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GENERAL INTRODUCTION / OUTLINE OF THE THESIS

GENERAL INTRODUCTION

Evolution of coronary imaging

Ever since the first selective coronary angiography was performed by dr. F. Mason Sones in 1958,
angiography has remained the cornerstone of invasive coronary imaging. However, multiple limitations
of this imaging modality need to be acknowledged. First, angiography results in a so-called luminogram,
a two-dimensional representation of the lumen contour. Considering the three-dimensional nature of
the lumen, at least two orthogonal views are required for proper evaluation of luminal dimensions
and stenosis grades. Yet, even then, accurate estimation of stenosis severity remains challenging.’
Second, foreshortening and overprojection further complicate coronary evaluation using angiography.
Third, very limited information on the vascular wall and plague morphology can be obtained using
angiography as sole imaging modality. To better evaluate the hemodynamic and clinical significance of
stenoses, hemodynamic indices, such as the fractional flow reserve, were introduced. Even though these
hemodynamic indices improve guidance of percutaneous coronary revascularization as compared to
angiography alone? they provide limited information on plaque morphology and procedural success.
Multiple intravascular imaging modalities were developed to overcome these limitations, among which
are intravascular ultrasound (IVUS) and optical coherence tomography (OCT). OCT is a catheter-based
imaging modality that employs near-infrared light for tomographic imaging of the coronary artery
lumen and wall (Figure 1).

Figure 1. Schematic illustration of intracoronary optical coherence tomography.
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OCT imaging of a 54-75 mm coronary segment can be performed in less than 3.0 seconds, resulting in
a total of 375-540 cross-sectional images. First, the coronary lumen is cleared using continuous ionized
contrast injection, or more experimentally with saline or low-molecular-weight dextran injection. During
the subsequent automated pullback of the lens, light in the near-infrared spectrum (typical wavelength
~1.3 um) is emitted from the catheter lens. After detection, the amount of backscattered or reflected light
is translated into a function of delay time or depth within the vascular tissue using interferometry. The
resulting information from each individual axial scanning line (A-line) acquired during helical movement of
the lens and detector is translated to image data in polar coordinates (1,0) (Figure 2A), wherein differences
in refractive indices of individual tissue types determine image intensity. The corresponding Cartesian (x,y)
transformed representation of the coronary is provided to the operator (Figure 2B). In these anatomical
representative cross-sectional images, the center of the image represents the OCT catheter positioned in
the coronary lumen. The guidewire, used to position the OCT catheter, is characterized by a conus-shaped
artefact. In healthy arterial segments, the vessel wall exhibits a three-layered structure: from the inside
towards the outside we encounter (1) the tunica intima represented by the first bright layer, (2) the tunica
media as the first dark layer and (3) the tunica adventitia as the outer bright layer. A clinically important
structure, the external elastic membrane (also referred to as the external elastic lamina) is defined as the
border between the tunica media and the tunica adventitia (Figure 2C).

%, _Intimia
) »‘,{,Media
ks EEM

‘;/ Adventitita

Figure 2. Polar and cartesian representation of intracoronary optical coherence tomography.

A) OCT image of an healthy vessel in polar (1,0) coordinates. The horizontal axis represents individual A-lines obtained
during rotational movement of the lens and the vertical axis represents the depth of each individual A-line. B) The
corresponding Cartesian (x,y) transformation of the same image. C) Zoomed version of the same frame indicating
the vessel layers.

EEM external elastic membrane.

The spatial resolution of OCT is superior to any other current coronary imaging modality, with an axial
and lateral resolution of 10-15 um and 20 pum, respectively. In comparison, the axial resolution of IVUS is
approximately 100 um. However, this superior resolution of OCT comes at a cost of limited penetration
depth, ranging from 0.1 mm to 2.0 mm, dependent on the imaged tissue.
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Besides very accurate evaluation of luminal and vessel dimensions, OCT additionally informs on plaque

morphology and allows evaluation of implanted stents. Different type of plaques, including fibrotic
plaques, calcified plaques, lipid plagues and layered plaques (Figure 3A-D), and microstructures such
as microvessels, cholesterol crystals and macrophage accumulation can be distinguished using OCT.
Additionally, OCT allows evaluation of implanted stents and acute procedural as well as long term stent-
related complications (including stent underexpansion, malapposition, edge-dissections and in-stent
restenosis, Figure 3E-H) with higher accuracy than angiography and IVUS.2

Figure 3. Examples of OCT images for the evaluation of plague morphology and implanted stents.
A) Fibrous plaque (arrow) is characterized by homogeneous signal-rich thickening of the intimal layer. B) Calcified
plague (arrow) is defined as a signal-poor, sharply delineated area. C) Lipid plaque (arrow) is represented by a signal-
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poor region, owing to complete light absorption by lipidic tissue, with diffuse borders that is separated from the
coronary lumen by a signal-rich band (i.e. the fibrous cap), which is thin in the example (arrowhead). D) Layered
plaque (arrow) is characterized by one or multiple layers of different densities with a clear demarcation from the
surrounding tissue. E) Case of stent underexpansion in the distal half of the stent defined as a minimum stent
area that is less than 80-90% of the corresponding distal or proximal reference lumen areas. The stent struts are
characterized by areas of high intensity with an abluminal shadow artefact caused by the complete reflection of near-
infrared light by the metal platform. The minimum stent area (dashed line) in this case measured 6.07 mm?, whilst
the distal reference lumen area measured 7.69 mm?, resulting in a stent expansion of 79%. F) Stent malapposition
(arrowheads) represented by stent struts not aligning with the lumen border. G) Edge dissection (arrow), that occur
as acute iatrogenic laceration of the coronary vascular wall during stent implantation, is characterized by intimal
or medial tears within 5mm of the stent edge. H) Circumferential in-stent restenosis (asterisks), which occurs over
time, is characterized by neointima formation of neoatherosclerosis within the stent that causes reobstruction of the
previously treated segment.

Guideline recommended applicability of intracoronary OCT

Contemporary guidelines endorse the use of intracoronary OCT for various indications, in particular for
guidance of coronary revascularization, identification of the culprit coronary artery and evaluation of
stent failure.*®

Stent guidance and optimization

Accurate quantification of lumen and vessel sizes, as well as identification of stent landing zones that are
free of atherosclerotic disease, allow for more precise decision making regarding stent sizes and stent
placement. In particular, OCT guidance allows stent sizing to true vessel sizes,” thereby assuring larger
minimum stent areas which is associated with better long term outcome.® Additionally, the stent edges
can be positioned more accurately, avoiding residual disease at the stent edges and decreasing the risk
of stent edge dissections and long-term stent failure.® Furthermore, OCT is useful for the identification
of heavily calcified lesions that require lesion preparation to ensure optimal stent expansion.'® After stent
implantation, OCT allows optimization in case of suboptimal results.

In recent years, multiple large scale randomized controlled trials have demonstrated the benefit
of intravascular imaging guidance — whether with IVUS or OCT - over angiography guidance, with
significant reductions in (cardiac) mortality, stent thrombosis, target-vessel related myocardial infarction
and target-lesion revascularization."'? Meta-analyses of these trials demonstrated no apparent
differences between IVUS or OCT."" Consequently, the recommendations for intravascular imaging-
guided coronary revascularization have increased in prevailing guidelines in recent years. Whilst the
2018 ESC guidelines on myocardial revascularization provided a class lla recommendation (level of
evidence B) for intravascular imaging for stent optimization in selected patients,* the latest 2024 ESC
guidelines on chronic coronary syndromes provide a class | recommendation (level of evidence A) for

intravascular imaging guidance for percutaneous complex lesion revascularization.®
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Culprit lesion identification

While the culprit lesion is often evident on angiography in patients with ST-segment elevation
myocardial infarction, this is frequently not the case in patients with non-ST-segment elevation
myocardial infarction. In fact, the wrong coronary artery is identified as culprit in almost 10% of the
latter cases.>'* In such ambiguous cases, OCT may provide a benefit by the identification of plaque
rupture, plague erosion or spontaneous coronary artery dissections (Figure 4). One small pilot study
provided preliminary evidence that OCT may help guide treatment strategies in patients with plaque
erosion by omitting stent implantation.” Additionally, OCT is also endorsed in patients with myocardial
infarction with non-obstructive coronary arteries to help identify potential culprit lesions that are not

angiographically apparent. In the absence of a culprit lesion in these patients, alternative diagnoses

should be considered.

Figure 4. Culprit lesion identification.

A) Thrombotic plaque rupture which is characterized by a cavity in the atherosclerotic plaque (arrow) with overlying
thrombus (arrowhead). B) A case of definite plaque erosion, defined as a thrombus (arrow) overlying an intact and
visualized plaque, that is frequently fibrotic in nature. C) Spontaneous coronary artery dissection is represented as
a crescent-shaped false lumen (asterisks) which can be filled with blood, flushing agent, or a combination of both.

Stent failure

Although coronary stents are designed to provide long term patency, stent failure may occur both at
short-term and long-term follow-up. Several distinct types of stent failure can be distinguished, including
stent thrombosis, neointimal hyperplasia and neoatherosclerosis. Stent thrombosis may occur acutely or
during follow-up and is the most devastating manifestation of stent failure. In-stent thrombus formation
may result in total occlusion of the stent and patients frequently present with acute myocardial infarction.
In contrast, in-stent restenosis — whether neointimal hyperplasia or neoatherosclerosis — typically
develops more gradually and is frequently diagnosed in patients who present with recurrent anginal
complaints after percutaneous coronary intervention. In both scenarios, OCT is valuable to identify
the underlying mechanism of stent failure. For example, stent thrombosis has been associated with
uncovered and malapposed stent struts,'® although conflicting evidence exists. In-stent restenosis is
strongly associated with stent underexpansion and/or residual disease at the stent edges.? By identifying
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the underlying mechanism responsible for stent failure, OCT can inform different treatment approaches
such as further expansion of the previously implanted stent or additional stent implantation. However, it
should be acknowledged that these approaches are primarily guided by mechanistic reasoning. Hence,
the 2018 ESC guidelines on myocardial revascularization provide a class lla recommendation with level
of evidence C for the use of OCT to detect stent-related mechanical problems leading to restenosis.*

High-risk plaque identification

The high resolution imaging capabilities of OCT hold potential beyond current guideline
recommendations, including in vivo evaluation of high-risk or vulnerable plaques. The rationale behind
in vivo identification of high-risk plagues stems from (1) the post-mortem observation that ruptured
coronary plaques are consistently characterized by large lipid pools or necrotic cores with a thin overlying
fibrous cap, generally defined as <65 pum (Figure 3C), and (2) that many thrombotic events occur in
non-stenotic lesions.!”” Consequently, focusing only on the stenotic phase of coronary lesions omits the
majority of plaque progression. In the earliest phases, plaques demonstrate positive remodeling, the
so-called Glagov effect.® It is only after plaque burden exceeds 40% that plaques demonstrate luminal
encroachment.’® The hypothesis is that early in vivo identification of high-risk plaques phenotypes, prior
to their disruption, may help identify patients at increased risk for adverse cardiovascular events and
may guide preventive treatment strategies in those patients to prevent future events."” This concept is
particularly relevant in lesions that are currently considered safe to defer, which is generally the case for
intermediate lesions (30-90% luminal obstruction) that do not have a significant hemodynamic effect.
The latter can be evaluated non-invasively (e.g. with cardiac magnetic resonance imaging) or invasively
using hyperemic and non-hyperemic flow indices such as the fractional flow reserve and instantaneous
wave-free ratio, respectively.2?%?'! For lesions evaluated during maximal hyperemia, a >20% translesional
pressure gradient is considered significant, whereas for non-hyperemic indices pressure drop of >11%
corresponds to a significant flow limitation. Although it is safe to defer revascularization of non-flow
limiting lesions in the overall population with coronary artery disease,? its safety in specific subsets
of patients has been questioned. Particularly, in patients presenting with acute myocardial infarction
and additional non-flow limiting non-culprit coronary lesions (Figure 5), recurrent cardiovascular events
occur more frequently than in patients with chronic coronary syndrome.” It has been postulated that
an abundance of high-risk plaques in these deferred non-culprit lesions may be the driving force behind
an increased incidence of future cardiovascular events. Importantly, such non-culprit coronary lesions
are present in approximately 50% of patients with myocardial infarction, emphasizing the scale of
this clinical problem.?* Although prior studies have demonstrated the prognostic impact of high-risk
plaques,*? there is a paucity of data on this topic in confirmed absence of flow limitations.
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Non-culprit
Culprit

Figure 5. Culprit and non-culprit lesions in myocardial infarction.

Towards convenient, reliable clinical application

Despite aforementioned advantages of intracoronary OCT, the clinical adoption rate remains low. In the
United States, intracoronary imaging — whether IVUS or OCT —is only applied in one in seven procedures.”
A prolongation of the procedure due to time consuming manual interpretation and lack of training for
use and interpretation of intracoronary OCT, are among the most frequently named reasons limiting
widespread clinical adoption.*® Additionally, the interobserver variability for OCT image interpretation
is substantial, even among highly-experienced operators and core-laboratories.?*? Automated image
analysis can help overcome these specific limitations and promote widespread clinical adoption by
providing real-time, reliable and reproducible image assessment.

The inception of deep learning, a subdivision of artificial intelligence, has sparked an increased interest
in and improved effectiveness of automated medical image analysis. Deep learning refers to multi-
layered algorithms that are inspired by structure and function of the human neural network, and that are
capable of learning directly from data. Commonly applied algorithms include artificial neural networks,
convolutional neural networks (such as U-nets), and more recently generative models (including
generative adversarial networks and diffusion models), transformer networks and foundation models.
Deep learning has already been successfully applied to cardiovascular image analysis across various
imaging modalities** The unmatched spatial resolution of OCT makes it amenable for automated
analysis by deep learning. The latest commercial software packages for OCT have integrated deep
learning modules for a limited number of tasks, such as automated measurements of lumen and vessel
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sizes, and automated identification of calcified plaques and stent struts.** However, most research efforts
on the development of deep learning for OCT analysis have not made it to the clinic as of yet. Important
considerations for clinical application of deep learning algorithms include robust model development
and validation, mitigating the risk of bias. Although initial studies have demonstrated feasibility, they
largely failed to address all these aspects.

OUTLINE OF THE THESIS

Considering the distinct advantages of OCT compared to angiography, new doors are opened through
this invention to potentially improve patient outcome through various means. Theoretically, OCT could
serve multiple additional purposes, but many of these potential applications currently lack a scientific
base. Additionally, procedural duration may be increased substantially by more widespread application
of OCT if not assisted by deep learning. Hence, the aims of this thesis were to investigate the value of
OCT for procedural guidance, the value of OCT for high-risk plague identification, and the possibilities of
deep learning for automated OCT image interpretation. Therefore, in part |, we first focus on the value of
OCT for guidance of percutaneous coronary revascularization. In part Il, we assess the additional value
of OCT on top of physiological lesion evaluation for prognostication of patients at increased risk for
recurrent events through the identification of high-risk plaques. Last, in part lll, we address the potential
of automated OCT image interpretation by means of deep learning.

Part | - Procedural guidance

In Chapter 2, we provide an in-depth overview of the evidence supporting the current clinical
application of intracoronary OCT and describe newly to be explored areas of research. Given the wide
range of information obtained through OCT, we hypothesize that OCT may have the potential to serve
as a future all-in-one tool to guide coronary revascularization, from guiding referral and deferral for
revascularization to procedural optimization. In Chapter 3, we examine how the fractional flow reserve
and OCT inform decision making, exploring the complementary nature of these modalities. In Chapters
4 and 5, we describe two artefacts that are frequently underappreciated but can have direct implications
during percutaneous coronary revascularization if they are not recognized appropriately.

Part Il - High-risk plaque identification

In Chapter 6, the primary results of the prospective, observational, natural-history PECTUS-obs study
are reported. This study evaluated the association between OCT-identified high-risk plaques in non-flow
limiting non-culprit lesions and cardiovascular events in patients with myocardial infarction. Differences
in non-culprit plaque characteristics according to clinical presentation and sex are described in
Chapters 7 and 8, respectively. The long-term outcome results of the PECTUS-obs study are presented
in Chapter 9. In Chapter 10, we describe an individual patient data pooled analysis from the PECTUS-
obs study and the similarly designed COMBINE (OCT-FFR) study that evaluated diabetic patients. This
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pooled analysis provides a more robust assessment of the clinical impact of OCT-identified high-risk
plaques in confirmed absence of flow limitations, including secondary hard clinical endpoints, targeted
at populations at risk for recurrent cardiovascular events. In Chapters 11, we assess whether clinical
risk factors can be used to identify patients that are likely to have high-risk plaques, to streamline the
screening process. Additionally, we evaluate how the presence of high-risk plaques affect clinical
outcome across various clinical risk profiles.

Part Ill - Artificial intelligence-based image interpretation

In Chapter 12, we provide a framework for the development of artificial intelligence methods for the
automated identification of high-risk plaques across various imaging modalities, formulated based on a
multidisciplinary consensus survey. In Chapter 13, we systematically review the current status of artificial
intelligence-related research for intracoronary OCT, with regard to methodology, performance metrics
and potential sources of bias. In Chapter 14, we describe the first preliminary results of a deep learning-
based multiclass segmentation model for intracoronary OCT, including the first external validation
against experienced readers as references standard. In Chapter 15, we provide a large scale real-world
external validation study. We evaluate the performance of this algorithm for the evaluation of plaque
burden in Chapter 16, and for prognostication through the identification of thin-cap fibroatheromas in
Chapter 17.

Chapter 18 provides a general discussion on the findings of this thesis, which are summarized in
Chapter 19.
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ABSTRACT

Angiography alone is the most commonly used imaging modality for guidance of percutaneous
coronary interventions. Angiography is limited, however, by several factors, including that it only portrays
a low resolution, two-dimensional outline of the lumen and does not inform on plague composition
and functional stenosis severity. Optical coherence tomography (OCT) is an intracoronary imaging
technique that has superior spatial resolution compared to all other imaging modalities. High-resolution
imaging of the vascular wall enables precise measurement of vessel wall and luminal dimensions,
more accurately informing about the anatomic severity of epicardial stenoses, and also provides input
for computational models to assess functional severity. The very high-resolution images also permit
plagque characterization that may be informative for prognostication. Moreover, periprocedural imaging
provides valuable information to guide lesion preparation, stent implantation and to evaluate acute
stent complications for which iterative treatment might reduce the occurrence of major adverse stent
events. As such, OCT represent a potential future all-in-one tool that provides the data necessary to
establish the indications, procedural planning and optimization, and final evaluation of percutaneous

coronary revascularization.
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INTRODUCTION

Percutaneous coronary intervention (PCl) is the cornerstone treatment in patients with acute coronary
syndromes (ACS) and refractory chronic coronary syndromes (CCS). Several key decisions arise during
the process of PCl, including whether or not to perform mechanical revascularization, the choice
of procedural strategy and the need of iterative treatment after initial stent implantation for stent
optimization. Historically, decision-making was based on non-invasive ischemia detection, followed by
visual inspection of ischemia-causing lesions by angiography and subsequent selection of the stent
size and length needed. The availability of pressure-based indices such as hyperemic Fractional Flow
Reserve (FFR) and non-hyperemic measures (e.g. instantaneous wave-Free Ratio (iFR)) improved the
decision-making process by enabling functional identification of specific ischemia-generating stenoses.
Later, intravascular ultrasound (IVUS) allowed for more detailed device selection and optimization by
providing intraluminal measurements. More recently, new intravascular imaging modalities have been
developed that offer enhanced diagnostic alternatives. Among these is Optical Coherence Tomography
(OCT), a near-infrared light-based imaging technique that has at least ten times greater spatial resolution
and forty times greater speed of image acquisition than IVUS." A rotating single optical fiber emits near-
infrared light, which is either attenuated by surrounding tissue or backscattered and subsequently
detected by an interferometer. Information concerning the amplitude and time between emission and
detection, analogous to ultrasound, is used to generate consecutive axial frames (A-lines), which are
presented as a two-dimensional cross-sectional image. During the rotational movement of the light
source, the catheter is (automatically) pulled back to image a coronary segment of either 54 or 75 mm. Its
high spatial resolution enables precise atherosclerotic plagque characterization and stent visualization.?
Contemporary guidelines recommend that OCT should be considered to evaluate stent failure and
in selected patients for stent optimization.? Yet the potential of OCT is not limited to these aspects,
as indicated in consensus documents.'* The integration of different features of OCT, including plaque
characterization, automated estimation of the hemodynamic significance of lesions, and evaluation of
procedural results potentially provide a future all-in-one tool for interventional cardiologists to further

improve outcome of PCl.

OCTTO ASSESS THE INDICATIONS FOR REVASCULARIZATION

First-line treatment of patients with CCS is medical therapy, with the exception of those with left main
stem disease and/or three vessel coronary artery disease and severe left ventricular dysfunction in whom
myocardial revascularization will improve prognosis.>® When CCS patients remain symptomatic or are
intolerant to guideline-directed medical therapy (GDMT), contemporary guidelines support the use of
non-invasive or invasive diagnostic testing for identification of ischemia-causing lesions and subsequent
referral for revascularization.” Invasive functional lesion assessment by FFR or iFR has been studied
extensively and is well-established.®'° While the use of OCT for referral or deferral of revascularization in
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patients with CCS is not currently recommended in the guidelines, its use for this purpose based on its
anatomic findings or novel physiologic transformation is under active development and testing.

