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ABSTRACT

Background

Platelet reactivity among subjects with cardiovascular disease using aspirin can be
quantified using multiple methods, either specific or non-specific to the effect of
aspirin on cyclooxygenase (COX)-1. We assessed the correlation between a variety of
COX-1-dependent and COX-1-independent tests as well as the determinants of the
various tests.

Methods

Platelet reactivity was assessed in 252 male subjects with stable cardiovascular disease
using serum thromboxane B,, urinary 11-dehydro-thromboxane B,, arachidonic
acid-induced light transmission aggregometry, the VerifyNow Aspirin assay, the
PFA-100 collagen-epinephrine and collagen-adenosine-diphosphate cartridges, and
adenosine-diphosphate and cross-linked collagen-related peptide induced P-selectin
expression by platelets.

Results

On-aspirin platelet reactivity varied markedly according to the different tests. The
VerifyNow Aspirin assay correlated with serum thromboxane B, levels: r?= 0.49, agre-
ement highest quintiles 85%, x = 0.53 (95%Cl 0.38 to 0.67). The correlation between
all other tests was weaker or even absent. Similarly, the determinants of the tests
differed between the tests, although several factors seemed to be of more general
importance, including aspirin dose below 80 mg, obesity, dyslipidemia, high platelet
count, high mean platelet volume, decreased renal function, low hemoglobin and low
hematocrit.

Conclusion

We showed that among male subjects with established cardiovascular disease
chronically using aspirin, high on-aspirin platelet reactivity was not a uniform finding
using several COX-1-dependent and COX-1-independent tests. We identified several
determinants of platelet reactivity according to the various tests.



INTRODUCTION

Platelets play an essential role in the development of cardiovascular disease.'?
Therefore, inhibition of platelet function is an important therapeutic goal in cardio-
vascular prevention. Low-dose aspirin irreversibly inhibits thromboxane (Tx)A, produc-
tion by platelets by permanent blockade of platelet cyclooxygenase (COX)-1, and
is a cornerstone in the prevention of cardiovascular events in subjects with manifest
cardiovascular disease.*® During the last decades, the concept of interindividual
variability of platelet function in subjects using aspirin has gained a lot of attention
in literature.®? The definition of high platelet reactivity and the most suitable test to
detect high platelet reactivity have been widely and still inconclusively debated.’®"2
Inability of aspirin to reach its pharmacological target, i.e., COX-1, which requires
specific tests to detect, has been distinguished from high residual on-treatment
platelet reactivity, in which more global tests of platelet function could also be used'
12_ It is still not clear which test is most useful from a clinical point of view.

Reflecting the different definitions of high platelet reactivity and the different tests
available, the prevalence of high platelet reactivity varies highly over studies from
1-2 percent using a highly specific method for the pharmacological effect of aspirin
up to 65 percent when more global tests are used.”'%"* Furthermore, several studies
have showed poor correlations between the different tests, including several COX-
1-dependent assays.'" In the present study we present a further evaluation of the
relationship between a variety of COX-1-dependent and COX-1-independent tests
of platelet reactivity among subjects with stable cardiovascular disease chronically
using aspirin. Furthermore, we examined potential determinants of on-aspirin platelet
reactivity according to the different tests.

METHODS

Study design and subjects

We evaluated the correlation between platelet function tests and the determinants of
platelet reactivity within the SMILE-Platelets project. Briefly, 560 male subjects with
a first myocardial infarction between 1990 and 1996 were included as cases in the
Study of Myocardial Infarctions in Leiden (SMILE)'® and 542 of them were followed
for recurrent events in a cohort study.'” In 2008/2009 all living patients were recruited
again to provide a blood and urine sample to test platelet reactivity.*® Of the 542
subjects, 171 subjects died, 12 subjects were lost to follow-up, and 85 subjects
did not want to participate. Therefore, 274 subjects were included in the platelet
function study. Furthermore, we excluded 12 subjects using clopidogrel, 4 subjects
using dipyridamole, 4 subjects using non-steroidal anti-inflammatory drugs other than
aspirin and 2 subjects without suitable blood samples, leaving 252 subjects for the
present analyses.

Subjects provided morning fasting blood and urine samples for platelet reactivity
testing and assessment of chemical and hematological parameters. Blood was collected
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in sitting position after half an hour of rest using the Sarstedt S-Monovette® blood
collection system (Sarstedt AG & Co., Nimbrecht, Germany). The first 10 mL were
not used for platelet function measurements. All subjects also completed a detailed
questionnaire about recurrent cardiovascular events, cardiovascular risk factors and
medication use. The study was approved by the Medical Ethics Committees of the
Leiden University Medical Center, and performed in accordance with the Declaration
of Helsinki. All subjects gave written informed consent before participation.

Laboratory measurements

Included tests of platelet reactivity were serum thromboxane B, (S-TxB,), urinary
11-dehydro-thromboxane B, (U-TxB,), arachidonic acid-induced light transmission
aggregometry (LTA-AA), the VerifyNow® Aspirin assay (Accumetrics, San Diego, CA,
USA), the Platelet function analyzer (PFA-100®) (Siemens Healthcare Diagnostics,
Deerfield, IL, USA) collagen-epinephrine (Col/Epi) and collagen-adenosine
diphosphate (Col/ADP) cartridge and ADP and cross-linked collagen-related peptide
(CRP-XL)-induced P-selectin expression measured by whole blood flow cytometry.
S-TxB,, U-TxB,, LTA-AA, VerifyNow Aspirin are considered COX-1-dependent,
whereas the PFA-100 cartridges and ADP- and CRP-XL-induced P-selectin expression
are COX-1-independent.

To measure S-TxB,, blood was collected in a Becton Dickinson Vacutainer® glass
tube without anticoagulant (BD Biosciences, San Jose, CA, USA), incubated for
1 hour at 37°C, and centrifuged at 2500 g for 10 min. The supernatant serum was
stored at —80°C until analysis.?' TXB, was measured by a previously validated enzyme
immunoassay.'¢?

