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angiographic microvascular resistance and intravascular
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Background: The correlation between percutaneous coronary intervention (PCI)-related microvascular
dysfunction (MVD) and plaque characteristics remains unclear. To investigate this correlation and its
prognosis, we assessed changes in MVD by angiographic microvascular resistance (AMR) and intracoronary
ultrasound scans after PCL

Methods: We conducted a retrospective study that enrolled 250 patients with coronary artery disease
between July 2016 and December 2018. We collected demographic characteristics, laboratory tests, coronary
angiography (CAG) and intracoronary ultrasound findings. We calculated quantitative flow ratio (QFR) and
AMR by CAG. The endpoint was vessel-oriented composite outcomes (VOCOs).

Results: After 47 exclusions, we divided 203 cases into a deteriorated group (n=139) and an improved
group (n=64) based on AMR change after PCI. Compared with the improved group, the deteriorated group
had smaller lumen area [3.03 (interquartile range, 2.20-3.91) vs. 3.55 mm’ (interquartile range, 2.45-4.57),
P=0.033], higher plaque burden [78.92% (interquartile range, 73.95-82.61%) vs. 71.93% (interquartile
range, 62.70-77.51%), P<0.001], and higher proportion of lipidic components (13.86%+4.67% vs.
11.78%+4.41%, P=0.024). Of 186 patients who completed 4.81+1.55 years follow-up, 56 developed VOCOs.
Receiver-operating characteristic (ROC) curve analysis showed post-PCI AMR and VOCOs correlation (area
under the curve: 0.729, P<0.001). Multivariate regression analysis showed post-PCI AMR >285 mmHg-s/m
correlated with adverse outcome (hazard ratio =4.350; 95% confidence interval: 1.95-9.703; P<0.001).
Conclusions: Intravascular ultrasound (IVUS) imaging and AMR revealed an association of post-PCI
MVD with a smaller lumen area, more severe plaque burden, and a higher percentage of lipidic components.

Post-PCI MVD was an independent risk factor for poor prognosis.
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Introduction

Although percutaneous coronary intervention (PCI),
in particular coronary stent implantation, successfully
reverses myocardial ischemia caused by coronary stenosis,
PCl-related microvascular dysfunction (MVD) seems to
be important. PClI-related MVD is associated with a poor
prognosis in patients with acute coronary syndrome (ACS)
and those with stable angina pectoris (1,2). Mechanisms
of MVD include mechanical plugging secondary
to distal embolization from the epicardial coronary
arteries, external compression by edematous tissue,
in situ thrombosis, vasospasm, activation of inflammatory
cascades with leukocyte stasis and extravasation, and
reperfusion injury (3). The plaque characteristics of target
lesions may play an important role in causing MVD during
PCI (4).

In clinical practice, marked slow flow or no reflow
are common complications of intervention for ACS.
However, most PCI-related MVD manifests as normal
flow and requires an index of microvascular resistance
(IMR), cardiac magnetic resonance imaging, or cardiac
nuclear scanning. There has been little research on the
extent to which plaque characteristics affect coronary
microvascular outcomes. Given its complexity and high
cost, measurement of the IMR is difficult to implement
widely, although it is endorsed in the current guidelines.
The quantitative flow ratio (QFR) is a novel coronary
angiography (CAG)-based coronary physiology approach
that has been widely recognized for its ability to accurately
identify coronary ischemia and has a test efficacy
comparable with that of the pressure wire-based fractional
flow reserve (FFR) (5). CAG-based microvascular function
examinations have also developed in parallel with the
progress made in CAG-based assessment of coronary
function and show good agreement with IMR (6-9).
Angiographic microvascular resistance (AMR), QFR-
derived IMR, appears to be more rapid to perform, more
convenient, and less expensive, allowing further research
into PClI-related MVD (9). The aim of this study was to
assess the relevance of coronary plaque to PCl-related
MVD and the prognosis by assessing changes in MVD
seen on AMR and intravascular ultrasound (IVUS)
after PCL
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Methods
Population