OCT to derive anatomic and functional stenosis severity

OCT-derived cross-sectional images allow precise measurements of the minimal lumen area (MLA), the
minimal lumen diameter (MLD) and calculation of the percentage area stenosis (%AS) (Figure 1A-D).
Measurements of the MLA and MLD on OCT are generally larger than those obtained by quantitative
coronary angiography (QCA) but smaller than those derived from IVUS."""* However, the lumen area and
diameter measured by OCT correspond to actual lumen dimensions in phantom models better than
any other imaging modality.'>'* OCT-derived MLA, MLD and %AS correlate with FFR significance, albeit
with variable diagnostic accuracy (Table 1)."*2 The weighted mean area under the curve demonstrates
moderate agreement between MLA, MLD or %AS and FFR significance, with optimal cut-off values of
1.99 mm?, 1.33 mm and 67.8%, respectively. Compared to IVUS-derived MLA, OCT-derived MLA had
superior specificity and diagnostic accuracy for the detection of hemodynamically significant lesions
with both FFR <0.75 and <0.80 in a meta-analysis including 6,919 patients.” These findings suggest
that OCT-derived dimensions may be suitable to guide referral for revascularization. However, use of an
anatomical measure is limited in that the cut-off values corresponding to ischemic significance may vary
according to its location in the coronary tree and the amount of myocardium subtended.®

In the FORZA trial, 350 patients with intermediate coronary stenosis were randomized to OCT-guided
versus FFR-guided revascularization. FFR <0.80 warranted revascularization in the FFR-arm whereas in
the OCT arm, PCl was indicated when %AS was =75%, or 50-75% in combination with either a MLA
<2.5 mm? or plaque rupture. OCT was also used for stent optimization. OCT-guided PCl resulted in
a greater number of lesions treated. After 13 months of follow-up, the occurrence of major adverse
cardiovascular events (MACE) (the composite of death, Ml and target vessel revascularization [TVR]) or
significant angina was lower after OCT-guided compared with FFR-guided revascularization (8.0% vs
14.8%, p=0.048). A trend towards fewer MACE alone (without significant angina) was also present (3.4%
vs 9.0%, p=0.064).%’ Bias in this open-label trial could not be ruled out, especially as regards recurrent
angina and the indication for follow-up revascularization procedures, and the extent to which OCT-
guided stent optimization contributed to the outcomes is uncertain. Thus, while a larger randomized
trial would be required for confirmation, the results of this trial are suggestive that OCT-guided PCl may

serve the dual purpose of lesion selection and stent optimization as discussed further on.
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LA 8.44 mm? )
Mean LD 3.28 mm /.

\ / LA 7.28 mm? ‘
MLA 2.50 mmZ \ Mean LD 3.04 mm/
MLD 1.78 mm \ >
%AS 68.2%
%DS 43.7%

Figure 1. OCT for anatomical measurements and morphological diagnosis.

A-D) OCT acquired images and lumen outline of an atherosclerotic lesion enabling calculation of the degree of
stenosis. A) Distal reference site cross-section image shows a healthy coronary segment in which the lumen contour
is automatically traced. B) Cross-section at the site of the MLA; the %AS and %DS are calculated as one minus the ratio
between the MLA or MLD and the mean of the proximal and distal reference lumen area or diameter, respectively,
x100. C) Fibrous lesion at the proximal reference site. D) Longitudinal representation of the mean lumen diameter
at each cross-section demonstrates the location of the MLA and the designated reference sites. E) Spontaneous
coronary artery dissection with a crescent-shaped false lumen (x). F) Thin-cap fibroatheroma with a lipid arc
extending 139 degrees and a fibrous cap thickness <65 um (arrow). G) Thin-cap fibroatheroma with small plaque
rupture (arrowhead).

%AS percentage area stenosis; %DS percentage diameter stenosis; LA lumen area; LD lumen diameter; MLA minimal lumen
area; MLD minimal lumen diameter; OCT optical coherence tomography.
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OCT-based computational assessment of functional stenosis severity

Several computed flow reserves, based upon OCT-derived dimensions, were developed, in which
anatomicalinformationis merged with mathematical fluid dynamic modelsto estimate the hemodynamic
impact of a stenosis.?®3? In general, a geometrical model needs to be created by delineating and
reconstructing lumen contours of the entire OCT pullback. Subsequently, the hemodynamic boundary
conditions need to be specified, usually by the estimation of hypothesized hyperemic flow rate. Finally,
the fluid dynamics equation are solved on the geometrical model with the hemodynamic boundary
conditions to obtain the pressure drop and FFR. The so-called optical flow ratio (OFR), FFROCT, FFR-
OCT and virtual flow reserve (VFR), in contrast to FFR, do not require establishment of hyperemia (Figure
2). The correlation of these computed reserves with FFR is stronger than that of single OCT-derived
dimensions, with an overall diagnostic accuracy ranging from 86 to 93 percent,”323* and online mean
analysis time of OFR is only T minute.® Diagnostic accuracy of VFR is currently being investigated in the
FUSION trial (NCT04356027). Neither of these indices have been validated against non-invasive ischemia
detection. How these indices compare to current pressure-based indices with respect to clinical
outcomes in patients with CCS has yet to be determined in clinical trials. Moreover, computed indices
are not yet available in current commercial systems and the required lumen area for advancement of
the OCT catheter limits assessment of very tight stenoses. Another potential shortcoming of computed
flow reserves is that collateral flow is not taken into account, and it is currently unknown to what extent

collateral flow influences the accuracy of these indices.

Culprit lesion assessment in myocardial infarction

Conventional angiography is the gold standard for identification of the infarct-related coronary artery in
acute myocardial infarction (MI). OCT may aid identification of the culprit lesion in cases with no obvious
culprit or in cases with multiple potential culprit segments. Plague rupture, plague erosion and calcified
nodules are the three major histopathologic substrates which initiate coronary thrombosis.* By OCT,
plague rupture (which may be multifocal) is characterized by the presence of a fibroatheroma with a
disrupted overlying thin fibrous cap. Plaque erosion is considered definite in presence of intraluminal
thrombus overlying a, frequently, fibrotic or fibrolipidic plaque in absence of plaque rupture, or probable
in the case of luminal surface irregularity at the culprit lesion in absence of a thrombus or in the presence
of athrombus attenuating the underlying plaque, but without evidence of superficial lipid or calcification
at the adjacent frames. It is important to consider that this differs from the histopathologic definition
of endothelium denudation and laceration of the superficial intimal layers. However, there is currently
no imaging modality that enables in vivo identification of a single-cell layer such as the endothelium.
Calcified nodules are characterized by an irregular mass with high signal attenuation protruding into
the lumen. Plaque rupture and calcified nodules typically result in more severe lumen obstruction than
plaque erosion which may therefore be less evident on angiography.*® Identification of the underlying
cause of Ml may have potential therapeutic consequences. Whereas plaque rupture and obstructive
calcified nodules merit percutaneous revascularization, evidence from the randomized EROSION pilot
trial has suggested that some cases of plague erosion may be successfully managed conservatively with
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antithrombotic therapy.” Awaiting confirmation in larger prospective trials, this alternative treatment

strategy is not to be routinely advocated.

Table 1. Diagnostic performance of OCT-derived dimensions to predict fractional flow reserve significance.

Study Patients Lesions Dimension AUC Optical Accuracy Sensitivity Specificity PPV NPV
cut-off (%) (%) (%) (%) (%)
Burzotta”' 40 40 MLA, mm? 0.83 25 85 64 93
%AS 0.87 70 83 45 97
Gonzalo™ 56 61 MLA, mm? 0.74 1.95 72 82 63 66 80
MLD, mm 0.73 134 73 82 67 68 81
%AS 061 70 57 61 55 53 62
Lee? 330 365 MLA, mm? 0.713 23 67.0 709 61.6 736 579
%AS 0.687 65.0 62.6 67.3 55.6 698 526
Pawlowski' 48 71 MLA, mm? 0.91 205 87 75 90 706 926
MLD, mm 0.90 1.28 87 71 84 68.5 90.6
Pyxaras'® 36 55 MLA, mm? 078 2.88 72 73 71
MLD, mm 0.80 1.59 78 78 79
Reith'” 46 62 MLA, mm? 0813 1.59 774 758 793 806 742
MLD, mm 0.816 1.31 80.6 87.9 724 784 840
%AS 0.807 70.6 724 758 724 758 724
Reith? 100 142 MLA, mm? 0.836 1.64 788 758 808 734
MLD, mm 0.830 1.305 86.3 694 784 796
%AS 0.794 711 77.5 694 76.5 705
Rivero® 41 41 MLA, mm? 0.70 1.92 73 84 63 67 82
MLD, mm 0.71 1.29 61 81 67 63 80
Shiono™ 59 62 MLA, mm?* 0.901 191 854 93.5 774 80.6 923
MLD, mm*
%AS* 0917 1.35 85.5 90.3 80.6 844 846
0.940 70.0 90.3 96.8 839 857 963
Usui?? 186 203 MLA, mm?* 0.732 1.39 69.0 69.0 68.9 544 805
MLA, mm?
0.718 1.56 67.5 67.1 683 825 483
Zafar® 30 41 MLA, mm? 0.80 1.62 70 97 89 91
MLD, mm 0.76 1.23 70 87 64 90
Weighted 972 1,143 MLA, mm? 0.77 1.99 721 738 70.9 768 670
mean 416 535 MLD, mm 0.82 133 78.7 81.9 749 738 818
631 732 %AS 0.74 67.8 673 70.8 64.3 71.7 62.8

%AS percentage area stenosis; AUC area under the curve; MLA minimal lumen area; MLD minimal lumen diameter; PPV
positive predictive value; NPV negative predictive value.
* Fractional flow reserve <0.75.
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OFR=0.83

@ Pullback Curve © Diameters O Short Diameters

Figure 2. |llustrative case of the calculation of optical flow ratio.

A) Coronary angiogram demonstrating diffuse lesions in the left anterior descending artery. B) Optical coherence
tomography-acquired cross-sections of the target left anterior descending artery. C) 3D-reconstruction of the imaged
vessel with a superimposed color-coded representation of the computed OFR, which measures 0.83 at the distal
end of the imaged coronary segment (right-hand side). D) Visualization of the mean diameter (gray outline) and the
decline in OFR (colored line) over the length of the imaged coronary segment.

OFR optical flow ratio.

Spontaneous coronary artery dissection (SCAD) is another cause of Ml that is being recognized with
increasing frequency. Rupture of the intimal layer and intramural microvessel rupture have been offered
as potential causes of SCAD. SCAD may present angiographically as a long spiral dissection, but in other
cases may appear as a focal coronary dissection or haziness or may be although inapparent. Although
guidewire passage and contrast injections are not recommended if angiography clearly shows SCAD,
in less clear cases OCT can definitively diagnose SCAD. By OCT, SCAD appears as a crescent-shaped
false lumen narrowing the true coronary lumen by external compression. Rupture of the intimal layer
is further visualized as a flap-like structure with sometimes fenestrated passages to the true lumen,
whereas microvessel rupture results in the occurrence of an intramural hematoma (Figure 1E).®
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Non-culprit lesion assessment in myocardial infarction

Half of patients presenting with acute Ml have angiographically evident residual coronary stenoses other
than the infarct-related lesion.> In spite of favorable outcome after angiography-guided or FFR-guided
complete revascularization compared to treatment of the culprit lesion only,*** FFR-guided deferral of
nonculprit lesions in patients with ACS is associated with higher rates of MACE than in CCS, mainly driven
by recurrent Mls and target vessel revascularization.® FFR underestimation of lesion significance due to
a temporary increase of microvascular resistance or a blunted response of the coronary vasculature to
hyperemia-inducing agents in the acute Ml setting may be responsible for this phenomenon. Conversely,
iFR tends to overestimate hemodynamic significance of borderline lesions in ACS* Perhaps more
importantly, non-flow-limiting lesions with high-risk plaque characteristics (vulnerable plaques) are
not detected by pressure-based indices. In patients with ACS, additional revascularization of nonculprit
lesions aims at decreasing future acute coronary events, rather than relieve symptoms of stable angina.
Therefore, OCT-guidance of PCl may be especially advantageous in patients with acute or recent Ml
since it not only informs on anatomic (and possibly functional) stenosis severity but also on high-risk
plague characteristics.

Vulnerable atherosclerotic plaques identified by optical coherence tomography
From histopathological studies, the plaque characteristics associated with an increased risk of
plaque rupture include a large lipid-rich necrotic core, macrophage infiltration, and arguably most
importantly a thin fibrous cap.’® In the PROSPECT study, a lipid plague burden >70%, a MLA <4.0 mm?
and a fibroatheroma with a radiofrequency IVUS-defined fibrous cap thickness of <150 um (the axial
resolution of IVUS) were independently predictive of future MACE.* However, in post-mortem studies
the mean cap thickness of ruptured plaques was 23+19 um and 95% of ruptured plaques contained a
cap <64 um.° Based on these observations, a thin cap fibroatheroma (TCFA) has been defined as an
atherosclerotic plagque containing a lipid-rich necrotic core with >90° arc with a thin overlying fibrous
cap (<65 um). High axial resolution is essential for in vivo measurement of a truly thin fibrous cap (Figure
1F-G) and only OCT affords sufficient capability.

In the prospective COMBINE (OCT-FFR) study, presence of a TCFA with median fibrous cap thickness
of 60 um was strongly associated with future target-lesion related MACE in 483 patients with diabetes
mellitus and coronary lesions of intermediate stenosis: 13.3% of patients with TCFA experienced a target-
lesion related MACE at 1.5-year follow-up compared with 3.1% of patients without TCFA (p<0.00001).
As for the individual endpoints, the incidences of target-vessel M, clinically-driven target lesion
revascularization and hospitalization for unstable or progressive angina were significantly higher in
patients with TCFA®" Similarly, Kubo et al. demonstrated that TCFAs with a fibrous cap thickness of <65
um and a lipid arc of >180° in a non-culprit coronary artery markedly increased the risk of a future ACS
at the lesion level (hazard ratio 19.14 [95%-Cl 11.74-31.20]) in 1378 patients, mostly presenting with ACS.
However, the prevalence of this combination was low.*? Finally, in the CLIMA study, OCT was performed
in untreated proximal left anterior descending artery (LAD) of 1003 patients, 53% of whom had ACS.
A high-risk plaque, defined as the presence of MLA <3.5 mm?, fibrous cap thickness <75 um, a lipid
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arc circumference of >180° and macrophages was associated with a greatly increased risk of cardiac
death or target LAD segment MI (hazard ratio 7.54 [95%-Cl 3.1-18.6]).>* The currently ongoing PECTUS-
obs study (NCT03857971) is assessing the relation between TCFA and future MACE in MI patients with
FFR-negative non-culprit lesions.* Most of these studies comprise a population at high risk for future
events and with a relative high prevalence of vulnerable plaques, both of which are critical for achieving
substantial predictive value on the occurrence of future events. Yet, specificity of OCT-identified high-
risk features remained low in all these studies. Moreover, certain histopathological features (i.e. foam
cells, hemosiderin accumulation or microcalcifications at the luminal surface or an organized thrombus)
as well as imaging artifacts (i.e. tangential signal drop-off) might mimic the OCT characteristics of TCFA,
with consequent false-positive findings.***® Also, higher cut-off values for the fibrous cap thickness for
in vivo TCFA detection have been proposed to account for post-mortem fixation artifacts.”” Ninety-five
percent of ruptured plaques had a minimum cap thickness <80 um when assessed in-vivo by OCT, whilst
the most discriminating cut-off value was a fibrous cap thickness of 67 um.*® However, this study was
performed with an occlusive balloon technique to obtain blood clearance, whereas in current practice,
this is obtained by constant contrast infusion. Nevertheless, OCT-identified TCFA correlates to non-

invasive high risk features, such as those identified on coronary computed tomographic angiography.>*<

OCT-guided treatment of vulnerable plaques

Considering the association between vulnerable plagques and the occurrence of MACE, preemptive or
"preventive” stenting of vulnerable plaques may improve clinical outcomes. In the PROSPECT ABSORB
trial, 182 patients with STEMI and NSTEMI with nonobstructive non-flow-limiting non-culprit lesions
and plague burden >65% as assessed by IVUS-near infrared spectroscopy (NIRS) were randomized to
implantation of a bioresorbable vascular scaffold (BVS) and GDMT versus GDMT alone. Routine follow-
up angiography at 25 months demonstrated that the MLA in the BVS-treated lesions was more than
twice as large as that of GDMT alone-treated lesions. Although underpowered for clinical endpoints,
the study demonstrated a trend towards fewer randomized lesion-related MACE in the BVS group
when compared to the GDMT-alone group (4.3 vs 1.7%, p=0.12), mainly driven by progressive angina
requiring revascularization” Whether OCT might serve the same purpose is currently unknown
considering the paucity of data regarding this subject. The PECTUS trial sought to investigate whether
preemptive stenting of OCT-identified vulnerable plaques (i.e. >2 of the following characteristics: lipid
arc >90°, fibrous cap thickness <65 um, plaque rupture or thrombus formation) with Absorb BVS in
addition to optimal medical therapy (OMT) results in reduced MACE compared to OMT only. This study
was terminated prematurely due to retraction of Absorb from the market, at which timepoint 6.8%
of patients were included, with no meaningful analyzable data.’ The currently ongoing PREVENT trial
(NCT02316886) is the largest upcoming study addressing this subject. This study will assess whether
preventive stenting of vulnerable plaques plus OMT results in favorable clinical outcome compared to
OMT only in 1600 patient with ACS or CCS. OCT, IVUS and NIRS are used to assess plaque vulnerability
and results for each individual imaging modality will be assessed in sub-analyses.
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The effect of intensified medical treatment on vulnerable plaques was studied in several OCT studies,
demonstrating that the mean fibrous cap thickness increases and the lipid arc decreases after a period
of intensified statin therapy.®> Recently, the HUYGENS trial demonstrated a similar effect of PCSK9-
inhibitors.® Therefore, presence of vulnerable plaques might be useful for guidance of intensified
medical therapy. However, randomized trials on such strategy, powered for clinical outcomes, are
currently lacking.

OCT GUIDANCE OF STENT IMPLANTATION

Initial PCl strategy and choice of stent size

Once the indication for revascularization is established, procedural strategy, including lesion preparation,
stent sizing (length and diameter) and determining the stent deployment site can be optimized by
OCT-guidance. First, OCT enables distinguishing superficial from deep calcification and assessment
of calcification thickness. This information can be used to guide lesion preparation, including use of
atherectomy, lithotripsy or cutting/scoring balloons. An OCT-based scoring system was developed to
identify those lesions that would potentially benefit from lesion advanced preparation before stent
implantation (i.e. lesions with a maximal calcium angle >180°, maximum calcium thickness >0.5 mm
and a calcium length >5 mm).%® Second, stent landing zones can be determined by identifying healthy
or fibrous reference zones, avoiding lipidic plaques and TCFAs in particular.®® Moreover, the appropriate
stent diameter can be determined by measurements at the corresponding reference segments. In
the prospective ILUMIEN | study, OCT guidance led to an alteration in treatment strategy in 55% of
patients and 57% of lesions, including the adoption of a different stent length (25% decreased and 43%
increased) and a different stent diameter (31% decreased and 8% increased).’

Compared to IVUS-guided treatment, OCT was found to result in the usage of smaller stent diameters
both in the previously mentioned registry as well as the OPINION trial, %% although other studies
demonstrated no difference in the adopted stent diameters with OCT vs IVUS.”%! Use of stents with smaller
diameters may lead to higher event rates considering that the achieved minimal stent area (MSA) is the
strongest predictor of long-term outcomes.”> There are several possible reasons for the differences in the
stent size after OCT and IVUS. First, OCT-acquired measurements of luminal dimensions are smaller than for
IVUS.""13 Second, criteria for stent sizing in IVUS are mainly based upon the measurement of the external
elastic membrane (EEM), which defines the outer edge of the medial layer of the vascular wall. Although
OCT visualizes the reference segment EEM in healthy reference segments and in many fibrous plaques,
light attenuation by lipid inhibits EEM assessment in many plaques.”® As a result, luminal measurements
were often used for OCT guidance. To overcome this limitation, three new guidance strategies have been
proposed, all resulting in the adoption of equally sized stents and the achievement of similar MSA. In the
ILUMIEN IlIl: OPTIMIZE PCl trial, stent sizing was primarily based on the EEM diameter of the reference sites
(rounded down to the nearest 0.25 mm). Luminal measurements were only used when both proximal and
distal EEM were not visible over an arc of at least 180° degrees. Importantly, sufficient visibility of the EEM
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was common and did not differ between OCT and IVUS.”® In the iSIGHT trial, a similar EEM-based algorithm
was applied, with the addition that vessel tapering was also taken into account and the largest mean EEM
of the reference sites was used.” The other proposed strategy from the MISTIC-1 trial includes the addition
of 10% or 0.25 mm to the mean reference lumen diameter.”> However, a subanalysis of the ILUMIEN III:
OPTIMIZE PCl trial demonstrated that applying a correction factor to luminal measurements results in
discordance in stent sizing in over half of patients and stent oversizing in 41% of cases.”® In consequence,
OCT-guided stent sizing should be based upon the EEM dimensions whilst luminal measurements should
only be used on the occasion that the EEM visibility is insufficient.

Optimization after stent placement

Small MSA (often due to stent underexpansion, possibly with malapposition), edge dissections and
residual untreated edge stenoses are the predominant characteristics of suboptimal stent implantation.
OCT outperforms both angiography and IVUS for the detection of these findings (Figure 3). 11266717377
7 Notably, a striking difference was demonstrated between the number of suboptimal stent
characteristics identified by site operators and a dedicated core laboratory, stressing the necessity for
automated detection algorithms.®” Nonetheless, it is unclear to what degree minor features contributed
to this discrepancy, and many features that are visible exclusively by OCT may be minor and often
resolve without clinical sequelae.*®® On the other hand, OCT-identified major edge dissections and
stent underexpansion in particular are more prevalent in patients with stent thrombosis2# Also,
OCT-identified suboptimal stent deployment, and particularly a lower MSA, presence of distal edge
dissections and reference lumen narrowing, was related to increased 1-year MACE in the CLI-OPCI I
study (hazard ratio 3.53 [95%-Cl 2.2-5.8]). In this study, proximal edge dissections were not found to
be predictive of adverse outcome, nor was malapposition,® which is inconsistent with other studies
reporting an association between malapposition and both early and late stent thrombosis.22# Although
the clinical impact of malapposition remains debated, presence of major malapposition justifies iterative
treatment, especially when combined with other signs of suboptimal stent implantation.

