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Abstract. Background: Thrombogenicitiy of drug-eluting
stents is a matter of controversial debate. The aim of this
study was to evaluate the thrombogenicity of sirolimus-
eluting stents (SES) compared to bare metal stents (BMS)
in a standardised in vitro model. Materials and Methods:
Nine SES and nine BMS were implanted in tubing loops
and nine loops without stent served as controls. Initially
and after 90 minutes of blood circulation in a modified
chandler loop model, thrombin-antithrombin III complex
(TAT), PMN-elastase, factor Xlla, SC5b-9, sP-selectin and
platelet count were measured. Expression of CDG62P,
CD45/41 and PAC-1 on platelets were determined by flow
cytometry. Results: After 90 minutes, platelet count
decreased significantly in the loops with BMS and SES
(p<0.05). Levels of TAT, PMN-elastase and SC5b-9 were
significantly elevated after 90 minutes in all loops
(p<0.05). sP-selectin significantly increased in the loops
with BMS and SES after 90 minutes. No significant changes
occurred in any flow cytometric data. Platelet count, sP-
selectin, TAT, PMN-elastase, SC5b-9, CD62P, CD41/CD45
and PAC-1 showed no significant difference between BMS
and SES. Conclusion: These data provide evidence that
there is no difference in thrombogenicity of BMS and SES
in the in vitro model.
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Coronary stenting is routinely performed in more than 80%
of percutaneous coronary intervention. Although the use of
drug-eluting stents (DES) is associated with significantly
lower rates of in-stent stenosis than bare metal stents (BMS),
early and late stent thrombosis is still an unsolved problem
(1-4). Sirolimus, a macrocyclic lactone that blocks cytokine-
proliferation of T-lymphocytes, and similar drugs are used in
DES (1). Although sirolimus reduces re-stenosis by
inhibiting neointimal hyperplasia, it also delays the healing
process (2). Incomplete endothelialisation of the stent struts
is one of the reasons for late stent thrombosis (2, 3). The
incidence of stent thrombosis after drug eluting stent (DES)
implantation has been reported to range between 0 and 2.7%
(2,4). To reduce the rates of early and late stent thrombosis,
a prolonged dual antiplatelet therapy with aspirin and
clopidogrel is recommended (5). Premature discontinuation
of antiplatelet therapy appears to predispose to stent
thrombosis (3).

Beside the incomplete or late endothelialisation, other
causes for stent thrombosis, such as hypersensitivity
reactions associated with drug elution, or thrombogenic
complications associated with other modulators of
fibrointimal proliferation have been discussed (2, 6).
Thrombocytopenia as a classical side-effect has been
frequently associated with the use of sirolimus (7).
Moreover, platelet-independent defects in haemostasis
associated with sirolimus have been reported, such as
impaired fibrin formation or impaired fibrinolysis (8).
Sirolimus significantly potentiates agonist-induced platelet
aggregation in a time- and dose-dependent manner (9).
Therefore, the debate on whether the sirolimus-eluting stents
(SES) are more thrombogenic compared with BMS is
ongoing (10-17). Stent thrombosis seems to result from a
series of complex interactions involving the presence of a
thrombogenic surface and the activation of platelets or
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coagulation proteins (18). Coating of a stent with a polymer
and sirolimus may enhance thrombogenic properties of the
stent, by activation of platelets and coagulation proteins.

The aim of this study was to evaluate the thrombogenicity
of SES compared with BMS by investigating their effects
on inflammation markers, haemostasis, complement
activation and platelet activation. A standardised in vitro
model was used to simulate the early phase after stent
implantation.

Materials and Methods

The experiments were performed by using a modified Chandler loop
system as described previously (18). The rotating loops result in passive
blood circulation to avoid possible cell damage and coagulation
activation typical of an actively pumping system. The rotation speed
was 15 rpm which resulted in a flow velocity of 12.5 cm/s. Heparin-
coated loops were used (Carmeda; Medtronic, Netherlands) to minimise
the coagulation activating effects of the tubing surface. The total length
of the closed tubing was 50 cm. The temperature was maintained at
37°C by a water bath. Nine BMS (BX Velocity; Cordis, the
Netherlands) and nine SES stents (Cypher; Cordis) were placed in
polyvinyl chloride tubing loops. The total length of each stent was 23
mm with a diameter of 3.5 mm. Nine additional loops were kept plain
to serve as controls.

Blood was obtained from nine volunteers (men, aged 22-35
years). All of them were apparently healthy non-smokers and
claimed to not have taken any drugs in the 14 days before blood
sampling. Blood was taken by venous puncture using 10 ml
polypropylene sample tubes containing a final concentration of
1 IU of heparin (Liquemin N25000; Roche, Germany) per ml of
blood. The blood of each donor was used for three loops (one loop
without stent (Ctr), one loop with BMS (BMS) and one loop with
SES (SES)).

