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Abstract
Background and objectives—Patients treated by percutaneous coronary intervention (PCI)
receive aspirin and P2Y12 ADP receptor inhibitors to reduce thrombotic complications. The
choice of methodology for monitoring the effects of treatment and assessing its efficacy is still a
topic of debate. We evaluated how decreased P2Y12 function influences platelet aggregate
(thrombus) size measured ex vivo.

Methods and Results—We used confocal videomicroscopy to measure in real time the volume
of platelet thrombi forming upon blood perfusion over fibrillar collagen type I at the wall shear
rate of 1,500 s−1. The average volume was significantly smaller in 31 patients receiving aspirin
and clopidogrel (19) or ticlopidine (12) than 21 controls, but individual values were above the
lower limit of the normal distribution, albeit mostly within the lower quartile, in 61.3% of cases.
Disaggregation of platelet thrombi at later perfusion times occurred frequently in the patients.
Vasodilator-stimulated phosphoprotein (VASP) phosphorylation, reflecting P2Y12 inhibition, was
also decreased in the patient group and only 22.6% of individual values were above the lower
normal limit. We found no correlation between thrombus volume formed onto collagen fibrils and
level of P2Y12 inhibition, suggesting that additional and individually variable factors can
influence the inhibitory effect of treatment on platelet function.

Conclusions—Measuring platelet thrombus formation in flowing blood reflects the
consequences of anti-platelet therapy in a manner that is not proportional to P2Y12 inhibition.
Combining the results of the two assays may improve the assessment of thrombotic risk.
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Platelet-mediated arterial thrombosis leads to acute coronary syndromes (ACS)[1], thus
patients undergoing percutaneous coronary intervention (PCI) receive anti-platelet therapy
[2,3]. Aspirin (acetylsalicylic acid, ASA) and thienopyridines (ticlopidine or clopidogrel),
which inhibit thromboxane A2 synthesis and P2Y12 adenosine diphosphate (ADP) receptor
respectively, are administered in combination for long-term treatment [4,5]. Anti-platelet
drugs reduce adverse events after PCI, and resistance to therapy may result in thrombotic
complications [6,7]. The latter are rare (incidence 0.5–2%) but altogether relevant because
PCI procedures are performed frequently. So called “resistance” to aspirin and clopidogrel
has been reported [8,9]. Pharmacological resistance to aspirin may be rare, yet individual
responses vary considerably with respect to platelet inhibition [10]. In the case of
clopidogrel, reduced intestinal absorption, abnormal metabolism and reduced interaction
with the target receptor have been associated with therapy failure [11—13]. The next
generation of P2Y12 inhibitors may overcome these problems, yet the need for platelet
testing to identify thrombotic risk will remain as uniform dosing may not fit all patients [14].
There is, however, no established approach on how to gauge platelet inhibition in relation to
clinical outcome [15] and results obtained with different methods have been discordant
[9,16–18].

Here, we have evaluated platelet function using confocal videomicroscopy with three-
dimensional resolution of thrombus formation in real time (four-dimensional analysis)
[19,20]. Unlike light transmittance aggregometry (LTA) - tested sequentially with individual
agonists in a poorly defined fluid dynamic environment and independently of surface
interactions – platelet thrombus formation under arterial flow conditions is more directly
related to mechanisms considered of physiopathological relevance [19,20]. These include
activation following tethering to a collagen surface mediated by bound plasma-derived von
Willebrand factor (VWF), the influence of shear stress-dependent biomechanical stimuli
[21,22] and release of platelet α-granule content, including ADP [23]. We found that the
volume of platelet aggregates formed in flowing blood is not proportional to the level of
P2Y12 inhibition in individual patients. Results of the test may help improve understanding
of pathogenetic mechanisms and assessment of thrombotic risk.

