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Abstract

Background: Despite strong antiplatelet therapy with ticagrelor, serious ischemic events still occur in patients with
acute coronary syndrome (ACS). The predictability of platelet reactivity to the residual risk of ischemic events during
ticagrelor treatment remains uncertain.

Objectives: We aimed to investigate the predictability of the thromboelastography (TEG)-measured adenosine
disphosphate (ADP)-induced platelet inhibition rate (ADP%) to the ischemic events in ticagrelor-treated patients
with ACS.

Methods: A cohort of ticagrelor-treated patients with ACS were consecutively recruited. ADP% was measured by
TEG after 3 days of ticagrelor maintenance treatment. The primary ischemic event was defined as rehospitalization
for unstable angina (UA) within 1 year, and the secondary ischemic event was a composite of the primary ischemic
event plus all-cause death, nonfatal myocardial infarction (MI), stent thrombosis, stroke, and unplanned
revascularization within 1 year.
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treated patients with ACS.

Results: A total of 751 eligible patients with ACS were included in the analysis, with 336 patients randomly
assigned to the derivation group and 415 to the validation group. The overall rates of primary and secondary
ischemic events were 14.51% (n=109) and 16.91% (n = 127), respectively. Compared to the patients without
ischemic events, those with ischemic events had a significantly lower ADP% both in the derivation group (for
primary ischemic events: 66.05% vs. 92.80%, p < 0.001; for secondary ischemic events: 66.05% vs. 93.20%, p < 0.001)
and in the validation group (for primary ischemic events: 66.40% vs. 89.20%, p < 0.001; for secondary ischemic
events: 66.90% vs. 89.20%, p < 0.001). Receiver operating characteristic curve (ROC) analysis showed that an ADP% <
76% was the optimal cut-off value for predicting 1-year primary ischemic events, with an area under the curve
(AUC) of 0.80 (95% Cl: 0.72-0.86, p < 0.001) in the derivation group and 0.77 (95% Cl: 0.69-0.85, p < 0.001) in the
validation group. The multivariate Cox regression hazard analysis consistently identified an ADP% < 76% as an
independent predictor of primary ischemic events in the derivation group (HR: 821, 95% Cl: 4.82-13.99, p < 0.001)
and in the validation group (HR: 6.34 95% Cl: 3.32-12.11, p < 0.001). There was also a strong association between an
ADP% < 76 and the occurrence of secondary ischemic events in the derivation group (HR: 7.33, 95% Cl: 4.47-12.00,
p < 0.001) and in the validation group (HR: 4.76, 95% Cl: 2.73-8.32, p < 0.001).

Conclusion: The ADP-induced platelet inhibition rate measured by TEG could predict ischemic events in ticagrelor-
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Introduction

Dual antiplatelet therapy (DAPT) with a P2Y12 receptor
inhibitor combined with aspirin is the cornerstone for
the prevention of thrombotic events in patients diag-
nosed with acute coronary syndrome (ACS). As a strong
and reversible P2Y12 receptor inhibitor, ticagrelor pro-
vides faster, more consistent and stronger P2Y12 recep-
tor inhibition [1]. According to the latest guidelines, it is
reasonable to use ticagrelor in preference to clopidogrel
for maintenance P2Y12 inhibitor therapy in patients
with ACS [2, 3]. Despite the consistent effects and
proven benefits of adding ticagrelor to aspirin therapy, a
significant percentage of patients (8—17%) still experi-
ence ischemic events [4-6]. How to predict the occur-
rence of adverse events in ticagrelor-treated patients
remains uncertain. Optimal antiplatelet therapy should
involve an objective assessment of the individual throm-
botic tendency based on the measurement of platelet re-
activity [7]. Compelling evidence from observational
studies confirmed the contribution of platelet function
tests to the prediction of ischemic events in patients
with ACS [8-12]. However, most of these studies were
based on clopidogrel-treated patients, and the link be-
tween platelet reactivity and clinical events in ticagrelor-
treated patients remains uncertain [13, 14]. In addition,
platelet reactivity with ticagrelor, assessed by the
vasodilator-stimulated phosphoprotein (VASP) index,
was not found to be associated with bleeding or throm-
botic events in ACS patients undergoing percutaneous
coronary intervention (PCI) [13]. Therefore, whether
platelet reactivity can be used as a surrogate endpoint
for ticagrelor-treated patients remains uncertain. Indeed,
apart from the inhibition of the P2Y12-ADP pathway,