A total of 250 patients diagnosed with previously untreated
coronary heart disease in the Department of Cardiology,
Affiliated Hangzhou First People’s Hospital, Zhejiang
University School of Medicine between July 2016 and
December 2018 were retrospectively screened. The study
was conducted in accordance with the Declaration of
Helsinki (as revised in 2013). The study was approved by
ethics board of Affiliated Hangzhou First People’s Hospital,
Zhejiang University School of Medicine, and individual
consent for this retrospective analysis was waived. All
patients with successful stenting and complete information
available on IVUS and QFR analysis were included. The
following exclusion criteria were applied: incomplete clinical
or follow-up data; poor-quality IVUS or CAG images; a
total occlusive lesion; coronary thrombolysis; marked slow
flow or no reflow after PCI [thrombolysis in myocardial
infarction (TIMI) grade <3]; culprit lesions that were not
de novo, such as in-stent restenosis; heart failure (ejection
fraction <50%); and stage 5 chronic kidney disease.

PCI procedure

According to routine practice, all patients received adequate
antiplatelet therapy before PCI. Unfractionated heparin
(100-120 pg/kg) was administered to maintain an activated
clotting time of >300 s throughout the procedure. Standard
selective CAG was performed using 5-French catheters. The
PCI strategies were based on information from the patient
history, CAG, and IVUS. Drug-eluting stents were implanted
after adequate predilatation of the target lesion. The ratio of
stent diameter to symmetric vessel diameter is 1.0-1.1:1, and
the balloon inflation pressure is 12-16 atn for at least 10 s. After
implantation, the stents were fully dilated using a noncompliant
balloon, and the minimum lumen area was confirmed to be not
less than 80% of the average reference vessel area as assessed by
IVUS. The filter devices were not used in this study.

IVUS procedure
An iLab system, along with a 40-MHz mechanical IVUS
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QFR: 0.77

Flow velocity: 15.0 cm/s

AMR: 214 mmHg-s/m

QFR: 0.98
Flow velocity: 13.3 cm/s
AMR: 291 mmHg-s/m

Figure 1 Examples of QFR and AMR analysis. CAG showed a stenosis in the proximal left anterior descending, and QFR was calculated

as 0.77, flow velocity was 15.0 cm/s, AMR was calculated as 214 mmHg-s/m (A). After stent implantation, QFR was calculated as 0.98, flow

velocity was 13.3 cm/s, and AMR was calculated as 291 mmHg-s/m (B). QFR, quantitative flow ratio; AMR, angiographic microvascular

resistance; CAG, coronary angiography.

catheter-tip transducer from Boston Scientific (Natick,
MA, USA), was used to acquire IVUS data. The catheter-
tip transducer was rotating at a speed of 1,800 rpm during
imaging. IVUS scans and plaque analyses were performed
before the stent implantation and balloon dilatation.
Automatic pullback at a rate of 0.5 mm/s was used during
imaging while the catheter was pushed beyond the target
lesion. All images were assigned with random study ID
numbers based on a pre-determined list and collected on CD-
ROM:s for the purpose of offline analysis. Two experienced
analysts who were blinded to the angiographic findings and
baseline clinical and lesion characteristics analyzed the gray-
scale IVUS images. The analysis was carried out using the
Qlvus (iMap Basic Viewer 3.0, Medis Medical Imaging
Systems BV, Leiden, The Netherlands) software.

For each culprit lesion, the cross-sectional area
(CSA) exhibiting maximum plaque burden was used as
representative CSA. This was done by manually tracing the
lumen and external elastic membrane (EEM). Using the
traced CSA, the plaque burden was computed as a quotient
of plaque CSA (EEM-lumen CSA) and EEM. Lumen and
vessel volumes were obtained by summing up the lumen and
EEM areas, respectively, in each of the measured images.
The total atheroma volume was calculated as the difference
between vessel volume and lumen volume. The percentage
atheroma volume was determined as (total atheroma
volume/vessel volume) x 100%.

Plaque was analyzed using the iMap software, which
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categorized it into four different tissue components and
generated color images. Fibrous plaque was represented by
the color green, lipidic plaque by yellow, necrotic plaque by
pink, and calcified plaque by blue.

