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Objective: The impact of tissue characteristics of culprit lesion on myocardial tissue-level perfusion in non-ST-
segment elevation acute coronary syndrome (NSTE-ACS) remains unclear. EARLY-MYO-ACS study was a pro-
spective observational study to investigate the relationship between pre-percutaneous coronary intervention
(PCI) culprit plaque characteristics and post-PCI myocardial tissue-level perfusionwith iMap intravascular ultra-
sound (IVUS) in NSTE-ACS patients.
Methods: A total of 408 patients with coronary artery disease (246 NSTE-ACS and 162 stable angina pectoris)
undergoing coronary angiography, grayscale-IVUS and iMap-IVUSwere enrolled. Tissue characteristics of culprit
lesion were analyzed by the iMap-IVUS system as fibrotic, lipidic, necrotic, or calcified tissue. Epicardial coronary
perfusion was assessed by TIMI flow grade (TFG), and myocardial tissue-level perfusion was assessed by both
TIMI myocardial perfusion grade (TMPG) and TIMI myocardial perfusion frame count (TMPFC).
Results: The percentages of necrotic volume within the culprit lesion were significantly greater in NSTE-ACS
than that in stable angina pectoris (20.8± 7.9% vs. 15.9± 7.2%, P b 0.001). Patients with impaired epicardial cor-
onary perfusion (TFG 0–2) had higher necrotic percentage within the culprit lesion than those with normal TFG
(27.9 ± 7.3% vs. 19.6 ± 7.4%, P b 0.001). Moreover, patients with impaired myocardial tissue-level perfusion
(TMPG 0–2) had greater necrotic percentages within the culprit lesion than those with normal TMPG (25.0 ±
8.1% vs. 18.4 ± 6.7%, P b 0.001). Multivariate analysis revealed that iMap-derived necrotic volume percentage
was independently associated with reduced post-PCI TMPG (OR 2.39 [95% CI 1.60 to 3.57], P = 0.009) and im-
paired post-PCI TMPFC (OR 2.89 [95% CI 1.62 to 5.16], P=0.008). The ROC curve showed that the optimal thresh-
old of necrotic volume percentage was 20.09% and 21.03% to predict impaired TMPG and TMPFC, respectively.
Conclusion: Increased necrotic fraction of the culprit lesion is independently associated with impaired myocar-
dial tissue-level perfusion in NSTE-ACS patients. Thus, plaque composition assessed by pre-PCI iMap-IVUS
could predict post-PCI impaired myocardial tissue-level perfusion in NSTE-ACS patients (Trial Registration:
ChiCTR-OCH-13003046).

© 2019 Published by Elsevier B.V.
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1. Introduction

Percutaneous coronary intervention (PCI) is themost effective strat-
egy to treat patients with non-ST-segment elevation acute coronary
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syndrome (NSTE-ACS). However, we and other investigators have
found that, despite successful recanalization with an apparent normal
epicardial coronary flow, a substantial number of patients still fail
to achieve complete myocardial tissue-level reperfusion, which con-
tributes to the increased cardiac mortality and morbidity [1–5]. There-
fore, identification of the predictors for impaired myocardial tissue-
level perfusion is of great importance.

Previous studies have focused on the association between plaque
composition and epicardial coronary flow in NSTE-ACS patients, and
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showed that the tissue characteristics of culprit lesion was associated
with the epicardial coronary perfusion post-PCI [6].We and other inves-
tigators have shown that a large plaque burden, positive remodeling,
lipid pool-like images and echo-attenuated plaques on gray-scale intra-
venous ultrasound (IVUS) were indicators of impaired epicardial
coronary perfusion [7–10]. However, gray-scale IVUS is limited in its as-
sessment of tissue characterization, especially for necrotic core-rich
(NC) plaques [7]; and the impact of culprit lesion tissue characteristics
on myocardial tissue-level perfusion in NSTE-ACS remains unclear.

iMap-IVUS imaging system is the most recent radiofrequency
IVUS imaging system which acquires radiofrequency data and color-
codes coronary plaque as either green (fibrous), yellow (lipidic), red
(necrotic), or blue (calcified). Sathyanarayana et al. found that iMap-
derived coronary plaque composition in vivo was closely correlated
with the results of histopathological examination of tissue samples ob-
tained by directional coronary atherectomy [11]. The EARLY-MYO-ACS
study was a prospective observational registry to investigate the
relationship between pre-PCI culprit plaque characteristics and post-
PCI myocardial tissue-level perfusion in NSTE-ACS patients using the
iMap-IVUS imaging system.

