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Abstract
It has been previously demonstrated that ticagrelor can reduce mortality compared to clopidogrel in acute coronary syndrome
(ACS) patients. However, the mechanism for this mortality reduction remains uncertain. The objective of the present study is to
assess the impact of chronic ticagrelor treatment on microvascular circulation. A total of 120 participants aged 20–85 years with
clinical diagnosis of ACS will be randomized in a 1:1 fashion to the following two groups: ticagrelor 90 mg twice daily;
clopidogrel 75 mg once daily. To evaluate the status of microcirculation, the primary end point is coronary microvascular
dysfunction measured using an index of microcirculatory resistance (IMR) at 6 months after receiving the study agent. The
purpose of this trial is to investigate whether ticagrelor, beyond its antiplatelet efficacy, could improve coronary microcirculation
more effectively than clopidogrel for patients with ACS.
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Background

Acute coronary syndrome (ACS) is a condition of suddenly
reduced blood flow to the heart. Patients with ACS have ele-
vated levels of platelet activity [1, 2]. They are at substantial
increased risk for adverse cardiovascular events. Current treat-
ment guidelines recommend antiplatelet therapy to reduce the
risk of myocardial infarction, stroke, and cardiac death in pa-
tients with ACS [3, 4]. Ticagrelor is a reversible, potent, and
oral adenosine diphosphate (ADP) P2Y12 receptor blocker
developed as a treatment for patients with ACS. It has been

demonstrated that ticagrelor can reduce the mortality of pa-
tients with ACS compared to clopidogrel from Platelet
Inhibition and Patient Outcomes (PLATO) study [5].
However, the mechanism involved in its mortality reduction
remains uncertain.

Several hypotheses have been suggested to explain the
mechanism of the impressive benefit of ticagrelor beyond its
antiplatelet action. One hypothesis is adenosine theory that
some benefits of ticagrelor might be attributed to adenosine-
medicated mechanism. Adenosine has been proposed to have
cardioprotective effect as a physiologically potent vasodilator
[6]. Several clinical studies support the hypothesis that aden-
osine could reduce cardiac ischaemia reperfusion damage [7,
8]. Ticagrelor can increase levels of extracellular adenosine by
inhibiting adenosine reuptake [9, 10], leading to a significant
increase in adenosine-induced coronary vasodilatory response
[11]. Through these pathways, ticagrelor might be able to
prevent microvascular dysfunction. A recent study has report-
ed that in ST-segment elevation myocardial infarction
(STEMI) patients, 180 mg loading dose of ticagrelor might
be more effective in reducing microvascular injury than
600 mg loading dose of clopidogrel as demonstrated by an
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index of microcirculatory resistance (IMR) immediately after
primary percutaneous coronary intervention (PCI) [12].
However, there are no available data on coronary microcircu-
lation effects after chronic treatment of ticagrelor in patients
with ACS who have altered resting coronary blood flow dy-
namics due to advanced coronary artery disease.

Therefore, the objective of this comparison trial of
ticagrelor and clopidogrel on microcirculation in patients with
ACS undergoing PCI is to determine whether ticagrelor might
have potential benefit on coronary microcirculation in ACS
patients undergoing PCI during 6 months follow-up period
compared to clopidogrel.

Methods/Design

Study End Points

The primary hypothesis to be tested is whether ticagrelor
could significantly improve coronary microcirculation in
ACS patients undergoing PCI with 6 months of follow-up
period compared to clopidogrel. To evaluate the status of mi-
crocirculation, the primary end point is coronary microvascu-
lar dysfunction measured using an IMR at 6 months after
receiving the study agent. Secondary end points include frac-
tional flow reserve (FFR), coronary flow reserve (CFR), and a
change in IMR from randomization to the end of treatment
using coronary pressure-temperature wire on culprit lesion
during 6 months of follow-up.

Participants

Patients are eligible for enrollment if they are hospitalized for
ACS with or without ST-segment elevation with an onset of
symptoms during previous 24 h. All patients with ACS sched-
uled for PCI are eligible if they could understand the character
and individual consequences of participation and provide
written informed consent.

Exclusion criteria are (1) less than 20 years or more than
85 years old, (2) the presence of hemodynamic instability,
(3) intolerance to antiplatelet drugs, (4) ineligible for cor-
onary revascularization, (5) liver cirrhosis greater than or
equal to Child class B, (6) decreased serum platelet level
(< 100,000/uL), (7) need chronic oral anticoagulant thera-
py, (8) ACS in previous month, (9) a history of myocardial
infarction in the target vessel-related territory, (10) a histo-
ry of coronary artery bypass grafts, (11) renal dysfunction
with creatinine > 3 mg/dL, (12) chronic total occlusion,
(13) in-stent restenosis, (14) left main lesion, (15) contra-
indications to adenosine, (16) previous treatment with
statins, (17) a life expectancy < 1 year, and (18) an inability
to give informed consent. Complete listings of our inclu-
sion and exclusion criteria are provided in Table 1.