Urine for measurement of U-TxB, was stabilized in Becton Dickinson C&S tubes
with preservative and stored at -80°C until analysis. U-TxB, was measured by the
AspirinWorks® Test Kit (Corgenix Inc., Westminster, CO, USA) according to the
manufacturer’s instructions. In the same urine samples creatinine levels were measured.
U-TxB, levels were expressed as pg/mg creatinine.

To measure platelet function with the VerifyNow® Aspirin assay, blood was
collected in a VerifyNow Greiner Bio-One 3.2% citrate tubes (Greiner Bio-One GmbH,
Kremsmiinster, Austria). The assay was performed according to the manufacturer’s
instructions. Results are expressed as Aspirin Responsiveness Units (ARU).

LTA, PFA-100 and P-selectin expression measurements were performed in 3.2%
citrate Sarstedt S-Monovette® tubes. LTA was performed using a Chrono-Log 490
aggregometer (Chrono-Log Corp., Havertown, PA, USA) as previously described.?®
Platelet-rich plasma was prepared by centrifugation for 15 min at 126 g and platelet-
poor plasma was prepared by centrifugation for 15 min at 2700 g. Arachidonic acid
1.6 mM was used to induce aggregation. The maximum extent of aggregation during
15 min was recorded as a percentage of light transmission. Light transmission using
platelet poor plasma was set as 100% of transmission.

PFA-100 measurements were performed using the Col/Epi and the Col/ADP
cartridge. The outcome measure is the time required to occlude a microscopic
aperture or closure time (CT).



P-selectin expression was measured in citrated whole blood by flow cytometry
using a Beckman Coulter® EPICS® XL-MCL (Miami, FL, USA) flow cytometer, as
previously described.?® Antibodies used were FITC-anti-CDé2p (anti-P-selectin) and
PE-anti-CDé61 (anti-glycoprotein llla). Platelet activation was measured in response to
no agonist, ADP (10*M, 10°M, 10-*M) and CRP-XL (0.1, 1, 10 ug/mL). CRP-XL was kindly
provided by Dr R.W. Farndale (University of Cambridge, Cambridge, UK). Results were
expressed as the percentage of platelets (CD61-positive cells) expressing P-selectin
(CD62p). To obtain single effect measures for ADP- and CRP-XL-induced P-selectin
expression, we calculated the area under the curve (AUC) which can be drawn through
the individual values of P-selectin expression for the different agonist concentrations.

LDL-cholesterol, HDL-cholesterol, triglycerides, glucose and creatinine were
measured in serum and hematological cell counts were measured in EDTA-
anticoagulated plasma according to routine procedures.

Statistical analyses

To assess the association between aspirin use and platelet function according to the
different tests, we calculated the median difference with 95% confidence intervals (Cl)
in platelet reactivity according to the different tests between subjects using and not
using aspirin using the CENDIF procedure in Stata 10.1, which estimates robust Cls
for median differences. As the upper limit of the PFA-100 is arbitrarily set at 300s by
the manufacturer, PFA-100 data mimic survival data with censoring of subjects with a
closure time of 300 s. Therefore, the median difference with 95%CI for the PFA-100
Col/Epi cartridge (using the Col/ADP cartridge, the closure time was never 300s) was
estimated using the CENSLOPE procedure, which allows censored data. Associations
with aspirin use were estimated both including and excluding subjects using vitamin-K
antagonists.

The r? for correlation between the different tests was calculated for all subjects
(including those not using aspirin) and also restricted to aspirin-using subjects,
assuming a linear relationship. Correlations of S-TxB, and U-TxB, with other tests
appeared to be non-linear, as also previously demonstrated.’ Hence, second order
polynomial models were used.

All further analyses regarding correlation between the tests and determinants
of the tests were performed within the aspirin-using subjects only since those tests
usually will be performed only in subjects using aspirin. We calculated « statistics for
agreement between the tests in assessing high on-aspirin platelet reactivity. Values in
the highest quintile were set as high and values in the lower four quintiles as normal
platelet reactivity (lowest versus higher quintiles for PFA-100).

The association between several patient-related characteristics and platelet
reactivity was assessed in univariable and multivariable regression models. First, for
all tests mean values of platelet reactivity with standard errors are given in absence
and presence of dichotomous variables and per quartile for continuous variables.
Differences in platelet reactivity with 95%Cl were estimated by linear regression
analysis. For continuous variable, those values are the mean difference per quartile
increase of the variable. Second, we performed multivariable regression models
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including age (=70y vs. <70y), smoking (current smokers vs. others), obesity (body
mass index 230 kg/m? vs. <30 kg/m?), diabetes (yes vs. no), hypertension (yes vs. no,
defined as 2140 mmHg systolic or 290 mmHg diastolic blood pressure), aspirin dose
(<80 mg versus 80-100 mg), use of lipid-lowering drugs and blood pressure lowering
drugs (yes vs. no), serum glucose (=7.0 mmol/L vs. <7.0 mmol/L), LDL-cholesterol (=2.5
mmol/L vs. <2.5mmol/L), HDL-cholesterol (0.9 mmol/L vs. <0.9 mmol/L), triglycerides
(1.7 mmol/L vs. <1.7 mmol/L) and creatinine, platelet count, mean platelet volume,
white blood cell count and hemoglobin (all per quartile) to assess which characteristics
were independently related with platelet reactivity. Hematocrit and red blood cell
count were not included in the multivariable models simultaneously with hemoglobin
to prevent multicollinearity because those factors are highly correlated. We also
performed models including hematocrit but excluding hemoglobin. Furthermore, we
performed multivariable analyses including the estimated glomerular filtration rate
according to the MDRD-formula?* rather than serum creatinine.

All analyses were performed using Stata 10.1 (Stata Corp LP, College Station,
TX, USA).

