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Abstract
The history of intravascular ultrasound (IVUS) and optical coherence tomography (OCT) reflects the relentless pursuit of 
innovation in interventional cardiology. These intravascular imaging technologies have played a pivotal role in our understanding 
of coronary atherosclerosis, vascular pathology, and the interaction of coronary stents with the vessel wall. Two decades of 
clinical investigations demonstrating the clinical efficacy and safety of intravascular imaging modalities have established these 
technologies as staples in the contemporary cardiac catheterization lab’s toolbox and earning their place in revascularization 
clinical practice guidelines. In this comprehensive review, we will delve into the historical evolution, mechanisms, and technical 
aspects of IVUS and OCT. We will discuss the expanding evidence supporting their use in complex percutaneous coronary 
interventions, emphasizing their crucial roles in optimizing patient outcomes and ensuring procedural success. Furthermore, we 
will explore the substantial advances that have propelled these imaging modalities to the forefront of contemporary interventional 
cardiology. Finally, we will survey the latest developments in the field and explore the promising future directions that have the 
potential to further revolutionize coronary interventions.
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INTRODUCTION
Cardiovascular diseases remain a global health challenge, 
with coronary artery disease (CAD) being a prominent 
contributor to morbidity and mortality. Percutaneous cor-
onary intervention (PCI) has revolutionized CAD manage-
ment by enabling the restoration of coronary blood flow 
and symptom relief in patients with atherosclerotic lesions. 
Within this context, intravascular ultrasound (IVUS) and 
optical coherence tomography (OCT) have played pivotal 
roles, offering unparalleled insights into coronary pathol-
ogy and optimization of procedural outcomes[1–2].

The history of IVUS and OCT in the PCI domain reflects 
the relentless pursuit of innovation in interventional 

cardiology. IVUS, introduced in the early 1990s, marked 
the inception of intravascular imaging (IVI), providing 
critical insights into the arterial lumen and vessel wall. 
Its capacity to deliver cross-sectional images and pre-
cise measurements of lesion characteristics, plaque bur-
den, and vessel dimensions swiftly gained prominence. 
Subsequently, OCT emerged as a high-resolution imag-
ing modality, utilizing light coherence principles to offer 
micron-level resolution and exceptional visualization of 
coronary structures. The availability of IVUS and OCT 
in the contemporary cardiac catheterization lab has 
reshaped IVI, empowering clinicians with a diverse tool-
kit for PCI decision-making.

The IVUS and OCT imaging modalities, while dis-
tinct, are complementary. IVUS harnesses high-frequency 
sound waves to generate real-time, cross-sectional 
images of the coronary vasculature, facilitating assess-
ment of lumen dimensions, plaque morphology, and cal-
cium presence. In contrast, OCT employs near-infrared 
light to produce detailed, high-resolution images with 
superior tissue layer delineation, including the identifi-
cation of thin-cap fibroatheromas and stent apposition. 
These mechanisms empower clinicians to make informed 
choices regarding lesion preparation, stent selection, 
optimization, and post-PCI evaluation.

Significant advances in IVUS and OCT have ensued. 
IVUS technology has evolved with the introduction of 
catheters integrating near-infrared spectroscopy (NIRS) 
and palpography, enhancing imaging capabilities. OCT, 
on the other hand, has seen the development of faster 
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image acquisition techniques, improved catheter designs, 
and automated plaque characterization software algo-
rithms. These innovations have not only elevated diag-
nostic accuracy but have also contributed to safer and 
more effective PCI procedures.

Furthermore, the indications for IVUS and OCT in 
PCI continue to expand. Beyond their traditional roles in 
lesion assessment and stent optimization, these imaging 
modalities are now employed in complex coronary inter-
ventions, including chronic total occlusions, bifurcation 
lesions, and left main disease. Additionally, their utility 
extends to post-PCI result evaluation, stent apposition 
assessment, and the detection of complications such as 
edge dissections.

HISTORICAL DEVELOPMENT OF 
INTRAVASCULR IMAGING
The past: early techniques and evolution of IVI

In the era of IVI, two groundbreaking modalities have 
emerged as gold standards: IVUS and OCT. The develop-
ment of IVUS is predated by the discovery and eventual 
medical application of ultrasound when Nobel laureate 
Pierre Curie discovered the piezoelectric effect, one of the 
foundations of ultrasound technology[3]. Until the inven-
tion and initial clinical investigation of IVUS techniques, 
angiography was established as the predominant modal-
ity to define coronary anatomy for several decades.

In the 1970s, many studies challenged the accuracy 
of angiography due to high interobserver variability 
and findings that did not correlate well with autopsy 
examination of the coronary vessels[4–9]. Angiography 
displays the coronary arteries in a planar fashion with 
opacification of the contrast within the arterial lumen 
defining a silhouette of only two surfaces of the vessel 
wall. Variations in angiographic projection can there-
fore display different planar slices of the vessel wall that 
may distort the perceived degree of luminal stenosis and 
mislead the operator due to (1) inherent plaque char-
acteristics (eccentric vs. concentric; bifurcation vs. ostial 
disease; focal vs. diffuse lesions) within the vessel wall; 
(2) foreshortening of the vessel; or (3) obscuring a lesion 
due to overlying opacified vessels. In addition, interven-
tions within the coronary artery may result in irregulari-
ties that further impair its angiographic appearance[10–12].

Ultrasound offered immense potential advantages 
when added to angiography. IVUS offers a circumfer-
ential vantage point of the vessel wall. Sizing the vessel 
with ultrasound would not require calibration or cor-
rection for radiographic magnification and rather, uses 
an electronically generated measurement. The concept 
gave promise to provide more clearly defined images of 
the layers of the vessel wall, including the atherosclerotic 
plaque rather than simply defining the borders of the 
lumen.

In the late 1980s, Yock et al.[13] began experimenting 
with ultrasound technology for IVI. The initial prototypes 

were rudimentary, consisting of single-element trans-
ducers mounted on catheters and allowed for limited 
cross-sectional imaging of coronary vessels. By the early 
1990s, phased-array catheters were developed, and early 
investigations compared IVUS image characteristics in 
peripheral and coronary vessels to histologic specimens, 
angiographic imaging, and ultimately defining the vascu-
lar anatomic ultrasound characteristics of the coronary 
artery in normal subjects and those with CAD[14–17].

OCT, dating back to 1991, was independently devel-
oped by two research teams in Japan and in the United 
States, almost simultaneously[18]. OCT was initially 
applied in the clinical setting in ophthalmology in 1996 
and was first used in cardiac catheterization in the early 
2000s. Since then, innovations have led to more rapid 
image acquisition as well as a significant improvement in 
image quality and resolution[19].

Over the years, other notable contending technologies 
for invasive IVI have risen but failed to gain traction in 
mainstream clinical practice, when compared to IVUS 
and OCT. Specifically, angioscopy and NIRS, in the late 
1980s and early 1990s, showed potential for improved 
characterization of the vessel lumen. Angioscopy utilized 
a miniature fiber optic scope delivered to the coronary 
arteries by a specialized catheter to assist in visualizing 
intraluminal structures such as thrombus plaque and dis-
sections. Although it provided a rough indication of the 
composition of the vessel, it failed in providing informa-
tion on subluminal structures. This technique addition-
ally required balloon occlusion of the artery and frequent 
clearance or flushing of blood from the visual field, mak-
ing it cumbersome to use. Angioscopy ultimately failed 
to gain traction outside of investigational studies[20].