ticagrelor has an additional antiplatelet pathway via the
increase in adenosine, which inhibits platelet reactivity
via activation of the adenosine A,, receptor [15, 16].
Therefore, the VASP index and VerifyNow P2Y12 assay,
which assesses the inhibition of the P2Y12-ADP path-
way, could not accurately reflect the overall antiplatelet
effect of ticagrelor [17]. Thromboelastography (TEG)
can measure the strength of a clot as a direct function of
the maximum dynamic properties of fibrin-platelet bind-
ing via GP IIb/Illa and the platelet contractile system. It
can be used to globally assess platelet aggregation medi-
ated by fibrinogen, and the contribution of platelet-fibrin
interactions to thrombosis and haemorrhage [12].
Therefore, in the present study, we aimed to evaluate
the relationship between the ADP-induced platelet in-
hibition rate (ADP%) assessed by TEG and ischemic
events in ticagrelor-treated patients with ACS.

Methods

Patient recruitment

In this study, consecutive patients with ACS treated with
ticagrelor and aspirin in the Department of Cardiology,
the Chinese PLA General Hospital, from September
2013 to May 2017 were recruited. All patients were
tested for antiplatelet reactivity represented by the TEG-
measured ADP% value after 3 days of maintenance treat-
ment with ticagrelor. Patients were excluded if they had
contraindications for ticagrelor treatment, a history of
cardiac arrest, a history of severe dyspnea, active bleed-
ing, previous major bleeding history or recent intracra-
nial haemorrhage, a platelet count less than 100 x 10°/L,
or a recent serious infection. The protocol of the study
was approved by the medical ethics committee of the
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Chinese PLA General Hospital, and the study was con-
ducted in accordance with the Declaration of Helsinki.
All included patients provided written informed consent.

Platelet function measurement

The antiplatelet effect of aspirin and ticagrelor was
assessed by using a Thromboelastography Hemostasis
Analyzer (LEPU Medical, Beijing, China) with platelet
mapping. Blood samples for TEG analysis were obtained
18-24 h after 3 days of maintenance treatment with tica-
grelor. The blood samples were processed within 2h
after blood draw according to the standard operating
procedure. Peripheral blood sample measurements were
performed using the TEG system to assess the effects of
antiplatelet therapy action via the arachidonic acid (AA)
and adenosine diphosphate (ADP) pathways. The TEG
system relied on the measurement of thrombin-induced
clot strength to enable a quantitative analysis of platelet
function. Blood was analyzed according to the manufac-
turer’s instructions. Then, 360 uL of neutralized blood
was immediately added to a heparinase-coated tube and
assayed in the TEG analyzer to measure the thrombin-
induced clot strength (MATp,ombin), Which was indicative
of the baseline maximal platelet reactivity. Heparinized
blood (340 uL) was added to a noncoated tube contain-
ing reptilase and activator F to generate a whole blood
crosslinked clot in the absence of thrombin generation
or platelet stimulation (MAgp,). A third sample
(340 uL) of heparinized blood was added to a
nonheparinase-coated tube in the presence of activator F
and ADP (2 umol) to generate a whole blood-crosslinked
clot with platelet activation (MAspp). ADP-induced
platelet inhibition was calculated with software accord-
ing to the following formula: ADP-induced platelet in-
hibition  rate  (ADP%) = [1-(MAspp—MAgiprin)/ (MA
thrombin™ MA ﬁbrin)] % 100% [18_20]'

