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BACKGROUND: This study aimed to evaluate the prognostic value of hyperemic coronary sinus flow (h-CSF) and global coronary 
flow reserve (g-CFR) obtained by phase-contrast cine-magnetic resonance imaging in patients with acute myocardial infarc-
tion (MI).

METHODS AND RESULTS: This retrospective study analyzed patients with acute MI (n=523) who underwent primary (ST-segment–
elevation MI) or urgent (non–ST-segment–elevation MI) percutaneous coronary intervention. Absolute coronary sinus blood 
flow (CSF) at rest and during vasodilator stress hyperemia was quantified at 30 days (24–36 days) after the index infarct-related 
lesion percutaneous coronary intervention and revascularization of functionally significant non–infarct-related lesions. We 
used Cox proportional hazards regression modeling to examine the association between h-CSF, g-CFR, and major adverse 
cardiac events defined as all-cause death, nonfatal MI, hospitalization for congestive heart failure, and stroke. Finally, 325 pa-
tients with ST-segment–elevation MI (62.1%) and 198 patients with non–ST-segment–elevation MI (37.9%) were studied over a 
median follow-up of 2.5 years. The rest CSF, h-CSF, and g-CFR were 0.94 (0.68–1.26) mL/min per g, 2.05 (1.42–2.73) mL/min 
per g, and 2.17 (1.54–3.03), respectively. Major adverse cardiac events occurred in 62 patients, and Cox proportional hazards 
analysis showed that h-CSF and g-CFR were independent predictors of major adverse cardiac events (h-CSF: hazard ratio 
[HR], 0.64; 95% CI, 0.47–0.88; P=0.005; g-CFR: HR, 0.62; 95% CI, 0.47–0.82; P=0.001). When stratified by h-CSF and g-CFR, 
cardiac event-free survival was the worst in patients with concordantly impaired h-CSF (<1.6 mL/min per g) and g-CFR (<1.7) 
(P<0.001).

CONCLUSIONS: Global coronary sinus flow quantification using phase-contrast cine-magnetic resonance imaging provided 
significant prognostic information independent of infarction size and conventional risk factors in patients with acute MI under-
going revascularization.

Key Words: cardiac magnetic resonance imaging ■ coronary flow reserve ■ microvascular disease ■ myocardial blood flow ■ primary 
percutaneous coronary intervention

Primary or emergent revascularization and opti-
mal medical therapy in patients with acute cor-
onary syndrome (ACS) provide considerable 

improvement of outcomes.1 Nevertheless, ACS re-
mains associated with high rates of subsequent major 
adverse cardiac events (MACEs), even after successful 
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revascularization and intensive secondary prevention.2 
Therefore, risk stratification tools that enable personal-
ized risk assessment and help guide therapeutic de-
cision making for identifying patients with ACS at high 
risk for worse outcomes after percutaneous coronary 
intervention (PCI) are needed.

Myocardial perfusion quantification using positron 
emission tomography (PET) has been demonstrated to 
yield important prognostic value for predicting cardio-
vascular events in patients with known or suspected 
coronary artery disease (CAD), independent of the 
presence or absence of obstructive atherosclerotic 
coronary lesions.3,4 Cardiac magnetic resonance im-
aging (CMR) is a useful modality for cardiac assess-
ment of pathological and functional conditions, and 
can be used as an alternative tool to PET with respect 
to myocardial blood flow (MBF) quantification. Phase-
contrast cine-magnetic resonance imaging (PC-CMR) 
allows noninvasive MBF quantification and global cor-
onary flow reserve (g-CFR) by quantifying coronary 
sinus blood flow (CSF) without need for ionizing radi-
ation, radioactive tracers, gadolinium, or intravascular 
catheterization. Recently, MBF and g-CFR by PET or 
CMR have been reported to be important predictors of 
worse outcomes in patients with known or suspected 
CAD.4–8 g-CFR represents the ability of the coronary 
microvasculature to dilate in response to vasodilator 
stress and is also influenced by the flow-limiting epi-
cardial stenosis, indicating the potential of g-CFR to 
integrate epicardial functional stenosis severity, diffuse 
disease, and microvascular function.

However, the prognostic information obtained by 
PC-CMR–derived hyperemic coronary sinus flow (h-
CSF) and g-CFR in patients with ACS who underwent 
primary or emergent PCI of the infarct-related and non–
infarct-related functionally significant lesions remains 
undetermined. Furthermore, the incremental capability 
of the integration of h-CSF and g-CFR remains elusive. 
Therefore, in this study, we tested the hypothesis that 
post-revascularization h-CSF and g-CFR using PC-CMR 
provided prognostic values in patients with ACS. We 
further evaluated if the integration of h-CSF and g-CFR 
demonstrated the predictive efficacy of MACEs.

METHODS
The data underlying this article are available on reason-
able request to the corresponding author.

Study Population
This retrospective analysis of the institutional ACS regis-
try enrolled all patients with ACS who were admitted in 
Tsuchiura Kyodo General Hospital. From this registry, we 
included consecutive patients aged ≥20 years, admitted 
between October 2013 and May 2018, who underwent 

CLINICAL PERSPECTIVE

What Is New?
•	 In patients with acute myocardial infarction 

revascularized with primary or urgent percu-
taneous coronary intervention and staged 
percutaneous coronary intervention of non–
infarct-related functionally significant lesions, 
global coronary flow assessments using phase-
contrast cine-magnetic resonance imaging 
provided significant prognostic information in-
dependent of myocardial injury caused by the 
index myocardial infarction and other confound-
ing risk factors.

•	 The integration of hyperemic coronary sinus 
flow and global coronary flow reserve obtained 
by phase-contrast cine-magnetic resonance 
imaging provided significantly increased pre-
dictive efficacy of major adverse cardiac events 
in comparison with the prediction model using 
each one of these 2 factors.

What Are the Clinical Implications?
•	 The stratification of patients with acute myocar-

dial infarction based on absolute global coro-
nary flow assessments using phase-contrast 
cine-magnetic resonance imaging might help 
identify high-risk patients for future adverse 
events after percutaneous coronary interven-
tion, independent of established risk factors, 
such as ejection fraction, late gadolinium en-
hancement, and microvascular obstruction, 
and other confounding variables.

•	 Future intensive therapeutic management 
monitored by global coronary flow reserve and 
hyperemic coronary sinus flow may potentially 
provide a novel therapeutic strategy for improv-
ing prognosis in patients with acute myocardial 
infarction early after revascularization.

Nonstandard Abbreviations and Acronyms

CS	 coronary sinus
CSF	 coronary sinus blood flow
FFR	 fractional flow reserve
g-CFR	 global coronary flow reserve
h-CSF	 hyperemic coronary sinus flow
LGE	 late gadolinium enhancement
MACE	 major adverse cardiac event
MBF	 myocardial blood flow
MVO	 microvascular obstruction
PC-CMR	 phase-contrast cine-magnetic 

resonance imaging
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post-PCI vasodilator stress PC-CMR, provided writ-
ten informed consent, and had >1-year follow-up data 
available. A total of 1317 patients were diagnosed with 
ACS, and 912 patients underwent primary (ST-segment–
elevation myocardial infarction [STEMI]) or urgent PCI 
(non–ST-segment–elevation myocardial infarction 
[NSTEMI]). We excluded those with prior coronary by-
pass grafting, clinical diagnosis of cardiomyopathy, on-
going dialysis, renal insufficiency with a baseline serum 
creatinine level >1.5 mg/dL, significant valvular disease, 
contraindication to CMR (eg, pacemaker, internal defibril-
lator or other incompatible intracorporeal foreign bodies, 
pregnancy, and claustrophobia), and failed PCI, leaving 
a final cohort of 565 patients who underwent CMR ex-
amination at 1 month from the index PCI. The patients 
with unidentified infarct-related lesions were excluded 
from the current study. We included patients who met the 
electrocardiographic criteria of STEMI and underwent 
primary PCI within 12 hours from symptom onset, or who 
were admitted to the intensive care unit with a diagno-
sis of NSTEMI within 48 hours of the last appearance of 
symptoms suggestive of myocardial ischemia and/or ST-
segment change in at least 2 leads and elevated cardiac 
marker (cardiac troponin I) on admission, and underwent 
PCI with an early invasive strategy <48 hours after ad-
mission.9 Patients with multivessel CAD, defined as the 
presence of additional angiographic stenosis >50% in at 
least one coronary artery other than the infarct-related 
vessel, were eligible for inclusion. When the non–infarct-
related coronary arteries were considered significant by 
symptomatic or objective ischemia according to stress 
tests, including exercise test and fractional flow reserve 
(FFR) ≤0.80 or a visually assessed diameter stenosis 
≥90%, and these significant non–infarct-related artery 
stenoses were considered as candidates for revasculari-
zation, ad hoc procedure at the time of the index primary/
urgent PCI or a planned staged procedure during the 
index hospitalization was performed. Unsuitable lesions 
for PCI, including heavily calcified lesions, diffuse lesions, 
and those with small subtended myocardial mass, were 
left untreated on the consensus of the institutional heart 
team. The staged procedure was performed between 3 
and 9 days after the index infarct-related lesion PCI. CMR 
imaging was performed after non–infarct-related lesion 
revascularization in all patients in this study. Prompt opti-
mal medical therapy was initiated in all patients after en-
rollment. The present study protocol was in accordance 
with the Declaration of Helsinki and approved by the in-
stitutional ethics committee. All patients provided written 
informed consent before the institutional ACS registry 
enrollment for future investigations.