Procedural outcome of routine OCT-guided PCI

QCA and OCT-derived lumen and stent measurements were comparable after OCT-guided and IVUS-
guided stent sizing in the MISTIC-1 trial directly after intervention and 8 months thereafter, as was the
percentage of patients with optimal stent implantation. However, in-segment MLA at follow-up was
numerically larger in the OCT treated arm (4.33 vs. 3.71 mm?, p=0.18).> In the randomized iSIGHT trial,
OCT guidance was superior to angiography guidance and non-inferior to IVUS-guided stent sizing
with respect to stent expansion. Although designed as a non-inferiority trial, a trend towards better
stent expansion with OCT guidance compared to IVUS guidance was demonstrated. Accordingly, the
percentage of patients with optimal stent expansion (=90%) was higher in the OCT-arm compared to
both other arms.”

OCT-quided stent optimization increases final MLA by approximately 10%,°® decreases major
malapposition by about 50% and decreases stent underexpansion and edge dissection from about 30%
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and 10%, respectively, to 0%.%” Three randomized trials have compared OCT to angiography alone for
stent optimization. The %AS was lower and the total stent and lumen volume were larger after OCT-
guided stent optimization with trends towards larger MLA at follow-up. The percentage of malapposed

stent struts immediately after PCl and the percentage of uncovered struts at follow-up were lower in the
OCT-guided group.8-#

Figure 3. Characteristics of suboptimal stent implantation.

A) Optical coherence tomography-acquired cross sectional image with a major stent edge dissection (>200 um)
(arrow) within 5 mm of the stent edge (bold arrow in D, the longitudinal display of the vessel). B) Stent malapposition
in another patient is visible as a clear separation of the stent struts and the luminal surface (>200 um) (arrowheads). C)
Cross sectional image of another patient showing stent underexpansion, defined as a MSA that is <90% of the mean
proximal and distal reference lumen areas, which were 12.54 mm?and 8.26 mm? respectively in the represented case.
MSA minimal stent area.

Some studies have incorporated the use of OCT for both stent guidance and stent optimization. In a
small randomized trial, OCT-guided PCl was found to result in higher residual stenosis and smaller MSA
as compared to IVUS-guided PCl.”® However, a more recent propensity-matched study demonstrated
that stent expansion was comparable between both groups, although absolute MSA, measured by the
modality that guided the procedure, was larger in the IVUS-guided treatment group.” In the randomized
ILUMIEN-III: OPTIMIZE PCl trial, final post-interventional MSA was similar following OCT-guided and IVUS-
guided PCl, with both trending higher than angiography-guided PCl.”® A retrospective observational
study as well as the DETECT-OCT trial demonstrated larger luminal dimensions following OCT-guided PCl
compared with angiography£?* OCT-guidance was also found to result in higher post-procedural FFR
values compared to angiography in the randomized DOCTORS trial (0.9440.04 vs 0.92+0.05, p=0.005),
which was accompanied by a smaller residual stenosis. Likewise, 82.5% of patients in the OCT-guided
arm had FFR >0.90 compared to 64.2% in the other group.”
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Synthesizing the available evidence to date, OCT-guided PCl seems to be non-inferior to IVUS-guided PCI
with respect to acute post-procedural MSA and stent expansion but results in larger luminal dimensions
than with angiography guidance. Furthermore, the findings suggest potential benefit of OCT guidance
compared to angiography with respect to post-procedural blood flow. OCT guidance also results in the
lowest rates of stent malapposition and untreated edge dissections, and the amount of uncovered stent
struts at follow-up is lower after OCT-guided PCl (Table 2).

Table 2. Stent-related outcomes of routine OCT-guided stent placement.

Outcome
Study Patients Endpoint oCcT IVUS Angiography Main conclusion
Acute
DETECT-OCT® 894 MLD, mm* 284042 275+ 044t  Fewer malapposed
%DS* 99+7.1 109+76  strutsare seen
postprocedural
after OCT-guided
PCl
DOCTORS?” 240 MLD, mm* 2.89+040 290+042  FRRis significantly
%DS* 70+43 8.7 £631 higher after OCT-
FFR 0.94 +0.04 092+005t  guided PCl
Khalifa® 390 MLD, mm* 2554035 2.13+£050t  OCT-guided PCl
9%DS* 14+ 4 24 + 10t results in favorable
%BAS* 1545 35417+ acute stent related
outcome
Kim®” 17 MLD,mm* 268 +0.52 278044  Similar post-
procedural MLD
is reached in both
groups
OCTACS®™ 100 MSA, mm? 6.0+16 55+20 Fewer malapposed
MLA, mm? 60+15 56+1.8 struts are seen
Malapposed struts, % 34(03-76) 78(23-194)t Postprocedural
after OCT-guided
PCl
Habara™ 70 Focal stent expansion, %% 64.7 £13.7 80.3 £ 134+ Both focal and
Diffuse stent expansion, 842+158 988 £ 16,5t diffuse stent
%%+ expansion is higher
MSA, mm? 57421 69+ 241 after IVUS-guided
revascularization
ILUMIEN 1177 572 Stent expansion, % 72.8(63.3-81.3) 706 (62.3-78.8) Post-procedural
MSA, mm? 5.0 (3.9-6.4) 55 (4.4-7.0)t+ stent expansion is
MLA, mm? 50(4063)  55(44-69)t+ comparable after
OCT-and IVUS-
guided PCI
MISTIC-17 109 MSA, mm? 6.24 (4.62-7.70) 6.50 (5.09-8.37) The acute in-
MLA, mm? 457 (3.13-5.86) 421 (349-548) segment MLA is
Malapposed struts, % 35(1.2:68)  34(1.263) sy i i
groups
OPINIONS 829 In stent MLD, mm* 2574043 261 +046 Acute procedural
In segment MLD, mm* 225+053 227 £052 stent-related
In stent %DS* 11+£6 10+£6 outcome is
In segment %DS* 22+10 22+9 comparable
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Table 2. Continued

iSIGHT™ tent expansion, % 98.01 + 16. OCT-guidance
Stent expansion >90%, % 74.5 49.01 509t is superior to
MSA, mm? 7.18 +2.66 6.97 +£2.09 7.26+248 angiography and
MLA, mm? 6.93+252 6.89+ 201 724 +244 non-inferior to IVUS
Malapposed struts, % 1594214 307392t  414+692t Withrespectto
Edge dissections, % 157 1.7 189 stent expansion
ILUMIEN 1II: 450 Stent expansion, % 105.8 106.3 1014 (91.9-  MSA after OCT-
OPTIMIZE PCI739! (97.8-119.8) (96.7-116.6) 110.2)t directed stent
MSA, mm? 5.79 (4.54-7.34) 589 (467-7.80) 549 (4.39-6.59) guidanceis non-
Malapposition, % 41 39 59t inferior to IVUS-
Edge dissections, % 28 40t 441 and not superior
to angiography-
guided stent
implantation
Follow-up
DETECT-OCT® 894 MLD, mm* 277 £045 267 + 046t
%DS* 109+87 116+82  reweruncovered
Uncovered struts, % 7.5 (2.9-17.4) 093217y Cutsat3months
are seen after OCT-
Malapposed struts, % 0.0(0.0-24) 0.6 (0.0-5.1)t guided PCI
MLD, mm* 277 £045 2.67 + 046t
Kala®® 201 MLA, mm? 6.67 £ 221 6.13+£225
MLD, mm 287 £ 050 Aty VIS
%AS 62142344 1784+ 2108t CUtcome was
seen at 9 months
Uncovered struts, % 1278 £13.01 16.79 £ 15.80 follow-up
Malapposed struts, % 0.82+285 0.82+ 143
Kime’ 17 MSA, mm? 657+196 661+227  Fawer uncovered
MLD, mm* 268 +0.52 278 +044 struts at 6 months
Uncovered struts, % 160+ 1.84 4514543t  are seen after OCT-
Malapposed struts, % 0.19+051 098+253t guided PCl
OCTACS® 100 MSA, mm? 62+16 57419  Fewer uncovered
MLA, mm? 54+1.7 51+£22 struts at 6 months
Uncovered struts, % 43(1.2-9.8) 9.0 (5.5-145)t are seen after OCT-
Malapposed struts, % 0.0 (0.0-0.8) 0.0(0.0-14.8) 9uided PCl
OPINION¥@ 829 In stent MLD, mm* 2394051 2454051 Similar stent
In segment MLD, mm* 2.16 £ 0.56 217 £055 outcome was
In stent %DS* 16+ 11 15+£9 seen at 8 months
In segment %DS* 24413 24412 follow-up
MISTIC-17% 109 MSA, mm? 606 (435-7.70) 628 (4.77-8.13) 8 eihs falllenys
MLA, mm? 433(2.95-5.50) 3.71(2.89-5.21) up, the in-segment
Uncovered struts, % 0.0 (0.0-1.4) 0.0 (0.0-1.5) MLA is similar in
Malapposed struts, % 0.0(0.0-00) 00 (0.0-06) both groups

%AS percentage area stenosis; %DS percentage diameter stenosis; FFR fractional flow reserve; IVUS intravascular ultrasound;
MLA minimal lumen area; MLD minimal lumen diameter; MSA minimal stent area; OCT optical coherence tomography; PCI
percutaneous coronary intervention; RCT randomized controlled trial.

*Measured by quantitative coronary angiography.

1 Significant difference compared with OCT.

¥ Measured by IVUS.
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Clinical outcome following routine OCT-guided PCI

The aforementioned MISTIC-1 trial, in which OCT was solely used for stent sizing, showed no differences
in all-cause mortality, Ml and revascularization after 3 years follow-up compared with IVUS-guided stent
sizing.” Similarly, no differences in clinical endpoints were observed in the iSIGHT trial.”* It should be
noted though that both trials were clearly underpowered for clinical endpoints.

The first evidence of improved clinical outcome following OCT-guided stent optimization originated
from a retrospective study in which OCT and angiography for stent optimization were examined in 670
patients. In this study, short term outcomes were similar, but after 12 months follow-up the risk of cardiac
death or Ml was significantly lower in the OCT-guided group. No differences in stent thrombosis or target
lesion revascularization were demonstrated.”® In a prospective registry comparing angiography, OCT-
guided and IVUS-guided stenting, unadjusted and adjusted all-cause mortality rates were significantly
higher after angiography-guided PCl after a median follow-up of 4.8 years. No difference in outcomes
between OCT and IVUS guidance was found in an adjusted model. Of course, this registry is limited by
the potential of bias considering its observational design.®® No difference in clinical outcome was found
in any of the three randomized trials comparing OCT to angiography; however these studies included
only a limited number of patients in each trial %

In the ILUMIEN Ill: OPTIMIZE PCl trial, no differences were seen in the acute procedural, 30-day” and 1 year
MACE rates between OCT, IVUS and angiography guidance for both stent placement and optimization.”
Also in the DOCTORS trial, no difference in MACE was demonstrated after 6 months between OCT and
angiography. However, overall event rates in this trial were low with only 1 event (0.8%) in each group.”
Notably, both studies were underpowered for clinical endpoints. In the sufficiently powered OPINION trial,
12-month target vessel failure (TVF) was demonstrated in 5.2% of patients after OCT-guided compared to
4.9% after IVUS-guided PCl (p=0.042 for non-inferiority).*® Last, in a recent retrospective study, conducted
by the same investigators, MACE rates were lower at 1-year follow-up in the OCT-guided PCl group
compared to angiography.®® These two studies were performed in Japan where intracoronary imaging is
widely adopted. As a consequence, generalizability to other populations is difficult.

In summary, retrospective studies demonstrate that outcome following OCT-guided PCl may be favorable
compared to an angiography-guided strategy, and OCT-guided PCl is non-inferior to IVUS-guided
revascularization (Table 3). Numerous ongoing randomized trials will provide additional evidence. The
outcomes of OCT-guided stent sizing using the ILUMIEN Il EEM-based reference segment approach and stent
optimization compared with angiography guidance is being tested in the ongoing 2500-patient ILUMIEN-IV:
OPTIMAL PCl randomized trial (NCT03507777). Patients with high-risk clinical and/or high-risk angiographic
characteristics are included. The primary endpoints are postprocedural MSA and TVF at 2-years follow-up. A
similarly designed but smaller study (n=550), the COCOA trial (NCT03176810), is powered to assess MSA. Stent
optimization based upon OCT findings in the angiography-guided treatment arm is allowed after assessment
of the primary outcome,”” enabling evaluation of OCT-guided stent implantation as regards clinical outcome.
The OCTIVUS trial (NCT03394079) is assessing the non-inferiority of OCT guidance compared to IVUS in 2000
randomized patients. The primary endpoint is TVF at 1-year follow-up.”
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Table 3. Clinical outcome of routine OCT-guided stent placement.

Outcome
Study Patients Follow-up Endpoint ocT IVUS Angiography Main conclusion
CLI-OPCI® 670 12 months MI, % 54 8.7 Lower 12-month risk
TLR, % 33 33 of the composite
Cardiac death, % 1.2 45% of cardiac death or
Cardiac deathor MI, % 66 13.0% non-fatal Ml was
All-cause mortality, % 3.3 6.9% demons.trated after
OCT-guided PCl
DOCTORSt” 240 6 months MACE, % 25 1.6 Composite of death,
M1, % 0.8 08 Ml and TVR is similar
TVR, % 1.6 0.8 after six months of
All-cause mortality, % 0.8 0.0 follow-up
Kalat®® 201 9 months MACE, % 3 1
MI, % 1 0
TLR, % 2 1
All-cause mortality, % 0
Khalifa® 390 1 year MACE, % 5 12%
ML, % 1 3 1-year MACE is lower
TLR, % 1 after OCT-guided PCI
Cardiac death, % 3 6
Kimt®” 17 1 year MACE, % 34 5.1 MACE at 1 -year follow-
TLR, % 34 34 up is comparable
OCTACSt®® 100 6 months MACE, % 0 4 MACE at 6 months was
Cardiac death, % 0 2 rare in both groups
MISTIC-117 109 1 year MI,% 37 1.8 1-year clinical outcome
TLR, % 19 55 is similar, as were
Cardiac death, % 19 00 outcome in the second
All-cause mortality, % 3.7 36 and third year of
follow-up
OPINION®® 829 12 months TVF, % 52 49
MACE, % 29 35
M, % 05 07 TVF at 12 months is
comparable
TVR, % 49 4.2
TLR, % 27 3.0
ILUMIEN 1II: 450 30 days MACE, % 3 1 1
OPTIMIZE MI, % 1 1 0
perr TLR % 1 0 1 30-day and 1-year
1 year All-cause mortality, % 0 0 0 MACE are comparable
MACE, % 9.8 9.1 79 between all three
MI, % 26 2.2 23 groups
TLR % 13 29 14
All-cause mortality, % 0 0 0
ISIGHT 74 151 2.5 years MACE, % 78 40 6.1 liniee] Ui
TLR, % 19 0.0 0.0 similar after a median
Cardiac death, % 1.9 00 20 follow-up of 2.5 years
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Table 3. Continued

Jones 87,166 48years  All-cause mortality, % 7.7 12.2% 15.7% All-cause mortality
All-cause mortality ~ 9.60 16.80 is lower after OCT-
propensity matched,  8.96 10.20 than after IVUS- or
% angiography-guided
PCl

FFR fractional flow reserve; IVUS intravascular ultrasound; MACE major adverse cardiovascular events; Ml myocardial
infarction; OCT optical coherence tomography; PCl percutaneous coronary intervention; RCT randomized controlled trial;
TLR target lesion revascularization,; TVF target vessel failure; TVR target vessel revascularization.

* Significant difference compared with OCT.

T Underpowered to demonstrate clinical endpoints.

Last, previous studies demonstrated that IVUS-guided revascularization is especially advantageous in
complex lesions, including long lesions, left main disease, chronic total occlusions (CTO) and bifurcation
lesions.** Regarding the latter, three-dimensional OCT enables visualization of the implanted stent
that can be used to optimize recrossing strategies.® Also, OCT guidance in PCl of left main disease
was feasible in the pilot LEMON study® and non-inferior to IVUS guidance in a retrospective analysis.”
Additional evaluation of OCT-guided PCl of complex lesions is currently under investigation. The
OCTOBER trial is comparing an OCT-guided strategy to an angiography-guided strategy in 1200 patients
with complex left main or non-left main bifurcation PCl with respect to 2-year MACE.*® The OCCUPI
trial randomizes 1604 patients to investigate whether OCT-guided PCl of complex lesions is superior to
angiography-guidance as regards to 1-year MACE. In addition, the OCT-guided treatment arm will be
subdivided into two treatment groups to compare full OCT-guidance to OCT-guided stent optimization
only to investigate the additional value of OCT-guided stent implantation. The OPTIMUM trial is
comparing three-dimensional OCT to angiography for guidance of bifurcation lesion revascularization
in 106 patients. The primary endpoint consists of the percentage of malapposed struts directly after the

procedure.”

LIMITATIONS OF OPTICAL COHERENCE TOMOGRAPHY

Technical limitations impair the imaging of aorta-ostial lesions and ectatic or tortuous coronary arteries
by OCT. Also, OCT has not been studied for guidance of CTO revascularization. Therefore, IVUS may be
the preferred modality for these coronary segments and lesions. Moreover, a survey of 1,105 physicians,
mainly interventional cardiologists, demonstrated that cost, prolongation of the procedure, lack of
training and the absence of established guiding criteria are the principle reasons that OCT is not routinely
used.'® Results from the FORZA trial demonstrate that costs are higher with OCT guidance than with
FFR-guided PCl. However, a formal cost-effectiveness analysis comparing OCT to IVUS or angiography
has not been performed.” Procedural time is indeed increased with approximately 15 minutes,
including catheter preparation, setting up the system, image acquisition and image assessment,®’73798
which might be considered acceptable if other limitations were addressed. In this regard, Lee et al. and
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Shlofmitz et al. have proposed two similar algorithmic approaches for use of OCT in real-time decision
making.'?1%2 Also, the MLD-MAX (Morphology, Length, Diameter — Medial dissection, Apposition,
Xpansion) workflow is being used with increasing frequency. (Semi-)Jautomated OCT interpretation

might further enhance lesion interpretation and spur adoption. Most commercially available systems
already contain an automated stent identification and lumen or EEM contour tool. Automated lesion
morphology assessment by use of deep machine learning is currently being explored (Figure 4).1%1%

EEL 4,31 mm
Lumen 3,16 mn

Catheter [l Guidewire | Lumen |l Fibrous tissue [l Tunica media [l Lipid [l Calcium

Figure 4. Automated assessment of OCT-acquired images.

A) Automated detection of the lumen contour (continuous line) and external elastic lamina (dashed line). B)
Automated detection of the extent of calcifications (*) measured over a total arc of 204 degrees (orange angular
lines). C) Cross-sectional reference image. D) The same image as in C following automated lesion characterization.
EEL external elastic lamina.
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Another, although limited, concern raised in the aforementioned survey is the risk of complications.'®
First, blood clearance is generally obtained by continuous flushing with ionized contrast agents, with
a significant increase in the amount of contrast used,®%873”° and may therefore be a concern for some
physicians in patients with pre-existent kidney disease. Nevertheless, no increased incidence of contrast-
induced nephropathy was reported in any of the larger controlled trials.6%8737° Moreover, other flushing
agents, such as saline, have been tested and resulted in similar imaging quality.'® Temporary side-
effects include ventricular ectopic beats (3.3% of patients), transient vessel spasm (1.1%) and transient
ST-segment elevation (0.3%)."%'” Complications of OCT are rare with a combined incidence of 0-5.8%,
among which life-threatening ventricular arrhythmias (0- 3.2%), and major coronary dissections (0-19%)

are the most frequent.6870737578106108

CONCLUSION

OCT provides information that can be used for lesion selection, procedural planning, stent optimization
and assessment of acute procedural success in percutaneous revascularization (Central illustration).
The collective findings from numerous observational studies and randomized trials to date support the
adoption of OCT for stent guidance and optimization, enabling better stent expansion with fewer edge
dissections, malapposition and untreated residual disease compared with angiography-guided PCl,
and with higher diagnostic accuracy for the detection of major and minor acute stent complications
compared with both IVUS and angiography. OCT also exceeds other imaging modalities for the
identification of true TCFA, and evidence for the prognostic implications of these vulnerable plaques
is robust. However, definitive data demonstrating improved clinical outcomes of OCT-guided PCI (let
alone for preventive vulnerable plaque treatment) are lacking and are pending the results of ongoing
and planned large-scale randomized trials. Finally, automated qualitative and quantitative image
assessment and OCT-derived physiologic lesion assessment may further improve the ease of use and
utility of intravascular OCT imaging and stimulate its routine adoption for daily clinical practice.
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Culprit lesion
assessment

Anatomic
severity

Vulnerable plaque
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Flow
assessment o

N :
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Stent preparation
optimization Stent
guidance

Central illustration. OCT as potential future all-in-one tool in percutaneous coronary revascularization.

Potential applications of OCT to guide decision-making processes during percutaneous revascularization procedures.
These include identification and assessment of the culprit lesion and vulnerable plaques, assessment of anatomic
and functional severity, lesion preparation, guidance of stent implantation and post-implantation stent optimization.
OFR optical flow ration; OCT optical coherence tomography.
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ABSTRACT

Background Physiological indices and intracoronary imaging provide additional and complementary
information to coronary angiography, which may enhance procedural decision making during
percutaneous coronary intervention (PCl). This study aimed to evaluate the impact of fractional flow
reserve (FFR) and optical coherence tomography (OCT) on revascularization decision making and PCI

strategy compared with angiography guidance alone.