Follow-up and endpoints

Patients were followed up by telephone at 1, 3, 6, and
12 months after discharge to identify the occurrence
of adverse ischemic events. Primary ischemic events
were defined as rehospitalization for unstable angina
(UA) within 1vyear. Secondary ischemic events were
defined as a composite of all-cause death, nonfatal
myocardial infarction (MI), stent thrombosis, nonfatal
stroke, unplanned revascularization and rehospitaliza-
tion for UA within 1year. All-cause death was de-
fined as death that occurred unexpectedly during the
follow-up period as the result of an evident cardiac
event, unexplained sudden death, or noncardiac cause
[21]. Nonfatal myocardial infarction (MI; an increase
in serum troponin I or in creatinine kinase-
myocardial band (CK-MB) of at least twice the upper
normal limits with at least 1 of the following: acute
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onset of prolonged [>20min] typical ischemic chest
pain; ST-segment elevation of at least 1 mm in 2 or
more contiguous electrocardiogram (ECG) leads, or
ST-segment depression=0.5mm in 22 contiguous
leads; or T-wave inversion>1 mm in leads with pre-
dominant R waves) [22]. Stent thrombosis was defined
according to Academic Research Consortium criteria
[21]. Nonfatal stroke was defined as focal loss of
neurologic function caused by an ischemic or haem-
orrhagic event, with residual symptoms lasting at least
24.h [23]. Rehospitalization for UA was defined as 1)
ischemic discomfort or equivalent symptoms requiring
hospitalization within 48 h of symptoms, 2) a duration
>10 min at rest, or in an accelerating pattern, 3) the
presence of dynamic ST depression, ischemia on
stress testing or significant epicardial coronary artery
stenosis, and 4) a final diagnosis of myocardial ische-
mia [24].

Statistical analysis

Of the 751 consecutively recruited patients who were
eligible for the study, we randomly sampled 336 patients
as the “derivation cohort” for the optimal cut-off value
development of the ADP% value. The remaining 415 pa-
tients constituted the “validation cohort” used for testing
the final cut-off value. Categorical variables are
expressed as n (%), and continuous variables following a
normal distribution are expressed as the mean + SD,
continuous variables not following a normal distribution
are expressed as medians and interquartile ranges
(IQRs). Categorical variables were compared using the
x> test. The Kolmogorov—Smirnov test was used to
check for the normal distribution of continuous data.
Normally distributed continuous data were compared
between groups using a t test. Nonnormally distributed
continuous data were compared between groups using
the Wilcoxon signed rank test. The association of the
ADP% value with clinical outcomes was investigated
with the Cox regression hazard model using univariate
and stepwise multivariate analysis. A receiver operating
characteristic (ROC) analysis was used to assess the abil-
ity of posttreatment platelet reactivity to distinguish be-
tween patients with and without ischemic event. The
optimal cut-off value was calculated by determining the
smallest distance between the ROC curve and the upper
left corner of the graph. Survival analysis for patients
with and without ischemic event according to the opti-
mal cut-off level was performed using the Kaplan—Meier
method, and the differences between groups were
assessed by the log-rank test. All analyses were per-
formed using SPSS (version 22.0, SPSS Inc., Chicago, IL)
and R (version 3.4.3, http://www.r-project.org), and a 2-
tailed P value <0.05 was considered indicative of
significance.
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Table 1 Baseline characteristics of the study population
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Characteristics

Derivation group
(n=336)

Validation group
(n=415)

Age, (mean £ SD) y
Male sex, n (%)
BMI, (mean = SD) kg/m?
Cardiovascular risk factors
Smoking, n (%)
Hypertension, n (%)
Hyperlipidemia, n (%)
Diabetes mellitus, n (%)
Other medical history
Prior MI, n (%)
Prior PCl, n (%)
Prior CABG, n (%)
Arrhythmia, n (%)
Clinical diagnosis
STEMI, n (%)
NSTEMI, n (%)
UA, n (%)
Undergoing PCl, n (%)
Number of diseased vessels
1-vessel disease, n (%)
2-vessel disease, n (%)
3-vessel disease, n (%)
Comorbidities
Renal insufficiency, n (%)
History of stroke, n (%)
Laboratory examination
LVEF, median (IQR) %
Creatinine, median (IQR) p mol/L
Concomitant medication
Tirofiban, n (%)
PPI, n (%)
Heparin, n (%)

