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Abstract

Coronary no-reflow (NF) and slow-flow (SF) are serious complications following percutaneous coronary intervention (PCI) and are
associated with adverse prognoses, with microvascular obstruction (MVO) as the central underlying mechanism. Intravascular imaging
techniques, including intravascular ultrasound (IVUS), optical coherence tomography (OCT), and near-infrared spectroscopy (NIRS),
enable high-resolution, multidimensional (structural, compositional, and functional) assessment of coronary lesions, thereby facilitating
prediction of coronary NF and SF. IVUS, with a penetration depth of 4–8 mm, can identify predictive features such as plaque rupture,
attenuated plaque, positive remodeling, and large necrotic cores. OCT, with a spatial resolution of 10–20 μm and a penetration depth of 1–
2 mm, is capable of detecting thin-cap fibroatheromas, cholesterol crystals, and intraplaque vasa vasorum. NIRS quantifies lipid content
using the parameter maximum 4 mm lipid core burden index (maxLCBI4mm), which demonstrates favorable predictive performance for
NF and SF phenomena. When the OCT-derived fibrous cap thickness is <55 µm, the area under the curve (AUC) for predicting NF is
0.985 (95% confidence interval (CI): 0.968–1.000); meanwhile, the corresponding sensitivity and specificity for predicting SF are 93.5%
and 96.7%, respectively. When the NIRS-derived maxLCBI4mm is ≥578, the AUC for predicting SF is 0.849.
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1. Introduction
Coronary no-reflow (NF) and slow-flow (SF) phe-

nomena are common and severe complications follow-
ing percutaneous coronary intervention (PCI). A defining
pathological feature of these conditions is the failure to
achieve effective myocardial perfusion, even when obstruc-
tion of the epicardial coronary artery has been success-
fully resolved by interventional procedures [1]. Under the
Thrombolysis in Myocardial Infarction (TIMI) flow grad-
ing system—assessed by coronary angiography—NF is de-
fined as TIMI flow grade 0–1 (absent or minimal coro-
nary flow), while SF is defined as TIMI flow grade 2 (de-
layed flow, with a lower perfusion speed than the physi-
ological level) [2]. Numerous clinical studies have estab-
lished a strong association between the coronary NF/SF
phenomenon and adverse clinical prognoses [2,3,4]. By
triggering a cascade of pathological events, these phenom-
ena not only increase the likelihood of myocardial infarc-
tion expansion and abnormal left ventricular remodeling but
also the occurrence of major adverse cardiovascular events
(MACE), such as congestive heart failure and cardiogenic
death. Consequently, they significantly compromise the
long-term survival prospects of patients undergoing PCI.

From a pathological perspective, the coronary NF/SF
phenomenon arises from the coordinated effects of di-
verse pathogenic factors, with microvascular obstruction
(MVO) established as the core mediator linking these fac-
tors to clinical manifestations. Key mechanisms underlying
MVO include microvascular endothelial impairment trig-
gered by myocardial ischemia, distal vascular embolism re-
sulting from plaque rupture, reperfusion-associated oxida-
tive stress injury, and individual genetic predispositions—
all of which act in concert to disrupt microcirculatory in-
tegrity [5]. Consequently, the precise preoperative charac-
terization of high-risk lesions and the timely prediction of
NF/SF phenomenon risks are critical prerequisites for refin-
ing PCI strategies and enhancing long-term patient progno-
sis.

In recent years, intravascular imaging techniques have
emerged as a new paradigm for predicting the coronary
NF/SF phenomenon due to their high-resolution visualiza-
tion of coronary lesions. Intravascular ultrasound (IVUS),
optical coherence tomography (OCT), and near-infrared
spectroscopy (NIRS) enable multi-dimensional (structural,
compositional, functional) analysis of plaques, thereby pro-
viding quantitative evidence for clinical decision-making.
This article reviews recent research progress on the appli-
cation of these imaging techniques to predict the coronary
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NF/SF phenomenon, as well as discussing current technical
limitations and likely future directions. The overall aim is
to provide useful insights for clinical practice and scientific
research.

2. Intravascular Imaging Techniques
2.1 Intravascular Ultrasound (IVUS)

IVUS operates on the principle of acoustic wave re-
flection generated by piezoelectric transducers, delivering
high-resolution cross-sectional imaging of the coronary lu-
men and vessel wall. This technology enables precise
quantitative assessment of key pathological parameters, in-
cluding plaque burden, vascular remodeling patterns, and
plaque composition [6]. A core advantage of IVUS is its
substantial penetration depth (ranging from 4 to 8 mm),
which facilitates clear visualization of deep vascular struc-
tures such as the external elastic membrane (EEM) and the
medial layer. This unique feature renders IVUS particu-
larly well-suited for evaluating complex coronary lesions,
such as left main stem, ostial stenoses, bifurcation stenoses,
thrombotic lesions, chronically occluded coronary arteries,
and calcified coronary artery disease [7]. To date, IVUS has
identified a spectrum of lesion characteristics that exhibit
strong associations with the development of the coronary
NF/SF phenomenon. These are elaborated in detail below
(Table 1, Ref. [8,9,10,11,12,13,14,15]).

2.1.1 Plaque Rupture
Plaque rupture (PR) is the primary pathological

substrate of ST-segment elevation myocardial infarction
(STEMI) [16]. On IVUS images, PR is characterized by
discontinuity of the fibrous cap. Communication between
the rupture site and the coronary lumen can be further
confirmed using contrast agents [6] (Fig. 1A). Following
PR, procoagulant substances within the lipid core—such as
tissue factor and cholesterol crystals (CCs)—are released.
These substances readily induce distal embolization and
microcirculatory obstruction, ultimately contributing to the
development of NF and SF [17]. A prospective study of
STEMI patients by Yang et al. [18] found the incidence
of NF/SF phenomenon was significantly higher in the PR
group than in the non-PR group (26.88% vs. 5.00%, p =
0.04). Multivariate analysis further confirmed PR as an
independent predictor of NF/SF phenomenon (odds ratio
[OR]: 8.188, 95% confidence interval [CI]: 1.020–65.734,
p = 0.048). The very wide 95% CI of 1.020–65.734 indi-
cates a lack of data precision and limited statistical power,
requiring critical interpretation. The lower bound of 1.02 is
slightly greater than 1, suggesting a statistically significant
positive association between PR and the coronary NF/SF
phenomenon. It should be noted, however, that the very
wide range of CI (almost 65-fold between the lower and
upper bounds) undermines the reliability and clinical inter-
pretability of this association. Such a wide CI implies con-
siderable uncertainty in estimating the true effect size: the

actual OR could be as small as approximately 1.02 (a weak
association) or as large as 65.734 (an extremely strong as-
sociation), making it impossible to accurately determine the
true strength of the correlation between PR and coronary
NF/SF phenomenon. The most plausible underlying cause
of a wide CI is insufficient statistical power, which is of-
ten attributed to a small sample size or an inadequate num-
ber of endpoint events (the coronary NF/SF phenomenon,
which is a relatively low-incidence clinical outcome). A
small sample size or few events can lead to an increase in
the standard error, resulting in unstable regression models
and large fluctuations in parameter estimates, even if the
point estimate of OR is high. It is crucial to emphasize
that statistical significance (implied by the CI not crossing
1) does not equate to reliable or clinically meaningful re-
sults. The wide CI suggests the findings may be highly de-
pendent on individual cases, and the OR and its statistical
significance could change substantially if a small number
of extreme observations are excluded. Additionally, in the
context of limited statistical power, any residual confound-
ing, measurement errors, selection bias, and missing data
may be disproportionately amplified, further exacerbating
the imprecision of the estimate. In summary, while the data
suggest a potential association between PR and an increased
risk of coronary NF/SF phenomenon, the extremely wide
95% CI indicates the effect size is highly imprecise due to
limited statistical power. Hence, the findings of Yang et
al. [18] should be regarded as exploratory rather than as
reliable evidence for clinical decision-making. Endo et al.
[8] also conducted a study of STEMI patients and found
an association between PR and an elevated incidence of
NF. When multivariate logistic regression analysis was ap-
plied, PR emerged as an independent predictor of NF/SF
phenomenon (OR: 5.94, 95% CI: 1.64–21.5, p < 0.01). A
separate study examined patients with acute myocardial in-
farction (AMI) who received PCI for culprit lesions compli-
cated by PR [19]. This revealed that the presence of multi-
ple PRs, detected via IVUS, was linked to the NF/SF phe-
nomenon in the infarct-related artery. Moreover, multivari-
ate analysis indicated that multiple PRswithin the culprit le-
sion were an independent predictor of NF/SF phenomenon
following PCI for the culprit lesion in AMI patients (OR:
15.73, 95% CI: 1.61–153.46, p = 0.018).

Further research has underscored the superior predic-
tive value of ruptured plaque cavity volume (i.e., the ane-
choic area formed after PR) for assessing the risk of NF/SF
phenomenon. In a study by Ohshima et al. [9], mea-
surements with virtual histology intravascular ultrasound
(VH-IVUS) revealed that patients with NF had significantly
larger ruptured plaque cavity volumes than those with nor-
mal flow (11.5 ± 6.3 mm3 vs. 3.7 ± 2.2 mm3, p < 0.001).
Cavity volume was independently associated with NF/SF
phenomenon (OR: 1.56, 95% CI: 1.24–1.96, p < 0.001).
Moreover, a cut-off value of ≥7.8 mm3 for cavity volume
achieved 78.9% sensitivity and 94.1% specificity in pre-
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Table 1. Summarized table of IVUS in predicting coronary no-reflow/slow-fllow phenomenon.
Marker Study Design Population Sample size Cut-off Sensitivity Specificity AUC OR 95% CI p Advantages Limitations

Ruptured plaque
cavity volume

Ohshima K et al. [9] RSC STEMI 53 ≥7.8 mm3 78.9% 94.1% 0.862 1.56 1.24–1.96 <0.001

Deep tissue
penetration,

real-time guidance,
no require blood
displacement

Resolution may
hamper

interpretation

AP Okutsu M et al. [10] RSC CAD 707 NP 90.9% 88.9% NP NP NP NP
Longitudinal length
of AP

Endo M et al. [8] RSC STEMI 170 ≥5 mm 79% 84% NP 20.1 5.87–69.0 <0.001

Longitudinal length
of AP

Narayanan S et al. [11] PMC ACS 187 ≥6.67 mm 69.2% 67.4% 0.675 NP 0.496–0.855 0.037

Necrotic plaque vol-
ume

Utsunomiya M et al. [12] RSC IHD 95 ≥21.6 mm3 81.8% 61.9% 0.766 NP 0.627–0.906 NP

Ratio of stent diame-
ter to vessel diameter

Watanabe Y et al. [13] RSC STEMI 339 0.71 80.4% 56.9% 0.70 2.63 1.84–3.77 <0.001

Length of plaque
prolapse

Narayanan S et al. [11] PMC ACS 187 >8.54 mm 81.8% 66% 0.702 1.1 1.0–1.3 0.045

Estimated LV Suda A et al. [14] RSC CAD 353 ≥132.6 mm3 68.4% 66.8% 0.719 4.35 1.67–12.7 0.0024
LV percentage Daidoji H et al. [15] RSC CAD 176 62% 48% 81% 0.67 NP 1.6–13.4 <0.01
ACS, acute coronary syndrome; AP, attenuated plaque; AUC, area under the curve; CAD, coronary artery disease; CI, confidence interval; IHD, ischemic heart disease; IVUS, intravascular ultrasound;
LV, lipid volume; NP, not reported; OR, odds ratio; PMC, prospective multicenter; PSC, prospective single center; RSC, retrospective single center; STEMI, ST-segment elevation myocardial infarction.
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dicting NF/SF phenomenon (area under the curve [AUC]:
0.862, 95% CI: 0.746–0.979, p < 0.001). This associa-
tion may be explained by the pathological features of the
plaque’s necrotic core. Virmani et al. [20] confirmed
via postmortem analysis that ruptured plaques are charac-
terized by larger necrotic cores, more prominent choles-
terol clefts, and greater infiltration with macrophages. The
necrotic core is comprised of fragile constituents such as
foam cell-rich lipid deposits, intraplaque hemorrhage, and
CCs. When the vulnerable culprit plaque ruptures, these
substances are likely to embolize into the distal coronary
artery, causing myocardial damage and subsequent NF/SF
phenomenon [21,22].

For saphenous vein graft (SVG) lesions treated with
PCI, IVUS-identified multiple PRs were linked to post-PCI
NF/SF phenomenon [23]. Multivariate logistic regression
analysis revealed that multiple PRs within the culprit SVG
lesion were independent predictors of post-PCI NF/SF phe-
nomenon (OR: 3.46, 95% CI: 1.46–8.41, p = 0.014).

2.1.2 Attenuated Plaque

On IVUS images, attenuated plaque presents as areas
of reduced echo intensity within the atherosclerotic region,
with no evidence of obvious dense calcification [24] (Fig.
1B). Kawaguchi et al. [22] reported a strong association be-
tween attenuated plaque and the presence of large necrotic
cores. Pathological investigations further confirmed that
attenuated plaque is enriched with microcalcifications and
cholesterol crystals [25,26]. These components are suscep-
tible to mechanical fragmentation during PCI, such as bal-
loon dilation or stent implantation. The fragmentation can
subsequently trigger distal embolization, disrupting micro-
circulatory integrity. In a study of patients with stable coro-
nary artery disease (CAD), Okutsu et al. [10] observed a
significantly higher incidence of NF/SF phenomenon in the
attenuated plaque group compared with the non-attenuated
plaque group (15.7% vs. 0.2%, p < 0.001). The sensitiv-
ity, specificity, positive predictive value, negative predic-
tive value, and accuracy of attenuated plaque for predicting
NF/SF phenomenon were 90.9%, 88.9%, 15.7%, 99.8%,
and 89.0%, respectively. A meta-analysis further validated
the clinical significance of attenuated plaque [27]. Encom-
passing 9 studies with a total of 3833 patients, this analysis
demonstrated that patients with attenuated plaque had a sig-
nificantly higher incidence of TIMI 0–2 grade flow (relative
risk [RR]: 4.73, 95% CI: 3.03–7.40, p < 0.001) following
PCI, whereas the incidence of TIMI 3 grade flow was no-
tably lower in this group (RR: 0.77, 95% CI: 0.67–0.90, p
= 0.02).

The longitudinal length and angle of attenuated plaque
are crucial for risk stratification. Endo et al. demonstrated
that attenuated plaque with a longitudinal length of ≥5 mm
was an independent predictor of NF/SF phenomenon (OR:
20.1, 95% CI: 5.87–69.0, p < 0.001) [8]. In another study,
Narayanan et al. reported that an attenuated plaque length

of≥6.67mm could predict NF/SF phenomenon, with a sen-
sitivity of 69.2% and a specificity of 67.4% [11]. The at-
tenuation angle scoring system operates as follows: the at-
tenuation angle is measured for each 1 mm segment of the
plaque, with scores assigned on a 1–4 scale corresponding
to angle ranges of <90°, 90°–180°, 180°–270°, and 270°–
360°, respectively. Total scores across all segments are
summed and then normalized to the analysis length to cal-
culate an average attenuation score. Wu et al. [24] reported
that an average attenuation score of ≥2 showed robust per-
formance in predicting NF/SF phenomenon, achieving an
AUC of 0.883. Furthermore, it emerged as the strongest
predictor of the NF/SF phenomenon (OR: 6.586, 95% CI:
2.680–16.188, p < 0.001) [24].

