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Abstract: The index of microcirculatory resistance (IMR) is a simple method that can measure
microvascular function after primary percutaneous coronary intervention (PCI) in patients with
ST-segment Elevation Myocardial Infarction (STEMI). This study is to find out whether IMR pre-
dicts clinical long-term outcomes in STEMI patients. A total of 316 patients with STEMI who
underwent primary PCI from 2005 to 2015 were enrolled. The IMR was measured using pressure
sensor/thermistor-tipped guidewire after primary PCI. The primary endpoint was the rate of death or
hospitalization for heart failure (HF) over a mean follow-up period of 65 months. The mean corrected
IMR was 29.4 ± 20.0. Patients with an IMR > 29 had a higher rate of the primary endpoint compared
to patients with an IMR ≤ 29 (10.3% vs. 2.1%, p = 0.001). During the follow-up period, 13 patients
(4.1%) died and 6 patients (1.9%) were hospitalized for HF. An IMR > 29 was associated with an
increased risk of death or hospitalization for HF (OR 5.378, p = 0.004). On multivariable analysis,
IMR > 29 (OR 3.962, p = 0.022) remained an independent predictor of death or hospitalization for HF
with age (OR 1.048, p = 0.049) and symptom-to-balloon time (OR 1.002, p = 0.049). High IMR was an
independent predictor for poor long-term clinical outcomes in STEMI patients after primary PCI.

Keywords: index of microcirculatory resistance; ST-segment myocardial infarction; primary percuta-
neous coronary intervention; clinical outcome

1. Introduction

In ST-segment elevation myocardial infarction (STEMI), microvascular dysfunction
commonly occurs even after successful revascularization of the infarct-related artery [1,2].
The presence of microvascular dysfunction after reperfusion treatment is correlated with
worse clinical outcomes in patients with STEMI [3–6]. Over the past several decades, there
have been many studies using both invasive and non-invasive techniques for assessment
of coronary microcirculation in various clinical settings. However, despite its prognostic
importance, precise assessment of microvascular dysfunction is difficult, especially in
the acute phase of STEMI patients. The index of microcirculatory resistance (IMR) has
been accepted as a simple and readily available method of coronary microcirculation
assessment using a pressure sensor/thermistor-tipped guidewire in the catheterization
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laboratory immediately after primary percutaneous coronary intervention (PCI). IMR
is characterized by its convenience, reproducibility, specificity in microvascular function
rather than macrovascular function, and independence from hemodynamic conditions [7,8].
The value of measurement of IMR in STEMI has been evaluated in multiple studies.
IMR measurement during primary PCI shows that IMR predicts myocardial infarct size,
myocardial viability, myocardial salvage, and myocardial infarct characteristics [9–11].
Although there are several studies showing the clinical value of IMR, large-scale study of
the long-term prognostic value of IMR is still lacking. The aim of this study is to determine
whether IMR measured at the time of primary PCI predicts long-term clinical outcomes in
large-cohort STEMI patients.

2. Materials and Methods
2.1. Study Population

This was a retrospective analysis of consecutive patients with clinical diagnosis of
STEMI who underwent primary PCI at 3 centers between September 2005 and May 2015.
This study enrolled STEMI patients who were relatively stable, without signs of hemo-
dynamic or electric instability. We excluded patients with unprotected left main disease,
high-degree atrioventricular block, cardiogenic shock, contraindication for the use of
adenosine and a history of previous myocardial infarction at culprit vessel. Post-PCI
Thrombolysis In Myocardial Infarction (TIMI) flow grades 0 or 1 were also excluded in
this study. STEMI was defined as the characteristic symptom of myocardial ischemia
with persistent electrocardiographic changes of ST-elevation and positive cardiac enzymes.
Treatment of STEMI was performed in line with current international guidelines [12]. As-
piration thrombectomy, direct stenting, and drug injections were performed according to
clinical judgement.