Methods In this secondary analysis from the prospective, observational FUSION (Validation of OCT-
Based Functional Diagnosis of Coronary Stenosis) study, the impact of angiography, OCT, and FFR on
procedural decision making was evaluated by comparing the intended treatment strategy after each
step to the actual treatment strategy, which was left to the operator’s discretion and was guided by the

totality of diagnostic testing.

Results Among 224 patients (mean age, 67.4 + 9.2 years; 30.8% women), 116 (51.8%) underwent
coronary revascularization, while it was deferred in 108 (48.2%). Compared with the actual treatment
strategy, the rate of intended revascularization was significantly higher when guided by angiography
(62.5% vs 51.8%; P = .002) or OCT (66.5% vs 51.8%; P < .001), but similar when guided by FFR (53.6% vs
51.8%; P = .34). Among lesions undergoing PCl with available strategy information (n = 83), the intended
stent size differed from the actual implanted stent size in 59.0% of cases based on angiography,
compared with 12.1% of cases based on OCT findings (P < .001).

Conclusions FFR and OCT provide distinct yet complementary information that significantly impacts
decision making during PCl. Specifically, FFR informs revascularization decision making, while OCT plays
a crucial role in device sizing. Combining anatomical, morphological, and physiological variables in a
single modality may enhance decision making and reduce resource utilization
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INTRODUCTION

Invasive coronary angiography is the universal modality for guiding percutaneous coronary intervention
(PCI) yet has significant limitations. First, angiographic assessment of lesion severity is often subjective,
lacks reproducibility, and correlates poorly with downstream ischemia.? Second, its low-resolution and
2-dimensional lumenography limits accurate evaluation of vessel size and plague morphology, which
are critical for precise device selection.

Various interventional technologies can provide complementary information, overcoming these
limitations. Physiological indices, such as fractional flow reserve (FFR), assess the physiological severity
of lesions and allow identification of ischemia-causing stenoses. Intravascular imaging (IVI), such as
optical coherence tomography (OCT), allows detailed anatomical and morphological lesion evaluation,
enabling precise planning and optimization of PCl. Given their distinct yet complementary roles,
coronary physiology and imaging play synergistic roles in guiding PCI. This study sought to evaluate
their respective impacts on (1) revascularization decision making and (2) PCl strategy compared with
angiography guidance alone.

MATERIAL AND METHODS

Study population

This study is a secondary analysis of the multicenter, prospective, observational FUSION study (Validation
of OCT-Based Functional Diagnosis of Coronary Stenosis; ClinicalTrials.gov, NCT04356027), which
evaluated the diagnostic performance of OCT-derived flow reserve (virtual flow reserve [VFR]) compared
with pressure wire-derived FFR. The study design and primary results were reported previously.? Briefly,
312 patients undergoing invasive coronary angiography for stable, unstable, or silent angina, or non-ST
segment elevation myocardial infarction with at least 1 intermediate native coronary artery stenosis
(diameter stenosis of 40%-90% on visual estimation) underwent both pressure wire-based physiological
evaluation and OCT imaging of all target lesions. Culprit lesions in non-ST segment elevation myocardial
infarction and lesions requiring predilation were excluded. The study protocol was approved by the
institutional review boards or ethics committee of each participating center and was performed in

accordance with the Declaration of Helsinki. All patients provided written informed consent.

Study procedures

All patients underwent diagnostic coronary angiography according to local site protocols. Eligible
patients subsequently underwent intracoronary OCT imaging and pressure wire-based physiological
assessment. The OCT was performed using the Dragonfly OPTIS Imaging Catheter (Abbott Vascular)
with a motorized pullback in survey mode, allowing evaluation of all target lesions within the proximal
75 mm of the target vessel. Physiological measurements were obtained using the PressureWire X
(Abbott Vascular). After pressure equalization at the guiding catheter and administration of 200 pg of
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intracoronary nitroglycerin, the pressure wire was advanced distal to the target lesion. The FFR was then
measured following the induction of maximal hyperemia, achieved using either intravenous adenosine
(140 pg/kg/min continuous infusion) or intracoronary adenosine (200 pg for the left coronary artery or
100 pg for the right coronary artery). A final drift check was performed after the pressure wire was pulled
back to the coronary ostium. Repeat physiological assessment was performed in cases of significant
drift (Figure 1).

Intended treatment strategy

This analysis evaluated the impact of angiography, OCT, and FFR on procedural decision making.
Following each diagnostic modality, operators documented sequentially whether they intended
to proceed with revascularization or defer treatment based on the findings. For cases in which
revascularization was planned, the intended PCl strategy—including stent diameter and length—was
also recorded after the initial angiographic assessment and after OCT analysis. These intended decisions
regarding revascularization and PCl strategy were then compared with the actual treatment performed,
which was left to the operator’s discretion and was guided by the totality of diagnostic testing. A change
in stent size between the intended and the actual stent implanted was defined as an absolute difference

of >0.25 mm in diameter or >4.0 mm in length.

Statistical analyses

Categorical variables are reported as absolute value (percentage), while continuous variables are
summarized as mean + SD or median (IQR), when appropriate. Baseline clinical and procedural
characteristics were analyzed using the independent samples Student t test, the x? test, Fisher exact
test, or Wilcoxon rank-sum test. Paired data on treatment plan and PCl strategy were evaluated using
the McNemar test or the 1-sample paired t test. Revascularization decision making was evaluated in
the complete cohort and for the 3 major coronary arteries separately. A 2-sided P value of <.05 was
considered statistically significant. All statistical analyses were performed using SAS version 9.4 (SAS
Institute) and R version 4.3.
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Identify the target lesion:
Pre-PCl angiography

v
| Insert pressurewire |
v
| Recorde pre-PCI Pd/Pa and RFR |<—
v
Start hyperemia
Record pre-PCl FFR
v
| Wait for hyperemia to wear off | Yes
v
| Pre-PCI RFR pullback |
v
| Check for pressure drift (>0.03) |—
+ No
| Remove pressurewire |
v
Insert OCT catheter

Collect pre-PClI OCT and angio
co-registration

¥

Remove OCT catheter
Subject enrolled in FUSION trial

¥

Perform PCl or finish FUSION protocol

Figure 1. FUSION study protocol.

FFR fractional flow reserve; OCT optical coherence tomography; PCl percutaneous coronary intervention; RFR resting full-
cycle ratio.

RESULTS

Study population

After the core laboratory review of the coronary angiogram, physiology assessment and OCT images,
a total of 224 patients were included in the study. The mean age of the population was 67.4 + 9.2
years, and 30.8% of patients were women (Table 1). Stable (48.2%) and unstable angina (37.1%) were
the predominant indications for invasive coronary angiography. Revascularization was performed in
116 (51.8%) patients, while it was deferred in 108 (48.2%) patients. Compared with those who did not
undergo revascularization, patients who underwent revascularization had lower rates of hypertension
(75.9% vs 88.9%; P = .01) and a history of myocardial infarction (9.5% vs 19.4%; P = .03) or PCl in a
nontarget vessel (15.5% vs 35.29%; P < .001).
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Table 1. Baseline characteristics.

Characteristic Revascularization No Revascularization P-value
N=116 N=108
Age, yr (mean + SD) 67+96 67.7 +88 70
Female 30(25.9) 39 (36.1) .10
Hypertension 88 (75.9) 96 (88.9) 01
Dyslipidemia 92 (79.3) 94 (87.0) 12
Diabetes 47 (40.5) 34 (31.5) 16
Renal insufficiency 10 (8.6) 9(8.33) 94
Current smoker 20(17.2) 16 (14.8) 62
Prior Ml in non-target vessel 11(9.5) 21(194) 03
Prior PCl in non-target vessel 18 (15.5) 38(35.2) <.001
Presentation 02
Stable angina 60 (51.7) 48 (44.4% 28
Unstable angina 35(30.2) 48 (44.4) 03
Silent ischemia 21(18.1) 10(9.3) 06
NSTEMI 0(0.0) 2(1.9) 14

Values are n (%) unless specified.

MImyocardial infarction; NSTEMI non-ST-segment elevation myocardial infarction; PCl percutaneous coronary intervention.

Target vessel and lesion characteristics

Vessel-level and lesion-level characteristics are summarized in Table 2. Among 226 target vessels, the
majority were located in the left anterior descending artery (55.3%). The mean FFR was significantly
lower in revascularized vessels compared with those in which revascularization was deferred (0.75 +
0.10 vs 0.89 £ 0.07; P <.001). Across 228 target lesions, the mean maximal diameter stenosis was 65.7%
+ 14.9%. The minimal lumen area was significantly smaller in revascularized lesions compared with
deferred lesions (1.81 £ 1.48 vs 3.66 + 2.88 mm? P = .02).
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Table 2. Vessel-level and lesion-level characteristics.

Characteristic Revascularization No Revascularization P-value

Vessel-Level n=114 n=112

Target vessel <.001
Left anterior descending 75 (65.8%) 50 (44.6%) 001
Left circumflex/ramus 26 (22.8%) 27 (24.1%) 82
Right coronary artery 13 (11.4%) 35(31.3%) <.001

Fractional flow reserve 0.75+0.10 0.89+0.07 <.001

Lesion-Level n=114 n=114

Lesion length, mm 204 +89 183+95 01

Maximal diameter stenosis, % 739+£122 575+£126 <.001

Minimal lumen area, mm? 1.81+148 3.66 £ 2.88 .02

Values are n (%) or mean + SD.

Treatment decision making based on different modalities

Compared with the actual treatment strategy, revascularization was more frequently intended based
on angiographic (62.5% vs 51.8%; P =.002) and OCT (66.5% vs 51.8%; P <.001) findings (Figure 2). The
intended revascularization rate based on physiological assessment was similar to the actual treatment
performed (53.6% vs 51.8%; P = .34). Subgroup analyses per coronary artery demonstrated consistent
results (Supplemental Figure S1).

Operator-determined PCl strategy based on angiography and OCT was available for 83 lesions. In paired
comparisons with the actual length and diameter of the stent implanted, the intended stent length and
diameter differed significantly more frequently when determined by angiography (59.0%) compared
with OCT (12.1%; P <.001) (Figure 3). Specifically, stent length determined by angiography differed from
the actual implanted stent length in 41.0% of cases, compared with 2.4% when determined by OCT (P
< .001). Similarly, discrepancies in stent diameter occurred in 45.8% by angiography vs 10.8% by OCT
(P <.001). Furthermore, the mean absolute differences between intended and actual stent length and
diameter were significantly greater for angiography vs OCT guidance (stent length: 4.43 + 6.2 vs 0.22
+ 0.86 mm, respectively; P <.001; stent diameter 0.18 + 0.23 vs 0.03 £ 0.10 mm, respectively; P < .001).
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Figure 2. Intended and actual treatment strategies.
FFR fractional flow reserve; OCT optical coherence tomography.
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Figure 3. Changes in percutaneous coronary intervention strategy.

OCT optical coherence tomography.

* Defined as an absolute change in stent diameter of 20.25 mm and/or stent length of >4.0.
" Defined as an absolute change of >20.25 mm.

* Defined as an absolute change of >4.0 mm.

DISCUSSION

This study evaluated the individual impact of various diagnostic modalities in guiding revascularization
decisions and PCl strategy. The main findings were as follows: (1) physiological assessment with FFR
closely aligned with the final revascularization decisions, whereas angiography and OCT guidance led
to significantly higher intended revascularization rates; and (2) OCT played a crucial role in determining

62



OCT AND FFR FOR DECISION MAKING

the PCl strategy, frequently prompting adjustments to stent length and diameter beyond angiography
alone (Central lllustration).

As expected, this study indicates that the rate of intended revascularization based on angiography or
IVI findings was substantially higher than that based on physiology, which ultimately had the greatest
influence on the final treatment decision. These findings are consistent with prior randomized trials
comparing FFR-guided vs IVI-guided revascularization strategies.*¢ In the FORZA trial, revascularization
was performed in 50.7% in the OCT-guided arm compared with only 29.3% in the FFR-guided group.*®
Similarly, in the FLAVOUR (Fractional FLow Reserve And IVUS for Clinical OUtcomes in Patients with
InteRmediate Stenosis) trial, intravascular ultrasound guidance resulted in a significantly higher
revascularization rate than FFR guidance (65.3% vs 44.4%, respectively).® Despite these differences in
revascularization rates, both trials demonstrated no significant difference in clinical outcomes between
IVI-guided and FFR-guided strategies, leading to substantial increases in resource utilization and cost
among patients undergoing IVI-guided PCI.*

Intended treatment strategy based on angiography, OCT or FFR in comparison to the actual strategy

Intended strategy —»  Actual strategy

Il Angiography Bl OCT Bl FFR I Treatment

OCT informs stent sizing

FFR informs revascularization decision-making

100 $100
o Py
= 7 g 75}
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N ©
E 50 g
= ©
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25 il
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o
o
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Central illustration. Impact of angiography, OCT, and FFR on periprocedural decision making.

Among patients in whom the intended percutaneous coronary intervention decision making was recorded based on
angiographic findings, OCT findings, and FFR findings (upper panel), FFR-guided decision making closely resembled
the actual treatment decision, while the intended revascularization rate was higher based on angiographic and OCT
findings (left panel). In those undergoing revascularization, the intended stent size based on OCT differed in 12.1% of
cases from the final stent size selected, compared with in 59.0% of cases based on angiography (right panel).
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FFR fractional flow reserve; OCT optical coherence tomography.

As opposed to these trials, this study evaluated revascularization decisions for the same lesions using
multiple modalities, demonstrating that IVl and physiology assessment fundamentally evaluate different
procedural aspects and lead to changes in clinical decision making independent of each other. The
safety and effectiveness of the FFR-based strategy—characterized by decreased utilization of stents and
comparable clinical outcomes—further underscore the value of physiological assessment in guiding
revascularization decisions in routine practice.

Not surprisingly, among patients undergoing PCl, the actual strategy on stent diameter and length,
more closely aligned with OCT-based assessment rather than with those derived from angiography.
Operators ultimately modified the initial angiography-based PCl strategy in approximately 60% of cases,
with the final plan reflecting the OCT findings. Although we could not investigate the reasons why the
actual stent dimensions differed from the OCT-based dimensions in 12.1% of cases, we hypothesized
that this may be caused by operators also including angiographic and physiological findings into the
final decision making, likely reflecting clinical judgment in routine practice. Our findings are consistent
with early evidence from the ILUMIEN | (Observational Study of Optical Coherence Tomography in
Patients Undergoing Fractional Flow Reserve and Percutaneous Coronary Intervention) study, where
OCT-guided stent sizing influenced decision making in 57% of lesions compared with angiography.?
Similarly, in the LightlLab initiative, a dedicated pre-PCI OCT workflow altered lesion assessment and
procedural planning in 80% of lesions.’ Furthermore, randomized clinical trials have consistently
demonstrated the benefits of IVI-guided PCl over angiography-guided PCL.'® Collectively, these results
underscore the value of OCT in PCl planning, contributing to enhanced procedural safety and efficacy.

Our results overall highlight the complementary roles of FFR and OCT—FFR informs revascularization
decision making, while OCT guides PClI strategy. Despite their significant impact on precision PCl, time
and resource constraints remain key challenges in routine practice because simultaneous use of pressure
wires and imaging catheters is often impractical and cost prohibitive. Recently, it was demonstrated
that OCT-based computational flow indices such as VFR allow conversion of anatomical information to
physiological information with high accuracy?® As a result, anatomical, morphological, and functional
information can be obtained with a single OCT pullback, potentially leveraging the strengths of both
modalities (Figure 4). This integrated approach enables simultaneous lesion assessment and precise
device selection, offering a more streamlined and effective strategy than using either modality alone.

However, the clinical utility of VFR has yet to be fully validated in prospective studies.
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A Physiological lesion evaluation using VFR
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Figure 4. Combined anatomical, morphological, and physiological procedural planning using VFR.

A) The distal VFR was computed at 0.63, which is below the revascularization threshold of <0.80. Based on the VFR,
the region of interest was identified in the distal LAD artery with a lesion length of 8.8mm. B) Following angiographic
stent sizing, the intended stent length was 12.0 mm, which resulted in a maximum anticipated postprocedural VFR
of 0.84. C) By combining the physiological information with the OCT imaging data, the stent length was extended to
38.0 mm, resulting in a maximum anticipated postprocedural VFR of 0.92.

LAD left anterior descending,; OCT optical coherence tomography; VFR virtual flow reserve.
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This study has several limitations. First, the intended PCl strategy based on each individual modality was
only available in 72.8% of lesions that were subsequently revascularized. Second, the study predominantly
included patients with silent, stable or unstable angina, potentially limiting generalizability to patients
with myocardial infarction. Third, evaluations were restricted to the proximal 75-mm segment of each
coronary artery, and it remains unclear whether the findings extend to more distal lesions with smaller
vessel diameters. Fourth, the actual decisions regarding revascularization and the PCl strategy were left to
the discretion of individual operators, and detailed rationales for these decisions were not systematically
recorded. Finally, whether differences in revascularization decision making and PCl strategy impacts
clinical outcome could not be evaluated in this study.

CONCLUSION

FFR and OCT provide complementary information for decision making on revascularization and PCl
strategy. Combining anatomical, morphological, and physiological variables in a single modality may
enhance decision making and reduce resource utilization.
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DISSECTION-LIKE ARTEFACT

Intracoronary optical coherence tomography (OCT) enables high-resolution cross-sectional imaging of
the coronary lumen and vascular wall. Accurate interpretation of OCT images is pivotal in the decision-
making process and, among others, requires an adequate understanding of potential image artefacts.
While expert consensus documents and state-of-the-art reviews have previously outlined common
artefacts such as non-uniform rotational distortion and seam artefacts,'? we present here an additional
artefact that was not described in the respective documents but is often observed and might have

significant clinical implications.

Here, we present intracoronary OCT images of non-culprit lesions in five patients with an acute
myocardial infarction. The images reveal a dissection-like appearance (Figure 1, left column). These
features were predominantly located in non-diseased quadrants of the image and/or in non-diseased
coronary segments (see Supplementary data online, Videos S1-S5). Angiographically, the OCT-detected
image feature corresponded to a luminal indentation (Figure 1, middle columns). Repeat angiography
after removal of the OCT imaging catheter and/or guidewire demonstrated complete resolution of the
luminal indentation in all cases (Figure 1, right column).

While the exact mechanism underlying this image artefact remains to be elucidated, it may be related
to OCT catheter-induced vasospasm, abrupt changes in luminal dimensions, and subsequent catheter
position alterations. Notably, this artefact differs substantially from the ‘intimal bump’ OCT feature

observed in more extensive vasospasm.>*

In summary, the accurate recognition of this dissection-like appearing image artefact in intracoronary
OCT is crucial for preventing false diagnoses of intimal dissections.
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Figure 1. Dissection-like artefact.
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REPEAT IMAGING ARTEFACT

Cumulative evidence supports the use of intravascular imaging — whether through intravascular
ultrasound or optical coherence tomography — for guidance of complex coronarylesionrevascularization
(Class 1, Level of Evidence: A)."? However, for proper clinical implementation, understanding of image
artifacts is essential, some of which have been outlined before.3* Here we demonstrate an acquisition-
related artifact that is of particular importance during preprocedural stent guidance and that might lead
to an inadequate choice of stent length.

The artifact described here relates to unstable engagement of the guiding catheter, moving in and
out of the coronary ostium (Video 1). The movement of the guiding catheter intermittently pushes the
optical coherence tomographic imaging catheter back into the coronary artery. The pullback of the
optical coherence tomographic lens, however, is continued as usual during this back-and-forth motion.
This leads to repeat imaging of the same coronary segment 3 times (Figure 1, Video 2). In our case, the
“distance” between the first and third times that the same frame was encountered measured 8 mm (79

frames at 18 mm/s). If this artifact remains unrecognized, stent length will be chosen inappropriately.
In summary, operators should be aware of the possibility of this acquisition artifact in case of

unstable catheter engagement. Accurate recognition diminishes the chance of incorrect stent length

measurements.
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E Schematic illustration of artefact
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Figure 1. Accidental repeat imaging in intracoronary optical coherence tomography.

A-C) Cross-sectional optical coherence tomographic (OCT) images of a coronary segment that was repeatedly
imaged, as can be recognized by the identical side branches and calcifications. D) Corresponding longitudinal
representation with the locations of the 3 cross-sectional images at frames 226, 243 and 305 highlighted. E) Stepwise
illustration of the mechanism underlying this acquisition artifact.
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ABSTRACT

Importance Even after fractional flow reserve (FFR)-guided complete revascularization, patients with
myocardial infarction (MI) have high rates of recurrent major adverse cardiovascular events (MACE).
These recurrences may be caused by FFR-negative high-risk nonculprit lesions.

Objective To assess the association between optical coherence tomography (OCT)-identified high-risk
plaques of FFR-negative nonculprit lesions and occurrence of MACE in patients with MI.

Design, setting and participants PECTUS-obs (Identification of Risk Factors for Acute Coronary
Events by OCT After STEMI [ST-segment elevation MI] and NSTEMI [non-STEMI] in Patients With Residual
Non-flow Limiting Lesions) is an international, multicenter, prospective, observational cohort study. In
patients presenting with MI, OCT was performed on all FFR-negative (FFR > 0.80) nonculprit lesions.
A high-risk plaque was defined containing at least 2 of the following prespecified criteria: (1) a lipid
arc at least 90°, (2) a fibrous cap thickness less than 65 um, and (3) either plaque rupture or thrombus
presence. Patients were enrolled from December 14, 2018, to September 15, 2020. Data were analyzed
from December 2, 2022, to June 28, 2023.