Quantitative CAG measurements and analysis of QFR and
AMR

To ensure the quality of the quantitative CAG and QFR
analyses, two high-quality CAG projections at least 25° apart
are required after PCI, and these analyses are performed
by two experienced technicians using AngioPlus software
(Pulse Medical Imaging Technology, Shanghai, China).
The contrast flow model, which incorporates contrast flow
velocity based on modified TIMI frame counts, was used
to calculate the QFR. AMR was then calculated using the
AngioPlus system based on contrast flow velocity and the
QFR (9). AQFR, AAMR, and Aflow velocity were calculated
as the difference between the parameters before and after
stenting. Deterioration of microvascular resistance was
defined as an increase in AMR after stenting (Figure I).

Follow-up and endpoints

The endpoint was the rate of vessel-oriented composite
outcomes (VOCOs), which consisted of vessel-related
ischemia-driven revascularization, vessel-related myocardial
infarcdon, and cardiac death. Clinical follow-up was performed
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by review of medical records and telephone contact every
6 months. Patients were followed up for 5-7 years.

Statistical analysis

Continuous variables are presented as the mean + standard
deviation or as the median (interquartile range) according to
their distribution and were compared using the two-tailed
unpaired Student’s #-test or the Mann-Whitney test. The
ability of microvascular resistance post-PCI to predict
VOCOs was tested using receiver-operating characteristic
(ROC) curve analysis. The Cox proportional hazards
model was used to calculate hazard ratios (HRs) and 95%
confidence intervals (Cls) for between-group comparisons
of clinical outcomes. The cumulative incidence of VOCOs
is presented as a Kaplan-Meier estimate and compared using
the log-rank test. All statistical analyses were performed using
SPSS version 26.0 for Windows (IBM Corp., Armonk, NY,
USA). All probability values were two-tailed, and P values

<0.05 were considered statistically significant.

Results
Baseline and coronary angiograpbic characteristics

Forty-seven of the 250 patients enrolled in the study were
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excluded because of unsatisfactory coronary angiographic
images (n=14), poor-quality intracoronary ultrasound images
(n=20), markedly slow postoperative flow (TIMI grade
<3; n=5), and heart failure (ejection fraction <50%; n=8),
leaving 203 patients for inclusion in the study. The group
with increased AMR after stenting (the deteriorated group)
consisted of 139 patients and the group with decreased AMR
(the improved group) consisted of 64 patients (Zable I).

Effect of PCI on microvascular function

Given that there was a correlation between the calculated
AMR and QFR and that there were significant differences in
QFR, AMR, and flow velocity in the pre-procedure baseline
data, we performed propensity score matching (PSM) for
these three variables and successfully matched 50 pairs of
cases for comparison of the data between the two groups.
Both before and after matching, the flow velocity after PCI
was significantly slower in the deteriorated group than in
the improved group. Analysis of the IVUS data showed that
the deteriorated group had a significantly smaller lumen
CSA [3.03 (2.20-3.91) vs. 3.55 mm® (2.45-4.57), P=0.033
after PSM], a significantly higher plaque burden [78.92%
(73.95-82.61%) vs. 71.93% (62.70-77.51%), P<0.001
after PSM], and a significantly higher proportion of lipidic
components (13.86%+4.67% vs. 11.78%+4.41%, P=0.024

Table 1 Characteristics of patients with microvascular function after PCI, by deteriorated and improved