2.2. Coronary Physiologic Parameter

Coronary physiologic measurements were obtained at the culprit vessel after suc-
cessful PCI. A pressure sensor-temperature sensor-tipped coronary wire (Radi Medical
System, Uppsala, Sweden) was used for measuring physiologic parameters. The pressure
sensor was calibrated outside the body, equalized at the tip of a guiding catheter, and
then advanced to the distal two-thirds of the culprit vessel. Three injections of room-
temperature 3 mL saline were administered to the coronary artery and the baseline mean
transit time was measured. Intravenous adenosine (140 µg/kg/min) was then infused
to induce maximal hyperemia preceded by intracoronary bolus of 200 µg nitroglycerine,
and 3 more saline were injected to measure the hyperemic transit time. At the same time,
the aortic and distal coronary pressures were measured during hyperemia. The coronary
wedge pressure was measured after 30 s of balloon occlusion within the stented segment.
IMR was defined as the distal coronary pressure at maximal hyperemia multiplied by the
hyperemic mean transit time. When it was not safe to measure the wedge pressure, the
corrected IMR was calculated without the wedge pressure using the Yong’s method [13].
Coronary flow reserve (CFR) was calculated as dividing the baseline mean transit time by
the hyperemic mean transit time. Fractional flow reserve (FFR) was calculated as the ratio
of mean distal coronary pressure to mean aortic pressure at maximal hyperemia.

2.3. Left Ventricular Function Assessment

A transthoracic echocardiogram was obtained within 24 h after primary PCI and at
3–6 months follow-up. Left ventricular ejection fraction (LVEF) was measured from apical
four-chamber and two-chamber views using the modified Simpson method. According
to the recommendation of the American Society of Echocardiography, the wall motion
score index (WMSI) was assessed according to a 16-segment model as follows: normal or
hyperkinesia = 1, hypokinesia = 2, akinesia = 3, and dyskinesia or aneurysmatic = 4. WMSI
was calculated as the sum of all scores divided by the number of segments visualized.
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2.4. Clinical Outcomes

The primary endpoint was a composite of death or hospitalization for heart failure
(HF). Hospitalization for HF was defined as hospitalization because of signs and symptoms
of HF in conjunction with non-invasive imaging findings. The secondary endpoint included
the individual components of the primary outcome, as well as cardiovascular death, re-
PCI including target vessel revascularization and stent thrombosis, non-fatal myocardial
infarction, and stroke.

2.5. Statistical Analysis

Categorical variables are expressed as frequencies (percentage). Differences in cate-
gorical variables between groups were assessed using Pearson‘s chi-square tests or Fisher
exact tests where appropriate. Continuous data are expressed as mean ±SD (standard de-
viation) and compared with the two-tailed Student t-test. Logistic regression analysis was
performed to investigate the impact of a set of variables on endpoints. Univariable analysis
was initially performed, and all the variables that exhibited a p < 0.05 were entered in the
multivariable model, along with other established risk factors for endpoints. Event-free
survival curves for primary endpoints were constructed by the Kaplan-Meier method, and
statistical differences between curves were assessed by log-rank test. A p value < 0.05 was
considered statistically significant. Statistical comparisons were performed using SPSS
version 21.0 (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Baseline Characteristics

A total of 316 STEMI patients who underwent primary PCI were enrolled in this
study. Baseline characteristics are listed in Table 1. The mean age of the patients was
56.3 ± 11.1 years and 87.9% were male. The mean corrected IMR was 29.4 ± 20.0 (Table 2).
The median and interquartile range of corrected IMR was 23.0 and 14.7–38.9, respectively
(Table 2). The mean follow-up period was 65 months. Patients were divided into two
groups according to the mean corrected IMR value. 126 patients (39.9%) had an IMR > 29.
There were no significant differences in most baseline clinical characteristics between
the two groups except that high IMR patients were older and had lower prevalence of
dyslipidemia. Patients with high IMR showed significantly higher peak cardiac biomarkers.
Symptom to balloon time and especially symptom to door time were significantly longer in
patients with high IMR compared with those with low IMR. In echocardiographic findings
at index admission, high IMR group showed lower LVEF and higher WMSI.