Study Protocol

This trial is designed as a non-blinded, open label, parallel-group,
prospective, and randomized controlled clinical trial performed in
a single center. Written informed consent is obtained from each
participantbeforediagnostic coronaryangiogramand randomiza-
tion. After baselinemeasurement, participants are randomly allo-
cated into ticagrelor or clopidogrel group. All patients are
pretreated with aspirin 300 mg orally and a loading dose of
ticagrelor180mgorclopidogrel600mgaccording to the random-
ization. After PCI for index vessel, physiologic measures includ-
ingFFR,CFR, and IMRareobtained twice (6months apart) from
the culprit artery after PCI. Patients will receive ticagrelor 90 mg
twice daily or clopidogrel 75mg once daily for at least 6months.
All patients in PLEIO trial are treated with rosuvastatin 5 mg
(Crestor, AstraZeneca, Cambridge, UK) per day during the study
period. Any patient who is found to take less than 80% or more
than120%oftheassignedstudydrugisconsiderednon-compliant
as assessed by tablet counts [13]. All patients are advised to

Table 1 Inclusion and exclusion criteria

Inclusion criteria

Hospitalized for potential ST-segment elevation or non-ST-segment el-
evation ACS, with onset during the previous 24 h, documented by
cardiac ischemic symptoms due to atherosclerosis of ≥ 10 min’ dura-
tion at rest, male and female aged 20 to 85 years, not pregnant, and
with informed consent

And at least one of the following:
1) ST-segment changes on ECG indicating ischemia. ST-segment de-
pression or transient elevation ≥ 1 mm in two or more two contiguous
leads
2) Positive biomarker indicating myocardial necrosis. Troponin-I or
CK-MB greater than the upper limit of normal or persistent
ST-segment elevation ≥ 1 mm (not known to be preexisting or due to a
coexisting disorder) in ≥ 2 contiguous leads or new LBBB plus pri-
mary PCI planned.

Exclusion criteria

1) Less than 20 years or more than 85 years old
2) The presence of hemodynamic instability
3) Intolerance to antiplatelet drugs
4) Ineligible for coronary revascularization
5) Liver cirrhosis greater than or equal to Child class B
6) Decreased serum platelet level (< 100,000/uL)
7) Need chronic oral anticoagulant therapy
8) Acute coronary syndrome in previous month
9) History of myocardial infarction in the target vessel-related territory
10) History of coronary artery bypass grafts
11) Renal dysfunction with creatinine > 3 mg/dL
12) Chronic total occlusion
13) In-stent restenosis
14) Left main lesion
15) Contraindications to adenosine
16) Previous treatment with statins
17) A life expectancy < 1 year
18) An inability to give informed consent.

ACS acute coronary syndrome, ECG electrocardiogram, LBBB left bun-
dle branch block
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maintainaspirin (≥ 80mg/day) lifelong.Thetrial isoverseenbyan
independent datamonitoring committee.

Recruitment of participants was started in December 2014.
The total number of randomized subjects will be 120. Baseline
characteristics of these patients enrolled in PLEIO are shown
in Table 2. The process of the trial conduct is illustrated in
Fig. 1. It was registered under www.clinicaltrials.gov:
NCT02618733.

Randomization

Random assignments are generated using the Excel spread-
sheet software (Microsoft Corporation, Redmont, CA, USA).

Eligible patients are randomly assigned in a 1:1 ratio to re-
ceive treatment with ticagrelor or clopidogrel. Randomization
is performed by a person not involved in this study and kept
concealed. Ticagrelor will be given in a loading dose of
180 mg followed by a dose of 90 mg twice daily. Patients in
the clopidogrel group will receive 600 mg loading dose
followed by a dose of 75 mg once daily. The randomized
treatment will be continued for 6 months.

Coronary Intervention and Physiologic Measurements

PCI is performed according to the latest standard guidelines
[14, 15]. All culprit lesions are treated with biodegradable

Table 2 Clinical characteristics
and treatment at baseline Ticagrelor (n = 60) Clopidogrel (n = 60) p value

