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Background: The impairment of microvascular injury on prognosis has increasingly drawn
extensive awareness along with the high morbidity and mortality of ST-segment elevation
myocardial infarction (STEMI) over recent years. The prognostic significance of computational
pressure-fluid dynamics applied to index of microcirculatory resistance, derived from coronary
angiography (CPFD-caIMR) in microvascular injury evaluation of STEMI patients remained
inconclusive.

Methods: A total of 213 patients who met the inclusion criteria were selected retrospectively
from 1003 STEMI patients from February 2018 to February 2020. Propensity score matching
(PSM) was thereafter finished. CPFD-caIMR of all patients was obtained off-line using the
software (FlashAngio, Rainmed Ltd., Suzhou, China) after PPCI. The primary endpoint was to
compare the CPFD-caIMR and the incidence of major adverse cardiovascular events (MACEs)
between drug-coated balloons (DCB) and drug-eluting stents (DES) groups. The correlation
between CPFD-caIMR and MACEs was analyzed, and the prognosis of patients with STEMI
was evaluated by CPFD-caIMR by multivariate regression analysis.

Results: Totally 213 STEMI patients with successful primary percutaneous coronary
intervention (PPCI) were included, of whom 84 patients accepted DCB and 129 patients
accepted DES respectively. Baseline characteristics and CPFD-caIMR were comparable
between DCB and DES groups after PSM (62 patients in each group). CPFD-caIMR was
not significantly different between two groups (DES vs. DCB: mean difference: 2.26, 95% CI
-4.05 to 8.57, p = 0.45), and sowas it when re-grouped bywhether CPFD-caIMR > 40U or not
(DES vs. DCB: 34.17% vs. 27.16%, p = 0.29). After a follow-up of 1 year, more MACEs
occurred in DES group than DCB group (relative risk: 2.50, 95%CI 1.04 to 6.02, p = 0.04). The
predictors of MACEs by multi-variate analysis found that, only time from symptom to balloon
(p = 0.03) and time from door to balloon (p < 0.01) were independent predictors of MACEs,
independent of treatment with DCB or DES intervention. Furthermore, CPFD-caIMR > 40U
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became an independent predictor of the combined events including cardiovascular deaths or
heart failure readmission irrespective of PSM (odds ratio: 4.07, 95%CI: 1.06 to 7.66, p = 0.04).

Conclusion: CPFD-caIMR was a promising method for prognosis, which can predict CV
death or heart failure readmission in STEMI patients. DCB was a possible strategy in PPCI
of STEMI patients, not inferior to DES based on microvascular injury evaluated by CPFD-
caIMR.

Keywords: computational pressure-fluid dynamics derived index of microcirculatory resistance, drug-coated
balloon, ST-segment elevation myocardial infarction, primary percutaneous coronary intervention, retrospective
study, major adverse cardiovascular event

INTRODUCTION

Microvascular injury is closely related to the prognosis of ST-
segment elevation myocardial infarction (STEMI) (Alekseeva
et al., 2021). Although the blood flow of criminal vessels is
restored to Thrombolysis in myocardial infarction (TIMI)
Level 3 after primary percutaneous coronary intervention
(PPCI), the myocardium perfusion may not effectively
resume with existence of coronary microvascular injury
(Jaski et al., 2016). Index of microcirculatory resistance
(IMR) was reported as a good index to reflect coronary
microcirculation and predict the prognosis of STEMI
(Cuculi et al., 2014; Carrick et al., 2016). But it was still
perceived as a research tool and its application within
clinical practice remains extremely limited due to a complex
guide wire measurement, at the state of maximum hyperemia
taking the risk of hypotension and arrhythmia (Geng et al.,
2022). Computational pressure-fluid dynamics derived index
of microcirculatory resistance, applied to coronary
angiography (CAG, CPFD-caIMR), without extra steps, was
proved to have high correlation and diagnostic accuracy with
invasive IMR measured by traditional guidewire (Choi et al.,
2021). A non-invasive method utilizing computational fluid
dynamics to derive caIMR presented a high accuracy (Abuouf
et al., 2021). Nowadays there has been rare studies elucidating
the effectiveness of drug-coated balloon (DCB) treatment on
the prognosis of STEMI patients with PPCI based on
microvascular injury evaluation by CPFD-caIMR.

The occurrence of in-stent restenosis (ISR), late stent
thrombosis and bleeding caused by long-term dual
antiplatelet therapy (DAPT) gave rise to the new concept of
“intervention without implantation” which was first emerging
in Europe (De Luca et al., 2008; Neumann et al., 2019; Her
et al., 2021). DCB can release effective therapeutic
concentration of drugs at the lesion site for a short
adherent time, thereby reducing restenosis without leaving
foreign objects in the blood vessel (Aboyans et al., 2018). DCB
was thereafter recommended as a strategy for coronary artery
and peripheral vessels diseases. (Neumann et al., 2019; Her
et al., 2021). However, DCB has not been recommended as an
alternative of drug-eluting stent (DES) in the high-risk
conditions like STEMI (De Luca et al., 2008), (Vos et al.,
2014; Ho et al., 2015; Nijhoff et al., 2015; Gobić et al., 2017).
From already published randomized controlled trials (RCTs)

performed in STEMI patients, DCB presented no significant
difference of major adverse cardiovascular events (MACEs)
and late lumen loss versus DES with a follow-up of both 1 year
and 2 years in the REVELATION trial (Vos et al., 2019; Niehe
et al., 2022). Similar results were also manifested from another
study with a follow-up of 6 mon (Gobić et al., 2017). The
above-mentioned results suggested the potential effectiveness
of DCB on the prognosis of STEMI patients, which was not
inferior to DES in STEMI.

