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Abstract

Background

The function of coronary microcirculation is an important factor in predicting the prognosis of
patients with acute coronary syndrome (ACS) who receive percutaneous coronary interven-
tion (PCI) therapy. Ticagrelor, a type of oral P2Y 12 inhibitor, is widely prescribed to ACS
patients and can improve prognosis compared to clopidogrel. However, the efficacy of tica-
grelor on coronary microcirculation, compared to clopidogrel, remains unclear. The objec-
tive of this meta-analysis was to determine the efficacy of ticagrelor on coronary
microcirculation.

Methods

The PubMed, Cochrane Central Register of Controlled Trials (CENTRAL), and Clinical-
Trials.gov databases were comprehensively searched to identify studies until November
2022. Data was pooled using the fixed effects model or random effects model based on the
level of heterogeneity. Sensitivity analyses were performed to measure the effects of poten-
tial confounders.

Results

After screening, 16 trials with a total of 3676 participants were ultimately included in the anal-
ysis. The meta-analysis revealed that compared to clopidogrel, patients receiving ticagrelor
exhibited a more significant reduction in the IMR (WMD: -6.23, 95% ClI: -8.41 t0 -4.04), a
reduction in the cTFC (WMD: -1.88; 95% Cl: -3.32 to -0.45), and greater increases in CFR
(WMD: 0.38; 95% CI: 0.18 t0 0.57), MBG (RR 1.29, 95% Cl 1.12 to 1.48), and TIMI (RR
1.03, 95% CI 1.00 to 1.06).
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Conclusion

Our findings suggest that, compared to clopidogrel, ticagrelor has a significant effect in
reducing coronary microcirculatory resistance, enhancing coronary blood flow reserve, and
improving myocardial perfusion.

Introduction

Acute Coronary Syndrome (ACS), as a crucial component of coronary heart disease (CHD),
has become a significant cause of human mortality worldwide. Percutaneous Coronary Inter-
vention (PCI) is widely acknowledged as one of the most effective approaches for restoring
blood flow in cases of acute myocardial infarction or unstable angina. When compared to tra-
ditional medical treatment, PCI has demonstrated superior efficacy in reinstating myocardial
perfusion, reducing myocardial ischemia or infarct size, and improving clinical outcomes [1].
Despite the continuous maturity and improvement of PCI technology, there are still some
patients who do not benefit from PCI treatment. Even after the anatomically perfect restora-
tion of the epicardial occlusion/stenosis, clinical evidence indicates that revascularization does
not always re-establish effective microcirculatory perfusion [2]. Coronary microcirculatory
dysfunction is not only a major cause of myocardial ischemia in patients with "normal or near-
normal" findings on coronary angiography but also a significant contributor to the impaired
quality of life and adverse prognosis following coronary revascularization surgery [3-5].

Dual antiplatelet therapy (DAPT) is the mainstay of pharmacotherapy for patients with
ACS receiving PCI therapy [1]. Recent clinical studies have shown that ticagrelor has a better
effect on the short-term prognosis of patients with ACS who undergo PCI than clopidogrel
[6]. Pharmacodynamic studies have demonstrated that platelet inhibition by ticagrelor is
greater and faster than that by clopidogrel [7]. A strong antiplatelet effect can inhibit thrombus
microembolization and benefit microvascular function [8,9]. Moreover, compared to clopido-
grel, ticagrelor can inhibit adenosine degradation, prolong the biological half-life of adenosine
and increase the vasodilatation effects of adenosine in both endogenous and exogenous path-
ways [10]. Adenosine improves coronary microcirculation by improving endothelial function
and reducing the inflammatory response [11]. Based on its pharmacological mechanism of
action, there may be a benefit for microcirculatory lesions, but clinical studies are not yet
conclusive.

Several clinical trials have investigated the effect of ticagrelor on coronary microvascular
function. However, these studies have reported conflicting results about whether ticagrelor
improved coronary microcirculation. Several studies have suggested that ticagrelor ameliorates
coronary microcirculation [12-14]. In contrast, other studies demonstrated that ticagrelor
exhibited no additional beneficial effect on coronary microvascular function [15,16]. To vali-
date the effect of ticagrelor on coronary microcirculation, we conducted the current systematic
review.

Methods
Protocol and guidance

This study was conducted in accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analysis (PRISMA) guidelines [17]. The protocol for this review was regis-
tered with PROSPERO (CRD42022375073).
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Inclusion criteria

We considered studies to be eligible for inclusion if they enrolled patients with ACS who were
undergoing PCI; if they compared ticagrelor at any dose with clopidogrel; if they provided
information on common parameters of CMD; and if they were randomized controlled trials
(RCTs).

Exclusion criteria

We excluded trials if they were review articles, case reports, animal experiments, or observa-
tional studies; if all the participants received ticagrelor; if they enrolled patients with CMD
rather than patients with ACS treated with PCI; or if we could not extract data from the study.

Primary outcomes and secondary outcomes

The primary outcome was a reduction in levels of the index of microvascular resistance (IMR)
and an increase in coronary flow reserve (CFR). Secondary outcomes were increases in myo-
cardial blush grade (MBG) and thrombolysis in myocardial infarction flow grade (TIMI) and
reductions in corrected TIMI frame count (cTFC).

Index of microvascular resistance (IMR) is a new index recently proposed to evaluate the
microvascular function distal to a stenotic lesion, which is defined as a ratio of distal coronary
pressure to distal coronary flow, i.e., the product of the distal coronary pressure (Pd) and
mean transit time(T) of a saline bolus during maximal hyperemia [18]. Pd and T are measured
by a pressure guidewire equipped with a temperature sensor. IMR is independent of subepicar-
dial vascular function and able to specifically evaluate microvascular function with a good
reproducibility [18,19]. CFR, which reflects the vasodilator capacity of the coronary microcir-
culation, can be calculated by dividing hyperemic flow by resting flow corrected for the rate-
pressure product [20]. It is an overall indicator of the reserve function of the entire coronary
system. Coronary microvascular function is frequently assessed by evaluating the coronary
microvascular response to vasodilators, because of the limitation of current imaging tech-
niques in displaying morphological changes of coronary microvasculature. CFR is a com-
monly used index [21,22].

