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ABSTRACT

Background Iron and (stainless) steel are potent platelet aggregation activators, and may be involved in stent 
thrombosis, a serious complication after intracoronary stenting. Current platelet function tests are suboptimal, 
because of inappropriate agonists and/or lack of reproducibility. We tested the feasibility and reproducibility of 
a novel platelet function test using stainless steel as an agonist and compared it with other platelet function tests.

Materials and methods In 111 patients with acute ST segment elevation myocardial infarction (STEMI), 
duplo measurements of iron (Fe)-induced platelet aggregation (FIPA) were performed after clopidogrel, 
acetylsalicylic acid and/or tirofiban treatment. Within 1 h, citrated blood samples drawn from the femoral sheath 
before primary percutaneous coronary intervention were added to 100 mg of low carbon steel and after 5 s mixing 
with vortex, the samples were incubated for 15 min. The ratio between the non-aggregated platelets in the agonist 
sample and platelets in a reference sample was calculated as the platelet aggregation inhibition.

Results FIPA measurement was highly reproducible (correlation coefficient (R) = 0·942, P < 0·001 between duplo 
samples). FIPA correlated well with adenosine diphosphate-induced platelet aggregation (R = 0·83, P < 0·001) 
but weakly with platelet function analyser-100 bleeding time (R = 0·56, P < 0·001). FIPA could be measured in 
patients in which platelet aggregation could not be measured by platelet function analyser-100 or after 
adenosine diphosphate.

Conclusion This study showed good reproducibility of a novel platelet function test using stainless steel as an 
agonist and showed correlation with validated platelet function tests. We found that the novel platelet function 
test is a suitable test for measurement of platelet aggregation inhibition in patients undergoing stenting for STEMI, 
even when they are taking multiple antiplatelet regimens.
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Introduction

Iron and (stainless) steel are potent platelet aggregation 
activators, and this has been considered as a limitation of using 
these materials in endovascular stents [1–7]. This is of particular 
importance since (subacute) stent thrombosis is a potential 
life-threatening complication after intracoronary stenting [8]. 
Current platelet function tests are not optimal, possibly because 
of inappropriate agonists and lack of reproducibility [9]. We 
developed a platelet function test using stainless steel as an 

agonist. We hypothesize our platelet function test to be 
reproducible and feasible to detect platelet function in 
patients with acute coronary syndrome. In this study, 
we tested the feasibility of iron (Fe)-induced platelet 
aggregation (FIPA) measurement and compared our FIPA 
test with other platelet function tests in ST segment elevation 
myocardial infarction (STEMI) patients before percutaneous 
coronary intervention (PCI).
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Methods

This paper concerns a substudy of 111 patients of the Ongoing 
Tirofiban in Myocardial Infarction Evaluation (On-TIME) 2 pilot 
study. The On-TIME 2 study is a randomized, open label, 
investigator-initiated, multicentre trial to evaluate the value 
of pre-hospital administration of high dose (bolus 25 μg kg–1, 
followed by a maintenance infusion of 0·15 μg kg–1 min–1) tirofiban 
vs. placebo (standard treatment) in STEMI patients on improving 
the extent of myocardial reperfusion (primary endpoint) [10]. 
The protocol was approved by our institution’s Review Board 
and Ethical Committee, and written informed consent was 
obtained from all patients. PCI was performed immediately 
after coronary angiography in all patients. All patients were 
treated with clopidogrel (600 mg loading dose followed by 75 mg 
daily for 1 year), acetylsalicylic acid, beta blocker, statin and 
angiotensin-converting enzyme inhibitor. In our substudy, 
additional blood samples were collected in citrate (0·109 M) 
in plastic tubes before PCI, but after the patients received the 
study medication (tirofiban or placebo) in addition to 600 mg oral 
clopidogrel, 5000 IU of heparin and 500 mg of acetylsalicylic acid 
were administered intravenously. The samples were drawn from 
the femoral sheath at the start of catheterization, before additional 
heparin infusion, using the Vacutainer® system (Becton Dickinson 
and Company, Franklin Lakes, NJ, USA).