NIRS utilizes infrared light to assess plaque composi-
tion. It was initially used in ex vivo studies to understand 
the morphology of atherosclerotic plaques. Despite devel-
opment of an approved intracoronary NIRS catheter to 
help in identification of lipid-rich vulnerable plaques, the 
technology offers limited tissue penetration and lacks the 
ability to clearly define detailed structures in the vessel 
wall[21]. Nonetheless, with the expanded use and expe-
rience with IVUS and OCT in clinical practice, hybrid 
multimodality imaging catheters represent the next 
breakthrough in this space[22]. Currently available com-
bined NIRS-IVUS catheters have been validated in assess-
ing plaque composition but are not widely used owing 
to difficulty in interpretation of the data. Advancement 
in hybrid imaging catheters has promised to bring com-
bined IVUS-OCT-NIRS catheters to mainstream practice 
that may, in the future, identify plaques at risk of rupture.

The present: guideline recommendations, 
consensus statements, and a developing new 
standard-of-care

Two decades of clinical investigations demonstrating the 
clinical efficacy and safety of IVUS and OCT established 
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these technologies as staples in the contemporary cardiac 
catheterization lab’s toolbox.

Due to rising evidence in favor, IVI modalities have 
certainly earned their place in clinical practice. Indeed, 
the 2014 European Society of Cardiology (ESC) and 
the European Association for Cardio-Thoracic Surgery 
(EACTS) guidelines on myocardial revascularization 
give a Class IIa recommendation to the use of IVUS 
and/or OCT to detect stent-related mechanical prob-
lems including stent thrombosis or restenosis[23]. In the 
2018 update to the European guidelines, IVUS is given 
a IIa recommendation to assess the severity of unpro-
tected left main coronary artery lesions, IVI (IVUS or 
OCT) is recommended in selected patients to optimize 
stent implantation[24]. In 2021, the American College 
of Cardiology (ACC), American Heart Association 
(AHA), and Society for Cardiovascular Angiography 
and Interventions (SCAI) guidelines followed suit and 
gave a Class IIa recommendation for the use of IVUS 
for assessment of lesion severity in patients with inter-
mediate angiographic stenosis of the left main artery. 
Additionally, it is recommended to use IVUS or OCT 
for procedural guidance and stent implantation. Further, 
in patients with stent failure, IVI is recommended to 
determine the mechanism of failure, assessing coronary 
artery dimensions, optimizing stent placement, and 
guiding complex PCI[25]. Additionally, many expert con-
sensus documents have been released to standardize the 
image acquisition and use of IVI in lesion assessment 
and stent deployment[26–28].

Despite these recommendations, IVI adoption in 
Europe and in the United States lags with an estimated 
5% rate of IVI-guided PCI in the European Union and 
20% in the United States[29–31]. However, given the grow-
ing body of evidence, many experts expect a higher level 
of recommendation for their use, particularly in complex 
coronary and bifurcation lesions, in the coming itera-
tions of the guidelines[32–33]. In this comprehensive review, 
we will discuss the mechanisms of these technologies, 
the rapidly building clinical data driving these guideline 
recommendations as well as future directions to guide 
the widespread adoption of evidence-based use of IVI in 
complex PCI.

INTRAVASCULR IMAGING MODALITIES-
PRINCIPLES AND METHODOLOGY
IVUS and OCT are two essential advanced coronary 
imaging modalities, each with distinct principles, techni-
cal mechanisms, and methodologies.

Intravascular ultrasound

IVUS relies on the propagation and reflection of 
high-frequency sound waves within coronary vessels 
to generate cross-sectional images. A specialized IVUS 
catheter houses an ultrasound transducer, typically 

operating at frequencies between 20 and 40 MHz. More 
recently, high-frequency IVUS transducers emitting 60 
to 80 MHz beams have been developed by using asym-
metric electrodes for improved beam profiles that may 
provide high resolution for initial and subintimal struc-
tures. Dual-frequency catheters of 30 Hz/80 Hz are also 
available that aim to combine the high-resolution ben-
efits of high-frequency ultrasound and the higher pene-
tration benefits of lower-frequency ultrasound[34] When 
advanced into a coronary artery, the catheter emits 
high-frequency sound waves. These waves travel into 
the surrounding tissue and vessel structures. When they 
encounter intravascular structures, the sound waves 
interface with varying acoustic impedances (e.g., vessel 
walls, plaque components), and some of the ultrasound 
waves are reflected toward the transducer, convert-
ing them into electrical signals. These signals are then 
processed to construct cross-sectional images of the 
vessel[35–36].

These images are displayed in grayscale, with vary-
ing shades corresponding to different tissue densities. 
These grayscale images provide valuable information 
about vessel dimensions, plaque composition, and 
stent deployment characteristics. IVUS has played 
a pivotal role in understanding plaque morphology, 
optimizing stent placement, and guiding complex 
interventions.

Optical coherence tomography

OCT catheters, like IVUS catheters, are introduced into 
the coronary artery. They operate on the principles of 
low-coherence interferometry. OCT catheters emit 
near-infrared light. The reflected light is collected and 
transformed into electrical signals that are used to create 
high-resolution cross-sectional images of coronary struc-
tures[37–38]. The blood absorbs the light emitted by the 
OCT catheter; thus, intermittent injection of iodinated 
contrast is necessary to clear the blood in the vessel for 
image acquisition.

A broadband near-infrared light source emits light 
waves, typically with wavelengths around 1.3 or 1.9 
μm, to achieve micron-level resolution. These beams 
of light diverge into two arms: one directed toward the 
coronary tissue under examination (the sample arm) 
and another toward a reference mirror (the reference 
arm). Light reflected from both the sample and reference 
arms recombines, creating an interference pattern. OCT 
measures the interference pattern to construct detailed 
cross-sectional images. This pattern is highly sensitive to 
variations in the path length of the reflected light, allow-
ing OCT to achieve exceptional resolution, typically 10 
to 20 μm.

These images are particularly useful for assessing 
vessel dimensions, plaque morphology and vulnera-
bility, thrombus formation, and stent characteristics. 
They enable the identification of microstructures and 
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evaluation of stent strut apposition, making OCT a valu-
able tool in complex PCI procedures.

Similarities and differences

Both IVUS and OCT have significantly enhanced the 
capabilities of interventional cardiologists by providing 
real-time, detailed visualization of coronary anatomy 
and the arterial lumen. These modalities have significant 
similarities and differences that complement each other 
well (Table 1). Although IVUS offers a broader penetra-
tion depth and has been instrumental in characterizing 
plaque and optimizing stent placement, OCT stands out 
with its exceptional resolution, allowing for the precise 
assessment of microstructures within the coronary ves-
sel wall including evaluation of plaque vulnerability and 
detection of the most subtle intimal disruptions and edge 
dissections. These complementary imaging modalities 
have become indispensable in guiding PCI and advanc-
ing our understanding of CAD[39].

CURRENT USE OF INTRAVASCULR 
IMAGING IN PERCUTANEOUS CORONARY 
INTERVENTION
Vessel dimensions, stent sizing, and optimization

Optimal stent sizing is of immense importance for a 
successful coronary intervention. An undersized stent 
dramatically increases the risk of in-stent restenosis and 
target vessel failure (TVF)[40–42]. In addition, operators 
aim to optimize stent length and placement to cover the 
entire length of the lesion with both proximal and dis-
tal stent landing zones on relatively healthy endothelial 
segments[43–44].

Traditional angiographic methods of estimating 
the vessel diameter and lesion length are subjective or 
semi-quantitative, at best. The most traditional method 
relies heavily on operator experience of visual estima-
tion of angiographic appearance of the vessel size to 
choose the optimal stent size. Semi-quantitative meth-
ods include quantitative coronary analysis which allows 

the operator to measure the vessel size and area utiliz-
ing a reference diameter, usually the guiding catheter. 
The IVI modalities can provide information on lesion 
length, percent stenosis by diameter, and percent steno-
sis by area (Figure 1)[45]. The ability of IVI modalities to 
quantitatively define vessel and lesion dimensions in the 
cardiac catheterization lab helps guide accurate decision- 
making in real-time.

