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Coronary Artery Disease

Intra-Coronary Administration of Tacrolimus
Improves Myocardial Perfusion and Left Ventricular
Function in Patients with ST-Segment Elevation
Myocardial Infarction (COAT-STEMI) Undergoing
Primary Percutaneous Coronary Intervention
Pei-Hsun Sung,1,7,8 Wei-Chun Huang,2 Ting-Hsing Chao,3 Cheng-Han Lee,3 Teng-Yao Yang,4 Yu-Sheng Lin,4
Rei-Yeuh Chang,5 Jun-Ted Chong,6 Cheng-Hsu Yang,1 Chieh-Jen Chen,1 Sheng-Ying Chung,1
Shu-Kai Hsueh,1 Chiung-Jen Wu1 and Hon-Kan Yip1,7,8,9,10

Background: Ischemia-reperfusion injury following acute ST-segment elevation myocardial infarction (STEMI) is
strongly related to inflammation. However, whether intracoronary (IC) tacrolimus, an immunosuppressant, can
improve myocardial perfusion is uncertain.
Methods: A multicenter double-blind randomized controlled trial was conducted in Taiwan from 2014 to 2017.
Among 316 STEMI patients with Killip class £ 3 undergoing primary percutaneous coronary intervention (PCI), 151
were assigned to the study group treated with IC tacrolimus 2.5 mg to the culprit vessel before first balloon inflation,
and the remaining 165 were assigned to the placebo group receiving IC saline only. The primary endpoint was
percentage of post-PCI TIMI-3 flow. The primary composite endpoints included achievement of TIMI-3 flow, TIMImyocardial perfusion (TMP) grade, or 90-min ST-segment resolution (STR). The secondary endpoints were left
ventricular ejection fraction (LVEF) and 1-month/1-year major adverse cardio-cerebral vascular events (MACCEs)
(defined as death, myocardial infarction, stroke, target-vessel revascularization or re-hospitalization for heart failure).
Results: Although post-PCI TIMI-3 epicardial flow and MACCE rate at 1 month and 1 year did not differ between the
two groups, TMP grade (2.54 vs. 2.23, p < 0.001) and 90-min STR (67% vs. 61%, p < 0.001) were significantly higher
in the tacrolimus-treated group than in the placebo group. The STEMI patients treated with tacrolimus also had
significantly higher 3D LVEF and less grade 2 or 3 LV diastolic dysfunction at 9 months compared to those without.
Conclusions: IC tacrolimus for STEMI improved coronary microcirculation and 9-month LV systolic and diastolic
functions. However, the benefit of tacrolimus on clinical outcomes remains inconclusive due to insufficient patient
enrollment.
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INTRODUCTION

gate adjunctive tacrolimus therapy in patients with STEMI.

Early and rapid restoration of blood flow in infarctrelated arteries (IRAs) and microvasculature via thrombolysis or primary percutaneous coronary intervention
(PCI) is the gold standard treatment strategy for minimizing myocardial damage and preserving cardiac pumping function in the setting of ST-segment elevation
myocardial infarction (STEMI).1,2 The grade of myocardial reperfusion, a strong index of preservation of heart
function and improvement of prognostic outcome after
primary PCI, not only depends upon the patency of the
IRA but is also adversely influenced by the severity of
microvascular dysfunction.3,4
Slow-flow or no-reflow phenomenon is known to
contribute to unsuccessful myocardial reperfusion after
primary PCI,5 and to be associated with the duration of
myocardial ischemia,4,6 the burdens of thrombus formation, plaque content and ischemia-reperfusion (IR) injury.7,8 Additionally, IR injury is strongly related to inflammation that exacerbates myocardial damage even
after successful reperfusion.7,9,10 Several experimental
studies have also demonstrated that innate immune response11-13 followed by activated adaptive immune signaling11-13 play crucial roles in the regulation of inflammatory reactions after acute myocardial infarction (AMI).
Taking into account the important role of inflammation
in the reperfusion process,7,8,10,12 early suppression of
inflammatory reactions and immune signaling may be
important to attenuate the progression of AMI-induced
myocardial damage following successful reperfusion
therapy. To validate this hypothesis, we previously performed a series of experimental studies, the results of
which demonstrated that the intra-coronary administration of cyclosporine or tacrolimus effectively attenuated
inflammatory and immune reactions, limited infarct size,
and preserved left ventricular (LV) function.14-16
Experimental studies have shown that tacrolimus is
a more potent immunosuppressant14-16 and results in
better long-term outcomes in renal transplantation compared with cyclosporine.17 In addition, a previous pilot
study18 of the COAT-STEMI trial supported tacrolimus as
being a safe and effective therapeutic agent for patients
with STEMI undergoing primary PCI. Thus, the positive
preliminary outcomes of our pilot study 18 justified a
phase III randomized-controlled clinical trial to investiActa Cardiol Sin 2021;37:239-253