2.1.3 Positive Remodeling

Positive remodeling is defined as the condition where
the ratio of the EEM cross-sectional area at the coronary
lesion site to that at the reference segment exceeds 1.05
[6]. Physiologically, this phenomenon reflects the compen-
satory dilation of the coronary vessel wall in response to
increasing plaque burden—an adaptive mechanism aimed
at preserving luminal patency during the early stages of
atherogenesis (Fig. 1C). Studies indicate that positively re-
modeled lesions frequently exhibit unstable features (e.g.,
thin-cap fibroatheromas), which are prone to rupture and
release thrombogenic substances [28,29]. In a study of pa-
tients with acute coronary syndrome (ACS), Narayanan et
al. identified positive remodeling as an independent pre-
dictor of NF/SF phenomenon (OR: 6.4, 95% CI: 1.1–38.4,
p = 0.042) [11]. Yamamoto et al. [30] further validated
this association in patients with left main ACS: the remod-
eling index was significantly higher in the SF group (1.15
± 0.17) than in the non-SF group (0.99 ± 0.11, p = 0.001),
and each 0.1 increase in the remodeling index was linked
to a 2.238-fold increased risk of SF (95% CI: 1.144–4.379,
p = 0.019). The predictive value of positive remodeling is
particularly notable in SVG lesions. Hong et al. [31] found
that positive remodeling in SVG lesions was strongly corre-
lated with vulnerable plaque and served as an independent
predictor of post-PCI NF/SF phenomenon (OR: 2.58, 95%
CI: 1.25–5.64, p = 0.040). This indicates the need for more
rigorous preoperative assessment and meticulous intraoper-
ative management of SVG lesions.

2.1.4 Necrotic Core

VH-IVUS categorizes coronary arterial tissues into
four distinct components: fibrous components, fibro-
lipidic components, dense calcifications, and necrotic cores
[32,33] (Fig. 1D). In a study focusing on patients with ACS,
Hong et al. [26] observed notable differences in necrotic
core characteristics between patients who developed NF/SF
phenomenon and those with normal coronary flow follow-
ing PCI. Specifically, at the minimal lumen site, the “ab-
solute necrotic core area” and “percentage of necrotic core

4

https://www.imrpress.com


Fig. 1. Lesion characteristics in IVUS to predict coronary no-reflow/slow-flow phenomenon. (A) Plaque rupture: discontinuity
of the fibrous cap (indicated by red arrow). (B) Attenuated plaque: reduced echo intensity within the atherosclerotic region, with no
evidence of obvious dense calcification (indicated by red arrow). (C) Positive remodeling: the condition where the ratio of the EEM
cross-sectional area at the coronary lesion site to that at the reference segment exceeds 1.05. (D) Necrotic core. EEM, external elastic
membrane; IVUS, intravascular ultrasound.

area relative to total plaque area” were significantly larger
in the NF group compared to the normal flow group (1.6
± 1.2 mm2 vs. 0.9 ± 0.8 mm2, p < 0.001; 24.5 ± 14.3%

vs. 16.1 ± 10.6%, p = 0.001, respectively). Similarly,
the “absolute necrotic core volume” and “percentage of
necrotic core volume relative to total plaque volume” in
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the NF group were substantially higher than in the normal
flow group (30 ± 24 mm3 vs. 16 ± 17 mm3, p = 0.001;
22 ± 11% vs. 14 ± 8%, p < 0.001, respectively). Multi-
variate regression analysis further confirmed that the per-
centage of necrotic core volume was the sole independent
predictor of post-PCI NF/SF phenomenon in ACS patients
(OR: 1.126, 95% CI: 1.045–1.214, p = 0.002). The under-
lying mechanism explaining this association may involve
the structural fragility of necrotic core components. The
necrotic core contains fragile substances such as lipid de-
posits, foam cells, intraplaque hemorrhage, and CCs. Dur-
ing PCI, these fragile components are prone to fragmenta-
tion and detachment. The detached debris can then form
microemboli, which travel to and occlude distal microves-
sels, ultimately leading to the NF phenomenon [34]. Com-
plementing these findings, a separate investigation on ACS
patients by Utsunomiya et al. [12] found that the volume
of necrotic plaque and percentage of necrotic plaque vol-
ume had greater predictive value for post-PCI NF/SF phe-
nomenon compared to total plaque volume. In their study,
the absolute volume of necrotic plaques and the percentage
of necrotic plaques relative to total plaque volume were sig-
nificantly higher in the SF group than in the normal flow
group (43.3 ± 33.5 mm3 vs. 20.1 ± 17.2 mm3, p = 0.0004;
and 19.7 ± 5.1% vs. 14.6 ± 8.3%, p = 0.047, respec-
tively). Receiver Operating Characteristic (ROC) curve
analysis revealed that a necrotic plaque volume threshold
of ≥21.6 mm3 yielded the optimal predictive performance
for NF/SF phenomenon, with an AUC of 0.766 (95% CI:
0.627–0.906), a sensitivity of 81.8%, and a specificity of
61.9%.

In patients with STEMI undergoing PCI, VH-IVUS
revealed that the absolute necrotic core volume was signifi-
cantly higher in the SF group than in the normal flow group
(8.3 mm3 vs. 5.5 mm3, p < 0.001). Multivariate analysis
further confirmed that absolute necrotic core volumewas an
independent predictor of postoperative NF/SF phenomenon
(OR: 1.159, 95% CI: 1.030–1.305, p = 0.015) [35]. In a
study of ACS patients, Higashikuni et al. [36] found that
the percentage of necrotic core components in the culprit
lesion was notably higher in patients with NF than in those
with normal flow (22.1 ± 9.3% vs. 11.7 ± 7.9%, p = 0.0011).
Even after adjusting for plaque geometric features and pro-
cedural factors, the percentage of necrotic core components
remained an independent predictor of NF/SF phenomenon
(OR: 1.7, 95% CI: 1.1–2.5, p = 0.015) [36].

In patients with SVG disease who underwent PCI fol-
lowing coronary artery bypass grafting (CABG), an IVUS-
based study identified the absolute necrotic core area as
an independent determinant of postoperative NF/SF phe-
nomenon (OR: 2.47, 95% CI: 1.14–5.36) [37]. Further-
more, this study established a clinically meaningful thresh-
old: an absolute necrotic core area of ≥1.1 mm2 conferred
significant predictive value for NF/SF phenomenon follow-
ing PCI in patients with SVG disease.

2.1.5 Ratio of Stent Diameter to Vessel Diameter
At each lesion site, the ratio of stent diameter to ves-

sel diameter was calculated using two key parameters: the
actual vessel diameter measured via IVUS prior to stent
implantation, and the pre-specified nominal stent diameter
(defined at nominal inflation pressure) [13]. A study by
Watanabe et al. [13] that focused on patients with STEMI
identified this ratio as the onlymodifiable key factor for pre-
dicting post-procedural NF/SF phenomenon. Specifically,
each 0.1 increase in the ratio was associated with a signif-
icant increase in SF risk (OR: 2.63, 95% CI: 1.84–3.77, p
< 0.001). ROC curve analysis further established an opti-
mal cut-off value of 0.71 for this ratio. Values at or above
this threshold predicted NF/SF phenomenon with a sensi-
tivity of 80.4% and a specificity of 56.9%. Additional sub-
group analysis revealed that patients managed with a “mod-
erate stent expansion strategy” (ratio <0.71) had a signifi-
cantly lower incidence of NF/SF phenomenon (6.4%) com-
pared to those treated with an “aggressive stent expansion
strategy” (ratio ≥0.71, 27.1%). Notably, no significant dif-
ference was found in the incidence of ischemia-driven tar-
get vessel revascularization between the two groups, indi-
cating that moderate stent expansion reduces SF risk with-
out increasing the likelihood of long-term stent restenosis-
related events. The predictive value of the ratio of stent
diameter to vessel diameter was further validated in pa-
tients with non-ST-segment elevation myocardial infarction
(NSTEMI) who underwent PCI for culprit lesions [38]. In
this cohort, the ratio was significantly higher in patients
who developed NF/SF phenomenon (0.77 ± 0.11) than in
those with normal flow (0.71 ± 0.11, p = 0.03). After ad-
justing for potential confounding variables, multivariate lo-
gistic regression analysis confirmed the ratio was an inde-
pendent determinant of SF, with each 0.1 increase in the
ratio associated with a 2.06-fold higher risk (95% CI: 1.23–
3.46, p = 0.006).

2.1.6 Plaque Prolapse
Plaque prolapse is explicitly defined as the protrusion

of intra-stent tissue through stent struts. This is visualized
during IVUS pullback imaging performed after stent im-
plantation (Fig. 2A). Narayanan et al. [11] found a signifi-
cant association between the length of plaque prolapse post-
PCI and the development of NF/SF phenomenon. Specifi-
cally, patients with SF exhibited substantially longer plaque
prolapse compared to those with normal flow (9.73 mm vs.
6.58 mm, p = 0.029). ROC analysis further established
a clinically relevant threshold: a plaque prolapse length
of >8.54 mm was correlated with post-procedural NF/SF
phenomenon, with 81.8% sensitivity and 66% specificity.
These authors hypothesized that penetration of extended
atherosclerotic plaque attachments through stent struts may
be a surrogate marker for more severe plaque emboliza-
tion. This embolization subsequently disrupts microcircu-
latory integrity and impairs myocardial blood flow, ulti-
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Fig. 2. Lesion characteristics in IVUS to predict coronary no-reflow/slow-flow phenomenon. (A) Plaque prolapse: the protrusion of
intra-stent tissue through stent struts (indicated by red arrow). (B) EEM cross-sectional area (outlined by red circle). (C) Calcification arc
(indicated by red triangle). (D) Lipid plaque (indicated by red arrow). IVUS, intravascular ultrasound. EEM, external elastic membrane.

mately contributing to SF. Consistent with these findings,
another investigation that focused on patients with AMI
post-stent implantation reported a significantly higher inci-
dence of NF/SF phenomenon in those with tissue prolapse
compared to those without (25.4% vs. 9.8%, p < 0.001)
[39]. Multivariate logistic regression analysis further con-
firmed tissue prolapse as an independent predictor of the
composite endpoint, encompassing acute in-stent thrombo-
sis and NF (OR: 2.551, 95% CI: 1.315–4.952, p = 0.006).

2.1.7 EEM Cross-Sectional Area

The EEM cross-sectional area is defined as the
anatomical region bounded by the interface between the ul-
trasound medium and the arterial adventitia. It is quanti-
fied by delineating two key structural boundaries: the lead-
ing edge of the arterial adventitia and the cross-sectional

area of the vascular lumen [6] (Fig. 2B). In a study specif-
ically focused on patients with AMI, Tanaka et al. [40]
found that the EEM cross-sectional area of culprit lesions
was significantly larger in patients who developed post-
reperfusion NF/SF phenomenon compared to those with
normal coronary flow [40]. Furthermore, multivariate lo-
gistic regression analysis confirmed that the EEM cross-
sectional area of the culprit lesion was an independent pre-
dictor of post-reperfusion NF/SF phenomenon in AMI pa-
tients (OR: 1.55, 95% CI: 1.01–2.38, p < 0.05). These find-
ings support the hypothesis that lesions located in larger-
caliber coronary vessels confer a higher risk of NF. A plau-
sible mechanistic explanation is that larger vessels have
a greater anatomical capacity to accommodate larger vol-
umes of atherosclerotic plaque or thrombus. Upon inter-
vention of these lesions (e.g., during PCI), the increased
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burden of plaque/thrombus elevates the likelihood of dis-
tal embolization of fragmentedmaterial—an important con-
tributor to MVO and subsequent NF. The association be-
tween larger vessel size and NF/SF phenomenon risk was
further validated in a study by Kimura et al. [41]. Af-
ter adjusting for potential confounding variables (e.g., pa-
tient demographics, comorbidities, and procedural factors),
these researchers found that a larger reference lumen area
(specifically, >15.3 mm2) was significantly and indepen-
dently associated with post-procedural NF/SF phenomenon
(OR: 3.08, 95% CI: 1.40–6.76, p = 0.005).

2.1.8 Vasa Vasorum

Coronary vasa vasorum (VV) is a network of mi-
crovessels embedded within the coronary arterial wall. VV
are frequently observed in patients with AMI, thin-cap fi-
broatheroma (TCFA) lesions, or PR [42,43]. Clinically, VV
are recognized as reliable morphological markers for iden-
tifying vulnerable plaques and tracking plaque progression
[44,45]. On IVUS images, they present as small (<1 mm),
tubular or cystic hypoechoic structures, typically localized
within ≤1 mm of the outer media [46]. In a study of pa-
tients with ACS conducted by Wu et al. [47], lesions as-
sociated with VV exhibited distinct pathological features
at the minimal lumen area, including larger necrotic cores
and fibrous areas, smaller dense calcification areas, greater
overall plaque volume, and a higher prevalence of TCFAs
and attenuated plaques. Multivariate logistic regression
analysis further confirmed that both VV and plaque vol-
ume were independent predictors of post-stent implantation
NF/SF phenomenon (VV: OR: 5.13, 95% CI: 1.19–15.32, p
= 0.002; plaque volume: OR: 4.79, 95% CI: 1.08–9.01, p =
0.005). A plausible mechanistic explanation for this asso-
ciation lies in the procedural complications induced by VV-
related plaque vulnerability, as during PCI, balloon dilation
may trigger intraplaque hemorrhage and rupture of TCFAs.
These events release fragmented plaque debris, which then
embolizes to distal microvessels and ultimately induces the
NF/SF phenomenon.

2.1.9 Number of Reverberations and Large Calcification
Arc at the Minimal Lumen Area (MLA)

Microemboli originating from calcified lesions have
been identified as the primary cause of NF/SF phenomenon
following rotational atherectomy (RA) [48]. In IVUS imag-
ing, reverberations are defined as arc-shaped, hyperechoic
lines that appear posterior to calcified regions, typically pre-
senting as single or multiple equidistant structures [6]. Jin-
nouchi et al. [49] found that the maximum number of rever-
berations and a larger calcification arc at the MLAmay pre-
dict NF/SF phenomenon after RA, with statistically signif-
icant associations observed between these parameters and
NF/SF phenomenon. For each additional reverberation, the
odds of NF/SF phenomenon increased by 1.49-fold (OR:
1.49, 95% CI: 1.07–2.07, p = 0.02). Near-circular calcifi-

cation (≥300°) at the MLA was independently associated
with a 2.21-fold higher risk of NF/SF phenomenon (OR:
2.21, 95% CI: 1.13–4.32, p = 0.02). Notably, the incidence
of NF/SF phenomenon showed a clear positive correlation
with the maximum number of reverberations: 2.2% (n = 0),
11.9% (n = 1), 19.5% (n = 2), 22.5% (n = 3), and 44.4%
(n = 4). The underlying mechanism linking these parame-
ters to the NF/SF phenomenon involves two key pathways.
Firstly, a larger calcification arc at the MLA increases vas-
cular resistance, impeding the effective penetration of RA
devices through the lesion. Secondly, complex lesions with
extensive calcification (larger arc) often require prolonged
RA procedural time, thereby increasing the generation of
calcified microemboli. These microemboli then occlude
distal microvessels, ultimately increasing the risk of NF/SF
phenomenon [49] (Fig. 2C).