Table 1. Baseline clinical characteristics, laboratory findings, and echocardiographic parameters.

Total
IMR ≤ 29 U IMR > 29 U

(n = 190) (n = 126)

Age, years 56.3 ± 11.1 54.9 ± 10.6 58.3 ± 11.7 0.008
Male, n (%) 277 (87.9) 171 (90.5) 106 (84.1) 0.090
BMI, kg/m2 24.6 ± 3.1 24.5 ± 2.8 24.6 ± 3.5 0.805

Comorbidities, n (%)
Hypertension 127 (40.2) 71 (37.4) 56 (44.4) 0.209

Diabetes 83 (26.3) 46 (24.2) 37 (29.4) 0.308
Dyslipidemia 139 (44.0) 102 (53.7) 37 (29.4) 0.000

Prior PCI 5(2.4) 2(1.7) 3(3.3) 0.451
Smoking 238 (75.3) 145 (76.3) 93 (73.8) 0.613

Systolic blood pressure, mmHg 131.6 ± 23.5 131.1 ± 21.9 132.6 ± 26.2 0.614
Diastolic blood pressure, mmHg 81.7 ± 15.7 81.7 ± 14.3 81.6 ± 17.9 0.941

Heart rate, bpm 77.2 ± 15.4 77.9 ± 15.4 75.8 ± 15.4 0.292
Symptom-to-balloon time, min 276.1 ± 232.2 254.1 ± 225.6 308.2 ± 238.8 0.046

Symptom-to-door time, min 201.1 ± 212.4 170.6 ± 173.0 241.5 ± 250.7 0.025
Door-to-balloon time, min 80.3 ± 82.0 79.8 ± 87.1 81.0 ± 74.0 0.903
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Table 1. Cont.

Total
IMR ≤ 29 U IMR > 29 U

(n = 190) (n = 126)

Medications at discharge, n (%)
Aspirin 316 (100) 190 (100) 126 (100) N/A

Clopidogrel 263 (83.2) 157 (82.6) 106 (84.1) 0.728
Ticagrelor 46 (31.5) 29 (32.6) 17 (29.8) 0.726
Prasugrel 5 (2.4) 4 (3.4) 1 (1.1) 0.284

ARB or ACEi 155 (91.2) 92 (91.1) 63 (91.3) 0.961
β-Blocker 160 (94.1) 98 (97.0) 62 (89.9) 0.051

Statin 166 (97.6) 100 (99.0) 66 (95.7) 0.156
Laboratory values

WBC, ×109/L 11.7 ± 3.8 11.7 ± 3.6 11.7 ± 3.9 0.888
Hb, g/dL 14.7 ± 1.8 14.8 ± 1.7 14.6 ± 1.9 0.350

Plt, ×109/L 252.9 ± 69.0 252.4 ± 68.5 253.6 ± 70.1 0.874
NT-proBNP, pg/mL 741.0 ± 3235.9 445.5 ± 2099.7 1223.1 ± 4512.5 0.245

CRP, mg/dL 0.52 ± 1.74 0.44 ± 0.92 0.65 ± 2.59 0.503
Glucose, mg/dL 163.0 ± 58.5 156.8 ± 52.8 172.4 ± 65.4 0.028

HbA1c, % 6.5 ± 1.4 6.4 ± 1.2 6.6 ± 1.6 0.374
BUN, mg/dL 15.6 ± 6.4 16.0 ± 6.3 15.5 ± 6.6 0.935

Creatinine, mg/dL 1.01 ± 0.28 1.02 ± 0.25 1.00 ± 0.32 0.515
AST, IU/L 59.3 ± 87.3 49.0 ± 64.2 77.6 ± 115.8 0.031
ALT, IU/L 37.3 ± 29.5 33.9 ± 20.1 43.4 ± 40.5 0.037