Both IVUS and OCT catheters construct cross- 
sectional images of the coronary arteries in real-time. The 
catheter is advanced distally to the angiographic lesion. 
Live imaging while pulling back the catheter proximally 
across the segment of angiographic stenosis maps the 
vessel topography and more accurately defines the diam-
eter of the vessel and the length of the lesion[35–38]. Both 
IVUS and OCT control panels allow the operator to 
place “bookmarks” to landmark specific areas of inter-
est. These may include the start and end of the lesion, the 
region of maximal stenosis (minimal luminal area), or 
the edges of a stent. These images are saved for real-time 
quantitative analysis of luminal diameter, luminal area, 
and lesion length. Several prospective studies have vali-
dated the use of a minimum luminal area (MLA) cutoff 
of <6 mm2 in the left main coronary artery and <4 mm2 
in the proximal left circumflex or left anterior descend-
ing artery to signify severe stenosis, independently of the 
angiographic appearance of the artery[46–48]. These mea-
surements have been found to correlate reliably with cor-
onary physiological measurements such as instantaneous 
free-wave ratio (iFR), fractional flow reserve (FFR), and 
non-invasive stress testing representing ischemic lesions 
in the right clinical setting[49–51]. The studies showed that 

Table 1.

Comparison of features of IVUS and OCT

Vessel features IVUS OCT 

Stent apposition/expansion ++ +++

Coronary calcification +++ ++

Edge dissection ++ +++

Ostial/bifurcation lesion +++ +

Vulnerable plaque/thin-cap atheroma - +++

Necrotic core + ++

Thrombus + +++
IVUS: intravascular ultrasound; OCT: optical coherence tomography.

Figure 1. An example of a comparison between OCT- and IVUS-
derived images and measurements of the same lesion in the cir-
cumflex coronary artery.
A, The MLA was 2.75 mm2 by OCT; B, The MLA was 3.50 mm2 by 
IVUS; C, The planar reconstruction of the vessel morphology by OCT; 
D, The planar reconstruction of the vessel morphology by IVUS.
(Adapted from Baruś et al.[45] under Creative Commons License).
FD-OCT: frequency domain optical coherence tomography; IVUS: intra-
vascular ultrasound; MLA: minimal lumen area; OCT: optical coherence 
tomography.



231 Volume 8 • Issue 4 • 2023

www.cardiologyplus.orgNafee T et al.: Cardiology Plus

left main coronary artery lesions with MLA >6 mm2 by 
IVUS or >5.4 mm2 on OCT are generally considered 
a safe cutoff for deferral of revascularization[52]. It is 
important to note that the MLA measurements obtained 
from IVUS and OCT can differ significantly, and any 
cutoff criteria must be assessed in the comparison to a 
reference segment diameter. Additionally, cutoff values in 
non-left main vessels are subject to controversy due to 
lack of adequately powered validation and inconsistent 
results in various studies. Strictly using these cutoffs is 
not advised and using this data in practice must be done 
with caution and in the context of the patient’s clinical 
picture[52].

Plaque characteristics

Characterization of plaque morphology and vulnerabil-
ity may assist the interventionalist in procedural plan-
ning and employing advanced complex interventions. 
Angiographically, coronary calcium may be visualized 
as a radio-dense outline to the arterial lumen, whereas 
a radiolucent lesion with irregular borders may be per-
ceived as vulnerable soft plaque or thrombus. These 
findings can often be subtle or obscured in patients with 
prior coronary interventions or in those with complex 
coronary lesions. In these scenarios, advanced IVI can 
assist the interventionalist and provide more definitive 
information.

IVUS distinguishes between different plaque types 
based on their echogenicity. Echo-lucent regions often 
indicate lipid-rich plaques or necrotic cores (Figure 2A), 
while echo-dense regions may signify calcified or fibrotic 
plaques (Figure 2B)[53]. OCTs enhanced micron-level 
resolution may also provide additional valuable infor-
mation about the plaque. Calcium deposits are highly 
reflective and appear bright (Figure 2C), whereas lipid- 
rich regions appear as signal-poor or low-intensity areas 
(Figure 2D)[53]. OCT offers advantages over IVUS in the 
assessment, visualization, and characterization of the 
fibrous cap to determine plaque stability or vulnerability. 
For example[53], a recently ruptured plaque appears as a 
disruption or discontinuation in the intimal wall with 
a cavity (Figure 3A). Alternatively, OCT may demon-
strate a protrusion of an eroded plaque with overlying 
thrombus (Figure 3B), or a calcified nodule with hyper-
intense signal with disruption of the overlying fibrous 
cap (Figure 3C). OCT also provides enough resolution 
for measurement of the fibrous cap (Figure 2D)[53], 
which is a critical factor in assessing plaque stability[54]. 
A thin fibrous cap less than 65 μm is associated with 
an increased risk of plaque rupture[55–56]. Microchannels 
within the plaque may also be visualized, further char-
acterizing plaque vulnerability and intimal disruption.

The experienced interventionalist uses a combination 
of angiographic appearance and advanced IVI tech-
niques to plan the intervention. A high calcium burden 
may prompt the interventionalist to use intravascular 

lithotripsy, orbital or rotational atherectomy depending 
on the location of the lesion and grade of stenosis.

Evaluation of stent apposition, expansion, and 
post-PCI complications

After deploying a stent, IVI provides invaluable data 
about the success of the procedure. Prior to the wide-
spread use of these modalities, detailed stent deployment 
characteristics were overlooked or underestimated due 
to lack of adequate resolution of angiography alone.

Stent apposition refers to the contact between the stent 
struts and the inner vessel wall. Proper apposition is 
essential to ensure optimal stent function and prevention 
of thrombosis. Incomplete apposition or malapposition 
is defined as a gap in contact between at least one strut 
and the surface of the vessel wall in a specific segment. 
This segment does not overlay a branching vessel and 
showcases a gap larger than the thickness of the strut 
itself[57–58]. Stent expansion is the process of deploying 
the stent to achieve a desired vessel diameter based on 
reference vessel size, ensuring adequate luminal gain and 
restoration of blood flow, and decreasing risk of in-stent 
restenosis[58–61]. Generally, moderate stent under expan-
sion refers to a stent-to-artery ratio less than 90% while 

Figure 2. IVUS and OCT images of coronary plaque phenotype.
A, Example of calcified plaque on IVUS, depicted as a bright circum-
ferential structure (white arrow) with deeper shadowing (white star); B, 
Example of predominantly lipid-laden plaque by IVUS, depicted with less 
echogenicity than the surrounding hyperechoic adventitia, with a spotty 
calcification demarcated by the white arrow as a focal hyperechoic sig-
nal; C, Example of calcific plaque by OCT with white arrow depicting 
low-backscattering structure compared to surrounding adventitia with 
sharply delineated borders; D, Example of thin-cap lipid-laden plaque 
on OCT, depicted as a low-density structure with diffuse borders cov-
ered by a thin fibrous cap with the white arrow identifying signal-rich 
distinct or confluent punctate regions that exceed intensity of back-
ground speckle noise, representing macrophages.
(Adapted from Gurgoglione et al.[53] under Creative Commons License).
OCT: optical coherence tomography; IVUS: intravascular ultrasound.
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severe under expansion refers to a stent-to-artery ratio 
less than 70%. It is important to note that these defini-
tions have varied among different studies, guidelines, and 
clinical practices. In contemporary clinical trials, stent 
expansion guidance for an adequately optimized stent 
placement included stent-to-artery ratio of >80%[62].