Materials and Methods
Blood samples and patient population

Blood from 21 medication-free healthy controls and 31 patients was drawn from an
antecubital vein with informed consent according to the Declaration of Helsinki and with the
approval of an Institutional Review Board. Four-ml blood aliquots were collected into tubes
with 68 USP units of lithium heparin or other anticoagulant when indicated (BD Vacutainer,
Buccinasco, Milan, Italy); the first aliquot was discarded. After treatment for the acute
episode and PCI, according to standard protocols that included a 300 mg loading dose of
clopidogrel per os, all patients received aspirin, 100 mg daily indefinitely, and clopidogrel,
75 mg daily for variable periods of time. During the course of treatment, some patients were
switched to ticlopidine (250 mg twice daily) for medical reasons or as required by national
health insurance policy. Patients were tested after 30–365 days of treatment. For monitoring
of compliance to treatment, patients were instructed to count pills on a weekly basis and
questioned on the issue at the time of routine check-up visits. Relevant characteristics of the
patient population are reported in Table 1.
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Measurement of vasodilator-stimulated phosphoprotein (VASP) platelet reactivity index
(PRI)

Blood for this assay was collected into 0.011 M trisodium citrate and stored at room
temperature (18–25 °C) before testing within 24 h. VASP phosphorylation at Ser239 in
response to prostaglandin (PG) E1 with or without concomitant ADP stimulation was
determined with a specific monoclonal antibody by flow cytometry (Epics XL, Beckman
Coulter, Cassina de’ Pecchi, Milan, Italy) using a commercial kit (BioCytex, Marseille,
France) according to Schwarz et al [24]. PRI was expressed as:

where MFI is mean fluorescence intensity.

Thrombus formation ex vivo and volume measurement
As described previously [19] in detail, a glass coverslip was coated with acid-insoluble type
I collagen (Sigma Chemical Co. St. Louis, MO) and assembled at the bottom of a
rectangular flow chamber. This was placed on the stage of an inverted fluorescence
microscope equipped with a confocal module (TCS SP5, Leica, Milan, Italy). Platelets in
whole blood containing lithium heparin (17 USP U/ml) were rendered fluorescent with 10
µM quinacrine hydrochloride (mepacrine) added before perfusion. Constant flow yielding a
wall shear rate of 1,500 s−1 was controlled with a syringe pump (New Era Pump System
NE-1000, KF Technology, Rome, Italy) aspirating from the chamber outlet. In selected
experiments, we evaluated the effect on platelets thrombus formation and VASP
phosphorylation of adding to control blood varying concentrations of the P2Y12 inhibitor, 2-
methylthioadenosine 5′-monophosphate triethylammonium salt (2-MeSAMP; Sigma), or
ASA (lysine acetylsalicylate; Sanofi-Aventis, Milan, Italy), alone or in combination. Images
obtained through a HP PL APO 20x/0.70 objective (Leica) were digitized in real time with a
video camera (QiCam Cooled Mono, Q-Imaging, Surrey, BC, Canada). Series of confocal
sections were collected at defined time points. The area of the field of view seen through the
20x objective and the videocamera was 207,025 µm2. Total thrombus volume per field of
view, reflecting the number of aggregated platelets, was calculated as the sum of the surface
area covered by platelets in each individual confocal section multiplied by the z-axis interval
(0.94 µm) between adjacent sections, as reported [19]. For measurements in treated patients
and controls, all z planes were included in the calculation; for measurements after exogenous
addition of inhibitors to normal blood, the values of z planes corresponding to the layer of
collagen-adherent platelets were excluded from the calculation. The latter were identified as
the plane with the greatest total platelet area plus twice the values of the planes below it. In a
plot of platelet surface coverage versus distance from the collagen surface, these values
define a symmetric peak around the one with greatest surface coverage value, arbitrarily
taken to represent the volume of a monolayer of collagen adherent platelets. The threshold
between signal and background was established using an unbiased algorithm. Image analysis
was performed with ImageJ (http://rsbweb.nih.gov/ij/). Movies were edited with Final Cut
Express (version 4.0.1; Apple Inc., Cupertino, CA). It is important to note that certain
preparations of heparin have an inhibitory effect on platelet thrombus formation measured
under the conditions described here. For these studies, we verified that the volume of
platelet thrombi formed in control samples was within the range previously observed with
blood containing 40–80 µM D-phenylalanyl-L-prolyl-L-arginine chloromethyl ketone
(PPACK) as anticoagulant. However, we also found that, as compared to PPACK-
containing blood, certain heparin preparations may inhibit platelet thrombus volume on
collagen by >50–70%. The effect of heparin, which interacts with the VWF A1 domain [25],
is likely the result of interference with VWF binding to GPIb and/or collagen, but we cannot
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explain why certain preparations of the anticoagulant have a greater effect than others in this
regard. Of note, heparin has previously been used as anticoagulant for perfusion studies
similar to the ones we present here; thrombus formation was found to be similar in heparin-
or PPACK-containing blood, but unexplained effects of the anticoagulant used on the results
obtained with different inhibitors of thrombus formation have also been reported [26].