Fe-induced platelet aggregation

Platelet aggregation was measured using AISI 434 low carbon 
stainless steel as a stimulus. Citrated whole blood was used, 
collected within 1 h before platelet function testing. Duplicate 
samples of 2 mL citrated blood were added to tubes containing 
100 mg steel wool (Haemoscan, Groningen, The Netherlands), 
and after a 5-s mixing in a vortex (type MIX TM01, Retsch, Haan, 
Germany), the citrated blood was incubated for 15 min at room 
temperature. Subsequently, platelet count was performed on each 
sample using a routine blood cell counter (Sysmex K4500, Sysmex 
Corp., Kobe, Japan) and on a reference tube. In the presence of the 
agonist steel, platelets aggregate and adhere to the steel surface. 
As the aggregated platelets exceed the threshold limitations for 
platelet size, they are no longer counted as individual platelets. The 
ratio between the non-aggregated platelets in the agonist sample 
and the platelet count in the reference tube without steel multiplied 
by 100% was used as the platelet aggregation inhibition.

Adenosine diphosphate-induced platelet aggregation

For measurement of the adenosine diphosphate (ADP) platelet 
aggregation inhibition, we used the Sysmex K4500 method [11]. 
Blood samples were collected in plastic tubes containing EDTA 
and tubes containing PPACK with 20 μm L–1 ADP (Plateletworks®, 
Helena Laboratories, Beaumont, TX, USA). A routine platelet 
count was performed on each sample. The platelet count in the 

EDTA tube was used as a reference. In the presence of the 
agonist ADP, platelets aggregate and associate. As the aggregated 
platelets exceed the threshold limitations for platelet size, they 
are no longer counted as individual platelets. The ratio between 
the non-aggregated platelets in the agonist sample and the platelet 
count in the reference tube multiplied by 100% was calculated as 
the platelet aggregation inhibition. In our laboratory, we reported 
a correlation coefficient of 0·90 between the Sysmex K4500 and 
the ICHOR point-of-care platelet analyser (Helena Laboratories) 
to validate the Sysmex K4500 platelet aggregation measurement 
[12,13].

PFA-100®

Platelet function was measured using a platelet function analyser 
(PFA-100, Dade Behring, Marburg, Germany), an instrument that 
provides a quantitative measurement of platelet adhesion and 
aggregation in whole blood flowing through a small aperture 
under high shear conditions [14–17]. The aperture (147 μm) is 
coated with 2 μg type I collagen and 50 μg epinephrine bitartrate. 
The closure time of the aperture, referred to as bleeding constant, 
is an indicator of platelet function.

Statistical analysis

Statistical analysis was performed with the SPSS 12·0 statistical 
package. Continuous data were expressed as mean ± standard 
deviation, and categorical data as percentage, unless otherwise 
denoted. Analysis of variance and the chi-squared test were 
appropriately used for continuous and categorical variables, 
respectively. For comparison of the reproducibility of the 
duplo FIPA measurements, a Wilcoxon test was used, and for 
comparison with other platelet function tests, a Spearman Rho 
correlation coefficient was determined using the Pearson 
product–moment correlation. Furthermore, a Bland–Altman 
graph was drawn to compare the two different outcome 
values of the duplo FIPA sample with the mean of these values 
and to compare the mean of differences between FIPA and ADP 
aggregation. The limits of agreement, the borderline of 2 standard 
deviations from the mean, were determined to investigate clinical 
usefulness. A P-value of < 0·05 was considered statistically 
significant.

Results

From April 2005 to December 2005, platelet aggregation was 
measured in 111 consecutive patients who were randomized to 
either pre-hospital high-dose tirofiban (n = 53) or placebo (n = 58). 
Baseline characteristics of these patients are described in Table 1.

FIPA

The duplo measurement of the FIPA test showed good 
reproducible results (R = 0·942, P < 0·001, Fig. 1). In 72% of the 
patients who received high-dose tirofiban, platelet aggregation 
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inhibition was below 80%. The Bland–Altman graph shows the 
mean of both duplo measurements and limits of agreement of 
plus or minus 20% (Fig. 2). There was no association between an 
increase in FIPA inhibition and increased difference between the 
two measurements (Wilcoxon test: P = 0·864).