RESULTS

We included 252 male subjects with a mean age of 69 years (range 50 to 89 years) at
time of the platelet function study. At time of their first myocardial infarction, the mean
age was 53 years (range 46 to 60 years). At time of the platelet function study, a total
of 189 subjects (75%) were using aspirin, while 63 subjects did not use aspirin. Most of
the latter patients used vitamin-K antagonists (n=49). Most subjects on aspirin used 80
to 100 mg; 9 subjects (5%) used 30 to 40 mg. The median duration of aspirin use was
15 years (interquartile range 14 to 16 years). The majority of our study population used
lipid-lowering (n=219, 87%) and antihypertensive (n=212, 84%) drugs. 45 subjects
were current smokers (22%), 69 subjects were obese (27%) and 38 subjects had type
2 diabetes (15%).

Association between aspirin use and platelet reactivity

The association between aspirin use and platelet reactivity according to the different
tests is shown in Figure 1. Aspirin use was clearly associated with lower platelet
reactivity when measured by COX-1-dependent tests as compared with subjects not
using aspirin: Median differences with 95%Cls according to aspirin use were -178 ng/
mL (-207 to -139) for S-TxB,, -3432 pg/mg creatinine (-3901to -3048) for U-TxB,, -79%
(-81 to -75) for LTA-AA, -187 ARU (-198 to -177) for VerifyNow. Furthermore, aspirin
use was associated with prolonged PFA-100 Col/Epi (52 sec; 95%Cl 43 to 62) and,
to some extent, Col/ADP (6 sec; 95%Cl 2 to 11) closure times. Aspirin use was not
associated with P-selectin expression according to both agonists: ADP 1 (95%Cl -6
to 3); CRP-XL 3 (95%CI -5 to 10). When subjects using vitamin-K antagonists were
excluded to examine the effect of aspirin on platelet reactivity more accurately, the
differences using COX-1-dependent tests were somewhat more pronounced: -273 ng/
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Figure 1 — Association between aspirin use and platelet reactivity. Distribution of platelet
reactivity in subjects using and not using aspirin. The lines indicate median platelet reactivity.
TxB,, thromboxane; LTA, light transmission aggregometry; Col/Epi, collagen/epinephrine; Col/
ADP, collagen/adenosine diphosphate; CRP-XL, cross-linked collagen-related peptide
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mL (95%Cl -322 to -118) for S-TxB,, -5056 pg/mg creatinine (95%Cl -7296 to -3040)
for U-TxB,, -80% (95%CIl -85 to -75) for LTA-AA, and -194 ARU (95%Cl -208 to -181)
for VerifyNow.

Correlation between the tests

Table 1 shows the correlation between the different tests. In the whole study population,
including subjects using and not using aspirin (Table 1a), the correlation between
COX-1-dependent tests was good, whereas there was poor correlation between COX-
1-dependent and COX-1-independent tests. Among subjects using aspirin (Table
1b), the VerifyNow Aspirin assay correlated reasonably well with S-TxB, levels (r* =
0.49). The correlations of LTA-AA (r* = 0.35) and U-TxB, (= 0.28) with S-TxB, were
weaker. The closure times using the two cartridges of the PFA-100 were positively,
although poorly, correlated (? = 0.13). The two tests of P-selectin expression were
also positively correlated (2 = 0.29). All other correlations between tests were lower
than these values. Interestingly, the correlations between S-TxB, and functional COX-
1-dependent tests appeared to be non-linear (Tables 1a and 1b). As an example, the
correlation between S-TxB, levels and VerifyNow ARUs in aspirin users is presented
in Figure 2.

In Figure 3, the values in the highest quintile of S-TxB, (>9.0 ng/mL), the most
specific test for the pharmacological
effect of aspirin,’ among aspirin
users have been marked in black. For
the other tests the corresponding
values of the same subjects have also
been marked. This figure illustrates
that the VerifyNow Aspirin assay
correlated best with S-TxB, levels.
Subjects with high aggregation
according to LTA-AA have also high
S-TxB, levels, but the other subjects
with high S-TxB, levels seemed to be
randomly distributed with respect to
LTA-AA values. The correlations
between S-TxB, and other tests are
even poorer (Figure 3).

700

600

VerifyNow, ARU

300 T T T T T 1
0 20 40 60 80 100

Serum TxB,, ng/mL

Figure 2 - Non-linear correlation between

serum thromboxane B, levels and the VerifyNow
Aspirin assay in subjects using aspirin

When platelet reactivity in aspirin
users according to all tests was

Figure 3 — Correlation between high levels of serum thromboxane B, and platelet reactivity [>
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according to the other tests. Subjects with high platelet reactivity according to serum thromboxane
B, (highest quintile, >9.0 ng/mL) have been marked with black dots for all assays. Similar to Figure
1, the lines indicate median platelet reactivity for all tests. The data refer to aspirin-using subjects
only. TxB,, thromboxane; LTA, light transmission aggregometry; Col/Epi, collagen/epinephrine;
Col/ADP, collagen/adenosine diphosphate; CRP-XL, cross-linked collagen-related peptide
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Figure 4 — Determinants of platelet reactivity — multivariate analysis. Relation between patient-
related factors and platelet reactivity according to the various tests in multivariate analysis
including all factors included in table 1. A selection of factors of interest is presented in the figure.
The data refer to aspirin-using subjects. The same cut-off points are used as in Table 1. Age 270
years; HDL-cholesterol > 0.9 mmol/L. Serum creatinine, platelet count, MPV, and hemoglobin are
divided in quartiles. Regression coefficients and 95% confidence intervals are provided for the
association between patient-related factors and platelet reactivity, conditional on all other factors
(age, smoking, obesity, diabetes, hypertension, aspirin dose, use of lipid-lowering drugs and

blood pressure lowering drugs, serum glucose, LDL-cholesterol, HDL-cholesterol, triglycerides, [>