Cardiac Catheterization
Invasive coronary angiography and revascularization 
of the infarct-related artery were performed by ad hoc 

PCI via the routine use of drug-eluting stents with a 
6F system. Before the PCI procedure, all patients re-
ceived a loading dose of 200 mg aspirin and 300 mg 
clopidogrel or 20 mg prasugrel. Coronary angiograms 
were analyzed quantitatively using QAngio XA sys-
tem (Medis Medical Imaging Systems, Leiden, the 
Netherlands). The infarct-related lesion was identified 
by the combination of electrocardiography, echocar-
diography, and coronary angiographic findings. The 
stent type and procedure strategy selected were at the 
operator’s discretion. After reperfusion therapy, stand-
ard dual-antiplatelet therapy was continued accord-
ing to current guidelines. Physiological measurements 
(FFR) were performed for all lesions showing intermedi-
ate stenosis (visual estimation between 30% and 90% 
diameter stenosis) in the patients with stable hemody-
namics after the infarct-related lesion PCI. All patients 
were instructed to strictly refrain from ingesting caffein-
ated beverages after admission. FFR was determined 
using Radi Analyzer Xpress instrument with a Certus 
coronary pressure wire (Abbott Vascular, St. Paul, MN). 
FFR was calculated as the ratio of the mean distal cor-
onary pressure/the mean aortic pressure during stable 
hyperemia induced by intravenous adenosine (140 μg/
kg per minute through a central vein).

CMR Image Acquisition
Images were acquired on a 1.5-T scanner (Philips 
Achieva; Philips Medical Systems, Best, the 
Netherlands) with 32-channel cardiac coils after 
30  days (24–36  days) of PCI for the infarct-related 
and non–infarct-related significant lesions. Cardiac 
gating and heart rate recording were achieved using 
the vector-cardiogram device. Blood pressure and 
heart rate were monitored throughout the protocol. 
Cine-CMR was performed using a retrospectively 
gated steady-state free precession sequence. Twelve 
short-axis slices of the left ventricle (LV) were acquired 
from the apex to the base. The cine-CMR parameters 
were as follows: repetition time/echo time, 4.1/1.4 ms; 
slice thickness, 6  mm; flip angle, 55°; field of view, 
350×350  mm2; matrix size, 128×128; and number of 
phases per cardiac cycle, 20. LV mass and volumes 
were calculated according to the Simpson rule using 
CMR data.10 After the acquisition of PC-CMR images, 
gadolinium contrast was infused intravenously at a 
total dose of 0.10 mmol/kg. Fifteen minutes after this 
injection, late gadolinium enhancement (LGE) images 
were acquired in the same planes as cine images, and 
imaging parameters were as follows: repetition time/
echo time, 3.8/1.28  ms; flip angle, 15°; field of view, 
350×350  mm2; acquisition matrix, 200×175; number 
of phases per cardiac cycle, 20; and slice thickness, 
8  mm. The infarcted myocardium was quantified on 
the LGE images as myocardium with a signal intensity 
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exceeding the mean signal intensity of the remote my-
ocardium by >5 SDs and using a semiautomatic algo-
rithm. Microvascular obstruction (MVO) was defined as 
the hypoenhanced region within and included in the in-
farcted myocardium. LV mass was normalized to body 
surface area as LV mass index.

Coronary Sinus Flow and g-CFR 
Measurement by CMR
The coronary sinus (CS) was identified in the atrioven-
tricular groove using basal slices of the short-axis stack. 
The plane for flow measurement by PC-CMR was posi-
tioned perpendicular to CS at 1 to 2 cm from the ostium.10 
Velocity-encoded images were acquired using retrospec-
tive electrocardiographic gating during 15-second breath 
holds, and the imaging parameters were as follows: rep-
etition time/echo time, 7.3/4.4  ms; flip angle, 10°; field 
of view, 250×250 mm2; acquisition matrix, 128×128; 20 
phases per cardiac cycle; encoding, 200 cm/s; and slice 
thickness, 6 mm. Maximal stable hyperemia was induced 
by intravenous adenosine (140 μg/kg per minute through 
a central vein). The duration between the end of hyper-
emia and the resting image acquisition was 10 minutes.

The CSF quantitative analyses were performed in 
a blinded manner by 2 expert investigators (T.M. and 
Y.K.), using a proprietary software (Philips View Forum, 
Best, the Netherlands). The CS contour was traced on 
the magnified images throughout the cardiac cycle. 
The CSF was quantified by integrating the flow rates 
from each cardiac cycle and multiplying them by the 
mean heart rate during the acquisition period (Figure 1). 
The resting CSF value was corrected using rate pres-
sure products as follows10,11: rate pressure product =  
systolic blood pressure (mm  Hg) × heart rate; cor-
rected CSF = (CSF/rate pressure product) ×10  000; 
and corrected CSF (mL/min per g) = corrected CSF/
left ventricular mass (g). G-CFR was evaluated by CSF 
reserve, which was calculated as CSF during maximal 
hyperemia divided by resting CSF.

Assessment of Outcomes
Patients were followed up for the primary outcome of 
MACEs: all-cause death, nonfatal myocardial infarc-
tion (MI), hospitalization for congestive heart failure, 
and stroke. Clinical end points were determined by 
the blinded assessment of hospital records or via tel-
ephone interviews. Time to event was calculated as 
the period between the CMR study and the first occur-
rence of MACEs. Patients without MACEs were cen-
sored at the time of last follow-up.

Statistical Analysis
The patients were divided into 2 groups, with and with-
out MACEs. Clinical characteristics and CMR-derived 

variables were compared between these 2 groups. 
Statistical analyses were performed using SPSS ver-
sion 25.0 (IBM Corporation, Armonk, NY) and R ver-
sion 4.0.3 (The R Foundation for Statistical Computing, 
Vienna, Austria) software. Categorical data were ex-
pressed as numbers and percentages and compared 
by the χ2 or Fisher exact tests. Continuous data were 
expressed as median (interquartile range) and analyzed 
using Mann-Whitney U test. The ANOVA was used for 
variables with nonnormal and normal distributions to 
evaluate the difference between the groups with and 
without MACEs, respectively. Receiver operating char-
acteristic curves were analyzed to assess the best cut-
off values of h-CSF and g-CFR for predicting MACEs. 
The optimal cutoff value was calculated using the 
Youden index. Survival curves were estimated using 
Kaplan-Meier estimates and were compared using 
log-rank tests. A Cox proportional hazards regression 
model was used to identify independent predictors of 
MACEs. The covariates with P<0.10 in the univariate 
analysis were included in the multivariate analysis. A 
collinearity index was used for checking linear combi-
nations among covariates, and Akaike information cri-
terion was used for avoiding overfitting. Integration of 
h-CSF and g-GFR was achieved by creating 4 groups 
based on concordant or discordant impairment of 
these indexes. Intraobserver and interobserver vari-
ability of g-CFR was analyzed using intraclass correla-
tion coefficients. Reproducibility was also evaluated via 
Brand-Altman analysis in the first 100 cases. A 2-sided 
P<0.05 was considered statistically significant.