Age 56.9 ± 11.4 58.5 ± 9.9 0.14
Male 46 (76.7%) 44 (73.3%) 0.69
Height (cm) 167.4 ± 8.1 165.5 ± 7.7 0.20
Weight (kg) 70.5 ± 12.8 66.4 ± 10.6 0.06
Risk factors
Diabetes 21 (35.0%) 22 (36.7%) 0.50
Hypertension 27 (45.0%) 27 (45.0%) 0.57
Hypercholesterolemia 18 (30.0%) 17 (28.3%) 0.50
Current smoker 35 (59.3%) 35 (42.4%) 0.09
Ejection fraction (%) 52.0 ± 8.7 52.4 ± 8.9 0.81
Biomarker
Serum hemoglobin (g/dL) 14.5 ± 1.7 14.0 ± 1.4 0.07
Platelet count (× 109/L) 23.9 ± 5.5 22.9 ± 6.9 0.40
Serum creatinine (mg/dL) 1.0 ± 0.3 1.0 ± 0.2 0.15
HbA1c (%) 6.7 ± 1.7 6.3 ± 1.3 0.10
Lipid profile
Total cholesterol 184.3 ± 45.1 195.8 ± 45.8 0.17
LDL cholesterol 119.5 ± 36.4 115.5 ± 32.3 0.53
HDL cholesterol 41.9 ± 9.2 44.1 ± 11.9 0.27
Triglycerides 182.5 ± 87.3 186.1 ± 72.8 0.23
Cardiac troponin-I 49.1 ± 58.9 39.9 ± 70.8 0.44
Brain natriuretic peptide 87.9 ± 161.9 124.8 ± 216.7 0.33
Clinical diagnosis 0.51
STEMI 18 (30.0%) 20 (33.3%)
NSTEMI 29 (48.3%) 23 (38.3%)
Unstable angina 13 (21.7%) 17 (28.3%)
Platelet function, 6 months
Platelet reactivity (PRU) 44.3 ± 47.3 187.4 ± 71.1 < 0.001
% Inhibition 84.3 ± 16.4 27.9 ± 21.9 < 0.001
Target vessel 0.53
Left anterior descending artery 29 (48.3%) 30 (50%)
Left circumflex artery 15 (25.0%) 13 (21.7%)
Right coronary artery 16 (26.7%) 17 (28.3%)
Number of vessels diseased,(n) 0.74
1-vessel disease 41 (68.3%) 37 (61.7%)
2-vessel disease 16 (26.7%) 19 (31.7%)
3-vessel disease 3 (5.0%) 4 (6.7%)
ACC lesion type 0.34
A 6 (10.0%) 2 (3.3%)
B1 17 (28.3%) 13 (21.7%)
B2 26 (43.3%) 32 (53.3%)
C 11 (18.3%) 13 (21.7%)
Stents (n) 1.0 ± 0.2 1.0 ± 0.3 0.70
Stent diameter (mm) 2.9 ± 0.5 2.9 ± 0.4 0.32
Stent length (mm) 23.6 ± 8.9 24.4 ± 10.5 0.66

STEMI ST-segment elevation myocardial infarction, NSTEMI non-ST-segment elevation myocardial infarction
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polymer drug-eluting stent (Orsiro, Biotronik, Berlin,
Germany). Angiographic success is defined as a residual ste-
nosis ≤ 30% by visual analysis in the presence of
Thrombolysis In Myocardial Infarction (TIMI) grade 3 flow.

Physiologic measurements are performed for the culprit
vessel immediately and after 6 months after PCI. A six to
seven French coronary guiding catheter without side-hole is
used to engage the selected coronary artery. An intracoronary
pressure and temperature sensor-tipped guidewire
(PressureWire Certus, ST. Jude Medical, MN, USA) is used
to measure distal coronary pressure. The index of coronary
flow is derived from the coronary thermodilution method as
described previously [16]. After the culprit lesion is success-
fully treated, the guidewire is calibrated for pressure record-
ing. It is then equalized with aortic pressure in the guiding
catheter after injection of 200 μg of intracoronary nitroglyc-
erin. The tip pressure sensor is advanced across the stented
segment and beyond the mid-to-distal portion of the culprit
vessel. Aortic pressure (Pa) and distal intracoronary pressure
(Pd) are obtained at baseline. FFR is calculated as the mean Pd
divided by mean Pa during maximal hyperemia. To measure
CFR, the coronary flow under basal conditions is determined
by intracoronary administration of 3 mL of room temperature
saline three times in succession (3 mL/s) manually. Maximal
hyperemia is then induced, and three additional intracoronary
room temperature saline boluses of 3 mL are administered to
determine peak coronary flow presented as peak mean transit
time (Tmn). CFR is calculated based on the ratio of mean
transit times during hyperemia and at baseline. After evalua-
tion of FFR and CFR, IMR is calculated. In culprit vessel, a
simplified method of IMR is calculated as follows:

IMR ¼ Pd during maximal hyperemia� Tmn

To induce maximal hyperemia, intravenous adenosine is
administered via the right femoral vein (140 mg/kg/min).

Platelet Function Measurements

Platelet function measurements are performed to assess platelet
reactivity. Blood sample withdrawal for assessing platelet

function is conducted at least 6 h after the loading dose of
clopidogrel or 2 h after the loading dose of ticagrelor [17].
Blood samples are acquired via sheath in the catheterization lab-
oratory prior to each physiologic measurement and collected in
3.2% citrate Vacuette tubes (Greiner Bio-One Vacuette North
America, Inc., Monroe, NC, USA). Platelet reactivity is mea-
sured using VerifyNow P2Y12 assay (Accumetrics, San Diego,
CA, USA). It is numerically expressed in P2Y12 reaction units
(PRU). The time interval between blood sampling and
VerifyNow P2Y12 testing does not exceed 2 h.