Table 1 — Correlation between platelet function tests

A - All subjects

S-TxB,
?=0.59% U-TxB,

P < 0.0001

r?=0.83* r£=073* LTA-AA

P < 0.0001 P < 0.0001

rP=0.75* =059 rP=0.75 VerifyNow

P <0.0001 P <0.0001 P < 0.0001

rr=020* r=014* =019 r=022 PFA-100

P < 0.0001 P<0.0001 P<0.0001 P<0.0001 Col/Epi

r? =0.01 r? =0.01 =001 r=0.01 r»=0.15 PFA-100

P=10.10 P=10.07 P=0.08 P=0.11 P < 0.0001 Col/ADP

?=000 rP=000 rP=000 r=000 =001 r=0.00 P-selectin

P=0.57 P=082 P=0.87 P=0.53 P=0.07 P=0.29 ADP

?=000 r=000 r=0.00 r=0.01 ?=0.01 r=000 r»=0.23 P-selectin
P=0.39 P=086 P=076 P=0.18 P=0.25 P=0.90 P<0.0001 CRP-XL
B - Subjects using aspirin

S-TxB,

? =028 U-TxB,

p < 0.0001

rr=0.35* r2=0.22* LTA-AA

P < 0.0001 P <0.0001

rr=049* =007 r=0.21 VerifyNow

P <0.0001 P=0.0002 P < 0.0001

?=003 r=000 r=0.00 r=005 PFA-100

P=10.03 P=0.77 P=0.49 P=0.002 Col/Epi

r’=0.00 =000 r=0.01 r=0.00 rr=0.13 PFA-100

P=0.46 P=0.76 P=0.31 P =10.85 P < 0.0001 Col/ADP

r’=0.04 r?=0.01 =000 r=0.02 r=0.02 r=0.00 P-selectin
P=0.007 P=025 P=079 P=0.08 P=005 P=0.39 ADP

r?=0.00 =002 r=0.00 r=0.01 rr=001 r=0.00 rP=0.29 P-selectin
P=10.68 P=0.049 P=039 P=0.29 P=0.16 P=0.76 P<0.0001 CRP-XL

Correlation between the different test in (A) all subjects and (B) restricted to subjects using
aspirin. R? indicates the proportion of variance in a test explained by the other test. A linear
correlation is assumed except in cases marked with an asterisk (*), in which a second order

polynomial model fitted better.

S-TxB,, serum thromboxane B,; U-TxB,, urinary 11-dehydro-thromboxane B,; LTA-AA, arachidonic

acid-induced light transmission aggregometry; Col/Epi, collagen/epinephrine; Col/ADP,

collagen/adenosine diphosphate; CRP-XL, cross-linked collagen-related peptide

[> creatinine, platelet count, mean platelet volume, white blood cell count and hemoglobin). The
regression coefficients can be interpreted as mean differences in case of dichotomous factors
and mean differences per quartile in case of continuous factors. TxB,, thromboxane; LTA, light
transmission aggregometry; Col/Epi, collagen/epinephrine; Col/ADP, collagen/adenosine
diphosphate; CRP-XL, cross-linked collagen-related peptide
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dichotomized in high and normal, with the highest quintile (for the PFA-100 the lowest
quintile) set as high platelet reactivity, the agreement between S-TxB, and VerifyNow
was 85%, resulting in a k of 0.53 (95%CI 0.38 to 0.67). The x was 0.21 (95%Cl 0.07 to
0.36) for the relation between U-TxB, and VerifyNow, 0.30 (95%Cl 0.16 to 0.45) for the
two PFA-100 cartridges and 0.27 (95%Cl 0.12 to 0.41) for the two tests of P-selectin
expression. All other x values were below 0.20.

Determinants of platelet reactivity

In Table 2 the crude associations between various patient-related factors and the
platelet function tests in aspirin-using subjects are presented. Figure 4 shows
the results of multivariable regression models for several of those factors. In the
multivariable models, obesity was associated with higher S-TxB, (4.0 ng/mL, 95%Cl
0.9 to 7.0) and VerifyNow (23 ARU, 95%Cl 6 to 41) values, but, remarkably, also with
lower values of ADP (difference AUC -14, 95%Cl -22 to -6) and to a lesser extent with
CRP-XL (difference AUC -5, 95%Cl -14 to 4) induced P-selectin expression. Aspirin
dose was strongly associated with the COX-1-dependent assays, with doses <80mg/
day resulting in higher platelet reactivity than daily doses of 80mg and higher (Figure
4). There was no clear effect of statin use on COX-1-dependent assays, but all point
estimates were in the direction of less platelet reactivity (Figure 4). Interestingly, statin
use seemed to be associated with higher platelet reactivity according to both PFA-100
cartridges (-31s, 95%Cl -71 to 9 and -10s, 95%Cl -22 to 3) and P-selectin expression
induced with both agonists (difference AUC 17, 95%Cl 6 to 28 and 13, 95%ClI O to 26).
Notably, when the analysis was performed in subjects not using aspirin, statin use was
clearly associated with lower S-TxB, (-82 ng/mL, 95%Cl -141 to -23) and U-TxB, levels
(-4005 pg/mg creatinine, 95%Cl -6003 to -2008). Among aspirin-users high HDL-
cholesterol levels were associated with lower levels of S-TxB,, U-TxB,, LTA-AA and
VerifyNow, but also with shorter closure times (i.e. higher platelet reactivity) according
to both PFA-100 assays. Interestingly, higher levels of triglycerides (not shown in Figure
4) seemed also associated with shorter PFA-100 closure times (-14s, 95%Cl -42 to 14
and -7s, 95%Cl -16 to 2). Higher creatinine levels were dose-dependently related to
less platelet reactivity according to all assays, except for the PFA-100 tests (Figure
4). When the estimated clearance was used rather than serum creatinine, a clearance
below 90 mL/min/1.73 m? was again related to decreased platelet reactivity (S-TxB,
-3.6 ng/mL, 95%Cl 6.6 to -0.7; U-TxB, -365 pg/mg creatinine, 95%Cl -566 to -163;
LTA-AA -5.2%, 95%ClI -9.9 to -0.4; VerifyNow -21 ARU, 95%CI -38 to -4, ADP-induced
P-selectin expression -6, 95%Cl -13 to 2; CRP-XL-induced P-selectin expression -8,
95%Cl -17 to 0). When analyzed per quartile, a dose-response relationship was
present. Similarly, in multivariable models, higher hemoglobin levels were related to
decreased platelet reactivity according to all tests except the PFA-100, especially for
LTA-AA and the VerifyNow, as well as both tests of P-selectin expression (Figure 3).
When hematocrit was included in the multivariable models instead of hemoglobin, this
revealed similar associations. Higher platelet counts were associated with higher levels
of S-TxB,, LTA-AA, and VerifyNow. An increased mean platelet volume was associated



