma
was incubated during 15 minutes at room temperature.
After incubation, the caps were removed and the pieces
were rinsed 3 times with saline. Then, new caps were
placed at each piece of tubing and they were filled with
enhancement solution, to release the Eu-label for counting in a fluorometer (LKB Wallac Oy, Turku, Finland).
The amount of fibrinogen bound to the material was calculated.

Platelet receptor antigen:
After two hours
exposure of blood, the tubing was flushed with saline
and then subjected to an Eu-labeled antibody directed to
the platelet Gpllla receptor (M753, Dakopatts, Glostrup,
Denmark). A control antibody directed against an
aspecific mouse antigen with similar amount of label was
used as reference. After 1 hour exposure to the antibody, the cap was replaced, the tubing was washed three
times with saline and filled with enhancement solution to
release the Eu-label for counting in a fluorometer (LKB
Wallac Oy, Turku, Finland).

Surface roughness: The surface roughness (RA) of
the inner surface of the tubing was determined on a
Perthometer C5D (Perthen, Hannover, Germany) equipped with a 5 I'm stylus (opening angle of 90°). TheRA
value indicates the average distance of the roughness
profile to the center line of the profile. The RA values
reported were obtained by averaging ten scans on one
sample.

6-thromboglobulin: Blood was incubated with the
material for two hours at room temperature. After addition of indomethacin, the blood was centrifuged at 1500
x g to obtain platelet poor plasma. In this plasma, the
concentrations of B-Thromboglobulin(RIA, Kodak Clinical Diagnostics LTD, Amersham, UK) were determined.

Clinical study: After informed consent was obtained, 20 patients, subjected to primary coronary artery bypass grafting surgery with an expected CPB time of less
then 120 minutes, entered the study. None of the
patients was more than 75 years old, had evidence of
severe heart failure, renal or hepatic dysfunction, or
bleeding disorder. None of the patients was treated with
drugs affecting platelets or the clotting system within 5
days prior to surgery. Exclusion criteria and drop outs
concerned CPB times longer then 120 minutes. The
study was approved by the medical ethical committee of
the Hospital of the University of Groningen.
The patients were assigned to one of two study

Thrombin adsorption: Citrated blood was used to
prepare platelet poor plasma (PPP) by centrifugation at
1500 x g for 12 minutes. This plasma was treated with
reptilase (Boehringer, Mannheim, Germany) to induce
fibrinogen coagulation, which was removed from the
plasma to derive fibrinogen free plasma.
Bovine thrombin (Chromogenix, Molndal, Sweden)
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groups, dependent on the extracorporeal circuit: standard
materials or completely SMA-treated surfaces of all
blood contacting surfaces, including an oxygenator,
tubing, venous reservoir and the heat exchanger.

tion of the antibodies with europium-DTIA overnight.
After incubation, the antibodies were gel-filtered through
a Sephadex G-15 column (Pharmacia, Uppsala, Sweden)
to separate the free label from labeled antibody.
Each piece of tubing was covered with a cap at one
site and then rinsed three times with saline. In one
piece of each extracorporeal circuit, from both the venous and arterial tubing, 500 JLl of a specific Eu-labeled
anti-human fibrinogen antibody (Serbio, Gennevilliers,
France) was pipetted. In the other pieces of each circuit, 500 JLl of a non-specific Eu-labeled Goat-antiMouse IgG (Calbiochem, La Jolla, CA, USA) was
pipetted.
After 1 hour exposure at room temperature to the
antibody solution, the cap was replaced, the tubing was
washed with saline and filled with enhancement solution
to release the Eu-label for counting in a fluorometer
(LKB Wallac Oy, Turku, Finland). The values of the
non-specific Goat anti Mouse antibodies were subtracted
from the values of the specific anti-fibrinogen binding.