In this study, we intended to assess the effects of DCB on
short and long-term prognosis in STEMI patients receiving
PPCI by measuring CPFD-caIMR after PPCI, to assess the
relationship between CPFD-caIMR and MACEs, and to
determine the predictors of MACEs.

MATERIALS AND METHODS

Study Design
This study is a retrospective controlled cohort study. 1003
STEMI patients who underwent PPCI in the Affiliated
Hospital of Xuzhou Medical University of China from
February 2018 to February 2020 were selected. After strict
screening, a total of 213 patients were finally included. Among
them, 129 patients were treated by DES and 84 patients were
treated by DCB. After 1:1 propensity score matching (PSM), 62
patients from each group who matched baseline characteristics
were re-analyzed.

Study Population and Eligibility
Patients were included if 1) STEMI was diagnosed according to
current guidelines (Ibanez et al., 2018); 2) Spontaneous
reperfusion of the infarct-related artery (IRA) confirmed by
CAG or low-burden thrombus after percutaneous transluminal
coronary angioplasty (PTCA) and patients accepted successful
PPCI; 3) with complete and available follow-up more than a year;
4) the quality of angiography images met requirements of
reconstruction.

Patients were excluded if they are combined with: 1) history of
PCI or coronary artery bypass grafting; 2) severe liver and renal
dysfunction; 3) occlusive lesions or severe distorted calcified
lesions; 4) iodine contrast agent allergy or contraindication of
adenosine drugs; 5) severe coagulation dysfunction or
hemorrhagic diseases; 6) target lesions involving myocardial
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bridge; 7) lesions located within 3 mm (excluding 3 mm) at the
ostial of the ascending aorta.

Study Procedures
PPCI Procedure
The medical treatments were performed by the same team,
according to updated guidelines of STEMI (Ibanez et al., 2018).
All patients administered the loading doses of DAPT before
the surgery and received PPCI within 90 min after first medical
contact (Neumann et al., 2019). Trans-radial or femoral artery
was punctured and catheterized to conduct coronary
angiography. During the procedure, IRA was merely
intervened, using a 70–100 u/kg dosage of unfractionated
heparin. GPIIB/IIIA receptor antagonists depended on the
individual situation. Patients were selected if lesions had
spontaneous reperfusion of the IRA or low-burden
thrombus after PTCA confirmed by CAG. And all patients
gave the written informed consent in the PPCI process.

The procedure of DCB group: After adequate pre-dilation,
200 ug nitroglycerin was injected to the IRA until the blood flow

was restored to TIMI grade 3, with less than 20% residual stenosis
and without dissection or dissection below type B. The size of
DCB was determined by the diameter of the normal segment of
IRA The ratio of the DCB diameter to the artery diameter was 1.0-
1.1:1, and the length of DCB should be 3–5 mm beyond the target
lesion, with dilation lasting from 40 to 60 s. Considering the
comparability of follow-up, patients using Sequent Please DCBs
were only selected in this study (B. Braun, Melsungen, Germany).
Success criteria: the blood flow of IRA reached TIMI grade 3,
residual stenosis less than 20%.

The procedure of DES group: After catheterization, the
lesion was first treated by pre-dilated balloon with a low
pressure (8–12 atm), using the double guide wire or cutting
balloon for adequate dilation if necessary. Then 200 ug
nitroglycerin was injected to the IRA and angiography was
repeated. The size of DES accorded with the diameter of the
IRA. The ratio of stent diameter to target artery diameter was
1.1-1.2:1.0. In case of stent malapposition observed from
repeated angiography, the non-compliant balloon would be
used for post-dilation. The second-generation DES was used

FIGURE 1 | (A), pre-surgery angiography; (B), post-surgery of DCB; (C), the patient’s post-operative caFFR was normal and caIMR was high (caFFR = 0.92,
caIMR = 42.1). After 6 months of follow-up, the patient had myocardial infarction again.; (D), pre-surgery angiography; (E), post-surgery of DES; (F), the patient’s
postoperative caFFR and caIMR (caFFR = 0.91, caIMR = 22.8) were normal and no MACEs events occurred in 1.5 years of follow-up. Abbreviations: caFFR, coronary
angiography-derived fractional flow reserve; caIMR, coronary-angiography-derived index of microcirculatory resistance; DES, drug-eluting stents; DCB, drug-
coated balloons; MACE, major adverse cardiovascular events.
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FIGURE 2 | The flow-chart of the study in detail. Abbreviations: STEMI, ST-segment elevation myocardial infarction; PCI, percutaneous coronary intervention;
CPFD, computational pressure-fluid dynamics; caIMR, coronary-angiography-derived index of microcirculatory resistance; DES, drug-eluting stents; DCB, drug-coated
balloons; MACE, major adverse cardiovascular events.
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TABLE 1 | Baseline characteristics of the study population.