2. Materials and methods

2.1. Study design and patients

EARLY-MYO-ACS study was a prospective observational registry (ChiCTR-OCH-
13003046) designed to investigate the impact of pre-PCI early assessment of plaque tissue
characteristics on post-PCI myocardial tissue-level perfusions in NSTE-ACS patients using
the iMap-IVUS imaging system. From May 2016 to April 2017, 246 consecutive patients
with NSTE-ACS were included in the study. The inclusion criteria were consecutive
patients’ age N 18 years old with NSTE-ACS who were referred for PCI of a native, de
novo coronary lesion. Each lesion selected for imagingwas a culprit or target lesion under-
going planned PCI. Key exclusion criteriawere ST-segment elevationmyocardial infarction
(STEMI), previous revascularization (PCI or bypass surgery), any contraindication for PCI,
and life expectancy b2 years. Data of angiograms and grayscale IVUS and iMap-IVUS were
prospectively entered into the study database. During the same enrollment period, the
data of SAP patients who were referred for PCI of a native, de novo coronary lesion and
who had a documented culprit lesion identified by invasive/noninvasive functional or is-
chemic testing were also consecutively entered into the study database to further plaque
characteristics comparison between NSTE-ACS and SAP patients. This study was per-
formed in accordance with the Declaration of Helsinki. The study protocol was approved
by the Institutional Review Board. Informed consent was obtained from all patients before
the procedure.

2.2. Coronary angiography and IVUS procedure

The detailed procedure was described in our supplementary material.

2.3. Angiographic analysis

Angiographic datawere analyzed off-line in an independent core angiographic labora-
torywith a computer-based cardiovascular angiographic analysis systemby two indepen-
dent, experienced angiographers who were blinded to all data apart from the coronary
angiograms [2]. Epicardial coronary flow in the culprit artery was graded according to
the Thrombolysis in Myocardial Infarction (TIMI) flow grade [12]. Myocardial tissue-
level perfusion was assessed by both the TIMI myocardial perfusion (TMPG) [13]
and the TIMI myocardial perfusion frame count (TMPFC) [1,2]. TMPFC is a newly devel-
oped method to standardize and quantify myocardial perfusion by timing the filling and
washout of contrast in themyocardium using cine-angiographic frame-counting as previ-
ously described [1,2]. Briefly, thefirst frameof TMPFCwas defined as the frame that clearly
demonstrated the first appearance of myocardial blush beyond the infarct-related artery
(IRA) (F1). The last frame of TMPFC was then defined as the frame where contrast or
myocardial blush disappeared (F2). TMPFC was calculated as F2 minus F1 frame counts
at a filming rate of 15 frames/s, or (F2 minus F1) ∗ 2 frame counts at the corrected filming
rate of 30 frames/s. The left anterior descending artery and left circumflex arterywere usu-
ally best assessed in the left anterior oblique views with caudal angulations. The right
coronary artery was usually best assessed in the left anterior oblique projection with
steep cranial angulation.

2.4. Analysis of intravascular ultrasound images

Grayscale IVUS analysiswas performed according to criteria from American College of
Cardiology (ACC) consensus statement on IVUS [14]. The borders of the vessel and lumen
were identified by automatic edge detection and corrected manually when necessary.
External elastic membrane (EEM) and lumen cross-sectional areas (CSA) were measured.
Plaque plus media (P&M) CSA was calculated as EEM minus lumen CSA; and plaque
burden was calculated as P&M divided by EEM CSA. Remodeling index was the ratio of
lesion site EEM CSA divided by the average of the proximal and distal reference EEM
CSA. The plaque classification was based on three consecutive frames with a plaque
burden N40%. Qualitative assessments of grayscale-IVUS plaque morphology were
based on the echogenic characteristics of the plaque on the cross-sectional view, and
the adventitia was used as a reference for echo-reflectivity [15]. Echo-attenuated plaque
was defined as N30° ultrasonic attenuation in three consecutive frames despite the ab-
sence of bright calcium [15]. Echolucent plaque was defined as a large echolucent zone
(thickness N0.3 mm) surrounded by tissue of greater echogenicity and was closer to the
luminal surface than to the adventitia (shallow location). Calcified plaque was defined
as hyperechoic plaque with acoustic shadowing. Plaque rupture was defined as an
intraplaque cavity in the vessel wall, with disruption of the intima, and flow observed
within the plaque cavity [14].

We assessed plaque composition for both the minimum lumen area (MLA) site and
the entire culprit lesion. Qualitative and quantitative analysis of each plaque was
done with iMap software (Boston Scientific) and QIvus software (Medis Medical Imaging
Systems). Inbrief, the iMap systemperformed spectral analysis of IVUS radiofrequency data
and classified each plaque into 4 color-coded components (green = fibrous, yellow =
lipidic, pink = necrotic, and blue = calcified). The lumen and the media-adventitia inter-
face were outlined by automatic edge detection and corrected manually for the entire cul-
prit lesion. Volumes were calculated using Simpson's rule. The volume of each component
was then calculated from cross-sections of 0.5 mm each covering the entire lesion. The
percentage of each tissue component was calculated as the volume of each divided by
the total plaque volume. Plaque with acoustic shadowing, severe calcification, or wire arti-
fact was unsuitable for analysis and thus automatically removed. The data were stored on a
hard disk for offline analysis that was performed independently by experienced analysts
who were blinded to all data apart from IVUS.