MATERIALS AND METHODS
Study design and patient population
The COAT-STEMI trial was a multicenter double-blind
randomized-controlled trial conducted by three local
hospitals and three tertiary medical centers in southern
Taiwan from February 2014 to May 2017. Patients diagnosed with acute STEMI for < 12 hours and Killip classification £ 3 undergoing primary PCI were prospectively
enrolled into the study. The study protocol was approved
by the institutional review boards of each institute. Written informed consent was obtained from all study participants prior to enrollment.
Enrollment, inclusion and exclusion criteria
Patients with acute STEMI of Killip class £ 3 upon
presentation at the emergency room (ER) aged ³ 20 and
£ 80 years undergoing primary PCI were prospectively
consecutively enrolled. Primary PCI was performed for
all eligible STEMI patients with onset of chest pain less
than 12 hours.
The exclusion criteria were age < 20 or > 80 years,
occurrence of recent myocardial infarction (MI) or stroke
in the past three months, history of tacrolimus allergy or
current use of immunosuppressant therapy, cardiogenic
shock, infection and active inflammatory conditions,
pregnancy or breastfeeding, liver cirrhosis, recipient of
organ transplantation, hemodialysis, life expectancy estimated to be less than one year, cancer, patients still
participating in other clinical trial, and those who refused to participate in the study.
Random allocation and blinding implementation
The study sequence was generated by a computerized random number generator. Due to concerns about
the time required to explain detailed protocols in the urgent circumstance of acute STEMI, permuted block randomization was adopted to assign sample numbers equally
to each group with a block size of ten. Blocking can ensure close balance of the numbers in each group at any
time during atrial. Patients with STEMI Killip 1-3 were allocated into a tacrolimus-treated or placebo-controlled
group in a 1:1 ratio according to an even or odd random
240
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ceived guideline-directed treatment and management.19

number contained in a selected envelope. The envelopes were opened in consecutive order for enrollment
just prior to the primary PCI by technicians who were
blinded to case randomization. Additionally, the interventional cardiologists, echocardiographers, and senior
technicians who performed the echocardiogram, the
cardiologists who took care of the patients in the ward
and outpatient department, and the clinical trial nurses
were also completely blinded to the case randomization
and treatment protocol until the end of the study period.

Medications for STEMI
A heparin dose of 70-90 IU/kg body weight was administered to all patients before and during PCI. The patients received a loading dose of oral aspirin 300 mg and
P2Y12 inhibitor (ticagrelor 180 mg or clopidogrel 300
mg orally) in the emergency room, followed by a maintenance dose of the anti-platelet agents for at least 12
months after the primary PCI. Other common medications for STEMI including renin-angiotensin-aldosterone
system blockers, statins, beta-blockers, vasodilators, or
diuretics were prescribed in accordance with guideline
recommendations with the dosage adjusted appropriately.

Method of tacrolimus administration and procedure
of primary PCI
The rationale of the tacrolimus dosage was described
in our pilot study.18 To attain a higher concentration and
direct therapeutic effect of tacrolimus in damaged myocardium, we adopted an intracoronary (IC) rather than
intravenous route of administration. The patients in the
tacrolimus-treated group were treated by the IC administration of 2.5 mg (0.5 mL) tacrolimus [Tacrolimus (5.0
mg/mL/amp), Astellas Taiwan, Fujisawa Ireland Co., Ltd.
Killorglin Co. Kerry, Ireland] mixed with 200 mcg of nitroglycerin (2.0 mL) and 7.5 mL normal saline in a total
of 10 mL prior to first balloon inflation or direct stent
deployment. Those in the placebo-controlled group received IC 10 mL of saline infusion plus 200 mcg of nitroglycerin adjunctive to the standard PCI procedure. Operators were blinded to the study agent preparations. The
procedure and protocol of the primary PCI have been
described in our previous reports.2,4,5 After wiring across
the obstructive lesion into the distal part of the IRA, a
thrombus aspiration catheter was then tracked along
the guide wire. Tacrolimus or normal saline was then
slowly administered through the aspiration catheter to
the IRA. The purposes of using thrombosuction catheters in both groups were to reduce thrombus burden
with mechanical thrombectomy, to facilitate study or
placebo agent infusion into the culprit vessel, and then
to exactly administer the agent into the infarcted myocardium. Balloon dilatation and stenting were then performed 3 min after IC injection of these therapeutic
agents. The primary PCI procedure was finished as routine course. All study patients in each group were admitted to a coronary care unit after the primary PCI to
closely monitor their clinical condition and hemodynamic status for at least one day. Every study patient re-

Primary and secondary endpoints
The primary endpoint was to evaluate whether the
IC administration of tacrolimus during primary PCI resulted in better final epicardial coronary flow as reflected in thrombolysis in myocardial infarction (TIMI)-3
flow. Additionally, because epicardial coronary flow and
thrombus burden can influence downstream coronary
microcirculatory and post-PCI myocardial perfusion status, we further defined the primary composite endpoints as achievement of epicardial TIMI-3 flow, TIMImyocardial perfusion (TMP) grade or 90-min ST-segment
resolution (STR). The purpose was to assess the overall
impact of IC tacrolimus on the results of macro-/microcoronary flow and myocardial perfusion by using a combination of angiographic and electrocardiographic findings. Regarding clinical outcomes, the secondary endpoints were defined as preservation of LV systolic and
diastolic functions, as well as one-month and one-year
major adverse cardio-cerebral vascular events (MACCEs),
including death, MI, stroke, target-vessel revascularization and repeated hospitalization for heart failure.
Calculation of sample size for the specific objective
In this phase III clinical trial, for the primary endpoint of the study (i.e., the achievement of final TIMI-3
flow in the IRA), an estimated sample size of 600 subjects in each group were enrolled based on the estimation of effective size with an alpha = 0.05 and power =
90%, and an anticipation of final TIMI-3 flow of 91.0% in
the placebo controls vs. 96% in the study group receiving tacrolimus therapy. Considering that the results of
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form and regular telephone interviews. The clinical outcomes and adverse events were adjudicated by the patient’s attending physician in charge and study principal
investigator. Data were filed in a case report form and
entered into a computer after each clinical visit and on
readmission for any reported event.

TMP grade (microcirculation) and 90-min STR (myocardial perfusion) were mainly dependent on post-PCI TIMI3 epicardial flow status, we did not use the percentage
of primary composite endpoints for the sample size evaluation.