2.1.10 Stent Overexpansion

Stent expansion is quantified using the following for-
mula: stent expansion = intra-stent MLA / mean reference
lumen cross-sectional area (CSA). The mean reference lu-
men CSA is calculated as: (proximal reference lumen CSA
+ distal reference lumen CSA) / 2. Clinically, stent expan-
sion is categorized into three grades based on this ratio:
under-expansion (<80%), optimal expansion (80–100%),
and over-expansion (>100%). In a study of patients with
STEMI undergoing their first PCI, Li et al. [50] reported
two key findings: the overexpansion group exhibited a sig-
nificantly higher volume and proportion of necrotic plaques
compared to other groups; and stent expansion was neg-
atively associated with blood flow velocity, with a reduc-
tion of −0.14 cm/s for each 1% increase in the expansion
ratio (p < 0.01). After adjusting for confounding factors
related to overexpansion, multivariate analysis further con-
firmed that stent overexpansion (>100%) was an indepen-
dent risk factor for post-PCI NF/SF phenomenon (hazard
ratio [HR]: 1.27, 95% CI: 1.20–2.52, p = 0.02). The un-
derlying mechanism linking stent overexpansion to dete-
riorated vascular function and poor prognosis in STEMI
patients may be explained by the following pathological
process. Lesions prone to overexpansion often harbor a
higher prevalence of unstable pathological features, includ-
ing vulnerable plaques, large lipid pools, expanded necrotic
cores, and adherent thrombi. During PCI (e.g., stent im-
plantation or post-implantation balloon dilation), these un-
stable components are more likely to rupture and extrude
through the widened stent struts [40]. The extruded debris
then forms microemboli, which occlude distal microvessels
and increase microcirculatory obstructive resistance, thus
directly contributing to the NF/SF phenomenon.

2.1.11 Estimated Lipid Volume

Clinically, the estimated lipid volume (lipid area at the
MLD site × total stent length)—measured via a simple and
rapid assessment prior to PCI—serves as a reliable metric
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for identifying lesions at high risk of post-PCI NF/SF phe-
nomenon [14]. Research has established a critical thresh-
old for this parameter: an estimated lipid volume of 132.6
mm3 optimally predicts NF/SF phenomenon, with an AUC
of 0.719. Notably, this predictive performance is compa-
rable to that of actual lipid volume. Lesions with an es-
timated lipid volume ≥132.6 mm3 were associated with a
significantly higher risk of NF/SF phenomenon during elec-
tive stent implantation (OR: 4.35, 95% CI: 1.67–12.7, p
= 0.0024) [14]. Complementary evidence from a separate
study highlights the predictive value of coronary lipid vol-
ume percentage (% LV), defined as the ratio of lipid volume
to total plaque volume and quantified via IVUS [15]. Pa-
tients who developed NF/SF phenomenon exhibited a sig-
nificantly higher % LV than those with normal reflow [15].
ROC curve analysis identified a % LV cut-off of 62% for
the prediction of NF/SF phenomenon, with a sensitivity of
48%, specificity of 81%, and AUC of 0.67. The positive
predictive value for % LV >62%was 33%, and the negative
predictive value was 87%. Multivariate logistic regression
analysis further confirmed that % LV was an independent
predictor of NF/SF phenomenon (HR: 4.5, 95% CI: 1.6–
13.4, p < 0.01) (Fig. 2D). The AUC of IVUS-derived %
LV was 0.67, reflecting only moderate predictive ability.
A critical interpretation of this data is that while an AUC
of 0.67 indicates a certain degree of association between
IVUS-derived % LV and the target clinical outcome, it falls
well short of the high predictive performance (e.g., AUC
≥0.8) required for a reliable standalone clinical tool. This
moderate AUC value highlights the inherent limitations of
relying on a single predictive indicator, while also casting
doubt on the practical value of IVUS-derived % LV as an
independent clinical tool for risk stratification or outcome
prediction. Single indicators, by their very nature, cap-
ture only a limited aspect of the complex pathophysiologi-
cal processes underlying cardiovascular diseases. Indeed,
factors such as plaque morphology, inflammatory status,
hemodynamic changes, and patient-specific clinical char-
acteristics (e.g., age, comorbidities, lifestyle) are all inte-
gral to accurate prediction, but are not accounted for by %
LV alone. Consequently, the moderate predictive ability
suggested by this AUC value underscores the imperative
of developing multi-modal or multi-parameter prediction
models. The integration of IVUS-derived % LV with other
complementary indicators (e.g., coronary computed tomog-
raphy angiography findings, serum biomarkers, imaging-
derived plaque features) could synergistically enhance pre-
dictive accuracy, overcome the limitations of single indica-
tors, and provide more robust and clinically actionable in-
formation for decision-making. This issue will be discussed
further in the future perspectives section.

2.2 Optical Coherence Tomography (OCT)

OCT operates on the principle of near-infrared light
interference, boasting an ultra-high resolution of 10–20

μm. It is currently the most advanced intravascular imag-
ing modality with the highest resolution available in clini-
cal practice. OCT enables clear and detailed visualization
of critical vascular microstructures, including precise mea-
surement of fibrous cap thickness, accurate identification
of macrophage infiltration, and clear delineation of CCs
[51]. The core advantage of OCT lies in its exceptional
ability to characterize plaque surface features and detect
subtle micro-lesions with high precision, making it particu-
larly valuable for assessing plaque stability in patients with
ACS. However, a limitation of OCT is that its penetration
depth is relatively limited (only 1–2 mm), thus preventing
effective visualization of deep vascular structures such as
the EEM. This constraint represents a major drawback in
scenarios requiring comprehensive evaluation of vascular
wall anatomy [52]. Through extensive clinical research,
OCT has so far been shown to identify several key imaging
indicators that hold predictive value for the occurrence of
the coronary NF/SF phenomenon, as detailed below (Table
2, Ref. [53,54,55]).

2.2.1 Thin-Cap Fibroatheroma (TCFA)
Fibrous cap thickness is a core indicator for evaluat-

ing plaque stability, and OCT enables quantitative measure-
ment of the fibrous cap with an exceptional precision of
10 μm. Extensive research has consistently demonstrated
that a thinner fibrous cap correlates with an elevated risk
of PR, which in turn increases the likelihood of developing
the NF/SF phenomenon [53] (Fig. 3A). When the fibrous
cap thickness was <55 μm, the AUC for predicting NF/SF
phenomenon reached an impressive 0.985 (95% CI: 0.968–
1.000, p < 0.001), accompanied by a sensitivity of 0.935 and
specificity of 0.967 [53]. Beyond its thickness, the length
of TCFAs also holds clinical significance. A TCFA length
of ≥9.5 mm exhibited notable predictive value for NF/SF
phenomenon, with an AUC of 0.875 (95%CI: 0.800–0.949,
p < 0.001), a sensitivity of 0.804, and a specificity of 0.873.
A subsequent study by Gamou et al. [54] provided addi-
tional compelling evidence, confirming that TCFAs are ro-
bust predictors of deteriorated coronary flow following PCI
in patients with either ACS or chronic coronary syndrome
(CCS) (HR: 12.32, 95% CI: 3.02–50.31, p = 0.0005). The
underlying mechanism driving this association lies in the
inherent vulnerability of TCFAs. These lesions are highly
prone to rupture, releasing thrombogenic components into
the coronary circulation that trigger a cascade of events
(e.g., microembolization, MVO). Ultimately, this leads to
impaired coronary flow, which manifests as the NF/SF phe-
nomenon.

2.2.2 Cholesterol Crystals (CCs) and Lipid Arc
On OCT images, CCs manifest as thin, high-signal

linear structures with distinct boundaries. This key mor-
phological feature enables clear differentiation from the
boundary-less, high-signal regions corresponding tomacro-
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Table 2. Summarized table of OCT in predicting coronary no-reflow/slow-flow phenomenon.
Marker Study Design Population Sample size Cut-off Sensitivity Specificity AUC OR 95% CI p Advantages Limitations

fibrous cap thickness Gui SJ et al. [53] RSC AMI 196 <55 μm 0.935 0.967 0.985 0.874 0.814–0.940 <0.001

High resolution,
detailed plaque
characterization

Ostial disease, very
large vessels, require
blood displacement

length of thin-cap fi-
broatheromas

Gui SJ et al. [53] RSC AMI 196 ≥9.5 mm 0.804 0.873 0.875 3.356 0.800–0.949 <0.001

thin-cap fi-
broatheroma

Gamou T et al. [54] RSC ACS and CCS 126 NP NP NP NP NP 3.02–50.31 0.0005

cholesterol crystals Katayama Y et al. [55] RSC STEMI 182 12 52% 82% 0.678 1.06 0.562–0.776 0.001
lipid arc Katayama Y et al. [55] RSC STEMI 183 139° 71% 67% 0.688 1.01 0.575–0.782 <0.001
ACS, acute coronary syndrome; AMI, acute myocardial infarction; AUC, area under the curve; CCS, chronic coronary syndromes; CI, confidence interval; NP, not reported; OCT, optical coherence
tomography; OR, odds ratio; RSC, retrospective single center; STEMI, ST-segment elevation myocardial infarction.
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phages [56,57] (Fig. 3B1, Fig. 3B2). A landmark study
identified both the number of CCs and lipid arc as inde-
pendent positive predictors of NF/SF phenomenon [55].
Specifically, a CC count of ≥12 emerged as an indepen-
dent predictor of NF/SF phenomenon, with an AUC of
0.678 (95% CI: 0.562–0.776, p = 0.001). Similarly, a
lipid arc of ≥139° showed significant predictive efficacy
for NF, achieving an AUC of 0.688 (95% CI: 0.575–0.782,
p < 0.001). Notably, the combined application of these
two metrics substantially enhanced their predictive per-
formance. When both the CC count (≥12) and lipid arc
(≥139°) reached their respective thresholds, the predic-
tion of NF/SF phenomenon increased to 93% specificity
and 86% accuracy. This integrated approach provides a
more precise and clinically actionable tool for identifying
high-risk lesions, thereby guiding targeted interventional
strategies. The presence of CCs is pathologically indica-
tive of two critical plaque characteristics: a highly mature
necrotic core and compromised mechanical stability. Such
plaques are inherently vulnerable to fragmentation during
PCI, which in turn predisposes to microvascular emboliza-
tion, a key pathological step in the development of the
NF/SF phenomenon. The prognostic significance of lipid
arc was further validated in a patient cohort with non-ST-
segment elevation acute coronary syndrome (NSTE-ACS).
Multivariate regression analysis revealed a dose-dependent
relationship between lipid arc and NF risk, with each 1° in-
crease in lipid arc associated with a 1.018-fold higher risk
of NF/SF phenomenon (95% CI: 1.004–1.033, p = 0.01)
[58]. This finding highlights that lipid-rich plaque com-
ponents represent a shared risk factor for microcirculatory
injury across different subtypes of ACS, underscoring the
universal relevance of lipid arc assessment in ACS patients
undergoing PCI.

2.2.3 Vasa Vasorum (VV)

VV serves as the primary source of neovascularization
within atherosclerotic plaques. OCT enables the clear iden-
tification of internally penetrating VV—a specific subtype
of these microvessels that extend from the arterial adven-
titia into the plaque parenchyma (Fig. 3C). Clinical evi-
dence underscores the prognostic relevance of this VV sub-
type to post- PCI flow disturbances, with a pivotal study
demonstrating that lesions harboring internally penetrating
VV were associated with a significantly higher incidence
of NF/SF phenomenon after PCI compared to those with-
out such vessels (42% vs. 13%, p = 0.007). Multivariate
analysis further confirmed internally penetrating VV as an
independent predictor of NF/SF phenomenon (OR: 4.23,
95% CI: 1.05–17.01, p = 0.042) [59]. The mechanistic
link between internally penetrating VV and the impaired
NF/SF phenomenon lies in their close association with
plaque inflammation and instability. These microvessels
exhibit structural fragility, rendering them prone to leak-
age or rupture—events that elevate the risk of intraplaque

hemorrhage. By disrupting plaque integrity and promoting
the release of prothrombotic or proinflammatory mediators,
intraplaque hemorrhage indirectly precipitates microcircu-
latory obstruction, thereby contributing to the development
of both NF/SF phenomenon.

2.3 Near-Infrared Spectroscopy (NIRS)

By leveraging the differential absorption of near-
infrared light by various biological substances, NIRS en-
ables quantitative assessment of the lipid core burden
within coronary atherosclerotic plaques. Its core diagnos-
tic metric is the maximum 4-mm lipid core burden in-
dex (maxLCBI4mm), which is defined as the highest lipid
core burden value measured across any continuous 4-mm
segment along the longitudinal axis of the target vessel
[60,61,62,63]. A key advantage of NIRS lies in its unique
ability to directly quantify lipid components within plaques,
independent of the structural imaging modality. This dis-
tinctive feature renders it particularly valuable for identify-
ing “occult” lipid-rich plaques—lesions that may lack overt
structural abnormalities on traditional imaging, but which
harbor significant lipid accumulation, a critical hallmark of
plaque vulnerability. However, NIRS has a notable limi-
tation in that it cannot provide information regarding vas-
cular structural characteristics, such as lumen geometry,
plaque morphology, or vessel wall integrity. Consequently,
to achieve a comprehensive “composition + structure” as-
sessment of coronary lesions, NIRS must be used in combi-
nation with IVUS or OCT, which complement its functional
strengths with detailed anatomical visualization [64] (Table
3, Ref. [65,66,67]).

Numerous studies have established a robust positive
correlation between the maxLCBI4mm and the risk of devel-
oping NF/SF phenomenon. A pivotal study of patients with
either ACS or CCS demonstrated that maxLCBI4mm values
were significantly elevated in the SF group compared to the
normal flow group (740 ± 147 vs. 471 ± 223, p < 0.001)
[65]. Notably, when applying modality-specific thresholds,
the sensitivity for predicting SF reached 100%. This was
observed in ACS patients with amaxLCBI4mm of≥578, and
in CCS patients with a maxLCBI4mm of ≥480. Further val-
idation came from a study by Terada et al. [68], which uti-
lized cardiac magnetic resonance imaging to confirm that
a maxLCBI4mm of >600 was the optimal threshold for pre-
dicting MVO following PCI in patients with STEMI. This
finding reinforces the close association between elevated
maxLCBI4mm and microcirculatory injury, a key patholog-
ical driver of NF and SF. In a separate analysis focusing
exclusively on ACS patients [67], the incidence of NF was
substantially higher in those with a maxLCBI4mm of ≥400
compared to those with a maxLCBI4mm of <400 (17.5% vs.
2.5%, p < 0.001). Multivariate regression analysis further
confirmed that maxLCBI4mm was an independent predictor
of NF (OR: 1.008, 95% CI: 1.005–1.012, p < 0.001). These
findings underscore the clinical utility of maxLCBI4mm as
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Fig. 3. Lesion characteristics in OCT to predict coronary no-reflow/slow-flow phenomenon. (A) Thin-cap fibroatheroma (indicated
by red triangle). (B) Cholesterol crystals: thin, high-signal linear structures with distinct boundaries (B1 and B2, indicated by white
arrows). (C) Vasa vasorum: specific subtype of these microvessels that extend from the arterial adventitia into the plaque parenchyma
(indicated by red arrows). OCT, optical coherence tomography.

a reliable, quantitative marker for stratifying NF risk in the
ACS population.