Main outcome and measure The primary end point of MACE, a composite of all-cause mortality,
nonfatal MI, or unplanned revascularization, at 2-year follow-up was compared in patients with and
without a high-risk plaque.

Results A total of 438 patients were enrolled, and OCT findings were analyzable in 420. Among included
patients, mean (SD) age was 63 (10) years, 340 (81.0) were men, and STEMI and non-STEMI were equally
represented (217 [51.7%] and 203 [48.3%]). A mean (SD) of 1.17 (0.42) nonculprit lesions per patient was
imaged. Analysis of OCT images revealed at least 1 high-risk plague in 143 patients (34.0%). The primary
end point occurred in 22 patients (15.4%) with a high-risk plaque and 23 of 277 patients (8.3%) without
a high-risk plaque (hazard ratio, 1.93 [95% Cl, 1.08-3.47]; P = .02), primarily driven by more unplanned
revascularizations in patients with a high-risk plaque (14 of 143 [9.8%] vs 12 of 277 [4.3%]); P = .02).

Conclusions and relevance Among patients with Ml and FFR-negative nonculprit lesions, the
presence of a high-risk plaque is associated with a worse clinical outcome, which is mainly driven by
a higher number of unplanned revascularizations. In a population with a high recurrent event rate
despite physiology-guided complete revascularization, these results call for research on additional
pharmacological or focal treatment strategies in patients harboring high-risk plaques.
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INTRODUCTION

Recurrent coronary events are frequently observed after myocardial infarction (MI), despite advances
in primary treatment, complete revascularization, and secondary prevention.'” The substrate for many
of these recurrent events are atherosclerotic lesions at other sites in the coronary tree, anatomically
unrelated to the lesion causing the initial MI2 The natural history of and potential treatment strategies
for such nonculprit lesions are widely studied. A 2020 meta-analysis in patients with ST-segment
elevation MI (STEMI)showed that preventive percutaneous coronary intervention (PCl) of nonculprit
lesions with a significant stenosis results in fewer recurrent Mis and cardiovascular deaths, proving the
benefit of additional treatment.* A large registry of patients with non-STEMI (NSTEMI) similarly showed
a reduced death rate among patients who received complete revascularization.> Additional PCI of
nonculprit lesions is guided either by angiography or by fractional flow reserve (FFR). However, FFR-
guided revascularization in patients with Ml yields less favorable outcomes compared with patients
with stable coronary artery disease.5” Also, the benefit of FFR over angiography is not well established in
patients with MI, and rates of major adverse cardiac events (MACE) in patients with Ml and FFR-deferred
nonculprit lesions remain considerable®® This is probably related to the fact that FFR alone reveals
plague morphology to a limited extent.'®"" Moreover, FFR might be false negative in the acute setting of
MI."? Hence, additional diagnostic tools are needed to unmask high-risk nonculprit lesions in MI.
Pathological studies have identified the most important characteristics of lesions at high risk for
plaque rupture and subsequent ML Ruptured plaques contain a large necrotic core and a thin (<65
pm) overlying fibrous cap. Intact lesions harboring these features, termed thin-cap fibroatheromas
(TCFA), are thought to be potential precursors to plaque rupture. Vessels containing TCFA often show
positive remodeling, resulting in nonobstructive lesions." Plaque rupture can also occur without
initially becoming clinically overt. However, these silent plague ruptures are associated with rapid lesion
progression and are linked to worse outcome.”'® Assessing the morphology of nonculprit lesions for
TCFA or plaque rupture might therefore aid in identifying plaques at high risk of causing future MACE.
Intravascular optical coherence tomography (OCT), a high-resolution invasive imaging modality, allows
for identification of these anatomical lesion features in vivo. The present study is, to our knowledge,
the first prospective study to assess the association between OCT-detected high-risk plaques in FFR-
negative nonculprit lesions and MACE among patients with MI.

METHODS AND ANALYSIS

Study design

PECTUS-obs (Identification of Risk Factors for Acute Coronary Events by OCT After STEMI and NSTEMI
in Patients With Residual Non—flow Limiting Lesions) is a prospective natural history cohort study that
was conducted in 14 hospitals in 4 different countries (eMethods 1 in Supplement 1)."” The goal of the
study was to determine whether the presence of OCT-determined high-risk FFR-negative nonculprit
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lesions in patients presenting with Ml is associated with future adverse cardiovascular events. The study
was approved by the medical ethics committee of the region Arnhem-Nijmegen and was conducted
in accordance with the 1964 Declaration of Helsinki and its later amendments.'® Every participant gave
written informed consent; however, some patients entered the study after providing oral consent, and
gave written consent thereafter. This study followed the Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) reporting guideline. A detailed description of the rationale and design
of PECTUS-obs has been published previously.'”

Patients presenting with MI (STEMI or NSTEMI) who underwent coronary angiography were screened
for eligibility after treatment of the culprit lesion. Patients were eligible for inclusion in the study if the
coronary angiography revealed at least 1 nonculprit lesion of intermediate stenosis (30%-90%) in any of
the coronary arteries that was not hemodynamically significant as determined by FFR measurement (FFR
>0.80). Exclusion criteria were age younger than 18 years, pregnancy, hemodynamic instability, history
of or indication for coronary artery bypass grafting, and a life expectancy of less than 3 years. Additional
target lesion (ie, the FFR-negative nonculprit lesion imaged by OCT)-related exclusion criteria were in-
stent restenosis and anatomy unsuitable for OCT catheter crossing or imaging. The FFR measurements
and OCT imaging were performed either during the index procedure or during a staged procedure
within 6 weeks. Severe stenoses and FFR-positive intermediate stenoses were treated according to
contemporary guidelines. Enrolled patients underwent OCT imaging (54mm) of all eligible lesions
under fluoroscopic guidance to attribute OCT findings to a specific vessel segment. Operators were not
allowed to analyze the acquired images but were not completely blinded to allow for reimaging in case
of insufficient image quality. After core laboratory analysis of OCT images, participants were divided into
2 groups. Patients with at least 1 OCT-determined high-risk plaque were regarded as at high risk, and
patients without any high-risk plagques on OCT were considered at low risk, independently of the total
amount of lesions assessed.

OCT imaging analysis

Analyses of OCT images were performed offline by a dedicated OCT core laboratory blinded to patient
clinical characteristics and outcomes. The OCT analyses were performed on the targeted stenosis
within the pullback. The process included a quality check to determine whether the imaging allowed
for both qualitative and quantitative analysis of the targeted lesion. Images of insufficient quality were
excluded from the analysis. Serial cross-sectional images of the vessel were scrutinized using CAAS
IntraVascular software, version 2.0 (Pie Medical BV). Analyses were based on tissue characteristics as
previously described in OCT expert consensus reports.??' A detailed description of the analyses and a
list of OCT definitions are provided in eMethods 2 in Supplement 1. A lesion was deemed high-risk if
it contained at least 2 of the following 3 prespecified criteria: (1) a lipid arc of at least 90°, (2) a minimal
fibrous cap thickness of less than 65 um, and (3) either plaque rupture or thrombus presence (eFigure
1in Supplement 1).
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End points

The primary end point was the occurrence of MACE (composite of all-cause mortality, nonfatal M,
or unplanned revascularization) before the 2-year (£30 days) follow-up. Secondary end points are
the individual components of the primary end point, cardiac mortality, target vessel failure and
revascularization, and target lesion failure and revascularization. Target vessel failure and target lesion
failure were defined as any nonfatal Ml or unplanned revascularization attributed to the target vessel or

lesion, respectively. End point definitions are provided in eMethods 3 in Supplement 1.

Follow-up and event adjudication

Structured follow-up was performed at 1 and 2 years (£30 days) after inclusion by telephone contact.
Primary and secondary end points were verified using medical records from participating centers, primary
care clinicians, and other medical centers. A clinical end point committee consisting of 2 independent,
experienced interventional cardiologists blinded to the OCT data reviewed and adjudicated all (possible)
events. When possible, any new MI or revascularization was allocated to a specific coronary vessel and
lesion by comparison of baseline and event angiograms.

Statistical analysis

Data were analyzed from December 2, 2022, to June 28, 2023. A sample size of 394 participants was
needed to provide more than 80% power with a 1-sided a of .025. This was based on an expected
presence of high-risk plaques in 60% of targeted lesions, a total event rate of 10% to 25% in patients
with MI with FFR-deferred nonculprit lesions after 2 years,?? and an expected hazard ratio (HR) of 2.00
to 3.50 for OCT-defined high-risk plaques.? To compensate for an estimated 5% loss to follow-up and 5%
inadequate OCT scans, the sample size was increased to a total of 438 participants.

Continuous variables are presented as mean (SD) if normally distributed or median (IQR) if not normally
distributed. Categorical variables are presented as numbers (percentages). For the comparison of the
baseline characteristics between the high-risk and non-high-risk groups, the independent unpaired t
tests, Mann-Whitney tests, and x* tests were performed when appropriate.

The analysis of the primary end point was performed comparing patients with and without a high-
risk plague. Patients were censored at their last known moment of follow-up or at 2 years (+30 days)
after inclusion. Time-to-event data for the primary end point were presented descriptively using Kaplan-
Meier curves, and a log-rank test was used to evaluate whether there was a difference between the
groups. A univariate Cox proportional hazards regression model was performed to estimate the HR.
Two additional multivariate Cox proportional hazards regression models were performed to account
for potential confounders. The first model (model A) included the presence of a high-risk plagque and
age, prior MI, type 1 or 2 diabetes, STEMI or NSTEMI at presentation, and estimated glomerular filtration
rate as characteristics that were a priori determined to be associated with worse prognosis. The second
model (model B) included the presence of a high-risk plaque and the baseline characteristics that
showed a univariate association with the primary outcome (P < .05, corresponding to a 95% Cl that
does not cross 1) after checking for collinearity. Subdistribution HRs for the secondary end points were
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estimated using the Fine-Gray model with noncardiac death and all-cause mortality as competing
risk factors for cardiac death and all other secondary end points, respectively. Two-sided P < .05 was
considered statistically significant. All analyses were performed using SPSS Statistics, version 24 (IBM
Corp), and Stata, release 17 (StataCorp LLC). The trial protocol and full predefined statistical analysis plan
are provided in Supplement 2.

RESULTS

Study flow

From December 14, 2018, to September 15, 2020, a total of 438 patients were enrolled in the study.
The study flowchart is shown in Figure 1. In total, 420 patients had at least 1 OCT scan with sufficient
quality and were included in the analysis. Imaging analysis resulted in 143 patients with (34.0%) and
277 patients without (66.0%) at least 1 high-risk plaque. Only 1 patient was lost to follow-up before the
2-year follow-up.

438 Patients enrolled

18 Excluded
1 Informed consent withdrawn
> 3 No OCT performed
1 OCT was in-stent restenosis
13 OCT of insufficient quality

Y

‘ 420 Patients with analyzed OCT ‘

|
v Y

‘ 143 Patients with high-risk plaque ‘ ‘ 277 Patients without high-risk plague

» 1 Lost to follow-up

‘ 143 Complete 2-y follow-up ‘ ‘ 276 Complete 2-y follow-up ‘

Figure 1. Study flowchart.
OCT optical coherence tomography.
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Clinical and angiographical characteristics

Baseline clinical and procedural characteristics are shown in Table 1. The mean age of included patients
was 63 (10) years; 340 (81.0%) were men and 80 (19.0%) were women. Data on race and ethnicity were
not collected. A total of 217 patients (51.7%) presented with STEMI and 203 (48.3%) with NSTEMI. A mean
(SD) of 1.17 (0.42) nonculprit lesions per patient was imaged. Hypertension was present in 222 patients
(52.9%), and diabetes was present in 61 (14.5%). Furthermore, 63 patients (15.0%) had a history of MI
prior to the index event. Patients with a high-risk plague had higher low-density lipoprotein cholesterol
levels at presentation (131.3 [46.3] vs 115.8 [46.3] mg/dL [to convert to mmol/L, multiply by 0.0259]; P
= .03) and a less frequent history of PCl (14 [9.8%] vs 48 [17.3%]; P = .04). The culprit lesion was most
often located in the left anterior descending artery (LAD) (167 [39.8%)]). Targeted nonculprit lesions had
a mean FFR of 0.89 (0.05) (eFigures 2 and 3 in Supplement 1) and were predominately located in the
LAD (175 [41.7%]).

Lesion characteristics

Among the 420 patients included in the final analysis, 494 FFR-negative nonculprit lesions were imaged.
The OCT-derived qualitative and quantitative measurements at the lesion level are shown in eTable 1in
Supplement 1. By definition, none of the lesions in non-high-risk patients contained a high-risk plaque.
Among high-risk plaques, 154 (100%) had a lipid arc of at least 90°, 136 (88.3%) had a minimal cap
thickness of less than 65 um, 45 (29.2%) had a plaque rupture, and 34 (22.1%) had a thrombus present.
Thin-cap fibroatheromas were found in 136 of 494 assessed lesions (27.5%). Macrophage accumulation
was more frequently present in lesions with a high-risk plague compared with those without a high-risk
plagque (46 [29.9%] vs 68 [20.0%]; P = .02). Other plaque features often associated with plaque instability
such as neovascularization and presence of a healed plague phenotype were equally distributed
between both groups. Non-high-risk plagques had a somewhat larger minimal lumen area and showed

more extensive calcification.
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Table 1. Baseline characteristics.

Patient group

Characteristic® High-risk Non-high-risk P value
n=143 n=277
Age, mean (SD), years 62 (11) 64 (10) 15
Sex
Women 33(23.1) 47 (17.0) 13
Men 110 (76.9) 230 (83.0)
BMI, mean (SD), kg/m? 282 (4.7) 27.5(4.5) 18
Smoking status
Current 44 (30.8) 79 (285) 17
Previous 50(35.0) 78(282)
Hypertension 72 (50.2) 150 (54.2) 46
Type 1 or 2 diabetes 18 (12.6) 43 (15.5) 42
Hypercholesterolemia 51(35.7) 102 (36.8) 86
Family history of premature atherosclerosis 43(30.1) 85(30.7) 99
Previous Ml 17(11.9) 46 (16.6) 20
Previous PCl 14(9.8) 48(17.3) 04
Previous CVA 0(0) 8(29) 06
History of carotid artery disease 32 10 (3.6) 56
History of PAD 6(4.2) 11 (4.0) 91
STEMI presentation 78 (54.5) 139 (50.2) 40
GRACE score, mean (SD)° 116 (34) 117 (32) 57

Cholesterol level, mean (SD), mg/d|

Total 200.8 (54.1) 193.1 (54.1) 18

LDL 131.3 (46.3) 115.8 (46.3) 03
Triglyceride level, mean (SD), mg/dL 1593 (115.0) 185.8 (150.4) 25
eGFR, mean (SD), mL/min/1.73m? 79 (20) 80 (19) 45
CRP, mean (SD), mg/dL 0.6 (1.4) 0.7 (2.5) 60
Leukocyte count, mean (SD), cells/uL 9600 (3200) 9800 (3200) 50
Lipid-lowering therapy at presentation 32(224) 76 (27.4) 26
Infarct-related artery

M 5(3.5) 0(0) 004

LAD 63 (44.1) 104 (37.5) 20

Cx 41(28.7) 67 (24.2) 32

RCA 45(31.5) 112 (40.4) 07

Nonculprit lesion assessment

Immediate 54 (37.8) 102 (36.8) 85
Staged 89 (62.2) 175 (63.2) 85
Time to staged procedure, mean (SD), d 15 (15) 17 (15) 18
Nonculprit lesion revascularization at baseline 28 (19.6) 59(21.3) 68
Without prior functional assessment 14 (9.8) 39(14.1) 21
Following positive FFR® 19(13.3) 25(9.0) 18
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Table 1. Continued
No.of FFR-negative nonculpritlesions
Mean (SD) 1.29(0.53) 1.12(0.34) <.001
1 107 (74.8) 245 (88.4) <.001
2 31(21.7) 31(11.2) 004
3 5(.5) 1(04) 0.01

Nonculprit lesion distribution

LM 1(0.7) 3(1.M) >99
LAD 59 (41.3) 116 (41.9) 90
Cx 50 (35.0) 104 (37.5) 60
RCA 52(364) 70(253) 02
Targeted nonculprit lesion FFR, mean (SD) 0.88 (0.05) 0.89 (0.05) 02

BMI body mass index (calculated as weight in kilograms divided by height in meters squared); CRP c-reactive protein; CVA
cerebrovascular accident; Cx circumflex artery; eGFR estimated glomerular filtration rate; FFR fractional flow reserve; GRACE
global registry of acute coronary events; LAD left anterior descending artery; LDL low-density lipoprotein; LM left main
coronary artery; Ml myocardial infarction; PAD peripheral artery disease; PCl percutaneous coronary intervention; RCA right
coronary artery; SD standard deviation; STEMI ST-segment elevation myocardial infarction.

Sl conversion factors: to convert cholesterol levels to mmol/L, multiply by 0.0259. To convert triglyceride levels to mmol/L,
multiply by 0.0113. To convert CRP to mg/L, multiply by 10. To convert leukocyte count to x10%/L, multiply by 0.001.

@Unless otherwise indicated, data are expressed as No. (%) of patients.

b Scores range from 1 to 372, with higher scores indicating higher risk of mortality.

¢ A positive FFR indicates less than or equal to 0.80.

Clinical outcomes

The primary and secondary end points in both groups are listed in Table 2. In the total population MACE
occurred in 45 patients (10.7%) within 2 years after MI. The primary end point occurred in 22 patients
in the high-risk group (15.4%) and 23 in the non-high-risk group (8.3%) (HR, 1.93 [95% Cl, 1.08-3.47]; P
= .02). The Kaplan-Meier curves for occurrence of the primary end point in both groups are shown in
Figure 2A. Table 3 shows the multivariate Cox proportional hazards regression models. In the predefined
model A, the presence of a high-risk plague was the only factor associated with 2-year MACE (HR, 1.99
[95% Cl, 1.10-3.61];P = .02). In model B, which included the variables that show a univariate association
with the primary outcome (type of MI at presentation, estimated glomerular filtration rate, history of
carotid artery disease, lipid-lowering therapy at discharge, and right coronary artery as infarct-related
artery [eTable 2 in Supplement 1]), presence of a high-risk plague was also independently associated
with 2-year MACE (HR, 2.24 [95% Cl, 1.21-4.13]; P = .01), next to history of carotid artery disease (HR, 3.80
[95% Cl, 1.42-10.16]; P = .008), right coronary artery as the culprit artery (HR, 0.46 [95% Cl, 0.22-0.97]; P =
.04), and lipid-lowering therapy at discharge (HR, 0.20 [95% Cl, 0.06-0.70]; P = .01). The primary end point
was primarily driven by more unplanned revascularization in the high-risk plaque group (14 [9.8%] vs 12
[4.3%]; P = .02). The combined presence of either minimal lumen area less than 3.5mm? or
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Primary outcome
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Figure 2. Primary and composite outcomes.

A) Kaplan-Meier curves for the primary outcome of major adverse cardiovascular events (including all-cause mortality,
nonfatal myocardial infarction, or unplanned revascularization) at 2 year follow-up. B) Kaplan-Meier curves for the
composite outcome of all-cause mortality or nonfatal myocardial infarction at 2-year follow-up. A hazard ratio greater
than 1.00 indicates greater hazard in the high-risk plague group.

Cl confidence interval; HR hazard ratio; HRP high-risk plaque.
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FFR less than 0.90 with a high-risk plaque did not increase the association with the primary end point
compared with the presence of a high-risk plague only (eFigure 4 in Supplement 1). All-cause mortality,
cardiovascular death, nonfatal MI, and the composite of all-cause mortality and nonfatal Ml (Figure
2B) occurred numerically more often in patients with a high-risk plaque but did not differ significantly
between groups. Details on all unplanned revascularizations and nonfatal Mis are shown in eTables 3
and 4 in Supplement 1. The number of target vessel failures was 7 (4.9%) in the high-risk patient group
and 4 (1.4%) in the non-high-risk patient group (P = .03), including 2 (1.4%) and 0 cases of target vessel
M, respectively. Target lesion failure occurred in 5 patients (3.5%) with a high-risk plaque and 3 (1.1%)
without a high-risk plaque (P = .08). After exclusion of all stent-related events and all nonfatal Mls that
were not attributable to a culprit segment, the combined primary end point occurred in 19 patients
(13.3%) with a high-risk plaque compared with 18 (6.5%) without a high-risk plaque (P = .02) (eTable 5 in
Supplement 1). Of note, guideline-directed medical treatment prescription was high and comparable

between groups (eTable 6 in Supplement 1).

Table 2. Two year clinical outcome.

Patient group

Outcome High-risk Non-high-risk HR (95% CI) P value
n=143 n=277
Primary endpoint 22(154) 23(83) 1.93 (1.08-3.47) 02
Death (any) 7(49) 7(2.5) 1.99 (0.70-5.68) 19
Cardiac death 5(3.5) 5(1.8) 1.96 (0.57-6.74)* 27
Nonfatal M 6(4.2) 8(29) 144 (0.50-4.15)° 48
Unplanned revascularization 14 (9.8) 12 (4.3) 2.33(1.08-5.03)° .02
Target vessel failure 7 (4.9) 4(14) 344 (1.01-11.72)° 03
Target vessel revascularization® 7 (4.9 4(1.4) 344 (1.01-11.72)° 03
Target lesion failure® 5(3.5) 3(1.1) 3.26 (0.78-13.63)° .08
Target lesion revascularization® 5(.5) 3011 326 (0.78-13.63)° .08

Cl confidence interval; HR hazard ratio; MI myocardial infarction.

“ Estimated using the Fine-Gray model with noncardiac death as competing risk factor.

b Estimated using the Fine-Gray model with all-cause mortality as competing risk factor.