Total cholesterol, mg/dL 186.3 ± 40.9 185.1 ± 37.7 188.0 ± 45.5 0.541
TG, mg/dL 130.6 ± 98.9 130.7 ± 94.1 130.4 ± 106.1 0.978

HdL, mg/dL 43.4 ± 10.0 43.1 ± 9.9 43.7 ± 10.1 0.657
LdL, mg/dL 117.2 ± 37.3 116.4 ± 34.8 118.2 ± 40.9 0.677

Peak CK, IU/L 2636.1 ± 2489.3 1958.2 ± 2052.4 3842.9 ± 2741.5 0.000
Peak CK-MB, mg/mL 259.3 ± 184.8 214.7 ± 171.9 327.2 ± 183.9 0.000
Peak Trop-I, ng/mL 63.2 ± 69.5 56.3 ± 61.3 74.0 ± 79.6 0.046

Echocardiographic measure
End-diastolic dimension, mm 50.2 ± 4.9 50.0 ± 4.7 50.5 ± 5.2 0.322
End-systolic dimension, mm 36.4 ± 5.4 36.1 ± 5.2 37.0 ± 5.8 0.157

Left atrial dimension, mm 38.1 ± 3.7 38.2 ± 3.6 38.1 ± 3.9 0.849
Left ventricle mass index, g/m2 105.3 ± 21.6 102.8 ± 17.2 109.2 ± 26.9 0.115

E/E′ ratio 10.9 ± 3.3 10.2 ± 2.9 11.8 ± 3.6 0.001
Ejection fraction, % 47.3 ± 7.6 48.4 ± 7.8 45.6 ± 6.9 0.001

Wall motion score index 1.55 ± 0.29 1.50 ± 0.29 1.64 ± 0.27 0.000
Values are mean ± SD or n (%).

Table 2. Post-procedural coronary physiology measurements.

Total
IMR ≤ 29 U IMR > 29 U

p
(n = 190) (n = 126)

Pa hyperemia, mmHg 88.8 ± 15.5 88.3 ± 14.3 89.7 ± 17.2 0.451
Pd hyperemia, mmHg 82.0 ± 15.5 80.7 ± 14.2 84.1 ± 17.0 0.056

Tmn rest, sec 0.60 ± 0.36 0.45 ± 0.26 0.84 ± 0.37 0.000
Tmn hyperemia, sec 0.36 ± 0.25 0.22 ± 0.07 0.59 ± 0.26 0.000

FFR 0.92 ± 0.07 0.91 ± 0.07 0.93 ± 0.07 0.063
CFR 1.94 ± 1.29 2.18 ± 1.47 1.56 ± 0.80 0.000
IMR 27.7 ± 17.6 16.7 ± 5.1 44.4 ± 16.6 0.000
IMRc 29.4 ± 20.0 17.1 ± 5.2 48.1 ± 19.5 0.000

Values are mean ±SD. Pa: aortic pressure; Pd: distal pressure; Tmn: mean transit time; CFR: coronary flow
reserve; FFR: fractional flow reserve; IMR: index of microcirculatory resistance; IMRc: corrected IMR.

3.2. Angiographic Characteristics

In angiographic findings (Table 3), single-vessel disease was the most common (64%),
and most of the infarct-related artery was left anterior descending artery (LAD). The distri-
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bution of culprit artery did not show any significant differences between the two groups.
However, high IMR patients had a higher percentage of baseline TIMI flow grade 0/1
(low IMR 58.6% vs. high IMR 81.1%, p < 0.001) and higher rate of final TIMI myocardial
perfusion (TMP) grade 0/1 (low IMR 1.2% vs. high IMR 25.0%, p < 0.001) than those with
low IMR (Table 3).

Table 3. Angiographic characteristics.