Using IVUS, real-time cross-sectional images of the 
adequately apposed stent demonstrate continuous lines 
(stent struts) with no gaps between the strut and the 
vessel wall (Figure 4A). Any significant area between 
the stent struts and the vessel wall indicates a malap-
posed stent (Figure 4B)[63]. Stent under expansion is 
identified when the measured stent area is less than 
the reference vessel area or target stent area defined 
before the intervention[28]. IVUS is well-suited to evalu-
ate the symmetry of stent expansion by comparing the 
minimal stent area (MSA) to the reference vessel MLA 
(Figure 5A)[64]. Identification of malapposed struts 
or under expansion can often be rectified with high- 
pressure balloon inflation, providing a more optimized 
result. IVUS provides broad imaging depth making it 
particularly well-suited for assessing stent apposition 
and expansion.

Similarly, OCT excels in visualizing stent struts due 
to its micron-level resolution. Proper apposition is con-
firmed when struts are uniformly in contact with the ves-
sel wall without apparent gaps (Figure 4C)[63]. Any gap 
between the struts and the vessel wall signifies malappo-
sition (Figure 4D)[63] and requires further balloon dilata-
tion. Precise measurement of MSA compared to the MLA 
of the proximal and distal reference vessel segments may 
suggest under expansion. Furthermore, comparison of 
the MSA in the proximal and distal halves of the stent 
can suggest dissymmetry (Figure 5B)[64].

Another complication of stent deployment and 
high-pressure balloon expansion is edge dissections. 

These are tears and separations in the intima at or near 
the proximal or distal edges of the stent. If detected, 
this may require intervention. Both IVUS and OCT can 
visualize the presence, location, and extent of edge dis-
sections. In IVUS images, dissections appear as disrup-
tions or flaps in the vessel wall near the stent edges[28]. 
OCT offers superior resolution for detecting and 
characterizing edge dissections, including their length, 
depth, and location in relation to the stent struts. Due 
to the high-resolution images produced by OCT, this 

Figure 3. Examples of OCT-derived mechanisms of plaque destabilization.
A, Example of a ruptured plaque, characterized by the evidence of a cavity with a clear discontinuity of the fibrous cap (white arrow); B, Example of a 
definite eroded plaque, characterized by a luminal thrombus (white arrow) overlying a plaque without evidence of fibrous cap disruption; C, Example 
of a calcified nodule at the white arrow depicted as single of multiple regions of calcium that protrude into the lumen with fibrous cap disruption.
(Adapted from Gurgoglione et al.[53] under Creative Commons License).
OCT: optical coherence tomography.

Figure 4. Matched OCT and IVUS images evaluating stent 
apposition.
A, A well-apposed stent detected by IVUS; B, A malapposed stent 
detected by IVUS; C, A well-apposed stent detected by OCT; D, A 
malapposed stent detected by OCT.
(Adapted from Koganti et al.[63] Under Creative Commons License).
OCT: optical coherence tomography; IVUS: intravascular ultrasound.
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modality can identify subtle dissections that may be 
missed by other imaging modalities, including IVUS 
(Figure 6)[64].

Accurate assessment of stent apposition, expansion, 
and edge dissections is critical in ensuring the success 

of coronary interventions and preventing downstream 
complications and re-intervention. Although both IVUS 
and OCT provide valuable information, understanding 
their mechanisms, strengths, and weaknesses can help 
operators utilize the optimal modality individually or 

Figure 5. Matched OCT and IVUS images evaluating stent expansion.
A, IVUS images of the same vessel. In the pre-PCI IVUS image (A1–A3), the distal and proximal reference vessel diameters are measures as well 
as the lesion diameters, demonstrating significant lipid-laden plaque. In the final images (A4–A6), post-PCI result with MSA >80% of the average 
of the proximal and distal reference MLA, signifying a successful result; B, Post-stent OCT images comparing the proximal half and the distal half 
MSA demonstrating excellent expansion as compared to the distal and proximal reference mean lumen area.
(Reproduced from Maehara et al.[64] with permission from Elsevier).
IVUS: intravascular ultrasound; MLA: minimum luminal area; MSA: mean stent area; OCT: optical coherence tomography; PCI: percutaneous cor-
onary intervention.
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in combination with one another to robustly assess the 
post-intervention result.

COMPARATIVE EFFECTIVENESS AND 
CLINICAL OUTCOMES
The advent of coronary stenting and the associated com-
plications accelerated the investigation of the role of 
IVI in a search for tools to help understand the spatial 
relationship between the stent and the arterial lumen. 
To understand the nidus that initiated three decades of 
investigation into IVI, one must begin with a deep famil-
iarity with the landscape and parallelisms in the evolu-
tion of coronary interventions over time.

The role of intravascular ultrasound in the 
revolution of coronary stenting

The early 1990s was a transformative era for coronary 
interventions. Initial data suggested improved clinical 
outcomes of intracoronary stents compared to balloon 
angioplasty. Specifically, stent placement demonstrated 
reduction in morbidity after acute vessel closure[65–66], 
as well as significant reductions in the rate of resteno-
sis[40,42,67]. Large, randomized trials ensued and ultimately 
led to the development of the Palmaz-Schatz balloon- 
expandable bare metal stent (BMS) which was the first 
intracoronary stent to be approved by the United States 
Food and Drug Administration[67–69].

In the years that followed, widespread use of coronary 
stents was primarily impeded by two major hurdles: an 
increased risk of stent thrombosis and major bleeding 
events associated with the antiplatelet and anticoagu-
lation regimens employed to reduce this risk. This led 
to two pivotal IVUS-guided investigations that revo-
lutionized our understanding of stent mechanics, the 
pathophysiology of stent thrombosis and restenosis and 
sparked the cascade of investigations into IVI to opti-
mize stent placement.

First, Nakamura et al.[70] evaluated 65 patients 
who received Palmaz-Schatz stents with satisfactory 

angiographic results and who had IVUS imaging post- 
dilatation. In >80% of these patients, IVUS revealed inad-
equate stent expansion or strut apposition and required 
further dilatations. This was consistent with prior data 
that suggested that larger acute gain in minimum lumen 
diameter diminishes the rate of restenosis at 6 months 
after intervention[71]. Several standardized post-dilatation 
guidelines were proposed in this investigation, however, 
limitations to a “one-size-fits-all” approach were quickly 
recognized. The investigators concluded that IVUS 
images provided data that was unique compared with 
angiography alone. Angiography was deemed effective at 
rapidly estimating the luminal diameter longitudinally; 
however, IVUS provided circumferential assessment that 
was not obscured by variations in projection, making it 
ideal for accurately evaluating the stent placement result. 
This was a revolutionary concept that generated hypoth-
eses that incomplete stent dilatation may be, in part, 
responsible for the increased risk of stent thrombosis.

A subsequent investigation by Colombo et al.[72] 
tested the hypothesis that anticoagulation was not nec-
essary when adequate IVUS-guided stent expansion 
was achieved. Three hundred and fifty-nine consecutive 
patients with 452 lesions that were treated with Palmaz-
Schatz stents and further IVUS-guided balloon dilata-
tion were studied. Those with adequate stent expansion, 
as confirmed by IVUS, were treated with antiplatelet 
therapy alone and did not receive anticoagulation after 
the procedure. At 2-month follow-up, only three stent 
thromboses were identified, despite the absence of anti-
coagulation. The use of IVUS-guided high-pressure final 
balloon dilatations provided assurance that anticoagu-
lation therapy may safely be omitted, reduced hospital 
time, vascular complications, and resulted in low stent 
thrombosis rates.

The co-evolution of intravascular ultrasound and 
the stent

Over the next decade, newer generations of BMS were 
developed with thinner struts and lower-profile archi-
tecture perceived to improve deliverability and further 
reduce the risk of malapposition and stent thrombosis. 
Aggressive, post-stent dilatation was widely practiced, 
independent of the use of IVUS, in attempts to optimize 
stent placement. Despite initial evidence of the incremen-
tal increase in information provided by IVUS, it was not 
yet widely adopted in the United States. At least seven 
randomized trials were conducted to evaluate clinical 
outcomes and cost-effectiveness of IVUS-guided versus 
angiography-guided BMS placement[73–80].

