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Abstract

Objective

Although the plaque characteristics have been recognized in patients with acute myocardial

infarction (AMI), the plaque spatial distribution is not well clarified. Using color-mapping

intravascular ultrasound (iMAP-IVUS), we examined culprit lesions to clarify plaque mor-

phology, composition and spatial distribution of the sites of potential vulnerability.

Methods

Sixty-eight culprit lesions in 64 consecutive AMI patients who underwent angiography and

IVUS examinations before intervention were analyzed. Plaque morphology and composi-

tion were quantified with iMAP-IVUS. The spatial distribution of the sites of potential vulner-

ability was assessed with longitudinal reconstruction of the consecutive IVUS images. The

plaque characteristics were also compared between ruptured and non-ruptured lesions,

and between totally occlusive (TO) and non-TO lesions.

Results

The sites with maximum necrotic area (maxNA), maximum plaque burden (maxPB) and

most severely narrowed (minimal luminal area, MLA) were recognized vulnerability. In the

majority of cases, maxNA sites were proximal to the maxPB sites, and MLA sites were distal

to the maxNA and maxPB sites. Ruptures usually occurred close to maxNA sites and proxi-

mal to maxPB and MLA sites. The average distance from the site of rupture to the maxNA

site was 0.33 ± 4.04 mm. Ruptured lesions showed significant vessel remodeling, greater

plaque volume, and greater lipidic volume compared to those of non-ruptured lesions.

Both the length and plaque burden (PB) of TO lesions were greater than those of non-TO

lesions.
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Conclusions

Instead of overlapping on maxPB sites, most maxNA sites are proximal to the maxPB sites

and are the sites most likely to rupture. Plaque morphology and composition play critical

roles in plaque rupture and coronary occlusion.

Introduction
Acute myocardial infarction (AMI) is commonly caused by atherosclerotic plaque rupture or
endothelial erosion with superimposed thrombosis, either of which results in abrupt coronary
artery occlusion [1,2]. Although plaque ruptures have often been located in the proximal seg-
ments of the coronary arteries [3–6], the reasons for rupture at these locations are not clear.
Intravascular ultrasound (IVUS) studies have shown that lesions with an extensive plaque bur-
den (PB) and causing compensatory positive remodeling are vulnerable and prone to rupture
[7–11]. However, the characteristics of ruptured plaque have not been fully described.

There is increasing evidence that AMI patients with totally occlusive (TO) culprit arterial
lesions have worse short- and long-term clinical outcomes, such as reinfarction and death from
coronary disease, than those of patients with non-totally occlusive (non-TO) lesions [12–17].
However, differences in plaque features between TO lesions and non-TO lesions remain to be
elucidated.

iMAP (Boston Scientific, Marlborough, MA) is a newly developed color-mapping IVUS tis-
sue characterization system based on pattern recognition of the radio frequency (RF) signals
and can provide quantitative analysis of plaque composition [18–20]. We conducted a retro-
spective volumetric analysis of iMAP-IVUS images to investigate the spatial distribution of
the sites of vulnerability and rupture. We also compared plaque morphology and composition
between ruptured and non-ruptured lesions and between TO and non-TO lesions.

Methods

Ethics Statement
This retrospective study was approved by the Nihon University Itabashi Hospital Institutional
Review Board (RK-150609-5) and conducted according to the principles of National Ethical
Guidelines for Medical and Health Research Involving Human Subjects. All of the participants
provided signed, informed consent at admission, before their data were stored in the hospital
database.

Study Patients
The study group comprised 64 consecutive AMI patients with 68 culprit lesions. These patients
were identified from among 84 AMI patients admitted to our institution for emergency percu-
taneous coronary intervention (PCI) during the period February 2013 through April 2014. All
had undergone IVUS examination before PCI. The diagnosis of AMI, which included ST-seg-
ment elevation myocardial infarction (STEMI) or non-STEMI, was based on significant eleva-
tion of at least 1 biomarker of myocardial necrosis (troponin I/T or creatine kinase-MB) in
combination with a history of prolonged acute chest pain and characteristic electrocardiogram
changes. Culprit coronary lesions were identified on the basis of angiographic lesion morphol-
ogy, electrocardiographic findings and abnormal left ventricular wall motion (shown by echo-
cardiography or left ventriculography). Patients not included in the study were those for whom
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manual pullback of the IVUS catheter was necessary, the IVUS images were of poor quality,
stent restenosis occurred or vein graft lesioning or extensive coronary artery calcification was
found.