2.5. Statistical analysis

2.5.1. Sample size calculation
The primary hypothesis of the present study was that NSTE-ACS patients with im-

paired myocardial tissue-level perfusion (i.e., TMPG b3) would had greater necrotic
percentages within the culprit lesion than those with normal myocardial perfusion.
According to the data provided by the published literatures on the association of culprit
lesion characteristics and epicardial coronary perfusion [6,16,17] and assuming that the
necrotic percentages in impaired TMPG group was 22% and 14% in the normal TMPG
group, the sample sizes required was a total of 230 NSTE-ACS patients to allow detection
of an 8% difference in the necrotic percentages within the culprit lesion in impaired vs.
normal TMPG patients with 85% power and a 2-sided α value of 0.05.

2.5.2. Final analysis
Statistical analyses were performed using SAS9.13. In our presentation of the data,

continuous baseline and outcome variables were given as the mean ± SD, while discrete
variables were given as absolute values, percentages, or both. Continuous variables were
compared using the Student's t-test if normally distributed and the Wilcoxon rank-sum
if not. To examine the normal distribution, the Shapiro-Wilk test was used. Categorical
variables were compared using chi-square with normal approximation or Fisher's exact
test when appropriate. Logistic regression analysis was performed to evaluate the signifi-
cance of risk predictors of impaired angiographic microvascular flow. Two criteria were
considered necessary for a variable to be entered in the model: i) a univariate P value
for myocardial tissue-level perfusion of 0.10 or less; and ii) a plausible association
with the risk of impaired myocardial perfusion or the incidence of MACE according to
data provided by the literature. Odds ratios and 95% confidence intervals were calculated.
A two-tailed P-value of b0.05 was considered to be statistically significant for all analyses.
Correlation between NC% and TMPFC was evaluated by using linear regression models.
Receiver-operator characteristics (ROC) curve were generated from multiple sensitivity/
specificity pairs. The optimal cutoff point was defined the point on the ROC curve closest
to (0, 1).

3. Results

3.1. Baseline characteristics of the enrolled patients

We prospectively enrolled 246 NSTE-ACS patients who had pre-PCI
angiogram, grayscale and iMap-IVUS, and underwent PCI in the present
study. Meanwhile, 162 patients with SAP who had pre-PCI angiogram
and grayscale and iMap-IVUS were enrolled as control. The flow chart
of patients' enrollment process was shown in the Fig. 1. There were no
differences in the prevalence of classical coronary risk factors between
NSTE-ACS and SAP groups except the current smoking rate (P b 0.001)
(Table 1). Compared with the SAP group, patients with NSTE-ACS had
lower left ventricle ejection fraction (P = 0.002). There were no signif-
icant differences between the 2 groupswith regard to the distribution of
culprit arteries, rates of stent implantation, or number of implanted
stents (Table 1). However, patients in the NSTE-ACS group did have



Fig. 1. Flow chart of patient enrollment. CABG, coronary artery bypass graft; CAG, coronary artery angiography; NSTE-ACS, non-ST-segment elevation acute coronary syndrome; IVUS,
intravascular ultrasound; PCI, percutaneous coronary intervention; SAP, stable angina pectoris.
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poorer epicardial flow (pre-TIMI 0–2, 45.1% vs 5.6%, P b 0.0001) as
well as impaired tissue-level perfusion (pre-TMPG 0–2, 54.9% vs 9.3%,
P b 0.0001) before PCI.

3.2. Plaque characteristics comparison of NSTE-ACS group vs SAP group

The IVUS results of grayscale and iMap for NSTE-ACS and SAP groups
were shown in Table 2. Positive remodeling at the MLA sites was more
common in patients with NSTE-ACS vs SAP (67.7% vs 31.5%, P b 0.0001).
Furthermore, patients with NSTE-ACS more often had echo-attenuated
plaques and plaque rupture than SAP patients (echo-attenuated
plaques, 39.0% vs 11.1%, P = 0.0004; plaque rupture, 51.2% vs 18.5%,
P = 0.0001).