Quality of Life Measurements

Quality of life (QOL) is assessed by using the Korean version
of the Medical Outcomes Study 36-Item Short-Form Health
Survey (SF-36) questionnaire at first day and 6 months after
PCI. Data from the QOL questionnaire are self-reported by
patients in the presence of the study psychologist. A license
for the use of SF-36 v.2 was obtained from Optuminsight Life
Sciences, Inc. (license number QM027885).

Clinical End Points

Clinical follow-up of patients will be conducted in-hospital, at
4weeks, 6months, and 12months after PCI. InPLEIO, clinical
end points are bleeding events and cardiovascular events.
Bleeding is measured using the Bleeding Academic Research
Consortium (BARC) definition [18]. Bleeding events are fur-
ther classified based on bleeding severity according the Global
Use of Strategies to Open Occluded Coronary Arteries
(GUSTO) bleeding criteria and TIMI [19, 20]. Cardiovascular
events are defined as cardiovascular death, myocardial infarc-
tion, clinically driven target lesion revascularization, stent
thrombosis, stroke, or non-target lesion revascularization [21].

Sample Size

Sample size calculation was based on primary end point and pri-
mary analysis for the intention-to-treat population. Sample size
was calculated using the study’s primary objective to detect a

Fig. 1 PLEIO study design. PCI
percutaneous coronary
intervention, IMR index of
microcirculatory resistance, CAG
coronary angiogram
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30% relative difference in IMRmeasurements between ticagrelor
and clopidogrel treatment with a power of 90% to demonstrate
difference.On thebasis of previous reports,weassumed thevalue
of IMR after PCI to be approximately 35 U in ACS patients with
clopidogrel treatment [12, 22, 23]. We expected that the relative
difference in IMRmeasurementwould be at least 30%when con-
sideringACSpatients. The assumed result of IMRafter ticagrelor
treatment was 25 U based on observations made in a pilot study
performed to informthedesignof thecurrent trial.Weadjusted the
sample size considering an estimated follow-up loss rate of 20%
with a two-sided level of significance α = 5% and a power of
1-β = 90%, resulting in 60 patients in each group to detect this
difference with a two-sided Student’s t test. Therefore, a total of
120 patients will be randomized and included in this study.

Statistical Analysis

Continuous data are analyzed using Student’s t test. Chi-
squared test is used to analyze categorical variables. The focus
of this trial is to compare the efficacy by measuring IMR
between the two study groups. Statistical analyses are per-
formed on an intention-to-treat basis. The two-sided null hy-
pothesis for the primary end point states is that ticagrelor has
potential benefit to improve coronarymicrocirculation in ACS
patients undergoing PCI. Primary end point is assessed using
Student’s t test if samples are normally distributed or their
variances are homogeneous. Otherwise Mann-Whitney U test
is used. Two-way analysis of variance (ANOVA) with repeat-
ed measures is used to detect changes in IMR values from
randomization to the end of treatment in the two study groups.
The operator’s reproducibility is evaluated by using both lin-
ear regression analysis and the Bland-Altman method to as-
sess limits of agreement between repeated measurements.

Safetyanalysis includescalculationoffrequenciesandratesof
bleeding reported in the two groups. This analysis is performed
onthefullanalysissetwhichconsistedofpatientswhoreceivedat
least one dose of the study medication. Graphical methods in-
cludingscatterplotsandboxplotsareused tovisualize findingsof
the trial. TheKaplan-Meiermethod is used to plot the time to the
first episode of cardiovascular events after PCI. Subgroup anal-
yses will be performed to evaluate QOL among ACS patients.
Difference in QOL between hospital admission and 6-month
follow-up will be categorized as improvement in QOL when
the difference is greater than zero or lack of improvement when
the difference is less than zero. All statistical analyses are per-
formed using SPSS version 16.0 or higher. Statistical signifi-
cance is considered at p < 0.05.

Discussion

We hypothesized that ticagrelor, beyond its antiplatelet effica-
cy, could improve coronary microcirculation more effectively

than clopidogrel for patients with ACS, resulting in a reduc-
tion of mortality.