Variable Group DES Group DCB p value Total

General characteristics N = 129 N = 84 N = 213
Age, y, Mean (SD) 56.91 (12.27) 60.52 (14.11) 0.05 58.34 (13.11)
Males, n (%) 109 (84.50) 70 (83.33) 0.85 179 (84.04)
Systolic BP, mmHg, Mean (SD) 123.15 (17.93) 131.04 (18.32) <0.01 126.26 (18.45)
Heart rate, /min, Mean (SD) 79.40 (15.92) 75.57 (15.13) 0.08 77.89 (15.69)
Body mass index, kg/m2, Mean (SD) 25.94 (4.74) 25.06 (3.22) 0.14 25.59 (4.22)
Hypertension, n (%) 68 (52.71) 37 (44.05) 0.26 105 (49.30)
Diabetes, n (%) 19 (14.73) 19 (22.62) 0.15 38 (17.84)
Smoking, n (%) 68 (52.71) 37 (44.05) 0.26 105 (49.30)
Time from symptom to balloon, hours, Mean (SD) 6.56 (3.44) 7.30 (2.98) 0.11 6.85 (3.28)
Killip level, n (%)
I 116 (89.92) 78 (92.86) 0.33 194 (91.08)
II 8 (6.20) 4 (4.76) 12 (5.63)
III 2 (1.55) 2 (2.38) 4 (1.89)
IV 3 (2.33) 0 3 (1.41)

Baseline LVEF and biomarkers
LVEF, %, Mean (SD) 49.13 (9.88) 56.54 (7.56) <0.01 52.05 (9.72)
Peak hsTnT, ng/L, Median (IQR) 3543.00 (4483.00) 1636.00 (4371.75) <0.01 2847.00 (4656.50)
Peak CK-MB, ng/L, Median (IQR) 104.91 (163.25) 71.85 (105.09) 0.11 88.79 (144.67)
CRP, Mean (SD) 12.49 (11.26) 10.70 (9.08) 0.22 11.78 (10.47)
Serum Creatinine, umol/L, Mean (SD) 69.12 (13.36) 66.93 (19.18) 0.33 68.26 (15.91)
LDL-C, mmol/L, Mean (SD) 2.72 (0.93) 2.50 (0.81) 0.08 2.63 (0.89)

Medication, n (%)
Asprin 124 (100) 89 (100) NA 213 (100)
P2Y12 inhibitors 124 (100) 89 (100) NA 213 (100)
Statins 127 (98.45) 81 (96.43) 0.39 208 (97.65)
Beta-blocker 117 (90.70) 67 (79.76) 0.03 184 (86.38)
RAASI 97 (75.19) 54 (64.29) 0.09 151 (70.89)
IV diuretics 61 (47.29) 17 (20.24) <0.01 78 (36.62)

DES, drug-eluting stents; DCB, drug-coated balloons; SD, standard deviation; IQR, inter-quartile range; BP, blood pressure; PCI, percutaneous coronary intervention; AMI, acute
myocardial infarction; LVEF, left ventricular ejection fraction; hsTnT, high sensitivity troponin T; CK-MB, MB isoenzyme of creatine kinase; CRP, C-reactive protein; LDL-C, low-density
lipoprotein cholesterol; RAASI, renin-angiotensin-aldosterone system inhibitor; IV diuretics, Intravenous diuretics; NA, not available.

TABLE 2 | Characteristics of PPCI process of the study population.

Variable Group DES Group DCB p value Total

N = 129 N = 84 N = 213

CPFD-caIMR, Mean (SD)a 36.49 (21.04) 34.23 (23.91) 0.48 35.58 (22.21)
CPFD-caIMR>40, n (%)a 41 (34.17) 22 (27.16) 0.29 63 (31.34)
Time from Door to balloon, minutes, Mean (SD) 70.36 (14.16) 62.18 (16.44) <0.01 67.13 (15.59)
Criminal vessel, n (%)
Left anterior descending 59 (45.70) 31 (36.90) 0.08 90 (42.30)
Left circumflex 17 (13.18) 21 (25.00) 38 (17.80)
Right coronary artery 53 (41.10) 32 (38.10) 85 (39.90)
Multi coronary artery lesions, n (%) 81 (62.79) 51 (60.71) 0.77 132 (61.97)
IABP, n (%) 3 (2.33) 0 0.28 3 (1.41)
Pre-dilated balloon diameter, mm, Mean (SD) 2.16 (0.28) 2.64 (0.57) <0.01 2.35 (0.48)
Pre-dilated balloon pressure, atm, Mean (SD) 9.69 (2.04) 9.69 (2.35) 0.17 9.69 (2.17)
DES/DCB diameter, mm, Mean (SD) 3.09 (0.44) 2.74 (0.55) 0.01 2.95 (0.51)
DES/DCB length, mm, Mean (SD) 27.57 (6.61) 24.63 (5.59) 0.14 26.41 (6.38)
DES/DCB dilation released pressure, atm, Mean (SD) 11.74 (2.35) 9.56 (2.47) 0.76 10.88 (2.62)
DES/DCB dilation duration, second, Mean (SD) 11.01 (8.28) 67.80 (17.82) <0.01 33.40 (30.65)

aDES group included 121 patients; DCB groups included 80 patients.
PPCI, primary percutaneous coronary intervention; caIMR, coronary-angiography-derived index of microcirculatory resistance; DES, drug-eluting stents; DCB, drug-coated balloons; SD,
standard deviation; IABP, intra-aortic balloon pump; NA, not available.
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FIGURE 3 | MACEs comparing DES and DCB groups. (A). MACEs comparing DES and DCB groups before propensity score matching. (B). MACEs comparing
DES and DCB groups after propensity score matching. (C). MACEs comparing caIMR ≤ 40U and caIMR >40U in group DES. (D). MACEs comparing caIMR ≤ 40U and
caIMR >40U in group DCB. Abbreviations: DES, drug-eluting stents; DCB, drug-coated balloons; caIMR, coronary-angiography-derived index of microcirculatory
resistance; MACE, major adverse cardiovascular events; CV, cardiovascular; HF, heart failure; AMI, acute myocardial infarction; UA, unstable angina; CI,
confidence interval.
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and no significant difference both in ischemia and bleeding
risk was observed before between different kinds of DES
(Schapiro-Dufour et al., 2019).