Samples for analysis were drawn into 3 ml tubes containing
citrate, 2.7 ml tubes containing EDTA, 2.7 ml tubes containing
heparin (Sarstedt, Germany) and 4.5 ml tubes (Becton & Dickinson,
Belgium) containing CTAD. Similar samples were drawn from the
Chandler loops after 90 minutes of circulation. Measurement of
platelet count and flow cytometry were performed immediately. The
tubes containing citrate were centrifuged at 3000 xg for 20 min. The
separated plasma was then snap frozen and stored at —20°C until
analysis.

Platelet count was assessed by a cell counter (Axon Lab AG,
Switzerland). Quantitative detection of serum concentrations of sP-
selectin was performed using an ELISA technique employing a
commercially available assay kit (R&D Systems, Germany).
Determination of thrombin-antithrombin III complex (TAT) was
performed using an enzyme-linked immunosorbent assay
(Enzygnost TAT micro; Dade Behring, Germany). For determination
of PMN-elastase, an enzyme immunoassay (Merck, Germany) was
used. SC5b-9 was also determined with an enzyme immunoassay
(Quidel, USA). Determination of factor XIla was performed using
an ELISA-test in sandwich technique (Axis-Shield, Scotland).

To visualise microscopic changes on the stent surfaces after
blood contact, electron microscopic scanning was performed. One
BMS and one SES was left without blood contact for scanning
electron microscopy and two BMS and two SES were scanned after
90 min of blood circulation.
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Surface expression of platelet receptors was determined by flow
cytometry on a FACScan cytometer (Becton Dickinson [BD],
Heidelberg, Germany) with labelled monoclonal antibodies.
Heparinised blood was diluted with 980 pl of modified Tyrode’s
buffer (150 mM NaCl, 2.5 mM KCI, 12 mM NaHCOs, 2 mM
CaCl,, 2 mM MgCl,, 1 mg/ml bovine serum albumin, 1 mg/ml
glucose). Fifty ul of this dilution (1:50) were put in Eppendorf
tubes. The corresponding antibody was then added to each sample
(5 wl fluorescein isothiocyanate (FITC)-labelled antibody against
CD41 (Immunotech, Marseille, France), 5 pl phycoerythrin (PE)-
labelled antibody against CD45 (BD), 10 pl FITC-labelled antibody
against P-selectin (CD62P) (Immunotech), 2 ul FITC-labelled
antibody against PAC-1 (BD) and incubated at room temperature for
30 min. After incubation, 500 ul of Cellfix (BD, Erembodegem,
Belgium) was added for fixation. Flow cytometric measurement was
performed within 6 h after fixation. A total of 10000 events were
counted in each measurement. Objects positive for CD41-binding
were distinguished regarding their forward scatter (size) properties
into a region depicting platelets bound in aggregates and another
region with single platelets. Fluorescence of CD45 antibodies was
analysed on aggregate-bound platelets and leucocytes. Platelet
expression of PAC-1 and CD62P was assayed by selecting the single
platelet population. Single platelets were detected regarding their
forward and sideward scatter characteristics and FITC fluorescence.
Results are expressed as the percentage positivity (i.e. the
percentage of platelets positive for the antibody)

Statistical analysis was performed by the statistical software
package JMP (SAS Institute Inc., NC, USA). Data are presented as
mean valueststandard error of mean. Non-normally distributed data
were converted to a logarithmic scale for normal distribution before
statistical analysis. All comparisons were made using a multifactorial
analysis of variance, followed by a Tukey-Kramer test for the
comparison of all pairs. p-Values of <0.05 were regarded as significant.

Results

Soluble plasma markers. After 90 minutes, a trend towards
lower platelet count was found in the loop without stent (Ctr).
A significant decrease in platelet count was detected in the
loop with BMS (p<0.05) and in the loop with SES (p<0.05)
after 90 min of blood circulation, whereas no significant
change was found between the two stent types. There was
also a strong trend towards lower platelet counts in the loops
with the stents compared with the control loop (Figure 1).

Significantly elevated TAT levels, PMN-elastase values
and SC5b-9 levels were observed after 90 minutes of blood
circulation in the control loop, the BMS and SES loop
(p<0.05) compared to the initial values. The highest TAT
level was seen in the BMS loop, while the highest SC5b-9
level was found in the SES loop. Between the loops, there
was no significant difference concerning TAT, PMN-elastase,
SC5b-9 and factor XIla (Figure 1).

The assessed sP-selectin values after 90 min of blood
circulation were significantly elevated in the BMS loop and
the SES loop compared to the initial values. In the control
loop, a trend towards elevated sP-selectin levels was found
after 90 min. In both loops with stents, higher sP-selectin
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Figure 1. Platelet count (A), sP-selectin (B), thrombin-antithrombin Il complex (TAT) (C), factor Xlla (D), SC5b-9 (E) and PMN-elastase (F) at the
beginning (t=0) and after 90 minutes of blood circulation in the loops without a stent (Ctr), a bare metal stent (BMS) and with a sirolimus-eluting
stent (SES). Data are presented as means + standard error of mean. *p<0.05 vs. t=0; $p<0.05 vs. Ctr.

values were detected compared with the control loop,
although only the difference between the control loop and
the BMS loops was significant (p<0.05). No significant
difference of sP-selectin values were detected between the
loops with BMS and SES (Figure 1).