Angiographic Analysis
Coronary angiography was performed via the radial or femoral approach after intracoronary
administration of nitroglycerin. Stenosis was quantified as follows: (reference vessel diameter
−minimum lumen diameter) / (reference vessel diameter) ×100 (%). Lesions causing 100% ste-
nosis were classified as TO lesions, and lesions causing< 100% stenosis were classified as non-
TO lesions.

Acquisition and Analysis of IVUS Images
After intracoronary administration of nitroglycerin, a mechanical rotating 40-MHz IVUS
transducer (Atlantis™ SR Pro, Boston Scientific) was advanced beyond the culprit lesion after
guidewire passage or after dilatation with a 1.5–2.0 mm diameter balloon and then pulled back
to the aorto-ostial junction with an automatic pullback device at a rate of 0.5 mm/s. The IVUS
images with the RF signals were stored on DVD for offline analysis.

Quantitative analysis of the IVUS images was performed according to criteria set forth in
the American College of Cardiology Clinical Expert Consensus Document on IVUS [21]. All
measurements were performed independently by an experienced analyst who was blinded to
patients’ clinical characteristics and angiographic findings. The borders of the external elastic
membrane (EEM) and lumen at the sites of target lesions were traced manually by means of
IVUS analysis software (echoPlaque 3.0, INDEC Systems, Santa Clara, CA, USA). The EEM
area was considered the vessel area. The plaque area was calculated as the EEM area minus the
lumen area, and PB was calculated as the plaque area divided by the EEM area. A plaque� 0.5
mm in thickness was regarded as a lesion. Lesions separated by� 2 mm of normal vessel were
considered discrete lesions. Lesion length was taken as the distance between the lesion’s proxi-
mal and distal edges. The minimal luminal area (MLA) was defined as the smallest luminal
area inside the lesion. A plaque rupture was defined as a cavity that was in contact with the
lumen with an overlying residual fibrous cap fragment [22]. In iMAP-IVUS analysis of plaque
composition, various aspects of the RF signal are processed by autoregressive modeling and
matched to a database of known RF signal profiles containing the characteristics of 4 basic tis-
sue types [23]. The tissue components of the plaques were classified into the 4 basic types as
fibrotic (green), lipidic (yellow), necrotic (red), and calcified (blue). After tracing the EEM and
lumen of all involved iMAP-IVUS images from the distal to the proximal direction, the soft-
ware automatically calculated lesion length, lumen area and volume, vessel area and volume,
plaque area and volume, PB, fibrotic plaque area and volume, lipidic plaque area and volume,
necrotic plaque area and volume and calcified plaque area and volume. To compensate for the
effect of various lesion lengths on the volumetric variables, length-adjusted volumetric vari-
ables were used in the study. For example, length-adjusted lumen volume was calculated as:
lumen volume divided by lesion length and then multiplied the median length of all 68 culprit
lesions [24].

Statistical Analyses
Categorical variables are shown as numbers or frequencies, and continuous variables are
shown as mean ± SD. Comparisons were made between TO lesions and non-TO lesions and
also between ruptured plaques and non-ruptured plaques. Between-group differences in cate-
gorical variables were analyzed by chi-square test or Fisher's exact test. Continuous variables
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were tested for normality of distribution by Kolmogorov-Smirnov test. Between-group differ-
ences in normally distributed variables were analyzed by unpaired Student’s t-test and in non-
normally distributed variables were analyzed by Mann-Whitney U test or Kruskal-Wallis test.
Association between various IVUS variables was assessed by simple linear regression analysis.
All statistical analyses were performed with JMP 10.0 software (SAS institute, Cary, NC). A
p value< 0.05 was considered statistically significant.