RESULTS
Patient Characteristics
From initially studied 565 patients, 22 were excluded 
because of unsatisfactory CMR image acquisition. Eight 
patients could not complete the CMR examination be-
cause of atrioventricular block and bradycardia resulting 
from adenosine infusion. Among the 535 eligible pa-
tients for the analysis, 12 (2.2%) were lost to follow-up. 
Thus, the final analysis was performed on 523 patients 
(Figure 2), of whom, 268 (51.2%) patients showed mul-
tivessel disease (angiographic diameter stenosis >50%) 
(summarized clinical characteristics and CMR findings 
of patients are shown in Table 1, and the detailed data 
set is shown in Table S1). In these patients, non–infarct-
related vessel stenoses were subsequently treated with 
PCI at the time of the index primary PCI according to 
the results of physiological examination or angiographi-
cally severe diameter stenosis >90% in 21 patients. A 
stress test, including exercise test and FFR, was posi-
tive in 173 patients; and staged PCI for non–infarct-
related vessel lesion was performed in 140 patients of 
the 247 remaining multivessel disease. In 33 patients 
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with non–infarct-related vessel showing functionally sig-
nificant stenosis, revascularization was not performed on 
the basis of the consensus of the institutional heart team. 
There was no significant difference in the prevalence of 
untreated lesions between the 2 groups with or without 
MACEs (P=0.482). Optical medical therapy and revas-
cularization were achieved according to the guidelines.12 
Patients who experienced MACEs were older, more 
often had previous MI and revascularization, and were 
more likely to have multivessel disease, worse Killip class, 
and high NT-proBNP (N-terminal pro-B-type natriuretic 

peptide) levels at admission. Moreover, they had a lower 
estimated glomerular filtration rate than those without 
MACEs (all P<0.05). These results were similar when 33 
patients with untreated functionally significant lesions 
were excluded from the analysis (Table S2).

CMR Findings
In patients with MACEs, end-diastolic left ventricular 
volume, end-systolic left ventricular volume, LV mass 
index, CSF at rest, LGE volume, and MVO presence 

Figure 1.  Phase-contrast cine-magnetic resonance images of the coronary sinus flow 
measurement.
A, The proximal coronary sinus was detected in cross-section on the magnitude and phase-contrast 
images. (Red arrows show coronary sinus.) B, The coronary sinus blood flow curves (blue line, resting 
flow; red line, hyperemic flow) were generated.

A

B
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were significantly higher, and h-CSF and g-CFR were 
significantly lower, than in those without MACEs (all 
P<0.05) (Table 1).

Primary Outcome
Of 523 patients, 62 (11.9%) experienced MACEs during 
the follow-up of 2.5 (1.5–4.1) years, including 21 deaths 
(4.0%), 17 nonfatal MIs (3.3%), 13 heart failure admis-
sions (2.5%), and 11 strokes (2.1%) (Table 2).

Predictors of MACEs
The Cox proportional hazards regression analysis 
demonstrated that each of h-CSF and g-CFR remained 
significant as independent predictors of MACEs in the 
total cohort (h-CSF: hazard ratio [HR], 0.64; 95% CI, 
0.47–0.88; P=0.005; g-CFR: HR, 0.62; 95% CI, 0.47–
0.82; P=0.001) after adjustment for potential confound-
ers. (The multivariable models for the coronary flow 
variables and MACEs are presented in Table  3, and 
the detailed results of the univariable and multivariable 
analysis are shown in Table S3.) g-CFR was also a sig-
nificant predictor in each of STEMI and NSTEMI sub-
groups (Tables S4 and S5). The optimal cutoff values 
of h-CSF and g-CFR obtained by receiver operating 

characteristic curve analyses for predicting MACEs 
were 1.6 (area under the curve, 0.66; sensitivity, 62.9%; 
specificity, 72.0%) and 1.7 (area under the curve, 0.67; 
sensitivity, 59.7%; specificity, 70.9%), respectively. On 
the basis of these thresholds, g-CFR was impaired in 
166 of 523 patients (31.7%), whereas h-CSF was im-
paired in 173 of 523 patients (33.1%). Kaplan-Meier 
analysis showed a significantly increased risk of MACEs 
in patients with impaired h-CSF compared with those 
with preserved h-CSF, and the patients with impaired 
g-CFR compared with those with preserved g-CFR 
(P<0.001 and P<0.001, respectively) (Figure 3). When 
stratified by 4 groups with concordant or discordant 
impairment of h-CSF and g-CFR, these were concord-
antly impaired or preserved in 100 of 523 (19.1%) and 
284 of 523 patients (54.3%), respectively, and the dis-
cordance between h-CSF and g-CFR occurred in 139 
of 523 patients (26.6%); 73 (14.0%) were with impaired 
h-CSF and preserved g-CFR, 66 (12.6%) were impaired 
with preserved h-CSF and impaired g-CFR (Figure 4A 
and 4B). The patients with concordantly impaired h-
CSF and g-CFR showed significantly higher frequency 
of MACEs (P<0.001; Figure 4B), and the integration of 
h-CSF and g-CFR led to significant identification of 
high-risk patients of MACEs (P<0.001; Figure 4C).

Figure 2.  Study flowchart.
The screening and enrollment process with 523 patients in the final analysis. ACS indicates acute coronary syndrome; CMR, cardiac 
magnetic resonance imaging; NSTEMI, non–ST-segment–elevation myocardial infarction; PCI, percutaneous coronary intervention; 
and STEMI, ST-segment–elevation myocardial infarction.
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Table 1.  Clinical Characteristics and CMR Findings of Patients With and Without MACEs

Variable Total (N=523) MACEs (+) (N=62) MACEs (−) (N=461) P value

Demographics

Age, mean±SD, y 65±12 68±9 65±2 0.013

Men, n (%) 425 (81.3) 49 (79.0) 376 (81.6) 0.630

Medical history, n (%)

History of MI 58 (11.1) 12 (19.4) 46 (10.0) 0.028

Hypertension 327 (62.5) 41 (66.1) 286 (62.0) 0.532

Hyperlipidemia 253 (48.4) 29 (46.8) 224 (48.6) 0.790

Diabetes 184 (35.2) 24 (38.7) 160 (34.7) 0.536

Current smoker 211 (40.3) 28 (45.2) 183 (39.7) 0.493

Family history 54 (10.3) 5 (8.1) 49 (10.6) 0.533

ACS presentation, n (%)

STEMI/NSTEMI 325 (62.1)/198 (37.9) 40 (64.5)/22 (35.5) 285 (61.8)/176 (38.2) 0.681

Killip class <0.001

I 433 (82.8) 46 (74.2) 387 (83.9)

II 42 (8.0) 2 (3.2) 40 (8.7)

III 29 (5.5) 9 (14.5) 20 (4.3)

IV 19 (3.6) 5 (8.1) 14 (3.0)

Coronary angiography, n (%)

Infarct-related lesion 
location: RCA/LAD/LCx

173 (33.1)/269 (51.4)/81 
(15.5)

24 (38.7)/26 (43.6)/11 (17.7) 149 (32.3)/242 (52.5)/70 (15.2) 0.423

TIMI flow grade at baseline 0.133

0 228 (43.6) 26 (41.9) 202 (43.8)

1 47 (9.0) 1 (1.6) 46 (10.0)

2 115 (22.0) 17 (27.4) 98 (21.3)

3 133 (25.4) 18 (29.0) 115 (24.9)

TIMI flow grade at final 0.743

0 2 (0.4) 0 (0) 2 (0.4)

1 9 (1.7) 2 (3.2) 7 (1.5)

2 55 (10.5) 6 (9.7) 49 (10.6)

3 457 (87.4) 54 (87.1) 403 (87.4)

Multivessel disease 268 (51.2) 41 (66.1) 227 (49.2) 0.012

Ad hoc PCI of the non–
infarct-related artery during 
index procedure

21 (4.0) 3 (4.8) 18 (3.9) 0.725

Staged PCI of the non–
infarct-related artery during 
index hospitalization

140 (26.8) 20 (32.3) 120 (26.0) 0.298

Laboratory data

LDL-chol, mg/dL 111 (88–135) 104 (87–132) 112 (88–136) 0.179

eGFR, mL/min per 1.73 m2 68.7 (57.7–80.9) 64.5 (52.9–75.4) 69.6 (58.8–81.3) 0.021