Total
IMR ≤ 29 U IMR > 29 U

p
(n = 190) (n = 126)

Baseline characteristics
culprit artery, n (%) 0.338

LAD 248 (78.2) 151 (79.1) 97 (77.0)
LCX 20 (6.3) 9 (4.7) 11 (8.7)
RCA 49 (15.5) 31 (16.2) 18 (14.3)

number of vessel, n (%) 0.111
1 202 (64.1) 130 (68.4) 72 (57.6)
2 86 (27.3) 44 (23.2) 42 (33.6)
3 27 (8.6) 16 (8.4) 11 (8.8)
≥2 113 (35.9) 62 (32.6) 54 (40.8) 0.139

TIMI grade before PCI, n (%) 0.000
0/1 201 (67.9) 102 (58.6) 99 (81.1) 0.000

2 65 (22.0) 46 (26.4) 19 (15.6) 0.026
3 30 (10.1) 26 (14.9) 4 (3.3) 0.001

Post-procedural
characteristics

Stent diameter, mm 3.20 ± 0.36 3.19 ± 0.36 3.21 ± 0.38 0.502
Stent length, mm 25.9 ± 9.5 25.7 ± 9.7 26.2 ± 9.1 0.622

TIMI grade after PCI, n (%) 0.000
0/1 0 0 0 N/A

2 37 (13.3) 6 (3.8) 31 (26.1) 0.000
3 242 (86.7) 154 (96.3) 88 (73.9) 0.000

TMP grade after PCI, n (%) 0.000
0/1 32 (11.2) 2 (1.2) 30 (25.0)

2 119 (41.8) 68 (41.2) 51 (42.5) 0.828
3 134 (47.0) 95 (57.6) 39 (32.5) 0.000

Values are mean ±SD or n (%). LAD: left anterior descending artery; LCX: left circumflex artery; RCA: right
coronary artery; TIMI: thrombolysis in myocardial infarction; PCI: percutaneous coronary intervention; TMP:
TIMI myocardial perfusion.

3.3. Relationship between IMR and Echocardiographic Indices

At baseline, LVEF and WMSI were statistically different between the 2 groups. At
follow-up, LVEF was increased by 5.5 ± 7.0% in the low IMR group, while 2.6 ± 6.6% in
the high IMR group, which equals to 11% and 5% increase in percentage change in the low
IMR group and the high IMR group, respectively. The differences in the changes of LVEF
were significantly higher in the low IMR group (p = 0.001) (Figure 1). Similar results were
shown in WMSI (Figure 1).

3.4. Clinical Outcomes

Cumulative events during a mean follow-up period of 65 months are shown in Table 4.
There were 13 (4.1%) deaths and 6 (1.9%) hospitalizations for HF in total throughout the
follow-up period. High IMR patients had significantly higher rates of death or hospitaliza-
tion for HF than low IMR patients (2.1% vs. 10.3%, p = 0.001). Similarly, all-cause mortality
(2.1% vs. 7.1%, p = 0.028), cardiovascular death (0% vs. 4.0%, p = 0.006), hospitalization for
HF (0% vs. 4.8%, p = 0.002) were significantly higher in high IMR group (Table 4). The rates
of re-PCI, non-fatal myocardial infarction, and stroke were similar between the two groups.
Kaplan–Meier curves for the primary endpoint are displayed in Figure 2.
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Table 4. Long-term clinical outcomes.

IMR
p-Value

Total (n = 316) IMR ≤ 29 (n = 190) IMR > 29 (n = 126)

Primary endpoint
Death or hospitalization for HF 17 (5.4) 4 (2.1) 13 (10.3) 0.001

Secondary endpoint
All-death 13 (4.1) 4 (2.1) 9 (7.1) 0.028

Cardiovascular death 5 (1.6) 0 (0) 5 (4.0) 0.006
Hospitalization for HF 6 (1.9) 0 (0) 6 (4.8) 0.002