Results

Patient Characteristics
Patients’ clinical characteristics are shown in Table 1. Sixty-nine percent of the patients were
male, and 86% had a STEMI. Prior myocardial infarction and a prior PCI were significantly
more prevalent among patients with ruptured plaques than among those with non-ruptured
plaques. The prevalence of dyslipidemia differed, though not significantly, between the TO
group patients and non-TO group patients (46% versus 22%, p = 0.05), but there was no differ-
ence in age, sex or other coronary risk factors. STEMI was more prevalent in the TO group
than in the non-TO group (95% versus 70%, respectively; p = 0.005).

Angiographic Findings
Sixty of the 64 patients had 1 culprit lesion, and the remaining 4 (6%) patients had 2 culprit
lesions. Of the 68 lesions, 42 (62%) were TO lesions and 26 (38%) were non-TO lesions. Angio-
graphically determined distribution of the culprit lesions is shown in Table 2. Fifty percent of
the lesions were located in left anterior descending artery. There was no significant difference
in lesion location between the TO group and the non-TO group.

Spatial Distribution of Areas of Vulnerability and Ruptures
Using longitudinal reconstruction of the consecutive IVUS images, we assessed the spatial rela-
tions between sites of potential vulnerability within the culprit lesions by measuring the dis-
tance between the sites of maximum necrotic area (maxNA), maximum PB (maxPB), MLA
and rupture. Overall, the distance from the proximal edge of the lesion to the site of maxNA
was 18.4 ± 17.5 mm, to the site of maxPB was 21.8 ± 17.7 mm and to the MLA site was
28.2 ± 20.1 mm. In the majority of cases, the most stenotic sites (MLAs) were distal to the
maxNA and maxPB sites (Fig 1A). Specifically, 75% of maxNA sites were proximal to the MLA
sites, and 79% of maxPB sites were proximal to (54%) or overlapped (25%) the MLA sites
(Table 3). For the spatial relations between maxNA sites and maxPB sites, 72% of maxNA sites
were proximal to (62%) or overlapped (10%) the maxPB sites (Table 4).

In 27 (40%) ruptured plaques, the distance from the proximal edge to the site of rupture
was 23.5 ± 20.4 mm, to the maxNA site was 24.7 ± 20.8 mm, to the maxPB site was
28.3 ± 22.8 mm and to the MLA site was 34.0 ± 21.7 mm. The sites of rupture were closest to
the maxNA sites (Fig 1B). The average distance from the site of rupture to the maxNA site
was 0.33 ± 4.04 mm (Table 5). Simple linear regression analysis revealed close correlation
between the sites of rupture and the maxNA sites (R2 = 0.94, p< 0.0001; Fig 1C). Specifically,
44% of ruptures were proximal to, 26% overlapped and 30% were distal to a maxNA site.
In comparison with the closest correlation between the sites of rupture and maxNA sites,
the correlation was weaker but significant between the sites of rupture and maxPB sites
(R2 = 0.89, p< 0.0001; Fig 1D), and between the sites of rupture and MLA sites (R2 = 0.69,
p< 0.0001; Fig 1E). Specifically, 70% of ruptures were proximal to, 11% overlapped and 19%
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were distal to a maxPB site, and 78% of ruptures were proximal to, 7% overlapped and 15%
were distal to an MLA site (Table 5).

Plaque characteristics in Ruptured Lesions and in TO Lesions
IVUS findings are shown for the ruptured and non-ruptured lesions in Table 6. Although the
lumen volumes were comparable, the vessel and plaque volumes of ruptured lesions were signif-
icantly greater than those of non-ruptured lesions (vessel volume: 745.5 ± 41.3 mm3 versus
635.7 ± 33.5 mm3, p = 0.04; plaque volume: 450.0 ± 23.8 mm3 versus 387.7 ± 19.3 mm3,
p = 0.046). With respect to plaque composition, the lipidic volume (57.6 ± 3.8 mm3 versus
46.9 ± 3.1 mm3, p = 0.03) of ruptured lesions was significantly greater than that of non-ruptured
lesions, and the necrotic volume of the ruptured lesions tended to be greater (152.6 ± 12.1 mm3

versus 125.8 ± 9.8 mm3, p = 0.09).