Analysis of the plaque composition at the MLA sites demonstrated
that NC% in patients with NSTE-ACS was significantly higher than
in SAP (22.3 ± 9.2% vs 17.3 ± 8.7%, P= 0.002). Furthermore, a smaller
percentage of the fibrous component was found at the MLA sites in
patients with NSTE-ACS than in patients with SAP (51.9 ± 12.1% vs
Table 1
Baseline characteristics of patients (NSTE-ACS vs. SAP).

Characteristic NSTE-ACS
(patients = 246)

SAP
(patients = 162)

P-value

Age, years 63.8 ± 11.3 66.2 ± 12.2 0.243
Female gender, n (%) 30(12.2) 30(18.5) 0.078
Hypertension, n (%) 126(51.2) 96(59.3) 0.111
Diabetes mellitus, n (%) 60(24.4) 48 (29.6) 0.241
Hypercholesterolemia, n (%) 54(22.0) 48 (29.6) 0.080
Current smoking, n (%) 141(57.3) 60(37.0) b0.001
Family history, n (%) 30(12.2) 13(8.0) 0.179
Peripheral vascular disease, n (%) 15(6.1) 6(3.7) 0.284
Previous myocardial infarction,
n (%)

15(6.1) 6(3.7) 0.284

Previous stroke, n (%) 12(4.9) 6(3.7) 0.572
Left ventricle ejection fraction (%) 51.8 ± 12.7 58.4 ± 10.5 0.002
Target coronary artery, n (%) 0.740

Left main 3(1.2) 3(1.9)
Left anterior descending 120(48.8) 90(55.6)
Left circumflex 33(13.4) 18(11.1)
Right 90(36.6) 51(31.5)

Stent implantation, n (%) 240(97.6) 156(96.3) 0.553
Implanted stents, n 1.2 ± 0.5 1.2 ± 0.6 0.721
Stent size (mm) 3.3 ± 0.5 3.2 ± 0.5 0.314
Stent length (mm) 17.8 ± 5.8 16.3 ± 6.7 0.189
Pre-TIMI (0–2) 111(45.1) 9(5.6) b0.001
Pre-TMPG (0–2) 135(54.9) 15(9.3) b0.001

Data presented asmean± SD or number (n) and percentage (%) of patients. NSTE-ACS in-
dicates non-ST-segment elevation acute coronary syndrome; SAP, stable angina pectoris;
TIMI, Thrombolysis In Myocardial Infarction. TMPG, TIMI myocardial perfusion grade.
59.5 ± 12.2%, P = 0.003). There was no significant difference between
the 2 groups for the other plaque components.

In addition, analysis of the plaque composition within the entire
length of \ culprit lesions showed a significant difference in the percent-
age of necrotic and fibrous component between the 2 groups. The
culprit plaques of patients with NSTE-ACS contained a larger NC% and
a smaller percentage of the fibrous component than those with SAP
(NC%: 20.8 ± 7.9% vs 15.9 ± 7.2%, P = 0.0004; fibrous component:
55.0 ± 12.4% vs 60.8 ± 10.3%, P= 0.005). No significant difference be-
tween the 2 groups was detected for the other plaque components of
the entire culprit lesion.

3.3. Association of plaque characteristics with epicardial perfusion in
NSTE-ACS patients

To evaluate the relationship between plaque components and epi-
cardial coronary flow after PCI in NSTE-ACS patients, we divided all
NSTE-ACS patients into two groups based upon post-PCI TIMI grade:
one group for patients with TFG 0–2 and the other for patients with
TFG 3. The gray-scale and iMap-IVUS data were shown in Table 2.
Patients with TFG 0–2 had larger EEM CSA and P&M CSA at the MLA
sites. Qualitative data showed no significant difference between 2
groups. Plaque composition at theMLA sites showed a higher NC% in pa-
tients with TFG 0–2 (29.7 ± 8.0% vs 21.0 ± 8.8%, P = 0.002). A smaller
percentage of the fibrous component was observed at the MLA sites in
patients with TFG 0–2 than in patients with TFG 3 (44.7 ± 11.9% vs
54.3 ± 12.3%, P = 0.014). There was no significant difference between
the 2 groups for the other plaque components. Analysis of the plaque
composition of the entire culprit lesions showed a result similar with
that of the MLA sites.

3.4. Association of plaque characteristics with myocardial tissue-level
perfusion in NSTE-ACS patients

We further assessed the relationship between plaque components
and post-PCI myocardial tissue-level perfusion (TMPG and TMPFC) in
NSTE-ACS patients. Table 3 listed gray-scale and iMap-IVUS results of dif-
ferent TMPG groups. In the grayscale IVUS analysis patients with TMPG
0–2 had larger EEM CSA and P&M CSA at the MLA site along with a
heavier plaque burden, but a smaller MLA than patients with TMPG 3.
The NC% in the TMPG 0–2 group was significantly higher both at the
MLA site and within the entire lesion (MLA, 26.2 ± 8.8% vs 19.6 ± 8.3,
P = 0.003; the entire lesion, 25.0 ± 8.1% vs 18.4 ± 6.7%, P = 0.0001).