with higher platelet reactivity according to LTA-AA, VerifyNow, PFA-100 Col/Epi, and
ADP and CRP-XL-induced P-selectin expression in the multivariable models.

Several observations not shown in Figure 4 are also worth noting. There were
no clear associations between diabetes or glucose levels and platelet reactivity in
multivariable models, but the point estimates suggest higher levels of platelet
reactivity according to S-TxB, (1.9 ng/mL, 95%Cl -1.9 to 5.8), LTA-AA (5.9%, 95%Cl
-0.4 to 12.1) and ADP-induced P-selectin expression (difference AUC 5, 95%Cl -4 to
15). Higher white blood cell counts seemed to be associated with the PFA-100 Col/
ADP assay (-3 *10%/L per quartile increase, 95%Cl -7 to 1), ADP- and CRP-XL-induced
P-selectin expression (difference AUC per quartile increase 3, 95%Cl 0 to 6 and 4,
95%Cl O to 8). Age above 70 years was associated with shorter PFA-100 Col/Epi (-15s,
95%Cl -42 to 12) and particularly Col/ADP (-10s, 95%Cl -18 to -2) closure times, but
was not associated with other assays. Duration of aspirin therapy was not associated
with platelet reactivity according to any assay.

DISCUSSION

The present study assessed the association between several COX-1-dependent (S-
TxB,, U-TxB,, LTA-AA, VerifyNow Aspirin) and COX-1-independent (PFA-100 Col/Epi
and Col/ADP, and ADP- and CRP-XL-induced P-selectin expression) tests of platelet
reactivity as well as the determinants of those tests, in male patients with stable
cardiovascular disease using aspirin. The VerifyNow assay showed the best correlation
with S-TxB,, which is the biochemical assay strictly reflecting the enzymatic activity of
platelet COX-1 and thus measuring the pharmacologic effect of aspirin based on its
mechanism of action.’® Other correlations with S-TxB, were weaker (U-TxB,, LTA-AA) or
absent (other tests). Similarly, the determinants of the tests also differed between the
tests, although several factors seemed to be of more general importance.

In line with previous research,” high platelet reactivity despite use of aspirin was
also highly assay-dependent in the present study. Of the subjects using aspirin, only
two (1%) subjects had S-TxB, values and seven (4%) subjects had LTA-AA values
overlapping with subjects not using aspirin. For other tests, the overlap between aspirin
users and non-users was larger. Including both subjects using and not using aspirin, the
COX-1-dependent assays were all associated with each other but not with the COX-
1-independent assays. However, within subjects using aspirin, the correlations were
much weaker. Apparently, patients with high on-aspirin platelet reactivity according to
one test do not necessarily display high platelet reactivity as assessed with other tests.
As also demonstrated by previous studies, the VerifyNow Aspirin assay showed the
best correlation with S-TxB,,"*"” both continuously and dichotomized. In our data, the
relation between S-TxB, levels and functional COX-1-dependent tests was not linear,
which corroborates previous findings'é?* and has potentially important biological and
clinical implications: S-TxB, needs to be completely suppressed in order to obtain
a complete inhibition of platelet function both in vivo (urinary metabolites) and ex
vivo (LTA-AA, and other COX-1-related functional assays). A clinical consequence may
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be that even a missed aspirin or a less-than-complete S-TxB, inhibition for another,
disease-based, mechanism, would possibly render less functional effect of aspirin and
potentially increased vulnerability of the patient to a new cardiovascular event.

To the best of our knowledge, we used ADP- and CRP-XL-induced P-selectin
expression, although well-known tests, %28 for the first time to study high on-aspirin
platelet reactivity. Of note, these tests are COX-1-independent and are not sensitive
to the effect of aspirin. There was wide inter-individual variability in agonist-induced
P-selectin expression, a marker of platelet activation, which could be of additional
clinical importance to explain major cardiovascular events in patients on aspirin.’
Both tests of P-selectin expression correlated linearly with each other but not with
other tests, most likely because those tests assess different aspects and pathways of
platelet function.

Several of the observed associations between patient-related characteristics and
high on-aspirin platelet reactivity warrant comment. A strong determinant of all COX-
dependent assays was the dose of aspirin, with higher levels of platelet reactivity in
subjects using <80mg aspirin (30-40mg) compared to those using 80-100mg aspirin,
which is in line with previous research.”? Clinical data and meta-analyses showed
equal efficacy for low and high doses of aspirin. However among the low-dose range
(<150mg/day), the lowest doses (<75mg) may be less effective than doses of 75-
150mg?® and associated with the highest inter-individual variability in response.