After successful surgery, patients were transferred to coronary
care unit (CCU) after surgery for continuously intensive drug
therapy.

CPFD-CaIMR Examination Procedure
The CPFD-IMR measurement was conducted using the software
(FlashAngio, Rainmed Ltd., Suzhou, China, Figure 1) as described
before (Ai et al., 2020). In brief, a three-dimensional reconstruction
of coronary arteries was firstly conducted for the target vessels,
followed by the estimation of caIMR by CPFD with a validated
method (Li et al., 2020).

After DCB or DES treatment, nitroglycerin was injected.
After exposure for 1 s, the contrast agent was injected to IRA at
a speed of 4 ml/s. The image recording rate was 15 frames/s,
and the contrast agent was stably injected for ≥3 cardiac cycles.
Angiographic images of two postures were selected through
FlashAngio IMR system (the angle between the included two
postures ≥30°), generating a three-dimensional model of the
targeted coronary artery. Meanwhile, a 3-dimensional mesh
reconstruction of the coronary artery was generated along the
vessel path from the inlet to the distal segment of the target

vessel. We computed the diastolic flow velocity (Vdiastole) by
the TIMI Frame Count Method, i.e., diastolic flow velocity =
(contrast passing length)/(diastolic time interval), where
contrast passing length was the distance that contrast moves
in 3D reconstructed coronary arteries during the period of
diastole. The choose of diastolic phase was determined based
on the motion of the guide catheter tip.

Using the fully automatic coronary angiography-based
FlashAngio IMR system (including FlashAngio IMR console,
FlashAngio IMR software, and FlashPressure IMR pressure
transducer; Rainmed Ltd., Suzhou, China), a novel
physiological parameter, caIMR (unit: mmHg·s/mm), is
calculated as follows:

caIMR � (Pa)hyp · caFFR · L/K · Vdiastole (1)
where: caFFR � (Pd)hyp/(Pa)hyp (2)

caFFR is the coronary angiography-derived fractional flow
reserve (Ai et al., 2020; Li et al., 2020) that was verified to
have a high accuracy compared with wire-based FFR in the
previous study, from which we can get:

(Pd)hyp � (Pa)hyp · caFFR (3)

TABLE 3 | Baseline characteristics of the study population grouped by MACEs.

Variable N-MACE MACE p value

General characteristics N = 180 N = 33
Age, y, Mean (SD) 57.53 (12.92) 62.76 (13.50) 0.04
Males, n (%) 155 (86.11) 24 (72.73) 0.07
Systolic BP, mmHg, Mean (SD) 125.26 (17.71) 131.73 (21.55) 0.06
Heart rate, /min, Mean (SD) 78.47 (15.98) 74.73 (13.78) 0.21
Body mass index, kg/m2, Mean (SD) 25.74 (4.33) 24.80 (3.51) 0.24
Hypertension, n (%) 85 (47.22) 20 (60.61) 0.19
Diabetes, n (%) 33 (18.33) 5 (15.15) 0.81
Smoking, n (%) 88 (48.89) 17 (51.52) 0.85
Time from symptom to balloon, hours, Mean (SD) 6.37 (3.18) 9.47 (2.48) <0.01
Killip level, n (%)
I 164 (91.11) 30 (90.91) 0.84
II 10 (5.56) 2 (6.06)
III 3 (1.67) 1 (3.03)
IV 3 (1.67) 0

Baseline LVEF and biomarkers
LVEF, %, Mean (SD) 53.07 (9.44) 46.52 (9.48) <0.01
Peak hsTnT, ng/L, Median (IQR) 2934.50 (4872.75) 3011.44 (4493.50) 0.32
Peak CK-MB, ng/L, Median (IQR) 67.96 (100.12) 220.00 (153.85) <0.01
CRP, Mean (SD) 11.90 (10.67) 11.15 (9.39) 0.71
Serum Creatinine, umol/L, Mean (SD) 68.79 (15.90) 65.33 (15.844) 0.25
LDL-C, mmol/L, Mean (SD) 2.61 (0.90) 2.74 (0.86) 0.45

Medication, n (%)
Asprin 180 (100) 33 (100) NA
P2Y12 inhibitors 180 (100) 33 (100) NA
Statins 175 (97.22) 33 (100) 0.99
Beta-blocker 154 (85.56) 30 (90.91) 0.58
RAASI 97 (53.88) 54 (64.29) 0.09
IV diuretics 62 (34.44) 16 (48.48) 0.17