Statistical analysis
Continuous variables are presented as number and percentage or mean and standard
deviation (SD), as appropriate. Since the distribution of values was not uniformly normal
and sample groups were small and unequal in size, differences were evaluated with
nonparametric tests. For more than two groups we used the Kruskal-Wallis test followed by
the Dunn’s test to evaluate differences between selected pairs; for two groups we used the
Mann-Whitney test. Correlation between independent measurements was evaluated with the
Spearman test. The power of an assay for discriminating between control individuals or
treated patients was evaluated with receiver-operating characteristic (ROC) curves.
Experiments performed by exogenous addition of inhibitors to normal blood were analyzed
by one-way analysis of variance (ANOVA) followed by Dunnett’s multiple comparison test.
Statistical significance was set at a P value <0.05, and all tests were two-sided. Statistical
analyses were performed with GraphPad Prism version 5.0c (GraphPad Software, San
Diego, CA).

All authors had full access to the data and take responsibility for its integrity. All authors
have read and agree to the manuscript as written.

Results
Effects of a P2Y12 inhibitor or aspirin added exogenously to normal blood

We first evaluated the extent to which 2-MeSAMP, a selective inhibitor of the ADP P2Y12
receptor [27], or ASA, added alone or in combination to normal donor blood ex vivo,
interfered with the process of platelet thrombus formation under the conditions used for this
study. Stable surface-adherent platelet aggregates (thrombi) developed in blood without
inhibitors during perfusion over fibrillar collagen type I at the wall shear rate of 1,500 s−1

(Fig. 1A). Total perfusion time was 8 minutes and measurements were performed in real
time during flow at 6 minutes, when platelet aggregates on the surface had reached a steady
volume (see below). The flow rate was constant and the flow path was never occluded by
thrombi during experiments. Addition of 2-MeSAMP (Fig. 1B) or ASA (Fig. 1C) reduced
the size of platelet aggregates. At the highest 2MeSAMP concentration used (340 µM), a
layer of platelets loosely attached to one another adhered to the collagen fibrils, but
aggregation above the surface was markedly impaired as compared to that seen in untreated
blood (Fig. 1B, D). In samples containing 300 µM ASA, platelet cohesion into aggregates
was more similar to normal than in the presence of 2-MeSAMP, but the number of thrombi
that grew above the surface was decreased (Fig. 1C).

Measurement of total platelet surface coverage in each z-plane of a series of confocal
sections confirmed that addition of 2-MeSAMP, and less so of ASA, prevented aggregate
growth in height while the first layer of platelets contacting collagen was actually more
extended than in untreated blood (Fig. 2A, B). The effect of 2-MeSAMP on platelet
aggregate volume measured in the planes above the layer of collagen-adherent platelets was
dose-dependent (Fig. 2C) and maximal at a concentration (~30 µM) that had essentially no
influence on VASP phosphorylation (Fig. 2D). Addition to blood of ASA alone resulted in a
limited reduction of platelet aggregate growth that was maximal at ~150 µM (Fig. 2E). As
compared to control, concurrent addition of ASA and 2-MeSAMP resulted in a more
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pronounced effect than seen with each inhibitor alone, but the difference between combined
or individual addition of inhibitors was not significant (Fig. 2F). Of note, ASA did not
change the effect of 2-MeSAMP on VASP phosphorylation.