6867 £661 5828 +10.13
232 (69.05) 328 (79.04)
2534+333 2594+ 356
139 (41.37) 238 (57.35)
220 (65.48) 241 (58.07)
103 (30.65) 121 (29.16)
112 (33.33) 151 (36.39)
52 (15.48) 106 (25.54)
71 (21.13) 108 (26.02)
4(1.19) 3(0.72)

24 (7.14) 17 (4.10)

35 (1042) 35 (8.43)
25 (7.44) 29 (6.99)
231 (68.75) 270 (65.06)
179 (53.27) 368(88.67)
44 (13.10) 129 (31.08)
42 (12.50) 115 (27.71)
92 (27.38) 80 (19.28)
14 (4.17) 10 (241)
29 (8.63) 30 (7.23)

58.00 (52.00,63.00)
79.55 (69.00,93.85)

58.00 (52.00,63.00)
78.80 (69.90,91.60)

153 (45.54) 210 (50.60)
183 (54.46) 228 (54.94)
161 (47.92) 172 (41.45)

Abbreviations: BMI Body mass index, Ml Myocardial infarction, PC/ Percutaneous coronary intervention, CABG Coronary artery bypass grafting, NSTEMI Non-ST-
segment elevation myocardial infarction, STEMI, ST-segment elevation myocardial infarction, UA Unstable angina, LVEF Left ventricular ejection fraction, PP/ Proton

Pump Inhibitor

Results

Baseline characteristics

The baseline characteristics of the derivation and valid-
ation cohorts are depicted in Table 1. Compared with
the patients in the validation group, those in the deriv-
ation group were much older (68.67 +6.61 vs. 58.28 +
10.13) and had a higher prevalence of hypertension
(65.48% vs. 58.07%). In the validation group, a higher
percentage of patients were smokers (57.35% vs. 41.37%)

and had prior MI (25.54% vs. 15.48%), and more patients
were undergoing PCI (88.67% vs. 53.27%).

The ADP-induced platelet inhibition rate measured by
TEG

After 3 days of maintenance treatment with ticagrelor,
the distribution of ADP% values measured by TEG
was skewed towards higher values (Fig. 1). The value
of ADP% was 84.34% +17.63% on average (ranging
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Fig. 1 Distribution of ticagrelor platelet inhibiting rate measured by TEG in ACS patients. A and B represent the distribution of ADP% measured

by TEG in derivation and validation group, respectively. C represent the distribution of ADP% in all included patients. ACS: acute coronary
syndrome; ADP%: ADP-induced platelet inhibition rate; TEG: thromboelastography

.

from 21.20 to 100%) in the derivation group and
83.05% + 16.27% on average (ranging from 27.10 to
100%) in the validation group (Fig. 1A, B). The value
of the ADP% among all included patients was
83.63% + 16.91% on average, ranging from 21.20 to
100% (Fig. 1C).

Cut-off of the ADP-induced platelet inhibition rate for the
prediction of ischemic events

Within 1 year of follow-up, 66 (19.64%) primary ische-
mic events occurred in the derivation group, and 43
(10.36%) occurred in the validation group. Seventy-
four (22.02%) secondary ischemic events occurred in
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Fig. 2 ROC curve for the prediction of ischemic events. A receiver-operating characteristic (ROC) analysis of ADP-induced platelet inhibition rate
(ADP%) was used to distinguish patients with and without ischemic events. A. Prediction of primary ischemic events by ADP% in derivation
group; B. Prediction of secondary ischemic events by ADP% in derivation group; C. Prediction of primary ischemic events by ADP% in validation
group; D. Prediction of secondary ischemic events by ADP% in validation group. The primary ischemic events defined as the rehospitalization for
unstable angina (UA) and the secondary ischemic events defined as the composite of rehospitalization for UA, all-cause death, nonfatal
myocardial infarction (M), stent thrombosis, stroke, and unplanned revascularization within 1 year. AUC: area under the curve

B.Prediction of secondary ischemic
events by ADP% in derivation group

1.0

0.8+

0.6

Sensitivity

0.4+

0.2 AUC=0.80, P<0.001
9596CI1:0.73-0.86
o.co."’ 02 0.4 0.6 08 1.0

1 - Specificity

D.Prediction of secondary ischemic
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the derivation group and 53 (12.77%) in the validation
group. ROC analysis showed that TEG could distin-
guish primary ischemic events within the 1-year
follow-up both in the derivation group (AUC =0.80,
95% CI: 0.72 to 0.86, P< 0.001) and in the validation
group (AUC=0.77, 0.69 to 0.85, P< 0.001). More-
over, ROC analysis showed that TEG could distin-
guish secondary ischemic events within the 1-year
follow-up in both the derivation group (AUC =0.80,