“Slow coronary flow” is an angiographic phenomenon characterized by a delayed visualiza-
tion of distal vessels of a non-obstructive coronary artery, which is considered a manifestation
of CMVD. The definition for “slow coronary flow” varies between different studies, some
using TIMI flow grades 1-2 while others using a modified TIMI flow count of >25 frames
[23]. TIMI (grades 0 to 3) is only a semi-quantitative parameter and cannot reflect coronary
microvascular function [24]. cTFC is the number of frames from the beginning of coronary
artery imaging to the standardized distal marker imaging, which overcomes the shortcomings
of semi-quantitative nature of TIMI flow grading. However, it does not directly reflect coro-
nary microvascular flow [25]. In summary, IMR and CFR are quantitative and widely available
indicators for assessing coronary microvascular function. Therefore, IMR and CFR are chosen
as the primary outcome measures, while the other indicators serve as secondary outcome
measures.

Data sources and search strategies

From inception to 12 November 2022, we comprehensively searched the PubMed, Cochrane
Central Register of Controlled Trials (CENTRAL), and ClinicalTrials.gov databases for eligible
RCTs using the following keywords: (ticagrelor) OR (Brilique) OR (AZD-6140) OR (Brilinta)
OR (3-(7-((2-(3,4-Difluorophenyl)cyclopropyl)amino)-5-(propylthio)-3H-(1-3)-triazolo
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(4,5-d)pyrimidin-3-yl)-5-(2-hydroxyethoxy)cyclopentane-1,2-diol) AND (Microvascular) OR
(Microcirculation) OR (coronary artery) OR (coronary microvascular dysfunction) OR
(CMVD) OR (CMD) AND (randomized controlled trials) OR (RCT) (S1 Table).

Study selection

After removing duplicates, two authors independently screened titles and abstracts and subse-
quently full-text articles. Disagreements were resolved by consensus.

Data collection process

Two independent researchers (QXH and LXH) extracted data with a standard data extraction
form from the included trials. Data include study characteristics (first author, publication year,
country, duration of medication, and number of patients and outcomes reported) and patient
characteristics (mean age in years, percentage of men). If randomized controlled trials had
more than two groups, we pooled data from the separate treatment arms. Disagreements were
resolved by consensus. All data extractions were completed by two reviewers (QXH and LXH)
and checked by another reviewer (FK and CWT).

Assessment of risk of bias and quality of evidence

Two researchers independently assessed the methodological quality of the included studies
using the Cochrane Risk of Bias Tool [18]. The six specific areas in which the Cochrane risk of
bias tool was objectively evaluated include the generation of randomized sequences, conceal-
ment of allocation protocols, blinding of study participants and related persons, blinding of
outcome evaluators, incomplete data on study results, and selective reporting of results. Poten-
tial publication bias was assessed by visualization of asymmetry in funnel plots (when there
were at least 10 studies reporting the outcome) or by Egger’s test and Begg’s test.

Data synthesis and analysis

Changes in IMR, CFR, MBG, TIMI grade III and cTFC were used to assess the efficiency of
ticagrelor on coronary microvascular function, determining the difference between the inter-
vention and control groups with mean and risk ratio. Continuous variables were used to ana-
lyze the weighted mean difference (WMD) with the 95% CI effect size. Dichotomous
outcomes were used to analyze the relative risk (RR) with a confidence interval (CI) of 95%.
Statistical heterogeneity was assessed using the chi-squared test (p < 0.10 was considered sta-
tistically significant for heterogeneity) and was quantified using the I” statistic (0-25% low het-
erogeneity, 25-50% moderate heterogeneity, 50-75% substantial heterogeneity, 75-100% high
heterogeneity) [26]. We used the fixed effects model or the random effects model to perform
the meta-analysis based on the I values. STATA 17.0 software (Stata Corporation, Texas,
USA) was used for data analyses.

Sensitivity analyses

Where there was a high level of statistical heterogeneity, we conducted sensitivity analyses by
excluding trials with a high or unknown risk of bias. Based on the sensitivity analysis results,
eliminating each study one at a time sequentially did not substantially influence any of the
assessed factors.
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Results
Study selection, characteristics, and quality assessment

We initially identified 842 records and included 16 studies involving 3676 participants in the
meta-analysis. The flow diagram of the selected studies is presented in Fig 1. These studies
were published between 2013 and 2022. The baseline characteristics of the included studies are
provided in Table 1. Of these studies, six were from China, three were from Korea, one each
was from United Kingdom, Australia, Brazil, Italy, Chile, America, and Greece. All included
studies were randomized controlled trials, and their full texts were published. The participants
were mainly ACS patients who underwent PCL

Of the 16 included primary studies, four studies reported differences in IMR, CFR and
MBG after ticagrelor administration, five studies reported differences in cTFC, and twelve
studies reported differences in TIMI.

The risk of bias is shown in Fig 2. The low level of reported blinding for participants and
investigators was the key limitation. Eight studies were at unclear risk of bias in allocation
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Fig 1. Literature search and review flowchart for study selection.

https://doi.org/10.1371/journal.pone.0289243.9001
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Table 1. Characteristics of the included studies.