A metanalysis of these randomized trials demonstrated 
a significant 36% reduction in the risk of restenosis at 
6 months, 38% reduction in the rates of repeat revas-
cularization, and 28% reduction in the risk of major 
adverse cardiovascular events (MACE). The analysis 
did not show a significant reduction or increase in the 

Figure 6. Matched OCT and IVUS images evaluating stent edge 
dissection.
A’, Appearance of stent edge dissection by OCT, white arrows depict-
ing medial dissection flap; A’’, The same stent edge dissection, white 
arrows depicting medial dissection flap seen by IVUS.
(Reproduced from Maehara et al.[64] with permission from Elsevier).
IVUS: intravascular ultrasound; OCT: optical coherence tomography.
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risk of death or myocardial infarction (MI). Only three 
of the seven randomized trials included in this meta- 
analysis reported the results of post-PCI IVUS imaging 
in the angiography-guided arms, therefore no defini-
tive conclusions could be drawn about the mechanism 
for outcomes improvement in the IVUS-guided arms. 
Although the overall analysis demonstrated an improve-
ment in clinical outcomes, some of the trials showed 
no improvement in the rate of restenosis. Furthermore, 
there was significant heterogeneity in the complexity of 
the lesions across different trials, the IVUS technique 
employed by different operators as well as the protocols 
by which operators chose to use the data generated by 
IVUS both within and across the participating clinical 
sites. While this may represent real-life practice, it made 
the data difficult to generalize across different practice 
settings. Overall, three of the seven studies reported cost- 
effectiveness data. Two of the three studies demonstrated 
that the increased upfront costs associated with IVUS-
guided PCI (catheter and additional balloon costs) were 
offset by the cost of increased downstream revascular-
ization in the angiography-guided arm, resulting in a net 
economic benefit in IVUS-guided BMS implantation[81].

While the data accumulated to support the use of 
IVUS-guided BMS implantation to improve clinical out-
comes and dramatically reduce the risk of stent throm-
bosis, a new conundrum arose. Despite all efforts to 
optimize stent expansion and apposition, BMS restenosis 
rates remained high. Several studies sought to perform 
serial IVUS after interventions to help better understand 
the process. This demonstrated that late lumen loss and 
in-stent restenosis were the result of neointimal tissue 
proliferation which was uniformly distributed over the 
length of the stent[82].

These studies utilized and set the framework for val-
idated volumetric quantitative methods in IVUS[36,83]. 
This included calculations of changes in the external 
elastic membrane area (EEM) over time, change in cross- 
sectional luminal area (CSA) over time, and segments 
of tissue growth (change in plaque area) over time. It 
is important to note that the trailing edge of the intima 
(the internal elastic membrane), despite being highly 
echogenic, is difficult to define on IVUS. Thus, the EEM 
is used as a surrogate. Any difference between EEM area 
and luminal area is estimated as sub-intimal plaque area.

The challenge of high incidence of in-stent restenosis 
of BMS led to the development of the first generation 
of drug-eluting stents (DES). These drug-polymer–coated 
stents incorporated anti-inflammatory and antiprolif-
erative agents (sirolimus and paclitaxel) that reduced 
endothelial tissue proliferation and thus addressed the 
proposed mechanism of intimal hyperplasia which was 
triggered by stent implantation. This advancement came 
with its own pitfalls. With delayed endothelialization 
of the stent struts, an immediate improvement in the 
incidence of in-stent restenosis was realized. However, 
delayed endothelialization meant that the struts of the 

stents were exposed to the blood stream for longer. First-
generation DES were associated with a higher (albeit 
small) risk of stent thrombosis compared to BMS[84–85]. 
Again, IVUS-guided studies to explore the mechanisms 
behind this phenomenon led to innovative advancement 
and the advent of newer generations of DES that omitted 
the use of paclitaxel as an antiproliferative agent, thin-
ner metallic stent struts, more biocompatible durable or 
biodegradable polymers as well as polymer-free stents[86]. 
While further innovation in stent technology continues, 
the momentum of these IVUS studies formed the frame-
work for stent research and development and guided the 
basis of our current-day stent innovations. Naturally, as 
the landscape of stent technology evolved, a new wave of 
randomized trials evaluating the utility of IVUS-guided 
PCI in the contemporary era of DES came to rise.

Initial randomized trials were underpowered and 
failed to demonstrate a statistically significant benefit on 
clinical outcomes[87–90]. Several metanalyses that pooled 
these trials with large observational studies revealed sta-
tistically significant reductions in MACE, death, MI, tar-
get lesion revascularization (TLR), and stent thrombosis 
with IVUS-guided compared to angiography-guided 
DES[91–94].

The IVUS-XPL trial was the first large-scale, ran-
domized trial to evaluate the efficacy of IVUS-guided 
PCI compared to angiography-guided PCI in patients 
receiving newer generation DES for complex coronary 
lesions (defined as implanted stents ≥28 mm in length)[95]. 
This trial enrolled 1,400 patients and demonstrated a 
significant absolute reduction of 2.97% in the MACE 
composite endpoint with IVUS-guided PCI compared 
to angiography alone. The MACE composite endpoint 
included cardiovascular death, target lesion-related MI, 
or ischemia-driven TLR at 12 months. When evaluating 
the individual components of the composite endpoint, 
the benefit was derived primarily from ischemia-driven 
TLR. Importantly, a stratified analysis within the IVUS-
guided group showed that those that met specific IVUS 
criteria for optimal stent implantation (defined mini-
mal lumen cross-sectional area greater than the lumen 
cross-sectional area at the distal reference segment) had a 
significant 69% reduction in the primary composite end-
point, compared to those that did not meet these criteria.

The ULTIMATE trial aimed to replicate the hypothe-
sis of its predecessor in an all-comer patient population 
who required second-generation DES implantation[96]. 
Approximately 1,400 patients were randomized to IVUS 
guidance or angiography guidance, and the primary com-
posite endpoint included cardiac death, target-vessel MI, 
or target vessel revascularization (TVR) at 12 months. 
The trial met its primary endpoint, with a statistically 
significant 47% reduction in the risk of the composite 
endpoint. This was again driven by the reduction in 
TVR. Although statistical significance was not achieved 
on the individual components of the primary endpoint, 
there was a unanimous numerical reduction. Again, this 
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trial demonstrated that in an all-comer population, opti-
mal PCI (defined by IVUS quantitative analysis) reduced 
the incidence of primary composite endpoint by 65%. 
Importantly, this trial utilized different “optimal PCI” 
criteria compared to prior studies. The ULTIMATE trial 
defined optimal PCI by three criteria: (1) MLA in the 
stent segment at least 90% of MLA in the distal reference 
segments; (2) plaque burden 5 mm proximal or distal to 
the stent edge <50%; and (3) no edge dissection involves 
the media with a length >3 mm. Guidance was provided 
on repeat ballooning with a large balloon at higher 
pressure to achieve the first criterion. Repeat balloon-
ing using a smaller balloon was recommended to meet 
the second criterion. The procedure was defined as sub- 
optimal if any of the three criteria was not met. 
Importantly, the trial demonstrated that under these 
stringent criteria, within the IVUS-guided arm, approx-
imately 50% of patients failed to achieve their protocol 
definition of optimal PCI. The low rate of optimal PCI 
was driven by inability to achieve <50% plaque burden 
within 5 mm of the proximal or distal stent edge. A sub-
sequent report of 3-year outcomes of the ULTIMATE 
trial demonstrated the sustained clinical effectiveness of 
both IVUS-guided PCI in all-comers as well as the effec-
tiveness of their protocol-defined optimal PCI[97].