95% CI: 0.73 to 0.86, P< 0.001) and the validation
group (AUC=0.72, 0.63 to 0.80, P< 0.001) (Fig. 2).
Overall, an ADP% <76% was identified as the optimal
cut-off to predict the occurrence of primary ischemic
events, with similar distributions in the derivation
group and validation group. Using the cut-off value
with the best sensitivity and specificity (ADP% < 76%),
the proportions of primary ischemic events with an
ADP% <76 and >76% at 1year were 54.12 and 7.97%
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*Adjusted HR: 8.21
(95% CI: 4.82-13.99)
P<0.001

54.12%

_7.97%

1-Year primary ischemic events in derivation group

A

*Adjusted HR: 7.33
(95% CI: 4.47-12.00)
P<0.001
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1-Year secondary ischemic events in derivation group

C

1-Year primary ischemic events in validation group

1-Year secondary ischemic events in validation group

Fig. 3 Clinical outcomes within 1-year follow-up in derivation and validation group. The ADP% independently correlated with both primary and
secondary events by using the cutoff of <76%. A. 1-Year primary ischemic events in derivation group; B. 1-Year primary ischemic events in
validation group; C. 1-Year secondary ischemic events in derivation group; D. 1-Year secondary ischemic events in validation group. Primary
ischemic events were defined as rehospitalization for unstable angina (UA). Secondary ischemic events were defined as a composite of
rehospitalization for UA, all-cause death, nonfatal myocardial infarction (Ml), stent thrombosis, nonfatal stroke, and unplanned revascularization.
“Adjusted by age, history of smoking, prior MI, hypertension, diabetes mellitus, and history of stroke

.

*Adjusted HR: 6.34
(95% CI: 3.32-12.11)
P<0.001
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P<0.001

30.77%

D

(p< 0.001) in the derivation group and 27.88 and
4.50% in the validation group (p < 0.001), respectively
(Fig. 3A and B). Using the cut-off value (ADP% <
76%), the proportions of secondary ischemic events
with ADP% <76 and >76% at 1year were 58.82 and
9.56% (p< 0.001) in the derivation group and 30.77
and 6.75% in the validation group (p< 0.001), re-
spectively (Fig. 3C and D).

Contribution of the ADP-induced platelet inhibition rate
cut-off to the prediction of ischemic events

In multivariate Cox regression analysis, antiplatelet re-
activity with ticagrelor, an ADP% < 76% measured by
TEG, was associated with a higher risk of primary ische-
mic events in both the derivation group (adjusted HR:
8.21, 95% CI: 4.82-13.99; p <0.001) and the validation
group (adjusted HR, 6.34 95% CI, 3.32-12.11; P < 0.001)
during the 1-year follow-up (Fig. 3A, B). An ADP% <
76% was also an independent risk factor for secondary
ischemic events both in the derivation group (adjusted
HR: 7.33, 95% CI: 4.47-12.00; p< 0.001) and in the

validation group (adjusted HR, 4.76; 95% CI, 2.73-8.32;
P< 0.001) (Fig. 3C, D). The event-free survival curves
for the ischemic events according to an ADP% < 76%
or>76% in the derivation group and validation group
are shown in Fig. 4. One-year survival free from ische-
mic events was lower among patients with an ADP% <
76% in both the derivation group (p < 0.001) and the val-
idation group (p < 0.001) (Fig. 4).

Discussion

The main findings of the present study were that even
with treatment with the more potent antiplatelet agent
ticagrelor, antiplatelet variability as measured by TEG
(ADP%) could be observed in patients with ACS. The
cut-off value of ADP% < 76 could be used to predict the
risk of residual ischemic cardiovascular events in
ticagrelor-treated patients with ACS. To the best of our
knowledge, this is the first study to establish the anti-
platelet efficacy cut-off value of platelet reactivity for
ticagrelor. The prediction of ischemic events with a
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Fig. 4 (See legend on next page.)
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(See figure on previous page.)