Original cohort

Propensity score” matched cohort

Patient characteristics Total (n=203) Deteriorated group Improved group P value Deteriorated group  Improved group P value
(n=139) (n=64) (n=50) (n=50)
Male 135 (66.5) 88 (63.3) 47 (73.4) 0.2 34 (68.0) 38 (76.0) 0.504
Age (years) 67.03+10.99 67.69+10.83 65.61+11.27 0.211 66.69+10.77 66.38+11.51 0.795
Hypertension 136 (67.0) 93 (66.9) 43 (67.2) 1 33 (66.0) 35 (70.0) 0.830
Diabetes mellitus 54 (26.6) 38 (27.3) 16 (25.0) 0.864 12 (24.0) 13 (26.0) 1.000
Current smokers 83 (40.9) 53 (38.1) 30 (46.9) 0.283 25 (50.0) 25 (50.0) 1.000
ACS 123 (60.6) 94 (67.6) 29 (45.3) 0.003 36 (72.0) 28 (56.0) 0.063
BMI (kg/m2) 23.63+3.16 23.58+3.15 23.71+3.20 0.783 24.55+2.75 23.48+3.10 0.071
Total cholesterol (mmol/L) 3.98+1.09 3.94+1.07 4.07+1.12 0.434 3.98+1.03 4.08+1.00 0.604
LDL cholesterol (mmol/L) 2.25+0.88 2.21+0.89 2.34+0.87 0.713 2.26+0.89 2.32+0.83 0.760
HDL cholesterol (mmol/L) 1.05+0.48 1.06+0.55 1.04+0.25 0.324 1.01+0.22 1.08+0.27 0.649
Triglyceride (mmol/L) 1.59+0.89 1.53+0.81 1.74+1.03 0.115 1.65+0.94 1.68+0.8 0.839
C-reactive protein (mg/L) 4.0 (3.0-5.0) 4.0 (3.0-5.0) 4.0 (3.0-5.75) 0.500 4.0 (3.0-5.0) 4.0 (3.0-6.0) 0.517
eGFR-CKD-EPI 73.90+15.61 72.54+15.39 76.85+15.78 0.068 73.93+14.91 75.54+16.21 0.607

(mL/min/1.73 m?)

Table 1 (continued)
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Table 1 (continued)
Original cohort Propensity score” matched cohort
Patient characteristics Total (n=203) Deteriorated group Improved group P value Deteriorated group  Improved group P value
(n=139) (n=64) (n=50) (n=50)
HbA1c (%) 5.60 (5.30-6.60) 5.70 (5.30-6.60) 5.50 (5.10-6.53) 0.084 5.60 (5.30-6.45) 5.55 (5.10-6.68) 0.548
Diameter stenosis’ 72.66+10.54 73.71+£10.88 70.38+9.46 0.036 72.68+10.33 70.94+8.96 0.370
Target lumen
LAD 122 (60.1) 85 (61.2) 37 (57.8) 0.485 29 (58.0) 32 (64.0) 0.165
LCX 30 (14.8) 19 (13.7) 11 (17.2) 9 (18.0) 5(10.0)
RCA 37 (18.2) 24 (17.3) 13 (20.3) 11 (22.0) 9 (18.0)
LM-LAD 10 (4.9) 9 (6.5) 1(1.6) 0(0.0) 4 (8.0)
LM-LCX 4(2.0) 2(1.4) 2(3.1) 1(2.0) 0(0.0)
Pre-PCI
QFR 0.78 (0.68-0.86) 0.76 (0.60-0.83) 0.84 (0.75-0.90)  <0.001 0.79 (0.71-0.86) 0.82 (0.73-0.87) 0.454
Flow velocity (cm/s) 14.75 (11.80-18.50)  16.18 (12.80-19.53) 11.80 (10.78-14.61) <0.001  12.95 (11.50-15.85) 12.59 (10.98-15.82)  0.694
AMR (mmHg-s/m) 208.44+59.11 188.26+53.76 252.26+44.97 <0.001 237.88+37.76 232.59+48.10 0.685
Post-PCI
QFR 0.95 (0.92-0.97) 0.95 (0.92-0.98) 0.95(0.92-0.97)  0.646 0.96 (0.92-0.98) 0.94 (0.91-0.96)  0.126
Flow velocity (cm/s) 15.20 (12.00-18.10)  13.58 (11.20-16.60) 18.20 (14.83-24.59) <0.001  12.35(10.68-15.18) 19.26 (16.19-27.18) <0.001
AMR (mmHg-s/m) 265.43+56.19 282.33+53.25 238.73+43.75 <0.001 301.38+55.53 216.61+40.07 <0.001
IVUS
Segment length (mm)  25.00 (15.70-36.80)  26.0 (15.80-36.0)  23.05 (15.00-38.38) 0.598  25.75 (15.00-38.68) 27.0 (15.81-39.20)  0.866
Lumen CSA (mm?) 3.11 (2.30-4.06) 2.76 (2.22-3.70) 3.74 (2.53-4.82)  <0.001 3.03 (2.20-3.91) 3.55(2.45-4.57)  0.033
EEM CSA (mm?) 13.45(10.89-15.67)  14.07 (10.93-17.19) 12.87 (10.41-15.95) 0.156 14.02 (11.43-18.35) 12.27 (10.05-15.51)  0.052
Plaque burden (%) 77.46 (70.87-81.83)  79.70 (74.30-83.02) 70.72 (62.11-77.26) <0.001 78.92 (73.95-82.61) 71.93 (62.70-77.51) <0.001
Fibrotic area (%) 55.06+20.10 53.89+20.39 57.59+19.37 0.224 56.34+20.37 57.06+19.60 0.857
Lipidic area (%) 13.00+4.79 13.58+4.89 11.72+4.32 0.010 13.86+4.67 11.78+4.41 0.024
Necrotic area (%) 30.45+17.01 30.99+17.21 29.30+16.63 0.512 28.56+17.30 29.80+17.00 0.719
Calcified area (%) 1.52+1.92 1.54+1.19 1.48+1.07 0.731 1.16+1.43 1.48+2.02 0.364
Lumen volume (mm® 127.54 128.39 124.87 0.982 139.47 126.80 0.679
(72.49-220.39) (73.13-210.22) (70.19-243.63) (80.47-217.43) (69.38-251.08)
Vessel volume (mm?®) 326.43 342.86 292.75 0.297 373.77 312.10 0.412
(199.26-531.60) (213.46-521.64) (176.94-561.13) (229.08-524,13) (175.99-598.03)
PAV (%) 60.88 61.33 58.09 0.041 60.57 61.06 0.267
(52.33-70.08) (53.62-71.12) (50.07-68.01) (51.57-70.75) (50.54-68.12)
Fibrotic volume (%) 60.63+12.37 59.49+13.10 63.10+10.26 0.053 61.19+12.38 62.12+10.02 0.682
Lipidic volume (%) 12.00+3.51 12.30+3.47 11.36+3.55 0.076 12.33+3.64 11.21+£3.30 0.109
Necrotic volume (%) 24.72+10.25 25.61+10.88 22.78+8.47 0.068 24.16+10.01 23.79+8.30 0.839
Calcified volume (%) 2.67+2.24 2.61+2.14 2.78+2.06 0.593 2.32+1.86 2.90+2.47 0.190