Definitions of TIMI flow, TMP grade and 90-min
ST-segment resolution
Angiographic assessments for the grade of TIMI flow
and TMP were based on previous reports 20,21 for the
purposes of evaluating epicardial coronary, microcirculatory, and myocardial perfusion status. In addition,
the measurement of 90-min STR using complete electrocardiograms (ECGs) at 90 min after primary PCI was
based on previously reported criteria. 22,23 Briefly, no,
partial and complete STR were defined as < 30%, 30% to
70%, and > 70% reductions in amplitude of ST segments
in infarct-associated leads on 90-min follow-up ECG, respectively, compared with the baseline. The results of
TIMI flow, TMP grade and 90-min STR were assessed by
two expert and experienced interventional cardiologists
blinded to the study allocation.

Statistical analysis
Values were expressed as mean ± standard deviation (SD), percentage, or number where appropriate.
The clinical and laboratory data in the study and control
groups were analyzed and compared using the independent t-test for continuous variables and chi-square
test (or Fisher’s exact test) for categorical variables. We
used intention-to-treat analysis and Kaplan-Meier analysis to estimate cumulative incidence rates of 1-year
MACCEs and CV mortality at the end of the follow-up
period, and the log-rank test to examine differences between two groups. To identify potential predictors of
microcirculatory improvement, multivariate logistic regression analysis was performed to calculate the adjusted
hazard ratio of individual variable for target outcomes.
The model was adjusted for all statistically significant
variables in univariate analysis, including tacrolimus
treatment and other potential confounders that may have
influenced outcomes. Subgroup analysis was performed
to identify the subjects who potentially benefitted from
IC tacrolimus therapy. Statistical analysis was performed
using SPSS statistical software for Windows version 22
(SPSS for Windows, version 22; SPSS Inc., Chicago, IL,
U.S.A.). A p-value < 0.05 was considered to be statistically significant.

Echocardiographic measurements
Conventional and advanced echocardiography was
performed with standard 2-dimenional (2D) and 3D views,
M-mode, tissue and color Doppler assessment, and speckle
tracking technique. Digital images were collected and
data were analyzed according to the standardized protocol released by the American Society of Echocardiography.24 Two independent echocardiographic specialists blinded to patient allocation individually measured
and evaluated LV systolic and diastolic functions, LV global longitudinal strain (GLS), LV lateral and right ventricular (RV) systolic functions within 48 hours after PCI,
and then 3 and 9 months after discharge using 2D or 3D
echocardiography with off-line analysis.

RESULTS
This clinical study intended to enroll 600 patients in
the study group and 600 patients in the control group,
but was prematurely terminated owing to difficulty in
case enrollment. Between February 2014 and May
2017, a total of 337 consecutive subjects who met the
criteria were prospectively enrolled into the study, including 165 patients assigned into the tacrolimus-treated
group and 172 patients in the placebo-controlled group
(Figure 1). In the tacrolimus group, 6 patients were excluded at the catheterization laboratory because of un-

Clinical follow-up
The STEMI patients in both groups completed at
least 1 year of follow-up and received regular follow-up
at cardiovascular (CV) outpatient clinics every 3 months
or as needed. A research nurse or assistant at every participating institute recorded all clinical information including the presence or absence of MACCEs, adverse
events or serious adverse events by using a case report
Acta Cardiol Sin 2021;37:239-253
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Figure 1. Algorithm for patients’ enrollment and allocation. The supplemental figure shows how we screened and recruited study subjects at emergency room and catheterization laboratory, assigned two groups randomly, excluded those who were ineligible to enrollment, and did follow-up during study period. AR, aortic regurgitation; AS, aortic stenosis; CPCR, cardiopulmonary and cerebral resuscitation; ECMO, extracorporeal membrane
oxygenation; LAD, left anterior descending artery; MI, myocardial infarction; PCI, percutaneous coronary intervention; PEA, pulseless electrical activity; RCA, right coronary artery; STEMI, ST-segment elevation myocardial infarction; VF, ventricular fibrillation; VT, ventricular tachycardia.

expected resuscitation events prior to PCI, unsuitable
lesions, or being misdiagnosed as having STEMI, and 8
patients withdrew during the follow-up period. In addition, three cases were excluded and another four withdrew from the control group. Finally, a total of 151 and
165 patients in the study and control groups, respectively, were completely followed up for at least 1 year
and objectively assessed for laboratory and clinical outcomes.

gender, coronary artery disease (CAD) risk factors and
relevant medical and procedural history. Laboratory
studies showed that there were also no differences in
complete blood count and serum creatinine between
the two groups. Additionally, the initial and peak levels
of myocardial injury biomarkers, blood sugar upon presentation, glycated hemoglobin (HbA1c) level and lipid
profile were similar between the two groups.
There were also no significant differences in the incidence of infarct location, arrhythmia, and Killip class
upon presentation between the two groups. The standard medications used by the patients were also similar,
except for more isosorbide di-/mono-nitrate in the tacrolimus-treated than in the control group.