Fig. 4 Survival free of ischemic events during 1-year follow-up in patients with ADP-induced platelet inhibition rate (ADP%) < 76% and with
ADP% 276%. A. 1-year primary ischemic survival events survival in derivation group; B. 1-year primary ischemic events survival in validation
group; C. 1-year secondary ischemic events survival in derivation group; D. 1-year secondary ischemic events survival in validation group. Primary
ischemic events were defined as rehospitalization for unstable angina (UA). Secondary ischemic events were defined as a composite of
rehospitalization for UA, all-cause death, nonfatal myocardial infarction (MI), stent thrombosis, nonfatal stroke, and unplanned revascularization

platelet function test for ticagrelor-treated patients could
facilitate the individualization of antithrombotic therapy.

Consistent with previous studies, the distribution of
antiplatelet responsiveness measured after maintenance
treatment with 90 mg ticagrelor twice a day was skewed
towards higher values in the present study, indicating
that the antiplatelet effect of ticagrelor was more potent
and consistent than that of clopidogrel [25-28]. The evi-
dence demonstrated that platelet reactivity with clopido-
grel was correlated with clinical outcome in ACS
patients. Therefore, a therapeutic window of platelet re-
activity has been defined to predict both ischemic and
bleeding events in clopidogrel-treated patients with
ACS. However, according to the therapeutic window, no
or less than 3.5% of ticagrelor-treated patients had high
on-treatment platelet reactivity (HTPR) [27, 29]. There-
fore, the hyporesponsiveness to ticagrelor leading to the
high risk of ischemic events might be underestimated.
According to the PLATO study, more than 9.8% of re-
sidual ischemic events (including myocardial infarction,
stroke, or cardiovascular death) occurred in ticagrelor-
treated patients with ACS [30], indicating that the
current cut-off value of platelet reactivity based on clopi-
dogrel is flawed for predicting the occurrence of ische-
mic events with ticagrelor treatment. It is necessary to
establish a new cut-off value to assess the relationship
between antiplatelet reactivity and the risk of ischemic
events in ACS patients treated with ticagrelor.

Our study found that the risk of ticagrelor-related re-
sidual ischemic events could be predicted with the cut-
off value of ADP% <76 measured by TEG. The cut-off
value in the present study had a strong discriminatory
capability not only for rehospitalization for UA but also
for secondary ischemic events (including all-cause death,
nonfatal MI, stent thrombosis, nonfatal stroke, and un-
planned revascularization). The incidence of rehospitali-
zation for UA (14.51%) in our study was consistent with
the ischemic event rate for the ticagrelor group in previ-
ous studies (1.7-20.0%) [4—6, 31]. This suggests that in-
vestigations should focus more on the individualized
assessment of ischemia rather than on bleeding events
alone. The cut-off value of ADP% <76 suggested a
higher risk of ischemic events among ticagrelor-treated
ACS patients. In this situation, physicians might con-
sider increasing the antiplatelet dose or extending the
treatment time of ticagrelor for the prevention of ische-
mic events. Moreover, the use of GP IIb/IlIa inhibitors

in addition to ticagrelor for ACS patients could reduce
the rate of recurrent ischemic events [32, 33].

Study limitations

First, the present study was a single-center observational
study, which may not be fully representative of all clin-
ical practice. Further large-scale studies should be car-
ried out to explore the utility of TEG to personalize
antiplatelet therapy to reduce the recurrence of ischemic
events. Second, external validation of the study is war-
ranted to confirm the practicality and reliability of the
optimal cut-off value for the prediction of ischemic
events. Third, the risk of bleeding events among
ticagrelor-treated ACS patients could not be predicted
with the value of ADP%. Further studies are needed to
identify a novel platelet function test to predict the risk
of bleeding events among ticagrelor-treated patients.

Conclusions

The platelet inhibition rate with a cut-off value of 76%
measured by TEG could be used to predict residual is-
chemic events in ticagrelor-treated patients with ACS.
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