To confirm the relationship between plaque components and post-
PCI myocardial tissue-level perfusion, we further used TMPFC, a novel
quantitative angiographic method, to assess myocardial tissue-level



Table 2
Grayscale and iMap-IVUS findings (NSTE-ACS vs. SAP & TFG0–2 vs. TFG3).

Characteristic NSTE-ACS
(n = 246)

SAP
(n = 162)

P-value TFG 0–2
(n = 36)

TFG 3
(n = 210)

P-value

Grayscale IVUS data
Quantitative grayscale data

Lumen CSA (mm2) 3.4 ± 0.6 3.3 ± 0.7 0.354 3.2 ± 0.7 3.5 ± 0.6 0.294
EEM CSA (mm2) 16.2 ± 4.4 15.1 ± 4.8 0.149 18.9 ± 4.1 15.7 ± 4.2 0.021
P&M CSA (mm2) 12.8 ± 4.4 11.7 ± 4.7 0.192 15.6 ± 4.6 12.3 ± 4.2 0.015
Plaque burden (%) 77.1 ± 7.7 75.6 ± 9.8 0.316 80.9 ± 9.9 76.5 ± 7.2 0.066
Remodeling index 1.8 ± 0.1 1.0 ± 0.1 0.022 1.1 ± 0.1 1.1 ± 0.1 0.103
Positive remodeling (%) 155(67.7) 51(31.5) b0.0001 30(83.3) 135(64.3) 0.320
Lesion length (mm) 14.6 ± 7.7 16.4 ± 9.3 0.438 15.3 ± 8.5 13.8 ± 7.1 0.287
Plaque volume (mm3) 110.9 ± 65.2 98.7 ± 55.4 0.107 120.3 ± 69.3 100.2 ± 60.4 0.042

Qualitative grayscale data
Plaque rupture (%) 126(51.2) 30(18.5) b0.001 28(75.0) 99(47.1) 0.001
Echo-lucent plaques (%) 45(18.3) 20(12.3) 0.108 9(25.0) 36(17.1) 0.260
Echo-attenuated plaques (%) 96(39.0) 18(11.1) b0.001 24(66.7) 72(34.3) b0.001
Calcified plaques (%) 78(31.7) 52(37.0) 0.266 12(33.3) 66(31.4) 0.820

iMap–IVUS parameters
Plaque composition at MLA

Fibrous (%) 51.9 ± 12.1 59.5 ± 12.2 0.003 44.7 ± 11.9 54.3 ± 12.3 0.014
Lipid (%) 11.4 ± 5.7 9.9 ± 5.0 0.111 12.7 ± 6.2 11.2 ± 5.6 0.397
Necrotic (%) 22.3 ± 9.2 17.3 ± 8.7 0.002 29.7 ± 8.0 21.0 ± 8.8 0.002
Calcified (%) 6.3 ± 5.0 7.4 ± 5.0 0.205 5.7 ± 5.1 6.4 ± 5.0 0.658

Plaque composition over lesion
Fibrous (%) 55.0 ± 12.4 60.8 ± 10.3 0.005 46.5 ± 9.2 56.4 ± 12.4 0.010
Lipid (%) 10.2 ± 4.8 9.6 ± 4.0 0.399 11.7 ± 4.5 10.0 ± 4.8 0.239
Necrotic (%) 20.8 ± 7.9 15.9 ± 7.2 0.0004 27.9 ± 7.3 19.6 ± 7.4 0.001
Calcified (%) 6.5 ± 3.7 7.8 ± 4.5 0.077 6.3 ± 4.1 6.5 ± 3.7 0.868

Data presented as mean ± SD or number (n) and percentage (%) of patients. CSA indicates cross-sectional area; EEM, external elastic membrane; IVUS, intravascular ultrasound; MLA,
minimum lumen Area; NSTE-ACS indicates non-ST-segment elevation acute coronary syndrome; P&M= plaque&media; SAP, stable angina pectoris; TMPFC, TIMI myocardial perfusion
frame count; TMPG, TIMI myocardial perfusion grade.
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perfusion [1,2] as shown in Table 3. In the grayscale IVUS analysis, NSTE-
ACS patients with abnormal TMPFC had heavier plaque burden, more
echo-attenuated plaques, and larger lumen EEM CSA and P&M CSA.
Similar to the results in the TMPG comparison, patients with abnormal
TMPFC had larger NC% and less fibrous percentage both at the MLA site
Table 3
Grayscale and iMap-IVUS findings (TMPG0–2 vs. TMPG3 & TMPFC N 90 vs. TMPFC ≤ 90).