HbA1c, % 6.0 (5.6–6.8) 6.2 (5.6–7.0) 6.0 (5.6–6.8) 0.468

NT-proBNP, ng/L 409 (134–1141) 1016 (324–2678) 364 (125–957) <0.001

Peak CK, IU/L 1248 (281–2815) 1562 (225–3225) 1210 (289–2793) 0.875

Peak CK-MB, IU/L 115 (28–281) 129 (23–369) 111 (29–274) 0.817

hs-CRP, mg/dL 0.220 (0.090–0.750) 0.390 (0.120–0.950) 0.210 (0.090–0.712) 0.056

CMR indexes

EDV, mL 117.9 (97.3–140.2) 127.7 (103.2–158.2) 117.0 (96.3–139.4) 0.021

ESV, mL 51.0 (38.7–73.1) 65.9 (42.2–104.3) 50.6 (38.5–69.6) 0.007

LVMI, g/m2 83.1 (69.9–95.6) 92.6 (78.6–107.7) 82.0 (69.3–92.9) <0.001

 (Continued)
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CS Flow Reproducibility
The reproducibility of g-CFR measurements was sat-
isfactory for interobserver (intraclass correlation coef-
ficient, 0.91) and intraobserver (intraclass correlation 
coefficient, 0.89) reproducibility analysis. Bland-Altman 
analysis of interobserver reproducibility of g-CFR for 
the first 100 cases showed a bias of 0.012; 95% limits 
of agreement were −0.294 to 0.279.

DISCUSSION
This is the first study demonstrating the prognostic 
significance of quantification of h-CSF and g-CFR 
using PC-CMR specifically in patients with acute my-
ocardial infarction (AMI) revascularized with primary 
or urgent PCI. The major findings of this study are as 
follows: (1) impaired h-CSF and g-CFR at 1  month 
after PCI of infarct-related and non–infarct-related 
significant lesions were both robust predictors of 
MACEs; and (2) the integration of h-CSF and g-CFR 
could provide the significantly increased predictive 
efficacy of MACEs.

Quantification of MBF on PET imaging has been 
established to provide powerful prognostic informa-
tion in numerous studies.3,13 These prognostic impli-
cations have been validated in patients with stable 
CAD.3,13–15 The clinical utilities of absolute myocardial 
or coronary flow quantifications in patients with AMI 
are of interest and remain elusive. This study demon-
strated the independent prognostic efficacy of h-CSF 
and g-CFR obtained by PC-CMR, and the significant 
prognostic information of MACEs by integrating these 
2 metrics in patients with AMI, including both STEMI 
and NSTEMI early after PCI. Although studies have 
shown that noninvasive assessment of global CFR 
with PET showed significant prognostic information 
in patients with stable CAD,3,13–15 the requirement 
of ionizing radiation and less modality accessibility 
limited the widespread uptake in clinical practice. 
Quantification by CMR can provide both regional 
and global myocardial flow assessment. Knott et al 
showed that an artificial intelligence–based approach 
using perfusion CMR mapping could be an effective 
way to allow both regional and global myocardial 
flow quantification without time-consuming postpro-
cessing requiring manual editing.8 Although artificial 
intelligence methods might be an effective way to 
improve the patient care and management, these 
new methods still need to be validated as prognostic 
tools. In contrast, PC-CMR of CS has been validated 
as an alternative way to assess global myocardial 
flow and can be performed without ionizing radiation 
and a meticulous and complex postprocessing using 
a proprietary but widely accessible software.10,16,17 
We demonstrated the prognostic significance of h-
CSF and g-CFR in patients with AMI revascularized 
of infarct-related and non–infarct-related significant 
lesions by a relatively simple PC-CMR method, which 

Variable Total (N=523) MACEs (+) (N=62) MACEs (−) (N=461) P value

EF, % 55.4 (45.7–63.2) 49.6 (37.3–61.8) 56.0 (47.8–63.2) 0.012

CSF at rest, mL/min per g 0.79 (0.55–1.05) 0.85 (0.63–1.03) 0.76 (0.55–1.04) 0.197

Corrected CSF at rest, mL/
min per g

0.94 (0.68–1.26) 0.94 (0.77–1.28) 0.93 (0.67–1.24) 0.508

CSF at hyperemia, mL/min 
per g

2.05 (1.42–2.73) 1.46 (1.16–2.21) 2.11 (1.49–2.75) <0.001

g-CFR 2.54 (1.82–3.70) 1.86 (1.36–2.63) 2.69 (1.91–3.81) <0.001

Corrected g-CFR 2.17 (1.54–3.03) 1.60 (1.13–2.20) 2.25 (1.62–3.10) <0.001

LGE volume, cm3 9.3 (3.4–16.0) 12.3 (4.9–20.4) 9.1 (2.7–15.6) 0.005

MVO presence, n (%) 142 (27.2) 24 (38.7) 118 (25.6) 0.043

ACS indicates acute coronary syndrome; CK, creatine kinase; CK-MB, CK–myocardial band; CMR, cine-magnetic resonance imaging; CSF, coronary sinus 
flow; EDV, end-diastolic volume; EF, ejection fraction; eGFR, estimated glomerular filtration rate; ESV, end-systolic volume; g-CFR, global coronary flow reserve; 
HbA1c, glycated hemoglobin; hs-CRP, high-sensitivity C-reactive protein; LAD, left anterior descending coronary artery; LCx, left circumflex coronary artery; 
LDL-chol, low-density lipoprotein cholesterol; LGE, late gadolinium enhancement; LVMI, left ventricular mass index; MACE, major adverse cardiac event; MI, 
myocardial infarction; MVO, microvascular obstruction; NSTEMI, non–ST-segment–elevation MI; NT-proBNP, N-terminal pro-B-type natriuretic peptide; PCI, 
percutaneous coronary intervention; RCA, right coronary artery; STEMI, ST-segment–elevation MI; and TIMI, Thrombolysis in Myocardial Infarction.

Table 1.  Continued

Table 2.  Primary Outcomes

MACEs, n (%) Total (N=523)

All-cause death 21 (4.0)

Cardiovascular death 12 (2.3)

Nonfatal MI 17 (3.3)

Nontarget vessel related 11 (2.1)

Hospitalization attributable to HF 13 (2.5)

Stroke 11 (2.1)

Total 62 (11.9)

HF indicates heart failure; MACE, major adverse cardiac event; and MI, 
myocardial infarction.
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might change the current clinically underused situa-
tion of MBF quantification.

Potential Mechanisms Linking g-CFR and 
h-CSF to MACEs
Recently, microvascular dysfunction has been reported 
to play a pivotal role in the pathophysiological mecha-
nisms of cardiovascular disease in the setting of both 
obstructive epicardial and nonobstructive diseases.18,19 
The mechanisms of impaired myocardial perfusion 
linking to worse outcomes are likely multifactorial and 
are undetermined. In this cohort, injured myocardium, 
residual diffuse disease, and microvascular function 
can all be contributing factors of MACEs. Even without 
functionally significant epicardial lesions, impaired vas-
odilatory ability may cause ischemia.20,21 Furthermore, 
our results indicated that h-CSF and g-CFR were not 
significantly associated with LGE volumes, ejection 
fraction, peak creatine kinase–myocardial band, or the 
presence of MVO in both overall cohort and each of 
STEMI and NSTEMI subgroups (Tables  S4 and S5), 
indicating that h-CSF and g-CFR might be used as 
prognostic metrics in combination with other estab-
lished prognostic factors, including LGE, MVO, ejec-
tion fraction, and the injured mass by the index MI. 
Recent reports also showed a significant association 
between microvascular dysfunction and cardiovascu-
lar morbidity and mortality, including atherosclerotic 
progression and heart failure.6,22,23 Our results agree 
with these studies, and extend the clinical significance 
of quantitative global myocardial perfusion to post-MI 
patients. In these patients, coexisting microvascular 
functional impairment of diffuse disease extending to 
the whole heart beyond the damage of the index AMI 
and infarct-related vessel atherosclerotic burden might 
affect global myocardial perfusion, resulting in worse 
outcomes linking with impaired h-CSF and g-CFR. 
Nevertheless, this hypothesis, based on our study, is 
merely a speculative explanation of the mechanism 
linking quantitative myocardial perfusion and MACEs, 
and should be tested in further large prospective 
studies.