¢ Refers to the fractional flow reserve-negative nonculprit vessel or lesion imaged by optical coherence tomography.
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DISCUSSION

Recurrent coronary events represent a major cause of morbidity and mortality in patients with MI. In
the search for markers and underlying mechanisms for these recurrent events, the present cohort study
shows for the first time in a prospective manner that in patients with MI, the presence of FFR-negative
OCT-identified high-risk nonculprit lesions is associated with an increased risk of future MACE.

In a population of roughly equal numbers of patients with STEMI and NSTEMI, we observed recurrent
MACE in 45 patients (10.7%) within 2 years after MI, even in the absence of FFR-positive nonculprit
lesions. These events occurred more often in patients who had a high-risk plague than in those who
did not, with an HR of approximately 2. In the multivariate analyses, apart from the presence of carotid
artery disease, the presence of a high-risk plaque resulted in the highest hazard ratio for future MACE.
The increased MACE rate in patients with high-risk plaque was primarily driven by an increased rate
of unplanned revascularization in this group. Also, the incidences of all secondary end points were
numerically higher in the high-risk patient group. In our study, TCFA were found in 136 of 494 assessed
lesions (27.5%). This is comparable to the prevalence of TCFA in nonobstructive nonculprit lesions in
patients with STEMI in the COMPLETE (Complete vs Culprit-Only Revascularization to Treat Multi-Vessel
Disease After Early PCI for STEMI) OCT substudy (23.2%)* or in FFR-negative lesions in patients with
diabetes in the COMBINE (OCT-FFR) study (22.4%).2

Table 3. Multivariate Cox proportional hazards regression model for the primary endpoint.

Patient group

Outcome Patients with MACE Patients without MACE HR (95% CI) P value

n=45 n=375
Model A
Presence of high-risk plaque 22 (48.9) 121(32.3) 1.99 (1.10-3.61) 02
Age, mean (SD), y 64 (12) 63 (10) 0.99 (0.96-1.02) 49
Prior MI 10(22.2) 53(14.1) 149 (0.71-3.13) 29
Diabetes 10 (22.2) 51(13.6) 1.35(0.64-2.85) 44
STEMI at presentation 16 (35.6) 201 (53.6) 0.55(0.29-1.03) 06
eGFR, mean (SD), mL/min/1.73m? 74 (24) 80 (18) 0.99 (0.97-1.01) 18
Model B®
Presence of high-risk plaque 22 (489) 121(32.3) 224 (1.21-4.13) 01
History of carotid artery disease 5(11.1) 8(2.1) 3.80(1.42-10.16) .008
STEMI at presentation 16 (35.6) 201 (53.6) 0.59(0.31-1.12) RA
eGFR, mean (SD), mL/min/1.73m? 74 (24) 80 (18) 0.99 (0.98-1.01) 47
Lipid-lowering therapy at discharge 42 (93.3) 373 (99.5) 0.20 (0.06-0.70) 01
RCA culprit 9(20.0) 148 (39.5) 046 (0.22-0.97) 04

Cl confidence interval; eGFR estimated glomerular filtration rate; HR hazard ratio; MACE major adverse cardiovascular
events; Ml myocardial infarction; RCA right coronary artery; SD standard deviation; STEMI ST-segment elevation M.

@ Multivariate Cox proportional hazards regression model with the presence of a high-risk plaque and age, prior Mi, diabetes,
STEMI or non-STEMI at presentation and eGFR as a priori determined independent variables.

b Multivariate Cox proportional hazards regression model with the presence of a high-risk plaque and all baseline
characteristics that showed a univariate relationship with the primary outcome (P < .05) after checking for collinearity.
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These results highlight the additional value of intracoronary imaging in addition to physiological
assessments of coronary lesions. Although an association is reported between FFR and certain plaque
features,'®'" FFR does not allow precise assessment of plaque morphology. Moreover, FFR measurements
obtained during the index procedure in patients presenting with STEMI potentially underestimate lesion
severity.'”? Nevertheless, FFR pullbacks could further help stratify patients at high risk of recurrent events
by identifying lesions with a large translesional pressure gradient.”*

PECTUS-obs adds to existing evidence that suggests a worse prognosis in patients with TCFA. In a large
retrospective study by Kubo et al,¥ TCFA in nonculprit lesions of patients with acute coronary syndrome
were associated with an increased risk of lesion level events (HR, 19.14 [95% Cl, 11.74- 31.20]) within a
median follow-up of 6 years. Moreover, in the prospective COMBINE (OCT-FFR) study,* the presence
of FFR-negative TCFA lesions was associated with an increased risk of MACE (HR, 4.64 [95% Cl, 1.99-
10.89]) at 18 months in patients with diabetes. In addition to TCFA, the a priori definition of high-risk
plaques in the present study included thrombus or plaque rupture in the presence of significant lipid
accumulation. These features were found in 34 (22.1%) and 45 (29.2%) high-risk lesions, respectively, and
therefore only constitute a small number of the high-risk plaques. Several other plaque characteristics
have also been associated with plaque instability. Among them are healed plaques, neovascularization,
protruding calcification, and the presence of macrophages. Indeed, in our study, macrophages were
more often seen in high-risk plaques. In the CLIMA study,”® among patients who had undergone OCT of
the LAD the simultaneous presence of 4 plaque features (minimal lumen area <3.5 mm?, minimal fibrous
cap thickness <75 um, a lipid arc >180°, and the presence of macrophages) resulted in an HR of 7.54
(95% Cl, 3.1-18.6) for a composite end point of cardiac death or target segment Ml after 1 year. However,
this primary end point occurred only in 3.7% and the simultaneous presence of the prespecified OCT
characteristics was found in only 3.6% of included patients in this study.”®

In PECTUS-obs, only 5 patients (3.5%) in the high-risk plague group had an event that was adjudicated
to the target lesion and the yearly rate of target-vessel Ml was only 0.7%. This is in line with the current
view that atherosclerosis is a dynamic process in which plaques can develop and regress, and that
lesions that rupture do not always result in clinical symptoms.?? This could limit the effectiveness of
focal treatment of high-risk lesions. Nonetheless, the presence of high-risk plaques was associated with
MACE on a patient level. The worse prognosis seen in patients with a high-risk plaque might reflect
a more advanced stage of atherosclerosis throughout the coronary tree. Considering that Ml in itself
is a marker of high-risk of future MACE, patients who also harbor high-risk plagues might especially
benefit from aggressive lipid-lowering or anti-inflammatory therapy.®**' However, given the low rate
of adverse events in contemporary PCl, focal stenting of high-risk plaques could also be proposed. The
randomized PROSPECT (Providing Regional Observations to Study Predictors of Events in the Coronary
Tree Il) ABSORB substudy®*? demonstrated that preventive PCl was safe and resulted in enlarged luminal
dimensions directly after bioresorbable vascular scaffold implantation and remained larger compared
with optimal medical therapy only after a median follow-up of 4.2 years. These data, however, are only

hypothesis generating, given the small sample size, and the positive predictive value of distinct high-risk
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plaque features for lesion level events is low.” The effect of preventive PCl of high-risk plaques on clinical

end points is currently under investigation in several large randomized trials.>*3°

Limitations

This study has some limitations. We performed targeted imaging of FFR-negative nonculprit lesions
instead of 3-vessel OCT. Therefore, we might have missed high-risk lesions. However, such targeted
evaluation might be more feasible in clinical practice. We did not perform FFR pullbacks, which may
further help identify high-risk patients. Operators were not blinded to OCT findings, which could
potentially have led to altered decision-making. However, the OCT analyses were performed post hoc
by an independent OCT core laboratory. Neither these analyses nor the group allocation was available
to the operators or other clinicians involved. We did not perform OCT imaging of the culprit lesion.
Therefore, a limited amount of nonculprit lesions with plague rupture or thrombus could in fact be the
culprit lesion, especially among patients with NSTEMI. Moreover, the assessment of the residual fibrous
cap thickness in case of plaque rupture could be cumbersome. Women were underrepresented in the
current cohort. Last, the prevalence of high-risk plaque and number of events in this study were lower
than expected, and the study was not powered to assess differences in the individual components
of the primary end point, of which only difference in unplanned revascularization was found to be
statistically significant.

CONCLUSION

To our knowledge, PECTUS-obs is the first prospective cohort study to show that among patients with
MI and FFR-negative nonculprit lesions, the presence of a high-risk plaque is associated with a worse
clinical outcome, with higher number of unplanned revascularizations being a primary factor. In a
population with a high rate of recurrent events, despite physiology-guided complete revascularization,
these results call for research on the potential benefit of additional pharmacological or focal treatment
strategies in patients harboring high-risk plagues.
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ABSTRACT

Aims Complete non-culprit (NC) revascularisation may help reduce recurrent events after non-ST-
segment elevation myocardial infarction (NSTEMI), especially if NC lesions would harbour high-risk
plaque (HRP) features similar to ST-segment elevation myocardial infarction (STEMI). This study aimed to
assess differences in fractional flow reserve (FFR)-negative NC plague morphology in patients presenting

with NSTEMI vs. STEMI and assess the association of HRP morphology and clinical outcome.

Methods and results In the prospective PECTUS-obs study, 438 patients presenting with myocardial
infarction (MI) underwent optical coherence tomography (OCT) of all FFR-negative intermediate NC
lesions. The primary endpoint was the occurrence of major adverse cardiovascular events (MACE,
composite of all-cause mortality, non-fatal Ml or unplanned revascularisation) at 2-year follow-up. Four
hundred and twenty patients had at least one analysable OCT, including 203 (48.3%) with NSTEMI and
217 (51.7%) with STEMI. The prevalence of HRPs, including thin-cap fibroatheromas, plaque rupture,
and thrombus, was comparable between groups. MACE occurred in 29 (14.3%) NSTEMI patients and
16 (7.4%) STEMI patients (P =0025andP_ . =0.270). Incidence of MACE was numerically
higher among patients with HRP, irrespective of the clinical presentation at index (P, . = 0.684).
Among HRP criteria, plaque rupture was associated with MACE in both NSTEMI (P < 0.001) and STEMI
(P =0.020)

Conclusions Presence of NC HRP is comparable between NSTEMI and STEMI and leads to numerically
higher event rates in both. These results call for additional research on complete revascularisation in

NSTEMI and treatment of HRP.

Trial registration number NCT03857971.



PECTUS-OBS NSTEMIVERSUS STEMI

GRAPHICAL ABSTRACT
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Graphical Abstract. The presence of at least one optical coherence tomography-identified high-risk plaque (pre-
defined in the presence of at least two characteristics: (i) lipid arc >90° (A-C), (i) minimum fibrous cap thickness <65
um (A, ), and/or (iii) presence of either plaque rupture (B) or thrombus (C)) in a fractional flow reserve-negative
intermediate non-culprit lesion leads to numerically higher incidences of major adverse cardiovascular events
(composite endpoint of all-cause mortality, non-fatal myocardial infarction, or unplanned revascularisation) on a
patient-level at 2-year follow-up after NSTEMI and STEMI (right panels). Among high-risk plaque features, plaque
rupture was significantly associated with adverse outcome in both NSTEMI and STEMI.

Cl confidence interval; HR hazard ratio; HRP high-risk plaque; MACE major adverse cardiovascular events; NSTEMI non-ST-
segment elevation myocardial infarction; STEMI ST-segment elevation myocardial infarction; TCFA thin-cap fibroatheroma.
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INTRODUCTION

ST-segment elevation myocardial infarction (STEMI) and non-ST-segment elevation myocardial infarction
(NSTEMI) are often considered different clinical entities. Patients presenting with STEMI are on average
younger and have less traditional risk factors.”® Furthermore, in vivo studies with optical coherence
tomography (OCT) and intravascular ultrasound (IVUS) demonstrated a higher prevalence of plaque
rupture and high-risk plaque (HRP) features at the culprit site in patients with STEMI*® Yet, patients
with NSTEMI exhibit more recurrent M1 Hypotheses regarding this excess number of events include
the wrong identification of the culprit coronary artery, thereby leaving the culprit lesion untreated,'”
and the presence of high-risk non-culprit (NC) lesions that are prone to rupture.”'? Approximately
half of recurrent events after Ml are indeed related to NC lesions, that are often non-flow-limiting.'?
Complete revascularisation of NC disease in patients with STEMI now has a class | (level of evidence A)
recommendation.”®'* NC revascularisation in STEMI reduces cardiac mortality or recurrent myocardial
infarction (MI) and need for repeat revascularisation, which may partially be driven by sealing high-risk
NC lesions.™!” Considering this hypothesis, and a diminished accuracy of the fractional flow reserve
(FFR) in the acute setting of MI,'®' intracoronary imaging may provide adjunctive value on top of
physiological evaluation of stenosis severity.

Evidence supporting complete revascularisation in NSTEMI is less robust?*?' However, complete
revascularisation in NSTEMI could be a feasible option considering the excess in recurrent events,
especially if NC lesions would harbour high-risk features similar to STEMI. Only limited evidence exists
on differences in NC plaque morphology between NSTEMI and STEMI.%?2 The aim of the present study
is to assess differences in plaque characteristics of FFR-negative NC plaques in patients presenting with
NSTEMI vs. STEMI and to assess the association of FFR-negative but high-risk NC plaques and clinical
outcome in these patients.

METHODS

Study design

This is a pre-planned sub-group analysis of the multi-centre (see supplementary methods S1) PECTUS-
obs (NCT03857971) study, a prospective, observational study that was designed to assess the association
between OCT-identified HRP in FFR-negative NC lesions and major adverse cardiovascular events (MACE)
in patients presenting with MI. The design and primary results of this study were published previously.”*
Briefly, 438 patients with NSTEMI or STEMI underwent OCT of all FFR-negative intermediate NC lesions
(defined as visually estimated stenosis 30-90% with an FFR > 0.80) after treatment of the infarct-related
artery. OCT acquisition was performed using the Dragonfly Optis catheter (Abbott Vascular, USA) under
fluoroscopic guidance to ensure that OCT findings could be correlated to the coronary angiogram.
Patients underwent structured clinical follow-up 1 and 2 years (+ 30 days) after inclusion by means of
telephone contact. The study was conducted in accordance with the 1964 Declaration of Helsinki and
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was approved by the institutional review board and/or medical ethics committee of each participating
centre. Written informed consent was obtained from all participants. For the present analysis, all patients
with at least one analysable OCT pullback were included and were grouped according to the clinical
syndrome at presentation (i.e. NSTEMI vs. STEMI).

OCT imaging analysis

OCT image analysis was performed offline using Caas IntraVascular (Pie Medical Imaging B.V, the
Netherlands) by an independent OCT core laboratory (Real Solution Sp. Z 0.0., Poland) blinded to patient
characteristics and clinical outcome. Pullbacks with insufficient image quality for assessment of the
target region were excluded. Quantitative and qualitative image analyses were performed in accordance
with contemporary consensus documents.?>? Calcification was defined as a sharply delineated signal-
poor or heterogeneous region. A lipid plague was defined as a poorly delineated signal-poor region
with a fast signal drop-off that is separated from the lumen by a signal-rich band, the fibrous cap. Thin
cap fibroatheroma (TCFA) was defined according to the original pathological criteria'’ as a lipid plaque
with a lipid arc >90° and a minimum fibrous cap thickness <65 um. Plaque rupture was defined as a
discontinuity of the fibrous cap with or without thrombus. Thrombus was defined as an intraluminal
mass either homogeneous with low backscattering or highly backscattering with high attenuation.
Healed plaques were defined as regions with one or more layers of different optical densities and a
clear demarcation from underlying components. Macrophage accumulation was defined as signal-rich,
distinct or confluent punctuate regions with a cast shadow behind. Cholesterol clefts were characterized
by a thin, linear high-intensity region and neovascularisation as signal-poor voids that can be followed
in multiple consecutive frames. A plague was considered a HRP in the presence of at least two of the
following three pre-specified criteria: (i) a lipid arc >90°, (i) a minimum fibrous cap thickness <65 um,
and/or (iii) presence of either plaque rupture or thrombus.

Clinical endpoints

The primary clinical endpoint was defined as the occurrence of MACE, a composite endpoint of
all-cause mortality, any non-fatal Ml or unplanned revascularisation, at 2 year (£ 30 days) follow-up.
Secondary clinical endpoints include the individual components of the primary endpoint, cardiac death,
target-vessel failure and revascularisation, and target-lesion failure and revascularisation. Endpoints
definitions are provided in Supplementary methods S2. All potential clinical events were adjudicated by
an independent event adjudication committee, of which the members were blinded to the results of
the OCT analyses. Endpoints were adjudicated using medical records from participating centres, primary

care clinicians, or other medical centres.
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Patients enrolled with at least one FFR-negative (>0.80)
intermediate (30-90%) NC lesion
(n=438)

Excluded (n=18)

- Informed consent withdrawn (n=1)
- No OCT performed (n=3)

- OCT was in-stent restenosis (n=1)
- OCT of insufficient quality (n=13)

A

Patients with analyzed OCT
(n=420)

|
| !

STEMI (n=217) NSTEMI (n=203)

}
}

HRP
(n=78)

No HRP HRP
(n=139) (n=65)

No HRP
(n=138)

|
|

Lost to follow-up (n=1)

Complete two year follow-up Complete two year follow-up
(n=217) (n=202)

Figure 1. Study flewchart.

Flowchart of subjects included in the study.
FFR fractional flow reserve; HRP high-risk plaque; NSTEMI non-ST-segment elevation myocardial infarction; NC non-culprit,
OCT optical coherence tomography, STEMI ST-segment elevation myocardial infarction.

Statistical analysis

Baseline demographics, procedural characteristics, OCT characteristics, and clinical outcome were
compared between patients with NSTEMI and STEMI. Normally distributed continuous variables
are expressed as means + standard deviation (SD) and analysed using the Student’s independent
samples t-test, whereas non-normally distributed variables are expressed as medians with interquartile
range and analysed using the Mann-Whitney U test. Categorical data are expressed as numbers and
percentages and compared using the x? test or Fisher’s exact test, whenever appropriate. Lesion-level
OCT characteristics were compared between groups using generalized estimating equations with
an exchangeable correlation structure to account for potential within-patient clustering. The primary
clinical endpoint was compared between groups using the log-rank test and is presented using
cumulative incidence curves. Patients were censored at their last known moment of follow-up with
a maximum of 2 years (+30 days) after inclusion. Uni-variable and multi-variable (correcting for all
baseline clinical characteristics with a P-value <0.10 when compared between groups) Cox proportional
hazards regression models were fitted to estimate the hazard ratio (HR) of NSTEMI at presentation for the
primary clinical endpoint. HR for the secondary clinical endpoints were estimated using the Fine-Gray
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model with non-cardiac death and all-cause mortality as competing risk factors for cardiac death and
all other secondary clinical endpoints, respectively. Multi-variable analyses were only performed for the
secondary endpoints that differed significantly between groups in uni-variable analysis. The association
between HRP or its individual components and the primary clinical outcome were evaluated in the
complete cohort using interaction terms and separately within the sub-groups using the log-rank test
and uni-variable Cox proportional hazards regression model to estimate the HR. For these analyses, all
patients with at least one HRP were considered high-risk and patients without any HRP were considered
non-high-risk. Event rates for the secondary endpoints within the sub-groups according to the presence
or absence of HRP were only provided descriptively. Statistical significance was considered at two-sided
P-values <0.05. Data were analysed using IBM SPSS Statistics software version 27.0 (IBM Corp., USA) and
Stata, release 17 (Stata-Corp LCC, USA).

Table 1. Baseline and procedural characteristics.

NSTEMI STEMI P value
n=203 n=217
Age, years 65+ 11 62+ 10 0.004
BMI, kg/m? 278+50 277 £4.1 0.828
Female sex 44 (21.7%) 36 (16.6%) 0.185
Smoking status 0.221
Current 64 (32.0%) 59 (27.2%)
Previous 65 (32.5%) 63 (29.0%)

Hypertension 109 (53.7%) 113 (52.1%) 0.739
Diabetes 37 (18.2%) 24 (11.1%) 0.037
Hypercholesterolemia 84 (41.6%) 69 (31.8%) 0.038
Family history of 77 (38.7%) 51 (23.5%) <0.001
premature atherosclerosis

Previous MI 36 (17.7%) 27 (12.4%) 0.129
Previous PCl 39 (19.2%) 23 (10.6%) 0.013
Previous CVA 5(2.5%) 3 (1.4%) 0491
History of carotid artery disease 7 (3.4%) 6 (2.8%) 0.686
History of PAD 9 (4.4%) 8 (3.7%) 0.698
Total cholesterol, mmol/L 49+ 13 51+14 0.139
LDL-cholesterol, mmol/L 29+12 32+12 0.010
Triglycerides, mmol/L 2115 18+14 0.037
eGFR, ml/min/1.73m? 754+188 839+186 <0.001
CRP, mg/L 68+ 169 70+273 0.933
Leukocytes, x10%/L 89+28 105+34 <0.001
Lipid lowering therapy at presentation 67 (33.0%) 41 (18.9%) <0.001
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Table 1. Continued

Infarct related artery

LM 3(1.5%) 2 (0.9%) 0.676
LAD 83 (40.9%) 84 (38.7%) 0.649
Cx 66 (32.5%) 42 (19.4%) 0.002
RCA 59 (29.1%) 98 (45.2%) <0.001
Non-culprit lesion assessment
Immediate 114 (56.2%) 42 (19.4%) <0.001
Staged 89 (43.8%) 175 (80.6%) <0.001
Time to staged procedure, days 16+£14 17+£16 0.598
Number of non-culprit lesions 1.19+044 1.16 £0.39 0450
Non-culprit lesion distribution
LM 3(1.5%) 1(0.5%) 0.357
LAD 86 (42.4%) 89 (41.0%) 0.779
Cx 69 (34.0%) 85 (39.2%) 0.271
RCA 63 (31.0%) 59 (27.2%) 0.386
Targeted non-culprit FFR 0.89+0.05 0.89+0.05 0.256

BMIbody mass index; CRP c-reactive protein; CVA cerebrovascular accident; Cx circumflex artery; eGFR estimated glomerular
filtration rate; FFR fractional flow reserve; LAD left anterior descending artery; LDL low-density lipoprotein; LM left main
coronary artery; Ml myocardial infarction; NSTEMI non-ST-segment elevation myocardial infarction; PAD peripheral artery
disease; PCl percutaneous coronary intervention; RCA right coronary artery; STEMI ST-segment elevation myocardial
infarction.

