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Abstract
Purpose of Review Coronary bifurcation lesions require complex interventions and are associated with higher complication rates.
Compared to angiography alone, intravascular imaging with intravascular ultrasound (IVUS) and optical coherence tomography
(OCT) allows better planning and optimization of bifurcation lesion interventions leading to improved results and long-term
success. In this review, we aim to analyze the current data on utilization of intravascular imaging for optimization of interventions
in complex bifurcation lesions and its impact on clinical outcomes.
Recent Findings Evidence from meta-analyses and registries favor IVUS-guided percutaneous intervention (PCI) over angiog-
raphy alone due to lower rates of cardiac death, myocardial infarction, and major adverse cardiac events. Current expert
consensus supports the use of OCT to evaluate plaque characteristics and vessel anatomy. Both IVUS and OCT facilitate
intervention planning by identifying high-risk lesions based on plaque characteristics and functional significance, improving
stent sizing through more accurately measured vessel diameter and lesion length, and optimizing stent deployment by detecting
stent underexpansion and malapposition.
Summary Intravascular imaging in bifurcation lesions enhances planning, executing, and optimizing interventions, thereby
contributing to improved clinical outcomes. Use of both IVUS and OCT should be considered in cases with complex anatomy
such as bifurcations. With the advancement in technology such as high-resolution IVUS and 3D reconstruction for OCT, these
modalities will likely have an increased role in bifurcation lesion interventions. Larger randomized studies, however, are needed
to further define the role of intravascular imaging in bifurcation intervention.
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Introduction

Coronary bifurcation lesions account for approximately 20%
of all percutaneous coronary interventions (PCI). Despite sig-
nificant improvements in interventional techniques and the
advent of drug-eluting stents (DES), bifurcation lesions re-
main a challenge with lower procedural success and higher
long-term complication rates, with some studies reporting a 6-
month success rate of ~ 77% and restenosis rate of ~ 26% [1,
2]. Selecting the appropriate interventional technique for bi-
furcation lesions can be difficult due to anatomic complexity.
Use of intravascular imaging techniques such as intravascular
ultrasound (IVUS) or optical coherence tomography (OCT)
during PCI has been shown to improve clinical outcomes for
bifurcation lesions by providing more detailed information
regarding coronary vessel anatomy, lesion characteristics,
and stent sizing prior to deployment [3, 4•, 5–9].
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In contrast to angiography alone, IVUS and OCT imaging
provides greater detail of plaquemorphology, stent expansion,
and apposition, and the presence of coronary dissections, all of
which are factors that may lead to complications following
PCI. Accordingly, several meta-analyses have shown reduced
rate of stent thrombosis (ST), myocardial infarction (MI),
death, and major adverse cardiac events (MACE) when PCI
with DES implantation was guided by IVUS or OCT [6–9].

This article will review current data regarding use of intra-
vascular imaging techniques to optimize PCI in coronary bi-
furcation lesions.

Bifurcation Lesion Definition, Classification,
and Intervention

A coronary artery bifurcation lesion, as defined by the
European Bifurcation Club, is a narrowing adjacent to or in-
volving the origin of a significant side branch, the loss of
which would be consequential (symptoms, territory of ische-
mia, viability of the supplied myocardium, collateralizing ves-
sel, left ventricular function, etc.) [10].

There are two strategies used in interventions of a bifurca-
tion lesion: a one-stent approach (the provisional technique)
and two-stent approaches. In the provisional technique, the
main vessel (MV) is stented with subsequent side branch
(SB) treatment only if the SB becomes compromised during
MV intervention. With two-stent techniques, most notably the
culotte and the double-kissing (DK) crush techniques, the aim
is to intentionally stent both the MV and SB as part of the
intervention [11•].

Several randomized control trials and meta-analyses found
no difference in outcomes when comparing provisional and
two-stent techniques [12•, 13•, 14•]. However, more recent
meta-analysis shows decreased MI, MACE, and death in the
provisional strategy compared to two-stent techniques [15].
Guidance with IVUS or OCT improves outcomes not only
in PCI of non-complex lesions, but may also have a role in
determining the need for planning and executing more com-
plex bifurcation techniques [6–9, 16••].