Re-PCI 24 (7.6) 14 (7.4) 10 (7.9) 0.862
TLR 8 (2.5) 4 (2.5) 4 (4.3) 0.425
ST 2 (0.6) 1 (1.1) 1 (1.8) 0.749

Non-fatal MI 6 (1.9) 2 (1.1) 4 (3.2) 0.178
Stroke 8 (2.5) 5 (3.1) 3 (3.2) 0.958

IMR & CFR
p-Value

Total (n = 314) IMR ≤ 29 or CFR ≥ 2
(n = 213)

IMR > 29 and CFR < 2
(n = 101)

Primary endpoint
Death or hospitalization for HF 17 (5.4) 4 (1.9) 13 (12.9) <0.001

Secondary endpoint
All-death 13 (4.1) 4 (1.9) 9 (8.9) 0.006

Cardiovascular death 5 (1.6) 0 (0) 5 (5.0) 0.003
Hospitalization for HF 6 (1.9) 0 (0) 6 (5.9) 0.001

Re-PCI 24 (7.6) 16 (7.6) 8 (7.9) 1.000
TLR 8 (2.5) 5 (2.8) 3 (3.9) 0.699
ST 2 (0.6) 1 (1.0) 1 (2.1) 0.542

Non-fatal MI 6 (1.9) 2 (0.9) 4 (4.0) 0.089
Stroke 8 (2.5) 5 (2.8) 3 (3.9) 0.699

Values are n (%). HF: heart failure; PCI: percutaneous coronary intervention; TLR: target lesion revascularization; ST: stent thrombosis; MI:
myocardial infarction.

The predictors of death or hospitalization for HF are shown in Table 5. Univariable
logistic analysis demonstrated that age (OR: 1.071, 95% CI: 1.024–1.120, p = 0.003), hyper-
tension (OR: 3.840, 95% CI: 1.319–11.184, p = 0.014), symptom-to-balloon time (OR: 1.002,
95% CI: 1.001–1.003, p = 0.006) and high IMR (OR: 5.378, 95% CI: 1.712–16.896, p = 0.004)
were related to the primary endpoint. Two multivariable models were conducted in multi-
variable analysis where one used IMR alone (model A) and the other included combination
of IMR and CFR variable (model B). In the model with IMR alone (model A), high IMR
(OR: 3.962, 95% CI: 1.217–12.904, p = 0.022) remained an independent predictor of death or
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hospitalization for HF with age and symptom-to-balloon time (Table 5). In the model with
the combination of IMR and CFR (model B), high IMR and low CFR (OR: 6.003, 95% CI:
1.831–19.678, p = 0.003) was also an independent predictor of death or hospitalization for
HF along with age and hypertension (Table 5). The rate of death or hospitalization for HF
was 10.9% in patients with IMR > 29 and CFR < 2, whereas 0.5% in patients who did not fit
this range for IMR and CFR (Figure 3).
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Table 5. Logistic regression analysis for independent predictors of death or hospitalization for HF.

Univariate Analysis
p-Value

Multivariable Analysis
(Model A) p-Value

Multivariable Analysis
(Model B) p-Value

OR (95% CI) OR (95% CI) OR (95% CI)

Age 1.071 (1.024 to 1.120) 0.003 1.048 (1.000 to 1.098) 0.049 1.050 (1.002 to 1.100) 0.040
Female 1.610 (0.441 to 5.884) 0.471

Hypertension 3.840 (1.319 to 11.184) 0.014 3.056 (0.983 to 9.504) 0.054 3.284 (1.045 to 10.323) 0.042
Diabetes 2.655 (0.989 to 7.128) 0.053
Smoking 0.445 (0.163 to 1.121) 0.113

Post-PCI TMP grade <3 1.287 (0.476 to 3.481) 0.620
IMR > 29 5.378 (1.712 to 16.896) 0.004 3.962 (1.217 to 12.904) 0.022
CFR < 2 3.923 (0.880 to 17.489) 0.073