Table 1. Clinical characteristics of the total patients, patients with ruptured versus non-ruptured plaques, and patients with TO versus non-TO
lesions.

All patients Rupture Non-rupture TO Non-TO
(n = 64) (n = 26) (n = 38) p Value* (n = 41) (n = 23) p Value**

Age (years) 66.1 ± 13.5 68.4 ± 2.6 64.5 ± 2.2 0.26 64.3 ± 14.9 69.2 ± 10.2 0.17

Male sex 44 (69) 17 (65) 27 (71) 0.63 25 (61) 19 (83) 0.07

BMI (kg/m2) 24.1 ± 3.8 23.3 ± 0.7 24.6 ± 0.6 0.18 24.3 ± 4.0 23.8 ± 3.6 0.57

Current Smoking 38 (59) 15 (58) 23 (61) 0.82 23 (56) 15 (65) 0.48

Hypertension 42 (66) 18 (69) 24 (63) 0.62 24 (59) 18 (78) 0.11

Diabetes 29 (45) 12 (46) 17 (45) 0.91 16 (39) 13 (57) 0.18

Dyslipidemia 24 (37) 10 (38) 14 (37) 0.90 19 (46) 5 (22) 0.05

Family history of CAD 9 (14) 5 (19) 4 (11) 0.33 6 (15) 3 (13) 0.86

Prior myocardial infarction 5 (8) 5 (19) 0 0.005 3 (7) 2 (9) 0.84

Prior PCIs 5 (8) 5 (19) 0 0.005 3 (7) 2 (9) 0.84

Plaque rupture 26(41) 26 0 NA 17 (42) 9 (38) 0.69

Clinical presentation

STEMI 55 (86) 23 (88) 32 (84) 39 (95) 16 (70)

Non-STEMI 9 (14) 3 (12) 6 (16) 0.63 2 (5) 7 (30) 0.005

Values are mean ± SD or n (%). CAD, coronary artery disease; PCI, percutaneous coronary intervention; STEMI, ST-segment elevation myocardial

infarction. TO, totally occlusive; BMI, body mass index;

*Rupture versus non-rupture.

**TO versus non-TO.

doi:10.1371/journal.pone.0152825.t001

Table 2. Angiographically determined distribution of the culprit lesions.

Lesion location All lesions TO lesions Non-TO lesions p Value*
(n = 68) (n = 42) (n = 26)

LAD, n (%) 34 (50) 22 (52) 12 (46) 0.62

RCA, n (%) 23 (34) 15 (36) 8 (31) 0.67

LCX, n (%) 11 (16) 5 (12) 6 (23) 0.38

*Total occlusion versus non-total occlusion lesions.

LAD: left anterior descending artery; RCA: right coronary artery; LCX: left circumflex.

doi:10.1371/journal.pone.0152825.t002
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The IVUS findings are shown for the TO lesions and non-TO lesions in Table 7. Lesion
length was greater (54.16 ± 21.16 mm versus 40.01 ± 17.51 mm, p = 0.006), and the average PB
and maxPB were greater (avgPB: 0.63 ± 0.07 versus 0.58 ± 0.08, p = 0.02; maxPB: 0.85 ± 0.06
versus 0.82 ± 0.06, p = 0.03) in the TO group than in the non-TO group. Thrombus was more
prevalent in the TO group (83% versus 65%, p = 0.09). There was no significant between-group
difference in vessel volume, lumen volume or plaque composition, and there was no significant
difference in the prevalence of plaque rupture between the TO and non-TO lesions.