Intravascular Ultrasound

Benefits of IVUS use in bifurcation lesions include greater
anatomic detail of vessel lumen and lesion anatomy that facil-
itate intervention planning, optimization of stent positioning,
and detection of post-PCI complications, all of which ulti-
mately improve outcomes through decreased target lesion re-
vascularization (TLR).

Growing evidence from registries and meta-analyses favor
IVUS-guided PCI [17]. A recent study by Chen et al. demon-
strated a lower rate of cardiac death, MI, revascularization,

and MACE at 7-year follow-up in patients who had IVUS-
guided bifurcation stenting compared to angiography-guided
bifurcation stenting. Similarly, a Korean retrospective study
reported reduction in overall mortality and rate of very late
stent thrombosis in IVUS-guided DES bifurcation interven-
tion [16••, 17••, 18••].

Intravascular ultrasound guidance should be considered in
all bifurcation lesions, especially in cases where angiography
may be ambiguous. IVUS can rule out pseudostenosis in the
SB caused by coronary spasm or calcification and allow for
selection of appropriate stenting method, i.e., one- vs two-
stent technique. It also provides important information about
lesion length and demarcation of healthy tissue, both of which
are important in selecting the appropriate stent length and
preventing edge dissection. In lesions that are initially treated
with one stent technique, IVUS can identify the need for
follow-up SB intervention. Post PCI, intravascular imaging
aids the detection of stent underexpansion, malapposition,
and dissection which can be subsequently corrected to prevent
future complications. In all cases of stent failure, IVUS is
strongly recommended to identify and correct the underlying
factors [17, 19].

In clinical practice, IVUS is a useful adjunctive tool when
treating bifurcation lesions. Both Figs. 1 and 2 demonstrate
the use of IVUS in planning and confirmation of stent sizing
and placement.

Optical Coherence Tomography

Optical coherence tomography uses near-infrared light to create
images. The current technique uses a high viscosity liquid such
as contrast to purge blood from the coronary artery and acquire
images with spatial resolution of nearly 10 μm, which is higher
than the typical 40-μm resolution of IVUS [20••, 21••].

ILUMIEN 3 is a randomized control trial that showed OCT
as non-inferior to IVUS in non-complex lesions [22]. Current
consensus of expert opinion agrees that use of OCT to assess
plaque characteristics as well as pre- and post-PCI anatomy
confers clinical benefit in complex cases such as bifurcations
[23, 24••]. Figure 3 demonstrates the use of OCT imaging in
the assessment of stent optimization during a bifurcation le-
sion intervention.

Novel applications for OCT have been proposed using
post-imaging processing. Three-dimensional (3D) real-time
reconstruction of OCT images provide greater anatomic detail
that may assist complex maneuvers, such as positioning the
wire through appropriate stent cells, and reduce stent
malapposition [25]. One prospective, non-randomized, obser-
vational study of 150 bifurcation lesions investigated the use
of 3D OCT imaging during PCI to optimize guidewire posi-
tioning through the jailed SB prior to kissing balloon inflation
[26]. Compared with conventional 2D OCT imaging, 3D
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Fig. 1 Intravascular ultrasound images of pre- and post-intervention in a
left main bifurcation lesion using the culotte two-stent technique. (A)
Angiogram showing lesion involving the distal left main (LM), ostial
left circumflex (LCx), and ostial left anterior descending artery (LAD).
(B) Post-intervention angiogram showing an optimum result. (a) Pre-
intervention IVUS image of LCx artery; yellow line indicates the

luminal diameter. (b), (c) IVUS images showing disease in the LAD
and LCx segments. (d) IVUS image of bifurcation confluence. (e) Pre-
intervention IVUS image of the LM artery; yellow line indicates the
luminal diameter. (f) IVUS image of LM lumen. (g–l) Series of post-
intervention IVUS images showing well-apposed stent placed in the
LAD, LCx, and LM using the culotte two-stent technique