Baseline characteristics of the study and control
groups (Table 1)
There were no differences between the tacrolimustreated and placebo-controlled groups in terms of age,
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Table 1. Baseline, clinical and laboratory characteristics and medication between study and control groups
Variables
Baseline characteristics
Age, mean ± SD
Male gender, % (n)
Body height (cm)
Body weight (kg)
Body mass index
Smoker, % (n)
Hypertension, % (n)
Diabetes mellitus, % (n)
Hyperlipidemia, % (n)
Old myocardial infarction, % (n)
Old stroke, % (n)
History of CABG surgery, % (n)
History of PCI, % (n)
Laboratory data
WBC count (1000/mL), mean ± SD
Hemoglobin (g/dL)
Creatinine (mg/dL)
Serum potassium (mEq/L)
cTn-I (ng/mL)
CK-MB (ng/mL)
Peak cTn-I (ng/mL)
Peak CK-MB (ng/mL)
Blood sugar (mg/dL)
HbA1c (%)
Total cholesterol (mg/dL)
LDL-C (mg/dL)
HDL-C (mg/dL)
Triglyceride (mg/dL)
Clinical presentation at ER
Location of MI, % (n)
Anterior
Inferior
Lateral
Killip classification, mean ± SD
Ventricular arrhythmia, % (n)
Complete heart block, % (n)
Atrial fibrillation, % (n)
Medications within 48 hours, % (n)
Aspirin
P2Y12 inhibitors
Oral anticoagulant
Statin
Beta blocker
Calcium channel blocker
ARB/ACEI
Diuretic
Isosorbide di-/mono-nitrate

Tacrolimus (n = 151)

Control (n = 165)

p value

59.40 ± 11.85
88.7% (134)
166.64 ± 7.4400
72.72 ± 13.64
26.14 ± 4.330
51.7% (78)
57.6% (87)
31.8% (48)
33.1% (50)
08.6% (13)
4.6% (7)
0.7% (1)
6.0% (9)

58.55 ± 10.53
85.5% (141)
165.60 ± 7.4100
69.94 ± 11.87
25.42 ± 3.590
50.9% (84)
57.6% (95)
34.5% (57)
33.9% (56)
4.8% (8)
4.9% (8)
0.0% (0)
1.8% (3)

0.324
0.385
0.302
0.094
0.194
0.853
0.994
0.603
0.876
0.180
0.920
0.478
0.054

11.42 ± 3.400
14.52 ± 2.01
1.13 ± 0.68
3.87 ± 0.52
23.32 ± 96.40
50.68 ± 85.35
66.32 ± 105.24
194.60 ± 157.29
170.96 ± 71.55
6.95 ± 1.98
183.56 ± 44.97
112.60 ± 34.19
40.49 ± 9.01
143.53 ± 142.05

10.67 ± 3.290
14.39 ± 2.110
1.23 ± 1.10
3.84 ± 0.50
27.52 ± 116.14
57.51 ± 108.16
99.3 ± 522.76
185.36 ± 183.96
181.91 ± 80.910
6.94 ± 1.89
185.99 ± 48.790
113.81 ± 41.330
40.81 ± 12.90
150.72 ± 117.14

0.098
0.830
0.783
0.534
0.068
0.580
0.519
0.252
0.418
0.954
0.787
0.898
0.543
0.619

47.3% (71)
48.0% (72)
4.7% (7)
1.38 ± 0.65
8.6% (13)
5.3% (8)
5.3% (8)

46.3% (76)
49.4% (81)
4.3% (7)
1.55 ± 0.81
06.7% (11)
4.8% (8)
4.2% (7)

0.090
0.525
0.845
0.659

093.3% (140)
098.0% (147)
3.3% (5)
079.3% (119)
080.7% (121)
11.3% (17)
082.7% (124)
11.3% (17)
32.6% (30)

095.8% (158)
097.6% (161)
2.4% (4)
083.6% (138)
00.80% (132)
08.5% (14)
081.8% (135)
13.3% (22)
18.6% (19)

0.342
1.000
0.741
0.325
0.882
0.397
0.844
0.590
0.025

0.963

Data are expressed as mean ± standard deviation (SD) or % (n).
ARB/ACEI, angiotensin II type I receptor blocker/angiotensin converting enzyme inhibitor; CABG, coronary artery bypass graft; CKMB, creatinine kinase MB isoenzyme; cTn-I, cardiac troponin-I; ER, emergency room; HbA1c, glycohemoglobin; HDL-C, high-density
lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; MI, myocardial infarction; PCI, percutaneous coronary
intervention; P2Y12 inhibitors, only clopidogrel and ticagrelor are available in Taiwan; WBC, white blood cells.
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tion of TIMI thrombus grade ³ 4, as well as the number
of diseased vessels were similar. The frequency of the
types of stents showed no difference between the two
groups. Moreover, there was no notable difference in
the rates of utilization of intra-aortic balloons, GP IIb/
IIIa inhibitors and distal protective devices. Although
there was no difference in the baseline echocardiogra-

Time intervals from chest pain onset, presentation to
ER and to PCI procedure, angiographic results and
echocardiographic findings (Table 2)
The time interval from chest pain onset to ER and
duration of PCI procedure did not differ between the
two groups. Additionally, the degree of pre-PCI/post-PCI
vessel stenosis, the mean TIMI-flow grade and proporTable 2. Procedural and echocardiographic information at baseline
Variables
Time of door to PCI
Onset of chest pain to door time (min), mean ± SD
Door to balloon time (min)
Procedure time (min)
Pre-PCI diameter stenosis (%)
Pre-PCI TIMI flow grade
Pre-PCI TIMI thrombus grades ³ 4#
Post-PCI diameter stenosis (%)
Post-PCI TIMI flow grade
Type of implanted stents, % (n)
BMS
DES
Mechanical thrombectomy
Distal protection
GP IIb/IIIa inhibitor
IABP support
Left main disease, % (n)
No. of diseased vessel
1-CAD, % (n)
2-CAD, % (n)
3-CAD, % (n)
Echocardiographic parameters*
2D LVEF (%), mean ± SD
LVEDD (mm)
LVESD (mm)
3D LVEF (%), mean ± SD
LVEDV (mm3)
LVESV (mm3)
GLS by 2D-STE (%)
RLS by 2D-STE (%)
E/A ratio
Grade of LVDD, mean ± SD
% of grade 2 or 3 LVDD, % (n)
TAPSE (mm)