Characteristic TMPG 0–2
(n = 90)

TMPG 3
(n = 156)

Grayscale IVUS data
Quantitative grayscale data

Lumen CSA (mm2) 3.2 ± 0.7 3.5 ± 0.6
EEM CSA (mm2) 17.6 ± 4.6 15.4 ± 4.0
P&M CSA (mm2) 14.3 ± 4.8 11.9 ± 3.9
Plaque burden (%) 79.7 ± 8.6 75.7 ± 6.8
Remodeling index 1.1 ± 0.1 1.1 ± 0.2
Positive remodeling (%) 57(63.3) 108(69.2)
Lesion length (mm) 15.4 ± 5.7 14.0 ± 8.7
Plaque volume (mm3) 121.9 ± 65.2 98.9 ± 70.2

Qualitative grayscale data
Plaque rupture (%) 57(63.3) 69(44.2)
Echo-lucent plaques (%) 21(23.3) 24(15.4)
Echo-attenuated plaques (%) 54(60.0) 42(26.9)
Calcified plaques (%) 27(30.0) 51(32.7)

iMap–IVUS parameters
Plaque composition at MLD

Fibrous (%) 47.5 ± 11.6 56.0 ± 12.3
Lipid (%) 12.7 ± 6.8 10.6 ± 4.9
Necrotic (%) 26.2 ± 8.8 19.6 ± 8.3
Calcified (%) 5.7 ± 4.5 6.6 ± 5.3

Plaque composition over lesion
Fibrous (%) 48.8 ± 11.9 58.6 ± 11.4
Lipid (%) 11.7 ± 4.9 9.4 ± 4.5
Necrotic (%) 25.0 ± 8.1 18.4 ± 6.7
Calcified (%) 7.0 ± 3.7 6.2 ± 3.8

Data presented as mean ± SD or number (n) and percentage (%) of patients. CSA indicates cro
minimum lumen Area; NSTE-ACS indicates non-ST-segment elevation acute coronary syndrom
and within the entire lesion (NC% at MLA site, 24.6 ± 9.4% vs 20.1 ±
8.5%, P = 0.025; fibrous percentage at MLA site, 49.3 ± 11.9% vs
56.1 ± 12.6%, P = 0.014; necrotic percentage within the entire lesion,
25.6 ± 7.2% vs 16.4 ± 5.6%, P b 0.0001; fibrous percentage within the
entire lesion, 48.8 ± 11.3% vs 60.6 ± 10.7%, P b 0.0001). We further
P-value TMPFC N90
(n = 117)

TMPFC ≤90
(n = 129)

P-value

0.037 3.3 ± 0.7 3.5 ± 0.6 0.282
0.032 17.6 ± 4.5 14.9 ± 3.8 0.004
0.015 14.3 ± 4.6 11.4 ± 3.8 0.003
0.022 79.3 ± 8.4 75.2 ± 6.6 0.017
0.195 1.1 ± 0.1 1.1 ± 0.1 0.428
0.584 84(71.8) 81(62.8) 0.386
0.305 14.9 ± 9.1 14.1 ± 7.9 0.437
0.031 118.9 ± 57.2 101.5 ± 63.9 0.046

0.004 72(61.5) 54(41.9) 0.002
0.120 26(22.2) 19(14.7) 0.129
b0.001 60(51.3) 36(27.9) b0.001
0.662 33(28.2) 45(34.9) 0.261

0.003 49.3 ± 11.9 56.1 ± 12.6 0.014
0.141 12.8 ± 6.5 10.2 ± 4.6 0.085
0.003 24.6 ± 9.4 20.1 ± 8.5 0.025
0.416 6.2 ± 5.5 6.3 ± 4.6 0.883

0.0004 48.8 ± 11.3 60.6 ± 10.7 b0.0001
0.077 11.2 ± 4.8 9.3 ± 4.6 0.063
0.0001 25.6 ± 7.2 16.4 ± 5.6 b0.0001
0.378 6.8 ± 4.0 6.2 ± 3.6 0.481

ss-sectional area; EEM, external elastic membrane; IVUS, intravascular ultrasound; MLA,
e; P&M = plaque&media; SAP, stable angina pectoris; TFG, TIMI flow grade.
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performed linear regression of TMPFC vs NC% within the entire plaque:
r = 0.712, P b 0.0001 (Fig. 2-B).