DES, drug-eluting stents; DCB, drug-coated balloons; SD, standard deviation; IQR, inter-quartile range; BP, blood pressure; PCI, percutaneous coronary intervention; AMI, acute
myocardial infarction; LVEF, left ventricular ejection fraction; hsTnT, high sensitivity troponin T; CK-MB, MB isoenzyme of creatine kinase; CRP, C-reactive protein; LDL-C, low-density
lipoprotein cholesterol; RAASI, renin-angiotensin-aldosterone system inhibitor; IV diuretics, Intravenous diuretics; NA, not available.
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and(Pd)hyp � (Pa)hyp − ΔP (4)
(Pa)hyp and (Pd)hyp is the mean pressure (unit: mmHg) at the
aorta and the distal position at the maximal hyperemia
respectively, the subscript “hyp” of (Pd)hyp, (Pa)hyp refers to
maximal hyperemia state, ΔP is the pressure drop along the
coronary artery from the inlet to the most distal location; L is a
constant that mimics the length from the inlet to the distal
position, labeled with two pressure sensors on a pressure wire
(L � 75 mm); Vdiastole is the mean flow velocity (unit: mm/s) at
diastole, and K, obtained from a previous literature, (Choi et al.,
2021) is a constant (K = 1.1) proposed to mimics the flow velocity
at the maximal hyperemia:

Vhyp � K · Vdiastole (5)
Vhyp refers to the mean flow velocity (unit: mm/s) at the distal
position at the maximal hyperemia.

According to formulations (Eqs 1, 3, 4), we can deduce:

caIMR � ((Pa)hyp − ΔP) p L/K · Vdiastole (6)
(Pa)hyp is the maximal hyperemic mean aortic pressure; a
pressure sensor was connected to the FlashAngio IMR system
to record 3~8 circles of the pressures wave during the
angiography, by averaging the pressure, we can get mean
aortic pressure (MAP), based on which (Pa)hyp, equals to
MAP-MAP*0.2 when MAP ≥95 mmHg and MAP-MAP*0.15
when MAP <95 mmHg (Li et al., 2020).

To compute the pressure drop ΔP, a specially-designed
CPFD model was carried out to do the steady-state laminar
flow simulation across the stenotic blood vessel, Vhyp

calculated from formular (Eq. 5) was used as the inlet

boundary condition to solve Navier-Stokes and continuity
equations in the FlashAngio IMR system:

∇ · V̂ � 0 (7)

ρ zV̂
zt

+ ρV̂ · ∇V̂ � −∇P + ∇ · μ⎛⎝∇V̂ + (∇ · V̂)T⎞⎠ (8)

where V̂, P, ρ, and μ represent the velocity, pressure, blood mass
density, and viscosity, respectively. ΔP was obtained by
integrating over each grid.

All the CPFD-caIMR metrics were analyzed offline in a
core lab (Ai et al., 2020; Li et al., 2020; Choi et al., 2021).
Normal reference range for STEMI patients was: CPFD-
caIMR ≤ 40U.

Study Outcomes
Patients were included with a follow-up of at least 12 months.
Primary and secondary endpoints were recorded detailly.

The primary endpoint included: 1) difference of CPFD-caIMR
between DES and DCB groups and 2) comparing MACEs
incidence (cardiovascular or all-cause deaths, non-fatal MI,
recurrent unstable angina pectoris (UA), revascularization
including target vessel reconstruction, heart failure
readmission) between DES and DCB group.

The secondary endpoints included: 1) CPFD-caIMR
predicting effects on MACEs and 2) the determination of
predictors for MACEs.

Subgroup Analyses
According to MACEs results, patients were divided into non-
MACEs or MACEs groups to find possible predictors
including CPFD-caIMR. And according to the cutoff value

TABLE 4 | Characteristics of PPCI process of the study population grouped by MACEs.

Variable N-MACE MACE p value

N = 180 N = 33

DCB Intervention, n (%) 72 (40.00) 12 (36.36) 0.85
caIMR, Mean (SD)a 35.70 (22.39) 34.92 (21.55) 0.85
caIMR>40, n (%)a 53 (31.36) 10 (31.25) 0.99
Door to balloon, minutes, Mean (SD) 63.42 (13.82) 87.36 (6.42) <0.01
Criminal vessel, n (%)
Left anterior descending 72 (40.00) 18 (54.50) 0.28
Left circumflex 34 (18.90) 4 (12.12)
Right coronary artery 74 (41.10) 11 (33.33)
Multi coronary artery lesions, n (%) 115 (63.89) 17 (51.52) 0.18
IABP, n (%) 2 (1.11) 1 (3.03) 0.39
Pre-dilated balloon diameter, mm, Mean (SD) 2.36 (0.49) 2.28 (0.41) 0.38
Pre-dilated balloon pressure, atm, Mean (SD) 9.76 (2.25) 9.33 (1.63) 0.21
DES/DCB diameter, mm, Mean (SD) 2.96 (0.51) 2.88 (0.50) 0.39
DES/DCB length, mm, Mean (SD) 26.15 (6.52) 27.85 (5.38) 0.16
DES/DCB dilation released pressure, atm, Mean (SD) 10.83 (2.65) 11.12 (2.48) 0.56
DES/DCB dilation duration, second, Mean (SD) 34.11 (31.28) 29.55 (27.11) 0.43

aDES group included 121 patients; DCB groups included 80 patients.
PPCI, primary percutaneous coronary intervention; caIMR, coronary-angiography-derived index of microcirculatory resistance; DES, drug-eluting stents; DCB, drug-coated balloons; SD,
standard deviation; IABP, intra-aortic balloon pump; NA, not available.
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of CPFD-caIMR of 40U, patients were re-grouped into caIMR
≤ 40U or caIMR >40U groups to determine its predicting value
on MACEs. The flow-chart of the study was presented in
Figure 2.