RESULTS

Baseline and angiographic characteristics and clinical outcome

At least one OCT was analysable in 420 patients, of whom 203 (48.3%) presented with NSTEMI and 217
(51.7%) with STEMI (Figure 1). Baseline and angiographic characteristics are presented in Table 1. Patients
with NSTEMI were on average older than patients with STEMI (mean age 65 + 11 vs. 62 + 10 years, P
= 0.004). Patients with NSTEMI more frequently had a history of diabetes (18.2 vs. 11.1%, P = 0.037),
hypercholesterolemia (41.6vs.31.8%, P=0.038),and afamily history for pre-mature atherosclerotic disease
(38.7 vs. 23.5%, P < 0.001), resulting in an overall higher cardiovascular risk profile (see Supplementary
data online, Figure S1). Moreover, NSTEMI patients more frequently had a history of PCI (19.2 vs. 10.6%,
P = 0.013). Prescription of lipid lowering therapy at baseline was higher among patients with NSTEMI
(33.0vs. 18.9%, P < 0.001) and baseline LDL-cholesterol levels were lower (2.9 £ 1.2 vs.3.2 + 1.2 mmol/L,
P =0.010). Whilst the circumflex coronary artery was more frequently identified as the culprit artery in
patients with NSTEMI (32.5 vs. 19.4%, P = 0.002), the right coronary artery was more frequently identified
as culprit in patients with STEMI (29.1 vs. 45.2%, P < 0.001). No difference was observed in the number
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of FFR-negative NC lesions (P = 0.450) or in the mean FFR measurement (P = 0.256). Guideline directed
medical therapy prescription at discharge and during follow-up was comparable between groups (see
Supplementary data online, Table S1).

Only one patient was lost to follow-up in between 1- and 2-years follow-up. Primary and secondary
clinical endpoints are summarized in Table 2. At 2-year follow-up, the primary clinical endpoint of MACE
had occurred in 29 (14.3%) patients with NSTEMI compared with 16 (7.4%) patients with STEMI (P =
0.025) (Figure 2). Specifically, non-fatal Ml had occurred more often in patients with NSTEMI (6.4 vs.
0.5%, P = 0.011). After correcting for baseline differences between groups, statistical significance was
maintained for non-fatal MI (P < 0.001) but not for MACE (P = 0.270).

Table 2. Two-year clinical outcome.

NSTEMI STEMI Univariable HR P value Multivariable HR P value
n=203 n=217 (95% CI) (95% Cl)

Primary endpoint 29 (14.3%) 16 (7.4%) 1.99 (1.08-3.66) 0.025 1.51(0.72-3.16) 0.270

Death (any) 8 (3.9%) 6 (2.8%) 1.40 (0.49-4.04) 0.531

Cardiac Death 5(2.5%) 5(2.3%) 1.03 (0.30-3.50)° 0.960

Non-fatal Ml 13(64%) 1(0.5%) 13.87(1.82-105.81) 0011  14.09(1.62-122.48) <0.001

Unplanned 16 (7.9%) 10 (4.6%) 1.70 (0.78-3.74) 0.185

revascularization

Target vessel failured 7 (3.4%) 4 (1.8%) 1.79 (0.53-6.06) 0347

Target vessel 7 (3.4%) 4(1.8%) 1.79 (0.53-6.06)° 0.347

revascularization®

Target lesion failure? 4 (2.0%) 4 (1.8%) 1.07 (0.27-4.27)° 0.925

Target lesion 4 (2.0%) 4 (1.8%) 1.07 (0.27-4.27)° 0.925

revascularization?

Cl confidence interval; HR hazard ratio; MI myocardial infarction; NSTEMI non-ST-segment elevation myocardial infarction;
STEMI ST-segment elevation myocardial infarction.

@ Multi-variable Cox proportional hazard regression models with NSTEMI at presentation, age, history of diabetes, history of
hypercholesterolemia, family history for pre-mature atherosclerosis, history of percutaneous coronary intervention; baseline
LDL-cholesterol levels, baseline triglyceride levels, baseline estimated glomerular filtration rate, baseline leukocyte levels, right
coronary artery as culprit artery, and circumflex artery as culprit artery as independent variables.

Y HR estimated using the Fine-Gray method with non-cardiac death as competing risk factor.

¢ HR estimated using the Fine-Gray method with all-cause mortality as competing risk factor.

4“Target vessel/lesion’refers to the fractional flow reserve-negative NC vessel-lesion imaged by optical coherence tomography.
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Figure 2. Two-year MACE.

Kaplan-Meier curve for the primary clinical outcome of MACE (composite endpoint of all-cause mortality, non-fatal

M, or unplanned revascularization) at 2 year follow-up.
NSTEMI non-ST-segment elevation myocardial infarction; STEMI ST-segment elevation myocardial infarction.

NC plaque characteristics

Luminal dimensions A total of 494 FFR-negative NC lesions were analysable, 242 in patients with
NSTEMI and 252 in patients with STEMI. Lesion-level OCT characteristics are presented in Table 3. The
mean minimum lumen area and diameter were significantly larger in patients with NSTEMI (2.84 + 1.58
vs. 2.56 + 148 mm?, P = 0.048 and 1.55 + 0.45 vs. 1.47 + 044 mm, P = 0.045, respectively). Accordingly,
the percentage area stenosis was smaller in these patients (60.5 + 16.6% vs. 64.0 + 15.4%, P = 0.016).

HRP features NC lesions in patients with NSTEMI less frequently had a lipid plaque (70.7 vs. 81.7%, P =
0.004) and lipid length was shorter (9.0 + 6.7 vs. 10.6 + 7.8 mm, P = 0.026). No difference was observed
in the prevalence of HRP (29.3 vs. 32.9%, P = 0.412), but lesions in patients with NSTEMI less frequently
had a lipid arc >90° (69.0 vs. 79.0%, P = 0.015). Plaque rupture was found in 27 (11.2%) lesions in patients
with NSTEMI and in 21 (8.3%) lesions in patients with STEMI (P = 0.288). Thrombus was present in 22
(9.1%) and 21 (8.3%) lesions, respectively (P = 0.744). Macrophage accumulation was identified in 18.2%
of lesions in NSTEMI compared with 27.8% in STEMI (P = 0.014).
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Table 3. Lesion-level OCT characteristics according to clinical presentation.

NSTEMI STEMI P value
n=242 n=252
Minimum lumen area, mm? 2.84+158 256+ 148 0.048
Minimum lumen diameter, mm 1.55+ 045 147 £ 044 0.045
Percentage area stenosis 60.5+ 166 640+ 154 0.016
Lesion length, mm 182+86 192+90 0.221
Calcification 162 (66.9%) 152 (60.3%) 0.128
Maximum calcification arc, ° 151+£99 138+ 86 0.215
Maximum calcification thickness, um 860 + 270 838 + 244 0455
Calcification length, mm 93+38.1 86+79 0459
Protruding calcification 35 (14.5%) 24 (9.5%) 0.102
Lipid 171 (70.7%) 206 (81.7%) 0.004
Lipid length, mm 90+6.7 106+78 0.026
Maximum lipid arc, ° 226 + 83 224+ 84 0.996
Lipid arc >90° 167 (69.0%) 199 (79.0%) 0.015
Minimum fibrous cap thickness, um 106 £ 70 112+ 68 0444
Minimum cap thickness <65 um 65 (26.9%) 71 (28.2%) 0.748
TCFA 65 (26.9%) 71 (28.2%) 0.748
Plaque rupture 27 (11.2%) 21 (8.3%) 0.288
Thrombus 22 (9.1%) 21 (8.3%) 0.744
Macrophage accumulation 44 (18.2%) 70 (27.8%) 0014
Neovascularization 41 (16.9%) 37 (14.7%) 0.502
Healed plaque 48 (19.8%) 52 (20.6%) 0.781
Cholesterol clefts 21 (8.7%) 14 (5.6%) 0.187
High-risk plaque 71 (29.3%) 83 (32.9%) 0412

NSTEMI non-ST-segment elevation myocardial infarction; STEMI ST-segment elevation myocardial infarction; TCFA thin cap
fibroatheroma.

Association between clinical outcome and OCT characteristics

Sixty-five (32.0%) patients with NSTEMI and 78 (35.9%) patients with STEMI had at least one HRP.
The incidence of MACE at 2-year follow-up was numerically higher in patients with at least one HRP
compared with patients without a HRP, both in patients with NSTEMI (20.0 vs. 11.6%, P = 0.102, HR 1.83
[95% C1 0.88-3.80)) and with STEMI (11.5 vs. 5.0%, P = 0075, HR 2.39 [95% C1 0.89-6.42]) (P, . . =0.684)
(Figure 3). All clinical endpoints according to the presence of HRPs within both groups are presented in
Supplementary data online, Table S2. The association between the individual components of a HRP and
MACE are presented in the Graphical Abstract. Among these, plaque rupture was significantly associated
with MACE in patients with STEMI (P = 0.020, HR 3.51 [95% Cl 1.13-10.89]) and NSTEMI (P < 0.001, HR
3.67 [95% Cl 1.67-8.08]).
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DISCUSSION

In this prospective contemporary cohort of patients with NSTEMI or STEMI, we found a higher incidence
of MACE in NSTEMI patients. We also observed an equal prevalence of plaque features that could
indicate 'left-behind’ culprit lesions in NSTEMI and STEMI. There was no interaction between the clinical
presentation and the association between presence of HRP and MACE. Among high-risk criteria, plaque
rupture was significantly associated with MACE in both groups. These data call for additional research on

NC revascularisation in NSTEMI patients similar to STEMI patients and on treatment of HRP.

30 |mmmHRP  1#81No HRP
== NSTEMI P=0.102 HR 1.83 (95% CI 0.88-3.80)
25 |==STEMI P=0075 HR 239 (95% Cl 0.89-6.42)
D\\of interaction = 0684
8 20.0%
£20 |_
b=}
2"
k] 11.6%
s | I %
E 11.5%
=
0]
s, I Lo~ 5.0%
0
0 Fol 365 J 730
Number at risk ollow-up (days)
NSTEMI HRP 65 56 53
NSTEMI no HRP 138 128 122
STEMI HRP 78 73 69
STEMI no HRP 139 135 130

Figure 3. Two-year MACE and presence of HRP.

Kaplan-Meier curve for the primary clinical outcome of MACE (composite endpoint of all-cause mortality, non-fatal
MI, or unplanned revascularization) at 2 year follow-up according to the presence of a HRP in NSTEMI and STEMI.

Cl confidence interval; HR hazard ratio; HRP high-risk plague; NSTEMI non-ST-segment elevation myocardial infarction;
STEMI ST-segment elevation myocardial infarction.

HRP features of NC lesions

Alimited number of studies have assessed differences in NC plaque characteristics between NSTEMI and
STEMI. In a sub-study of the PROSPECT study, including 668 patients (457 NSTEMI and 211 STEMI) who
underwent 3-vessel greyscale and virtual histology-IVUS, no differences in NC plaque characteristics
were identified on a patient-level, including an equal presence of TCFA.?? Fang et al. performed three-
vessel OCT and found that the percentage area stenosis and prevalence of plaque rupture, calcification
and neovascularisation were higher in NC plaques of patients with STEMI. The prevalence of TCFA and
calcified plaques were 17.2% and 37.3%, respectively. In contrast, we observed a prevalence of 27.5%
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and 63.6%, respectively. This disparity may be related to the type of lesions included (i.e. three-vessel
imaging versus targeted NC lesion imaging). The median minimum lumen area in the cohort of Fang et
al. was 4.5 mm? (IQR 4.2-4.8) for NSTEMI and 4.2 mm? (IQR 4.0-4.4) for STEMI,° whereas we found a mean
minimum lumen area of 2.84 + 1.58 mm? and 2.56 + 1.48 mm?, respectively. Indeed, relative prevalence
of TCFA and calcification increases with the degree of stenosis.?

Clinical outcome

Despite an equal presence of HRPs in the present cohort, we observed a higher incidence of MACE, and
non-fatal Ml in particular, in patients with NSTEMI, which was partially attributable to more traditional
risk factors in these patients. This observed higher incidence of events during follow-up in patients with
NSTEMI is in accordance with large-scale registry data in which this effect was also partly attributable to
more cardiovascular comorbidities among these patients®? Such comorbidities have been associated
with rapid lesion progression and future M|.2%

Association between clinical outcome and OCT characteristics

In the primary analysis of the PECTUS-obs study, we demonstrated a significant association between
OCT-identified HRP and 2-year MACE after MI.>* These observations suggest incremental value of
intracoronary imaging on top of physiological lesion assessment, also considering a diminished accuracy
of the FFRin the acute setting of Ml due to a temporary increased microvascular resistance,'® and higher
recurrent event rates among STEMI patients after FFR-guided deferral of NC revascularisation compared
with those patients undergoing revascularisation with a positive FFR.' Although the present analysis
was not powered to demonstrate statistically significant associations within sub-groups, we report
no significant interaction between the primary outcome and the clinical syndrome at presentation.
Presence of a HRP led to numerically higher incidence of MACE both in NSTEMI and STEMI compared
with absence of HRP, irrespective of the more adverse clinical profile of patients with NSTEMI. STEMI
patients without a HRP were at low risk for subsequent events (2-year incidence of MACE 5.0%). On
the contrary, especially patients with NSTEMI and HRP were at very high risk for recurrent events with a
2-year incidence of MACE of 20.0%. Likewise, in a multi-national registry, encompassing 1474 patients
(5.1% NSTEMI and 7.1% STEMI), patients with lipid rich plaques and NC related MACE during follow-up
were more likely to have presented with NSTEMI at baseline?' These results challenge the hypothesis
of reduced impact of HRP in NSTEMI and support ongoing research on complete revascularisation of
NC plagues in these patients as well as studies on intensified medical treatment or focal treatment for
HRP after MI323° Recently, the PREVENT trial demonstrated for the first time a potential benefit with
regards to the latter, but included a very small proportion of patient with MI and OCT-identified HRPs
drove revascularisation in a minority of cases.® Future studies assessing the clinical value of preventive
treatment of HRP, ideally in more high-risk populations, are warranted for more definitive conclusions.
It should however be acknowledged that recurrent events also occur in absence of HRP in the imaged
segments. In this study, a strategy of targeted imaging of intermediate NC lesions was adopted rather
than three-vessel imaging. We therefore cannot rule out that HRP phenotypes were present in other
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segments without intermediate obstruction. Additionally, other plaque phenotypes other than the
predefined PECTUS-obs criteria may be related to adverse outcome, calling for a retrospective evaluation
of lesions progressing to cause events. Finally, OCT imaging was performed at a single point in time,
which precluded assessment of plaque evolution over time.

Interestingly, plague rupture was associated with recurrent events both in NSTEMI and STEMI. (Sub)
clinical plaque rupture is a sign of pancoronary vulnerability and can lead to acute manifestations when
resulting in acute thrombotic occlusion or to rapid lesion progression after subclinical healing.*2° Plaque
rupture could therefore be a potential target for pre-emptive treatment both in NSTEMI and STEMI.
However, considering that presence of plaque rupture and/or thrombus were only included in the pre-
defined high-risk criteria of PECTUS-obs and not in earlier natural history studies, confirmation of the
prognostic impact in additional studies is warranted. Nevertheless, the FORZA trial demonstrated that
indication for revascularisation based on OCT-criteria, among which was plaque rupture, appeared to be
a safe alternative to FFR-guided revascularisation.*#' However, this population consisted predominantly
of patients with chronic coronary syndrome and was not powered to demonstrate differences in clinical
outcome. Additional evidence may arise from the ongoing COMBINE-INTERVENE and INTERCLIMA trials,
in which plaque rupture and thrombus are incorporated in the HRP criteria, respectively.*

Potential culprit lesion misidentification

The culprit lesion is generally easily identifiable in STEMI. In contrast, no culprit lesion can be identified
by coronary angiography in one-third of NSTEMI patients, 60% of whom have evidence of focal MI
on cardiac magnetic resonance. Furthermore, among the two-third of patients in whom a lesion is
designated as culprit based on the coronary angiogram, cardiac magnetic resonance identifies another
artery as culprit in one in seven cases.'® The strong association between plagque rupture and future MACE
inNSTEMI (2 yearincidence of MACE 34.6%) and the observed trend towards higher MACE in the presence
of thrombus could indicate that some of the NC lesions imaged may have in fact been the culprit lesion.
However, in accordance with the findings of the PROSPECT study,?? we report equal proportions of NC
lesions with presence of plaque rupture or thrombus in NSTEMI and STEMI, contradicting the potential
of missed culprit lesions. It is however unknown how true culprit lesions are distributed among FFR-
positive and FFR-negative lesions. Irrespectively, pursuing complete angiographic NC revascularisation
would imply treatment of all potential culprit lesions.

The present study has some limitations. First, OCT was performed of FFR-negative intermediate NC
lesions only rather than three-vessel OCT. The results therefore only apply to FFR-negative lesions and
it remains uncertain whether the imaged lesions were indeed all NC lesions, especially in NSTEMI.
Furthermore, the latest ESC guidelines on acute coronary syndrome advocates complete angiography-
guided revascularisation rather than FFR-guided revascularisation of NC lesions. Although the present
study is not in line with this recommendation, no recommendations on guidance of NC revascularisation
were made in the prevailing guidelines during the conduct of the study. Additionally, although medical
prescription rates were largely comparable between groups, only few patients were on PCSK9-inhibitors
and effectiveness of prescribed lipid lowering therapy could not be assessed in absence of cholesterol
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levels during follow-up. Last, the study was not powered to demonstrate differences in secondary
endpoints in the complete cohort or in clinical outcome within the sub-groups and results on the
association between HRP components and clinical outcome should therefore be considered hypothesis
generating and require confirmation in larger studies.

CONCLUSION

FFR-negative NC lesions in patients with NSTEMI have a lower degree of stenosis and less frequently

harbour lipid plagues compared with patients with STEMI, but prevalence of HRP is comparable. NC HRP

leads to numerically higher event rates in both clinical scenarios. These results call for additional research

on complete revascularisation in NSTEMI as well as on treatment of HRP after M. .
7
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ABSTRACT

Background and aims Recurrent events after myocardial infarction (MI) are common and often
originate from native non-culprit (NC) lesions that are non-flow limiting. These lesions consequently
pose as targets to improve long-term outcome. It is however largely unknown whether these lesions
differ between sexes. The aim of this study was to assess such potential differences.

Methods From the PECTUS-obs study, we assessed sex-related differences in plaque characteristics of
fractional flow reserve (FFR)-negative intermediate NC lesions in 420 MI-patients.

Results Among included patients, 80 (19.1%) were female and 340 (80.9%) male. Women were older
and more frequently had hypertension and diabetes. In total, 494 NC lesions were analyzed. After
adjustment for clinical characteristics and accounting for within-patients clustering, lesion length was
longer in female patients (20.8 + 10.0 vs 18.3 + 8.5 mm, p=0.048) and minimum lumen area (2.30 + 1.42
vs 2.78 £ 1.54 mm?, p<0.001) and minimum lumen diameter (1.39 + 0.45 vs 1.54 + 0.44 mm, p<0.001)
were smaller. The minimum fibrous cap thickness was smaller among females (96 + 53 vs 112 + 72
um, p=0.025), with more lesions harboring a thin cap fibroatheroma (39.3% vs 24.9%, p<0.001). Major
adverse cardiovascular events at two years occurred in 6.3% of female patients and 11.8% of male
patients (p=0.15).

Conclusions FFR-negative NC lesions after MI harbored more high-risk plague features in female
patients. Although this did not translate into an excess of recurrent events in female patients in this

modestly sized cohort, it remains to be investigated whether this difference affects clinical outcome.
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INTRODUCTION

Recurrent events after two years occur in up to 15-20% of patients presenting with myocardial infarction
(MI), approximately half of which originate from native non-culprit (NC) lesions.! As such, these lesions
pose as potential targets to improve patient outcome. Complete NC revascularization, either guided
by coronary angiography or fractional flow reserve (FFR), has been shown to improve clinical outcome
compared to culprit-lesion revascularization only.? Nevertheless, recurrent event rates in FFR-guided
deferred NC lesions following MI remain markedly higher compared to FFR-guided deferral in chronic
coronary syndrome* Importantly, FFR targets evaluation of hemodynamic significance and provides
only limited information on plague morphology.

Intracoronary optical coherence tomography (OCT) allows in vivo assessment of plague morphology
and composition, allowing identification of plaque features that are associated with plague instability
such as thin cap fibroatheromas (TCFA).* Indeed, the COMBINE (OCT-FFR) study and PECTUS-obs studies
demonstrated the incremental value of OCT in NC lesions to identify patients at increased risk for
recurrent events despite a negative FFRS7 Yet, evidence on sex-related differences in such NC lesions
after Ml is scarce®"

Although coronary artery disease impacts both sexes, existing evidence indicates sex-related
differences in the clinical presentation and pathophysiology. Women on average present with coronary
complications a decade later'?'* and symptomatology is often less typical." Histopathological studies
demonstrated that plaque erosion predominantly causes Ml in women, whilst plaque rupture is
the leading cause of Ml in men."*'® However, plaque rupture becomes increasingly important with
increasing age in female patients.”” We hypothesized that differences in plaque composition between
men and women are not limited to culprit plaques only but are also present in NC plaques. However,
previous studies demonstrated conflicting results.’® For example, female patients had a higher lesion-
level lipid burden in the Lipid Rich Plaque study,® whereas no differences in high-risk plaques were
observed in the PROSPECT study.® We therefore compared sex-related differences in FFR-negative NC
plaque characteristics as assessed by OCT in this exploratory subgroup analysis of the PECTUS-obs study.