Fig. 2 Intravascular ultrasound images of bifurcation intervention using
the DK crush two-stent technique with pre-intervention measurements to
aid in stent sizing. (A, B) IVUS images showing the measurement of
lumen area (a) and media-adventitia border (b). (C) IVUS image of

well-apposed stent in the side branch. (D) IVUS image of well-apposed
main vessel stent. (E) IVUS image of stent at the bifurcation level. (F)
IVUS image of stent in the left main lumen
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OCT imaging has a lower rate of incomplete stent apposition
in left main lesions (8.9% vs 18.7%, p 0.014) [26]. Use of 3D
OCT imaging in other bifurcation lesions trended toward low-
er rate of incomplete stent apposition but was not statistically
significant; no benefit was seen in composite cardiovascular
death, MI, ST, TVR, and in-stent restenosis [26]. Figure 4
shows a complex bifurcation lesion where OCT use helped
plan and optimize strategy during intervention.

Intervention Planning

Pre-PCI

Utilizing intravascular imaging techniques prior to PCI helps
identify culprit lesions by evaluating plaque morphology and
the functional significance of intermediate lesions, provide
more accurate anatomic measurements to optimize stent sizing,
evaluate SB anatomy to identify lesions that may require a two-
stent approach, and aid the use of adjunctive therapies such as
atherectomy. Recent high-quality data on the use of IVUS in
PCI to optimize stent implantation in bifurcation lesions re-
mains conflicted and has not clarified the utility of IVUS in
PCI. This is reflected in the current European guidelines that
recommend IVUS in selected patients as a Class IIa recommen-
dation [23]. In contrast, studies of OCT use in bifurcation

lesions are limited to observational data. However, consensus
recommendation from both the European and Japanese
Bifurcation Clubs supports the use of OCT in bifurcation le-
sions [24••].

Plaque Morphology

Intravascular imaging evaluates plaque morphology in greater
detail that may identify at-risk or culprit lesions. Thin cap
fibroatheromas (TCFA) are the type of plaque at highest risk
for rupture and subsequent acute coronary syndrome (ACS)
[25]. Plaque erosions are a less frequent cause of ACS and
occur when the endothelium covering the plaque is lost, ex-
posing the underlying smooth muscle layer [26]. IVUS and
OCT can measure thickness of the fibrous cap to identify
TCFA, absence of fibrous cap rupture to identify plaque ero-
sion, and presence of thrombus [27, 28]. Higher resolution
OCT images afford greater detail and closer measurement of
the fibrous cap thickness when compared with IVUS and an-
giography [29].

IVUS can be used to assess calcified lesions for the degree
of stenosis and extent of calcification to evaluate the need for
atherectomy and subsequent stent sizing. When compared
with angiography-guided atherectomy alone, IVUS guidance
produces increased post-PCI MLD and a trend toward de-
creased MACE and TVR [30].

Fig. 3 Optical coherence tomography images showing intervention in a
bifurcation lesion using a Tryton bifurcation stent. a Distal area of
bifurcation showing the LAD and LCx vessels with coronary wires and

stent struts. b, c OCT images of proximal bifurcation post-intervention.
d–f OCT images of the left main lumen with good stent apposition
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Intermediate Lesion Assessment

IVUS and OCT can evaluate functional significance of inter-
mediate lesions, particularly in the left main (LM). IVUS is
superior to angiography alone in evaluating the LM. In con-
trast, OCT is limited in the proximal LM due to difficulty
displacing intravascular blood through contrast injection, al-
though OCT images near the distal LM bifurcation are ade-
quate for use in PCI [31, 32]. IVUS measurements of mini-
mum luminal area (MLA) less than 5.9 mm2 and minimum
luminal diameter (MLD) less than 2.8 mm correlate with func-
tionally significant lesions as measured by FFR and strongly
predict significance of left main lesions [33]. OCT measure-
ments are less predictive of functionally significant lesions.
However, ischemia depends on additional factors such as le-
sion length, myocardial territory, and collateral supply which
potentially limits intravascular imaging assessment of func-
tional ischemia [17, 24••].