The predictive utility of maxLCBI4mm is particularly
pronounced with calcified lesions. Calcified plaques have
long been regarded as relatively stable in traditional clin-
ical perspectives. However, a seminal study by Hosoda
et al. [66] revealed the critical insight that lipid com-
ponents within calcified lesions substantially elevate the
risk of NF. Specifically, in lesions with small calcifica-
tions (defined by a maximum calcification arc <180°), a
maxLCBI4mm threshold of ≥585 demonstrated robust pre-
dictive performance for NF, achieving an AUC of 0.72

(p < 0.001). In contrast, for lesions with large calcifi-
cations (maximum calcification arc ≥180°), the optimal
maxLCBI4mm threshold for the prediction of NFwas higher,
at 679, with an even more favorable AUC of 0.76 (p =
0.001). Furthermore, multivariate analysis confirmed that
maxLCBI4mm in large calcified lesions was as an indepen-
dent predictor of NF (OR: 1.60, 95% CI: 1.32–1.94, p <
0.001). This finding directly challenges the conventional
notion of “stable calcified plaques”, and emphasizes the
clinical imperative of assessing the lipid component burden
within calcified lesions. Notably, even calcified plaques
with significant lipid accumulation pose a tangible risk of
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Table 3. Summarized table of NIRS in predicting coronary no-reflow/slow-flow phenomenon.
Marker Study Design Population Sample size Cut-off Sensitivity Specificity AUC OR 95% CI p Advantages Limitations

MaxLCBI4mm

Suzuki N et al. [65] RSC ACS 115 578 100% 64.4% 0.849 NP NP NP
Detects lipid core
plaque, adjunct to
IVUS or OCT

Limited indication
as standalone
modality

Suzuki N et al. [65] RSC CCS 64 480 100% 63.6% 0.851 NP NP NP
Ozaki Y et al. [67] RSC ACS 371 719 69.8% 72.1% NP 1.008 1.005–1.012 <0.001
Hosoda H et al. [66] RSC Large calcified lesions (maximum

calcification arc ≥180°)
189 679 64.3% 86.3% 0.76 1.60 1.32–1.94 <0.001

ACS, acute coronary syndrome; AUC, area under the curve; CCS, chronic coronary syndromes; CI, confidence interval; MaxLCBI4mm, maximum 4-mm lipid core burden index; NIRS, near-infrared spectroscopy;
NP, not reported; OR, odds ratio; RSC, retrospective single center.
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PCI NF, requiring targeted preoperative evaluation and pro-
cedural planning.

Beyond its utility in predicting NF, NIRS also has
value in predicting the post-PCI TIMI flow grade, a key
indicator of coronary hemodynamic recovery. A clinical
study of 423 patients provided compelling evidence for this
predictive ability [69]. Specifically, high LCBI (≥354) was
identified as an independent factor associated with reduced
TIMI flow (i.e., TIMI 0–2 grade) (OR: 2.59, 95% CI: 1.33–
5.04, p = 0.005). When focusing on the maxLCBI4mm, a
threshold of ≥354 showed predictive efficacy for reduced
TIMI flow, achieving an AUC of 0.61 (95% CI: 0.54–
0.67, p = 0.001). These findings highlight two critical
insights: first, the influence of plaque lipid components
on post-interventional coronary flow is broader than previ-
ously recognized—extending beyond the binary distinction
of “NF vs. reflow” to also impact the rate of flow recov-
ery. Second, maxLCBI4mm emerges as a clinically action-
able reference indicator for intra-procedural flow assess-
ment. By integrating this lipid-focusedmetric into real-time
decision-making during PCI, clinicians can more proac-
tively identify patients at risk of suboptimal flow recov-
ery and tailor interventional strategies (e.g., adjunctive anti-
embolic measures or modified stent expansion protocols)
accordingly to mitigate such risks.

3. Discussion
Several studies have performed head-to-head compar-

isons of IVUS and OCT for PCI guidance. In the OPINION
Trial, the use of both imaging techniques led to similar 1-
year clinical outcomes, with very low rates of 8-month an-
giographic binary in-segment restenosis (6.2% and 6.0%)
[70]. In addition, the rate of 12-month target vessel fail-
ure (defined as a composite of cardiac death, target-vessel
related myocardial infarction, and ischaemia-driven target
vessel revascularization) was 5.2% and 4.9% for OCT and
IVUS, respectively. However, it remains unknown whether
the additional procedures performed on the basis of OCT or
IVUS evaluation reduce the incidence of target vessel fail-
ure in relatively simple lesions. Moreover, this trial was
not sufficiently powered to detect clinically relevant out-
comes, and did not test a broad range of patients with high-
risk lesion subsets. The OCTIVUS trial reported that OCT-
guided PCI was noninferior to IVUS-guided PCI with re-
spect to the incidence of a composite of death from car-
diac causes, target vessel–related myocardial infarction, or
ischemia-driven target vessel failure at 1 year [71]. This
trial provided relevant clinical evidence on the relative ef-
ficacy and safety of OCT- and IVUS-guided PCI in a large
and potentially representative population in routine prac-
tice. The RENOVATE-COMPLEX-PCI trial demonstrated
that either IVUS- or OCT-guided PCI significantly reduced
MACE compared to angiography-guided PCI in patients
with complex coronary artery lesions [72]. Over a 2.1-year
follow-up period, the imaging-guided group had a lower in-

cidence of cardiac death, target-vessel myocardial infarc-
tion, and target-vessel revascularization (7.7% vs. 12.3%,
respectively; HR: 0.64; p = 0.008). Several recent meta-
analyses and observational studies have reported that both
IVUS and OCT outperform angiography alone in PCI guid-
ance by reducing stent-related complications and improving
procedural outcomes [73,74,75,76]. Although OCTmay be
superior for procedural optimization (stent expansion, de-
tection of malapposition), the current evidence for reducing
long-term adverse events (e.g., stent thrombosis, resteno-
sis) may be stronger for IVUS. To date, there have been no
studies utilizing NIRS for the optimization of PCI.

The optimal imaging strategy for different clinical
contexts of coronary atherosclerotic heart disease should be
selected individually according to pathological and physio-
logical characteristics, and to the diagnostic and therapeu-
tic goals. Specifically, emergency coronary angiography
combined with primary PCI is the core strategy for STEMI,
with intravascular imaging (IVUS/OCT) only used as a sup-
plementary intraoperative tool for complex cases [77]. For
ACS patients, OCT is the preferred method to accurately
identify culprit lesion mechanisms (e.g., plaque erosion,
rupture, or calcified nodules) [77], guiding individualized
management such as the avoidance of stent implantation in
plaque erosion [78]. In stable CAD, IVUS optimally as-
sesses vascular structure, plaque burden, and intervention
criteria [79]. For calcified lesions, OCT uniquely affords
the ability to measure and characterize the thickness of cal-
cium in heavily calcified stenoses [80], since light (as op-
posed to ultrasound) is not attenuated by calcium. Super-
ficial calcium requires the measurement of OCT thickness
to guide rotational atherectomy/shockwave lithotripsy [81].
IVUS, OCT, and NIRS can all identify and evaluate lipid-
rich plaques. Currently, there are no head-to-head studies
comparing the efficacy of intravascular imaging in predict-
ing the prognosis of lipid-rich plaques. In clinical practice,
the most appropriate imaging method can be selected to
evaluate lipid-rich plaques based on the advantages and dis-
advantages of different intravascular imaging techniques.

It has been established that MVO is the core patho-
physiological mediator of the NF/SF phenomenon. The
essence of MVO is structural destruction or dysfunction of
the coronary microvascular bed, leading to impaired my-
ocardial perfusion and further exacerbation of myocardial
ischemia and hypoxia [82]. In recent years, advances in
imaging technologies such as OCT, IVUS and NIRS have
led to the identification of several high-risk imaging fea-
tures, including PR, TCFA, lipid pool, positive remodel-
ing, andmacrophage accumulation. These features not only
represent the core hallmarks of atherosclerotic plaque vul-
nerability, but also directly mediate or participate in the
initiation and progression of MVO through multiple spe-
cific pathophysiological pathways. The close correlation
between these features provides an important theoretical ba-
sis and practical foundation for the early clinical identifica-
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tion of MVO risk and optimization of intervention strate-
gies.

PR is the most common high-risk imaging fea-
ture in patients with ACS [16]. Its association with
MVO is primarily mediated through distal embolization of
atherothrombotic debris, accompanied by induced throm-
bosis that further aggravates obstruction [83]. The central
pathological change of PR is disruption of fibrous cap in-
tegrity, resulting in the release of lipid core, necrotic tissue,
inflammatory cells, and other atheromatous debris into the
bloodstream [29]. These tiny debris can drift distally along
the coronary flow and cause mechanical obstruction within
the coronary microvasculature (generally <200 μm in diam-
eter), leading to distal embolicMVO. This is one of the crit-
ical triggers of the NF/SF phenomenon after PCI [83]. At
the pathophysiological level, in addition to debris emboliza-
tion, PR can expose plaque components and activate the co-
agulation cascade, thereby promoting platelet aggregation
and thrombus formation. The thrombus fragments can fur-
ther occlude microvessels [83]. Meanwhile, the inflamma-
tory response at the rupture site releases abundant inflam-
matory mediators, aggravating microvascular endothelial
injury, reducing microvascular compliance, and indirectly
contributing to the development of MVO [84].

As an important precursor lesion of PR, TCFA serves
as a high-risk predictor of MVO [85]. The mechanistic
link between TCFA and MVO involves both the ampli-
fied effect of atheromatous debris embolization and direct
microvascular injury induced by lipid components [84,86].
The key imaging characteristics of TCFA include a fibrous
cap thickness <65 μm, and a large lipid core relative to the
total plaque volume [29]. Such plaques possess a fragile fi-
brous cap that is highly susceptible to rupture under hemo-
dynamic stress or inflammatory stimulation, and their lipid-
rich cores provide sufficient material for debris emboliza-
tion. Compared with conventional PR, TCFA rupture re-
leases smaller and more abundant lipid debris, which are
prone to occluding distal microvessels. Moreover, these
lipid constituents can induce microvascular endothelial cell
injury, inhibit the activity of endothelial nitric oxide syn-
thase (eNOS), reduce nitric oxide (NO) release, cause ab-
normal microvascular vasoconstriction, and further exacer-
bate MVO [84].

The size and stability of the lipid pool directly in-
fluence the risk of MVO. A larger lipid pool and poorer
plaque stability result in greater release of debris upon rup-
ture. Furthermore, CCs within the lipid pool can stimu-
late intraplaque inflammation, promote macrophage accu-
mulation, and induce the release of inflammatory media-
tors. This indirectly exacerbates microvascular spasm and
endothelial injury, thereby establishing a vicious cycle of:
lipid pool expansion → inflammatory activation → plaque
rupture → debris embolization →MVO [29].

Positive remodeling is characterized by high plaque
burden with relatively mild luminal stenosis and increased

external vessel diameter, representing a key imaging
marker of vulnerable plaques. Its association with MVO
is mainly mediated by hemodynamic abnormalities that
increase the risk of microvascular spasm and emboliza-
tion [29]. Plaques with positive remodeling are mostly
non‑calcified soft plaques with a rich lipid content and rel-
atively preserved vascular wall elasticity. Compensatory
vascular expansion leads to uneven wall stress distribution
and disturbed blood flow with local turbulence. Such ab-
normal hemodynamics directly stimulate microvascular en-
dothelial cells, trigger microvascular spasm, reduce luminal
diameter and myocardial perfusion, and consequently pro-
mote MVO. Meanwhile, positive remodeling is frequently
accompanied by increased plaque instability, predisposing
to rupture or surface erosion and the release of atheroma-
tous debris. Disturbed flow further facilitates distal mi-
gration of debris and raises the risk of microemboliza-
tion [87,88,89]. In addition, positive remodeling is asso-
ciated with enhanced vascular inflammation and elevated
matrix metalloproteinase (MMP) activity, which contribute
to structural deterioration of the vessel wall, reduced mi-
crovascular compliance, and increased sensitivity to vaso-
constrictive stimuli, further aggravating microvascular dys-
function [90].

Macrophage accumulation is a central imaging and
pathological feature of plaque inflammatory activation. It
acts as a critical bridge linking plaque vulnerability to
MVO, mainly via inflammation‑mediated microvascular
endothelial injury, spasm, and inflammatory edema [90].
As the predominant inflammatory cells within plaques,
macrophages ingest lipids to form foam cells and accumu-
late at the interface between the lipid core and fibrous cap,
secreting multiple proinflammatory mediators, including
tumor necrosis factor‑α (TNF‑α) and interleukin‑1 (IL‑1).
These mediators directly injure microvascular endothelial
cells, disrupt endothelial barrier integrity, increase mi-
crovascular permeability, and trigger inflammatory edema
that compresses microvessels and impairs perfusion [91].
Inflammatory mediators also induce contraction of vascular
smoothmuscle cells, provokemicrovascular spasm, and ac-
tivate the coagulation cascade to enhance platelet aggrega-
tion and microthrombosis, further worsening MVO. Mean-
while, MMPs secreted by macrophages accelerate fibrous
cap degradation and promote PR, indirectly increasing the
risk of debris embolization and thus creating a pathologi-
cal cascade of: macrophage accumulation → inflammatory
activation → plaque instability →MVO [29,90].

These high‑risk imaging features do not exist in iso-
lation but interact and synergize, forming a complex reg-
ulatory network that collectively contributes to the patho-
physiology of MVO. For instance, plaques with positive
remodeling typically contain large lipid pools and often
progress to TCFA, while TCFA formation is accompa-
nied by extensive macrophage accumulation that ampli-
fies inflammation, further weakening fibrous cap stabil-
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ity and ultimately precipitating PR. The released debris
causes distal embolization and simultaneously triggers mi-
crovascular spasm and ischemia–reperfusion injury, with
the multiple pathways converging to induce and aggravate
MVO. As a major pathophysiological mechanism of MVO,
ischemia–reperfusion injury is closely related to all of the
above high‑risk imaging characteristics. Vascular occlusion
caused by plaque rupture, TCFA, and other lesions leads to
myocardial ischemia, while the abrupt restoration of flow
following revascularization, such as PCI, triggers oxidative
stress and inflammatory responses with excessive produc-
tion of reactive oxygen species (ROS). This further dam-
ages the microvascular endothelium, increases permeabil-
ity, induces edema and leukocyte infiltration, and worsens
MVO. The self‑reinforcing cycle of ischemia→ reperfusion
→ inflammatory edema → MVO acts synergistically with
macrophage‑driven inflammation to amplify microvascular
injury [92].

Clarifying the links between high‑risk imaging fea-
tures and the pathophysiological pathways of MVO has
substantial practical value from a clinical perspective. First,
the identification of PR, TCFA, enlarged lipid pool, positive
remodeling, macrophage accumulation, and other features
using imagingmodalities enables early risk stratification for
MVO, providing a rationale for risk assessment in ACS pa-
tients. For patients with multiple high‑risk features, vigi-
lance for MVO is warranted and prophylactic interventions
should be considered [93]. Second, understanding these
mechanistic connections allows the use of optimized ther-
apeutic strategies: for debris embolization, intensified an-
tiplatelet and anticoagulant therapies can reduce thrombosis
and debris release; for inflammation‑mediated endothelial
injury and spasm, anti‑inflammatory agents and endothelial
protective drugs may suppress inflammation and microvas-
cular constriction; for large lipid pools and TCFA, intensive
lipid‑lowering therapy can reduce lipid deposition, increase
fibrous cap thickness, stabilize plaques, and lower MVO
risk at the source [94].

4. Clinical Perspectives
The ultimate goal of predicting coronary NF and SF

phenomena using intravascular imaging is to translate pre-
dictive insights into actionable clinical strategies that im-
prove patient outcomes. When clinicians identify NF/SF
risk factors via intravascular imaging techniques—such as
OCT, IVUS, or NIRS—the procedural approach, adminis-
tration ofmedication, pre-stent preparation of occluded ves-
sels, and selection of stents/balloons are comprehensively
optimized to mitigate risk and enhance myocardial perfu-
sion.

In terms of adjusting the procedural approach, in-
travascular imaging enables clinicians tomove from a “one-
size-fits-all” strategy to personalized intervention. For ex-
ample, the high resolution of OCT facilitates identification
of TCFAs, PR with thrombosis, and lipid-rich plaques—all

of which are key risk factors for NF [85]. Additionally,
IVUS or OCT can indirectly guide the assessment of mi-
crovascular function. When imaging indicates a high risk
of MVO, clinicians may adopt a stepwise revascularization
strategy instead of immediate stenting, thereby reducing the
burden of ischemia-reperfusion injury (IRI) on the micro-
circulation [82].