Study Published Country Population Sample size and intervention Age(y) (corresponding to | Duration | Presented
year intervention) data
James Xu 2022 Australia Patients with 60, ticagrelor (180mg loading dose, | 58.5+11.7 — IMR, CFR,
NSTEMI 90mg twice daily), 59.8+12.1 TIMI
58, clopidogrel (600 mg loading
dose, 75 mg once daily)
Kyungil Park 2019 Korea patients with 60, ticagrelor (180mg loading dose, | 56.9+11.4 58.5 + 9.9 6 months | IMR, CFR
ACS 90 mg twice daily),
60, clopidogrel (600mg loading
dose, 75mg once daily)
Sang-Don Park 2016 Korea Patients with 38, ticagrelor (180mg loading dose, | 61.5+11.9 56.3+13.3 — IMR, CFR
STEMI 90mg twice daily),
38, clopidogrel (600mg loading
dose, 75mg once daily)
Woong Gil Choi 2014 Korea patients with 12, ticagrelor (180mg loading dose, | — — IMR, CFR
ACS 90mg twice daily);
12, clopidogrel (300mg loading
dose, 75mg once daily)
Bangming Cao 2019 China Patients with 49, ticagrelor (180 mg loading 61.59+11.22 62.79 £ 11.37 7 days TIMI, cTFC
STEMI dose, 90 mg twice daily),
48, clopidogrel (600 mg loading
dose, 75 mg once daily)
José Luis Winter 2014 Chile Patients with 34, ticagrelor (180 mg loading 55.1+8.3 62.1+10.5 — MBG, TIMI,
STEMI dose, 90 mg twice daily), cTFC
36, clopidogrel (600 mg loading
dose, 75 mg once daily)
José R 2016 Brazil Patients with 46, ticagrelor (180 mg loading 58(IQR 52-69) 58(IQR 12 hours | MBG, TIMI
Mont’Alverne-Filho STEMI dose, 90 mg twice daily), 51.3-64)
44, clopidogrel (600 mg loading
dose, 75 mg once daily)
K Zhu 2015 China Patients with 37, ticagrelor (180 mg loading 59.5+4.63 60.2 + 4.23 1 month | TIMI
AMI dose, 90 mg twice daily),
37, clopidogrel (600 mg loading
dose, 75 mg once daily)
Luca Di Vito 2016 2016 Italy Patients with 39, ticagrelor (180 mg loading 63(IQR58-69) 66(IQR 54- | — MBG, TIMI,
STEMI dose, 90 mg twice daily), 80) cTFC
44, clopidogrel (600 mg loading
dose, 75 mg once daily)
Xuechao Wang 2019 China Patients with 150, ticagrelor (180 mg loading 102.87+20.82 98.76 £ 22.16 | 1 month | MBG, TIMI,
STEMI dose, 90 mg twice daily), cTFC
148, clopidogrel (600 mg loading
dose, 75 mg once daily)
Y. LIU 2019 China Patients with 108, ticagrelor (180 mg loading 55.1+8.3 62.1 + 10.5 1 month | TIMI
ACS dose, 90 mg twice daily),
100, clopidogrel (600 mg loading
dose, 75 mg once daily)
Vijay Kunadian 2013 United Patients with 1053, ticagrelor (180 mg loading 61.0£10.9 61.1 + 10.8 6 months | TIMI, cTFC
Kingdom ACS dose, 90 mg twice daily),
1015, clopidogrel (600 mg loading
dose, 75 mg once daily)
Eun Kyong Kin 2017 America Patients with 45, ticagrelor (180 mg loading — — TIMI
STEMI dose, 90 mg twice daily),
50, clopidogrel (600 mg loading
dose, 75 mg daily)
Stylianos petousis 2022 Greece Patients with 21 ticagrelor (180 mg loading dose, | 53.71+9.33 57.9+7.04 — TIMI
STEMI 90 mg twice daily),
21, clopidogrel (300mg loading
dose, 75 mg once daily)
(Continued)
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Table 1. (Continued)

Study Published Country Population Sample size and intervention Age(y) (corresponding to | Duration | Presented
year intervention) data
Yang Liu 2017 China Patients with 86, ticagrelor (180 mg loading 59.1+9.8 57.5+7.9 — TIMI
STEMI dose, 90 mg twice daily),

87, clopidogel (300 mg loading
dose, 75 mg once daily)

WenHualLi 2018 China Patients with 20, ticagrelor (180 mg loading 58.54+16.48 59.45+10.98 — ,cTFC
STEMI dose, 90 mg twice daily),
20, clopidogrel (600 mg loading
dose, 75 mg once daily)
ACS: Acute coronary syndrome, STEMI:ST-segment elevation myocardial infarction, IMR: Index of microcirculatory resistance, CFR: Coronary flow reserve, MBG:
Myocardial blush grade, TIMI: Thrombolysis in myocardial infarction, cTFC: Corrected thrombolysis in myocardial infarction frame count.

https://doi.org/10.1371/journal.pone.0289243.t001

concealment, blinding of participants and personnel and outcome assessment. In six of the six-
teen studies, there was a high risk of bias for implementation and measurement in terms of
blinding of participants and personnel. There is no evidence of publication bias through visu-
alization of funnel plots and the results of Egger’s and Begg’s tests. According to the GRADE
tool, the quality of evidence for the primary outcome was moderate or low.

Primary outcome

Effect of ticagrelor on IMR. Four studies assessed IMR (170 participants in the ticagrelor
group and 168 participants in the control group) and showed that ticagrelor significantly low-
ered IMR (weighted mean difference -6.23, 95% confidence interval: -8.41 to -4.04, p<0.001;
Fig 3) compared with the control group, with low heterogeneity (I* = 0%, P = 0.46). We
observed no evidence of publication bias when we used Egger’s test and Begg’s test (S1 and S2
Figs). According to the GRADE assessment, there was moderate-quality evidence for the effect
of IMR.