Platelet thrombus formation in patients treated with antiplatelet therapy
The development of surface-adherent platelet aggregates during blood perfusion over
fibrillar collagen type I was time-dependent, and total thrombus volume (including the first
layer of collagen-adherent platelets) reached the maximum value at 5 to 7 minutes in
controls (Fig. 3A). The difference between the extremes of the normal distribution of values
was >3-fold (Fig. 3A, Supplemental Movie 1). In the group of treated patients, platelet
adhesion and aggregation were normal during the initial 3 minutes of perfusion, and 71% of
individual values were within the normal range at this time. The progression of thrombus
growth, however, was impaired in a majority of treated patients, and in 14 of them (45.2%)
disaggregation of formed thrombi occurred at later time points. This event, resulting in
thrombus volume at 7 minutes being ≤ volume at 3 minutes, was a distinctive consequence
of anti-platelet treatment; it was never observed in controls and was a discriminating feature
between patients responsive and resistant to therapy (Fig. 4, Supplemental Movie 2). In the
context of this study, a patient was considered resistant to therapy when the average volume
of platelet aggregates formed between 5 and 7 minutes of blood perfusion over fibrillar
collagen was within the range of control values. Because of the variable time of onset of
disaggregation in treated patients, we used the average volume of aggregates measured at 5
to 7 minutes of perfusion at three different positions in the chamber to evaluate the effects of
anti-platelet treatment. As a consequence of decreased growth rate and disaggregation,
thrombus size was significantly smaller in the patient than control group at time points
between 5 to 7 minutes from the beginning of perfusion (Fig. 3B). Of note, the average
thrombus volume at these later time points was essentially the same in the 19 patients treated
with aspirin and clopidogrel (mean±SD: 437271±151257 µm3) and 12 treated with aspirin
and ticlopidine (mean±SD: 493178±83020 µm3), indicating an equivalent pharmacological
effect of the two drugs at the dosage used. For comparison, the thrombus volume in patients
on chronic aspirin treatment was within the normal range in 8 out of 10 samples tested (Fig.
3B); the corresponding mean value was lower in this as compared to the control group
(mean±SD: 630358±184493 vs. 829152±295723 µm3) but the difference was not
significant, as was that with the clopidogrel and ticlopidine treatment groups.

Effect of P2Y12 inhibition on VASP PRI and platelet thrombus volume
The VASP PRI was equally and significantly lower in patients treated with aspirin plus
clopidogrel (mean±SD: 51.2±21.6) or ticlopidine (mean±SD: 48.1±25.7) than in controls
(mean±SD: 91.4±7.4%; P <0.001 for both comparisons; Fig. 5A). Since there was no
difference between the two patient groups, they were treated as one in subsequent
evaluations. By ROC curve analysis, the 90% specificity cut-off value, i.e. the value (PRI
=81.9%) smaller than in 90% of normal controls, corresponded to 100% sensitivity, i.e. all
treated patient had a smaller value (Fig. 5B); only 7 patients (22.6%) had PRI above the
lower limit of the normal distribution (PRI =74.2%). Similar ROC curve analysis of platelet
thrombus volume results (shown in Fig. 3B), considering clopidogrel- and ticlopidine-
treated patients as one group, revealed that the 90% specificity cut-off value (518,334 µm3)
corresponded to 67.7% sensitivity (Fig. 5C); 15 patients (48.4%) had thrombus volume
above the lower limit of the normal distribution, but only 1 was above the first quartile limit.

VASP PRI and thrombus volume
There was no correlation between PRI and average thrombus volume measured in patients
treated with dual anti-platelet therapy, regardless of whether they were receiving clopidogrel
or ticlopidine (Fig. 6). PRI below 69–48% has been associated with better clinical outcome
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post-PCI [28–30], but platelet thrombus volume was not different in patients with PRI above
or below these limits. In our study, 20 patients (64.5%) had PRI below 69%, and 17 of these
(54.8%) were below 48%; 12 of 20 (or 11 of 17) had average platelet aggregate volume
above the lower normal limit, and 7 of 20 (or 6 of 17) were above the 90% specificity cut-
off (Fig. 6). Of note, 4 of the 7, all with PRI <48%, showed thrombus disaggregation
between 3 and 7 min of perfusion, thus the platelet aggregates formed were unstable in spite
of the total volume of platelets deposited on the surface being normal. Such findings suggest
that evaluating platelet thrombus stability in flowing blood, in addition to measuring
volume, may provide relevant information on the effects of P2Y12 inhibition. Considering
our results from a different perspective, 10 of 14 patients with PRI above 48% (or 8 of 11
considering the 69% cut-off) had platelet aggregate volume below the 90% specificity cut-
off; 6 (or 4) of these were below the lower limit of the normal distribution (Fig. 6). In fact, 3
of 7 patients with PRI within the normal range had platelet thrombus volume below the
lower limit of normal. Therefore, significant effects of anti-platelet therapy on platelet
function can be demonstrated also in patients with P2Y12 inhibition considered sub-optimal.