3.5. Determinants of abnormal myocardial tissue-level perfusion

To determine independent predictors related to the impairedmicro-
vascular perfusion, we performed multivariable analyses of baseline
variables with a univariate P ≤ 0.10 and variables known to be related
to myocardial perfusion. Fig. 2-C1 showed that age ≥75 years (OR 3.48
[95%CI 1.93–6.26], P b 0.001), echo-attenuated plaques (OR 3.02
[95% CI 1.86–4.91], P = 0.003) and NC% volume (OR 2.39 [95% CI
1.60–3.57], P = 0.009) were independently associated with reduced
post-PPCI TMPG. Age ≥75 years (OR 3.11[95%CI 1.91–5.05], P b 0.001),
NC% volume (OR 2.89 [95% CI 1.62–5.16], P = 0.008), echo-attenuated
plaques (OR 2.32 [95% CI 1.56–3.45], P = 0.011), and diabetes mellitus
(OR 1.95 [95%CI 1.05–3.62], P = 0.042) were independent predictors
of abnormal post-PPCI TMPFC (Fig. 2-C2).
Fig. 2. The relationship between culprit plaque characteristics and myocardial tissue-level perf
abnormal myocardial tissue-level perfusion. B, Correlation between iMap–IVUS-derived percen
patients undergoing PCI. C, Independent predictors of impaired TIMI Myocardial Perfusion Gra
determine the optimal cutoff value for the percentage of necrotic tissue to impaired TIMI Myo
D2). CABG, coronary artery bypass graft; CAG, coronary artery angiography; NSTE-ACS, no
intervention.
3.6. Optimal threshold to predict abnormal myocardial tissue-level
perfusion

The ROC curve showed that 20.09% was the optimal threshold of NC
% of the entire lesion to predict impaired TMPG (area under the curve
[AUC]=0.75, 95% CI 0.63–0.86, P=0.001; sensitivity, 65.4%, specificity,
76.9%; Fig. 2-D1), and 21.03% was the optimal cut point of NC% volume
to predict impaired TMPFC (AUC = 0.88, 95%CI: 0.79–0.96, P = 0.001;
sensitivity, 82.1%, specificity, 88.4%; Fig. 2-D2).

4. Discussion

The IMAP-ACS study assessed the impact of culprit lesion plaque
composition on coronary reperfusion (i.e., TFG) and microvascular
reperfusion (i.e., TMPG and TMPFG) in NSTE-ACS patients. The main
findings of our study were as follows: 1) Using the iMap imaging sys-
tem, NSTE-ACS patients were found to have more necrotic plaques in
usion in NSTE-ACS patients. A, Representative iMap-intravascular ultrasound images with
tage of necrotic tissue and TIMI Myocardial Perfusion Frame Count (TMPFC) in NSTE-ACS
de (TMPG, C1) and TIMI Myocardial Perfusion Frame Count (TMPFC, C2). D, ROC curve to
cardial Perfusion Grade (TMPG, D1) and TIMI Myocardial Perfusion Frame Count (TMPFC,
n-ST-segment elevation acute coronary syndrome; IVUS, PCI, percutaneous coronary
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culprit lesions than SAP patients; 2) NSTE-ACS patients with post-PCI
impaired epicardial perfusion (TFG 0–2) had more necrotic plaques;
3) A greater percentage of the NC component was also observed in
NSTE-ACS patients with insufficient myocardial tissue-level perfusion
(TMPG 0–2 or TMPFCN90); 4) Multivariate analyses identified iMap-
derived NC as an independent predictor of myocardial tissue-level per-
fusionwith an optimal cut-points of iMap-derived %NCvolumeof≈20%
to predict impaired TMPG and TMPFC.

Plaque composition is considered to be a key determinant of thepro-
pensity of atherosclerotic lesions to provoke clinical events [18–23].
Previous studies suggested that assessment of the angiographic severity
of a coronary stenosis may be inadequate to accurately predict a subse-
quent acute coronary event. The development ofmultiple intracoronary
imaging modalities has increased our understanding of coronary
atherosclerotic disease. In fact, a wide range of information arising
from a variety of intravascular imaging modalities such as IVUS, optical
coherence tomography (OCT), and more recently, near-infrared spec-
troscopy (NIRS) developed the concept of the plaque tissue characteris-
tics and its relationship to acute coronary syndromes [24].

The iMap-IVUS was the most recent radiofrequency IVUS imaging
technique for assessing plaque tissue characteristics. Ex vivo validation
demonstrated accuracies of 97%, 98%, 95%, and 98% for necrotic, lipidic,
fibrotic and calcified regions, respectively [11]. Compared with gray-
scale IVUS, iMap-IVUS makes it possible to determine not only tissue
characterization, but also the absolute plaque volume and the ratio as
well as the plaque area in lesions of interest [25]. In this intracoronary
imaging study coronary plaque composition was compared between
patients with NSTE-ACS and those with SAP. The amounts of the
iMap-derived NC component were larger and the amounts of fibrotic
plaque were less in patients with NSTE-ACS, consistent with previous
virtual histology IVUS (VH-IVUS) studies [26]. Moreover, a positive cor-
relationwas observed between the extent of lipid-rich plaquemeasured
by NIRS and IVUS-derived plaque burden [27].