Operative techniques: Anesthesia was applied according a standard protocol (Gu et al., 1998). Before
cannulation, bovine heparin (300 IU/kg, Leo, Emmen,
The Netherlands) was injected. Anticoagulation with
systemic heparin was controlled by the activated coagulation time (ACT), which was determined at 5 minutes
before the start of CPB, and at regular intervals during
CPB (Hemochron, International Technodyne Co.,
Edison, NJ, USA). The ACT value was confirmed to
be greater than 400 seconds throughout CPB in every
patient. Whenever an ACT value was less than 400 seconds, additional heparin ( 100 IU /kg) was given. The
ECC consisted of a flat membrane oxygenator (Cobe
Duo, COBE Laboratories Inc., Arvada, CO, USA), and
polyvinyl chloride tubing. The circuit was primed with
2000 ml of Hydroxyethyl Starch solution (Fresenius,
Bad Homburg, Germany) and 1500 IU of bovine heparin
(Leo, Emmen, The Netherlands). CPB was performed
with moderate hypothermia (30°C nasopharyngeal temperature) with a pump flow of 2.4 11m2 /min., maintaining a mean arterial pressure of 50-60 mm Hg. During
the operation blood samples were collected in chilled
tubes, containing specific inhibitors in citrate. After
operation platelet poor plasma obtained from these blood
samples was stored at -80°C for determination of
P-thromboglobulin and prothrombin fragment 1 + 2.

Anti-Gpilla binding: Pieces of SMA-tubing and
control-tubing, also collected after heart operation, were
used for anti-Gpllla binding. For this test, the same
procedure as for the anti-fibrinogen test was used, with
the only difference that in this test the anti-human Gpllla
antibody (Dakopatts) was used.
Scanning electron microscopy (SEM): For scanning electron microscopy, pieces of tubing were washed
for 30 seconds with 6.8% sucrose volume/volume (v/v)
in 0.1 M cacodylate buffered saline solution at pH 7 .4,
and then immersed in 2% glutaraldehyde. Post-fixation
was performed with 1% Os04 in PBS at 4 oc for 3
hours, followed by dehydration in ethanol series. After
critical point drying with C02, the samples were sputtercoated with gold and examined with a JEOL 6301 F
field emission gun SEM (JEOL, Tokyo, Japan) operated
at an accelerating voltage of 2 kV.

8-Thromboglobulin: Part of the blood collected
during the operation was immediately mixed with indomethacin, and carbamazine. Then, the blood was centrifuged at 1500 x g to obtain platelet poor plasma. In this
plasma, the concentrations of 6-thromboglobulin (RIA,
Kodak Clinical Diagnostics LTD, Amersham, UK) were
determined.
Prothrombin fragment 1 + 2: Part of the blood
was mixed with aprotinin-hirudin citrate medium. In
platelet poor plasma obtained from these samples, the
concentrations of prothrombin fragment 1 + 2 were
determined by enzyme linked immunoassay (Behringwerke AG, Marburg, Germany).

Wall Shear Stress Calculations
To estimate the wall shear stress that occurs within
the connection tubes of the extracorporeal circuit, we applied Poisseuille' s law for the pressure drop in a straight
cylindrical tube under conditions of steady laminar flow.
For that case, the pressure .dp is given by

Fibrinogen binding: A standardized part of the
SMA-tubing and control-tubing, used for the extracorporeal circuit during heart operation, was cut into
pieces, each with a volume of 500 JLL From each operation, two pieces of venous tubing and two pieces of arterial tubing were used and also two pieces of non-used
tubing, which were already incubated with rabbit-serum
during 1 hour at room temperature to achieve a specific
protein deposition.
Europium-labeled antibodies were made by incuba-

.dp = 8 f1 I {(1r R 4 ) Q .dL}

(1)

where Q is the flow rate, f1 is the viscosity, R is the tube
radius, and .dL is the considered length of the tubing.
Next, the force balance on the blood content is considered, which yields that the forces caused by the pressure loss compensate the force by the shear stress r at
the wall over the considered length of the tube,
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Figure 1. Survey of four parameters measured
in an in vitro study. The concentrations of
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binding of platelet on the tubing was assessed by
counting fluorescence label associated with platelets. This is given in cps/cm2 (*10E-4); the
binding of Gpllla on the tubing was measured
by Eu-labeled antibodies against glycoprotein
Ilia.
This is given in cps/cm2 (*10E-4);
6-thromboglobulin was used as an index for
platelet degranulation. The concentrations of
6-thromboglobulinin blood are given in ng/cm2 •
The binding of thrombin and the platelet glycoprotein Ilia (Gpllla) receptor was slightly
reduced on SMA tubing. Particularly, platelet
binding and 6-thromboglobulin (6-TG) release
was reduced by SMA.
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Substitution of eq. (2) into eq. (1) yields
(3)

or
(4)

where D is the tube diameter. When diameter D is expressed in m, the flow rate Q is in m3/s, then T should
be expressed in N/m2 •
Of course, this equation is restricted to the regime
of laminar flow, i.e., Reynolds number, Re < 2000.
Moreover, the shear stress within the circuit may differ
somewhat because of curvature of the tubes, pulsatility
of the flow, and non-Newtonian behaviour of blood.