While the trial results were positive for IVUS-guided 
DES implantation in the general population, it also 
revealed two important truths about this approach: (1) 
It is difficult to achieve stringent IVUS-defined optimal 
PCI results; and (2) sub-optimal IVUS-guided PCI had 
only a modest reduction in clinical outcomes compared 
to angiography-guided PCI.

A new era for precision coronary interventions

The divergence of clinical outcomes between IVUS-
guided PCI and angiography-guided PCI has led 
operators to question the previous investigations of 
surgical revascularization versus PCI. Contemporary 
data overwhelmingly favors surgical revascularization 
in patients with higher disease burden (multivessel 
disease), in those with higher lesion complexity, sig-
nificant left main involvement, and in the presence of 
diabetes[98–99]. However, with the advent of “precision 
PCI” guided by advanced IVI modalities, there is a ris-
ing unmet need to replicate legacy PCI trials in the con-
temporary era.

Indeed, there is evidence to support this hypothesis. 
The BEST trial compared coronary artery bypass graft 
surgery (CABG) to PCI among patients with non-left 
main multivessel CAD[100]. As expected, CABG demon-
strated a significant reduction in the rate of MACE, 
compared to PCI. The benefit of CABG was diluted over 
time and on report of 10-year outcomes, both modal-
ities demonstrated no significant difference in hard 
clinical endpoints, though patients who underwent PCI 
had an increased risk of spontaneous MI and repeat 

revascularization. Upon detailed review of the data, the 
investigators report a stratified analysis, by those that 
received IVUS-guided PCI compared to angiography- 
guided PCI. Interestingly, the subgroup of patients who 
received angiography-guided PCI had about double 
the incidence of the primary endpoint as those with 
IVUS-guided PCI or CABG. In fact, those who under-
went IVUS-guided PCI had numerically lower rates of 
all-cause mortality at 11 years, compared to those who 
underwent CABG[101]. Although this analysis was not 
pre-specified, it generates an interesting hypothesis that 
warrants investigation in an adequately powered ran-
domized trial of contemporary PCI practices.

The clinical development of optical coherence 
tomography

OCT was first studied and patented simultaneously in 
Japan and in the United States in 1991[102]. After initial 
studies of the retina and coronary arteries, the tech-
nology was applied clinically in ophthalmology from 
1996 onward. In 2002, the first clinical study of OCT 
in intracoronary imaging began[103]. The potential for 
higher resolution imaging than IVUS brought forth 
rapid development of OCT technology to identify thin 
fibrous caps more accurately, representing unstable 
atherosclerotic plaques. This study compared matched 
pairs of OCT and IVUS images and correlated with 
available histological specimens to characterize plaque 
characteristics. Experienced IVUS observers, blinded to 
OCT data, reviewed the IVUS data using standardized 
criteria and classified plaque types and vessel features. 
Concurrently, an OCT observer, blinded to all the IVUS 
data reviewed OCT images and described similar fea-
tures. Features identified by both modalities were com-
pared to one another and to histological findings in 
patients who died and underwent autopsy. This study 
demonstrated that OCT facilitated identification of the 
elastic lamina, intimal hyperplasia, calcium deposits. 
OCT also revealed procedural attributes such as stent 
expansion and apposition. Importantly, OCT success-
fully allowed for measurement of thin fibrous caps, 
which were not easily identifiable using IVUS. This 
study and subsequent replications set the stage for fur-
ther OCT investigations that would bring this imaging 
modality to the forefront of a new era of intracoronary 
imaging[104–106].

Initial experience with OCT was limited by the need 
to clear the blood field to optimize imaging. In earlier 
iterations of the technology (time domain-OCT), this 
was accomplished with sustained low-pressure balloon 
occlusion. This was replaced by newer non-occlusive, 
frequency-domain OCT which was approved for clinical 
use in the European market in 2007 and in the United 
States in 2010.

Large observational studies and small single- 
center randomized trials, comparing OCT-guided PCI and 
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angiography-guided PCI ensued, generating consensus 
that this technology can be used safely[107–109]. Preliminary 
data showed the promise that OCT may improve clin-
ical outcomes and successfully detect sub-optimal 
stent deployment as well as impact physician decision- 
making in more than two-thirds of cases[86,110–113]. There 
remained an unmet need to conduct large-scale, multi-
center randomized trials to prospectively evaluate the 
effect of this technology on PCI-optimization or clinical 
outcomes[114–115].

The DOCTORS trial enrolled 240 patients with Non-
ST-elevation Acute Coronary Syndrome at nine centers 
in France. Patients were randomized to OCT-guided 
versus angiography-guided PCI. Operators performing 
the procedure in the OCT arm had to acquire at least 
two sets of OCT images, before and after the angio-
plasty. The primary endpoint was FFR measurement at 
the end of the procedure. Secondary endpoints included 
the safety outcomes such as periprocedural complica-
tions or acute kidney injury. Indeed, OCT-guided PCI 
yielded significantly improved FFR measurements at the 
end of the procedure, a reduced final diameter of ste-
nosis, and improved stent expansion. Although the pro-
cedural duration as well as radiation dose and contrast 
dose were increased, there was no significant increase in 
clinical periprocedural complications compared to angi-
ography alone[116].

Most recently, two large multicenter randomized tri-
als were dedicated to compare hard clinical outcomes 
in patients who underwent OCT versus angiography- 
guided PCI[117–118]. These trials differed from the 
DOCTORS trial in that they were adequately powered 
to detect clinically meaningful differences in hard clinical 
endpoints and followed up patients for 24 months.

The OCTOBER trial randomized 1,200 patients with 
stable angina, unstable angina/non-ST-segment elevation 
myocardial infarction (NSTEMI) with complex bifurcation 
lesions in a 1:1 ratio to OCT-guided PCI or angiography- 
guided PCI and followed them for 2 years[117]. The  
primary endpoint was MACE which consisted of car-
diovascular death, target lesion MI, or ischemia-driven 
TVR. The OCTOBER trial met its primary endpoint, 
with a statistically significant 30% reduction in MACE 
with OCT compared to angiography alone. All the 
components of the primary endpoint were numerically 
lower with OCT. Additionally, all-cause mortality was 
a secondary outcome which showed a numerical 44% 
relative reduction with OCT. In subgroup analysis, the 
benefit was seen for both left main and non-left main 
bifurcation PCI.

The ILUMIEN IV trial randomized 2,500 patients with 
high-risk coronary lesions or medication-treated diabe-
tes in a 1:1 ratio to OCT-guided PCI or angiography- 
guided PCI and followed them for 2 years[118]. The trial 
protocol defined a high-risk lesion as an NSTEMI or 
delayed ST-segment elevation myocardial infarction 
(STEMI) (>24 hours from symptom onset), long lesions 

(≥28 mm), diffuse or multi-focal in-stent restenosis, 
severe calcification, chronic total occlusion, bifurcation 
lesion with planned two-stent approach, The primary 
imaging endpoint was a difference in post-PCI MSA 
assessed by OCT. The primary clinical endpoint was TVF 
defined as target-vessel MI, or ischemia-driven TVR. 
Although the trial met its primary imaging endpoint with 
a significantly larger MSA achieved in the OCT arm, the 
trial failed to meet its primary clinical endpoint. All the 
individual components of the primary endpoint were 
numerically lower in the OCT arm, compared to the 
angiography arm. Patients in the OCT arm did achieve 
more acceptable stent expansion (>90% of the reference 
vessel MLA). In addition, a significant 75% reduction in 
stent thrombosis was observed, with 95.7% of patients 
with stent thrombosis experiencing death or MI within 
2 years. While this is an important patient-centered end-
point, the negative primary endpoint came as a surprise 
to many interventionalists.