Fig 1. A: Representative iMAP color-mapping images of the maxNA site, the maxPB site and the MLA site, and longitudinal reconstruction of the
consecutive IVUS images from the proximal edge to distal edge of culprit lesion.B: Representative iMAP color-mapping images of the site of rupture, the
maxNA site, the maxPB site and the MLA site, and longitudinal reconstruction of the consecutive IVUS images from the proximal edge to distal edge of
ruptured lesion. Scatter plots showing correlation between locations of plaque rupture and locations of the maximum necrotic area (C); correlation between
locations of plaque rupture and locations of maximum plaque burden (D); and correlation between locations of plaque rupture and locations of minimum
lumen area (E). Locations are plotted as distances from the proximal edges of ruptured lesions. maxNA: maximum necrotic area; maxPB: maximum plaque
burden; MLA: minimum lumen area; MD: mean distance.

doi:10.1371/journal.pone.0152825.g001

Table 3. Overall spatial relations between the maxNA andmaxPB sites and the MLA site.

maxNA site maxPB site
n (%) Distance (mm) n (%) Distance (mm)

Proximal to the MLA site 51 (75) 14.4 ± 14.3 37 (54) 12.6 ± 12.7

On the MLA site 1 (1) 0 17 (25) 0

Distal to the MLA site 16 (24) 4.1 ± 6.8 14 (21) 2.0 ± 2.5

Distances are mean ± SD for the total lesions. maxNA: maximum necrotic area; maxPB: maximum plaque burden; MLA: minimum lumen area.

doi:10.1371/journal.pone.0152825.t003
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Discussion
Although maxNA, maxPB and MLA sites in AMI culprit lesions were shown to promote pla-
que rupture or blockage of blood flow and were recognized vulnerability, whether these sites
overlap and the spatial correlations between the sites are still not known. This study investi-
gated the spatial distribution of these sites and found these sites did not overlap in most cases.
The sites of maxNA, maxPB and MLA originated proximally to distally within the lesions. The
plaque ruptures originated mainly in the vicinity of the maxNA sites and proximal to the
maxPB and MLA sites. This study also investigated the differences in plaque morphology and
composition between TO and non-TO culprit lesions, and between ruptured and non-ruptured
lesions in AMI patients. The TO culprit lesions, in comparison to the non-TO lesions, were
longer and had a greater PB, but there was no difference in plaque composition. The ruptured
lesions, in comparison to the non-ruptured lesions, were related to significantly greater vessel
and plaque volumes and had significantly greater lipidic volume and somewhat greater necrotic
volume.

In clinical practice, before the advent of IVUS, interventional cardiologists relied on angio-
graphic identification of the narrowest part of a vessel as the focus for intervention therapy
[25]. However, in the present study, we often found that the sites of greatest stenosis were not

Table 4. Distance from themaxNA site to the maxPB site in all lesions.

Location of the maxNA site n (%) Distance (mm)

Proximal to the maxPB site 42 (62) 7.8 ± 9.8

At the maxPB site 7 (10) 0

Distal to the maxPB site 19 (28) 5.00 ± 8.8

Distances are mean ± SD. maxNA, maximum necrotic area; maxPB, maximum plaque burden.

doi:10.1371/journal.pone.0152825.t004

Table 5. Spatial relations between the sites of rupture, maxNA, maxPB and MLA sites.

Location of rupture n (%) Distance (mm)

To the maxNA site

All 27 (100) 0.33 ± 4.04

Proximal to the maxNA site 12 (44) 3.00 ± 3.60

At the maxNA site 7 (26) 0

Distal to the maxNA site 8 (30) 3.38 ± 3.48

To the maxPB site

All 27 (100) 3.32 ± 6.82

Proximal to the maxPB site 19 (70) 5.18 ± 7.37

At the maxPB site 3 (11) 0

Distal to of the maxPB site 5 (19) 1.73 ± 1.13

To the MLA site

All 27 (100) 8.97 ± 11.40

Proximal to the MLA site 21 (78) 11.79 ± 11.45

At the MLA site 2 (7) 0

Distal to the MLA site 4 (15) 1.38 ± 0.46

Distances are mean ± SD for the ruptured lesions. maxNA, maximum necrotic area; maxPB, maximum

plaque burden; MLA, minimum lumen area.

doi:10.1371/journal.pone.0152825.t005
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the sites of greatest danger. In most cases, the site of rupture was closest to the maxNA and
proximal to narrowest part of the vessel. Although the results of a few previous studies indi-
cated that the maxNA was often proximal to the most severe narrowing [26–28], we investi-
gated the spatial distribution of the sites of rupture and found that, instead of the sites of
maxPB or greatest narrowing, the sites of maxNA were at the greatest risk of plaque rupture.
Although the locations of the sites of rupture correlated significantly with the locations of

Table 6. Intravascular ultrasound characteristics of the total lesions, ruptured and non-ruptured culprit lesions.