The Mechanism of Mortality Benefit with Ticagrelor

Ticagrelor has shown promising results in clinical trials [5, 24,
25]. It is now preferred over clopidogrel for management of pa-
tients with ACS who undergo stent implantation and those who
are managed with medical therapy [3, 4]. In the PLATO study,
compared to clopidogrel, ticagrelor has impressive mortality
benefit for patients with ACS [5]. Although the mechanism of
this result is not fully understood, several hypotheses have been
suggested. One hypothesis is that more potent and consistent
antiplatelet effect of ticagrelormight havecontributed to the low-
er incidence of cardiovascular death [26, 27]. Platelet activation
and aggravation are key factors in the development of ACS.
Thus, platelets are considered principal therapeutic targets in
the management of ACS [1, 3, 4, 28]. Ticagrelor has greater
antiplatelet effects with reversibility compared to clopidogrel
[29]. Greater platelet inhibition has been associated with im-
proved myocardial perfusion before and after PCI.
Improvements in myocardial perfusion in turn are associated
with improved clinical outcomes [30]. Reversibility allows re-
distribution of ticagrelor to all platelets in circulation.
Redistribution of ticagrelor is expected to attenuate the reactivity
of new platelets more consistently and effectively than
clopidogrel. Accordingly, ticagrelor contributes to more consis-
tent antiplatelet effect than clopidogrel. However, it may be dif-
ficult to explain the benefit of ticagrelor by its antiplatelet prop-
erties [31] because prasugrel is not associated with significant
reduction in cardiovascular mortality although it has greater an-
tiplatelet effects compared to clopidogrel [32].

Another suggested hypothesis is that increased blood level or
enhanced effects of adenosine by ticagrelor might contribute to
its mortality reduction benefit. Adenosine is an endogenous nu-
cleoside found in large quantities in myocardial and endothelial
cells [33, 34]. It is known to regulate myocardial and coronary
circulatory functions. Itsplasma levelsare increasedafter cellular
stresses such as ischemia and inflammation [35]. It activates four
well-characterized receptors, producing various physiological
effects [36, 37]. Accordingly, adenosinemodulates coronary va-
sodilation and inflammatory responses to a variety of stressful
condition [38]. In addition, it has been reported that adenosine
can reduce ischemia/reperfusion injury [39]. Moreover, adeno-
sinemaypreventmicrovascular spasmandmodulate endothelial
damage of coronary microcirculation [40, 41]. Plasma concen-
tration of adenosinemight have increased, because ticagrelor is a
precursor of adenosine that can inhibit cellular uptake of adeno-
sine [9, 10]. Increased adenosine releasemay exert its biological
effects. A recent animal study has shown that ticagrelor can re-
duce infarct size to a significantly greater extent than clopidogrel
and thismight be associatedwith its adenosine-dependentmech-
anism [42].A recent clinical trial has shown that 180mg loading
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dose of ticagrelor has microvascular protective potential in
STEMI patients [12]. This effect may contribute to its mortality
reduction benefit compared to clopidogrel.

Microvascular Dysfunction in ACS Patients

ACS is the leading cause of morbidity and mortality [2] in
coronary artery disease. To predict clinical outcomes in pa-
tients with ACS, it is important to assess myocardial viability,
for which microvascular function and integrity are the most
important determinants. Coronary microcirculation which
consists of resistance arterioles, capillaries, and small veins
plays a major part in the delivery of blood and nutrients to
the myocardium [43]. Microvascular dysfunction represents a
predisposing factor for myocardial ischemia [44]. It is also an
important prognostic factor of ACS [45, 46]. Despite the im-
portance of microvascular coronary damage for prognosis, an
accurate evaluation of microvascular function is challenging.
Currently, no technique allows direct visualization of coronary
microcirculation in vivo in humans. Most parameters for eval-
uating microvascular function rely on quantification of coro-
nary blood flow. Among them, TIMI myocardial perfusion
grade is a simple and useful clinical tool for microcirculation
assessment. Even though ticagrelor has survival benefit, an-
giographic analysis from PLATO trial has shown that there is
no significant difference in myocardial perfusion grade be-
tween ticagrelor and clopidogrel treatment groups [47].
Recently, IMR has been proposed and validated for assessing
the status of microcirculation. Technological advance in mea-
suring pressure and estimating coronary artery flow simulta-
neously using a single pressure-temperature sensor-tipped cor-
onary wire has made it possible. IMR provides a quantitative
measure of coronary microvasculature status. It is indepen-
dently associated with LV function and infarct pathology
[48, 49]. However, the protocol of the PLATO study did not
involve IMRmeasurements or non-invasive tools such as pos-
itron emission tomography or magnetic resonance. Therefore,
effects of ticagrelor maintain therapy on the prevention of
microvascular dysfunction in ACS patients remain uncertain.

PLEIO Study

The PLEIO trial is conducted to test the hypothesis that
ticagrelor could improve coronarymicrocirculation (estimated
by IMR) more effectively than clopidogrel for patients with
ACS during 6 months of follow-up period. This is a short-term
clinical study. However, it is the first trial investigating the
potential benefits of6 months of ticagrelor treatment on coro-
nary microcirculation in ACS patients undergoing PCI. As of
September 2017, there are no registered trials evaluating ther-
apeutic potentials of 6 months of ticagrelor treatment in
preventing microvascular dysfunction. If potential benefits
of ticagrelor on coronary microcirculation are proved, results

of the present study may provide a potential mechanism for
mortality reduction compared to clopidogrel.