The disparate outcomes from these trials left the inter-
ventional community in a conundrum. The totality of 
the evidence points toward better PCI results with OCT; 
however, this fails to consistently translate to improve-
ment in clinical outcomes. Further studies with subgroup 
analyses and detailed review of the raw images from 
both trials could help tease out the nuances involved. 
Additional outcomes-driven trials in specified patient 
populations are needed to definitively identify a popu-
lation subgroup that would consistently derive benefit 
from OCT-guided PCI.

Head-to-head comparisons of intravascular 
ultrasound and optical coherence tomography

Subsequent randomized trials sought to compare the effi-
cacy of OCT-guided PCI to IVUS, on measures of stent 
optimization including MLA and MACE[119–120]. Both 
imaging modalities were comparable on all quantifica-
tion measures of stent optimization. These results cor-
roborated prior observational studies and demonstrated 
the robust capabilities of both imaging modalities as via-
ble IVI tools in the contemporary cardiac catheterization 
lab.

The OCTIVUS trial was the latest randomized trial 
to compare both modalities’ effect on hard clinical out-
comes[121]. Approximately 2,000 patients with signifi-
cant coronary lesions were randomized in a 1:1 ratio 
to undergo either OCT-guided or IVUS-guided PCI. The 
primary endpoint was MACE, consisting of cardiovas-
cular death, target-vessel MI, or ischemia-driven TVR 
at 1 year. This trial was powered for non-inferiority 
of OCT compared to IVUS. OCTIVUS met its non- 
inferiority primary endpoint with an observed reduction 
in major procedural complications with OCT compared 
to IVUS although there was no difference in the imaging- 
related complications. There are several notable features 
about this population. First, approximately 55% of the 
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patients in this trial had bifurcation lesions, 11% had 
left main coronary disease, and 60% had diffuse long 
lesions. Second, the pre-defined imaging-guided stent 
optimization parameters were met more frequently with 
IVUS compared to OCT. While there was no significant 
difference in outcomes between the arms, OCT had 
numerically lower incidence of the primary endpoint 
and each of its individual components. Finally, the over-
all event rate in the study was much lower than expected, 
so subgroup analyses and individual components of the 
primary endpoint should be interpreted with caution. 
Overall, this important trial highlights the interchange-
ability of these imaging modalities when performed in 
centers that are well-acquainted with both approaches.

The establishment of a new standard-of-care with 
intravascular imaging in percutaneous coronary 
interventions

Thus far, the evidence is overwhelmingly in favor of 
either IVUS or OCT-guided PCI compared to angiogra-
phy alone. Studies that compared the modalities to one 
another demonstrated non-inferiority. The guidelines 
recommend the use of either modality in selected pop-
ulations to optimize stent placement. Centers in South 
Korea and Japan have widespread experience with both 
modalities and have led the world in investigations and in 
clinical use of these imaging modalities. The widespread 
expertise with both modalities marks a particularly fer-
tile environment for the conduct of large, randomized 
trials that utilize both techniques.

The RENOVATE-COMPLEX PCI trial was a large 
multicenter trial conducted in South Korea that enrolled 
patients with complex coronary lesions and random-
ized in a 2:1 ratio to undergo either IVI-guided PCI or  
angiography-guided PCI[122]. The choice between IVUS 
and OCT was at the operator’s discretion. The primary 
endpoint was a composite endpoint of TVF includ-
ing cardiovascular death, target-vessel MI, or clini-
cally driven TVR. A total of 1,600 patients underwent 
randomization. IVI-guided PCI demonstrated a 36% 
reduction in the incidence of TVF compared to angi-
ography alone. There were no differences in procedural 
safety events between the groups. This reiterates prior 
knowledge that IVI enhances clinical outcomes among 
patients with complex coronary lesions undergoing 
PCI.

All the major randomized trials using currently widely 
available second-generation DES or newer, to date, that 
compared hard clinical endpoints of IVI-guided PCI 
compared to angiography alone (Table 2), were pow-
ered to evaluate a composite endpoint of MACE or 
TVF and were underpowered to draw any conclusions 
about cardiovascular death or MI. In a hotline session 
at the 2023, European Society of Cardiology Congress 
in Amsterdam, Compelling data were presented on a 
real-time updated metanalysis comparing OCT, IVUS, 

and angiography. The study pooled data from 20 ran-
domized trials that collectively enrolled over 12,000 
patients. The primary analysis cohort was IVI-guided 
PCI versus angiography-guided PCI, and secondary 
analyses included individual comparisons of the differ-
ent modalities. This included IVUS versus OCT, IVUS 
versus angiography, OCT versus angiography. IVI-
guided PCI demonstrated a 25% reduction in all-cause 
mortality compared to angiography-guided PCI and 
20% reduction in MI, primarily driven by a significant 
50% reduction in stent thrombosis. The results of this 
analysis corroborate prior meta-analyses of randomized 
trials and confirm the effectiveness of IVI across a vari-
ety of patient populations[123].

THE ROLE OF INTRAVASCULAR IMAIGNG IN 
SPECIFIC LESION TYPES
Heavily calcified lesions

IVUS and OCT play pivotal roles in the assessment of 
calcification and identification of high-risk features for 
stent under expansion[30,124–125]. Several society expert 
position statements have sought to provide guid-
ance on the optimal approach to calcified lesions that 
have incorporated the use of IVI techniques[27,126–127]. 
However, there remains an unmet need for dedicated 
guidelines on the use of IVI to guide lesion modification 
decisions.

Several scoring systems, based on real-time OCT and 
IVUS imaging have been developed to predict the need 
for atherectomy or advanced interventions. For instance, 
the OCT-based CVI score[128], uses a point-based sys-
tem, whereby points are assigned to a lesion based on 
three OCT-derived variables: (1) >180° of calcifica-
tion; (2) calcium thickness of >0.5 mm; and (3) calcified 
segment length >5.0 mm. Lesions with a score of 4 or 
greater are deemed to be at high risk of poor stent expan-
sion and may require complex interventions for lesion 
preparation.

Similarly, an IVUS calcium score has been developed 
to aid in lesion preparation decisions[129]. Using IVUS, 
four variables are assigned up to 1 point each, if pres-
ent: (1) calcium >270° of the vessel wall in >5.0 mm in 
length; (2) 360° of calcium, independent of lesion length; 
(3) presence of focal nodular calcium; (4) vessel diameter 
<3.5 mm. The higher the score, the greater the likelihood 
of stent under expansion.

While these integer-based scores aim to provide an 
objective and simplified way of assessing the risk of stent 
under expansion and to provide a standardized approach 
to coronary intervention in calcified lesions, they have 
not yet been prospectively evaluated or established 
as part of a clinical practice guideline. Validation and 
integration of machine learning (ML) tools for a more 
quantitative real-time risk assessment is highly antici-
pated as the next breakthrough in real-time imaging- 
guided intervention.
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Bifurcation lesions

Bifurcation lesions represent a large proportion of coro-
nary interventions and are known to carry higher risk of 
short-term and long-term complications[130–132]. Several of 
the aforementioned randomized trial investigators have 
performed subgroup analyses in a subset of patients with 
bifurcation lesions to evaluate the utility of IVI modali-
ties to guide the management of these complex lesions.

Specifically, subgroup analyses of the all-comer 
ULTIMATE trial showed that IVUS-guided bifurcation 
lesion PCI was superior to angiography-guided PCI[95,97]. 
The OCTOBER trial, on the other hand, utilized OCT 
in a highly selected population of patients with bifur-
cation lesions and demonstrated significant improve-
ments over angiography-guided PCI[118]. Analyses of the 
RENOVATE-COMPLEX PCI trial which utilized both 
IVUS and OCT compared to angiography, failed to 
demonstrate a benefit in this subgroup of lesions; how-
ever, was not specifically powered for this analyses[122]. 
When compared to one another in a bifurcation lesion 
subset, in the OPINION trial, OCT was non-inferior to 
IVUS[120]. In totality, both IVUS and OCT have individ-
ually demonstrated benefit in guiding bifurcation lesion 
interventions over angiography.