Effect of ticagrelor on CFR. Four studies analyzed CFR with 338 participants (170 partic-
ipants in the ticagrelor group and 168 participants in the control group). Compared with clopi-
dogrel, ticagrelor increased the CFR level (weighted mean difference 0.38; 95% confidence
interval 0.18 to 0.57, p<0.001; Fig 4). Test of heterogeneity yielded I” = 37.6%, indicating low
heterogeneity between two groups. Egger’s and Begg’s tests showed no evidence of publication
bias (S3 and S4 Figs). The GRADE assessment showed that there was low-quality evidence for
the effect of CFR.

Secondary outcome

Effect of ticagrelor on MBG. Four studies analyzed MBG with 541 participants (269 par-
ticipants in the ticagrelor group and 272 participants in the control group). Compared with
patients in the control group, patients in the ticagrelor group showed a 29% increased level of
MBG (risk ratio 1.29, 95% confidence interval 1.12 to 1.48; Fig 5). No publication bias was
found (Egger’s test, p = 1.00, S5 and S6 Figs).

Effect of ticagrelor on TIMI myocardial perfusion grade III. The efficacy of ticagrelor
administration on TIMI grade III was investigated in twelve studies (1728 participants in the
ticagrelor group and 1688 participants in the control group). Compared with patients in the
clopidogrel group, patients in the ticagrelor group showed a 3% increase in TIMI blood flow
11 risk ratio 1.03, 95% confidence interval 1.00 to 1.06; Fig 6). Heterogeneity was very low (I*
=2%, P = 0.42). We found no evidence of asymmetry in the funnel plot (S7 Fig).
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Fig 2. Risk of bias assessment of the included studies.

https://doi.org/10.1371/journal.pone.0289243.g002
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Fig 3. A pooled estimate of the ticagrelor effect on the index of microcirculatory resistance.

https://doi.org/10.1371/journal.pone.0289243.g003

Effect of ticagrelor on cTFC. Five studies analyzed cTFC with 588 participants (292 par-
ticipants in the ticagrelor group and 296 participants in the control group). Compared with
clopidogrel, it concluded that the patients who were treated with ticagrelor had lower level of
cTFC after PCI (weighted mean deviation -1.88, 95% confidence interval -3.32 to -0.45; Fig 7)
in the random-effect model. Neither Egger’s test nor Begg’s test showed evidence of publica-
tion bias for the effect of ticagrelor on MBG (S8 and S9 Figs). According to the GRADE assess-
ment, there was low-quality evidence for the effects of ticagrelor on MBG, TIMI grade III, and
cTFC. (S2 Table).

Discussion

P2Y12 receptor antagonists, such as thienopyridines (e.g., clopidogrel) and ticagrelor, are com-
monly used antiplatelet medications that inhibit platelet activation and aggregation, thus pre-
venting arterial thrombus formation. However, emerging research suggests that their effects
and clinical benefits may extend beyond platelet inhibition [27]. Thienopyridines are prodrugs
of which the active metabolite, after bioactivation by CYP P450 liver enzymes, irreversibly
bind to the P2Y12 receptor. Ticagrelor also inhibits cellular adenosine uptake through ENT1.
These differences in binding characteristics and additional mode of action provide distinct
P2Y12 inhibition profiles and contribute to the divergent clinical effects observed between
thienopyridines and ticagrelor [28]. Clinical studies have also indicated that ACS patients
treated with ticagrelor have shown improved peripheral vascular endothelial function com-
pared to those on clopidogrel [28]. In this meta-analysis of 16 randomized controlled trials
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Fig 4. A pooled estimate of the ticagrelor effect on coronary flow reserves.

https://doi.org/10.1371/journal.pone.0289243.9004

with a total of 3676 participants, the use of ticagrelor was significantly associated with the
improvement of coronary microvascular function. The findings indicate that ticagrelor signifi-
cantly increased CFR, MBG, and TIMI and significantly reduced IMR and ¢TFC compared
with clopidogrel. Many large clinical randomized controlled trials shown that ticagrelor
reduces the incidence of CMVD of patients with ACS. This is consistent with the results of our
meta-analysis.

Potential underlying mechanisms

Many clinical trials have shown that ticagrelor is more effective than clopidogrel in terms of
improving the prognoses of patients with ACS who receive PCI [1,29,30]. In the Platelet Inhi-
bition and Patient Outcomes (PLATO) study, treatment with ticagrelor compared to clopido-
grel in patients with ACS significantly reduced mortality from vascular causes, myocardial
infarction, or stroke [30]. The precise mechanisms of how ticagrelor plays a key role in the
development of coronary microcirculation in patients with ACS post-PCI remain unknown.
Several possible mechanisms have been suggested. One of the possibilities is the unique anti-
platelet effect of ticagrelor. Compared with clopidogrel, ticagrelor offers a rapid onset of action,
enabling the exertion of antiplatelet effects within a brief timeframe. Additionally, the action
of ticagrelor is reversible, and its antiplatelet effects are rapidly reversed upon discontinuation.
This characteristic makes it easier to control platelet function in situations where surgical pro-
cedures or an increased risk of bleeding are involved. In comparison, clopidogrel requires
hepatic metabolism to generate its active metabolites. As a result, it has a longer onset time
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Fig 5. A pooled estimate of the effect of ticagrelor on myocardial blush grade.
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and requires some time to reach its maximum antiplatelet effects. Overall, more potent and
consistent antiplatelet effects of ticagrelor play a relevant role in protecting against thrombus
microembolization and improving myocardial perfusion [8].

Another mechanism is related to an interaction with adenosine metabolism, which might
contribute to its effect of improving microvascular function [31]. Adenosine, as a naturally
occurring endogenous purine nucleotide [32], is known to improve the recovery of cardiac
function after ischemia by regulating myocardial and coronary circulatory functions [33].
Inflammatory pathways and leucocyte infiltration after PCI can cause disturbance of coronary
microcirculation [34]. Adenosine can modulate the inflammatory responses to various stress-
ful conditions by inhibiting neutrophil trafficking and inhibiting the production of reactive
oxygen species and inflammatory mediators [35]. In addition, ticagrelor can promote the
adenosine-induced release of NO, which can reduce ischemia/reperfusion injury [36]. More-
over, adenosine may prevent microvascular dysfunction and reduce endothelial cell injury
[37].