Discussion
The beneficial effect of aspirin and clopidogrel treatment in ACS patients [31] is thought to
result from decreased platelet reactivity [15]. Thienopyridines such as clopidogrel and
ticlopidine target the Gi-coupled P2Y12 ADP receptor pathway, which contributes to
platelet aggregate stability [23,32,33]. With the support of results from prospective clinical
trials, VASP PRI, which specifically measures P2Y12 function, is considered a good
indicator of receptor blockade and, thus, thrombotic risk [28–30]. However, we present here
evidence indicating that the level of P2Y12 inhibition fails to reflect the impairment of
platelet function as assessed with a blood flow-based method for measuring in real time the
volume of platelet aggregates forming onto fibrillar collagen. Indeed, comparable P2Y12
inhibition in different individuals, as evidenced by similar VASP phosphorylation levels,
was associated with a range of thrombus volumes from markedly decreased to normal. Of
note, we found that in several patients with PRI values below suggested therapeutic cut-off
limits, thus judged to have an effective response to treatment, the total volume of platelets
deposited onto a collagen surface under flow was within normal limits, although in most
cases in the lower quartile of the normal distribution. However, platelet aggregates were
unstable in many of these patients, an indication that anti-platelet drugs were altering
platelet reactivity [32]. Our results in treated patients and in ex vivo studies with exogenous
addition of inhibitors to blood, show that P2Y12 blockade has no effect on initial platelet
adhesion to collagen and is compatible with extensive surface deposition of adherent
platelets, albeit not aggregated into thrombi. For this reason, measuring the total volume of
surface deposited platelets may underestimate the effects of anti-platelet treatment on the
formation of stable aggregates growing into the flow path, more likely to represent
potentially occluding thrombi. The introduction of corrective parameters, such as aggregate
shape (height), is likely to make the measurement of thrombus formation under flow more
concordant with the lowering of VASP PRI values within therapeutic limits.

On the other hand, we observed significantly decreased platelet thrombus formation in
patients whose P2Y12 inhibition was considered sub-optimal, a more relevant issue as it
might lead to considering therapeutic changes in spite of a good reduction in platelet
reactivity. In our study, 35 to 45% of patients receiving dual anti-platelet therapy at dosage
in accordance with standard guidelines had PRI above the designated cut-off values for
antithrombotic efficacy. Such a preponderance of cases with an apparent unsatisfactory
response to treatment appears high in view of the relative low frequency of thrombotic
complications, suggesting the possibility of therapeutic effects not reflected by the levels of
VASP phosphorylation. Indeed, others have already noted that the response to
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administration of clopidogrel is individually variable [15], with results of VASP PRI in one
series ranging from 6.6 to 85.8% [34]. In our study, over 70% of patients with an apparently
unsatisfactory response to anti-platelet treatment had reduced thrombus formation on
collagen under flow, with total volumes below or near the lower limit of the normal
distribution. The results of ex vivo addition of a direct P2Y12 inhibitor, 2-MeSAMP, to
normal blood may explain this discrepancy, as the concentration required for maximal
inhibition of aggregate formation on collagen (~30 µM) essentially did not change the level
of VASP phosphorylation measured in the same samples. Accordingly, >50% VASP PRI
reduction required concentrations of 2-MeSAMP (~200 µM) that had no additional
influence on platelet function. It appears, therefore, that patients may be protected from the
risk of thrombosis even with a relatively poor inhibition of P2Y12, suggesting that a global
platelet function test may help achieve a better stratification with respect to thrombotic risk
than by using only assays more specific for P2Y12 function.