Several VH-IVUS studies have focused on the association between
plaque composition and epicardial coronary reperfusion (epicardial-
level perfusion) in ACS patients. The VH-IVUS study by Hong et al.
demonstrated that ACS patients with abnormal epicardial reflow
(TIMI flow 0–2) had more NC rich lesions compared with ACS patients
with TIMI flow 3 after stent deployment [6]. On the contrary, Bae et al.
showed that abnormal epicardial reflow was relevant to high VH-IVUS
fibro-fatty and fibrotic volume of the culprit lesion rather than the NC
in patients undergoing primary PCI [25]. In our study, the necrotic com-
ponent identified by iMap-IVUS was significantly larger while the fi-
brous component was smaller in NSTE-ACS patients with abnormal
epicardial-level perfusion than in those with normal epicardial reflow
both at the MLA site and within the entire lesion. Moreover, we ob-
served that NSTE-ACS patients with impaired myocardial tissue-level
reperfusion had more necrotic plaques. Up to now, few studies have
discussed the association between plaque composition and myocardial
tissue-level perfusion. Using OCT, Tanaka et al. showed that post TIMI
blush grade also was more likely to be poor in NSTE-ACS patients with
lipid-rich plaque [28]. In our study, microvascular flow was measured
by twomethods. Onewas the TMPG, an angiographic surrogate ofmyo-
cardial perfusion developed by Gibson et al. that focuses on the velocity
of contrast opacity clearance, which was categorical and operator de-
pendent [13]; and the other was the TMPFC, which quantified myocar-
dial perfusion by timing the filling and clearance of contrast in the
myocardium using cine-angiographic frame-counting [1,2].

We observed that NSTE-ACS patients with impaired myocardial mi-
crovascular reperfusion (i.e., impaired TMPG and TMPFC) had a larger
necrotic component. To determinewhether this was truly related to im-
paired microvascular perfusion, we first used a linear regression model
which confirmed a positive correlation between the amount of the
necrotic component and TMPFC. Besides, we performedmultivariate lo-
gistic analysis, which showed that necrotic componentwas an indepen-
dent predictor both of TMPG and TMPFC after PCI. The development of
poormyocardial perfusion was considered to result frommicrovascular
damage produced by microvascular obstruction or reperfusion injury
[29]. It is believed that fragile tissues contained in the necrotic compo-
nents could be easily liberated as small emboli by mechanical fragmen-
tation during coronary stenting which eventually induces abnormal
reperfusion. The cellular debris, cholesterol crystals, and intramural
bleeding of the necrotic component all could induce distal embolization.
Thus, prediction of impaired myocardial reperfusion with iMap-IVUS
might have a substantial impact on decision making in the catheteriza-
tion laboratory.

4.1. Study limitations

Several limitations of our study should be considered to place its
findings in the proper context. First, although data in our studywas pro-
spectively collected and blindly analyzed, the sample sizewas relatively
small. Second, we only included NSTE-ACS patients, so the association
between plaque composition and myocardial tissue-level perfusion in
STEMI patients remained unclear. Third, although iMap-IVUS had a pre-
dictive accuracy of N95% for tissue characterization in ex vivo studies
[11], further studies with other intravascular imaging modalities such
as OCT and NIRS are warranted to validate the results of the current
study. Fourth, although microvascular flow in our study was measured
by both TMPG (an semi-quantitative angiographic index of myocardial
perfusion [13]) and TMPFC (a quantitative index developed by our
group with the aim to quantify TMPG and assess myocardial perfusion
objectively [1,2]), newmodality such as cardiacmagnetic resonance im-
aging has great potential for the assessment of myocardial reperfusion
injury andmight be used in future studies [1,2]. Fifth, themeasurements
of the iMap-derived necrotic fraction over the entire lesion needed
offline analysis. To translate this to daily practice, software should be
developed to calculate the percentages of each component over the
entire culprit lesion in a real-timemanner during PCI procedure. Finally,
the comparison of the plaque characteristics between 246 NSTE-ACS
and 162 SAP patients in the present study might introduce potential
selection bias.

5. Conclusions

Larger necrotic component within coronary plaques may have
higher risks of developing acute coronary events and having impaired
coronary reperfusion and microvascular reperfusion post-PCI. For
ACS patients with high necrotic component coronary plaques, more
therapies were needed to prevent postprocedural abnormalmyocardial
reperfusion, including intracoronary drugs administration such as
glycoprotein IIb/IIIa receptor antagonists, nitroprusside, verapamil or
nicorandil [30,31].
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