The administration of medication can be significantly
tailored based on the NF/SF risk factors detected by in-
travascular imaging. For patients identified as having a
high thrombus burden (e.g., by OCT or IVUS) or with vul-
nerable plaques, intensified antiplatelet and anticoagulant
therapy is recommended to reduce thromboembolic risk.
Furthermore, intracoronary administration of vasodilators
(e.g., nitroglycerin, verapamil) or anti-inflammatory agents
(e.g., adenosine) is proactively used in high-risk patients, as
imaging-derived risk stratification helps to identify those
most likely to benefit from targeted microcirculatory pro-
tection [95,96]. Notably, patients with imaging-detected
endothelial dysfunction (e.g., irregular vessel walls, re-
duced vasoreactivity) may benefit from pre-PCI statin load-
ing, as statins improve endothelial function and reduce IRI-
related microvascular damage [34,96].

Pre-stent preparation of occluded vessels can be opti-
mized under the guidance of intravascular imaging to min-
imize NF/SF risk. For occluded vessels with imaging-
detected heavy calcification, severe plaque burden, or
thrombus, clinicians avoid aggressive pre-dilation with
high-pressure balloons, which can cause PR and distal em-
bolization. Instead, low-pressure balloon pre-dilation or ro-
tational atherectomy is preferred to achieve gentle lesion
preparation while preserving plaque integrity. For lipid-
rich plaques identified by OCT or NIRS, direct stenting or
cautious low-pressure balloon dilation is recommended to
reduce the release of plaque debris. Additionally, intravas-
cular imaging helps to assess the true vessel diameter and
lesion length, ensuring accurate pre-stent preparation that
avoids under- or over-expansion—both of which can con-
tribute to NF by damaging the microcirculation or trigger-
ing endothelial injury. For chronic total occlusion (CTO)
lesions with high NF risk (e.g., long occlusion length, poor
collateral circulation detected by IVUS), pre-stent adminis-
tration of intracoronary thrombolytics (e.g., reteplase) may
be considered to reduce the thrombus burden before stent-
ing [96,97].

The selection of stents and balloons is also guided by
intravascular imaging to reduce NF/SF risk. For patients
with high NF risk (e.g., because of STEMI, large thrombus
burden, vulnerable plaques), drug-eluting stents (DES)with
biocompatible coatings (e.g., zotarolimus-eluting stents)
are preferred over bare-metal stents (BMS). DES reduce in-
stent restenosis and chronic inflammation, both of which
are major factors contributing to long-term microvascular
dysfunction. In cases of imaging-detected small-vessel dis-
ease or microvascular fragility, smaller-caliber stents with
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thinner struts are selected to minimize vessel wall trauma
and preserve microcirculatory flow. For lesions with severe
calcification or uneven plaque distribution, non-compliant
(NC) balloons are used for pre-dilation to ensure uniform
lesion expansion without excessive vessel injury. More-
over, drug-coated balloons (DCBs) may be considered for
patients at high risk of NF to reduce post-procedural inflam-
mation and endothelial dysfunction. Recent advances in
intravascular imaging, such as IVUS-OCT integrated mul-
timodal imaging, further enable the precise matching of
stent/balloon size to lesion characteristics, thereby optimiz-
ing device selection and reducing NF incidence [98].

5. Current Limitations
Despite notable progress in intravascular imaging for

predicting the coronary NF/SF phenomenon, there is still
substantial room for improvement in clinical practice. This
is mainly reflected in three aspects. First, most existing
studies focus on the application of a single imaging modal-
ity, and there is a lack of multicenter, large-sample head-
to-head comparisons of predictive efficacy between differ-
ent techniques. This hinders the establishment of a unified
standard for the selection of the optimal modality in clinical
practice, leading to inconsistent clinical decision-making
across institutions. Second, each imaging technique has
inherent limitations. IVUS cannot effectively identify mi-
crothrombi or detailed intimal features, potentially miss-
ing subtle pathological changes linked to microcirculatory
obstruction. OCT, despite its ultra-high resolution, has a
limited penetration depth (only 1–2 mm), preventing visu-
alization of deep vascular structures (e.g., EEM, adventi-
tia) that are critical for assessing overall vascular remod-
eling. NIRS, while effective for quantifying lipid compo-
nents, cannot simultaneously evaluate vascular structure or
hemodynamic status, thus failing to capture the complex
interaction between anatomical and functional factors un-
derlying the NF/SF phenomenon. Therefore, reliance on a
single technique cannot fully cover themultifactorial patho-
logical mechanisms of these phenomena. Third, current
predictive models are mostly based on correlation analyses
between imaging features and clinical events, with insuffi-
cient exploration of the causal relationships among imaging
features, pathological mechanisms, and clinical outcomes.
This lack of mechanistic insight limits the generalizability
and stability of the models, as they may not account for
patient-specific variations in pathophysiological responses
(e.g., individual differences in inflammatory reactivity or
coagulation status) that affect the development of NF/SF
phenomenon.

Despite the well-documented benefits of IVUS and
OCT in optimizing PCI outcomes, several critical limita-
tions hinder their universal application in routine clinical
practice and ACS, particularly in STEMI settings. These
limitations include their feasibility in routine and acute care
settings, the cost burden, gaps in operator training, and

technical challenges associated with IVUS deployment in
STEMI. First, the feasibility of IVUS and OCT in routine
clinical practice is constrained by significant geographic
variability, workflow barriers, and inconsistent adoption,
even in clinical settings where current guidelines recom-
mend their utilization. The 2024 European Society of
Cardiology (ESC) guidelines upgraded the recommenda-
tion for IVUS/OCT to Class IA for complex PCI. How-
ever, real-world clinical data indicates persistent underuti-
lization of these imaging modalities. A 2025 debate pub-
lished in REC: Interv Cardiol reported that intravascu-
lar imaging is employed in only 15% of PCI patients in
Spain, despite guideline endorsement. This was primar-
ily attributable to workflow disruptions and resource con-
straints [99]. In the context of ACS, although IVUS/OCT
provide valuable insights into plaquemorphology (e.g., ero-
sion, rupture) and thrombus burden, their routine feasibil-
ity is limited by the urgency of reperfusion therapy, with
many clinical centers prioritizing rapid revascularization
over imaging-guided optimization.

Second, the cost burden associated with IVUS and
OCT remains amajor barrier to their widespread implemen-
tation, despite evidence supporting their long-term cost-
effectiveness. Upfront procedural costs are significantly el-
evated due to the use of disposable catheters and extended
procedural duration (average +15–20 minutes per case). A
2025 Irish micro-costing study published in Open Heart
found that IVUS increases the baseline PCI cost (€3082)
by €752, while OCT adds €884, with disposable catheters
accounting for 72% of the incremental cost [100]. Global
variability in cost further exacerbates this limitation. For
instance, a 2024 analysis of the National Inpatient Sample
(NIS) database in the United States revealed that IVUS-
guided PCI is nearly twice as expensive as angiography-
guided PCI ($141,920 vs. $71,568) [101]. Although long-
term cost-effectiveness is supported by reductions in repeat
revascularization and stent thrombosis, the upfront finan-
cial barrier remains insurmountable in resource-constrained
settings.

Third, operator training and proficiency in IVUS/OCT
interpretation and deployment are uneven globally, limiting
the practical utility of these imaging modalities. A 2025
survey of 1200 interventional cardiologists across 32 coun-
tries, published in JACC Cardiovasc Interv, found that only
41% achieved independent competence in both IVUS and
OCT interpretation, with 68% reporting inadequate training
during their fellowship [102]. The survey also noted that
proficiency varies with clinical experience—younger cardi-
ologists (<45 years) were more likely to utilize IVUS/OCT
regularly (79%) compared to senior physicians (<30%), re-
sulting in a generational gap in expertise.

Fourth, the deployment of an IVUS catheter during
STEMI is technically challenging, particularly in cases
where guidewire crossing is already difficult, further lim-
iting its feasibility in acute clinical settings. STEMI lesions
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are frequently characterized by severe stenosis, thrombus
burden, tortuosity, or calcification, all of which impede
the advancement of IVUS catheters. Time pressure for
rapid reperfusion further complicates IVUS utilization, as
imaging extends the procedural duration by approximately
14 minutes, with some centers prioritizing door-to-balloon
time over imaging-guided optimization [103]. Further-
more, while OCT offers higher resolution, it requires blood
clearance with contrast media. This increases the contrast
volume (median 320.0mL forOCT vs. 270.0mL for IVUS)
andmay elevate the risk of contrast-induced nephropathy in
STEMI patients with pre-existing renal dysfunction [104].

These inherent technical drawbacks, combined with
the aforementioned challenges in feasibility, cost, training,
and STEMI deployment, demonstrate that IVUS and OCT
are not universally easy to deploy, or even feasible in unse-
lected routine clinical practice or unstable STEMI settings.
Collectively, these limitations underscore the need for im-
proved accessibility to training programs, cost reduction
strategies, and further technical advances to fully realize the
potential of IVUS/OCT in optimizing coronary revascular-
ization outcomes.

6. Future Perspectives
Future advances in intravascular imaging for predict-

ing the coronary NF/SF phenomenon are likely to focus
on three core areas: multimodal fusion, intelligent inte-
gration, and personalized intervention. For multimodal fu-
sion, combining structural imaging (IVUS/OCT) with com-
positional imaging (NIRS), and further integrating with
functional indices like fractional flow reserve and instanta-
neous wave-free ratio, will establish a tripartite “anatomy-
function-composition” predictive system. This addresses
single-modality limitations by simultaneously capturing
structural vulnerabilities (e.g., thin fibrous caps), compo-
sitional risks (e.g., high lipid burden), and functional im-
pairment (e.g., reduced myocardial perfusion), thereby en-
hancing prediction accuracy and comprehensiveness. For
intelligent integration, deep learning-based radiomics can
extract latent predictive biomarkers from large imaging
datasets, automatically identifying subtle patterns (e.g., mi-
crocalcification distribution) that are undetectablemanually
and allowing the development of automated models. These
models enable rapid risk stratification of the NF/SF phe-
nomenon, providing real-time data-driven support during
PCI and optimizing procedural efficiency [105]. In the fu-
ture, it may be feasible to integrate radiomic features de-
rived from OCT/IVUS (e.g., plaque texture, calcification
distribution) with patient clinical data (e.g., age, diabetes
history) and genetic markers (e.g., ApoE gene polymor-
phism) to construct an artificial intelligence-based, person-
alized model for predicting the risk of NF/SF phenomenon,
thus improving the accuracy of risk stratification. More-
over, automated image analysis algorithms can be devel-
oped to achieve real-time identification of high-risk imag-

ing features (e.g., TCFA, PR), providing immediate guid-
ance for interventional treatment decisions. For personal-
ized intervention, future studies should clarify causal links
between imaging biomarkers and NF/SF phenomenon, val-
idate new predictive models via prospective randomized
controlled trials across diverse populations (e.g., diabetic
patients) and scenarios (e.g., primary PCI for STEMI vs.
elective PCI for stable CAD), and explore imaging-guided
personalized strategies (e.g., rotational atherectomy for
heavy calcification, tailored antithrombotic regimens for
high-lipid lesions) to advance from risk prediction to pre-
cision prevention and management [106].

7. Conclusion
With the relentless progression of technological inno-

vation and the expansion of in-depth clinical research ini-
tiatives, intravascular imaging will undoubtedly become an
increasingly core tool in optimizing the clinical care of pa-
tients with the coronary NF/SF phenomenon. Ultimately,
this will establish a more solid foundation for improving the
prognostic outcomes of individuals suffering from CAD.

Author Contributions
YKZ, QLH, QKL, YZL, HYZ, YS, ZDL, HLL, JPX,

HQL and QWJ conceptualized and designed the research
study. YKZ, HYZ, YS, HLL, and ZDL prepared the
original draft of the manuscript. YKZ, JPX, HQL, YZL,
and QWJ contributed to the review and editing. QLH,
HLL, YZL, and QWJ were responsible for funding acqui-
sition. All authors contributed to the critical revision of the
manuscript for important intellectual content. All authors
read and approved the final manuscript. All authors have
participated sufficiently in the work and agreed to be ac-
countable for all aspects of the work.

Ethics Approval and Consent to Participate
All images in this manuscript were obtained from

clinical cases at the authors’ institution and have been
anonymized to protect patient privacy.

Acknowledgment
Not applicable.

Funding
This work was supported by the Guangxi Science

and Technology Base and Special Talents’ Project (GK
AD17129026).

Conflicts of Interest
The authors declare no conflicts of interest.

18

https://www.imrpress.com


Declaration of AI and AI-Assisted
Technologies in the Writing Process

During the preparation of this work, the authors used
software Grammarly to check spelling and grammar and
improve sentence structure. After using this tool, the au-
thors reviewed and edited the content as needed and take
full responsibility for the content of the publication.

References
[1] Niccoli G, Burzotta F, Galiuto L, Crea F. Myocardial no-reflow

in humans. Journal of the American College of Cardiology.
2009; 54: 281–292. https://doi.org/10.1016/j.jacc.2009.03.054

[2] Ndrepepa G, Tiroch K, Fusaro M, Keta D, Seyfarth M, Byrne
RA, et al. 5-year prognostic value of no-reflow phenomenon
after percutaneous coronary intervention in patients with acute
myocardial infarction. Journal of the American College of Car-
diology. 2010; 55: 2383–2389. https://doi.org/10.1016/j.jacc
.2009.12.054

[3] Bolognese L, Carrabba N, Parodi G, Santoro GM, Buonamici P,
Cerisano G, et al. Impact of microvascular dysfunction on left
ventricular remodeling and long-term clinical outcome after pri-
mary coronary angioplasty for acute myocardial infarction. Cir-
culation. 2004; 109: 1121–1126. https://doi.org/10.1161/01.CI
R.0000118496.44135.A7

[4] Wu KC, Zerhouni EA, Judd RM, Lugo-Olivieri CH, Barouch
LA, Schulman SP, et al. Prognostic significance of microvascu-
lar obstruction by magnetic resonance imaging in patients with
acute myocardial infarction. Circulation. 1998; 97: 765–772.
https://doi.org/10.1161/01.cir.97.8.765

[5] Ndrepepa G, Kastrati A. Coronary No-Reflow after Primary Per-
cutaneous Coronary Intervention-Current Knowledge on Patho-
physiology, Diagnosis, Clinical Impact and Therapy. Journal of
Clinical Medicine. 2023; 12: 5592. https://doi.org/10.3390/jc
m12175592

[6] Mintz GS, Nissen SE, Anderson WD, Bailey SR, Erbel R,
Fitzgerald PJ, et al. American College of Cardiology Clini-
cal Expert Consensus Document on Standards for Acquisition,
Measurement and Reporting of Intravascular Ultrasound Stud-
ies (IVUS). A report of the American College of Cardiology
Task Force on Clinical Expert Consensus Documents. Journal
of the American College of Cardiology. 2001; 37: 1478–1492.
https://doi.org/10.1016/s0735-1097(01)01175-5

[7] Malaiapan Y, Leung M, White AJ. The role of intravascular
ultrasound in percutaneous coronary intervention of complex
coronary lesions. Cardiovascular Diagnosis and Therapy. 2020;
10: 1371–1388. https://doi.org/10.21037/cdt-20-189