Comparison with other tests

FIPA correlated well with ADP-induced platelet aggregation 
(R = 0·834, P-value < 0·001, Fig. 3, Bland–Altman graph in Fig. 4), 
but there was only a weak association between FIPA and the 
quantitative platelet adhesion measurement by PFA-100 
(R = 0·564, P < 0·001, Fig. 5). FIPA could be measured also in 
patients in which platelet aggregation could not be measured 
by PFA-100 or after ADP (Figs 3 and 5). As compared to PFA-100, 

Figure 1 Duplo measurements and correlation of the FIPA 
inhibition (n = 111, R = 0·942, P < 0·001).

Table 1 Baseline characteristics of patients according to randomization

Group 1 (n = 53) Group 2 (n = 58) P-value

Male gender 77% 71% 0·424

Hypertension 40% 36% 0·711

Diabetes 8% 10% 0·745

Smoking 54% 42% 0·212

Hypercholesterolaemia 23% 17% 0·476

Family history 43% 42% 0·891

Previous angina 43% 36% 0·439

Previous myocardial infarction 13% 12% 0·857

Previous percutaneous coronary intervention 8% 5% 0·707

Previous coronary artery bypass grafting 4% 5% 1·000

Previous cerebrovascular accident 0% 0%

Age (years, ± SD) 61·9 ± 11·7 63·3 ± 10·8 0·540

Blood pressure systolic (mmHg, ± SD) 142 ± 25 130 ± 26 0·024

Blood pressure diastolic (mmHg, ± SD) 86 ± 15 80 ± 19 0·071

Heart rate (b.p.m.) 75 ± 21 75 ± 20 0·872

Length (cm, ± SD) 176·0 ± 8·7 174·8 ± 9·0 0·589

Weight (kg, ± SD) 82 ± 12 83 ± 16 0·583

Figure 2 Bland Altman graph of the mean of both duplo 
measurements of FIPA inhibition (n = 111).
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only few patients had maximal platelet inhibition using the FIPA 
test, indicating that FIPA measurement can be performed in 
patients with more extensive platelet inhibition (Fig. 5). 
As compared to the ADP-induced platelet aggregation inhibition, 
in few patients minimal platelet aggregation inhibition was found 
using our FIPA method, indicating that platelet function could be 
measured in patients with maximal platelet activation (Fig. 3).

Discussion

In the present study, we tested the feasibility and reproducibility 
of a novel platelet function test using stainless steel as an 
agonist for platelet aggregation. Our test, in contrast to other 
platelet function tests, had good reproducibility, and platelet 
aggregation could even be measured in patients with enhanced 
levels of platelet aggregation inhibition or activation.

Antiplatelet therapy has become increasingly important in 
patients with coronary artery disease, particularly in those with 
acute coronary syndrome and in those undergoing PCI [18]. 
The intended platelet aggregation inhibition should be a balance 
between prevention of thrombotic complications on one side 
and bleeding risks on the other side [11,19]. Platelet function 
measurement may facilitate individual dosing and type of 
antiplatelet therapy. Platelet function testing is not embedded into 
routine clinical practice, because no optimal, easy, reproducible 
and multipathway platelet aggregation test can be accomplished 
in vitro. Furthermore, only few studies have associated platelet 
aggregation inhibition with clinical outcome in myocardial 
infarction. Conflicting results have been present in particular in 
patients with subacute thrombosis after stenting [20–25]. High 
platelet reactivity was found in patients who experienced stent 
thrombosis, and patients with clopidogrel resistance were at 
increased risk for recurrent atherothrombotic events [20,21]. 
Furthermore, in STEMI, increased levels of platelet aggregation 
(related to infarct size) were found as compared to unstable angina 
or control patients [22]. A thrombolysis study reported platelet 
receptor occupancy to be associated with better angiographic 

Figure 3 Comparison of FIPA inhibition and ADP induced 
platelet aggregation inhibition (n = 111).

Figure 4 Bland–Altman graph of the comparison between the 
mean of differences of ADP aggregation inhibition [%] and FIPA 
inhibition (%, n = 111).