The relation between obesity, dyslipidemia and diabetes and thromboxane-
dependent platelet activation has well been established, possibly because of low-
grade inflammation leading to lipid-peroxidation?*2%32 or different bioavailability of
aspirin associated with increased BMI.**3* We found increased S-TxB, and VerifyNow
levels in aspirin-using patients with obesity in multivariable analyses, in agreement with
previous observations.®¥* Furthermore, high LDL-cholesterol levels were associated
with higher S-TxB, and VerifyNow levels, while HDL-cholesterol was inversely
related with all COX-dependent assays. In multivariable analyses, HDL-cholesterol
and the total cholesterol:HDL-cholesterol ratio were related with platelet reactivity
according to S-TxB,, U-TxB,, LTA-AA and VerifyNow, corroborating these findings.
HDL-cholesterol is probably related to decreased platelet reactivity independently
of its lipid-transporting properties.®% Statin use has previously been associated with
TxA, inhibition,®? but was not clearly associated with COX-1-dependent tests among
aspirin users in our data, although the effect estimates point into the direction of
lower platelet reactivity, but among non-aspirin users there was a clear inverse relation
between statin use and S-TxB, and U-TxB, levels. We found no clear associations of
platelet reactivity with diabetes or serum glucose levels, although the total number
of subjects with diabetes was low. Remarkably, obesity and statin use were inversely
associated with agonist-induced P-selectin expression compared with the COX-
dependent tests, i.e. obesity was associated with lower platelet reactivity and statin
use with higher platelet reactivity. Potentially, this is result of the selection of patients.
Subjects with cardiovascular disease not using statins after many years may represent
a relatively healthy subgroup and the combination of obesity and hyperreactive
platelets might have been detrimental before inclusion in the platelet function study.



Furthermore, higherserum creatinine levelswere consistently and dose-dependently
associated with less platelet reactivity according to all tests except the PFA-100.
Uremia is known to lead to platelet dysfunction and associated bleeding diathesis.*
However, in our study, platelet reactivity already increased with still physiological
creatinine values when compared with the lowest quartile. Another study found
decreased mean platelet volume and platelet counts even in subjects with a mildly
decreased estimated creatinine clearance. Indeed, in our data a creatinine clearance
below 90 mL/min/1.73 m? (which was present in 70% of included subjects given the
relatively old age of participants) was consistently associated with decreased platelet
reactivity. An analysis per quartile revealed similar results. This observation might have
profound implications, e.g. in (older) diabetic subjects with renal complications.*'42

We observed several associations between hematologic parameters and platelet
reactivity. A higher platelet count and mean platelet volume were positively associated
with several tests, indicating increased platelet function in case of more available
platelets and increased platelet turnover, which are known determinants of platelet
reactivity.?24> Remarkably, hemoglobin and hematocrit were inversely associated
with platelet reactivity, particularly according to LTA-AA, VerifyNow and both tests
of P-selectin expression. Our data corroborate findings from some other studies in
which hemoglobin or hematocrit were also inversely associated with the VerifyNow
system as well as ADP-induced LTA,*% although the underlying mechanism is
currently unclear. A recent study showed an inverse association between hemoglobin,
hematocrit, red blood cell count and the number of reticulated platelets, which in turn
was associated with high platelet reactivity.”” Therefore, an increased platelet turnover
as a compensatory mechanism of the bone marrow associated with anemia may
explain the observed inverse relationship between hemoglobin and platelet reactivity
according to several tests.*® Contrarily, relatively increased citrate concentrations
associated with higher hematocrit levels may also contribute to an inverse association
between hematocrit and ex vivo platelet reactivity.*

Our study has some potential limitations. First, platelet function was only measured
once and it has been shown that platelet reactivity varies within individuals.'® However,
the same study showed that at a group level platelet reactivity was consistently
inhibited by aspirin over time."® Therefore, if anything, the reported associations in the
present manuscript are underestimations of the real effect because of non-differential
misclassification. Second, poor compliance to aspirin could have been a cause of high
platelet reactivity. This would not influence the associations between the different
tests, but could have influenced the association between patient-related factors and
on-aspirin platelet reactivity. Nevertheless, all subjects were urged several times to
adhere to their medication very strictly at least in the week before blood sampling
and only two aspirin subjects (1%) had S-TxB,-levels overlapping with non-users.
Third, platelet reactivity was measured in a population that survived a first myocardial
infarction for many years. We do not expect that this influenced the correlation
between the tests and the determinants of the various tests.

In conclusion, we showed that among male subjects with established cardiovascular
disease chronically using aspirin, high on-aspirin platelet reactivity was not a uniform
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finding using several COX-1-dependent and independent tests. The best correlation
was shown between the VerifyNow Aspirin assay and S-TxB, levels. Important
determinants of platelet reactivity according to the various tests were a lower aspirin
dose, obesity, dyslipidemia, higher platelet count, higher mean platelet volume, lower
serum creatinine or glomerular filtration rate and lower hemoglobin or hematocrit.
Future studies are needed to establish which test best identifies patients at high risk
of recurrent cardiovascular disease in patients with stable cardiovascular disease using
aspirin.®

ACKNOWLEDGEMENTS

We are grateful to Carine J.M. Doggen, PhD and Marieke D. van der Krabben,
MD for their contributions to the SMILE study. We thank Liesbeth Willems of
Brilman and the nursing staff from the section of Hemapheresis of the department
of Immunohematology and Blood Transfusion for their support as research nurses,
and Petra J. Noordijk, Lejla Mahic, Rosemiek M.J. Cupers and Annelies Hoenderdos
for their laboratory assistance. Furthermore, we thank Richard W. Farndale, PhD
(University of Cambridge, Cambridge, UK), for kindly providing CRP-XL, and Philip G.
de Groot, PhD (University Medical Center Utrecht, Utrecht, the Netherlands) for his
advises regarding the different tests of platelet reactivity.

FUNDING SOURCES

This work was supported by the Netherlands Heart Foundation (grant no. 20038248
and grant no. 92.345). J.D. Snoep was supported by a grant from the Leducq
Foundation, Paris, France for the development of Transatlantic Networks of Excellence
in Cardiovascular Research (grant 04 CVD 02).

REFERENCES

Davi G, Patrono C. Platelet Activation
and Atherothrombosis. N Engl J Med.
2007;357:2482-2494.