[8] Endo M, Hibi K, Shimizu T, Komura N, Kusama I, Otsuka F,
et al. Impact of ultrasound attenuation and plaque rupture as de-
tected by intravascular ultrasound on the incidence of no-reflow
phenomenon after percutaneous coronary intervention in ST-
segment elevation myocardial infarction. JACC. Cardiovascu-
lar Interventions. 2010; 3: 540–549. https://doi.org/10.1016/j.jc
in.2010.01.015

[9] Ohshima K, Ikeda S, Kadota H, Yamane K, Izumi N, Kawa-
zoe H, et al. Cavity volume of ruptured plaque is an indepen-
dent predictor for angiographic no-reflow phenomenon during
primary angioplasty in patients with ST-segment elevation my-
ocardial infarction. Journal of Cardiology. 2011; 57: 36–43.
https://doi.org/10.1016/j.jjcc.2010.08.002

[10] Okutsu M, Horio T, Tanaka H, Akiyama M, Okimoto N, Tsub-
ouchi T, et al. Predictive performance of dual modality of com-
puted tomography angiography and intravascular ultrasound for
no-reflow phenomenon after percutaneous coronary stenting in
stable coronary artery disease. Heart and Vessels. 2018; 33:

1121–1128. https://doi.org/10.1007/s00380-018-1160-2
[11] Narayanan S, Subban V, Asokan PK, Natarajan R, Latchu-

manadhas K, Krishnakumar VV, et al. IVUS derived plaque
characteristics and outcomes in patients with acute coronary syn-
drome undergoing percutaneous intervention. Indian Heart Jour-
nal. 2025; 77: 36–41. https://doi.org/10.1016/j.ihj.2025.02.001

[12] Utsunomiya M, Hara H, Sugi K, Nakamura M. Relationship
between tissue characterisations with 40 MHz intravascular ul-
trasound imaging and slow flow during coronary intervention.
EuroIntervention: Journal of EuroPCR in Collaboration with
the Working Group on Interventional Cardiology of the Euro-
pean Society of Cardiology. 2011; 7: 340–346. https://doi.org/
10.4244/EIJV7I3A58

[13] Watanabe Y, Sakakura K, Taniguchi Y, Yamamoto K, Wada H,
Fujita H, et al. Determinants of slow flow following stent im-
plantation in intravascular ultrasound-guided primary percuta-
neous coronary intervention. Heart and Vessels. 2018; 33: 226–
238. https://doi.org/10.1007/s00380-017-1050-z

[14] Suda A, Namiuchi S, Kawaguchi T, Nihei T, Takii T, Saji K, et
al. A simple and rapidmethod for identification of lesions at high
risk for the no-reflow phenomenon immediately before elective
coronary stent implantation. Heart and Vessels. 2016; 31: 1904–
1914. https://doi.org/10.1007/s00380-016-0825-y

[15] Daidoji H, Takahashi H, Otaki Y, Tamura H, Arimoto T,
Shishido T, et al. A combination of plaque components an-
alyzed by integrated backscatter intravascular ultrasound and
serum pregnancy-associated plasma protein a levels predict the
no-reflow phenomenon during percutaneous coronary interven-
tion. Catheterization and Cardiovascular Interventions: Official
Journal of the Society for Cardiac Angiography & Interventions.
2015; 85: 43–50. https://doi.org/10.1002/ccd.25294

[16] Byrne RA, Rossello X, Coughlan JJ, Barbato E, Berry C, Chi-
effo A, et al. 2023 ESC Guidelines for the management of acute
coronary syndromes. European Heart Journal. Acute Cardiovas-
cular Care. 2024; 13: 55–161. https://doi.org/10.1093/ehjacc/z
uad107

[17] Zhang M, Xie Z, Long H, Ren K, Hou L, Wang Y, et al. Current
advances in the imaging of atherosclerotic vulnerable plaque
using nanoparticles. Materials Today. Bio. 2022; 14: 100236.
https://doi.org/10.1016/j.mtbio.2022.100236

[18] Yang X, Yang J, Kashima Y, Hachinohe D, Sugie T, Xu S, et al.
The influence between plaque rupture and non-plaque rupture on
clinical outcomes in patients with ST-segment elevationmyocar-
dial infarction after primary percutaneous coronary intervention:
a prospective cohort study. Journal of Thoracic Disease. 2024;
16: 7771–7786. https://doi.org/10.21037/jtd-24-1482

[19] Hong YJ, JeongMH, Choi YH, Ko JS, LeeMG, KangWY, et al.
Predictors of no-reflow after percutaneous coronary intervention
for culprit lesion with plaque rupture in infarct-related artery in
patients with acute myocardial infarction. Journal of Cardiology.
2009; 54: 36–44. https://doi.org/10.1016/j.jjcc.2009.03.003

[20] Virmani R, Kolodgie FD, Burke AP, Farb A, Schwartz SM.
Lessons from sudden coronary death: a comprehensive mor-
phological classification scheme for atherosclerotic lesions. Ar-
teriosclerosis, Thrombosis, and Vascular Biology. 2000; 20:
1262–1275. https://doi.org/10.1161/01.atv.20.5.1262

[21] Kawamoto T, Okura H, KoyamaY, Toda I, Taguchi H, Tamita K,
et al. The relationship between coronary plaque characteristics
and small embolic particles during coronary stent implantation.
Journal of the American College of Cardiology. 2007; 50: 1635–
1640. https://doi.org/10.1016/j.jacc.2007.05.050

[22] Kawaguchi R, Oshima S, Jingu M, Tsurugaya H, Toyama T,
Hoshizaki H, et al. Usefulness of virtual histology intravascu-
lar ultrasound to predict distal embolization for ST-segment el-
evation myocardial infarction. Journal of the American College
of Cardiology. 2007; 50: 1641–1646. https://doi.org/10.1016/j.

19

https://doi.org/10.1016/j.jacc.2009.03.054
https://doi.org/10.1016/j.jacc.2009.12.054
https://doi.org/10.1016/j.jacc.2009.12.054
https://doi.org/10.1161/01.CIR.0000118496.44135.A7
https://doi.org/10.1161/01.CIR.0000118496.44135.A7
https://doi.org/10.1161/01.cir.97.8.765
https://doi.org/10.3390/jcm12175592
https://doi.org/10.3390/jcm12175592
https://doi.org/10.1016/s0735-1097(01)01175-5
https://doi.org/10.21037/cdt-20-189
https://doi.org/10.1016/j.jcin.2010.01.015
https://doi.org/10.1016/j.jcin.2010.01.015
https://doi.org/10.1016/j.jjcc.2010.08.002
https://doi.org/10.1007/s00380-018-1160-2
https://doi.org/10.1016/j.ihj.2025.02.001
https://doi.org/10.4244/EIJV7I3A58
https://doi.org/10.4244/EIJV7I3A58
https://doi.org/10.1007/s00380-017-1050-z
https://doi.org/10.1007/s00380-016-0825-y
https://doi.org/10.1002/ccd.25294
https://doi.org/10.1093/ehjacc/zuad107
https://doi.org/10.1093/ehjacc/zuad107
https://doi.org/10.1016/j.mtbio.2022.100236
https://doi.org/10.21037/jtd-24-1482
https://doi.org/10.1016/j.jjcc.2009.03.003
https://doi.org/10.1161/01.atv.20.5.1262
https://doi.org/10.1016/j.jacc.2007.05.050
https://doi.org/10.1016/j.jacc.2007.06.051
https://doi.org/10.1016/j.jacc.2007.06.051


jacc.2007.06.051
[23] Hong YJ, JeongMH, Ahn Y, Kang JC, Mintz GS, Kim SW, et al.

Intravascular ultrasound findings that are predictive of no reflow
after percutaneous coronary intervention for saphenous vein
graft disease. The American Journal of Cardiology. 2012; 109:
1576–1581. https://doi.org/10.1016/j.amjcard.2012.01.383

[24] Wu X, Mintz GS, Xu K, Lansky AJ, Witzenbichler B, Guagli-
umi G, et al. The relationship between attenuated plaque identi-
fied by intravascular ultrasound and no-reflow after stenting in
acute myocardial infarction: the HORIZONS-AMI (Harmoniz-
ing Outcomes With Revascularization and Stents in Acute My-
ocardial Infarction) trial. JACC. Cardiovascular Interventions.
2011; 4: 495–502. https://doi.org/10.1016/j.jcin.2010.12.012

[25] Uetani T, Amano T, Ando H, Yokoi K, Arai K, Kato M, et al.
The correlation between lipid volume in the target lesion, mea-
sured by integrated backscatter intravascular ultrasound, and
post-procedural myocardial infarction in patients with elective
stent implantation. European Heart Journal. 2008; 29: 1714–
1720. https://doi.org/10.1093/eurheartj/ehn248

[26] Hong YJ, Jeong MH, Choi YH, Ko JS, Lee MG, Kang WY, et
al. Impact of plaque components on no-reflow phenomenon af-
ter stent deployment in patients with acute coronary syndrome:
a virtual histology-intravascular ultrasound analysis. European
Heart Journal. 2011; 32: 2059–2066. https://doi.org/10.1093/eu
rheartj/ehp034

[27] Jia R, Nie X, Li H, Zhu H, Pu L, Li X, et al. Impact of attenuated
plaques on TIMI grade flow and clinical outcomes of coronary
artery disease patients: a systematic review and meta analysis.
Journal of Thoracic Disease. 2016; 8: 527–536. https://doi.org/
10.21037/jtd.2016.02.51

[28] Burke AP, Kolodgie FD, Farb A, Weber D, Virmani R. Morpho-
logical predictors of arterial remodeling in coronary atheroscle-
rosis. Circulation. 2002; 105: 297–303. https://doi.org/10.1161/
hc0302.102610

[29] Virmani R, Burke AP, Farb A, Kolodgie FD. Pathology of the
vulnerable plaque. Journal of the American College of Cardi-
ology. 2006; 47: C13–C18. https://doi.org/10.1016/j.jacc.2005.
10.065

[30] Yamamoto K, Sakakura K, Tsukui T, Seguchi M, Taniguchi
Y, Wada H, et al. Clinical factors associated with slow
flow in left main coronary artery-acute coronary syndrome
without cardiogenic shock. Cardiovascular Intervention and
Therapeutics. 2021; 36: 452–461. https://doi.org/10.1007/
s12928-020-00717-8

[31] Hong YJ, Jeong MH, Ahn Y, Mintz GS, Kim SW, Lee SY,
et al. Intravascular ultrasound analysis of plaque characteristics
and postpercutaneous coronary intervention catheterization out-
comes according to the remodeling pattern in narrowed saphe-
nous vein grafts. The American Journal of Cardiology. 2012;
110: 1290–1295. https://doi.org/10.1016/j.amjcard.2012.06.031

[32] Nair A, Kuban BD, Tuzcu EM, Schoenhagen P, Nissen SE,
Vince DG. Coronary plaque classification with intravascu-
lar ultrasound radiofrequency data analysis. Circulation. 2002;
106: 2200–2206. https://doi.org/10.1161/01.cir.0000035654.
18341.5e

[33] Rodriguez-Granillo GA, García-García HM, Mc Fadden EP,
Valgimigli M, Aoki J, de Feyter P, et al. In vivo intravascular
ultrasound-derived thin-cap fibroatheroma detection using ul-
trasound radiofrequency data analysis. Journal of the American
College of Cardiology. 2005; 46: 2038–2042. https://doi.org/10.
1016/j.jacc.2005.07.064

[34] Heusch G, Kleinbongard P, Böse D, Levkau B, HaudeM, Schulz
R, et al. Coronary microembolization: from bedside to bench
and back to bedside. Circulation. 2009; 120: 1822–1836. https:
//doi.org/10.1161/CIRCULATIONAHA.109.888784

[35] Reddy S, Rao K R, Kashyap JR, Kadiyala V, Reddy H, Malhotra

S, et al. Impact of plaque burden and composition on coronary
slow flow in ST-segment elevation myocardial infarction under-
going percutaneous coronary intervention: intravascular ultra-
sound and virtual histology analysis. Acta Cardiologica. 2021;
76: 650–660. https://doi.org/10.1080/00015385.2020.1767842

[36] Higashikuni Y, Tanabe K, Tanimoto S, Aoki J, Yamamoto H,
Nakazawa G, et al. Impact of culprit plaque composition on
the no-reflow phenomenon in patients with acute coronary syn-
drome: an intravascular ultrasound radiofrequency analysis.
Circulation Journal: Official Journal of the Japanese Circula-
tion Society. 2008; 72: 1235–1241. https://doi.org/10.1253/circ
j.72.1235

[37] Liu Y, Li CP, Wang YY, Dong YN, Liu HW, Xiao JY, et al. Pre-
diction of Major Adverse Cardiovascular Events and Slow/No-
Reflow by Virtual Histology Imaging After Percutaneous Inter-
ventions on Saphenous Vein Grafts. Angiology. 2020; 71: 263–
273. https://doi.org/10.1177/0003319719892354

[38] Watanabe Y, Sakakura K, Taniguchi Y, Yamamoto K, Wada
H, Momomura SI, et al. Determinants of Slow Flow in Percu-
taneous Coronary Intervention to the Culprit Lesion of Non-
ST ElevationMyocardial Infarction. International Heart Journal.
2018; 59: 1237–1245. https://doi.org/10.1536/ihj.18-050

[39] HongYJ, JeongMH,Choi YH, Song JA, KimDH, LeeKH, et al.
Impact of tissue prolapse after stent implantation on short- and
long-term clinical outcomes in patients with acute myocardial
infarction: an intravascular ultrasound analysis. International
Journal of Cardiology. 2013; 166: 646–651. https://doi.org/10.
1016/j.ijcard.2011.11.092

[40] Tanaka A, Kawarabayashi T, Nishibori Y, Sano T, Nishida
Y, Fukuda D, et al. No-reflow phenomenon and lesion mor-
phology in patients with acute myocardial infarction. Circu-
lation. 2002; 105: 2148–2152. https://doi.org/10.1161/01.cir.
0000015697.59592.07

[41] Kimura S, Kakuta T, Yonetsu T, Suzuki A, Iesaka Y, Fujiwara
H, et al. Clinical significance of echo signal attenuation on in-
travascular ultrasound in patients with coronary artery disease.
Circulation. Cardiovascular Interventions. 2009; 2: 444–454.
https://doi.org/10.1161/CIRCINTERVENTIONS.108.821124

[42] Moreno PR, Purushothaman KR, Fuster V, Echeverri D,
Truszczynska H, Sharma SK, et al. Plaque neovasculariza-
tion is increased in ruptured atherosclerotic lesions of human
aorta: implications for plaque vulnerability. Circulation. 2004;
110: 2032–2038. https://doi.org/10.1161/01.CIR.0000143233.
87854.23

[43] Sluimer JC, Kolodgie FD, Bijnens APJJ, Maxfield K, Pacheco
E, Kutys B, et al. Thin-walled microvessels in human coronary
atherosclerotic plaques show incomplete endothelial junctions
relevance of compromised structural integrity for intraplaque
microvascular leakage. Journal of the American College of Car-
diology. 2009; 53: 1517–1527. https://doi.org/10.1016/j.jacc
.2008.12.056

[44] Virmani R, Kolodgie FD, Burke AP, Finn AV, Gold HK, Tu-
lenko TN, et al. Atherosclerotic plaque progression and vul-
nerability to rupture: angiogenesis as a source of intraplaque
hemorrhage. Arteriosclerosis, Thrombosis, and Vascular Biol-
ogy. 2005; 25: 2054–2061. https://doi.org/10.1161/01.ATV.
0000178991.71605.18