Tacrolimus (n = 151)

Control (n = 165)

p value

213.55 ± 236.38
63.09 ± 55.78
42.26 ± 19.43
95.70 ± 11.19
0.64 ± 0.93
82.1% (124)
11.87 ± 9.040
2.89 ± 0.44
95.7% (88)
23.9% (22)
71.7% (66)
0.100% (151)
26.9% (25)
6.5% (6)
9.3% (14)
4.0% (6)

154.72 ± 164.59
70.75 ± 81.91
39.42 ± 17.64
95.43 ± 12.84
0.58 ± 0.90
86.1% (142)
10.74 ± 5.520
2.87 ± 0.39
96.1% (98)
24.5% (25)
71.6% (73)
0.100% (165)
28.4% (29)
8.8% (9)
6.7% (11)
3.6% (6)

0.074
0.333
0.087
0.680
0.606
0.338
0.282
0.223
0.881

31.1% (47)
35.8% (54)
31.8% (48)

38.8% (64)
23.6% (39)
35.8% (59)

56.01 ± 10.56
49.10 ± 10.09
32.95 ± 8.960
38.86 ± 25.69
89.13 ± 30.23
41.26 ± 19.89
-13.17 ± 4.200-10.30 ± 5.5700.93 ± 0.54
1.47 ± 0.57
48.3% (42)
20.77 ± 5.020

55.79 ± 11.09
48.55 ± 10.56
33.11 ± 11.44
37.43 ± 26.81
88.02 ± 31.15
40.30 ± 21.51
-14.23 ± 4.14-0
-10.55 ± 5.96-0
1.08 ± 0.64
1.70 ± 0.60
64.9% (63)
21.34 ± 5.370

1.000
0.809
0.535
0.382
0.876
0.125

0.861
0.335
0.746
0.691
0.978
0.726
0.088
0.774
0.009
0.011
0.023
0.494

Data are expressed as mean ± standard deviation (SD) or % (n).
BMS, bare-metal stent; CAD, coronary artery disease; DES, drug-eluting stent; E/A ratio, the ratio of the early (E) to late (A)
ventricular filling velocities; GLS, global longitudinal strain; GP, glycoprotein; IABP, intra-aortic balloon pumping; LVDD, LV diastolic
dysfunction; LVEDD, left ventricular end-diastolic diameter; LVEDV, left ventricular end-diastolic volume; LVEF, left ventricular
ejection fraction; LVESD, left ventricular end-systolic diameter; LVESV, left ventricular end-systolic volume; PCI, percutaneous
coronary intervention; RLS, regional longitudinal strain; TAPSE, tricuspid annular plane systolic excursion; TIMI, Thrombolysis In
Myocardial Infarction; 2D or 3D, 2- or 3-dimentional echocardiography; 2D-STE, 2D speckle tracking echocardiography.
* Indicated transthoracic echocardiography was done within 48 h after primary PCI.
#
TIMI thrombus grade ³ 4 was recognized as high thrombus burden and defined as thrombus length longer than or equal to two
vessel diameter (grade 4) or recently total occlusion (grade 5).
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post-PCI TIMI flow grade and percentage of ³ TIMI flow
-2 or -3 did not differ between the two groups. However, mean post-PCI TMP grade and percentage of TMP
grade 2 or 3 (i.e., an indicator for microvasculature)
were significantly higher in the tacrolimus group than in
the control group. Additionally, the 90-min ST-segment
resolution (STR) exhibited a similar pattern to TMP
grade inthe two groups. Furthermore, the primary com-

phic parameters between the two groups, the frequency
of grade 2 or 3 LV diastolic dysfunction (LVDD) was higher
in the placebo-controlled group than that in the tacrolimus-treated group.

Angiographic and electrocardiographic results, and
time courses of echocardiographic evaluations (Table 3)
The angiographic findings showed that the mean

Table 3. Angiographic and electrocardiographic outcomes and serial echocardiographic findings
Variables
Post-PCI epicardial coronary flow
TIMI flow grade, mean ± SD
TIMI grade 2 or 3, % (n)
TIMI grade 3, % (n)
Post-PCI microcirculatory status
TMP grade, mean ± SD
TMP grade 2 or 3, % (n)
90-min STR, mean ± SD
Persistent ST elevation, % (n)
Composite endpoint of TIMI 3 flow, TMP grade 3,
or complete 90-min STR
3-month echocardiography
2D LVEF (%), mean ± SD
LVEDD (mm)
LVESD (mm)
3D LVEF (%), mean ± SD
LVEDV (mm3)
3
LVESV (mm )
GLS by 2D-STE (%)
RLS by 2D-STE (%)
E/A ratio
Grade of LVDD, mean ± SD
% of grade 2 or 3 LVDD, % (n)
TAPSE (mm)
9-month echocardiography
2D LVEF (%), mean ± SD
LVEDD (mm)
LVESD (mm)
3D LVEF (%), mean ± SD
LVEDV (mm3)
LVESV (mm3)
GLS by 2D-STE (%)
RLS by 2D-STE (%)
E/A ratio
Grade of LVDD, mean ± SD
% of grade 2 or 3 LVDD, % (n)
TAPSE (mm)

Tacrolimus
(n = 151)

Control
(n = 165)

Odds ratio
(95% CI)

p value

2.89 ± 0.44
96.7% (146)
92.7% (139)

2.87 ± 0.39
98.2% (162)
88.5% (146)

1.15 (0.67-1.99)
0.54 (0.13-2.30)
1.66 (0.76-3.61)

0.606
0.406
0.200

2.54 ± 0.71
92.7% (140)
0.67 ± 0.29
5.7% (9)
90.7% (137)