Current research has indicated that adenosine is rapidly taken up by cells through sodium-
independent equilibrative nucleoside transporters (ENT1/2) and sodium-dependent concen-
trative nucleoside transporters (CNT2/3) [38,39]. Ticagrelor can inhibit adenosine degrada-
tion, which is mediated by inhibiting adenosine uptake into erythrocytes [38]. A recent study
in patients with coronary heart disease revealed that patients receiving ticagrelor had signifi-
cantly higher adenosine plasma concentration (APC) than patients receiving clopidogrel [39].
A study indicated that a 180-mg loading dose of ticagrelor has microvascular protective

PLOS ONE | https://doi.org/10.1371/journal.pone.0289243  August 29, 2023 11/17


https://doi.org/10.1371/journal.pone.0289243.g005
https://doi.org/10.1371/journal.pone.0289243

PLOS ONE

We determine the efficacy of ticagrelor on coronary microvascular function, compared with clopidogrel.

Study

Bangming Cao 2019
Eun Kyoung Kim 2017
James Xu 2022

José Luis Winter 2014
José R Mont'Alverne-Filho 2016
K Zhu2015

Luca Di Vito 2016
Stylianos Petousis 2022
Vijay Kunadian 2013
Xuechao Wang 2019

Y. LIU 2019

Yang Liu 2017

Overall (I-squared =2.0%, p = 0.425)

%

RR (95% Cl) Weight
:
. -~ 1.18 (1.03, 1.34) 2.86
__._E 1.09 (0.96, 1.22) 2.95
- E 1.01 (0.86, 1.17) 353
1
— 1.10 (0.83, 1.47) 1.72
1
; = 1.18 (0.92, 1.51) 2.17
: 1.19 (0.93, 1.54) 1.84
-~ : 0.91 (0.72, 1.15) 2.39
E - 1.06 (0.81, 1.39) 1.20
—r— 1.02 (0.97, 1.06) 59.47
—B= 1.02 (0.95, 1.09) 962
1
— 1.03 (0.95, 1.11) 6.69
1
—i—o— 1.09 (1.01, 1.17) 556
<> 1.03 (1.00, 1.06) 100.00
1
1
i
T : T

651 1 1.54
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https://doi.org/10.1371/journal.pone.0289243.g006

potential in STEMI patients, which might be associated with its adenosine-dependent mecha-
nism [40].

Interestingly, during our search process, we found a few studies that suggest a more pro-
nounced improvement in coronary microcirculation after PCI with prasugrel compared to
ticagrelor [41]. Compared with clopidogrel, ticagrelor has greater antiplatelet effects [42], but
ticagrelor and prasugrel have comparable effects [43]. Moreover, the possible benefit of prasu-
grel, in comparison with ticagrelor, may be related to improved endothelial function, which
may result in similar effects on microvascular function between ticagrelor and prasugrel [44].
However, only a few studies compared the effect of ticagrelor with the effects of prasugrel,
which substantially reduced the statistical power and limited our results to the comparison of
efficacy between ticagrelor and clopidogrel. In the future, we expect the quality of evidence to
improve and more high-quality studies to emerge.

Strengths and limitations of the study

This meta-analysis assessed the efficacy of ticagrelor on coronary microcirculation in patients
with ACS. This systematic review and meta-analysis have several methodological strengths.
We followed the principle of the Cochrane Collaboration and the PRISMA statement. More-
over, our review used robust methods, including strict quality assessment by the GRADE
approach.

Both invasive and noninvasive techniques have relative advantages and pitfalls. In order to
comprehensively evaluate coronary microcirculation function, our review used various effect
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sizes to comprehensively evaluate the change in microvascular function and obtain a complete
understanding of the efficiency of ticagrelor. These methods include measurement of coronary
blood flow velocity, assessment of myocardial blood flow, and calculation of the microcircula-
tory resistance index. According to the effectiveness and reproducibility of these techniques,
we divided these methods into primary and secondary outcomes.

Our study had several limitations. First, as with all meta-analyses, our study was limited by
the quality of the included studies. The studies included in our meta-analysis were regarded as
having either a moderate risk of bias, mainly because of serious bias due to the low level of
reported blinding for participants and investigators. Moreover, the GRADE approach is the
main source of low-quality evidence of study outcomes due to the limitations of the study
design and potential confounding bias without sufficient adjustment for confounders. Second,
there are various differences in study designs and different subtypes of ACS, although the low
heterogeneity partially proved that our results were statistically reliable. Thirdly, most mea-
surements of coronary microvascular function in experimental studies are conducted within
six months after the loading dose of P2Y12 inhibitors. Therefore, future studies will need to
maintain the dose for a longer duration to investigate the long-term effects of ticagrelor on
coronary microcirculation. However multiple trials suggest that the achieved antiplatelet effect
at the time of reperfusion is of more importance than later during the follow-up [45]. In order
to incorporate a multiple treatment network model for a more precise assessment of ticagre-
lor’s efficacy, we expect the quality of evidence to improve and more high-quality studies to
emerge in the future.
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Conclusion

Our systematic review and meta-analysis showed that ticagrelor treatment can ameliorate cor-
onary microvascular function compared to clopidogrel treatment. The unique function of tica-
grelor may result from its stronger and quicker antiplatelet action and interaction with
adenosine.