Statistics
Comparisons were made with parametric tests (Wilcoxon test for paired samples). Statistical significance
was assumed at p < 0.05. All data are plotted as mean
± standard error of the mean.

Results

In vitro study
Fibrinogen adsorption: After in vitro incubation
with Eu-labeled fibrinogen, an average of 26 ng fibrinogen per cm2 was measured. No difference between the
SMA- and the control-tubing was found (results not
shown).

Figure 2. Scanning electron micrographs showing the
surface of control tubing (Fig. 2a) and the surface of the
tubing with surface modifying additives (Fig. 2b). Bars

=
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Figures 3 and 4. After clinical cardiopulmonary bypass (CPB), the binding of fibrinogen (Fig. 3, at left) and of glycoprotein Ilia (Gpllla; Fig. 4, at right) on the tubing was measured by Eu-labeled antibodies against fibrinogen and
Gpiiia, respectively. Pieces from the arterial (D) and from the venous (•) line from both control and SMA extracorporeal circuits were used. On the venous line from control tubing, the fibrinogen concentration (Fig. 3) was significantly higher than on the arterial line(* p < 0.05). Gpiiia binding (Fig. 4) was reduced on SMA tubing, which was
significantly different at the arterial tubing.

Thrombin adsorption: Thrombin appeared to bind
onto the tubing and retained its capacity to cleave the
thrombin substrate. Onto the SMA tubing less thrombin
was bound then onto the control tubing, but there was no
significant difference (Fig. 1). The amount of thrombin
remaining onto the tubing was about 20% of all thrombin added to the incubation mixture.

inner surface was very smooth. For the control tubing,
= 0.05 JLm ± 0.008; for the SMA tubing, RA =
0.07 ± 00.5. No difference between the SMA and the
control tubing was found.
RA

Clinical Study
Scanning electron microscopy: The surface of the
control tubing (Fig. 2a) showed more platelet adherence
than the SMA surface (Fig. 2b). Moreover, on the control tubing, fibrin-like structures were found. On the
surface of the SMA tubing, a few bound platelets having
a round structure without visible pseudopods were observed (Fig. 2b). The surface of the SMA tubing has a
crackle appearance which is a consequence of the preparation procedure for SEM.

Platelet binding: Platelet binding was assessed by
counting fluorescent label associated with platelets. The
calculated number of platelets was reduced by half on
SMA tubing compared to control tubing (Fig. 1). We
found in average 16.1 cps per platelet.
Glycoprotein IDa binding: After in vitro incubation, no significant difference in specific binding of
labeled monoclonal antibody against Gpiiia was observed between the SMA and control tubing (Fig. 1).

Fibrinogen binding: Eu-labeled anti-fibrinogen
measured onto tubing, indicating the exposed fibrinogen
on the surface was significantly lower on the venous
SMA tubing then on the venous control tubing (p <
0.05).
No differences were found between SMA and control tubing obtained from the arterial line. However, in

8-thromoglobulin (TG): The B-TG concentration
in blood after incubation with tubing, which indicates
platelet degranulation, was lowest in the SMA tubing,
although not statistically significant (Fig. 1).
Surface roughness: From both types of tubing, the
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In contrast, in samples obtained from control patients,
fragment 1 + 2 was continuously generated during bypass, which was particularly evident after rewarming of
the patients and at the end of the procedure (p < 0.05)
(Fig. 5).

prothrombin F1+2
• control
-o--

SMA

Correlation between fibrinogen and Gpllla binding: For the arterial and venous tubing the correlation

6

between the binding of fibrinogen (measured with Eu-labeled anti-fibrinogen antibody) and anti-Gpllla onto the
tubing was measured. For the arterial tubing, the correlation wasp = 0.055; and for the venous tubing, p =
0.134 (not shown).

4
2

Calculation of the shear stress in the arterial and
venous tubing: The ratio of the wall shear stresses at
the arterial and venous tubing can be found from eq.
(4). The ratio depends of the diameters: Dart = 9.5 x
10-3 m and Dven = 12.7 x 10-3 m, which yields Tart/rven
= 2.4. For a flow rate Q = 5 1/min, and an estimated
blood viscosity 71 = sE-3 kg/m-s, we derive Tart = 4.95
N/m2 and Tven = 2.07 N/m2 (note: 1 N/m2 = 10
dynes/cm2).