IMR > 29 & CFR < 2 7.719 (2.449 to 24.328) 0.000 6.003 (1.831 to 19.678) 0.003
Symptom-to-
balloon time 1.002 (1.001 to 1.003) 0.006 1.002 (1.000 to 1.003) 0.049 1.002 (1.000 to 1.003) 0.057

Culprit artery
LAD 0.899 (0.284–2.850) 0.856
LCX 0.924 (0.116–7.347) 0.941
RCA 1.183 (0.327–4.281) 0.798

LVEF < 40% 1.258 (0.583–2.715) 0.558
Peak CK-MB 1.000 (0.997 to 1.003) 0.932

PCI: percutaneous coronary intervention; TMP: TIMI myocardial perfusion; IMR: index of microcirculatory resistance; CFR: coronary flow
reserve; LAD: left anterior descending artery; LCX: left circumflex artery; RCA: right coronary artery; LVEF: left ventricular ejection fraction.
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4. Discussion

The major finding of this study is that IMR has long-term prognostic value in STEMI
patients who underwent primary PCI. Our study in a large cohort of STEMI patients
showed that an IMR > 29 is associated with higher risk of death or hospitalization for
HF compared with IMR ≤ 29. IMR remained an independent predictor for long-term
clinical outcomes in an extended follow-up period. Compared with low IMR patients, high
IMR patients had a 4-fold increase in death or hospitalization for HF. Furthermore, the
combination of high IMR and low CFR values showed significant association with higher
risk in clinical outcomes.

IMR has been widely used as a surrogate to invasively assess the microcirculation in
STEMI patients [14]. Multiple studies have demonstrated the value of IMR measured at the
time of primary PCI for STEMI patients. High IMR have been associated with larger infarct
size by cardiac enzymes, less wall motion recovery at follow-up by echocardiography, and
less viability by positron emission tomography [9,10]. Several studies have demonstrated
correlation between IMR and CMR findings. Patients with high IMR were more likely to
have microvascular obstruction (MVO), larger infarct size, less myocardial salvage, and
worse LV function at follow-up [11,15–18]. However, prior studies had small sample sizes
with short follow-up period and, in particular, lacked close association with hard endpoints.

In a multicenter study of 253 patients with STEMI, Fearon et al. showed that IMR > 40
measured immediately after primary PCI had a higher composite outcome of death or
rehospitalization for HF during the mean follow-up period of 2.8 years (about 34 months).
IMR > 40 used in the previous study had 20% of deaths or hospitalization for HF, but
in contrast, this study had 10%. Mortality rate for patients with IMR > 40 was 8.8%,
while it was 7.1% in this study. Moreover, they found that FFR, as well as IMR, were
independent predictors of death or rehospitalization for HF [19]. Carrick et al. expanded
this study to 283 patients with STEMI measured immediately after primary PCI. The IMR
was an independent predictor of death or HF during a median follow-up of 845 days
(about 28 months), but the combination of IMR > 40 and CFR ≤ 2 did not have additional
prognostic value compared with an IMR > 40 [20].

With larger sample size (n = 316) and longer mean follow-up period (65 months), the
present study found similar results with previous studies. In our study, patients with IMR
above 29 of the mean value had significantly higher rates of death or hospitalization for
HF than low IMR patients (10.3% vs. 2.1%, p = 0.001), and all-cause mortality (7.1% vs.
2.1%, p = 0.028), cardiovascular death rate (4.0% vs. 0%, p = 0.006), and hospitalization
for HF rate (4.8% vs. 0%, p = 0.002). In addition, the LVEF and WMSI at follow-up were
significantly worse in the IMR > 29.
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Our data showed that high IMR is associated with higher cardiac biomarkers, lower
LVEF, higher WMSI, and longer symptom-to-balloon time. Taking all of these into account,
high correlation between IMR and the degree of myocardial damage could partially explain
the relationship between high IMR and poor clinical outcomes. In our study, occurrence of
coronary artery events between the two groups was not statistically significant, including
non-fatal myocardial infarction and re-PCI. However, it is noteworthy that high IMR
patients were highly likely to result in death or hospitalization for HF. These findings all
point out that high IMR is significantly correlated with microvascular dysfunction, which
leads to long-term adverse clinical outcomes in patients with STEMI.