All lesions Ruptured lesions Non-ruptured lesions p Value*
(n = 68) (n = 27) (n = 41)

Length (mm) 48.75 ± 20.9 51.14 ± 4.03 47.18 ± 3.27 0.45

Thrombus, n (%) 52 (76) 18 (67) 32 (78) 0.3

Lesions with �2 ruptures, n 2 (3) 2 (7) 0

Average plaque burden 0.61 ± 0.08 0.61 ± 0.01 0.61 ± 0.01 0.95

Maximum plaque burden 0.84 ± 0.06 0.85 ± 0.01 0.84 ± 0.01 0.31

Minimum lumen area (mm2) 2.21 ± 0.74 2.26 ± 0.14 2.17 ± 0.12 0.64

Lumen volume (mm3) 266.9 ± 124.8 295.5 ± 23.8 248.0 ± 19.3 0.13

EEM volume (mm3) 679.3 ± 219.7 745.5 ± 41.3 635.7 ± 33.5 0.04

Plaque volume (mm3) 412.4 ± 126.7 450.0 ± 23.8 387.7 ± 19.3 0.046

Composition volume (mm3)

Fibrotic plaque 216.3 ± 67.5 230.4 ± 12.9 207.0 ± 10.5 0.16

Lipidic plaque 51.1 ± 20.4 57.6 ± 3.8 46.9 ± 3.1 0.03

Calcified plaque 6.6 ± 5.2 7.4 ± 1.0 6.1 ± 0.8 0.3

Necrotic plaque 126.5 ± 63.7 152.6 ± 12.1 125.8 ± 9.8 0.09

Values are mean ± SD unless otherwise indicated. Volumes were adjusted for lesion length. EEM, external elastic membrane.

*Ruptured versus non-ruptured.

doi:10.1371/journal.pone.0152825.t006

Table 7. Intravascular ultrasound features of TO lesions and non-TO lesions.

TO lesions Non-TO lesions p Value
(n = 42) (n = 26)

Length (mm) 54.16 ± 21.16 40.01 ± 17.51 0.006

Thrombus, n (%) 35 (83) 17 (65) 0.09

Plaque rupture, n (%) 17 (40) 10 (38) 0.87

Average plaque burden 0.63 ± 0.07 0.58 ± 0.08 0.02

Maximum plaque burden 0.85 ± 0.06 0.82 ± 0.06 0.03

Minimum lumen area (mm2) 1.99 ± 0.11 2.56 ± 0.14 0.001

Lumen volume (mm3) 250.8 ± 19.1 292.9 ± 24.3 0.18

EEM volume (mm3) 669.1 ± 34.1 695.8 ± 43.3 0.63

Plaque volume (mm3) 418.3 ± 19.7 403.0 ± 25.0 0.63

Composition volume (mm3)

Fibrotic plaque 224.9 ± 10.4 202.3 ± 13.2 0.18

Lipidic plaque 50.2 ± 3.2 52.6 ± 4.0 0.65

Calcified plaque 6.1 ± 0.8 7.4 ± 1.0 0.31

Necrotic plaque 135.5 ± 10.0 138.1 ± 12.6 0.87

Values are mean ± SD unless otherwise indicated. Volumes were adjusted for lesion length. TO, totally occlusive; EEM, external elastic membrane.

doi:10.1371/journal.pone.0152825.t007
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maxPB and greatest narrowing, most ruptures occurred proximal to the maxPB and MLA
sites. Shear stress and fragility of the plaque surface may play important roles in plaque rupture.
Increased shear stress has been found at the proximal part of the plaque hill [29,30], and when
the shear stress meets with the fragile plaque surface, plaque rupture is initiated [31,32]. Thus,
we hypothesize that the sites of maxNA, which are proximal to maxPB sites and MLA sites,
may bear the highest stress and be the most fragile.