2.23 ± 0.77
84.1% (138)
0.61 ± 0.33
11% (18)
85.5% (141)

1.78 (1.29-2.46)
2.40 (1.14-5.02)
04.94 (2.30-10.59)
0.49 (0.21-1.18)
1.94 (0.84-4.47)

< 0.001 <
0.021
< 0.001 <
0.112
0.113

59.55 ± 11.67
49.57 ± 11.57
33.63 ± 9.59
57.66 ± 9.95
89.28 ± 24.53
39.14 ± 18.53
-15.92 ± 3.84
-14.15 ± 4.95
1.03 ± 0.56
1.68 ± 0.63
65.4% (98)
22.86 ± 5.32

61.03 ± 11.38
49.20 ± 10.63
33.75 ± 8.540
58.56 ± 10.36
89.05 ± 25.37
37.90 ± 19.31
-16.27 ± 4.20
-14.18 ± 5.52
1.42 ± 2.95
1.72 ± 0.61
65.9% (108)
22.81 ± 5.13

0.99 (0.98-1.02)
1.00 (0.98-1.03)
1.01 (0.98-1.04)
0.99 (0.97-1.02)
1.00 (0.99-1.01)
1.01 (0.99-1.02)
0.97 (0.90-1.05)
0.99 (0.94-1.05)
0.82 (0.54-1.24)
0.83 (0.51-1.35)
0.98 (0.52-1.84)
1.01 (0.96-1.07)

0.929
0.802
0.551
0.564
0.550
0.472
0.439
0.778
0.348
0.444
0.945
0.694

61.27 ± 10.63
51.52 ± 6.54
34.69 ± 7.340
61.03 ± 8.640
91.59 ± 26.03
36.73 ± 17.48
-16.29 ± 3.360-14.78 ± 4.5900.95 ± 0.37
1.41 ± 0.65
47.2% (71)
23.25 ± 4.430

60.94 ± 11.04
50.59 ± 6.150
33.95 ± 7.140
57.96 ± 9.230
92.64 ± 23.92
40.22 ± 18.94
-16.12 ± 3.470-14.89 ± 4.1301.01 ± 0.49
1.69 ± 0.62
63.1% (104)
22.70 ± 5.280

1.00 (0.98-1.03)
1.01 (0.98-1.03)
1.01 (0.98-1.04)
1.04 (1.003-1.08)
1.00 (0.99-1.01)
0.99 (0.98-1.01)
1.03 (0.94-1.12)
1.00 (0.93-1.08)
0.71 (0.33-1.51)
0.50 (0.30-0.84)
0.52 (0.28-0.99)
1.02 (0.96-1.09)

0.731
0.550
0.659
0.031
0.769
0.277
0.564
0.929
0.375
0.009
0.048
0.507

Data are expressed as mean ± standard deviation (SD) or % (n).
CI, confidence interval; E/A ratio, the ratio of the early (E) to late (A) ventricular filling velocities; GLS, global longitudinal strain;
LVDD, LV diastolic dysfunction; LVEDD, left ventricular end-diastolic diameter; LVEDV, left ventricular end-diastolic volume; LVEF,
left ventricular ejection fraction; LVESD, left ventricular end-systolic diameter; LVESV, left ventricular end-systolic volume; PCI,
percutaneous coronary intervention; RLS, regional longitudinal strain; STR, ST-segment resolution; echo, echocardiography; TAPSE,
tricuspid annular plane systolic excursion; TIMI, Thrombolysis In Myocardial Infarction; TMP, TIMI myocardial performance; 2D or
3D, 2- or 3-dimentional echocardiography; 2D-STE, 2D speckle tracking echocardiography.
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57.66% vs. 61.03%, p = 0.001; for grade of LVDD: 1.68
vs. 1.41, p = 0.013), but not in the placebo-controlled
group (for 3D LVEF: 58.56% vs. 57.96%, p = 0.103; for
grade of LVDD: 1.72 vs. 1.69, p = 0.672).

posite endpoint, including post-PCI macro- and microcirculatory status, also did not differ significantly between both groups. Supplemental Figure 1 shows that
the effectiveness of tacrolimus therapy on myocardial
perfusion and microcirculation was consistent in each
subgroup regardless of age, gender, body mass index,
underlying diseases, angiographic results, and thromboembolic prophylactic modalities.
Three-month LV systolic function was improved compared to baseline, but did not significantly differ between the study and control groups (Table 2). GLS and
RV function were similar in both groups at baseline, and
after 3 and 9 months of follow-up. Notably, the 9-month
echocardiography showed significantly better LV systolic
(3D LVEF) and diastolic functions in the tacrolimustreated group than those in the placebo-controlled group.
Interestingly, the further improvements in LV systolic
and diastolic functions from 3 to 9 months were only
observed in the tacrolimus-treated group (for 3D LVEF:

Comparison of clinical outcomes at different time
points (Table 4)
During hospitalization, the incidence rates of CV/
non-CV clinical events, stage PCI to non-IRAs, and duration of hospitalization did not differ between the tacrolimus-treated and placebo-controlled groups. By 1 month
and 1 year after hospital discharge, the incidence of
MACCEs was similar between the two groups. In addition, at 1 year, the incidence of stage PCI or coronary artery bypass surgery also did not differ between the two
groups. Interestingly, the 1-year CV mortality rate was
lower in the tacrolimus-treated than in the placebocontrolled group (2.6% vs. 4.3%), although it did not
reach statistical significance (p = 0.440) (Figure 2). Of