Cellular adhesion molecules on platelets. The expression of
cellular adhesion molecules on platelets after blood
circulation in the chandler loops is shown in Table I. The
circulation of blood in the Chandler loop for 90 min resulted
in no significant change in the expression of the cellular
adhesion molecules CD62P and CD45/CD41 on platelets in
all three loops. A trend towards a higher platelet expression of
PAC-1 was found after 90 min compared to the beginning,
but the results were not significantly different. The
comparison of BMS with SES showed no significant
differences regarding platelet expression of CD45/CD41,
PAC-1 and CD62P after 90 min of blood circulation.

Scanning electron microscopy. Both stent types were covered
with a polymer fibrin net and cellular deposition and
multiple platelet aggregates after being exposed for 90 min
to the circulating blood (Figure 2).

Discussion

Platelet and thrombin activation are important factors in the
development of stent thrombosis (18). Patients with CHD
often display an increased level of platelet activation even
before coronary stenting (19). Increased activation of platelets
is a consistent finding after coronary stent implantation (20).
Combined therapy with aspirin and clopidogrel is
recommended to inhibit platelet activity and prevent stent
thrombosis. Extensive evaluations of thrombogenic properties
of various stent types were performed by Tepe et al. (18).
Beythien et al. (21) demonstrated that stent length has an
effect on platelet activation. In the present experimental study,
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Table 1. Platelet surface expression of P-selectin (CD62P), platelet-
leukocyte aggregates (CD41/45) and PAC-1 (CD62) at the beginning
and after 90 min of blood circulation in the loops without a stent (Ctr),
with a bare-metal stent (BMS) and with a sirolimus-eluting stent (SES).
Data are presented as the means+standard error of mean.

t=0 Ctr BMS SES
P-Selectin 569+1.6  540+13 544+1.6  54.6x14
(CD62P) [%]

PAC-1 225424 339469 359+82  285+57
(CD62) [%]

CD41/CD45 [%]  77+7.1 76£24  77+22 77420

BMS: bare-metal stents, Ctr.: control loop/loops without a stent, SES:
sirolimus-eluting stents.

a significant decrease of platelets was found in the Chandler
loops with stents after 90 min of blood circulation. This result
can be explained by platelet adhesion to the stent surface, also
visualised by scanning electron microscopy, demonstrating
the thrombogenicity of the stent surface. No significant
difference in platelet count was detected between SES and the
BMS. These data indicate that coating of the surface of the
struts with a polymer plus impregnation with sirolimus has
no effect on platelet adhesion in the early phase after stent
implantation. Plasma levels of sP-selectin were significantly
higher in the loops with SES and BMS than in the control
loops. These data are in accordance with other clinical
investigations, where increased sP-selectin levels were
documented after primary stenting (22). Thus, stent
placement leads to platelet activation with subsequent release
of sP-selectin, without any difference between SES and BMS.
To assess the activation of the coagulation system, thrombin
generation, measured as TAT complex, was determined. PMN-
elastase release was measured to detect polymorphonuclear
neutrophils activation. Factor XIla and SC5b-9 were
determined to assess contact activation and activation of the
complement system. After 90 min of blood circulation,
elevated levels of TAT, factor XIIa, PMN-elastase and SC5b-
9 were found in all loops (control, SES and BMS). Even
though heparin-coated polyvinyl chloride loops were used in
the model and only a minimal background activation by using
this loops was previously described (18), the present data
showed activation of coagulation, complement system and
neutrophils even in the control loop. There were no differences
between SES, BMS and control loops. There was also no
difference between the two stent types. Thus, coating of stents
with a polymer and sirolimus has no effect on the coagulation
system, complement activation and activation of neutrophils
compared with BMS in the in vitro system of this study.
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Figure 2. SEM of a bare-metal stent before (A) and after (B) blood
exposure, and of a sirolimus-eluting stent before (C) and after (D) blood
exposure. Both stent types were covered with a polymer fibrin net and
cellular deposition and multiple platelet aggregates after being exposed
for 90 minutes to the circulating blood. (Bar=50 um).

Flow cytometric analysis was used to demonstrate platelet
activation and platelet-leukocyte interaction. In clinical trials,
increased P-selectin surface expression predicts stent
thrombosis (23). Coronary stent implantation with balloon-
injury of the atherosclerotic plaque may lead to platelet
activation due to intimal damage. In the in vitro system,
without endothelial damage, no change in P-selectin
expression, PAC-1 binding to activated GPIIb/IIla receptors
and platelet-leukocyte aggregates was detected. These data
indicate that both stent types have similar actions on platelet
activation and platelet-leukocyte interactions in vitro.

In conclusion, coronary stents are thrombogenic, and
coating of the stents with sirolimus-impregnated polymers
has no relevant effect on platelet binding and platelet
activation in the early phase after stent placement. This
emphasises the importance of combined antiplatelet therapy
to be administered until complete endothelialisation of the
stent surface has been achieved.
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