Statistical Analysis
All analyses were conducted after matching baseline
characteristics including age, sex, SBP, BMI using PSM.
Continuous variables and categorical variables were
expressed as mean (standard deviation), median (inter-
quartile range) and proportions (%) depending on the

circumstance. Student’s or paired t test was used to analyze
continuous variables and the chi-square or rank sum was used
to analyze categorical variables. Univariate and multivariate
logistic regression analysis were used to investigate the
predictors of MACEs, reported as odds ratio (OR) and 95%
confidence interval (CI). The Receiver Operating characteristic
(ROC) curve and Area under curve (AUC) were utilized to
evaluate the efficiency of predictors. A two-sided p value of
<0.05 was considered statistically significant. SPSS (version 23;
IBM, Armonk, NY, USA) was used to analyze the relevant data
of the study.

FIGURE 4 | Binary logistic regression analysis. Shown are odds ratios for MACEs among patients. (A) Binary logistic regression analysis before propensity score
matching. Shown are odds ratios for MACEs among patients before propensity score matching. The size of the square corresponds to the number of patients in two
groups. (B) Binary logistic regression analysis after propensity score matching. Shown are odds ratios for MACEs among patients after propensity score matching. The
size of the square corresponds to the number of patients in two groups. Abbreviations: MACE, major adverse cardiovascular events; PCI, percutaneous coronary
intervention; DCB, drug-coated balloons; DES, drug-eluting stents; S to B, time from symptom to balloon; D to B, time from door to balloon; caIMR, coronary-
angiography-derived index of microcirculatory resistance; LVEF, Left ventricular ejection fraction; CK-MB, MB isoenzyme of creatine kinase; IV diuretics, Intravenous
diuretics; SD, standard deviation; IQR, inter-quartile range; CI, confidence interval.
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RESULTS

Study Patients
There were totally 213 patients involved in this retrospectively
controlled study, including 84 patients adapting DCB and 129
DES with a follow-up of 1 year. After PSM, DCB and DES groups
were comparable regarding characteristics of baseline and PPCI

process (Tables 1, 2; Supplementary Tables S1, S2). However,
higher baseline left ventricular ejection fraction (LVEF, p < 0.01),
lower peak high sensitivity troponin T (hsTnT, p < 0.01) and less
diuretics use (p < 0.01) were observed in DCB group than those in
DES group. With respect to PPCI process, DES/DCB diameter, pre-
dilation released pressure and duration were significantly different in
two groups (p < 0.01).

FIGURE 5 | ROC curve of STOB and DTOB predicting MACEs before (A) and after (B) propensity score matching. Abbreviations: S to B, time from symptom to
balloon; D to B, time from door to balloon; ROC, Receiver Operating characteristic; AUC, Area under curve.
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Primary Endpoints
After PPCI, CPFD-caIMR was calculated and found no

significance between DCB and DES groups both before and
after PSM (before PSM: DES 36.49 (21.04) vs. DCB 34.23
(23.91), p = 0.48; after PSM: DES 38.68 (22.66) vs. DCB 35.86
(24.89), p = 0.52, Table 2; Supplementary Table S2). The
microvascular injury evaluation was still similar between two
groups when re-grouped by whether CPFD-caIMR > 40U or
not (DES vs. DCB: 34.17% vs. 27.16%, p = 0.29).

The statistics for MACEs were presented in Figure 3.
MACEs occurred in 21 patients (16.28%) in the DES group
and 12 patients (14.29%) in the DCB group (OR 1.17, 95% CI:
0.54 to 2.52, p = 0.69, Figure 3A). DCB was similar to DES as
regards cardiovascular (CV) deaths (p = 0.35), non-CV deaths
(p = 0.56), non-fatal MI (p = 0.66), revascularization (p = 0.23),
heart failure readmission (p = 0.79) and recurrent UA (p =
0.20). After PSM (Figure 3B), MACEs were less in DCB than
in DES group (DES vs. DCB: OR: 2.98, 95% CI: 1.07 to 8.29, p =
0.04) but the incidence of CV deaths (DES vs. DCB: OR: 0.66,
95% CI: 0.11 to 4.07, p = 0.65) were the same between the two
groups.

Secondary Endpoints and Subgroup
Analysis
Patients were assigned into the MACEs (33 cases) and non-
MACEs (180 cases) groups for logistic regression analysis.
From ultivariate analysis (Tables 3, 4; Supplementary Tables
S3, S4), MACEs group consisted of patients with older age
(62.76 (13.50) vs. 57.53 (12.92) years, p = 0.04), longer time
from symptom to balloon (STOB) (9.47 (2.48) vs. 6.37 (3.18)
hours, p < 0.01), longer time from door to balloon (DTOB)
(87.36 (6.42) vs. 63.42 (13.82) minutes, p < 0.01), decreasing
LVEF (46.52 (9.48) vs. 53.07 (9.44) %, p < 0.01) and higher
peak MB isoenzyme of creatine kinase (CK-MB, 220.00
(153.85) vs. 67.96 (100.12) 218.62 ng/L, p < 0.01). After
PSM, male (p < 0.01), LVEF (p = 0.01), peak CK-MB (p <
0.01), time from STOB (p < 0.01), time from DTOB (p < 0.01),
DCB intervention (p = 0.03), pre-dilated balloon diameter (p =
0.03), duration of DCB/DES dilation (p = 0.01) and lengths of
DCB/DES (p = 0.01) were associated with MACEs.