Acknowledgements We would like to thank all members of the present
study group for their ideas, suggestions, participation, and support. No
source or funding was used to support the creation of this paper. The
authors are solely responsible for the study design and the conduct of
the study, all data analyses, drafting, and editing of this and future man-
uscripts, trial reports, and their final contents.

Funding The PLEIO trial is an investigator-initiated trial supported by a
grant from Biotronik and AstraZeneca that provided the study drug,
ticagrelor.

Compliance with Ethical Standards

Conflict of Interest The authors declare that they have no competing
interests.

Ethics This study followed the Helsinki Declaration’s principles, mean-
ing that all patients signed a written informed consent stating that partic-
ipation was voluntary and that participation could be withdrawn at any
time without any negative consequences concerning their current or fu-
ture medical treatment. Study approval was obtained from the Ethics
Committee/Institutional Review Board of Dong-A University Hospital.
Informed written consent was obtained from all the patients for being
included in the study and the usage of their images and associated data.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Stakos, D. A., Tziakas, D. N., & Stellos, K. (2012). Mechanisms of
platelet activation in acute coronary syndromes. Current Vascular
Pharmacology, 10, 578–588.

2. Cavallari, I., Nusca, A., Ricottini, E., & Di Sciascio, G. (2014).
Prognostic role of platelet reactivity in patients with acute coronary
syndromes. Cardiology in Review, 22, 313–318.

3. Steg, P.G., James, S.K.,Atar,D., et al. (2012). ESCGuidelines for the
management of acutemyocardial infarction inpatients presentingwith
ST-segment elevation.EuropeanHeart Journal, 33, 2569–2619.

4. Roffi, M., Patrono, C., Collet, J. P., et al. (2016). 2015 ESC
Guidelines for the management of acute coronary syndromes in
patients presenting without persistent ST-segment elevation: Task
Force for the Management of Acute Coronary Syndromes in
Patients Presenting without Persistent ST-Segment Elevation of
the European Society of Cardiology (ESC). European Heart
Journal, 37, 267–315.

5. Wallentin, L., Becker, R. C., Budaj, A., et al. (2009). Ticagrelor
versus clopidogrel in patients with acute coronary syndromes. The
New England Journal of Medicine, 361, 1045–1057.

6. Jacobson, K. A. (2009). Introduction to adenosine receptors as thera-
peutic targets.Handbook of Experimental Pharmacology, 193, 1–24.

7. RossAM, GibbonsRJ, StoneGW, et al. AMISTAD-II Investigators.
A randomized, double-blinded, placebo-controlled multicenter trial
of adenosine as an adjunct to reperfusion in the treatment of acute

J. of Cardiovasc. Trans. Res. (2018) 11:42–49 47



myocardial infarction (AMISTAD-II). Journal of the American
College of Cardiology2005;45:1775–1780.

8. QuintanaM, HjemdahlP, SolleviA, et al. ATTACC Investigators.
Left ventricular function and cardiovascular events following adju-
vant therapy with adenosine in acute myocardial infarction treated
with thrombolysis: results of the ATTenuation by Adenosine of
Cardiac Complications (ATTACC) study. European Journal of
Clinical Pharmacology2003;59:1–9.

9. Serebruany, V. L. (2011). Adenosine release: a potential explana-
tion for the benefits of ticagrelor in the PLATelet inhibition and
clinical outcomes trial? American Heart Journal, 161, 1–4.

10. Bonello, L., Laine, M., Kipson, N., et al. (2014). Ticagrelor in-
creases adenosine plasma concentration in patients with an acute
coronary syndrome. Journal of the American College of
Cardiology, 63, 872–877.

11. Wittfeldt, A., Emanuelsson, H., Brandrup-Wognsen, G., et al.
(2013). Ticagrelor enhances adenosine-induced coronary
vasodilatory responses in humans. Journal of the American
College of Cardiology, 61, 723–727.

12. Park, S. D., Lee, M. J., Baek, Y. S., et al. (2016). Randomised trial
to compare a protective effect of Clopidogrel Versus TIcagrelor on
coronaryMicrovascular injury in ST-segment Elevationmyocardial
infarction (CV-TIME trial). EuroIntervention, 12, e964–ee71.

13. Demonceau, J., Ruppar, T., Kristanto, P., et al. (2013). Identification
and assessment of adherence-enhancing interventions in studies
assessing medication adherence through electronically compiled
drug dosing histories: a systematic literature review and meta-anal-
ysis. Drugs, 73, 545–562.

14. Levine, G. N., Bates, E. R., Blankenship, J. C., et al. (2011). 2011
ACCF/AHA/SCAI guideline for percutaneous coronary interven-
tion: executive summary: a report of the American College of
Cardiology Foundation/American Heart Association Task Force
on Practice Guidelines and the Society for Cardiovascular
Angiography and Interventions. Circulation, 124, 2574–2609.