Supporting information

S1 Checklist. PRISMA checklist.
(DOCX)

S1 Fig. Publication bias assessment by used Begg test for IMR.
(TIF)

S2 Fig. Publication bias assessment by used Egger’s test for IMR.
(TIF)

S3 Fig. Publication bias assessment by used Begg test for CFR.
(TIF)

S4 Fig. Publication bias assessment by used Egger’s test for CFR.
(TIF)

S5 Fig. Publication bias assessment by used Begg test for MBG.
(TIF)

S6 Fig. Publication bias assessment by used Egger’s test for MBG.
(TIF)

S7 Fig. The funnel plot of TIMI myocardial perfusion grade III.
(TIF)

S8 Fig. Publication bias assessment by used Begg test for cTFC.
(TIF)

S9 Fig. Publication bias assessment by used Egger’s test for cTFC.
(TIF)

S1 Table. Search strategy.
(DOCX)

$2 Table. Quality assessment of included studies according to the GRADE framework.
(DOCX)

S1 File. Included studies.
(DOCX)

Author Contributions

Conceptualization: Xiaohan Qiu.

Data curation: Xiaohan Qiu, Xiaohui Li, Kang Fu, Wentao Chen.
Formal analysis: Xiaohan Qiu.

Investigation: Xiaohan Qiu, Xiaohui Li.

Methodology: Xiaohan Qiu, Xiaohui Li.

PLOS ONE | https://doi.org/10.1371/journal.pone.0289243  August 29, 2023 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289243.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289243.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289243.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289243.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289243.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289243.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289243.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289243.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289243.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289243.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289243.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289243.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0289243.s013
https://doi.org/10.1371/journal.pone.0289243

PLOS ONE

We determine the efficacy of ticagrelor on coronary microvascular function, compared with clopidogrel.

Project administration: Xiaohan Qiu, Kang Fu.

Resources: Xiaohan Qiu.

Software: Xiaohan Qiu, Xiaohui Li.

Supervision: Xiaohan Qiu, Xiaohui Li, Wentao Chen.

Validation: Xiaohan Qiu.

Visualization: Xiaohan Qiu.

Writing - original draft: Xiaohan Qiu.

Writing - review & editing: Xiaohan Qiu, Wengiang Chen.

References

1.

10.

11.

12

13.

Collet J.-P., et al., 2020 ESC Guidelines for the management of acute coronary syndromes in patients
presenting without persistent ST-segment elevation. European Heart Journal, 2021. 42(14): p. 1289—
1367. https://doi.org/10.1093/eurheartj/ehaa575 PMID: 32860058

Krug A., Du Mesnil de R., and Korb G., Blood supply of the myocardium after temporary coronary occlu-
sion. Circulation Research, 1966. 19(1): p. 57-62. https://doi.org/10.1161/01.res.19.1.57 PMID:
5912914

Bolognese L., et al., Impact of microvascular dysfunction on left ventricular remodeling and long-term
clinical outcome after primary coronary angioplasty for acute myocardial infarction. Circulation, 2004.
109(9): p. 1121-1126. https://doi.org/10.1161/01.CIR.0000118496.44135.A7 PMID: 14967718

De Maria G.L., et al., How does coronary stent implantation impact on the status of the microcirculation
during primary percutaneous coronary intervention in patients with ST-elevation myocardial infarction?
European Heart Journal, 2015. 36(45): p. 3165-3177. https://doi.org/10.1093/eurheartj/ehv353 PMID:
26254178

Morishima ., et al., Angiographic no-reflow phenomenon as a predictor of adverse long-term outcome
in patients treated with percutaneous transluminal coronary angioplasty for first acute myocardial infarc-
tion. Journal of the American College of Cardiology, 2000. 36(4): p. 1202—1209. https://doi.org/10.
1016/s0735-1097(00)00865-2 PMID: 11028471

Zhao X., et al., Comparison of Safety and Efficacy Between Clopidogrel and Ticagrelor in Elderly
Patients With Acute Coronary Syndrome: A Systematic Review and Meta-Analysis. Frontiers In Phar-
macology, 2021. 12: p. 743259. https://doi.org/10.3389/fphar.2021.743259 PMID: 34721032

Storey R.F., et al., Inhibition of platelet aggregation by AZD6140, a reversible oral P2Y12 receptor
antagonist, compared with clopidogrel in patients with acute coronary syndromes. Journal of the Ameri-
can College of Cardiology, 2007. 50(19): p. 1852—1856. https://doi.org/10.1016/j.jacc.2007.07.058
PMID: 17980251

Frossard M., et al., Platelet function predicts myocardial damage in patients with acute myocardial
infarction. Circulation, 2004. 110(11): p. 1392—1397. https://doi.org/10.1161/01.CIR.0000141575.
92958.9C PMID: 15313953

Balint A., et al., Network Meta-Analysis of Ticagrelor for Stroke Prevention in Patients at High Risk for
Cardiovascular or Cerebrovascular Events. Stroke, 2021. 52(9): p. 2809-2816. https://doi.org/10.
1161/STROKEAHA.120.032670 PMID: 34162232

Cattaneo M., Schulz R., and Nylander S., Adenosine-mediated effects of ticagrelor: evidence and
potential clinical relevance. Journal of the American College of Cardiology, 2014. 63(23): p. 2503—
25009. https://doi.org/10.1016/j.jacc.2014.03.031 PMID: 24768873

Padro T., et al., ESC Working Group on Coronary Pathophysiology and Microcirculation position paper
on ’coronary microvascular dysfunction in cardiovascular disease’. Cardiovascular Research, 2020.
116(4): p. 741-755. https://doi.org/10.1093/cvr/cvaa003 PMID: 32034397

Park K., et al., Comparison of the Effects of Ticagrelor and Clopidogrel on Microvascular Dysfunction in
Patients With Acute Coronary Syndrome Using Invasive Physiologic Indices. Circulation. Cardiovascu-
lar Interventions, 2019. 12(10): p. e008105. https://doi.org/10.1161/CIRCINTERVENTIONS.119.
008105 PMID: 31554423