Data are expressed as mean =+ standard deviation or median (interquartile range) or number (%). T, propensity score was matched by pre-PCI QFR, flow
velocity, and AMR; ¥, diameter stenosis was examined by quantitative coronary angiography. PCI, percutaneous coronary intervention; ACS, acute coronary
syndrome; BMI, body mass index; LDL, low density lipoprotein; HDL, high density lipoprotein; eGFR-CKD-EPI, estimated glomerular filtration rate-chronic
kidney disease-epidemiology collaboration equation; LAD, left anterior descending; LCX, left circumflex; RCA, right coronary artery; LM, left main; QFR,
quantitative flow ratio; AMR, angiographic microvascular resistance; IVUS, intravascular ultrasound; CSA, cross sectional area; EEM, external elastic
membrane; PAV, percent atheroma volume.
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B

A1 [TA] 4.00 mm? Area
1.92 mm/ 2.73 mm

A2 TA 15.50 mm? et
4.35 mm/ 4.54 mm

Frame Segment

Fibrotic: 80% CL:83%

Lipidic: 8% CL:58% Wi

Calcified: 1% CL:78%

Xie et al. Plaque and PCl-related microvascular dysfunction
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4.3/4.5mm
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Figure 2 Examples of intracoronary ultrasound analysis of a plaque. A representative IVUS image of microvascular deterioration after PCIL
EEM was 15.20 mm’, lumen CSA was 2.26 mm”, and plaque burden was 85% of (EEM-lumen CSA)/EEM. In terms of plaque composition,

fibrotic: 55%, lipidic: 18%, necrotic: 24%, and calcified: 2% representatively (A). A representative IVUS image of microvascular improved

after PCI. EEM was 15.50 mm’, lumen CSA was 4.0 mm’, and plaque burden was 74%. The ratio of plaque was fibrotic: 80%, lipidic:

8%, necrotic: 11%, and calcified: 1% representatively (B). TA, trace areas; CL, confidence level; IVUS, intracoronary ultrasound; PCI

percutaneous coronary intervention; EEM external elastic membrane; CSA cross sectional area.