Prognostic Value of the Integration of g-
CFR and h-CSF
In this study, the patients with concordantly impaired 
g-CFR and h-CSF showed the highest frequency of 
MACEs (27/100 [27.0%]) (Figure  4B). Johnson and 
Gould reported on the prognostic value of the com-
bined assessment of hyperemic MBF and flow reserve 
derived from the quantitative analysis of regional PET 
perfusion imaging, termed as coronary flow capacity, 
and showed impaired coronary flow capacity defined 
by concordant severe impairment of hyperemic MBF 
and CFR was an independent predictor of all-cause 
death.24 Our results are in accordance with the con-
cept of coronary flow capacity (Figure 4), although our 
results are presented by 2×2 classification not using 
coronary flow capacity maps but g-CFR and h-CSF 
cutoff values. In post-MI patients after revasculariza-
tion, the severity of diffuse disease and microvascular 
dysfunction may lead to worse outcomes. This study 
strongly suggests that the integration of g-CFR and h-
CSF is useful for comprehensive understanding and 
classification of impaired myocardial tissue perfusion in 
post-MI patients treated by revascularization.

Clinical Implications
Our findings are clinically relevant and help identify 
high-risk patients of worse outcomes after revascu-
larization of the infarct-related and residual function-
ally significant non–infarct-related epicardial lesions 
because CS flow quantification is feasible and easy 
to perform in a short period of time. Patients with im-
paired h-CSF and g-CFR may need continued close 
follow-up with aggressive risk factor modification and 
optimal medical therapy because of the existence 
of diffuse and microvascular disease. In the present 
study, LGE and MVO, which indicate myocardial viabil-
ity and fibrosis and have indicated the prognostic value 
of adverse outcomes in patients with AMI, were not 
significant predictors of MACEs on multivariable analy-
ses. It might be explained by relatively small myocar-
dial damage and small difference in the prevalence of 
MVO between the 2 groups with or without MACEs in 

Table 3.  Cox Proportional-Hazard Regression Analysis of MACEs

Variable

Multivariable analysis 1 Multivariable analysis 2 Multivariable analysis 3

HR 95% CI P value HR 95% CI P value HR 95% CI P value

CSF at hyperemia, mL/min per g 0.64 0.47–0.88 0.005 Not 
selected

Not 
selected

Corrected g-CFR Not 
selected

0.62 0.47–0.82 0.001 Not 
selected

Concordantly impaired h-CSF and g-CFR Not 
selected

Not 
selected

2.80 1.68–4.65 <0.001

Adjusted for age, Killip class 3 or 4, log (NT-proBNP [N-terminal pro-B-type natriuretic peptide]), left ventricular mass index, and late gadolinium enhancement. 
CSF indicates coronary sinus flow; g-CFR, global coronary flow reserve; h-CSF, hyperemic CSF; HR, hazard ratio; and MACE, major adverse cardiac event.
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our study compared with previous studies. In addition, 
the statistical analyses are underpowered because 
of the small number of events and study population. 
Meanwhile, our results suggested the clinical signifi-
cance of the stratification of patients with AMI based 

on CSF quantification by PC-CMR, which may help 
identify high-risk patients with AMI for worse outcomes 
independent of myocardial injury, established risk fac-
tors, such as LGE and MVO, and other confounding 
variables. Future intensive therapeutic management 

Figure 3.  Kaplan-Meier curve for event-free survival stratified by hyperemic coronary sinus flow 
(h-CSF) (A) and global coronary flow reserve (g-CFR) (B).
Event-free survival was significantly worse in patients with impaired h-CSF (<1.6) and g-CFR (<1.7).

A

B
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monitored by g-CFR and h-CSF may potentially pro-
vide a novel management option for improving prog-
nosis in patients with AMI early after revascularization.

Study Limitations
The results of this study should be interpreted with 
consideration of several limitations. First, this was 
a retrospective single-center study and may have 

resulted in a selection bias. Furthermore, because 
of a small number of MACEs, unadjusted confound-
ing factors, mixed inclusion criteria, and stroke, as 
included in MACEs, our results that h-CSF and g-
CFR might be superior to ejection fraction or LGE in 
predicting worse outcomes should not be taken as a 
decisive finding. Finally, the assessment of ischemia 
induction by CMR perfusion imaging was not per-
formed, although all CMR studies were conducted 
after revascularization of the infarct-related and clini-
cally indicated non–infarct-related significant lesions. 
In patients with stable CAD, g-CFR has been reported 
as a significant predictor of MACEs, independent of 
ischemia extent measured by abnormal stress per-
fusion,7 and the effect of ischemia extent on g-CFR 
in patients with AMI remains elusive. Further studies 
evaluating the relationship between the quantification 
of global myocardial perfusion and CMR-derived re-
gional perfusion data would provide further impor-
tant insights of coronary physiology.

CONCLUSIONS
This study demonstrated that h-CSF and g-CFR, 
obtained by PC-CMR, provided prognostic value for 
MACEs in patients with AMI who underwent primary or 
urgent PCI, independent of myocardial injury caused 
by the index MI and other confounding risk factors. 
Concordant impairments of h-CSF and g-CFR dem-
onstrated significant incremental predictive efficacy 
of MACEs. Because accurate risk stratification and 
therapeutic strategy are essential in patients with AMI, 
our results extend the potential benefit of myocardial 
perfusion quantification from stable patients with CAD 
to patients with AMI treated by primary or urgent PCI 
and provide an additional potential insight for the risk 
stratification of patients with AMI.

Figure 4.  Four groups stratified by impairment of 
hyperemic coronary sinus flow (h-CSF) and global coronary 
flow reserve (g-CFR).
Group ① is 100 of 523 (19.1%) patients with concordantly 
impaired h-CSF and g-CFR; blue. Group ② is 73 of 523 (14.0%) 
patients with impaired h-CSF and preserved g-CFR; green. 
Group ③ is 66 of 523 (12.6%) patients with preserved h-CSF 
and impaired g-CFR; yellow. Group ④ is 284 of 523 (54.3%) 
patients with concordantly preserved h-CSF and g-CFR; red. A, 
The distribution of 523 patients with acute myocardial infarction 
stratified by 4 groups with concordant or discordant impairment 
of h-CSF (<1.6) and g-CFR (<1.7). B, Frequency of major adverse 
cardiac events (MACEs) stratified by 4 groups with concordant 
or discordant impairment of h-CSF (<1.6) and g-CFR (<1.7). The 
patients with concordantly impaired h-CSF and g-CFR showed 
significantly higher frequency of MACEs. C, Kaplan-Meier curve 
for event-free survival stratified by 4 groups with concordant or 
discordant impairment of h-CSF (<1.6) and g-CFR (<1.7). Event-
free survival was significantly worse in patients with concordantly 
impaired h-CSF and g-CFR.

A

B

C
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Table S1. Clinical characteristics and CMR findings of patients with and without MACE. 

Total 

N = 523 

MACE (+) 

N = 62 

MACE (-) 

N = 461 

p value 

Demographics 

Age, y 65 ± 12 68 ± 9 65 ± 2 0.013 

Men, n (%) 425 (81.3) 49 (79.0) 376 (81.6) 0.630 

Body surface area, m2 24.1 ± 3.5 23.7 ± 3.7 24.2 ± 3.4 0.300 

Body mass index, kg m-2 1.698 ± 0.184 1.664 ± 0.168 1.703 ± 0.185 0.114 

Medical history, n (%) 

History of MI 58 (11.1) 12 (19.4) 46 (10.0) 0.028 

History of PCI 63 (12.0) 16 (25.8) 47 (10.2) < 0.001 



 

 

Hypertension, n (%) 327 (62.5) 41 (66.1) 286 (62.0) 0.532 

Hyperlipidemia, n (%) 253 (48.4) 29 (46.8) 224 (48.6) 0.790 

Diabetes mellitus, n (%) 184 (35.2) 24 (38.7) 160 (34.7) 0.536 

Current smoker, n (%) 211 (40.3) 28 (45.2) 183 (39.7) 0.493 

Family history, n (%) 54 (10.3) 5 (8.1) 49 (10.6) 0.533 

Prescription at the time of CMR, n 

(%): 