Xu J., et al., Impact of Ticagrelor Versus Clopidogrel on Coronary Microvascular Function After Non-
ST-Segment-Elevation Acute Coronary Syndrome. Circulation. Cardiovascular Interventions, 2022. 15
(4): p. e011419. https://doi.org/10.1161/CIRCINTERVENTIONS.121.011419 PMID: 35369712

PLOS ONE | https://doi.org/10.1371/journal.pone.0289243  August 29, 2023 15/17


https://doi.org/10.1093/eurheartj/ehaa575
http://www.ncbi.nlm.nih.gov/pubmed/32860058
https://doi.org/10.1161/01.res.19.1.57
http://www.ncbi.nlm.nih.gov/pubmed/5912914
https://doi.org/10.1161/01.CIR.0000118496.44135.A7
http://www.ncbi.nlm.nih.gov/pubmed/14967718
https://doi.org/10.1093/eurheartj/ehv353
http://www.ncbi.nlm.nih.gov/pubmed/26254178
https://doi.org/10.1016/s0735-1097%2800%2900865-2
https://doi.org/10.1016/s0735-1097%2800%2900865-2
http://www.ncbi.nlm.nih.gov/pubmed/11028471
https://doi.org/10.3389/fphar.2021.743259
http://www.ncbi.nlm.nih.gov/pubmed/34721032
https://doi.org/10.1016/j.jacc.2007.07.058
http://www.ncbi.nlm.nih.gov/pubmed/17980251
https://doi.org/10.1161/01.CIR.0000141575.92958.9C
https://doi.org/10.1161/01.CIR.0000141575.92958.9C
http://www.ncbi.nlm.nih.gov/pubmed/15313953
https://doi.org/10.1161/STROKEAHA.120.032670
https://doi.org/10.1161/STROKEAHA.120.032670
http://www.ncbi.nlm.nih.gov/pubmed/34162232
https://doi.org/10.1016/j.jacc.2014.03.031
http://www.ncbi.nlm.nih.gov/pubmed/24768873
https://doi.org/10.1093/cvr/cvaa003
http://www.ncbi.nlm.nih.gov/pubmed/32034397
https://doi.org/10.1161/CIRCINTERVENTIONS.119.008105
https://doi.org/10.1161/CIRCINTERVENTIONS.119.008105
http://www.ncbi.nlm.nih.gov/pubmed/31554423
https://doi.org/10.1161/CIRCINTERVENTIONS.121.011419
http://www.ncbi.nlm.nih.gov/pubmed/35369712
https://doi.org/10.1371/journal.pone.0289243

PLOS ONE

We determine the efficacy of ticagrelor on coronary microvascular function, compared with clopidogrel.

14.

15.

16.

17.

18.

19.

20.

21.
22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Jeong H.S., et al., Comparison of Ticagrelor Versus Prasugrel for Inflammation, Vascular Function, and
Circulating Endothelial Progenitor Cells in Diabetic Patients With Non-ST-Segment Elevation Acute
Coronary Syndrome Requiring Coronary Stenting: A Prospective, Randomized, Crossover Trial. JACC.
Cardiovascular Interventions, 2017. 10(16): p. 1646—1658. https://doi.org/10.1016/}.jcin.2017.05.064
PMID: 28838475

Silvain J., et al., Ticagrelor versus clopidogrel in elective percutaneous coronary intervention
(ALPHEUS): a randomised, open-label, phase 3b trial. Lancet (London, England), 2020. 396(10264):
p. 1737-1744. https://doi.org/10.1016/S0140-6736(20)32236-4 PMID: 33202219

Ariotti S., et al., Effects of Ticagrelor, Prasugrel, or Clopidogrel on Endothelial Function and Other Vas-
cular Biomarkers: A Randomized Crossover Study. JACC. Cardiovascular Interventions, 2018. 11(16):
p. 1576—1586.

Liberati A., et al., The PRISMA statement for reporting systematic reviews and meta-analyses of studies
that evaluate health care interventions: explanation and elaboration. Annals of Internal Medicine, 2009.
151(4): p. W65-W94. https://doi.org/10.7326/0003-4819-151-4-200908180-00136 PMID: 19622512

Fearon W.F., et al., Novel index for invasively assessing the coronary microcirculation. Circulation,
2003. 107(25): p. 3129-3132. https://doi.org/10.1161/01.CIR.0000080700.98607.D1 PMID: 12821539

Mangiacapra F., et al., Intracoronary EnalaPrilat to Reduce MICROvascular Damage During Percuta-
neous Coronary Intervention (ProMicro) study. Journal of the American College of Cardiology, 2013.
61(6): p. 615-621. https:/doi.org/10.1016/}.jacc.2012.11.025 PMID: 23290547

Vassalli G. and Hess O.M., Measurement of coronary flow reserve and its role in patient care. Basic
Research In Cardiology, 1998. 93(5): p. 339-353. https://doi.org/10.1007/s003950050102 PMID:
9833146

Hoffman J.1., A critical view of coronary reserve. Circulation, 1987. 75(1 Pt 2): p. 16—11. PMID: 2947752

Pijls N.H.J., et al., Coronary thermodilution to assess flow reserve: validation in humans. Circulation,
2002. 105(21): p. 2482—-2486. https://doi.org/10.1161/01.cir.0000017199.09457.3d PMID: 12034653

Ong P., et al., International standardization of diagnostic criteria for microvascular angina. International
Journal of Cardiology, 2018. 250: p. 16—20. https://doi.org/10.1016/j.ijjicard.2017.08.068 PMID:
29031990

The Thrombolysis in Myocardial Infarction (TIMI) trial. Phase | findings. The New England Journal of
Medicine, 1985. 312(14): p. 932-936. https://doi.org/10.1056/NEJM198504043121437 PMID:
4038784