1.0

Sensitivity
o
o

—— Post-PCI AMR
—— Plaque burden
—— Lumen CSA
—— Pre-PCI QFR
00F———T—— T 7 T T T
0.0 0.5 1.0
1-Specificity

Figure 3 Receiver-operating characteristic curve analysis. Post-
PCI AMR, plaque burden, lumen CSA, pre-PCI QFR and
VOCOs were correlated with area under the curve of 0.729, 0.617,
0.606 and 0.589, respectively, with P values of <0.001, 0.012,
0.022, and 0.033. PCI, percutaneous coronary intervention; AMR,
angiographic microvascular resistance; CSA, cross-sectional area;
PCI, percutaneous coronary intervention; QFR, quantitative flow

ratio; VOCOs, vessel-oriented composite outcomes.
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after PSM) when compared with the improved group
(1able 1, Figure 2).

Correlation analysis between MVD and the prognosis

Seventeen patients were lost to follow-up, leaving 186 patients
who completed a mean follow-up of 4.81x1.55 years,
during which 56 patients developed VOCOs.

In the ROC curve analysis for correlation with VOCOs,
the area under the curve (AUC) was 0.729 for post-PCI
AMR (P<0.001), 0.617 for plaque burden (P=0.012), 0.606
for lumen CSA (P=0.022), and 0.589 for pre-PCI QFR
(P=0.033) (Figure 3, Tuble 2). When the post-PCI AMR
was >285 mmHg-s/m, the sensitivity for predicting the
occurrence of VOCOs was 79.23% and the specificity was
66.07%.

Univariate Cox proportional hazard analyses suggested
associations between a post-PCI AMR >285 mmHg-s/m,
pre-PCI QFR, post-PCI flow velocity, plaque burden,
deterioration of microvascular function during PCI, ACS,
and adverse outcomes. Collinearity diagnostics revealed
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multicollinearity between post-PCI AMR and other
variables and was therefore excluded from the multivariate
Cox regression model. Multivariate Cox proportional
hazard analyses showed a significant correlation between
a post-PCI AMR >285 mmHg-s/m and adverse outcomes
(HR =4.350; 95% CI: 1.95-9.703; P<0.001; Table 3). When
using an AMR cutoff of 285 mmHg-s/m derived from
the ROC curve for predicting VOCOs, the cumulative
incidence of VOCOs was significantly higher in patients
with an AMR >285 mmHg-s/m than in those with an AMR
<285 mmHg-s/m (P<0.001) (Figure 4).

Discussion

In this study, we assessed coronary microvascular function
using CAG-based IMR in combination with IVUS-
related plaque characteristics to analyze the effect of PCI

Table 2 ROC curve analysis for correlation with VOCOs

Associated factor AUC 95% ClI P value
Post-PClI AMR 0.729 0.651-0.808 <0.001
Plague burden 0.617 0.529-0.704 0.012
Lumen CSA 0.606 0.519-0.684 0.022
Pre-PCI QFR 0.589 0.504-0.694 0.033

ROC, receiver-operating characteristic; VOCOs, vessel-
oriented composite outcomes; AUC, area under the curve; Cl,
confidence interval; PCl, percutaneous coronary intervention;
AMR, angiographic microvascular resistance; CSA, cross
sectional area; QFR, quantitative flow ratio.

Table 3 Cox proportional hazard analysis of prognostic correlates

on microvascular function and the prognosis. The main
findings were as follows: first, deteriorated microvascular
function after PCI was common (139/203, 68.47%); second,
there was a correlation of post-PCI MVD with a smaller
luminal CSA, more severe plaque burden, and higher
percentage of lipidic components; and third, post-PCI
MVD was an independent risk factor for a poor prognosis.