15. Levine, G. N., Bates, E. R., Blankenship, J. C., et al. (2016). 2015
ACC/AHA/SCAI focused update on primary percutaneous coro-
nary intervention for patients with ST-elevation myocardial infarc-
tion: an update of the 2011 ACCF/AHA/SCAI guideline for percu-
taneous coronary intervention and the 2013 ACCF/AHA guideline
for the management of ST-elevation myocardial infarction. Journal
of the American College of Cardiology, 67, 1235–1250.

16. Fearon, W. F., Balsam, L. B., Farouque, H. M., et al. (2003). Novel
index for invasively assessing the coronary microcirculation.
Circulation, 107, 3129–3132.

17. Husted, S., Emanuelsson, H., Heptinstall, S., Sandset, P. M.,
Wickens, M., & Peters, G. (2006). Pharmacodynamics, pharmaco-
kinetics, and safety of the oral reversible P2Y12 antagonist
AZD6140 with aspirin in patients with atherosclerosis: a double-
blind comparison to clopidogrel with aspirin. European Heart
Journal, 27, 1038–1047.

18. Mehran, R., Rao, S. V., Bhatt, D. L., et al. (2011). Standardized
bleeding definitions for cardiovascular clinical trials: a consensus
report from the Bleeding Academic Research Consortium.
Circulation, 123, 2736–2747.

19. The GUSTO Investigators. (1993). An international randomized
trial comparing four thrombolytic strategies for acute myocardial
infarction. The New England Journal of Medicine, 329, 673–682.

20. Rao, A. K., Pratt, C., Berke, A., et al. (1988). Thrombolysis in
Myocardial Infarction (TIMI) Trial—phase I: hemorrhagic mani-
festations and changes in plasma fibrinogen and the fibrinolytic
system in patients treated with recombinant tissue plasminogen
activator and streptokinase. Journal of the American College of
Cardiology, 11, 1–11.

21. Hicks, K. A., Tcheng, J. E., Bozkurt, B., et al. (2015). 2014 ACC/
AHA key data elements and definitions for cardiovascular endpoint
events in clinical trials: a report of the American College of

Cardiology/AmericanHeart Association Task Force on clinical data
standards (writing committee to develop cardiovascular endpoints
data standards). Journal of the American College of Cardiology, 66,
403–469.

22. Fearon, W. F., Low, A. F., Yong, A. S., et al. (2013). Prognostic
value of the index of microcirculatory resistance measured after
primary percutaneous coronary intervention. Circulation, 127,
2436–2441.

23. McGeoch, R., Watkins, S., Berry, C., et al. (2010). The index of
microcirculatory resistance measured acutely predicts the extent
and severity of myocardial infarction in patients with ST-segment
elevation myocardial infarction. JACC. Cardiovascular
Interventions, 3, 715–722.

24. Kim, E. K., Park, T. K., Yang, J. H., et al. (2017). Ticagrelor versus
clopidogrel on myocardial infarct size in patients undergoing pri-
mary percutaneous coronary intervention. Journal of the American
College of Cardiology, 69, 2098–2099.

25. Shah, R., Rashid, A., Hwang, I., Fan, T. M., Khouzam, R. N., &
Reed, G. L. (2017). Meta-analysis of the relative efficacy and safety
of oral P2Y12 inhibitors in patients with acute coronary syndrome.
The American Journal of Cardiology, 119, 1723–1728.

26. Schneider, D. J. (2011). Mechanisms potentially contributing to the
reduction in mortality associated with ticagrelor therapy. Journal of
the American College of Cardiology, 57, 685–687.

27. Varenhorst, C., Alström, U., Scirica, B. M., et al. (2012). Factors
contributing to the lower mortality with ticagrelor compared with
clopidogrel in patients undergoing coronary artery bypass surgery.
Journal of the American College of Cardiology, 60, 1623–1630.

28. Lange, R. A., & Hillis, L. D. (2004). Antiplatelet therapy for ische-
mic heart disease. The New England Journal of Medicine, 350,
277–280.

29. Gurbel, P. A., Bliden, K. P., & Butler, K. (2009). Randomized
double-blind assessment of the ONSET and OFFSET of the anti-
platelet effects of ticagrelor versus clopidogrel in patients with sta-
ble coronary artery disease: the ONSET/OFFSET study.
Circulation, 120, 2577–2585.

30. Gibson, C. M., Morrow, D. A., Murphy, S. A., TIMI Study Group,
et al. (2006). A randomized trial to evaluate the relative protection
against post-percutaneous coronary interventionmicrovascular dys-
function, ischemia, and inflammation among antiplatelet and anti-
thrombotic agents: the PROTECT-TIMI-30 trial. Journal of the
American College of Cardiology, 47, 2364–2373.

31. Serebruany, V. L. (2010). Mortality benefit in PLATO cannot be
explained by antiplatelet properties of ticagrelor. Cardiology, 117,
231–233.