Table 4. Comparison of in-hospital, 1-month, and 1-year clinical outcomes between two groups
Outcome
In-hospital outcome
NYHA functional class, mean ± SD
Pulmonary edema, % (n)
Sepsis, % (n)
Stroke, % (n)
Recurrent MI, % (n)
Staged PCI, % (n)
Length of hospital stay (days), mean ± SD
1-month outcomes
MACCE, % (n)
Death
Recurrent acute MI
Stroke
Re-hospitalization for ADHF
1-year outcomes
MACCE, % (n)
Death
Recurrent acute MI
Stroke
Re-hospitalization for ADHF
Staged PCI, % (n)
CABG surgery, % (n)
Hospitalization for infection, % (n)

Tacrolimus (n = 151)

Control (n = 165)

Odds ratio (95% CI)

p value

1.29 ± 1.13
9.9% (15)
4.6% (7)
0.0% (0)
0.0% (0)
30.5% (46)
6.33 ± 3.80

1.31 ± 1.10
12.7% (21)
4.2% (7)
0.0% (0)
0.0% (0)
23.6% (39)
6.98 ± 6.30

0.98 (0.80-1.20)
0.76 (0.38-1.53)
1.01 (0.38-3.20)
--1.42 (0.86-2.33)
0.98 (0.93-1.02)

0.845
0.436
0.865
--0.172
0.282

3.3% (5)
2.0% (3)
0% (0)
0.0% (0)
2.0% (3)

4.8% (8)
2.4% (4)
0% (0)
0.0% (0)
3.0% (5)

0.67 (0.22-2.10)
0.81 (0.18-3.68)
--0.65 (0.15-2.75)

0.494
0.786
--0.552

11.3% (17)
2.6% (4)
4.7% (7)
0.7% (1)
4.1% (6)
22.8% (34)
0.7% (1)
2.2% (2)

11.5% (19)
4.3% (7)
2.5% (4)
0.6% (1)
5.0% (8)
17.4% (28)
0.0% (0)
2.0% (2)

0.98 (0.49-1.95)
0.61 (0.18-2.13)
1.94 (0.56-6.75)
1.08 (0.07-17.45)
0.80 (0.27-2.37)
1.40 (0.80-2.46)
-1.11 (0.15-8.05)

0.943
0.438
0.300
0.956
0.691
0.234
1.000
0.917

Data are expressed as mean ± standard deviation (SD) or % (n).
ADHF, acute decompensated heart failure; CABG, coronary artery bypass grafting; CI, confidence interval; MACCE, major adverse
cardiovascular and cerebral vascular events; MI, myocardial infarction; NYHA Fc, New York Heart Association functional class; PCI,
percutaneous coronary intervention.
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Figure 2. Kaplan-Meier curves for cumulative incidences of MACCE and CV death during one-year follow-up period. Kaplan-Meier survival analysis
with Log-rank test displays there were no significant differences in 1-year MACCE and CV mortality between two groups. CV, cardiovascular; MACCE,
major adverse cardio-/cerebro-vascular events.

nized as being a “double-edge sword”.7 Several studies
have also demonstrated that IR injury can elicit inflammation, oxidative stress, platelet activation7,9,10 and innate and adaptive immune responses11-13 after primary
PCI, and therefore the adverse responses from IR injury
contribute to further death of cardiomyocytes. 11,26,27
These issues7,9-11,26,27 are the rationale behind the strong
sense of mission to perform this phase III clinical trial,
aiming to find a way to resolve IR injury following primary PCI.
The essential finding of this study is that the IC administration of tacrolimus prior to first balloon inflammation achieved better TMP grade 2 or 3 and 90-min
STR than placebo, highlighting that this adjunctive therapy to primary PCI could be a therapeutic choice to improve coronary microcirculation and attenuate myocardial injury. Clinically, 9-month LVEF and LV diastolic function were further improved in the tacrolimus group compared with those in the control group. Previous studies
have shown that early achievement of TMP grade 2 to 3
and rapid electrocardiographic STR after primary PCI are
independently predictive of recovery of LV contractility
and favorable clinical outcomes.28-30 Thus, our findings
are comparable to the findings of previous studies.28-30
The proposed mechanisms regarding how IC tacrolimus
improves coronary microcirculatory and LV function through suppressing IR injury after myocardial reperfusion

note, the incidence of infection during hospitalization
was quite low in the study group, suggesting that tacrolimus did not suppress normal immune responses in the
patients receiving tacrolimus therapy.