Figure 5 Comparison of FIPA inhibition and PFA-100 bleeding 
time (n = 111).
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and electrocardiographic outcome [23]. Finally, in STEMI patients 
undergoing primary PCI, increased inhibition of platelet 
aggregation by abciximab was recently found to be associated 
with better myocardial reperfusion [24]. However, in our recent 
On-TIME 1 study, no relationship was found between the levels 
of platelet aggregation inhibition and clinical outcome in STEMI 
patients undergoing primary PCI [25]. The lack of correlation 
between platelet aggregation inhibition and clinical outcome 
might be explained by the small number of major adverse cardiac 
events by exclusion of moderate heart failure patients, or it could 
be due to an insufficient method of platelet aggregation 
measurement at that time of the study. In the On-TIME 1 study, 
we used ADP as an agonist for platelet aggregation inhibition 
measurement. It is questionable whether this single pathway 
platelet aggregation agonist is sufficient to simulate the 
multipathway platelet aggregation in acute coronary syndrome. 
We invented a simple platelet aggregation test for practical 
clinical use, using a multipathway agonist for platelet aggregation, 
resembling stents in coronary arteries. This platelet function 
test might identify patients with increased levels of platelet 
aggregation, who might be at high risk for worse clinical outcome, 
and be in need of tailored antiplatelet regimens. Our FIPA test will 
be used in the On-TIME 2 study to identify patients at high risk 
for thrombotic complications after primary PCI for STEMI.

Stainless steel activates platelet adhesion, aggregation and 
thromboxane release [1–7]. The potent platelet activation 
characteristics of stainless steel might be due to coverage of 
stainless steel with proteins other than albumin, such as 
fibrinogen, von Willebrand factor, immunoglobulin and 
fibronectin [26]. As a consequence, the protective cover of 
albumin, which does not interact with platelets, is less present 
in stainless steel surfaces, resulting in increased platelet activation 
by steel surfaces [26].

In the present study, we found an association between FIPA 
and ADP-induced platelet aggregation. Therefore, our FIPA test 
might be importantly ADP regulated. However, since FIPA is a 
multipathway stimulus for platelet aggregation, it might better 
resemble the clinical platelet aggregation by metal stents in the 
setting of an acute coronary syndrome. However, no gold standard 
platelet function test is available. Therefore, we compared our 
FIPA test to two other platelet function tests instead of one.

Bleeding time measurement, in patients with an acute 
myocardial infarction, using PFA-100, before antiplatelet 
therapy administration was correlated inversely with the extent 
of myocardial cell necrosis [22]. In a study of mixed stable and 
acute coronary syndrome patients, shortened bleeding time 
with PFA-100 (< 190 s) was associated with a higher risk for 
the reoccurrence of cardiovascular events or death [27,28]. A 
characteristic of PFA-100 is that bleeding time is highly dependent 
on the levels of von Willebrand factor [29,30]. As a result, high 
von Willebrand factor levels may mask the inhibitory effects of 

antiplatelet therapy because the high-shear rates will promote 
direct binding of von Willebrand factor to glycoprotein IIb/IIIa 
[31]. The currently available ADP cartridges are not very sensitive 
to clopidogrel [32,33]. Since patients were randomized to either 
high-dose tirofiban or placebo on top of clopidogrel and 
acetylsalicylic acid in the On-TIME 2 study, this might explain 
the diversity in the results of the PFA-100 bleeding time found in 
our study.

Limitations

Since thrombosis of coronary arteries is known to be the result 
of the multifactorial interplay of substance release from the 
endothelial wall, activation of platelets, shear stress due to 
roughness of the internal vessel wall and mechanical 
complications of PCI, inflammation markers released by the 
immune system, thrombogenicity of stent material, and the 
form and geometry of stents, it is wrong to suggest that in vitro 
platelet aggregation test using stainless medical steel represents 
the complete platelet aggregation response in patients with an 
acute STEMI undergoing primary PCI [34]. Another limitation 
is the lack of comparison with the Verify-now® test.

Conclusion

In this pilot study, FIPA measurement showed to be a novel, 
feasible and easy method for platelet function measurement, 
resembling the agonist for platelet aggregation in stents in 
coronary arteries. Furthermore, FIPA could be measured in 
acute STEMI patients using potent platelet inhibitors such as 
glycoprotein IIb/IIIa blockers plus clopidogrel and acetylsalicylic 
acid in contrast to other methods of platelet function.
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