In multi-variate analysis (Figure 4), only time from STOB
(after PSM: OR: 2.08, 95% CI: 1.06 to 4.06, p = 0.03) and time
from DTOB (after PSM: OR: 1.36, 95% CI: 1.10 to 1.67, p <

FIGURE 6 | Binary logistic regression analysis. Shown are odds ratios for CorH event among patients. (A) Binary logistic regression analysis of predicting the event
group including CV deaths or heart failure readmission (CorH) before propensity score matching. Shown are odds ratios for CorH event among patients before
propensity score matching. The size of the square corresponds to the number of patients in two groups. (B) Binary logistic regression analysis of predicting the event
group including CV deaths or heart failure readmission (CorH) after propensity score matching. Shown are odds ratios for CorH event among patients after
propensity score matching. The size of the square corresponds to the number of patients in two groups. Abbreviations: S to B, time from symptom to balloon; D to B,
time from door to balloon; caIMR, coronary-angiography-derived index of microcirculatory resistance; LVEF, Left ventricular ejection fraction; CK-MB, MB isoenzyme of
creatine kinase; SD, standard deviation; IQR, inter-quartile range; CI, confidence interval.
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0.01) were highly related to MACEs both before and after
PSM. After PSM, the logistic model was statistically
significant (χ2 = 87.91, p = 0.000) and fitted well. Among
10 independent variables involved in the model, time from
STOB and time from DTOB were statistically significant. The
probability of MACEs of patients with a long time from STOB
and DTOB was 2.08 times and 1.36 times that of patients with
a short time from STOB and DTOB (Figure 4), respectively.
The ROC curve of STOB and DTOB was presented in
Figure 5. The sensitivity and specificity for predicting
MACEs were 85.0% and 99.0%, respectively.

The Relationship of CPFD-caIMR and
Prognosis
When we assigned patients into CPFD-caIMR ≤ 40U and CPFD-
caIMR > 40U groups (Choi et al., 2021), characteristics were not
significantly different between two groups, except the criminal vessels
(p < 0.05, Supplementary Tables S5, S6). Although the incidence of
revascularization including target vessels was related to high CPFD-
caIMR (r = 0.22, p = 0.02) when re-grouped by the cut-off value of
CPFD-caIMR of 40 after PSM, this effect was no longer significant
from multivariate analysis.

However, when we separately analyzed every kind of event
(Figures 3C,D), CPFD-caIMR showed a significant relation with
the event group including CV deaths or heart failure readmission (C
or H, OR 2.81, 95% CI: 1.22 to 7.05, p = 0.02). After PSM, the effects
of CPFD-caIMR > 40U predicting incidence of events of C or H

remained significant (OR 2.95, 95% CI: 1.15 to 8.27, p = 0.03,
Figures 6, 7).

DISCUSSION

Restoring myocardial blood flow of IRA in STEMI patients is of
importance in decreasing mortality, but it has been reported that
recurrent angina after PCI happened to 20%–60% of patients
(Alexander et al., 2016). Coronary microvascular injury as one of
the main reasons may be a new therapeutic target (De Waha et al.,
2017; Bil et al., 2018). Non-invasive imaging modalities such as
cardiac magnetic resonance (MRI) was more recognized for
microvascular injury evaluation, but not available at the cardiac
catheterization laboratory during PPCI.

IMR has been widely studied as an invasive physiological index of
microvascular injury after PPCI. Some studies have found that IMR
is significantly correlated with prognosis (Cuculi et al., 2014; Fahrni
et al., 2017; DeMaria et al., 2019). The traditional IMRmeasurement
is based on thermodilution-pressure wire. The risk for manipulation
of guidingwire and hyperemic agent has limited its application in the
clinical uses, added with the operation time over 40min, it results in
a research tool in the laboratory (Choi et al., 2021). Except for MRI
and positron emission tomography, more noninvasive assessments
for microvascular dysfunction have been brought to the public. A
novel index of microcirculatory resistance that based on Digital
Imaging and Communications in Medicine (DICOM) angiography
images, computational fluid dynamics (CPFD) model and aortic
pressure waves, caIMR has been proved to have a high accuracy

FIGURE 7 |ROC curve of CPFD-caIMR predicting the event group including CV deaths or heart failure readmission (CorH) before (A) and after (B) propensity score
matching. Abbreviations: CPFD, computational pressure-fluid dynamics; caIMR, coronary-angiography-derived index of microcirculatory resistance; CV,
cardiovascular; ROC, Receiver Operating characteristic; AUC, Area under curve.

Frontiers in Physiology | www.frontiersin.org May 2022 | Volume 13 | Article 89865912

Duan et al. CPFD-caIMR Effectiveness for STEMI Prognosis

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


compared with wire based IMR. By CPFD method, caIMR was
calculated within 1min and the whole measuring process needs less
than 5min, which enables the diagnosis of microcirculatory
dysfunction made synchronously with angiographic surgery
(Collet et al., 2018). Noninvasive measurement has attracted
more and more attention (Ai et al., 2020). Recent researches have
confirmed that CPFD-caIMR is a promising alternative method of
IMR to evaluate the prognosis of STEMI patients, since wired and
hyperemic agent based IMR is not appropriate in the perioperative
period for revascularization after STEMI (Abuouf et al., 2021). Our
study took advantage of CPFD-caIMR as post-operative index and
no significant difference of effects on microvascular injury
comparing DCB with DES. Similarly, the cardiovascular
outcomes of DCB group were also comparable to those of DES
group no matter before or after PSM, suggesting possibly similar
effects of DCB and DES.