DISCUSSION
This prospective, multicenter, randomized placebocontrol trial to investigate the therapeutic effects of IC
tacrolimus during primary PCI yielded several relevant
clinical implications. First, after myocardial reperfusion
therapy, the tacrolimus-treated group had significantly
higher TMP grade and 90-min STR than the placebocontrolled group. Second, the short-term and long-term
LV systolic and diastolic functions were more preserved
in the tacrolimus group than in the control group. However, although 1-year CV mortality tended to be lower in
the tacrolimus group, this underpowered study did not
show a significant additional benefit on survival with
tacrolimus therapy.
Early and rapid restoration of the blood flow in the
IRAs using primary PCI is a mainstay of therapy for acute
STEMI,19,25 however this therapeutic strategy frequently
causes IR injury, resulting in slow-flow and no-reflow
phenomenon and further myocardial damage.5,7,10 Thus,
restoration of blood flow in IRAs by primary PCI is recogActa Cardiol Sin 2021;37:239-253
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fied. First, the route of administration of these two immunosuppressant drugs was different between our and
the previous studies. To further enhance the anti-inflammatory and immunosuppressant effects in IRA, we
adopted IC rather than IV administration of tacrolimus
to treat STEMI in the present study, guaranteeing a
higher concentration of tacrolimus in the IRA for a maximum therapeutic effect on damaged myocardium compared with IV route of cyclosporine in the prior study.33
Regrettably, our strategy of IC tacrolimus, a more potent
immunosuppressant plus more concentrated local effect, did not offer better clinical outcomes than IV cyclosporin for the STEMI patients undergoing primary PCI.
This might be because tacrolimus does not have effects
on preventing apoptosis-related mitochondrial dysfunction and opening of mitochondria permeability transition pores that are provided by cyclosporin.31,34,35 Therefore, unlike statins36 and colchicine37,38 that play an antiinflammatory role in AMI, the findings of our and the
previous studies suggest that immunosuppressants targeting calcineurin function in addition to myocardial
reperfusion therapy failed to result in further improvements in clinical outcomes in the therapeutic aspect of
STEMI.
This study has limitations. First, the sample size was
too small to conclude the clinical benefit of IC tacrolimus therapy, and the clinical results might be underpowered. This could mainly be attributed to the fact
that most patients were afraid of this novel study design
with administering the study agent in an urgent situation. Therefore, due to concerns about the safety and
side effects, quite a lot of the STEMI patients were unwilling to participate in our clinical trial. Moreover, the
door to balloon time is always emphasized to be as fast
as possible, so that regrettably would not allow the patients to have sufficient time to consider their willingness or discuss the study in detail. To clarity whether IC
tacrolimus is beneficial for MI-associated clinical outcomes, a larger-scale randomized trial is encouraged.
Second, this clinical trial was principal investigator-initiated, therefore, limited financial support was a big problem. Furthermore, owing to enrollment difficulty, an extension of the study period for recruitment of more STEMI
patients was not approved by the institutional review
board committees in some collaborated institutes. Accordingly, the study was terminated in May 2017. Finally,

therapy are summarized in Supplemental Figure 2.
However, although the results of TMP grade and
90-min STR improved after tacrolimus therapy, the clinical outcome of 1-year MACCEs did not differ between
the study and control groups. This discrepancy could be
attributed to 1) the smaller sample size owing to early
termination of the trial, 2) mild severity of STEMI in this
trial, and 3) no mitochondrial protective effect provided
by the immunosuppressant tacrolimus agent.31 In the pilot study of the COAT-STEMI trial18 for achievement of
TIMI-3 flow 96% in the tacrolimus group vs. 91% in the
control group (i.e. 5.0% difference), a total of 600 patients in each group were required to reach statistical
significance. However, only 316 patients participated in
the current trial. The achievement rate of TIMI-3 flow
was 92.7% vs. 88.5% (i.e., 4.2% difference) in the tacrolimus vs. control group, respectively. Thus, an insufficient patient number could partially explain the statistical insignificance and may have led to the results being
underpowered. Based on the achievement rate of TIMI3 flow between the two groups, a case number of 320
or more in each group would have been necessary for a
statistical survival significance. Additionally, most of the
STEMI patients presented with Killip class 1or 2 in this
trial, and therefore the therapeutic effect of tacrolimus
in protecting the heart against IR injury and post-MI inflammation might not be so obvious. Also, several reasons, including exclusion of cardiogenic shock, early/
comprehensive primary PCI, high quality of intensive
care unit care and very low incidence of MACCEs among
these relatively mild to moderate STEMI patients may
explain why there was no difference in untoward clinical
outcomes during 1 year of follow-up between the two
groups.
Tacrolimus and cyclosporin are two well-known calcineurin-inhibitory immunosuppressants used to prevent organ rejection after kidney or liver transplantation.32 Compared with cyclosporin, tacrolimus has stronger cytotoxic immunosuppression14-16 and provides better long-term outcomes in renal transplantation.17 Similar to the current study, a previous study33 demonstrated
that IV cyclosporine in patients with AMI resulted in
microcirculatory improvement, but did not results in
better clinical outcomes or prevent adverse LV remodeling at 1 year. When we took a closer look at these two
studies, there were a few important issues to be clari249
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all study participants in both groups received mechanical
thrombectomy first to facilitate IC administration of the
study or placebo agent, and therefore some outcome
benefits from thrombosuction should be considered.

CONCLUSIONS
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IC tacrolimus-assisted primary PCI aimed to suppress myocardial IR injury provided STEMI patients with
better microvascular perfusion status and greater improvement in 9-month LV systolic and diastolic functions. However, because this study is underpowered,
the benefits of this adjunctive immunosuppressant therapy on STEMI remain inconclusive.
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SUPPLEMENT

Supplemental Figure 1. Subgroup analysis for better improvement of coronary microcirculation. Forest plots demonstrates tacrolimus treatment
was better than placebo to achieve post-PCI TMP grade 2/3 or 90-min STR > 50% among all subgroups. Data is displayed by % of event (number of
patients). CAD, coronary artery disease; CI, confidence interval; GP, glycoprotein; MI, myocardial infarction; STR, ST-segment resolution; TIMI,
Thrombolysis In Myocardial Infarction; TMP, TIMI myocardial performance.
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Supplemental Figure 2. How IC tacrolimus improves coronary microcirculation and LV function through suppressing IR injury during primary PCI.
Combined reperfusion strategies of primary PCI and IC tacrolimus restored epicardial coronary and facilitated microcirculatory blood flow, and then
attained better improvement of LV systolic and diastolic functions. CAD, coronary artery disease; CK-MB, creatinine kinase MB isoenzyme; cTn-I, cardiac troponin-I; EKG, electrocardiography; IC, intracoronary; IR, ischemia-reperfusion; LV, left ventricular; PCI, percutaneous coronary intervention;
ROS, reactive oxygen species; STEMI, ST-segment elevation myocardial infarction; TIMI, Thrombolysis In Myocardial Infarction; TMP, TIMI myocardial
performance.
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