Gibson C.M., et al., TIMI frame count: a quantitative method of assessing coronary artery flow. Circula-
tion, 1996. 93(5): p. 879-888. https://doi.org/10.1161/01.cir.93.5.879 PMID: 8598078

Higgins J.P.T., et al., Measuring inconsistency in meta-analyses. BMJ (Clinical Research ed.), 2003.
327(7414): p. 557-560. https:/doi.org/10.1136/bm|.327.7414.557 PMID: 12958120

Gurbel P.A., Jeong Y.-H., and Tantry U.S., The Dogged Search for Cryptic Effects of Ticagrelor: Wishful
Thinking or Real Benefits Beyond P2Y 12 Inhibition? Circulation, 2016. 134(22): p. 1720—1723. https:/
doi.org/10.1161/CIRCULATIONAHA.116.024710 PMID: 27789557

Nylander S. and Schulz R., Effects of P2Y12 receptor antagonists beyond platelet inhibition—compari-
son of ticagrelor with thienopyridines. British Journal of Pharmacology, 2016. 173(7): p. 1163—1178.
https://doi.org/10.1111/bph.13429 PMID: 26758983

Kim E.K,, et al., Ticagrelor Versus Clopidogrel on Myocardial Infarct Size in Patients Undergoing Pri-
mary Percutaneous Coronary Intervention. Journal of the American College of Cardiology, 2017. 69
(16): p. 2098—2099. https://doi.org/10.1016/j.jacc.2017.02.034 PMID: 28427585

Wallentin L., et al., Ticagrelor versus clopidogrel in patients with acute coronary syndromes. The New
England Journal of Medicine, 2009. 361(11): p. 1045—-1057. https://doi.org/10.1056/NEJM0a0904327
PMID: 19717846

Akkaif M.A., et al., A review of the effects of ticagrelor on adenosine concentration and its clinical signifi-
cance. Pharmacological Reports: PR, 2021. 73(6): p. 1551-1564. https://doi.org/10.1007/s43440-021-
00309-0 PMID: 34283374

Gibson C.M., et al., A randomized trial to evaluate the relative protection against post-percutaneous cor-
onary intervention microvascular dysfunction, ischemia, and inflammation among antiplatelet and
antithrombotic agents: the PROTECT-TIMI-30 trial. Journal of the American College of Cardiology,
2006. 47(12): p. 2364—2373. https://doi.org/10.1016/j.jacc.2005.12.077 PMID: 16781360

Hale S.L. and Kloner R.A., Cardioprotection with adenosine-regulating agent, GP531: effects on no-
reflow, infarct size, and blood flow following ischemia/ reperfusion in the rabbit. Journal of Cardiovascu-
lar Pharmacology and Therapeutics, 2010. 15(1): p. 60-67. https://doi.org/10.1177/
1074248409357742 PMID: 20133497

PLOS ONE | https://doi.org/10.1371/journal.pone.0289243  August 29, 2023 16/17


https://doi.org/10.1016/j.jcin.2017.05.064
http://www.ncbi.nlm.nih.gov/pubmed/28838475
https://doi.org/10.1016/S0140-6736%2820%2932236-4
http://www.ncbi.nlm.nih.gov/pubmed/33202219
https://doi.org/10.7326/0003-4819-151-4-200908180-00136
http://www.ncbi.nlm.nih.gov/pubmed/19622512
https://doi.org/10.1161/01.CIR.0000080700.98607.D1
http://www.ncbi.nlm.nih.gov/pubmed/12821539
https://doi.org/10.1016/j.jacc.2012.11.025
http://www.ncbi.nlm.nih.gov/pubmed/23290547
https://doi.org/10.1007/s003950050102
http://www.ncbi.nlm.nih.gov/pubmed/9833146
http://www.ncbi.nlm.nih.gov/pubmed/2947752
https://doi.org/10.1161/01.cir.0000017199.09457.3d
http://www.ncbi.nlm.nih.gov/pubmed/12034653
https://doi.org/10.1016/j.ijcard.2017.08.068
http://www.ncbi.nlm.nih.gov/pubmed/29031990
https://doi.org/10.1056/NEJM198504043121437
http://www.ncbi.nlm.nih.gov/pubmed/4038784
https://doi.org/10.1161/01.cir.93.5.879
http://www.ncbi.nlm.nih.gov/pubmed/8598078
https://doi.org/10.1136/bmj.327.7414.557
http://www.ncbi.nlm.nih.gov/pubmed/12958120
https://doi.org/10.1161/CIRCULATIONAHA.116.024710
https://doi.org/10.1161/CIRCULATIONAHA.116.024710
http://www.ncbi.nlm.nih.gov/pubmed/27789557
https://doi.org/10.1111/bph.13429
http://www.ncbi.nlm.nih.gov/pubmed/26758983
https://doi.org/10.1016/j.jacc.2017.02.034
http://www.ncbi.nlm.nih.gov/pubmed/28427585
https://doi.org/10.1056/NEJMoa0904327
http://www.ncbi.nlm.nih.gov/pubmed/19717846
https://doi.org/10.1007/s43440-021-00309-0
https://doi.org/10.1007/s43440-021-00309-0
http://www.ncbi.nlm.nih.gov/pubmed/34283374
https://doi.org/10.1016/j.jacc.2005.12.077
http://www.ncbi.nlm.nih.gov/pubmed/16781360
https://doi.org/10.1177/1074248409357742
https://doi.org/10.1177/1074248409357742
http://www.ncbi.nlm.nih.gov/pubmed/20133497
https://doi.org/10.1371/journal.pone.0289243

PLOS ONE

We determine the efficacy of ticagrelor on coronary microvascular function, compared with clopidogrel.
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