The presence of MVD after PCI is common and its
association with a poor prognosis is well established,
especially in patients with ACS, in whom no reflow is a
challenge in the catheterization laboratory. Our study
found that a certain percentage of MVD was present even
when post-PCI TIMI flow reached grade 3. According to a
previous study, the best cut-off AMR value for determination
of IMR >25 was 250 mmHg-s/m (9), and in our present
study, the proportion with AMR >250 mmHg-s/m
was 54.68% (111/203). A previous multicenter study with a
4-year follow-up period found that an IMR >21.6 after PCI
in patients with stable coronary artery disease was associated
with a poor prognosis (2). Another study identified an IMR
>40 post-PCI to be an independent risk factor for a poor
prognosis in patients with ST-segment elevation myocardial
infarction (10). The high cost, complexity, and safety of
the pressure wire limit its widespread use for assessment of
microvascular function after PCI.

In recent years, the CAG-related FFR has shown very
good agreement with wire-related FFR (11). In particular,
several recently published studies have provided an evidence
base for use of CAG-FFR to guide PCI (12,13). Based
on the CAG-FFR, the studies of CAG-IMR verified the

Univariate analysis

Multivariate analysis

Associated factor

HR (95% Cl) P value HR (95% Cl) P value
Post-PClI AMR 1.009 (1.006-1.013) <0.001 Not selected
Post-PCl AMR >285 mmHg-s/m 5.482 (3.137-9.580) <0.001 4.350 (1.95-9.703) <0.001
Pre PCI-QFR 0.111 (0.026-0.437) 0.004 0.217 (0.046-1.017) 0.053
Post-PClI flow velocity (cm/s) 0.853 (0.795-0.915) <0.001 0.983 (0.895-1.079) 0.720
Plaque burden (%) 1.038 (1.005-1.072) 0.022 1.004 (0.960-1.050) 0.852
Lumen CSA (mm?) 0.807 (0.653-0.999) 0.049 0.911 (0.701-1.184) 0.485
Deterioration of microvascular function during PCI 3.590 (1.696-7.599) 0.001 0.848 (0.325-2.213) 0.737
ACS 1.947 (1.063-3.567) 0.031 0.994 (0.539-1.834) 0.985

HR, hazard ratio; Cl, confidence interval; PCI, percutaneous coronary intervention; AMR, angiographic microvascular resistance; QFR,
quantitative flow ratio; CSA, cross sectional area; ACS, acute coronary syndrome.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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Figure 4 Cumulative incidence of VOCOs. Kaplan-Meier curves showing the cumulative incidence of VOCOs in patients with high and

low AMR based on a cutoff value of 285 derived from the ROC curve. The P values were calculated with the log-rank test. When using

an AMR cutoff of 285 mmHg-s/m derived from the ROC curve fo

r predicting VOCOs, the cumulative incidence of VOCOs, myocardial

infarction, revascularization, and cardiac death was significantly higher in patients with an AMR >285 mmHg-s/m (red line) than in those

with an AMR of <285 mmHg-s/m (blue line) (P<0.001, P=0.065

, P<0.001, P=0.010 respectively). AMR, angiographic microvascular

resistance; VOCOs, vessel-oriented composite outcomes; ROC, receiver-operating characteristic.

consistency with wire-IMR, with an accuracy of 79.8-87.2%
(9,14,15). The value of CAG-IMR for prediction of a poor
prognosis has been confirmed in other studies. The Angio-
IMR, developed based on the Angio-FFR, was reported to
predict microcirculatory dysfunction with an optimal cutoff
value of >25.1, with a significant association of a value
greater than the cutoff with cardiovascular death and heart
failure rehospitalization rates (14).

The PROSPECT study found that IVUS identified
plaque burden >70%, luminal CSA area <4 mm’, and
morphology consistent with thin-cap fibrous atheroma
plaque to be poor prognostic factors in the ACS population,
which have been considered as partial indications for

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

stent implantation (16). Vulnerable plaques confer a poor
prognosis not only because of secondary plaque changes but
also because of increased PCl-related microvascular injury.
Lipid-rich plaques are more likely to experience myocardial
injury after PCI. Plaque rupture under physical stress,
exposure of the lipid core, embolization of plaque debris,
and aggregation of inflammatory factors are associated with
coronary MVD (4). Plaques identified by near-infrared
spectroscopy to have lipid-rich components are more
prone to periprocedural myocardial injury after PCI (4).
In the present study, we identified plaque components
using radiofrequency intracoronary ultrasound imaging

represented by iMap-IVUS, confirming the effect of lipid
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plaques on microvascular function.