PPCI remains the main means for rapid recovery of coronary
blood flow, but its side-effect of bringing thrombosis is still worrying
(Her et al., 2021). The advantage of DCB is to avoid the implantation
of metal stents and minimize potential long-term safety problems.
This single center, retrospectively controlled trial of DCB andDES in
STEMI patients undergoing PPCI, whose lesions were spontaneous
reperfusion of the IRA confirmed by CAG or low-burden thrombus
after PTCA, showed that there was no significant difference of
general characteristics between DCB and DES after PSM. And we
found similar CPFD-caIMR between DCB and DES treatment but
the incidence of MACEs was less in DCB group than that in
DES group.

The using of DCBhas been proved to be effective for ISR, and thus
recommended by the European, German, and Asia Pacific consensus
group (Aboyans et al., 2018; Her et al., 2021). In recent years, with the
concept of “intervention without implantation” increasingly rooting
and spreading, the application of DCB has gradually expanded to de
novo lesions in RCTs even clinical practice (Steigen et al., 2006;
Wöhrle and Werner, 2013; Her et al., 2016; Shin et al., 2016; Jeger
et al., 2018). Hitherto, DCB alone has been proved similar effects with
DES implantation in STEMIpatients in terms of proximal andmiddle
lesions in PAPPA research, with 5% occurrence of MACEs within
1 year. (Vos et al., 2014). The similar results manifested in Gobić et al.
(2017) study and the late lumen loss of DCB at 6months was better
than that of DES . However, there was a positive result supporting
DCB for reducing MACEs from our study after PSM eliminating the
effects of confounders. There is no doubt that this positive finding
benefits the application of DCB in clinical practice and provide some
evidence of DCB use in PPCI of STEMI patients. Part of the reasons,
there was a much higher drug concentration in the vascular wall after
DCB use than after DES implantation (Vogt et al., 2004; Speck et al.,
2012) resulting in cytostasis as well as mitotic and post-mitotic arrest
(Axel et al., 1997). Kleber et al. (2015) showed thatDCBhad a positive
remodeling effect, and more lumen was obtained in the late stage.
This made up for the disadvantage of postoperative residual stenosis
in DCB group, and explained another possible reason why prognosis
in DCB group was better than DES group.

We also tried to determine predictors of MACEs including
DCB intervention and CPFD-caIMR. In fact, high burden of
thrombus and micro embolism were one of the main reasons
affecting microvascular injury and CPFD-caIMR value (Gupta

and Gupta, 2016), but patients in our study scarcely had the
situations above mentioned. Lesions of patients all included
spontaneous reperfusion of the IRA confirmed by CAG or
low-burden thrombus after PTCA. The PPCI performance was
well-prepared and the blood flow of criminal vessels resumed
TIMI Level 3, so CPFD-caIMR value was not to such an extent as
to be significantly different. However, CPFD-caIMR > 40U well
predicted the combined events group including CV deaths or
heart failure readmission. This point also corresponded to
previous findings (Choi et al., 2021). Clinically, we need to
pay more attention to CPFD-caIMR guided-treatment strategy
and prognosis management to improve the quality of life of
patients.

There are some limitations in this study. Firstly, this study was a
retrospective controlled trial but not RCT with limited sample size.
These contributed to differences of baseline characteristics, but PSM
was conducted to deal with the study design of the observational
study and to make the results more credible. Secondly, though we
found DCB was not inferior to DES in MACEs in STEMI patients
with PPCI, further large prospective RCTswere necessary to confirm
this conclusion due to the unchangeable limitations of small sample
size and short follow-up time. Our study data just provided some
evidence about DCB clinical application.

CONCLUSION

Microvascular injury evaluation based on CPFD-caIMR was
similar between DES and DCB treatments. The DCB strategy
during PPCI in STEMI patients may be a safe and feasible
alternative strategy for DES treatment for less MACEs, in
patients with spontaneous reperfusion of the IRA confirmed
by CAG or low-burden thrombus after PTCA. CPFD-CaIMR
is a promising alternative method of IMR, which can be used to
evaluate the prognosis of STEMI patients with PPCI who will
possibly experience CV deaths or heart failure readmission in
future.
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GLOSSARY

AUC Area under curve

caFFR coronary angiography-derived fractional flow reserve

CAG coronary angiography

CI confidence interval

CK-MB MB isoenzyme of creatine kinase

CCU coronary care unit

CPFD computational pressure-fluid dynamics

CPFD-caIMR computational pressure-fluid dynamics derived index of
microcirculatory resistance, applied to coronary angiography

CV cardiovascular

DAPT dual antiplatelet therapy

DCB Drug-coated balloon

DES Drug-eluting stent

DTOB door to balloon

hsTnT high sensitivity troponin T

hyp hyperemia flow velocity

IMR Index of microcirculatory resistance

IRA infarct-related artery

ISR in-stent restenosis

LVEF left ventricular ejection fraction

MACEs major adverse cardiovascular events

MAP Mean arterial pressure

OR odds ratio

PPCI primary percutaneous coronary intervention

PSM propensity score matching

RCTs randomized controlled trials

ROC Receiver Operating characteristic

STEMI ST-segment elevation myocardial infarction

STOB symptom to balloon

TIMI Thrombolysis in myocardial infarction

UA unstable angina pectoris
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