Chronic total occlusions

Chronic total occlusions arguably represent the most 
complex subset of coronary lesions. IVUS, owing to its 
superior penetration, is empirically favored over OCT in 
this subset of lesions. This modality can provide infor-
mation about the proximal cap and can assist in wire 
tracking and lesion crossing. OCT, on the other hand, 
due to its superior spatial resolution, may be optimal for 
detecting post-implantation complications such as stent 
edge dissections and malapposition[133].

The use of IVI in chronic occlusion PCI has not been 
independently studied in a dedicated randomized trial 
and these lesions have been excluded from most contem-
porary IVI trials. However, several registry-based studies 
and subgroup analyses of the trials that did not system-
atically exclude these patients have been performed.

The current data is mixed, with some large registry data 
suggesting that the use of IVI may result in higher technical 
success without an increase in periprocedural complica-
tions[134–135], while others failed to demonstrate this associ-
ation[136–137]. Overall, utilization of IVI in this lesion subset 
remains below the average for other lesion subsets[137]. 
As interventional cardiologists gain experience in the use 
of IVI modalities, further dedicated studies are needed 
to definitively draw conclusions on the efficacy of these 
modalities on clinical outcomes in chronic total occlusions.

INNOVATIONS AND FUTURE DIRECTIONS
IVI techniques, such as IVUS and OCT, have revolution-
ized the field of interventional cardiology by providing 

high-resolution images of coronary vessels from within. 
As we look to the future, one of the key areas of inno-
vation lies in the development of hybrid catheters that 
combine the strengths of both IVUS and OCT, offering 
a multifaceted approach to IVI. With the rising use of 
IVI, data continues to grow, there is an increasing need 
for automated image analysis tools to assist clinicians 
in extracting valuable information efficiently. In recent 
years, we have experienced exponential growth in com-
putational power and expertise in ML algorithms that 
bode well for the integration of automation into the field 
of IVI. Future developments in these areas are poised to 
transform the way we acquire and interpret IVUS and 
OCT images.

Combining intravascular ultrasound and optical 
coherence tomography modalities

Hybrid catheters aim to overcome the limitations inher-
ent to individual imaging modalities. IVUS excels in 
providing detailed anatomical information, while OCT 
offers superior resolution for visualizing microstructures 
and detecting vulnerable plaques. By integrating these 
technologies, hybrid catheters promise a comprehensive 
assessment of coronary lesions[138–139].

These catheters enable simultaneous acquisition of 
IVUS and OCT data, providing clinicians with a syner-
gistic view of the vessel lumen, plaque composition, and 
stent apposition. This integrated approach can enhance 
diagnostic accuracy, guide complex interventions, and 
improve treatment outcomes. Future advancements in 
hybrid catheters may also include real-time fusion imag-
ing, where IVUS and OCT data are seamlessly merged to 
create a composite image. This fusion imaging can offer 
a more intuitive visualization of vessel structures, mak-
ing it easier for operators to make informed decisions 
during procedures. Furthermore, it has the potential to 
reduce procedure time and radiation exposure.

Automated image analysis for efficiency and 
precision

ML and artificial intelligence (AI) are becoming inte-
gral components of IVI analysis. These technologies can 
automatically segment vessels, identify plaque types, and 
quantify stent apposition. ML algorithms can also predict 
outcomes and assist in treatment planning by analyzing 
vast datasets of historical cases[140–142]. The integration of 
AI-driven image analysis into clinical workflows holds 
promise for optimizing decision-making and reducing 
inter-operator variability. Automated image analysis can 
facilitate precise quantification of key parameters, such 
as minimal lumen diameter, plaque burden, and fibrous 
cap thickness. This quantitative approach not only aids 
in treatment planning but also supports risk prediction 
models for adverse cardiovascular events. Future research 
may focus on refining these algorithms, enhancing their 
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accuracy, and expanding their applications. This can 
contribute to personalized medicine by tailoring treat-
ment strategies based on an individual patient’s vessel 
characteristics and risk profile.

Utilization of intravascular imaging

Despite advances in IVI technologies and accumulating 
evidence of their clinical efficacy and safety, widespread 
utilization in Europe and the United States lags. Recent 
data from the New York PCI Registry show an increase 
in utilization of IVUS from 13.4% in 2014 to 16.5% in 
2018, with significant heterogeneity in practice patterns 
across centers[29]. On a national scale, an analysis of the 
National Inpatient Sample shows there was a significant 
increase in IVUS use from 3.4% in 2008 to 8.7% in 
2019, while OCT use went from 0% in 2008 to 0.6% in 
2019[143–144]. At two randomly selected hospitals across 
the United States, there was a more than fourfold con-
trast in the likelihood of a patient undergoing IVI with 
PCI, as evidenced by a difference in odds[145–146].

Look to our colleagues in Japan, approximately 91% 
and 82% of elective and emergent PCI, respectively, 
between 2008 and 2014[147]. Since the release of the lat-
est data, this trend is expected to a near-ubiquitous use 
of IVI in almost all PCI performed in Japan.

Now that we have arrived at a time where the totality 
of the evidence points to a reduction in all-cause mor-
tality with IVI, it becomes imperative to understand and 
study the barriers to utilization. In a web-based survey 
distributed to 32,000 individuals, the most reported 
factors limiting use were the prohibitive cost and pro-
longation of the procedure[148]. An extensive cost-benefit 
analysis demonstrates that the increased upfront incre-
mental cost of IVUS derives significant downstream 
financial benefit[149].

Firstly, data from Japan, where there is increased reim-
bursement for the use of IVI, suggests that differences in 
economic perspectives across global healthcare systems 
may be a key barrier to utilization in the United States. 
However, this mechanism alone may not explain the 
reluctance to use IVI, as other public health systems such 
as the European Union still demonstrate low utilization 
rates. This suggests other possible mechanisms to explain 
the observed trends. Secondly, many practicing interven-
tionalists may feel uncomfortable with the technical use 
of advanced IVI modalities and image interpretation[150]. 
Finally, interventionalists may lack confidence in the 
data that supports their widespread use.

To mitigate these hurdles, an update to the guidelines, 
to reflect the culmination of robust clinical evidence, 
to date, may motivate interventionalists to participate 
in continuing medical education and to get comfort-
able with the use of these modalities. The incorpora-
tion of IVI utilization rates into quality metrics used 
for evaluation of institutional and operator outcomes 
may also lead to more rapid incorporation into routine 

clinical practice. Finally, efforts to increase use of IVI 
at major academic institutions should be prioritized, as 
new generations of interventional fellows entering the 
workforce must be trained on the latest evidence-based 
standard-of-care.

CONCLUSIONS
Two decades of clinical investigations demonstrating 
the clinical efficacy and safety of IVI modalities have 
established these technologies as staples in the contem-
porary cardiac catheterization lab’s toolbox and earn-
ing their place in revascularization clinical practice 
guidelines. The future of IVI with IVUS and OCT holds 
great promise. Hybrid catheters, automated image 
analysis, and ongoing research efforts are expected 
to propel these technologies to new heights, benefit-
ing both clinicians and patients alike. The integration 
of AI and the miniaturization of devices are shaping 
a future where IVI plays an increasingly pivotal role 
in cardiovascular care. Importantly, efforts to increase 
the global utilization of these modalities should be 
prioritized. This may be accomplished by dissemina-
tion of the latest evidence, continued medical educa-
tion to practicing interventionalists, systemic efforts 
to increase reimbursement for IVI-guided PCI as well 
as incorporation into interventional cardiology fellow-
ship curricula worldwide.
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