[45] Kolodgie FD,GoldHK, BurkeAP, Fowler DR,KruthHS,Weber
DK, et al. Intraplaque hemorrhage and progression of coronary
atheroma. The New England Journal of Medicine. 2003; 349:
2316–2325. https://doi.org/10.1056/NEJMoa035655

[46] Kume T, Okura H, Fukuhara K, Koyama T, Yamada R, Neishi Y,
et al. Visualization of coronary plaque vasa vasorum by intravas-
cular ultrasound. JACC. Cardiovascular Interventions. 2013; 6:
985. https://doi.org/10.1016/j.jcin.2013.04.021

[47] Wu X, Ji G, Wang Q, Chen J, Cai XY, Song J, et al. Assessment

20

https://doi.org/10.1016/j.amjcard.2012.01.383
https://doi.org/10.1016/j.jcin.2010.12.012
https://doi.org/10.1093/eurheartj/ehn248
https://doi.org/10.1093/eurheartj/ehp034
https://doi.org/10.1093/eurheartj/ehp034
https://doi.org/10.21037/jtd.2016.02.51
https://doi.org/10.21037/jtd.2016.02.51
https://doi.org/10.1161/hc0302.102610
https://doi.org/10.1161/hc0302.102610
https://doi.org/10.1016/j.jacc.2005.10.065
https://doi.org/10.1016/j.jacc.2005.10.065
https://doi.org/10.1007/s12928-020-00717-8
https://doi.org/10.1007/s12928-020-00717-8
https://doi.org/10.1016/j.amjcard.2012.06.031
https://doi.org/10.1161/01.cir.0000035654.18341.5e
https://doi.org/10.1161/01.cir.0000035654.18341.5e
https://doi.org/10.1016/j.jacc.2005.07.064
https://doi.org/10.1016/j.jacc.2005.07.064
https://doi.org/10.1161/CIRCULATIONAHA.109.888784
https://doi.org/10.1161/CIRCULATIONAHA.109.888784
https://doi.org/10.1080/00015385.2020.1767842
https://doi.org/10.1253/circj.72.1235
https://doi.org/10.1253/circj.72.1235
https://doi.org/10.1177/0003319719892354
https://doi.org/10.1536/ihj.18-050
https://doi.org/10.1016/j.ijcard.2011.11.092
https://doi.org/10.1016/j.ijcard.2011.11.092
https://doi.org/10.1161/01.cir.0000015697.59592.07
https://doi.org/10.1161/01.cir.0000015697.59592.07
https://doi.org/10.1161/CIRCINTERVENTIONS.108.821124
https://doi.org/10.1161/01.CIR.0000143233.87854.23
https://doi.org/10.1161/01.CIR.0000143233.87854.23
https://doi.org/10.1016/j.jacc.2008.12.056
https://doi.org/10.1016/j.jacc.2008.12.056
https://doi.org/10.1161/01.ATV.0000178991.71605.18
https://doi.org/10.1161/01.ATV.0000178991.71605.18
https://doi.org/10.1056/NEJMoa035655
https://doi.org/10.1016/j.jcin.2013.04.021
https://www.imrpress.com


of vasa vasorum on coronary plaques in patients with acute coro-
nary syndromes using intravascular ultrasound and iMap analy-
sis: A retrospective cohort study. Medicine. 2023; 102: e34458.
https://doi.org/10.1097/MD.0000000000034458

[48] Sharma SK, Tomey MI, Teirstein PS, Kini AS, Reitman AB,
Lee AC, et al. North American Expert Review of Rotational
Atherectomy. Circulation. Cardiovascular Interventions. 2019;
12: e007448. https://doi.org/10.1161/CIRCINTERVENTIONS.
118.007448

[49] Jinnouchi H, Sakakura K, Taniguchi Y, Tsukui T, Watanabe
Y, Yamamoto K, et al. Intravascular ultrasound-factors associ-
ated with slow flow following rotational atherectomy in heavily
calcified coronary artery. Scientific Reports. 2022; 12: 5674.
https://doi.org/10.1038/s41598-022-09585-z

[50] Li X, Sun S, Luo D, Yang X, Ye J, Guo X, et al. Microvascular
and Prognostic Effect in LesionsWith Different Stent Expansion
During Primary PCI for STEMI: Insights From Coronary Physi-
ology and Intravascular Ultrasound. Frontiers in Cardiovascular
Medicine. 2022; 9: 816387. https://doi.org/10.3389/fcvm.2022.
816387

[51] Huang D, Swanson EA, Lin CP, Schuman JS, Stinson WG,
Chang W, et al. Optical coherence tomography. Science (New
York, N.Y.). 1991; 254: 1178–1181. https://doi.org/10.1126/sc
ience.1957169

[52] Bezerra HG, Costa MA, Guagliumi G, Rollins AM, Simon DI.
Intracoronary optical coherence tomography: a comprehensive
review clinical and research applications. JACC. Cardiovascular
Interventions. 2009; 2: 1035–1046. https://doi.org/10.1016/j.jc
in.2009.06.019

[53] Gui S, Fu G, Jia M, Liu S, Jia X, Jian L. Prediction of no reflow
phenomenon in percutaneous coronary intervention with optical
coherence tomography and analysis of risk factors. The Heart
Surgery Forum. 2023; 26: E051–E055. https://doi.org/10.1532/
hsf.5237

[54] Gamou T, Sakata K, Matsubara T, Yasuda T, Miwa K, Inoue M,
et al. Impact of thin-cap fibroatheroma on predicting deteriorated
coronary flow during interventional procedures in acute as well
as stable coronary syndromes: insights from optical coherence
tomography analysis. Heart and Vessels. 2015; 30: 719–727. ht
tps://doi.org/10.1007/s00380-014-0542-3

[55] Katayama Y, Taruya A, Kashiwagi M, Ozaki Y, Shiono Y, Tan-
imoto T, et al. No-reflow phenomenon and in vivo cholesterol
crystals combined with lipid core in acute myocardial infarction.
International Journal of Cardiology. Heart & Vasculature. 2022;
38: 100953. https://doi.org/10.1016/j.ijcha.2022.100953

[56] Tearney GJ, Regar E, Akasaka T, Adriaenssens T, Barlis P, Bez-
erra HG, et al. Consensus standards for acquisition, measure-
ment, and reporting of intravascular optical coherence tomog-
raphy studies: a report from the International Working Group
for Intravascular Optical Coherence Tomography Standardiza-
tion and Validation. Journal of the American College of Cardiol-
ogy. 2012; 59: 1058–1072. https://doi.org/10.1016/j.jacc.2011.
09.079

[57] Katayama Y, Tanaka A, Taruya A, Kashiwagi M, Nishiguchi
T, Ozaki Y, et al. Feasibility and Clinical Significance of In
Vivo Cholesterol Crystal Detection Using Optical Coherence
Tomography. Arteriosclerosis, Thrombosis, and Vascular Biol-
ogy. 2020; 40: 220–229. https://doi.org/10.1161/ATVBAHA.
119.312934

[58] Tanaka A, Imanishi T, Kitabata H, Kubo T, Takarada S, Tan-
imoto T, et al. Lipid-rich plaque and myocardial perfusion af-
ter successful stenting in patients with non-ST-segment eleva-
tion acute coronary syndrome: an optical coherence tomog-
raphy study. European Heart Journal. 2009; 30: 1348–1355.
https://doi.org/10.1093/eurheartj/ehp122

[59] AmanoH, KoizumiM, Okubo R, Yabe T,Watanabe I, Saito D, et

al. Comparison of Coronary Intimal Plaques by Optical Coher-
ence Tomography in ArteriesWith VersusWithout Internal Run-
ning Vasa Vasorum. The American Journal of Cardiology. 2017;
119: 1512–1517. https://doi.org/10.1016/j.amjcard.2017.02.025

[60] Madder RD, Puri R, Muller JE, Harnek J, Götberg M, VanOost-
erhout S, et al. Confirmation of the Intracoronary Near-Infrared
Spectroscopy Threshold of Lipid-Rich Plaques That Underlie
ST-Segment-Elevation Myocardial Infarction. Arteriosclerosis,
Thrombosis, and Vascular Biology. 2016; 36: 1010–1015. https:
//doi.org/10.1161/ATVBAHA.115.306849

[61] Gardner CM, Tan H, Hull EL, Lisauskas JB, Sum ST, Meese
TM, et al. Detection of lipid core coronary plaques in au-
topsy specimens with a novel catheter-based near-infrared spec-
troscopy system. JACC. Cardiovascular Imaging. 2008; 1: 638–
648. https://doi.org/10.1016/j.jcmg.2008.06.001

[62] Waxman S, Dixon SR, L’Allier P, Moses JW, Petersen JL, Cutlip
D, et al. In vivo validation of a catheter-based near-infrared spec-
troscopy system for detection of lipid core coronary plaques:
initial results of the SPECTACL study. JACC. Cardiovascu-
lar Imaging. 2009; 2: 858–868. https://doi.org/10.1016/j.jcmg
.2009.05.001

[63] Wang J, Geng YJ, Guo B, Klima T, Lal BN, Willerson JT, et
al. Near-infrared spectroscopic characterization of human ad-
vanced atherosclerotic plaques. Journal of the American College
of Cardiology. 2002; 39: 1305–1313. https://doi.org/10.1016/
s0735-1097(02)01767-9

[64] Waxman S, Bajwa U, Tran M. Intravascular Coronary Imag-
ing Update: Advances, Clinical Applications, and Future Di-
rections. Current Cardiology Reports. 2025; 27: 111. https://do
i.org/10.1007/s11886-025-02243-6

[65] Suzuki N, Yokoi T, Kimura T, Ikeda Y, Takahashi S, Aoyagi T,
et al. Prediction of Slow-Flow Phenomenon After Stent Implan-
tation Using Near-Infrared Spectroscopy in Patients With Acute
and Chronic Coronary Syndrome. Circulation Journal: Official
Journal of the Japanese Circulation Society. 2024; 88: 972–979.
https://doi.org/10.1253/circj.CJ-23-0266

[66] Hosoda H, Kataoka Y, Nicholls SJ, Puri R, Murai K, Kitahara
S, et al. Calcified plaque harboring lipidic materials associates
with no-reflow phenomenon after PCI in stable CAD. The In-
ternational Journal of Cardiovascular Imaging. 2023; 39: 1927–
1941. https://doi.org/10.1007/s10554-023-02905-y

[67] Ozaki Y, Kitabata H, Takahata M, Katayama Y, Wada T, Hikida
R, et al. Intracoronary Near-Infrared Spectroscopy to Predict
No-Reflow Phenomenon During Percutaneous Coronary Inter-
vention in Acute Coronary Syndrome. The American Journal of
Cardiology. 2024; 219: 17–24. https://doi.org/10.1016/j.amjcar
d.2024.03.009

[68] Terada K, Kubo T, Madder RD, Ino Y, Takahata M, Shima-
mura K, et al. Near-infrared spectroscopy to predict microvas-
cular obstruction after primary percutaneous coronary interven-
tion. EuroIntervention: Journal of EuroPCR in Collaboration
with the Working Group on Interventional Cardiology of the
European Society of Cardiology. 2021; 17: e999–e1006. https:
//doi.org/10.4244/EIJ-D-20-01421

[69] Lim S, Cha JJ, Hong SJ, Kim JH, Joo HJ, Park JH, et
al. Association between High Lipid Burden of Target Lesion
and Slow TIMI Flow in Coronary Interventions. Journal of
Clinical Medicine. 2022; 11: 5401. https://doi.org/10.3390/jc
m11185401

[70] Kubo T, Shinke T, Okamura T, Hibi K, Nakazawa G, Morino Y,
et al. Optical frequency domain imaging vs. intravascular ultra-
sound in percutaneous coronary intervention (OPINION trial):
one-year angiographic and clinical results. European Heart Jour-
nal. 2017; 38: 3139–3147. https://doi.org/10.1093/eurheartj/eh
x351

[71] Kang DY, Ahn JM, Park H, Lee PH, Kang SJ, Lee SW, et

21

https://doi.org/10.1097/MD.0000000000034458
https://doi.org/10.1161/CIRCINTERVENTIONS.118.007448
https://doi.org/10.1161/CIRCINTERVENTIONS.118.007448
https://doi.org/10.1038/s41598-022-09585-z
https://doi.org/10.3389/fcvm.2022.816387
https://doi.org/10.3389/fcvm.2022.816387
https://doi.org/10.1126/science.1957169
https://doi.org/10.1126/science.1957169
https://doi.org/10.1016/j.jcin.2009.06.019
https://doi.org/10.1016/j.jcin.2009.06.019
https://doi.org/10.1532/hsf.5237
https://doi.org/10.1532/hsf.5237
https://doi.org/10.1007/s00380-014-0542-3
https://doi.org/10.1007/s00380-014-0542-3
https://doi.org/10.1016/j.ijcha.2022.100953
https://doi.org/10.1016/j.jacc.2011.09.079
https://doi.org/10.1016/j.jacc.2011.09.079
https://doi.org/10.1161/ATVBAHA.119.312934
https://doi.org/10.1161/ATVBAHA.119.312934
https://doi.org/10.1093/eurheartj/ehp122
https://doi.org/10.1016/j.amjcard.2017.02.025
https://doi.org/10.1161/ATVBAHA.115.306849
https://doi.org/10.1161/ATVBAHA.115.306849
https://doi.org/10.1016/j.jcmg.2008.06.001
https://doi.org/10.1016/j.jcmg.2009.05.001
https://doi.org/10.1016/j.jcmg.2009.05.001
https://doi.org/10.1016/s0735-1097(02)01767-9
https://doi.org/10.1016/s0735-1097(02)01767-9
https://doi.org/10.1007/s11886-025-02243-6
https://doi.org/10.1007/s11886-025-02243-6
https://doi.org/10.1253/circj.CJ-23-0266
https://doi.org/10.1007/s10554-023-02905-y
https://doi.org/10.1016/j.amjcard.2024.03.009
https://doi.org/10.1016/j.amjcard.2024.03.009
https://doi.org/10.4244/EIJ-D-20-01421
https://doi.org/10.4244/EIJ-D-20-01421
https://doi.org/10.3390/jcm11185401
https://doi.org/10.3390/jcm11185401
https://doi.org/10.1093/eurheartj/ehx351
https://doi.org/10.1093/eurheartj/ehx351
https://www.imrpress.com


al. Comparison of optical coherence tomography-guided ver-
sus intravascular ultrasound-guided percutaneous coronary in-
tervention: Rationale and design of a randomized, controlled
OCTIVUS trial. American Heart Journal. 2020; 228: 72–80.
https://doi.org/10.1016/j.ahj.2020.08.003

[72] Lee JM, Choi KH, Song YB, Lee JY, Lee SJ, Lee SY, et al. In-
travascular Imaging-Guided or Angiography-Guided Complex
PCI. The New England Journal of Medicine. 2023; 388: 1668–
1679. https://doi.org/10.1056/NEJMoa2216607

[73] Machanahalli Balakrishna A, Ismayl M, Walters RW, Aboeata
A, Gowda RM, Vallabhajosyula S, et al. Comparing Optical
Coherence Tomography and Intravascular Ultrasound Guidance
for Percutaneous Coronary Intervention: Trends and Outcomes
2010-2019. Current Problems in Cardiology. 2022; 47: 101270.
https://doi.org/10.1016/j.cpcardiol.2022.101270

[74] Iannaccone M, Abdirashid M, Annone U, Saint-Hilary G, Meier
P, Chieffo A, et al. Comparison between functional and intravas-
cular imaging approaches guiding percutaneous coronary inter-
vention: A networkmeta-analysis of randomized and propensity
matching studies. Catheterization and Cardiovascular Interven-
tions: Official Journal of the Society for Cardiac Angiography
& Interventions. 2020; 95: 1259–1266. https://doi.org/10.1002/
ccd.28410