Compared with the study of Fearon et al., our study included larger populations and
had a much longer follow-up period. In addition, FFR measured in our study was not
predictive to long-term clinical outcomes; only 4.1% had a FFR < 0.8 after primary PCI.
Despite many studies suggesting different IMR cutoff values, IMR > 40 has been widely
accepted until now to have prognostic value to clinical outcomes [11,18,19]. However, the
threshold of 40 needs further validation as the cutoff value. In a study of 1096 patients
with ischemic heart disease, Lee et al. demonstrated that determinants of high IMR were
previous myocardial infarction, right coronary artery (RCA), female, and obesity [21]. A
higher IMR value of the RCA could be related to longer length of the vessel leading to
a slightly longer mean transit time or to a smaller amount of myocardial mass, which
can influence resistance [22]. When comparing to studies with higher mean IMR values,
infarct artery distribution accounted for 44–55% of LAD and 36–44% of RCA, whereas
78% and 16% in our study, respectively [17,19,23]. Indeed, the mean IMR value was
not much different in other studies showing a culprit artery distribution similar to our
study [10,16,24]. Giovanni et al. found that when a threshold of 40 is adopted for IMR,
there is discordance between IMR and MVO in one-third of the cases [25]. On the basis of
recent studies evaluating IMR, the normal range of IMR is considered to be <25 U [26,27].
The IMR > 29 can be a sufficient cutoff value for predicting clinical outcomes. However,
we should be careful when interpreting cutoff value of IMR by considering various factors.

When comparing with the study of Carrick et al., which further extended the study of
Fearon et al., combination of IMR and CFR was a stronger predictor in clinical outcomes
compared to IMR as single parameter (IMR > 29 OR 3.962 vs. IMR > 29 & CFR < 2 OR 6.003).
In previous studies, the combination of IMR and CFR had an independent predictive value
for MVO detection and showed association with myocardial viability and clinical outcomes.
Ahn et al. assessed the usefulness of combination of IMR and CFR values for predicting
microvascular obstruction by cardiac magnetic resonance imaging in patients with primary
PCI for STEMI. The combination of high IMR and low CFR was highly predictive of
microvascular obstruction [14]. Park et al. studied 89 STEMI patients who underwent
primary PCI and found that IMR and CFR measured immediately after PCI were correlated
with cardiovascular and cerebrovascular events [24]. These findings are in line with our
research, which also found that high IMR and low CFR resulted in worse clinical outcomes
in STEMI patients. A high IMR and low CFR lead to microvascular dysfunction, whereas
low IMR and high CFR indicate normal microcirculatory integrity. But there are cases
when the paired values are both high or low [15]. A total of 41% of patients in our study
showed such discordance in paired values, whereas 35–62% showed such discordance
in other studies [15,24,28]. CFR reflects the epicardial and microvascular vasodilatory
capacity, whereas IMR does not reflect vasodilatory reserve but only reflects microvascular
resistance. In addition, CFR is much dependent on hemodynamics, which means that it has
greater variability [29]. Furthermore, as we excluded hemodynamically unstable patients,
we can say that high risk patients were not included in this study. Therefore, discordant
paired values of IMR and CFR can be observed. We found that the combination of IMR and
CFR may more precisely predict long-term clinical outcomes of death or hospitalization
for HF.

Major limitations of the present study were that it was observational and retrospective.
Also, the number of events in this study was relatively small. Coronary measurements
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were not undertaken in patients with any clinical concerns. Hence, the study could have
included largely relatively low risk patients.

5. Conclusions

IMR measured after primary PCI can serve as a strong predictor of long-term outcomes
in STEMI patients. Compared with low IMR in STEMI patients, high IMR had a significant
correlation with the development of adverse events including death alone and death or
hospitalization for HF.
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