32. Wiviott, S. D., Braunwald, E., McCabe, C. H., et al. (2007).
Prasugrel versus clopidogrel in patients with acute coronary syn-
dromes. The New England Journal of Medicine, 357, 2001–2015.

33. Shryock, J. C., & Belardinelli, L. (1997). Adenosine and adenosine
receptors in the cardiovascular system: biochemistry, physiology,
and pharmacology. The American Journal of Cardiology, 79, 2–10.

34. Sato, A., Terata, K., Miura, H., et al. (2005). Mechanism of vaso-
dilation to adenosine in coronary arterioles from patients with heart
disease. American Journal of Physiology. Heart and Circulatory
Physiology, 288, H1633–H1640.

35. Eltzschig, H. K., Sitkovsky, M. V., & Robson, S. C. (2012).
Purinergic signaling during inflammation. The New England
Journal of Medicine, 367, 2322–2333.

36. Headrick, J. P., Ashton, K. J., Rose'meyer, R. B., & Peart, J. N.
(2013). Cardiovascular adenosine receptors: expression, actions
and interactions. Pharmacology & Therapeutics, 140, 92–111.

37. Fredholm, B. B., IJzerman, A. P., Jacobson, K. A., Linden, J., &
Müller, C. E. (2011). International Union of Basic and Clinical
Pharmacology. LXXXI. Nomenclature and classification of adeno-
sine receptors—an update. Pharmacological Reviews, 63, 1–34.

48 J. of Cardiovasc. Trans. Res. (2018) 11:42–49



38. Feoktistov, I., Ryzhov, S., Zhong, H., Goldstein, A. E., Matafonov,
A., Zeng, D., & Biaggioni, I. (2004). Hypoxia modulates adenosine
receptors in human endothelial and smooth muscle cells toward an
A2B angiogenic phenotype. Hypertension, 44, 649–654.

39. Headrick, J. P., & Lasley, R. D. (2009). Adenosine receptors and
reperfusion injury of the heart. Handbook of Experimental
Pharmacology, 193, 189–214.

40. Velasco, C. E., Jackson, E. K., Morrow, J. A., Vitola, J. V., Inagami,
T., & Forman, M. B. (1993). Intravenous adenosine suppresses
cardiac release of endothelin after myocardial ischaemia and reper-
fusion. Cardiovascular Research, 27, 121–128.

41. Pepine, C. J., Anderson, R. D., Sharaf, B. L., et al. (2010). Coronary
microvascular reactivity to adenosine predicts adverse outcome in
women evaluated for suspected ischemia results from the National
Heart, Lung and Blood Institute WISE (Women's Ischemia
Syndrome Evaluation) study. Journal of the American College of
Cardiology, 55, 2825–2832.

42. Vilahur, G., Gutiérrez, M., Casani, L., et al. (2016). Protective ef-
fects of ticagrelor onmyocardial injury after infarction.Circulation,
134, 1708–1719.

43. Chilian,W.M. (1997). Coronary microcirculation in health and dis-
ease. Summary of anNHLBIworkshop.Circulation, 95, 522–528.

44. Camici, P. G., & Crea, F. (2007). Coronary microvascular dysfunc-
tion. The New England Journal of Medicine, 356, 830–840.

45. Marzilli, M., Sambuceti, G., Testa, R., & Fedele, S. (2002). Platelet
glycoprotein IIb/IIIa receptor blockade and coronary resistance in
unstable angina. Journal of the American College of Cardiology,
40, 2102–2109.

46. Rezkalla, S. H., & Kloner, R. A. (2002). No-reflow phenomenon.
Circulation, 105, 656–662.

47. Kunadian, V., James, S. K., Wojdyla, D. M., et al. (2013).
Angiographic outcomes in the PLATO trial (Platelet Inhibition
and Patient Outcomes). JACC. Cardiovascular Interventions, 6,
671–683.

48. Ng, M. K., Yeung, A. C., & Fearon, W. F. (2006). Invasive assess-
ment of the coronary microcirculation: superior reproducibility and
less hemodynamic dependence of index of microcirculatory resis-
tance compared with coronary flow reserve. Circulation, 113,
2054–2061.

49. Sezer, M., Umman, B., Okcular, I., Nisanci, Y., & Umman, S.
(2007). Relationship between microvascular resistance and perfu-
sion in patients with reperfused acute myocardial infarction.
Journal of Interventional Cardiology, 20, 340–350.

J. of Cardiovasc. Trans. Res. (2018) 11:42–49 49


	Design...
	Abstract
	Background
	Methods/Design
	Study End Points
	Participants
	Study Protocol
	Randomization
	Coronary Intervention and Physiologic Measurements
	Platelet Function Measurements
	Quality of Life Measurements
	Clinical End Points
	Sample Size
	Statistical Analysis

	Discussion
	The Mechanism of Mortality Benefit with Ticagrelor
	Microvascular Dysfunction in ACS Patients
	PLEIO Study

	References