Figure 5. During the clinical CPB, the concentrations
of prothrombin fragment 1 + 2 were measured at several points during the operation procedure. In blood from
patients undergoing bypass with a SMA treated (squares)
extracorporeal circuit, prothrombin fragment 1 + 2 concentrations remained significant lower than in the control
(circles) group (*p < 0.05).

Discussion
The SMA altered the properties of PVC into a less
thrombogenic character. This was indicated by reduced
platelet adherence, less platelet release as shown by
lower concentrations of tj-thromboglobulin in the blood,
and a significant reduced activation of clotting, as shown
by lower concentrations of prothrombin fragment 1 + 2
in the blood of the patients. We also found a reduced
binding of thrombin and fibrinogen to the SMA-tubing.
The marked reduced thrombogenicity found during clinical application of SMA treated extracorporeal circuits
were thus supported by the trend observed in the in vitro
studies.
Next to its property to convert fibrinogen to fibrin,
thrombin is an important platelet adhesion protein providing a ligand for the platelet thrombin receptor
(Schlosser et al., 1993). Furthermore, thrombin induces
fibrinogen binding to platelets and the activation of
platelet aggregation (Boyle et al., 1996; Peerschke,
1992; Schlosser et al., 1993).
About the adhesion of the platelets, we have checked the roughness of the inner surface of the tubing. We
have found no difference between both types of tubing.
So, this cannot be a reason for the difference in adhesion
as shown on the scanning electron micrographs.
From proteins adsorbed on an artificial surface,
fibrinogen importantly participates in the platelet adhesion. Since fibrinogen normally circulates in coexistence
with platelets without any obvious interaction, it has
been suggested that fibrinogen molecules adsorbed on

both SMA and control circuits, fibrinogen binding was
lower on the arterial than on the venous tubing. For the
control tubing, this difference was significant (p <
0.05), but, for the SMA tubing, it was not significant
(p = 0.823) (Fig. 3).

Gpilla binding: The Gpllla binding was also
measured onto tubing used for the extracorporeal circuit
during heart operation. Less anti-Gpllla antibody binding was observed on the arterial tubing of the SMA and
control group as compared to the corresponding venous
tubing (p = 0.082 and 0.068, respectively). In the
arterial SMA tubing, there was significantly less binding
of Gpiiia than on the arterial PVC tubing (p < 0.02)
(Fig. 4).
Release by platelets: 6-TG was measured in blood
samples taken at several points during the operation.
During the operation, the 6-TG concentration was lowest
within the SMA tubing circuit, although no statistical
difference was obtained (p = 0.078 at 30 minutes CPB).
Prothrombin fragment 1 + 2: In the blood
samples taken from patients undergoing CPB with SMA
circuit, almost no fragment 1 + 2 was formed during
the operation, indicating minor formation of thrombin.
206
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stresses of 30-60 dynes/cm2, applied for 30 seconds,
platelet aggregation occurs, which is mediated by exogenous large or unusually large vWF multimers. vWF
must bind to platelets via the Gpllb!IIIa complex on the
external surface of platelet membranes in order for
shear-induced aggregation to occur (Moake et al.,
1988). This process did not likely take place in the in
vitro incubation experiment and probably to only a small
extent in the venous tubing. This may explain that in
this study no difference was found between PVC and
SMA-PVC tubing in receptor binding in blood with low
(in venous tubing) or stagnant flow (in vitro). But in
arterial tubing, with a calculated shear stress between 30
and 60 dynes/cm2, this difference was found. Therefore, SMA seems particularly indicated to reduce platelet
interaction in the high shear areas. It can be anticipated
that particularly pumping devices and small calibre
grafts with high shear rate will obtain improved biocompatibility by SMA.
Currently, much research is done to obtain the best
biocompatible biomaterial. Several methods to improve
the material are developed, for example, coating with
heparin (Rhodes and Williams, 1994), coating with
phospholipids (Kohler et al., 1996), or polyethylene
oxide onto low density polyethylene (Lee et al., 1997)
and crystallisation of polyamides (Yui et al., 1996).
From heparin coating, it is known that this improved the
thrombogenicity of the biomaterial by reducing the contact phase activation, but the procedure of coating the
materials is expensive. Coating with phospholipids or
polyethylene oxide decreases the adhesion of platelets
upon the surface (Kohler et al., 1996; Lee et al., 1997).
Crystallinity also reduces the platelet adhesion (Yui et
al., 1996).
SMA polymers have, like optimalization of polymer
structure, the advantage of stability of the surface modification and high cost effectiveness. Therefore, large
scale application of SMA seems very attractive to reduce
the thrombogenicity of currently used materials.