Evidence has bee presented that direct P2Y12 inhibitors, such as 2-MeSAMP used here and
ARC69931MX (Cangrelor), may act as antiplatelet agents by raising intracellular cAMP
levels independently of P2Y12 or Gi coupling [35]. The possibility of pharmacological
effects beyond those linked to regulation of VASP phosphorylation is supported by the
substantial difference we observed between concentrations of 2-MeSAMP (higher) required
for altering the VASP PRI response and those (lower) required to inhibit platelet function.
Whether the same conclusion applies also to a different class of compounds such as the
thienopyridines is unknown at present. It is intriguing to note that exogenous addition to
blood of 2-MeSAMP and in vivo administration of clopidogrel and ticlopidine had
remarkably similar and distinctive consequences on the process of thrombus formation in
flowing blood. In either case, platelet adhesion to collagen was normal and initial thrombus
growth minimally affected. The key pharmacological effect was the occurrence of
disaggregation of formed thrombi eventually leading to a collagen surface almost entirely
covered by single platelets or small aggregates, essentially none of which protruded into the
flowing blood. The similar influence on a complex biological process may indicate a
common pharmacological action, indeed suggesting that VASP PRI may not reflect all
mechanisms of platelet inhibition exerted by drugs considered to target P2Y12.

These considerations are relevant in evaluating whether anti-platelet therapy should be
monitored and how. Clinical trials have linked resistance to clopidogrel and risk of
thrombotic complications after PCI [36]. In this respect, directly probing the drug target by
measuring VASP phosphorylation can indicate whether the expected pharmacodynamic
effect has been achieved. As shown by our results, however, a test of this kind may not be
fully informative on the effects that treatment has on platelet function. Since platelet
aggregation is associated to the risk of thrombosis, a more global rather than pathway-
specific test may be a valuable addition for assessing the efficacy of anti-platelet therapy.
Such an approach has the additional advantage of evaluating the contribution of aspirin,
included in all anti-platelet regimens for ACS patients, to the pharmacologic inhibition of
platelet function. As shown here, adding aspirin to blood ex vivo causes a trend towards
reduced thrombus height on collagen fibrils under flow and, although without effect on
aggregate stability, potentiates the reduction of thrombus formation associated with
inhibiting P2Y12. Although patients receiving aspirin therapy alone are not significantly
different from normal with respect to total thrombus volume formed on collagen fibrils, it
seem logical to assume that a test sensitive to both components of the standard anti-platelet
regimen for ACS patients should be valuable for predicting the risk of thrombotic
complications. In this regard, a limitation of our study is that we did not evaluate
thromboxane A2-associated parameters to monitor compliance to aspirin treatment, which
could have influenced the functional testing of platelet aggregate formation. Nonetheless,
one major observation we made was decreased platelet reactivity in patients with modestly
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decreased or normal VASP-PRI, a finding that cannot be reversed by the lack of compliance
to aspirin treatment.

Previous reports have highlighted the importance of methodology in evaluating platelet
function and, thus, its inhibition [9]. LTA is considered a standard in this respect, but its
value for predicting thrombotic complications after PCI is debated [37]. A problem
associated with this test is the choice of agonist used since different ones – such as ADP,
collagen, α-thrombin and arachidonic acid probe partly distinct pathways of platelet
activation. Because thienopyridines target the P2Y12 ADP receptor, it is not surprising that
VASP PRI and ADP-induced aggregation have shown correlation [28,29], although not
necessarily concordance in predicting thrombotic risk [30]. Testing platelet activation with
the combined use of multiple agonists may be more informative [38] as compared to
measuring specifically P2Y12 inhibition, but in many published studies only the response to
ADP has been evaluated [18,39,40]. Assays that involve the effects of hydrodynamic force
are considered relevant in assessing mechanisms of arterial thrombosis [41] and are
influenced by P2Y12 inhibition [23,33,42]. Yet, results obtained with a flow-based point-of-
care instrument have been contradictory and the approach deemed unsatisfactory for
monitoring the effects of P2Y12 inhibitors [43–46]. However, as shown here, there is a
disconnection between the levels of P2Y12 blockade that influence VASP phosphorylation
as compared to platelet thrombus formation under flow. Thus, the lack of correlation
between assays probing processes differentially sensitive to P2Y12 function is not
necessarily surprising. This notwithstanding, our study suggests that adequate platelet
functional testing may have a role in assessing the efficacy of anti-platelet therapy and
managing thrombotic risk. Ultimately, the unresolved problem is the correspondence
between laboratory evaluation and clinical efficacy of a given pharmacologic treatment, a
question that can only be resolved by trials of the size required to link test results and
clinical outcome.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Abbreviations used