Vessel Sizing

IVUS and OCT can provide more accurate measurements of
vessel size to optimize stent sizing. Appropriately sizing the
stent is paramount to intervention planning since stent dimen-
sions predict restenosis rates [4•, 34, 35]. IVUS provides more
precise measurement of vessel diameter than angiography
resulting in larger minimum stent area (MSA) and lower

TLR [4•, 36]. In contrast, OCT can underestimate the true
vessel diameter due to incomplete visualization of the vessel
walls in lipid-rich lesions, resulting in smaller stent deploy-
ment [37]. However, new techniques have been developed to
overcome this shortcoming. Ali et al. measured external elas-
tic lamina diameter proximal and distal to the lesions and
chose a stent size based on the smaller of the measurements
[38••]. This resulted in MSA that was non-inferior to IVUS or
angiography [38••].

Defining Bifurcation Geometry and Side Branch
Details

Intravascular imaging imparts greater anatomic detail of the
complex 3D bifurcation structure that informs the choice of
approach. Acute SB occlusion during PCI using the provision-
al strategy is a serious complication unique to bifurcation in-
terventions. The ability to predict acute SB occlusion could
direct interventions for at-risk lesions from one-stent strategies
to more complex two-stent strategies. Measurement of the
plaque thickness and SB diameter using IVUS have been
shown to independently predict SB occlusion [39].
Similarly, measurement of the proximal MV maximal lipid
arc and SB diameter using OCT has been shown to indepen-
dently predict SB occlusion [40].

In summary, the use of IVUS and OCT prior to bifurcation
PCI provides crucial information to guide the decision to

Fig. 4 Post-intervention OCT images showing well-placed stent in a
bifurcation lesion involving the left main using the culotte two-stent
technique. (A) Angiogram showing pre-intervention bifurcation lesion.
(B) Angiogram showing wide open vessels following bifurcation

intervention. (a) OCT image of LAD showing well-apposed stent. (b)
OCT image of LCx showing well-placed stent struts. (c, d) OCT images
of proximal bifurcation into the left main lumen
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intervene, optimize stent size, determine the technical ap-
proach, and assist in adjunctive therapies.

PCI Procedure

Wire re-crossing through the jailed SB at an appropriate point
near the carina for kissing balloon inflation is a key step during
bifurcation intervention which, when done correctly, prevents
stent struts from being pushed inappropriately into the MV.
Intravascular imaging during the procedure can help direct
control of wire re-crossing through the jailed side branch.
IVUS can repeatedly track the SB wire position between the
proximal MV and SB and further guide this step [17]. The
potential benefit of OCT guidance in selecting the re-
crossing point has been assessed in some studies; however,
the evidence is mainly limited to observational data. Alegria-
Barrero et al. in their study of 52 patients undergoing bifurca-
tion lesion treatment re-crossed 12 cases with OCT guidance
and noted significantly lower number of malapposed stent
struts when compared to angiography guidance alone [41].
Reports from a prospective registry with 3D OCT acquisition
show an 89.9% feasibility of assessment of guidewire re-
crossing following MV stenting. Although several random-
ized trials are ongoing to further assess the issue, current joint
European and Japanese bifurcation clubs statements recom-
mend that 3DOCT be used after MV stenting to determine re-
crossing position before the final kissing balloon [24••].

Post-PCI

Stent underexpansion predisposes to stent thrombosis and in-
stent restenosis [42, 43] Despite ample post-dilatation and
good angiographic result, stents may still be underexpanded.
Small MSA of less than 5–5.5 mm2 is generally consistent
with stent underexpansion and is an independent predictor of
restenosis. In LM lesions, this value for optimal results is
reported as greater than 8.7 mm2. In a study by Kang et al.
looking at IVUS-MSA values to predict ISR, various seg-
ments had different cut-offs. In the LM, it was 8.2 mm2, for
ostial left circumflex 5.0 mm2, and for ostial left anterior de-
scending 6.3 mm2 [44]. With OCT, stent expansion is the
minimum stent cross-sectional area which can be an absolute
measure or relative to a predefined reference area. In general,
greater absolute stent expansion (obtained as an absolute mea-
sure) is related to lower risk of stent failure [24••]. Using
published intravascular imaging criteria to detect stent
underexpansion can help prevent future stent complications.