In this study, we found that a higher proportion
of patients with deteriorated microvascular function
after PCI had ACS. Compared with chronic coronary
syndrome (CCS), ACS is more likely to have microvascular
dysfunction and poor prognosis due to many factors
related to poor cardiac function, thrombotic lesions, and
reperfusion injury, etc. (17). Cases with total occlusive
lesions, thrombotic lesions, and heart failure were excluded
from this study to reduce the confounding effect of other
factors on microvascular function. In the study of plaque
composition, iMap IVUS detected a significantly higher
proportion of lipids in plaques in patients with ACS
compared to those with CCS (18). The present study
also found a correlation between lipidic components
and microvascular dysfunction after PCI, which further
validates the pathophysiological mechanisms underlying the
deterioration of microvascular function and poor prognosis
in ACS after PCIL. According to other studies, factors such
as diabetes, a high low-density lipoprotein cholesterol,
and hypertension may be relevant (2,14,19) but were not
found in this study. There is an association between stent
over-expansion and no reflow during initial PCI for ST-
segment elevation myocardial infarction (20). Another
recent study has provided further insight into the degree
of stent expansion and MVD (21). In that study, evaluation
of the impact of different degrees of stent expansion on
microvascular function and the prognosis of primary PCI
QFR-based IMR found that stent over-expansion (>100%)
was an independent risk factor for no reflow and major
adverse cardiovascular events, whereas 70-80% of slightly
under-expanded stents was not a risk factor (21). In the
present study, cases with no less than 80% stent expansion
were included and those with over-expansion were excluded
to avoid the influence of selection bias.

Adequate preprocedural antiplatelet therapy for PCI may
reduce PCl-related MVD, especially since the widespread
use of ticagrelor in patients with ACS, in whom it has
advantages over clopidogrel in terms of microcirculatory
protection (22,23). The importance of preprocedural
intravenous tirofiban has decreased but is more significant
in terms of the intracoronary route (24). Intracoronary
injections of agents such as sodium nitroprusside,
nicorandil, adenosine, verapamil, and scopolamine can
improve microcirculatory function in a short time and thus
improve the prognosis, especially with regard to prevention
and treatment of no reflow during primary PCI (25). Our
center is accustomed to using agents such as nicorandil,

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

nitroglycerin, and tirofiban as intracoronary agents.
Considering the short-term effects of drug injection on
blood flow velocity, our study did not include images after
intracoronary drug injection.

This study has several limitations. First, it has a
retrospective design, which means that the groups may have
contained a degree of bias, and although we performed
PSM to mitigate the statistical error arising from bias,
the resulting decrease in sample size led to a decrease in
statistical power. Second, although there is a correlation
between plaque characteristics assessed by IVUS and
MVD after PCI, it does not predict the prognosis, and
the accuracy of detection of vulnerable thin-cap fibrous
atheroma plaques is relatively weak for IVUS. Therefore, a
combination of other techniques with high resolution and
greater penetration, such as optical coherence tomography
and near-infrared spectroscopy, are needed for more
accurate identification of lesions. Third, many other factors
that affect microvascular function during PCI, including
degree of stent expansion, type of stent, thrombotic lesions,
underlying cardiac function, medications, and other
conditions, could not be analyzed because of the limitations
of the study design. Fourth, the pathophysiological
mechanisms of ACS and CCS are somewhat different and
require further subgroup analysis. Therefore, studies that
include larger samples and a more detailed study design are
needed to analyze PCl-related MVD in the future. Given
the limitations of this study, its results should be interpreted
with caution.

In conclusion, assessment of IVUS and AMR revealed
an association between smaller luminal area, more severe
plaque burden, a higher percentage of lipidic components,
and post-PCI MVD. Post-PCI MVD was an independent
risk factor for a poor prognosis.
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