Snoep JD, Roest M, Barendrecht AD, de
Groot PG, Rosendaal FR, van der Bom
JG. High platelet reactivity is associated
with myocardial infarction in premeno-
pausal women: a population-based
case-control study. J Thromb Haemost.
2010;8:906-913.

Antithrombotic  Trialists’ Collaboration.
Collaborative meta-analysis of randomised
trials of antiplatelet therapy for prevention

of death, myocardial infarction, and stroke
in high risk patients. BMJ. 2002;324:71-86.

Baigent C, Blackwell L, Collins R et al.
Aspirin in the primary and secondary
prevention of vascular disease: collabo-
rative meta-analysis of individual partici-
pant data from randomised trials. Lancet.
2009;373:1849-1860.

Patrono C, Garcia Rodriguez LA, Landolfi
R, Baigent C. Low-dose aspirin for the

prevention of atherothrombosis. N Engl J
Med. 2005;353:2373-2383.

Patrono C, Rocca B. Aspirin, 110 years
later. J Thromb Haemost. 2009;7 Suppl
1:258-261.

Hovens MMC, Snoep JD, Eikenboom JCJ,
van der Bom JG, Mertens BJA, Huisman



10.

11.

12.

13.

15.

16.

17.

18.

MV. Prevalence of persistent platelet reac-
tivity despite use of aspirin: A systematic
review. Am Heart J. 2007;153:175-181.

Snoep JD, Hovens MMC, Eikenboom
JC, van der Bom JG, Huisman MV. Asso-
ciation of laboratory-defined aspirin
resistance with a higher risk of recurrent
cardiovascular events: a systematic review
and meta-analysis. Arch Intern Med.
2007;167:1593-1599.

Hankey GJ, Eikelboom JW. Aspirin resist-
ance. Lancet. 2006;367:606-617.

Cattaneo M. Resistance to antiplatelet
drugs: molecular mechanisms and labo-
ratory detection. J Thromb Haemost.
2007;5:230-237.

Kuliczkowski W, Witkowski A, Polonski
L et al. Interindividual variability in the
response to oral antiplatelet drugs: a
position paper of the Working Group on
antiplatelet drugs resistance appointed by
the Section of Cardiovascular Interventions
of the Polish Cardiac Society, endorsed by
the Working Group on Thrombosis of the
European Society of Cardiology. Eur Heart
J. 2009;30:426-435.

Michelson AD, Cattaneo M, Eikelboom JW
et al. Aspirin resistance: position paper of
the Working Group on Aspirin Resistance.
J Thromb Haemost. 2005:3:1309-1311.

Patrono C, Rocca B. Drug insight: aspirin

resistance--fact or fashion? Nat Clin Pract
Cardiovasc Med. 2007;4:42-50.

. Lordkipanidze M, Pharand C, Schampaert

E, Turgeon J, Palisaitis DA, Diodati JG.
A comparison of six major platelet func-
tion tests to determine the prevalence of
aspirin resistance in patients with stable
coronary artery disease. Eur Heart J.
2007;28:1702-1708.

Frelinger AL, Li Y, Linden MD et al. Aspirin
‘resistance’: role of pre-existent platelet
reactivity and correlation between tests. J
Thromb Haemost. 2008:6:2035-2044.

Santilli F, Rocca B, De Cristofaro R et al.
Platelet cyclooxygenase inhibition by low-
dose aspirin is not reflected consistently
by platelet function assays: implications
for aspirin “resistance”. J Am Coll Cardiol.
2009;53:667-677.

Grove EL, Hvas AM, Johnsen HL et al. A
comparison of platelet function tests and
thromboxane metabolites to evaluate
aspirin response in healthy individuals
and patients with coronary artery disease.
Thromb Haemost. 2010;103.

Doggen CJM, Manger Cats V, Bertina RM,
Rosendaal FR. Interaction of coagulation

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

defects and cardiovascular risk factors:
increased risk of myocardial infarction asso-
ciated with factor V Leiden or prothrombin
20210A. Circulation. 1998;97:1037-1041.

Van der Krabben MD, Rosendaal FR, van
der Bom JG, Doggen CJM. Polymor-
phisms in coagulation factors and the risk
of recurrent cardiovascular events in men
after a first myocardial infarction. J Thromb
Haemost. 2008;6:720-725.

Snoep JD, Gaussem P, Eikenboom JCJ et
al. The T13254C-allele of GPé is associ-
ated with decreased platelet activation
and a reduced risk of recurrent cardiovas-
cular events and mortality: Results from
the SMILE-Platelets project. J Thromb
Haemost. 2010;8:2377-2384.

Patrono C, Ciabattoni G, Pinca E et al. Low
dose aspirin and inhibition of thromboxane
B2 production in healthy subjects. Thromb
Res. 1980;17:317-327.

Dragani A, Pascale S, Recchiuti A et al.
The contribution of cyclooxygenase-1
and -2 to persistent thromboxane biosyn-
thesis in aspirin-treated essential throm-
bocythemia: implications for antiplatelet
therapy. Blood. 2010;115:1054-1061.

Hovens MMC, Snoep JD, Groeneveld Y,
Tamsma JT, Eikenboom JCJ, Huisman
MV. High levels of low-density lipoprotein
cholesterol and triglycerides and subop-
timal glycemic control predict diminished
ex vivo aspirin responsiveness in patients
with Type 2 diabetes. J Thromb Haemost.
2007;5:1562-1564.

Levey AS, Bosch JP, Lewis JB, Greene
T, Rogers N, Roth D. A more accurate
method to estimate glomerular filtration
rate from serum creatinine: a new predic-
tion equation. Modification of Diet in Renal
Disease Study Group. Ann Intern Med.
1999;130:461-470.

Reilly IA, FitzGerald GA. Inhibition of
thromboxane formation in vivo and ex
vivo: implications for therapy with platelet
inhibitory drugs. Blood. 1987,69:180-186.