Malapposition refers to incomplete stent strut contact with
the vessel wall, which can be an independent finding or co-
exist with underexpansion. Although conflicting evidence ex-
ists regarding the role of acute malapposition in stent throm-
bosis, multiple studies of stent thrombosis have identified
malapposition as an underlying stent abnormality.

Malapposition is better identified by OCT as compared to
IVUS (50% vs 15% respectively). The risk of malapposition
is higher in bifurcation PCI due to the requirement of rewiring
freshly implanted stents, which may result in accidental
abluminal rewiring leading to malapposition. Stent apposition
distance of < 300 μm acutely is likely to resolve; however, if
the distance is > 300 μm, additional post-dilatation should be
considered [17, 24••].

Tissue prolapse, defined as tissue extrusion from inside the
stent area, may include lesion or athero-thrombotic material
protrusion, the latter being the case in the context of ACS.
This phenomenon, seen on imaging following stent place-
ment, has been related to early stent thrombosis. IVUS is
generally less superior in identifying tissue prolapse compared
to OCT, and ACS-related tissue prolapse is more likely to
have clinical consequences compared to non-ACS-related tis-
sue prolapse [45••].

IVUS identified stent dissections are not always detected by
angiography. In a study by Lui et al., IVUS identified post stent
dissections after 9.2% of DES, of which 39% were not identi-
fied by angiography [46]. Chamie et al. showed high rates of
stent edge dissections post PCIwithOCT guidance, usually due
to the presence of atherosclerosis at stent edges and to PCI
technique [47]. Smaller edge dissections found on OCT that
are undetected by angiography likely do not have clinical im-
pact. Some factors to consider when determining the signifi-
cance of edge dissection include longitudinal (> 3 mm) and
circumferential (> 60°) extension, respective intra-dissection lu-
men area (< 90% of reference), and the depth of dissection
[38••]. In the CLI-OPCI II trial with OCT, dissection was de-
fined as > 0.2 mm wide linear tissue rim clearly separated from
the vessel wall. Significant IVUS criteria for edge dissection
associated with acute stent thrombosis include lumen
narrowing to < 4.0 mm2 or dissection angle > 60°. Additional
stent implantation should be considered in these situations to
reduce the risk of stent thrombosis [17, 24••].

Limitations of Imaging

Although the value of intravascular imaging for PCI guidance
is widely appreciated, there are certain potential limitations to
keep in mind. Additional time required for imaging, notable
cost of IVUS and OCT and need for adequate training in
acquisition and interpretation of images are some caveats.
The potential additional time requirement can be overcome
by early anticipation and advance preparation in planned in-
terventions. For IVUS-guided PCI with DES, dedicated anal-
ysis has shown cost-effectiveness, especially when used in
patients at higher risk of PCI complications. Operator training
is part of most interventional fellowships which provide a fair
degree of experience to new trainees. Another potential limi-
tation is catheter deliverability in some complex lesion subsets
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such as tortuous, heavily calcified, and angulated coronaries.
Imaging-related complications are infrequent and mostly self-
limiting with no major adverse events. Advancement in tech-
nology with more deliverable catheters, ability to co-register
with angiography, and higher resolution imaging will further
the use of intravascular imaging [45••, 48].

Conclusion

Intravascular imaging in bifurcation lesions has great applica-
tion in planning, executing, and optimizing intervention,
thereby contributing to improved clinical outcomes. Use of
both IVUS and OCT should be considered in complex anato-
my and complex cases. With the advancement in technology
such as high-resolution IVUS and 3D reconstruction for OCT,
these modalities will likely have an increased role in bifurca-
tion lesion intervention.
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