artificial surfaces undergo conformational changes.
However, evidence has been obtained that a maximum
of native fibrinogen binding provides an optimal platelet
interaction (Salzman et al., 1987). It has been known
before that the D domain of the fibrinogen is the region
which is recognised by its platelet receptor and fibrinogen-platelet binding is a prerequisite for platelet aggregation (Peerschke, 1985; Agam et al., 1985). The loss
of the platelet binding D-domain during fibrinogen polymerization reduces platelet interaction (Salzman et al.,
1987). Consequently, a correlation between labeled
fibrinogen binding and platelet retention on artificial
surfaces can often not be found, while_antibody binding
to native fibrinogen versus platelet interaction is more
closely correlated, as in our study.
Our data on reduced platelet adherence and significant reduced activation of clotting suggest that the initial
interaction of thrombin and fibrinogen plays an important role in the thrombogenicity of the tubing, even
though, during CPB, the blood of all patients was heparinized. It is known that despite systemic heparinization,
thrombin is formed during CPB and that platelet membrane fragments firmly adhere to the tubing (Wenger et
al., 1988). In combination with Gpllb, Gpllla is the
major platelet membrane receptor interacting with adhesion proteins, especially fibrinogen, but also von Willebrand Factor (vWF) (Mondoro et al., 1996; Phillips et
al., 1988). Although we found a reduced platelet adherence onto the SMA-tubing, the Gpiiia binding onto the
tubing was not significantly reduced on the venous SMA
tubing and on tubing only used during static in vitro conditions. At arterial SMA tubing, which was used during
the operation, there were significantly less Gpllla receptors. Therefore, not only the material characteristics,
but also the flow conditions seem to have a great impact
on the thrombogenicity.
We have calculated that the arterial shear stress,
when the flow is the same, is much higher because the
diameter is smaller. In venous tubing, the inner diameter is 12.7 mm, and in arterial tubing, the inner diameter
is 9.5 mm; after applying Poisseuille's law, we calculated that the shear stress multiplies of 2.4 times (Tart =
49.5 dynes/cm2 and Tven = 20.7 dynes/cm2). These
differences in shear stress between the venous and arterial tubing might have been related with the clear differences of platelet interaction. We also checked the Reynolds numbers, which are 2. 2E3 and 1. 7E3 for the arterial and venous tubings, respectively. This implies that
the flow in the arterial tubing might have been turbulent,
depending on the estimated flow rate and whole blood
viscosity. A turbulent flow would have increased the
wall shear stress in the arterial tubing to even larger
values, which could lead to more extensive platelets activation. Moake et al. (1988) have reported that at shear
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evidence of reduced thrombogenicity. However, when
using clinical systemic heparinization, the effect of a
non-thrombogenic surface on coagulation is difficult to
assess by thrombin generation or platelet activation.
Please comment further on this aspect.
Authors: We agree that the question remains whether
the reduced thrombogenicity, which has been shown in
this study, will reduce the morbidity after cardiopulmonary bypass operations. In our study, only 10 SMA and
10 control patients were included, whicb, in general, is
not enough for clinical parameters, such as, blood loss
and blood transfusion. Furthermore, for this study, patients were selected with an elective operation and relatively short bypass time, whereas, most clinical benefit
may be expected in complicated procedures. However,
a more important question is whether the biocompatibility of the extracorporeal circuit is making a major contribution to morbidity after heart operations. Anesthesia,
surgery, reperfusion of ischemic organs. cooling and rewarming probably are more detrimental than contact
with the circuit. Still, we believe the circuit is a trigger
which initiates or aggravates other processes. Evidence
for the marked effect of the extracorpmeal circuit is recently obtained in studies of blood activation during
heart surgery without extracorporeal circuit: none of the
activation products appeared to be released. Thus, we
think that during prolonged exposure of blood, and in
critically ill patients, a reduction of tluombogenicity is
another step forwards in employing biomaterials in
contact with blood.

Discussion with Reviewers
G. Pasquinelli: The clinical evaluation shows a major
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