Interestingly, although the sites of rupture were closest to the maxNA sites, only 26% of rup-
tures occurred at the maxNA sites. The other 74% of ruptures occurred proximal (44%) or
distal (30%) to the maxNA sites. These data indicate that the longitudinal “shoulder” of the
maxNAmight be the weakest spot. Prior studies of cross-sections have shown that the shoulder
region of a plaque with a necrotic core is the most susceptible to rupture [33–35]. The current
study extended this 2-dimensional concept to a 3-dimensional concept.

Plaque rupture with superimposed thrombosis plays a crucial role in the pathogenesis of
AMI [36]. The frequencies of plaque rupture of culprit lesions in our AMI patients were 40%.
The ruptured plaques and non-ruptured plaques had comparable lumen volumes but the vessel
volumes of ruptured plaques were significantly increased. These results indicated that positive
remodeling is a risk factor for plaque rupture [8,37–39]. Moreover, the plaques with greater
lipidic and necrotic components were prone to rupture. Although it is widely acknowledged,
on the basis of pathologic assessment at autopsy, that a large lipid pool or necrotic core covered
by a thin fibrous cap is a feature of unstable plaque [40–42], in vivo studies investigating the
composition of ruptured plaques are scarce. Our in vivo color-mapping IVUS imaging findings
confirmed the pathologic findings and highlighted the significance of the various plaque com-
ponents in plaque rupture. AMI patients with TO lesions, in comparison to AMI patients with
non-TO lesions, have been shown to have larger infarcts and increased mortality as well as
higher incidences of stent thrombosis and reinfarction [12–17]. Delayed revascularization, a
lower PCI success rate and more severe clinical complications are assumed to be responsible
for the poorer clinical outcomes in patients with TO lesions [12–14]. The present study pro-
vided some explanations for the serious clinical outcomes in patients with TO lesions. The
longer lesions and greater PB suggest the development of more extensive and severe atheroscle-
rotic plaques in the TO lesions [43]. Indeed, as in previously reported patient series [44,45],
our patients with TO lesions often presented with STEMI, whereas our patients with non-TO
lesions often presented with non-STEMI.

The present study was a single-center, retrospective observational study with a relative
small population, which may introduce the selection bias. Further large prospective random-
ized studies are needed to validate our results. In addition to plaque rupture, plaque erosion is
considered a major substrate for coronary thrombosis in AMI [46]. However, plaque erosion is
difficult to identify by means of IVUS, which is inferior to intravascular optical coherence
tomography (OCT). The characteristics of eroded plaques in AMI remain unclear. IVUS is also
limited in its ability to identify all plaque ruptures and all thromboses [47]. Despite our best
efforts, some microruptures without a typical residual fibrous cap and some fresh white micro-
thrombi might have been overlooked. Thus, future studies incorporating both IVUS and OCT
might be necessary. In the present study, 28% of the culprit lesions were predilated with a 1.5–
2.0-mm balloon, and this could have led to overestimation of the vessel and lumen areas and
underestimation of the plaque volume. Finally, plaque rupture is a complicated process involv-
ing both mechanical and biochemical factors [33,36,42,48]. Despite our understanding of the
characteristics of ruptured plaques, it remains difficult to retrospectively trace the cascade of
events and capture the core mechanisms underlying plaque rupture. Substantial cause-and-
effect data derived from animal models that would elucidate the mechanisms of plaque rupture
might be necessary.
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Conclusions
Instead of overlapping each other, most maxNA sites are proximal to the maxPB sites and
MLA sites. The plaque ruptures originated mainly in the vicinity of the maxNA sites. Plaque
morphology and composition play critical roles in plaque rupture and coronary occlusion.
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