ACS acute coronary syndrome

PCI percutaneous coronary intervention

GP platelet membrane glycoprotein

ASA acetylsalicylic acid (aspirin)

ADP adenosine diphosphate

LTA light transmittance aggregometry

VWF von Willebrand factor

VASP vasodilator-stimulated phosphoprotein

PRI platelet reactivity index

PG prostaglandin

MFI mean fluorescence intensity

PBS phosphate-buffered saline

CI confidence intervals of the mean
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Figure 1. Effect of 2-MeSAMP and ASA on platelet aggregate formation over fibrillar collagen
type I exposed to flowing blood
A–C. Pairs of single confocal images taken at the collagen surface (z position = 0 µm) and 6
µm above it, as indicated, after 6 min of perfusing blood at the wall shear rate of 1,500 s−1.
D. Orthogonal projections of thrombi formed in control (top images) and 2-MeSAMP-
treated blood (bottom images). The position in z of the x, y planes is indicated by yellow
lines in the x, z and y, z projections, which were constructed with a series of confocal
sections taken at 0.94 µm interval in the z axis. Note the effect of 2-MeSAMP preventing the
tight clustering of platelets into aggregates growing above the surface exposed to flowing
blood, but not the recruitment of the first layer of platelets adherent to the collagen fibrils. In
contrast, aggregation still occurs in the presence of ASA but the number of thrombi is
decreased. Different dimension bars in A–C and D are shown.
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Figure 2. Quantitative determination of the effect of 2-MeSAMP and ASA on platelet thrombus
formation in blood flowing over collagen
A, B. Total area of adhering and aggregated platelets in individual planes of confocal z-
sections plotted against the z position, measured from the collagen surface (0) to the top of
thrombi. The results shown are in blood treated with increasing concentrations of 2-
MeSAMP (A) or ASA (B) after 6 min of perfusion over fibrillar collagen type I at the wall
shear rate of 1,500 s−1. The peak surface area value corresponds to the section through the
middle of the first layer of platelets in contact with collagen, and is actually greater in the
presence of higher inhibitor concentrations than control. In contrast, as compared to control,
the value decreases markedly in planes above the surface and more so in the presence of
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higher 2-MeSAMP than ASA concentrations, indicating inhibition of platelet aggregation
into thrombi. C. Effect of increasing concentrations of 2-MeSAMP on platelet aggregate
volume above the layer of adhering platelets. One representative experiments is shown of
three that gave comparable results. D. VASP phosphorylation measured in the presence of
increasing concentrations of 2-MeSAMP expressed as PRI relative to the value in untreated
blood. The results of three separate experiments are shown and different individuals tested
are identified by distinct symbols. E. Effect of different ASA concentrations on platelet
aggregate volume above the layer of adhering platelets. The average of three different
experiments is shown F. Effect of the indicated concentrations of ASA and 2-MeSAMP,
individually or in combination, on platelet aggregate volume above the layer of adhering
platelets. The average of three different experiments is shown. Error bars in E and F indicate
the standard error of the mean. Significance of comparison with control: *, P <0.05; **, P
<0.01.
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Figure 3. Time-course of platelet thrombus formation in normal controls and treated patients
Heparinized blood (17 USP heparin U/ml) containing mepacrine is perfused over fibrillar
collagen type I at the shear rate of 1,500 s−1 for 8 min at 37 °C. Confocal z sections obtained
at the indicated time points are used to calculate the volume of platelet aggregates formed
onto the surface of the field of view (207,025 µm2). A. Positions (P) at different distance
from the chamber flow inlet are visualized at different time points: P1, 1.5 mm (1 and 6
min); P2, 2.5 mm (3 min); P3, 5 mm (5 min); P4, 10 mm (7 min). Results of 21 normal
controls and 31 patients are shown along with the significance of thrombus volume
differences (NS, P >0.05; **, P <0.01; ***, P <0.001). B. Average of thrombus volumes
measured after 5–7 min at three different positions in the flow chamber, shown separately
for patients treated with aspirin and clopidogrel or aspirin and ticlopidine as well as controls.