[75] Park DY, An S, Jolly N, Attanasio S, Yadav N, Gutierrez JA,
et al. Comparison of intravascular ultrasound, optical coher-
ence tomography, and conventional angiography-guided percu-
taneous coronary interventions: A systematic review, network
meta-analysis, and meta-regression. Catheterization and Car-
diovascular Interventions: Official Journal of the Society for
Cardiac Angiography & Interventions. 2023; 102: 440–450.
https://doi.org/10.1002/ccd.30784

[76] Giacoppo D, Laudani C, Occhipinti G, Spagnolo M, Greco A,
Rochira C, et al. Coronary Angiography, Intravascular Ultra-
sound, and Optical Coherence Tomography for Guiding of Per-
cutaneous Coronary Intervention: A Systematic Review and
Network Meta-Analysis. Circulation. 2024; 149: 1065–1086.
https://doi.org/10.1161/CIRCULATIONAHA.123.067583

[77] Rao SV, O’Donoghue ML, Ruel M, Rab T, Tamis-Holland JE,
Alexander JH, et al. 2025 ACC/AHA/ACEP/NAEMSP/SCAI
Guideline for the Management of Patients With Acute Coro-
nary Syndromes: A Report of the American College of Car-
diology/American Heart Association Joint Committee on Clin-
ical Practice Guidelines. Circulation. 2025; 151: e771–e862.
https://doi.org/10.1161/CIR.0000000000001309

[78] He L, Zhang D, Xu Y, Hu S, Shi Y, Zhao L, et al. Benefits
of an OCT-Based Reperfusion Strategy in STEMI: 1-Year An-
giographic Follow-Up of EROSION III. JACC. Cardiovascu-
lar Imaging. 2023; 16: 390–392. https://doi.org/10.1016/j.jcmg
.2022.10.006

[79] Saito Y, Kobayashi Y, Fujii K, Sonoda S, Tsujita K, Hibi K, et al.
CVIT 2025 clinical expert consensus document on intravascular
ultrasound. Cardiovascular Intervention and Therapeutics. 2025;
40: 211–225. https://doi.org/10.1007/s12928-025-01090-0

[80] Truesdell AG, Alasnag MA, Kaul P, Rab ST, Riley RF, Young
MN, et al. Intravascular Imaging During Percutaneous Coro-
nary Intervention: JACC State-of-the-Art Review. Journal of
the American College of Cardiology. 2023; 81: 590–605. https:
//doi.org/10.1016/j.jacc.2022.11.045

[81] Fujii K, Kubo T, Otake H, Nakazawa G, Sonoda S, Hibi K, et
al. Expert consensus statement for quantitativemeasurement and
morphologic assessment of optical coherence tomography: up-
date 2025. Cardiovascular Intervention and Therapeutics. 2025;
40: 226–233. https://doi.org/10.1007/s12928-024-01080-8

[82] Vora KP, Kumar A, Krishnam MS, Prato FS, Raman SV, Dhar-
makumar R. Microvascular Obstruction and Intramyocardial
Hemorrhage in Reperfused Myocardial Infarctions: Pathophys-

iology and Clinical Insights From Imaging. JACC. Cardiovas-
cular Imaging. 2024; 17: 795–810. https://doi.org/10.1016/j.jc
mg.2024.02.003

[83] Bekkers SCAM, Yazdani SK, Virmani R, Waltenberger J. Mi-
crovascular obstruction: underlying pathophysiology and clini-
cal diagnosis. Journal of the American College of Cardiology.
2010; 55: 1649–1660. https://doi.org/10.1016/j.jacc.2009.12.
037

[84] Crea F, Camici PG, Bairey Merz CN. Coronary microvascu-
lar dysfunction: an update. European Heart Journal. 2014; 35:
1101–1111. https://doi.org/10.1093/eurheartj/eht513

[85] Ozaki Y, Tanaka A, Tanimoto T, Kitabata H, Kashiwagi M,
Kubo T, et al. Thin-cap fibroatheroma as high-risk plaque for
microvascular obstruction in patients with acute coronary syn-
drome. Circulation. Cardiovascular Imaging. 2011; 4: 620–627.
https://doi.org/10.1161/CIRCIMAGING.111.965616

[86] Nakano M, Otsuka F, Finn AV, Virmani R. Microvascular ob-
struction is caused by atherothrombosis in patients with acute
coronary syndrome undergoing percutaneous coronary interven-
tion. Circulation. Cardiovascular Imaging. 2011; 4: 597–600.
https://doi.org/10.1161/CIRCIMAGING.111.969683

[87] Compensatory enlargement of human atherosclerotic coronary
arteries. The New England Journal of Medicine. 1987; 317:
1604. https://doi.org/10.1056/NEJM198712173172514

[88] Candreva A, Buongiorno AL, Matter MA, Rizzini ML, Gia-
cobbe F, Ravetti E, et al. Impact of endothelial shear stress on
coronary atherosclerotic plaque progression and composition:
A meta-analysis and systematic review. International Journal of
Cardiology. 2024; 407: 132061. https://doi.org/10.1016/j.ijcard
.2024.132061

[89] Kröner ESJ, van Velzen JE, BoogersMJ, Siebelink HMJ, Schalij
MJ, Kroft LJ, et al. Positive remodeling on coronary computed
tomography as a marker for plaque vulnerability on virtual his-
tology intravascular ultrasound. The American Journal of Car-
diology. 2011; 107: 1725–1729. https://doi.org/10.1016/j.amjc
ard.2011.02.337

[90] Libby P. Inflammation in atherosclerosis. Nature. 2002; 420:
868–874. https://doi.org/10.1038/nature01323

[91] Moore KJ, Tabas I. Macrophages in the pathogenesis of
atherosclerosis. Cell. 2011; 145: 341–355. https://doi.org/10.
1016/j.cell.2011.04.005

[92] Hausenloy DJ, Yellon DM.Myocardial ischemia-reperfusion in-
jury: a neglected therapeutic target. The Journal of Clinical
Investigation. 2013; 123: 92–100. https://doi.org/10.1172/JC
I62874

[93] Neumann FJ, Sousa-UvaM, Ahlsson A, Alfonso F, Banning AP,
Benedetto U, et al. 2018 ESC/EACTS Guidelines on myocar-
dial revascularization. EuroIntervention: Journal of EuroPCR in
Collaboration with the Working Group on Interventional Cardi-
ology of the European Society of Cardiology. 2019; 14: 1435–
1534. https://doi.org/10.4244/EIJY19M01_01

[94] Stone NJ, Robinson JG, Lichtenstein AH, Bairey Merz CN,
Blum CB, Eckel RH, et al. 2013 ACC/AHA guideline on the
treatment of blood cholesterol to reduce atherosclerotic cardio-
vascular risk in adults: a report of the American College of
Cardiology/American Heart Association Task Force on Practice
Guidelines. Circulation. 2014; 129: S1–S45. https://doi.org/10.
1161/01.cir.0000437738.63853.7a

[95] Allencherril J, Jneid H, Atar D, Alam M, Levine G, Kloner RA,
et al. Pathophysiology, Diagnosis, and Management of the No-
Reflow Phenomenon. Cardiovascular Drugs and Therapy. 2019;
33: 589–597. https://doi.org/10.1007/s10557-019-06901-0

[96] CaiazzoG,Musci RL, Frediani L, Umińska J,WanhaW, Filipiak
KJ, et al. State of the Art: No-Reflow Phenomenon. Cardiology
Clinics. 2020; 38: 563–573. https://doi.org/10.1016/j.ccl.2020.
07.001

22

https://doi.org/10.1016/j.ahj.2020.08.003
https://doi.org/10.1056/NEJMoa2216607
https://doi.org/10.1016/j.cpcardiol.2022.101270
https://doi.org/10.1002/ccd.28410
https://doi.org/10.1002/ccd.28410
https://doi.org/10.1002/ccd.30784
https://doi.org/10.1161/CIRCULATIONAHA.123.067583
https://doi.org/10.1161/CIR.0000000000001309
https://doi.org/10.1016/j.jcmg.2022.10.006
https://doi.org/10.1016/j.jcmg.2022.10.006
https://doi.org/10.1007/s12928-025-01090-0
https://doi.org/10.1016/j.jacc.2022.11.045
https://doi.org/10.1016/j.jacc.2022.11.045
https://doi.org/10.1007/s12928-024-01080-8
https://doi.org/10.1016/j.jcmg.2024.02.003
https://doi.org/10.1016/j.jcmg.2024.02.003
https://doi.org/10.1016/j.jacc.2009.12.037
https://doi.org/10.1016/j.jacc.2009.12.037
https://doi.org/10.1093/eurheartj/eht513
https://doi.org/10.1161/CIRCIMAGING.111.965616
https://doi.org/10.1161/CIRCIMAGING.111.969683
https://doi.org/10.1056/NEJM198712173172514
https://doi.org/10.1016/j.ijcard.2024.132061
https://doi.org/10.1016/j.ijcard.2024.132061
https://doi.org/10.1016/j.amjcard.2011.02.337
https://doi.org/10.1016/j.amjcard.2011.02.337
https://doi.org/10.1038/nature01323
https://doi.org/10.1016/j.cell.2011.04.005
https://doi.org/10.1016/j.cell.2011.04.005
https://doi.org/10.1172/JCI62874
https://doi.org/10.1172/JCI62874
https://doi.org/10.4244/EIJY19M01_01
https://doi.org/10.1161/01.cir.0000437738.63853.7a
https://doi.org/10.1161/01.cir.0000437738.63853.7a
https://doi.org/10.1007/s10557-019-06901-0
https://doi.org/10.1016/j.ccl.2020.07.001
https://doi.org/10.1016/j.ccl.2020.07.001
https://www.imrpress.com


[97] Abbas AE, Brewington SD, Dixon SR, Boura JA, Grines CL,
O’Neill WW. Intracoronary fibrin-specific thrombolytic infu-
sion facilitates percutaneous recanalization of chronic total oc-
clusion. Journal of the American College of Cardiology. 2005;
46: 793–798. https://doi.org/10.1016/j.jacc.2005.05.055

[98] Jin Q, Fu Z, Wang Y, Zeng Y, Zhang X, Ye Y, et al. A Mul-
ticenter Feasibility and Safety Study of a Novel Hybrid IVUS-
OCT Imaging System. JACC. Asia. 2025; 5: 396–400. https:
//doi.org/10.1016/j.jacasi.2025.01.009

[99] González ER. Debate: Intravascular imaging in percutaneous
revascularization procedures. For a more widespread approach.
REC, Interventional Cardiology. 2025; 7: 115–116. https://doi.
org/10.24875/RECICE.M24000493

[100] Gallen RA, O’Mahony JF, Kuntz KM, McGorrian C, Casserly
IP, Blake GJ. Microcosting analysis of percutaneous coronary
intervention with and without intracoronary imaging in an Irish
tertiary referral centre. Open Heart. 2025; 12: e002988. https:
//doi.org/10.1136/openhrt-2024-002988

[101] Movahed MR, Nathan A, Hashemzadeh M. The use of in-
travascular ultrasound during percutaneous coronary interven-
tion does not reduce all cause in-hospital mortality but doubles
the cost, with higher utilization in privately insured patients.
Postepy W Kardiologii Interwencyjnej = Advances in Interven-
tional Cardiology. 2024; 20: 271–276. https://doi.org/10.5114/
aic.2024.142231

[102] Merdler I, Chitturi KR, Verma BR, Waksman R, Case BC,
Hashim HD. Global Survey of Coronary Functional Testing
Practices Among Interventional Cardiologists. JACC. Cardio-

vascular Interventions. 2025; 18: 536–538. https://doi.org/10.
1016/j.jcin.2024.12.011

[103] Mariani J, Jr, Guedes C, Soares P, Zalc S, Campos CM, Lopes
AC, et al. Intravascular ultrasound guidance to minimize the use
of iodine contrast in percutaneous coronary intervention: the
MOZART (Minimizing cOntrast utiliZation With IVUS Guid-
ance in coRonary angioplasTy) randomized controlled trial.
JACC. Cardiovascular Interventions. 2014; 7: 1287–1293. http
s://doi.org/10.1016/j.jcin.2014.05.024

[104] Bešenji I, Petrović M, Milovančev A, Ivanović V, Kovačević
M, Bačevac M, et al. Comparison of changes in creatinine clear-
ance in patients undergoing optical coherence tomography ver-
sus intravascular ultrasound. Postepy W Kardiologii Interwen-
cyjnej = Advances in Interventional Cardiology. 2025; 21: 55–
62. https://doi.org/10.5114/aic.2025.147708

[105] Li F, Zhang JJ, Ruan GJ, Zhan YY, Qiu AH, Ye MS, et al.
Prediction models for no-reflow phenomenon after PCI in acute
coronary syndrome patients: A systematic review. International
Journal of Cardiology. 2025; 439: 133603. https://doi.org/10.
1016/j.ijcard.2025.133603

[106] Khialani B, Sim E, Touma G, Fairley S, Ada C, Wong B. Coro-
nary Slow Flow and No-Reflow During Percutaneous Coronary
Intervention: Contemporary Insights Into Imaging-Guided Pre-
diction, Prevention, and Management. Catheterization and Car-
diovascular Interventions: Official Journal of the Society for
Cardiac Angiography & Interventions. 2026; 107: 1198–1205.
https://doi.org/10.1002/ccd.70468

23

https://doi.org/10.1016/j.jacc.2005.05.055
https://doi.org/10.1016/j.jacasi.2025.01.009
https://doi.org/10.1016/j.jacasi.2025.01.009
https://doi.org/10.24875/RECICE.M24000493
https://doi.org/10.24875/RECICE.M24000493
https://doi.org/10.1136/openhrt-2024-002988
https://doi.org/10.1136/openhrt-2024-002988
https://doi.org/10.5114/aic.2024.142231
https://doi.org/10.5114/aic.2024.142231
https://doi.org/10.1016/j.jcin.2024.12.011
https://doi.org/10.1016/j.jcin.2024.12.011
https://doi.org/10.1016/j.jcin.2014.05.024
https://doi.org/10.1016/j.jcin.2014.05.024
https://doi.org/10.5114/aic.2025.147708
https://doi.org/10.1016/j.ijcard.2025.133603
https://doi.org/10.1016/j.ijcard.2025.133603
https://doi.org/10.1002/ccd.70468
https://www.imrpress.com

	1. Introduction
	2. Intravascular Imaging Techniques
	2.1 Intravascular Ultrasound (IVUS)
	2.1.1 Plaque Rupture
	2.1.2 Attenuated Plaque
	2.1.3 Positive Remodeling
	2.1.4 Necrotic Core
	2.1.5 Ratio of Stent Diameter to Vessel Diameter
	2.1.6 Plaque Prolapse
	2.1.7 EEM Cross-Sectional Area
	2.1.8 Vasa Vasorum
	2.1.9 Number of Reverberations and Large Calcification Arc at the Minimal Lumen Area (MLA)
	2.1.10 Stent Overexpansion
	2.1.11 Estimated Lipid Volume

	2.2 Optical Coherence Tomography (OCT)
	2.2.1 Thin-Cap Fibroatheroma (TCFA)
	2.2.2 Cholesterol Crystals (CCs) and Lipid Arc
	2.2.3 Vasa Vasorum (VV)

	2.3 Near-Infrared Spectroscopy (NIRS)

	3. Discussion
	4. Clinical Perspectives
	5. Current Limitations
	6. Future Perspectives
	7. Conclusion
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflicts of Interest
	Declaration of AI and AI-Assisted Technologies in the Writing Process
	References