    

Statin, n (%) 466 (89.1) 54 (87.1) 412 (89.4) 0.747 

ACE-I or ARB, n (%) 398 (76.1) 45 (72.6) 353 (76.6) 0.489 

β-blocker, n (%) 366 (70.0) 46 (74.2) 320 (69.4) 0.441 

Calcium antagonist, n (%) 116 (22.2) 16 (25.8) 100 (21.7) 0.464 



 

 

ACS presentation     

Systolic BP at admission, mmHg  142 ± 29 143 ± 25 142 ± 29 0.166 

Heart rate at admission, bpm 80 ± 20 81 ± 22 80 ± 20 0.406 

STEMI/NSTEMI 325 (62.1)/198 (37.9) 40 (64.5)/22 (35.5) 285 (61.8)/176 (38.2) 0.681 

Killip class    
< 0.001 

Ⅰ 433 (82.8) 46 (74.2) 387 (83.9) 
 

Ⅱ 42 (8.0) 2 (3.2) 40 (8.7)  

Ⅲ 29 (5.5) 9 (14.5) 20 (4.3)  

Ⅳ 19 (3.6) 5 (8.1) 14 (3.0)  

Coronary angiography    
 



 

 

Infarct-related lesion location; 

RCA/LAD/LCx, n (%) 

173 (33.1)/269 (51.4)/81 

(15.5) 

24 (38.7)/26 (43.6)/11 

(17.7) 

149 (32.3)/242 (52.5)/70 

(15.2) 

0.423 

TIMI flow grade at baseline    
0.133 

0 228 (43.6) 26 (41.9) 202 (43.8) 
 

1 47 (9.0) 1 (1.6) 46 (10.0)  

2 115 (22.0) 17 (27.4) 98 (21.3)  

3 133 (25.4) 18 (29.0) 115 (24.9)  

TIMI flow grade at final    
0.743 

0 2 (0.4) 0 (0) 2 (0.4)  

1 9 (1.7) 2 (3.2) 7 (1.5)  



 

 

2 55 (10.5) 6 (9.7) 49 (10.6)  

3 457 (87.4) 54 (87.1) 403 (87.4)  

Multivessel disease, n (%) 268 (51.2) 41 (66.1) 227 (49.2) 0.012 

Ad-hoc PCI of the non-infarct-

related artery during index 

procedure, n (%) 

21 (4.0) 3 (4.8) 18 (3.9) 0.725 

Staged PCI of the non-infarct-

related artery during index 

hospitalization, n (%) 

140 (26.8) 20 (32.3) 120 (26.0) 0.298 

Laboratory data     

T-chol, mg dL-1 179 (154–211) 170 (150–198) 181 (155–214) 0.182 



 

 

LDL-chol, mg dL-1 111 (88–135) 104 (87–132) 112 (88–136) 0.179 

HDL-chol, mg dL-1 44 (37–51) 42 (35–46) 45 (37–52) 0.230 

TG, mg dL-1 110 (73–159) 99 (73–137) 113 (73–167) 0.097 

Creatinine, mg dL-1 0.85 (0.72–0.98) 0.90 (0.76–1.05) 0.84 (0.71–0.97) 0.153 

eGFR, ml min-1 1.73 m-2 68.7 (57.7–80.9) 64.5 (52.9–75.4) 69.6 (58.8–81.3) 0.021 

HbA1c, % 6.0 (5.6–6.8) 6.2 (5.6–7.0) 6.0 (5.6–6.8) 0.468 

NT-proBNP, ng L-1 409 (134–1141) 1016 (324–2678) 364 (125–957) < 0.001 

Peak CK, IU L-1 1248 (281–2815) 1562 (225–3225) 1210 (289–2793) 0.875 

Peak CK-MB, IU L-1 115 (28–281) 129 (23–369) 111 (29–274) 0.817 

hs-CRP, mg dL-1 0.220 (0.090–0.750) 0.390 (0.120–0.950) 0.210 (0.090–0.712) 0.056 



 

 

CMR indices     

EDV, mL 117.9 (97.3–140.2) 127.7 (103.2–158.2) 117.0 (96.3–139.4) 0.021 

ESV, mL 51.0 (38.7–73.1) 65.9 (42.2–104.3) 50.6 (38.5–69.6) 0.007 

LVMI, g m-2 83.1 (69.9–95.6) 92.6 (78.6–107.7) 82.0 (69.3–92.9) <0.001 

EF, % 55.4 (45.7–63.2) 49.6 (37.3–61.8) 56.0 (47.8–63.2) 0.012 

CSF at rest, ml min-1 109.9 (79.9–143.5) 122.2 (106.3–172.5) 106.3 (77.7–141.3) 0.005 

CSF at rest, ml min-1 g-1 0.79 (0.55–1.05) 0.85 (0.63–1.03) 0.76 (0.55–1.04) 0.197 

Corrected CSF at rest, ml min-1 131.7 (95.1–178.2) 144.8 (112.5–194.3) 129.0 (91.9–174.6) 0.020 

Corrected CSF at rest, ml min-1 g-

1 

0.94 (0.68–1.26) 0.94 (0.77–1.28) 0.93 (0.67–1.24) 0.508 

CSF at hyperemia, ml min-1 290.2 (208.0–367.2) 258.1 (183.5–309.4) 293.6 (210.2–368.7) 0.012 



 

 

CSF at hyperemia, ml min-1 g-1 2.05 (1.42–2.73) 1.46 (1.16–2.21) 2.11 (1.49–2.75) < 0.001 

g-CFR 2.54 (1.82–3.70) 1.86 (1.36–2.63) 2.69 (1.91–3.81) < 0.001 

Corrected g-CFR 2.17 (1.54–3.03) 1.60 (1.13–2.20) 2.25 (1.62–3.10) < 0.001 

LGE volume, cm3 9.3 (3.4–16.0) 12.3 (4.9–20.4) 9.1 (2.7–15.6) 0.005 

MVO presence, n (%) 142 (27.2) 24 (38.7) 118 (25.6) 0.043 

ACE-I: angiotensin-converting enzyme inhibitor; ACS: acute coronary syndrome; ARB: angiotensin receptor blocker; BP: blood pressure; CK: 

creatine kinase; CK-MB: creatine kinase-myocardial band; CMR: cine-magnetic resonance imaging; CSF: coronary sinus flow; EDV: end diastolic 

volume; EF, ejection fraction; eGFR: estimated glomerular filtration rate; ESV, end systolic volume; g-CFR: global coronary flow reserve; HbA1c: 

glycated hemoglobin; HDL-chol: high density lipoprotein cholesterol; hs-CRP: high sense c-reactive protein; LAD: left anterior descending 

coronary artery; LCx: left circumflex coronary artery; LDL-chol: low density lipoprotein cholesterol; LGE: late gadolinium enhancement; LVMI: 

left ventricular mass index; MACE: major adverse cardiac events; MI: myocardial infarction; MVO: Microvascular obstruction; NSTEMI: non-

ST-segment-elevation myocardial infarction; NT-proBNP: N-terminal pro-B-type natriuretic peptide; PCI: percutaneous coronary intervention; 

RCA: right coronary artery; STEMI: ST-segment-elevation myocardial infarction; TG: triglyceride; TIMI: thrombolysis in myocardial infarction  

Table S2. Clinical characteristics and CMR findings of patients without untreated functionally significant lesions. 