There is no difference between patients treated with the two drugs and both groups are
significantly different (P<0.001) from controls. A group of 10 patients on chronic aspirin
treatment (100 mg daily) is shown for comparison; the 5–7 min average thrombus volume in
this group is not significantly different from control, but also not significantly different from
patients receiving a P2Y12 inhibitor.
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Figure 4. Different thrombus growth in patients resistant or responsive to anti-platelet treatment
A. The total volume of platelet aggregates forming on fibrillar collagen in a patient resistant
to ASA-clopidogrel treatment more than doubles between 3 and 6 minutes of blood
perfusion, but decreases to about half in a typical responsive patient, indicating thrombus
instability and disaggregation. B. Orthogonal projections of the corresponding platelet
aggregates on the collagen surface, calculated from confocal z-sections obtained after 6 min
of blood perfusion. See legend to Fig. 1 for details on how these projections are generated.
Note the similarity between the extensive platelet surface coverage but lack of aggregate
growth in height resulting from clopidogrel treatment in a responsive patient and the effect
of the direct P2Y12 inhibitor, 2-MeSAMP, added exogenously to normal blood (see Fig.
1D).
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Figure 5. ROC curve analysis of VASP PRI and thrombus volume measurements
A. VASP PRI is significantly lower (p<0.001) in patients treated with clopidogrel or
ticlopidine as compared to controls and there is no difference between the two groups of
patients. B. ROC curve analysis of the VASP PRI results. C. ROC curve analysis of the
thrombus volume measurements shown in Fig. 3B. As the results in patients treated with
clopidogrel or ticlopidine are not significantly different, they are considered as a single
group. The percentage of normal samples above (specificity) and patient samples below
(sensitivity) each measured value is calculated and plotted as sensitivity vs. 100-specificity.
The area under the ROC curve is calculated and expressed as a fraction of 1 with 95%
confidence intervals (CI), and the significance of the difference with the null hypothesis
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(0.5) is then expressed with a P value. VASP PRI: area =0.984, CI 0.957–1.011, P<0.0001.
Thrombus volume: area =0.903, CI 0.820–0.987, P<0.0001.
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Figure 6. Lack of correlation between VASP PRI and platelet thrombus volume
The two assays, done with the same blood specimen but mixed with different anticoagulants,
were performed in 31 patients treated for 30–365 days with ASA and clopidogrel (circles) or
ASA and ticlopidine (triangles), considered as a single group (see Figs. 3 and 5). Thrombus
volume is the average of 3 measurements at different positions in the flow chamber after 5–7
min of perfusion (see Fig. 3B). Red symbols identify patients with platelet thrombus volume
above the lower limit of the normal distribution. There is no correlation between the results
of the two assays (rs =0.0145; P =0.938). The horizontal dotted lines indicate (a) the
thrombus volume cut-off value (518,334 µm3) with 90% specificity; and (b) the lower limit
of the normal distribution (431,578 µm3). The vertical dotted lines show (1) the 90%
specificity PRI cut-off value (81.9%); (2) the lower limit of the normal distribution (74.2%);
and the two PRI values of 69% (3) and 48% (4) previously shown [29,30] to separate
patients with higher and lower thrombotic risk post PCI.

Mendolicchio et al. Page 19

J Thromb Haemost. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Mendolicchio et al. Page 20

Table 1

Clinical characteristics of the patient population.

Characteristic n=31

Age (SD) 62 (14)

Male/female gender 22/9

Hypertension (%) 18 (58.1)

Diabetes (%) 8 (25.8)

Hyperlipidemia (%) 18 (58.1)

Family history of CAD (%) 7 (22.5)

Smoker (%) 21 (67.7)

Number of vessel diseased (%)

1 11 (35.5)

2 9 (29)

3 11 (35.5)

Previous MI (%) 5 (16.1)

Previous CABG (%) 2 (6.5)

Drug-eluting stent (%) 22 (71)

Bare-metal stent (%) 9 (29)

Chronic renal failure (%) 4 (12.9)

Ejection Fraction (SD) 50(9)

Indication for PCI (%)

STEMI 26 (83.8)

NSTEMI 5 (16.2)

CAD = coronary artery disease; MI = myocardial infarction; CABG = coronary artery bypass graft; STEMI = myocardial infarction with ST
elevation; NSTEMI = myocardial infarction without ST elevation.
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