Joutsi-Korhonen L, Smethurst PA, Rankin
A et al. The low-frequency allele of the
platelet collagen signaling receptor glyco-
protein VI is associated with reduced func-
tional responses and expression. Blood.
2003;101:4372-4379.

Goodall AH, Appleby J. Flow-cytometric
analysis of platelet-membrane glycopro-
tein expression and platelet activation.
Methods Mol Biol. 2004;272:225-253.

Jones ClI, Garner SF, Angenent W et al.
Mapping the platelet profile for functional
genomic studies and demonstration of

SINVNINY3LIA ANV NOILVTIHHOD :SLSTL ALIAILDOVIY 13731V1d

87



SINVNINYFL1IA ANV NOILVTIHHOD :S1STL ALIAILOVIY L3T731V1d

88

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

the effect size of the GP6 locus. J Thromb
Haemost. 2007;5:1756-1765.

Eikelboom JW, Hankey GJ, Thom J et al.
Incomplete inhibition of thromboxane
biosynthesis by acetylsalicylic acid: deter-
minants and effect on cardiovascular risk.
Circulation. 2008;118:1705-1712.

Davi G, Gresele P, Violi F et al. Diabetes
mellitus,  hypercholesterolemia,  and
hypertension but not vascular disease per
se are associated with persistent platelet
activation in vivo: Evidence derived from
the study of peripheral arterial disease.
Circulation. 1997;96:69-75.

Davi G, Guagnano MT, Ciabattoni G et al.
Platelet activation in obese women: Role
of inflammation and oxidant stress. JAMA.
2002;288:2008-2014.

Patrono C, Falco A, Dav G. Isoprostane
formation and inhibition in athero-
thrombosis.  Curr Opin Pharmacol.
2005;5:198-203.

Cox D, Maree AO, Dooley M, Conroy R,
Byrne MF, Fitzgerald DJ. Effect of enteric
coating on antiplatelet activity of low-
dose aspirin in healthy volunteers. Stroke.
2006;37:2153-2158.

Maree AO, Curtin RJ, Dooley M et al.
Platelet response to low-dose enteric-
coated aspirin in patients with stable
cardiovascular disease. J Am Coll Cardiol.
2005;46:1258-1263.

Mineo C, Deguchi H, Griffin JH, Shaul PW.
Endothelial and antithrombotic actions of
HDL. Circ Res. 2006;98:1352-1364.

Nofer JR, Walter M, Kehrel B et al. HDL3-
mediated inhibition of thrombin-induced
platelet aggregation and fibrinogen
binding occurs via decreased produc-
tion of phosphoinositide-derived second
messengers 1,2-diacylglycerol and inositol
1,4,5-tris-phosphate. Arterioscler Thromb
Vasc Biol. 1998;18:861-869.

Calkin AC, Drew BG, Ono A et al. Reconsti-
tuted high-density lipoprotein attenuates
platelet function in individuals with type 2
diabetes mellitus by promoting cholesterol
efflux. Circulation. 2009;120:2095-2104.

Notarbartolo A, Davi G, Averna M et al.
Inhibition of thromboxane biosynthesis
and platelet function by simvastatin in
type lla hypercholesterolemia. Arterioscler
Thromb Vasc Biol. 1995;15:247-251.

Santos MT, Fuset MP, Ruano M, Moscardd
A, Valles J. Effect of atorvastatin on
platelet thromboxane A2 Synthesis
in aspirin-treated patients with acute

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

myocardial infarction. Am J Cardiol.

2009;104:1618-1623.

Boccardo P, Remuzzi G, Galbusera M.
Platelet dysfunction in renal failure. Semin
Thromb Hemost. 2004;30:579-589.

Szenasi P, Toth L, Romics L, Kammerer L.
Platelet hyper- and hypoaggregability in
different microangiopathic complications
of diabetes mellitus. Acta Diabetol Lat.
1988;25:7-12.

Chan KE, Lazarus JM, Thadhani R, Hakim
RM. Anticoagulant and antiplatelet usage
associates with mortality among hemo-
dialysis patients. J Am Soc Nephrol.
2009;20:872-881.

Elsenberg EH, Van Werkum JW, van de
Wal RM et al. The influence of clinical char-
acteristics, laboratory and inflammatory
markers on ‘high on-treatment platelet
reactivity’ as measured with different

latelet function tests. Thromb Haemost.
2009;102:719-727.

Wang JC, Aucoin-Barry D, Manuelian D
et al. Incidence ofaspirin nonresponsive-
ness using the Ultegra Rapid Platelet
Function Assay-ASA. Am J Cardiol.
2003;92:1492-1494.

Lee PY, Chen WH, Ng W et al. Low-dose
aspirin increases aspirin resistance in
patients with coronary artery disease. Am
J Med. 2005;118:723-727.

Cecchi E, Marcucci R, Paniccia R et al.
Effect of blood hematocrit and eryth-
rocyte  deformability on adenosine
5'-diphosphate  platelet reactivity in
patients with acute coronary syndromes
on dual antiplatelet therapy. Am J Cardiol.
2009;104:764-768.

Cesari F, Marcucci R, Caporale Ret al. Rela-
tionship between high platelet turnover
and platelet function in high-risk patients
with coronary artery disease on dual
antiplatelet therapy. Thromb Haemost.
2008;99:930-935.

Keung YK, Owen J. Iron deficiency and
thrombosis: literature review. Clin Appl
Thromb Hemost. 2004;10:387-391.

Roberts JM, Lewis V, Mize N, Tsuchiya
A, Starr J. Human platelet alpha-adren-
ergic receptors and responses during
pregnancy: no change except that with
differing hematocrit. Am J Obstet Gynecol.
1986;154:206-210.

Snoep JD, Eikenboom JCJ, Zwaginga JJ et
al. Platelet reactivity and recurrent cardio-
vascular evens in patients with stable cardi-
ovascular disease using aspirin. Submitted
for publication. (Chapter 6 of this thesis)