 

 

 

Total 

N = 490 

MACE (+) 

N = 55 

MACE (-) 

N = 435 

p value 

Demographics     

Age, y 65 ± 12 68 ± 10 65 ± 12 0.041 

Men, n (%) 396 (80.8) 45 (81.8) 351 (80.7) 0.840 

Body surface area, m2 24.1 ± 3.4 23.6 ± 3.1 24.2 ± 3.4 0.578 

Body mass index, kg m-2 1.699 ± 0.185 1.672 ± 0.165 1.703 ± 0.187 0.382 

Medical history, n (%)     

History of MI 52 (10.6) 10 (18.2) 42 (9.7) 0.028 

History of PCI 59 (12.0) 13 (23.6) 46 (10.6) < 0.001 

Hypertension, n (%) 303 (61.8) 35 (63.6) 268 (61.6) 0.771 



 

 

Hyperlipidemia, n (%) 237 (48.4) 26 (47.3) 211 (48.5) 0.863 

Diabetes mellitus, n (%) 173 (35.3) 20 (36.4) 153 (35.2) 0.862 

Current smoker, n (%) 201 (41.0) 17 (30.9) 184 (42.3) 0.106 

Family history, n (%) 52 (10.6) 4 (7.3) 48 (11.0) 0.393 

Prescription at the time of CMR, n 

(%): 

    

Statin, n (%) 415 (84.7) 54 (87.1) 412 (89.4) 0.155 

ACE-I or ARB, n (%) 371 (75.7) 45 (72.6) 353 (76.6) 0.830 

β-blocker, n (%) 339 (69.2) 46 (74.2) 320 (69.4) 0.769 

Calcium antagonist, n (%) 108 (22.0) 16 (25.8) 100 (21.7) 0.517 

ACS presentation     



 

 

Systolic BP at admission, 

mmHg 

142 ± 29 145 ± 25 141 ± 30 0.205 

Heart rate at admission, bpm 80 ± 20 81 ± 21 79 ± 19 0.455 

STEMI/NSTEMI 313 (63.9)/177 (36.1) 38 (69.1)/17 (30.9) 275 (63.2)/160 (36.8) 0.393 

Killip class    0.001 

Ⅰ 411 (83.9) 41 (74.5) 370 (85.1)  

Ⅱ 38 (7.8) 2 (3.6) 36 (8.3)  

Ⅲ 23 (4.7) 8 (14.5) 15 (3.4)  

Ⅳ 18 (3.7) 4 (7.3) 14 (3.2)  

Coronary angiography     



 

 

Culprit lesion location; 

RCA/LAD/LCx, n (%) 

164 (33.5)/252 (51.4)/74 

(15.1) 

23 (41.8)/23 (41.8)/9 (16.4) 

141 (32.4)/229 (52.7)/65 

(14.9) 

0.321 

TIMI flow grade at baseline    0.110 

0 219 (44.7) 23 (41.8) 196 (45.1)  

1 45 (9.2) 1 (1.8) 44 (10.1)  

2 108 (22.0) 17 (30.9) 91 (20.9)  

3 118 (24.1) 14 (25.5) 104 (23.9)  

TIMI flow grade at final    0.687 

0 2 (0.4) 0 (0) 2 (0.5)  

1 9 (1.8) 2 (3.6) 7 (1.6)  



 

 

2 52 (10.6) 5 (9.1) 47 (10.8)  

3 427 (87.1) 48 (87.3) 379 (87.1)  

Multivessel disease, n (%) 235 (48.0) 34 (61.8) 201 (46.2) 0.029 

Ad-hoc PCI of the non-infarct-

related artery during index 

procedure, n (%) 

17 (3.5) 2 (3.6) 15 (3.4) 0.943 

Staged PCI of the non-infarct-

related artery during index 

hospitalization, n (%) 

120 (24.5) 16 (29.1) 104 (23.9) 0.400 

Laboratory data     

T-chol, mg dL-1 179 (154–212) 172 (150–200) 181 (155–214) 0.092 



 

 

LDL-chol, mg dL-1 112 (88–135) 107 (88–132) 112 (88–136) 0.418 

HDL-chol, mg dL-1 44 (37–52) 41 (35–46) 45 (37–52) 0.112 

TG, mg dL-1 112 (75–166) 101 (76–145) 116 (74–168) 0.213 

Creatinine, mg dL-1 0.84 (0.71–0.98) 0.91 (0.77–1.04) 0.84 (0.70–0.97) 0.122 

eGFR, ml min-1 1.73 m-2 68.7 (57.7–81.3) 64.5 (53.1–76.7) 69.5 (58.3–82.1) 0.053 

HbA1c, % 6.0 (5.6–6.8) 6.2 (5.6–7.0) 6.0 (5.6–6.8) 0.616 

NT-proBNP, ng L-1 371 (131–1040) 982 (287–2455) 341 (117–930) < 0.001 

Peak CK, IU L-1 1287 (298–2976) 1687 (316–3350) 1274 (298–2885) 0.573 

Peak CK-MB, IU L-1 118 (29–283) 148 (28–378) 116 (29–280) 0.552 

hs-CRP, mg dL-1 0.220 (0.090–0.730) 0.390 (0.123–1.140) 0.200 (0.090–0.690) 0.047 



 

 

CMR indices     

EDV, mL 118.0 (97.3–139.9) 126.9 (102.3–157.9) 117.0 (96.4–139.4) 0.029 

ESV, mL 51.2 (38.7–71.7) 63.4 (42.3–97.1) 50.8 (38.4–69.2) 0.013 

LVMI, g m-2 82.2 (69.4–94.9) 91.4 (78.0–106.2) 81.4 (68.6–92.7) < 0.001 

EF, % 55.7 (46.2–63.3) 50.8 (38.0–61.7) 56.0 (47.9–63.3) 0.025 

CSF at rest, ml min-1 108.2 (79.7–143.4) 122.3 (100.8–170.8) 105.9 (77.7–141.9) 0.012 

CSF at rest, ml min-1 g-1 0.79 (0.55–1.05) 0.86 (0.68–1.02) 0.78 (0.55–1.05) 0.254 

Corrected CSF at rest, ml min-1 130.1 (93.3–177.3) 145.4 (113.1–198.5) 128.2 (91.4–175.5) 0.024 

Corrected CSF at rest, ml min-1 g-

1 

0.94 (0.68–1.26) 0.95 (0.80–1.28) 0.94 (0.67–1.25) 0.497 

CSF at hyperemia, ml min-1 290.3 (209.9–364.2) 260.4 (184.0–322.4) 294.3 (213.9–368.3) 0.021 



 

 

CSF at hyperemia, ml min-1 g-1 2.06 (1.44–2.73) 1.45 (1.17–2.29) 2.14 (1.52–2.78) < 0.001 

g-CFR 2.58 (1.84–3.73) 1.90 (1.36–2.84) 2.70 (1.93–3.82) < 0.001 

Corrected g-CFR 2.18 (1.56–3.05) 1.64 (1.13–2.31) 2.27 (1.63–3.12) < 0.001 

LGE volume, cm3 9.3 (3.3–16.0) 12.4 (4.85–20.4) 9.1 (2.9–15.7) 0.006 

MVO presence, n (%) 137 (28.7) 22 (40.0) 115 (26.4) 0.051 

ACE-I: angiotensin-converting enzyme inhibitor; ACS: acute coronary syndrome; ARB: angiotensin receptor blocker; BP: blood pressure; CK: 

creatine kinase; CK-MB: creatine kinase-myocardial band; CMR: cine-magnetic resonance imaging; CSF: coronary sinus flow; EDV: end diastolic 

volume; EF, ejection fraction; eGFR: estimated glomerular filtration rate; ESV, end systolic volume; g-CFR: global coronary flow reserve; HbA1c: 

glycated hemoglobin; HDL-chol: high density lipoprotein cholesterol; hs-CRP: high sense c-reactive protein; LAD: left anterior descending 

coronary artery; LCx: left circumflex coronary artery; LDL-chol: low density lipoprotein cholesterol; LGE: late gadolinium enhancement; LVMI: 

left ventricular mass index; MACE: major adverse cardiac events; MI: myocardial infarction; MVO: Microvascular obstruction; NSTEMI: non-



 

 

ST-segment-elevation myocardial infarction; NT-proBNP: N-terminal pro-B-type natriuretic peptide; PCI: percutaneous coronary intervention; 

RCA: right coronary artery; STEMI: ST-segment-elevation myocardial infarction; TG: triglyceride; TIMI: thrombolysis in myocardial infarction  



Table S3. Cox proportional-hazard regression analysis of MACE in the whole population. 

 Univariable analysis  Multivariable analysis 1 

  HR 95% CI p value  HR 95% CI p value 

Age, y 1.03 1.01–1.06 0.012   1.02 0.99–1.04 0.204 

Prior MI 1.85 0.98–3.48 0.056     

Killip class 3 or 4 2.66 1.47–4.83 0.001  1.36 0.70–2.64 0.319 

TIMI flow grade at baseline: 0 0.87 0.52–1.43 0.572     

TIMI flow grade at final < 3 0.80 0.38–1.69 0.558     

Multivessel disease 1.60 0.94–2.70 0.082     

eGFR, ml min-1 1.73 m-2 0.99 0.97–1.00 0.043  1.00 0.98–1.01 0.421 

log (NT-proBNP) 1.41 1.19–1.68 < 0.001  1.24 1.03–1.49 0.020 

CRP, mg dL -1 1.08 0.94–1.24 0.271     



 

 

LVMI, g/m2 1.02 1.01–1.03 < 0.001  1.01 1.00–1.02 0.050 

EF, % 0.99 0.97–1.01 0.333     

CSF at hyperemia, ml/min/g 0.58 0.43–0.80 0.001    

Not 

selected 

Corrected g-CFR 0.56 0.42–0.75 < 0.001  0.62 0.47–0.82 0.001 

LGE volume, cm3 1.03 1.01–1.05 0.003  1.02 0.99–1.04 0.233 

MVO presence 0.79 0.43–1.42 0.425     

Concordantly impaired h-CSF and 

g-CFR 

3.16 1.91–5.22 < 0.001    

Not 

selected 

 

 Multivariable analysis 2  Multivariable analysis 3 



 

 

  HR 95% CI p value  HR 95% CI p value 

Age, y 1.02 1.00–1.05 0.115   1.02 0.99–1.04 0.243 

Prior MI        

Killip class 3 or 4 1.47 0.75–2.87 0.261  1.32 0.67–2.62 0.201 

TIMI flow grade at baseline: 0        

TIMI flow grade at final < 3        

Multivessel disease        

eGFR, ml min-1 1.73 m-2 1.00 0.98–1.01 0.691  1.00 0.98–1.01 0.381 

log (NT-proBNP) 1.35 1.13–1.61 0.001  1.36 1.14–1.62 0.001 

CRP, mg dL -1        

LVMI, g/m2 1.01 0.99–1.02 0.370  1.01 1.001.02 0.105 



 

 

EF, %        

CSF at hyperemia, ml/min/g 0.64 0.47–0.88 0.005    

Not 

selected 

Corrected g-CFR   

Not 

selected 

   

Not 

selected 

LGE volume, cm3 1.02 0.99–1.04 0.161  1.02 0.99–1.04 0.146 

MVO presence        

Concordantly impaired h-CSF and 

g-CFR 

  

Not 

selected 

 2.80 1.68–4.65 < 0.001 

 

 

 



 

 

Table S4. Cox proportional-hazard regression analysis of MACE in the setting of STEMI. 

 Univariable analysis  

 

Multivariable analysis 1 

  HR 95% CI p value  HR 95% CI p value 

Age, y 1.02 0.99–1.05 0.244     

Prior MI 2.34 1.03–5.29 0.042     

Killip class 3 or 4 3.14 1.60–6.18 0.001  1.69 0.76–3.78 0.200 

TIMI flow grade at baseline: 0 0.80 0.43–1.49 0.485     

TIMI flow grade at final < 3 0.97 0.45–2.11 0.941     

Multivessel disease 1.46 0.77–2.75 0.242     

eGFR, ml min-1 1.73 m-2 1.00 0.98–1.01 0.646     

log (NT-proBNP) 1.31 1.05–1.64 0.016  1.099 0.87–1.39 0.425 



 

 

CRP, mg dL -1 0.98 0.77–1.24 0.854     

LVMI, g/m2 1.03 1.02–1.04 < 0.001  1.03 1.02–1.04 < 0.001 

EF, % 1.00 0.97–1.01 0.327     

CSF at hyperemia, ml/min/g 0.56 0.36–0.84 0.006    

Not 

selected 

Corrected g-CFR 0.65 0.47–0.90 0.009  0.67 0.49–0.92 0.012 

LGE volume, cm3 1.03 1.01–1.06 0.013  1.02 0.99–1.05 0.328 

MVO presence 0.89 0.46–1.72 0.727     

Concordantly impaired h-CSF and 

g-CFR 

2.55 1.35–4.82 0.004    

Not 

selected 

  



 

 

 Multivariable analysis 2  

 

Multivariable analysis 3 

  HR 95% CI p value  HR 95% CI p value 

Age, y        

Prior MI        

Killip class 3 or 4 3.10 1.57–6.09 0.103  1.742 0.779–3.892 0.180 

TIMI flow grade at baseline: 0        

TIMI flow grade at final < 3        

Multivessel disease        

eGFR, ml min-1 1.73 m-2        

log (NT-proBNP) 1.15 0.91–1.44 0.150  1.121 0.884–1.421 0.354 

CRP, mg dL -1        



 

 

LVMI, g/m2 1.03 1.02–1.04 < 0.001  1.03 1.01–1.04 < 0.001 

EF, %        

CSF at hyperemia, ml/min/g 0.56 0.37–0.85 0.007    

Not 

selected 

Corrected g-CFR   

Not 

selected 

   

Not 

selected 

LGE volume, cm3 1.02 0.99–1.05 0.087  1.02 0.98–1.05 0.373 

MVO presence 0.56 0.37–0.85 0.007    

Not 

selected 

Concordantly impaired h-CSF and 

g-CFR 

  

Not 

selected 

 2.16 1.14–4.11 0.018 

Table S5. Cox proportional-hazard regression analysis of MACE in the setting of NSTEMI. 



 

 

 Univariable analysis  

 

Multivariable analysis 1 

  HR 95% CI p value  HR 95% CI p value 

Age, y 1.06 1.01–1.11 0.010  1.05 1.00–1.09 0.059 

Prior MI 1.36 0.50–3.69 0.547     

Killip class 3 or 4 1.56 0.36–6.67 0.553     

TIMI flow grade at baseline: 0 0.98 0.33–2.89 0.965     

TIMI flow grade at final < 3 0.05 0.00–85.38 0.420     

Multivessel disease 2.08 0.77–5.65 0.150     

eGFR, ml min-1 1.73 m-2 0.97 0.95–0.99 0.008     

log (NT-proBNP) 1.55 1.20–2.02 0.001  1.38 1.05–1.81 0.023 

CRP, mg dL -1 1.18 1.00–1.38 0.052     



 

 

LVMI, g/m2 1.01 0.99–1.02 0.492     

EF, % 1.00 0.96–1.03 0.763     

CSF at hyperemia, ml/min/g 0.62 0.38–1.01 0.053    

Not 

selected 

Corrected g-CFR 0.40 0.22–0.70 0.001  0.46 0.26–0.83 0.010 

LGE volume, cm3 1.04 1.00–1.08 0.049     

MVO presence 0.33 0.04–2.46 0.280     

Concordantly impaired h-CSF and 

g-CFR 

4.57 1.98–10.53 < 0.001    

Not 

selected 

  



 

 

 Multivariable analysis 2  

 

Multivariable analysis 3 

  HR 95% CI p value  HR 95% CI p value 

Age, y 1.05 1.00–1.10 0.074  1.05 1.01–1.10 0.018 

Prior MI        

Killip class 3 or 4        

TIMI flow grade at baseline: 0        

TIMI flow grade at final < 3        

Multivessel disease        

eGFR, ml min-1 1.73 m-2        

log (NT-proBNP) 1.55 1.20–2.02 0.001  1.26 0.94–1.68 0.132 

CRP, mg dL-1        



 

 

LVMI, g/m2        

EF, %        

CSF at hyperemia, ml/min/g 0.70 0.43–1.13 0.141    

Not 

selected 

Corrected g-CFR   

Not 

selected 

   

Not 

selected 

LGE volume, cm3        

MVO presence        

Concordantly impaired h-CSF and 

g-CFR 

  

Not 

selected 

 4.19 1.81–9.73 0.001 

CI: confidence interval; CRP: c-reactive protein; CSF: coronary sinus flow; EF: ejection fraction; eGFR: estimated glomerular filtration rate; g-

CFR: global coronary flow reserve; HR: hazard ratio; h-CSF: hyperemic coronary sinus flow; LGE: late gadolinium enhancement; LVMI: left 



 

 

ventricular mass index; MACE: major adverse cardiac events; MI: myocardial infarction; MVO: Microvascular obstruction; NSTEMI: non ST-

segment-elevation myocardial infarction; NT-proBNP: N-terminal pro-B-type natriuretic peptide; STEMI: ST-segment-elevation myocardial 

infarction 
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