PATIENTS AND METHODS

Study design

PECTUS-obs (NCT03857971) is a multicenter, prospective, observational study designed to assess the
association between OCT-identified high-risk plaques in FFR-negative NC lesions and future adverse
cardiovascular events in patients presenting with MI. The design, including in- and exclusion criteria,
and primary outcome of this study were described before.”' In brief, 438 patients with ST-segment-
elevation myocardial infarction (STEMI) or non-ST-segment-elevation myocardial infarction (NSTEMI)
underwent OCT of all FFR-negative intermediate NC lesion (defined as an angiographically assessed
stenosis grade of 30-90% with a FFR > 0.80) after primary percutaneous coronary intervention (PCl) of the

131




CHAPTER 8

culprit artery. OCT acquisition was performed using the Dragonfly Optis catheter (Abbott Vascular, USA)
under fluoroscopic guidance to ensure OCT findings could be correlated to the coronary angiogram.
Structured clinical follow-up was obtained one and two years (+ 30 days) after inclusion by means of
telephone contact. The study was conducted in accordance with the 1964 Declaration of Helsinki and
was approved by the institutional review boards and/or medical ethics committee of each participating
center. All patients provided written informed consent. For the present prespecified subgroup analysis,
all patients with at least one analyzable OCT were divided in two groups according to their sex assigned
at birth.

OCT imaging analysis

OCT images were analyzed offline by an independent OCT core laboratory (Real Solution Sp. Z 0.0,
Wroclaw, Poland) blinded to clinical outcome using Caas IntraVascular (Pie Medical Imaging BV,
Maastricht, the Netherlands). Pullbacks with insufficient image quality at the target region for both
qualitative and quantitative analysis were excluded. Analyses were performed in accordance with
contemporary consensus documents.>#° Quantitative analyses included lesion length, minimum lumen
area (MLA), minimum lumen diameter (MLD), proximal and distal reference area, proximal and distal
reference diameter and percentage area stenosis (%AS, calculated using interpolation of reference
lumen areas). Calcification was defined as signal-poor or heterogenous regions with a sharply delineated
border. Protruding calcification was defined as a lesion meeting the definition of a calcification with
the calcified region protruding into the lumen. Lipid plaques were defined as signal-poor regions with
poorly delineated borders with a fast signal drop-off that is separated from the lumen by an overlying
signal-rich band, the fibrous cap. TCFA was defined as a lipid plaque with a lipid arc extending over >90°
and with a minimum fibrous cap thickness <65 um. Plaque rupture was defined as a discontinuity of
the fibrous cap and thrombus as an intraluminal mass either homogeneous with low backscattering or
highly backscattering with high attenuation. Healed plaques were defined as regions with one or more
layers of different optical densities and a clear demarcation from underlying components. Macrophage
accumulation was characterized as signal-rich, distinct or confluent punctate regions that exceed the
intensity of background speckle noise and that has a cast shadow behind and cholesterol clefts as thin,
linear regions with high intensity. Neovascularization was characterized as signal-poor voids that can be
followed in multiple consecutive frames. A lesion was deemed as a high-risk plague in the presence of
>2 of the following prespecified criteria: 1) a lipid arc >90°, 2) a minimum fibrous cap thickness <65 um,
and/or 3) presence of either plague rupture or thrombus.

Clinical outcome

The primary clinical endpoint was the occurrence of major adverse cardiovascular events (MACE), a
composite endpoint of all-cause mortality, non-fatal Ml and unplanned revascularization, at two year
(£30days) follow-up. All potential clinical events were adjudicated by an independent event adjudication
committee, of which the members were blinded to the OCT analyses.
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Statistical analysis

Baseline demographics, procedural characteristics, OCT characteristics and clinical outcome were
compared between male and female patients. Continuous variables were expressed as means +
standard deviation (SD) and analyzed using the Student’s independent samples t-test when Gaussian
distribution was confirmed. Non-Gaussian distributed variables were expressed as medians with
interquartile ranges (IQR) and analyzed with the Mann-Whitney U test. Categorical data was expressed
as numbers and percentages and compared with the Chi squared tests or Fisher's exact test, whenever
appropriate. Comparison of lesion-level OCT characteristics between groups was performed using
generalized estimating equations with an exchangeable correlation structure to account for potential
within-subject correlation due to multiple plaques analyzed per patient. Multivariable linear and
logistic regression models were used to assess the impact of sex on OCT-derived plaque components
after correcting for all baseline characteristics with a p-value <0.10 when compared between groups.
Additional univariate and multivariable regression analyses were performed to assess the predictive
value of clinical and angiographic characteristics for the presence of a high-risk plaque. Clinical outcome
was compared between sexes using the log-rank test and is presented using Kaplan-Meier curves.
Statistical significance was considered at p-values < 0.05. Data was analyzed using IBM SPSS Statistics
software version 29.0 (IBM Corp., Armon, NY, USA).

Treatment of culprit lesion
for myocardial infarction

y

FFR-negative intermediate
non-culprit lesion

v

Informed consent and OCT
(n=438)

Excluded (n=18)

- Informed consent withdrawn (n=1)
- No OCT performed (n=3)

- OCT was in-stent restenosis (n=1)
- OCT of insufficient quality (n=13)

Patients with analyzed OCT

(n=420)
Y Y
Female patients Male patients
(n=80) (n=340)

Figure 1. Study flowchart.
FFR fractional flow reserve; OCT optical coherence tomography.
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RESULTS

Baseline demographics and angiographic characteristics

Among 420 patients with at least one analyzable NC lesion, 80 were female (19.1%) and 340 (80.9%)
were male (Figure 1). Baseline demographics and angiographic characteristics are presented in Table
1. Women were older (mean age 68 + 9 vs 62 + 10 years, p<0.001) and had a higher prevalence of
hypertension (63.7% vs 50.3%, p=0.030) and diabetes (26.3% vs 11.8%, p<0.001). Renal function was
significantly lower in female patients (mean eGFR 75 £ 17 vs 81 + 19 ml/min/1.73m? p=0.010), whereas
baseline triglyceride levels were higher among male patients (1.6 £ 0.8 vs 2.0 £ 1.6 mmol/l, p=0.010).
There was no difference in the clinical presentation between women and men (STEMI 45.0% vs 53.2%
and NSTEMI 55.0% vs 46.8%, p=0.19). Culprit and NC plaque distribution was comparable in both groups.
The mean FFR of targeted NC lesions was 0.89 + 0.05 and did not differ between sexes (p=0.19).

Table 1. Baseline characteristics according to sex.

Female Male p
n=80 n=340

Age,y 68+9 62+ 10 <0.001
BMI, kg/m? 279+58 277 £42 0.78
Smoking status

Current 23 (28.7%) 100 (29.7%) 0.07

Previous 17 (21.3%) 111 (32.9%
Hypertension 51 (63.7%) 171 (50.3%) 0.030
Diabetes 21 (26.3%) 40 (11.8%) <0.001
Hypercholesterolemia 32 (40.5%) 121 (35.6%) 041
Family history of premature atherosclerosis 25 (31.6%) 103 (30.6%) 0.85
Previous MI 16 (20.0%) 47 (13.8%) 0.16
Previous PCl 14 (17.5%) 48 (14.1%) 044
Previous CVA 2 (2.5%) 6 (1.8%) 0.65
History of carotid artery disease 0 (0%) 13 (3.8%) 0.14
History of PAD 4 (5.0%) 13 (3.8%) 0.54
STEMI at presentation 36 (45.0%) 181 (53.2%) 0.19
GRACE score 119£29 116+£33 046
Total cholesterol, mmol/L 5014 50+14 0.98
LDL-cholesterol, mmol/L 30+£14 30+12 0.74
Triglycerides, mmol/L 16+08 2016 0.010
eGFR, ml/min/1.73m? 75+17 81+ 19 0.010
CRP mg/L 76+187 6.7 £22.7 0.80
Leukocytes x10%/L 10.1£33 9.7+32 0.31
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Table 1. Continued

Lipid-lowering therapy at presentation 26 (32.5%) 82 (24.1%) 0.12
Infarct-related artery
LM 4(1.2%) 1(1.3%) 1.00
LAD 33 (41.3%) 134 (39.4%) 0.76
Cx 18 (22.5%) 90 (26.5%) 047
RCA 31 (38.8%) 126 (37.1%) 0.78
Number of non-culprit lesions 1.11+£039 1.19+£ 042 0.11
Nonculprit lesion distribution
LM 1(1.3%) 3(0.9%) 0.57
LAD 31 (38.8%) 144 (42.4%) 0.56
Cx 27 (33.8%) 127 (37.4%) 0.55
RCA 26 (32.5%) 96 (28.2%) 045
Targeted nonculprit lesion FFR 0.88 £ 0.05 0.89 +0.05 0.19

BMIbody mass index; CRP c-reactive protein; CVA cerebrovascular accident; Cx circumflex artery; eGFR estimated glomerular
filtration rate; FFR fractional flow reserve; LAD left anterior descending artery; LDL low-density lipoprotein; LM left main
coronary artery; Ml myocardial infarction; PAD peripheral artery disease; PCl percutaneous coronary intervention; RCA right
coronary artery; STEMI ST-segment elevation myocardial infarction, y years.

Optical coherence tomography characteristics

A total of 494 NC lesions were assessed using OCT, 89 (18.0%) in women and 405 (82.0%) in men (Figure
2). OCT characteristics on a lesion level are summarized in Table 2. After correction for potentially
contributing baseline characteristics, mean lesion length was longer in female patients (20.8 + 10.0 vs
18.3 + 8.5 mm, p=0.048) and mean MLA (2.30 + 1.42 vs 2.78+ 1.54 mm?, p<0.001) and MLD (1.39 + 0.45
vs 1.54 £ 044 mm, p<0.001) were significantly smaller. However, no difference was observed in %AS
between groups (63.0 + 159 vs 62.1 + 16.1%, p=0.69). There was no difference in the presence and extent
of calcified plaques in men and women. The number of lipid plaques was similar in both groups (77.5% vs
76.0%, p=0.79). Although the mean lipid length (11.9 + 9.9 vs 94 + 6.6 mm, p=0.045) was greater in female
patients in univariate analysis, statistical significance was not maintained in multivariable analysis (p=0.05).
NC lesions in female patients more frequently classified as a high-risk plaque (39.3% vs 29.4%, p=0.009). In
particular, the mean minimum fibrous cap thickness was smaller among female patients (96 + 53 vs 112
+ 72 mm, p=0.025), with more lesions classifying as a TCFA (39.3% vs 24.9%, p<0.001) and thrombus was
more frequently present in women (13.5% vs 7.7%, p<0.008). No difference was observed in the mean
maximum lipid arc between groups (244 + 89 vs 221 + 81°, p=0.16) or prevalence of microstructures often
associated with plaque vulnerability such as macrophage accumulation (p=0.64) and neovascularization
(p=0.52). Female sex was independently associated with the presence of a high-risk plaque in multivariable
analysis (p=0.048) correcting for all characteristics with a potential association (p<0.10 in univariate analysis,
Supplementary Table 1).
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Figure 2. Case examples of non-culprit plaques in female and male patients.

Case examples of a non-culprit plaque in the proximal left circumflex in a female (A-C) and male (D-F) patient. A-C)
In the female patient, the minimum lumen area measured 2.72 mm? (B) and the proximal (A) and distal (C) reference
areas measured 5.31 mm? and 5.59 mm?, respectively, resulting in a 50.3% area stenosis. At the site of the minimum
lumen area (B), a lipid plaque with a thin fibrous cap (arrow) was observed. D-F) In the male patient, the minimum
lumen area measured 3.24 mm? (E) and the proximal (D) and distal (F) reference areas measured 6.55 mm? and 6.51
mm?, respectively, resulting in a 49.8% area stenosis. At the site of the minimum lumen area (E), a lipid plaque with a
thick fibrous cap was observed.
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Table 2. Lesion-level OCT characteristics according to sex.

Univariate Multivariable*
Female Male p B SE p
n=89 n=405
Minimum lumen area, mm? 230+142 278+154  0.005 -0.626 0.170  <0.001
Minimum lumen diameter, mm 139 £ 045 154 +044 0.005 -0.192 0.055 <0.001
Percentage area stenosis 63.0£159  62.1+16.1 0.69
Proximal reference
Lumen area, mm? 7.33 298 8.56 +3.80 0.001 -1.439 0434 <0.001
Mean lumen diameter, mm 300+060 323+069  0.003 -0.258 0.084 0.002
Distal reference
Lumen area, mm? 562 +259 698 +3.63 <0.001 -1.796 0.350 <0.001
Mean lumen diameter, mm 261+058 290+072 <0001 -0.371 0076  <0.001
Lesion length, mm 208 +10.0 183 +85 0.032 2710 1371 0.048
Calcification 61 (68.5%) 253 (62.5%) 0.28
Calcification length, mm 10.0+89 87+78 0.27
Maximum calcification arc, ° 151 +100 143 +91 0.54
Maximum calcification thickness, um 835 + 244 853 + 261 0.78
Protruding calcification 15 (16.9%) 44 (10.9%) 0.11
Lipid 69 (77.5%)  308(76.0%)  0.79
Lipid length, mm 11.9+£99 94+ 6.6 0.045 2636 1.346 0.05
Maximum lipid arc, ° 244 + 89 221 £ 81 0.06 20.097 14.254 0.16
Minimum fibrous cap thickness, um 96 + 53 112+72 0.045 -20347  9.053 0.025
TCFA 35 (39.3%) 101 (24.9%)  0.007 0.994 0.294 <0.001
Plaque rupture 8 (9.0%) 40 (9.9%) 0.89
Thrombus 12 (13.5%) 31 (7.7%) 0.09 1.089 0411 0.008
Macrophage accumulation 22 (24.7%) 92 (22.7%) 0.64
Neovascularization 12 (13.5%) 66 (16.3%) 0.52
Healed plaque 20 (22.5%) 80 (19.8%) 057
Cholesterol clefts 5 (5.6%) 30 (7.4%) 0.54
High-risk plaque 35(393%)  119(294%) 007 0.788 0.300 0.009

TCFA thin cap fibroatheroma.
@ Multivariable linear and binary logistic regression models with female sex, age, hypertension, diabetes, smoking status,
baseline triglycerides level and estimated glomerular filtration rate as independent covariables.
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Clinical outcome
After two-years of follow-up, MACE occurred in 6.3% of female patients compared to 11.8% of male
patients (p=0.15) (Figure 3).
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Male 340 316 302

Figure 3. Kaplan-Meier curves of two year MACE according to sex.
MACE major adverse cardiovascular events.

DISCUSSION

In this prospective and unselected cohort of MI patients with FFR-negative NC lesions, women were
underrepresented, were older and had more cardiovascular risk factors compared to men. After
correction for age and other risk factors, absolute luminal dimensions of FFR-negative NC lesions were
smaller and mean lesion length was longer in women. Although the number of lipid plaques was
equally distributed, lipid plaques in females had less favorable plaque characteristics including smaller
minimum fibrous cap thicknesses. Consequently, NC lesions in women more frequently contain a high-
risk plague including TCFA after adjustment for clinical characteristics. However, this did not lead to a

higher incidence of clinical events among female patients (Figure 4).

Quantitative lesion characteristics

Previous histopathological as well as in vivo imaging studies demonstrated that female patients harbor
less extensive atherosclerosis in the coronary circulation as compared to male patients,*?' with an 8-10
year delay in plague formation in females.?? Interestingly, mean NC lesion length in women was larger
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in the present study. We postulate that this can be explained by the fact that we performed targeted
NC lesion imaging rather than three-vessel OCT, whilst the other studies assessed total atherosclerotic
burden in female versus male patients.®?' Additionally, female patients in the present study were older.
Consistent with previous studies®® we found smaller MLA and MLD in female patients compared to
males, which can probably be attributed to a difference in body composition between sexes considering
that reference lumen dimensions were also smaller in female patients and that %AS was comparable.
Indeed, a substudy of the Lipid Rich Plague study demonstrated no difference in the MLA corrected for
body surface area? Correspondingly, the mean external elastic membrane area was smaller in female
patients in the sex-substudy of the PROSPECT study.’

W Clinical Characteristics

‘ Age (p<0.001) t
‘ Diabetes (p<0.001) t
‘ Hypertension (p=0.030) t
t Renal function (p=0.010) ‘
t Triglycerides (p=0.010) ‘

Female Plaque Characteristcs

FFR-negative NC lesion I
t Lesion length (p=0.048)

—»
1 MLA (p<0.001)  Minimum FCT (p=0.025)  Thrombus (p=0.008)
1 Mip (p<0.001) 1 7crA (p<0.001)

Two year Major Adverse Cardiovascular Events
d Male 11.8% (p=0.15) 6.3% Female Q

Figure 4. Central illustration.

FCT fibrous cap thickness; FFR fractional flow reserve; MLA minimum lumen area; MLD minimum lumen diameter; NC non-
culprit; NSTEMI non-ST-segment elevation myocardial infarction; OCT optical coherence tomography; STEMI ST-segment
elevation myocardial infarction; TCFA thin-cap fibroatheroma.
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Plaque composition

Multiple studies assessed differences in plague morphology between sexes in various clinical scenarios
with conflicting observations.’”® Only a limited number of studies addressed this topic in the context
of NC lesions after MI. Kataoka et al. retrospectively analyzed 675 NC plaques in coronary arteries
undergoing revascularization in 435 patients using OCT, which was performed at operator’s discretion.
They found a significantly higher prevalence of calcified plaques in male compared to female patients
(24% vs 10%, p=0.01) within a subset of 222 NC plaques in 115 patients presenting with acute coronary
syndrome.'® In contrast, we report an overall higher prevalence of calcification but without sex-related
differences. This discrepancy may be explained by the difference in study design. In particular, we
studied hemodynamically insignificant lesions spatially unrelated to the culprit lesion, whereas Kataoka
and colleagues studied NC plaques in vessels requiring PCI. Moreover, the prevalence of traditional risk
factors for coronary artery disease was much lower in our cohort. Notwithstanding an equal prevalence
of lipid plaques in the present analysis, we found a larger mean lipid length in women compared to men,
a difference that was at least partially attributable to the observed differences in clinical profile between
female and male patients.

Plaque vulnerability

Intracoronary OCT allows identification of plague phenotypes that are considered to be prone to
plaque rupture. Among these high-risk features is TCFA, a fibroatheroma characterized by a large lipid
pool or necrotic core with a thin overlying fibrous cap.? In the PECTUS-obs study, we demonstrated
that presence of a high-risk plaque in FFR-negative NC lesions was associated with an almost twofold
increased risk of future events,” similar to the observations of COMBINE (OCT-FFR) in diabetic patients.®
Correspondingly, TCFA in addition to a large plaque burden and a MLA <4.0 mm? was associated with a
more than threefold increased risk of future events in the PROSPECT study.’

We now report a higher prevalence of TCFA and high-risk plaques in NC lesions of female patients also
after correction for baseline characteristics. Although this might seem alarming in view of the high-risk
plaque hypothesis, we did not observe a higher event rate among female patients during two years
follow-up. Similarly, a recent analysis by Kataoka and colleagues demonstrated that female patients
harbor more modifiable NC lesions (i.e. more condensed lipid plaques) as assessed by [VUS-near infrared
spectroscopy, but alike our results that did not lead to higher event rates among female patients.”
Consequently, we hypothesize that other clinical** and plaque features may need to be identified for
prognostication in female patients, or perhaps a combination of both. This may ultimately lead to better
patient-tailored treatment strategies to reduce recurrent events following M.

Conversely, no difference in the prevalence of TCFA was found in a sex substudy of the PROSPECT study,
nor in a combined analyses of the ATHEROREMO-IVUS and IBIS-4 studies.>* Eight out of eleven NC
lesions causing a recurrent event in female patients harbored a TCFA in the PROSPECT substudy and
TCFA was the strongest predictor of future NC-lesion related events during follow-up in these patients.’
Additionally, no difference was observed in prevalence of high-risk plaques in a substudy of one CCTA
registry,” while high-risk plaques were slightly more common among male patients in another.??
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However, these studies assessed plague morphology using virtual histology intravascular ultrasound
(VH-IVUS) or CCTA which have insufficient spatial resolution for TCFA identification. Indeed, only a third
of TCFA identified by VH-IVUS correspond to TCFA on OCT,?” and OCT-identified TCFA is only found in
40% of lesions meeting two high-risk plaque criteria on CCTA.?® Furthermore, patients with prior Ml were
excluded in the CCTA registries.?>? In contrast to the previous analyses,®*>*% the mean age of female
patients in the present cohort was >65 years old. Culprit lesions in female patients contain more TCFA
with increasing age.'”? Likewise, in another sex-related substudy from PROSPECT, NC lesions in female
patients over the age of 65 years old had a higher percentage of necrotic core, whilst such difference
was not present in patients below 65 years of age.* Age-related effects may therefore have contributed
to the disparity in results, and these findings therefore require confirmation in future studies.

Limitations

This study should be interpreted with a number of limitations in mind. First, we performed targeted
NC lesions OCT rather than three vessel OCT, therefore this study only implies to lesions with a visually
estimated stenosis grade of 30-90% that are hemodynamically insignificant. Moreover, only patients
presenting with Ml were included. However the impact of identification of high-risk plaques seems
limited following FFR-guided deferral in patients with CCS without a very-high risk profile (e.g. diabetes).
Although multivariable analyses were performed to correct for baseline differences between sexes, we
cannot rule out that these baseline differences have a more profound effect on differences in plaque
characteristics. Importantly, the PECTUS-obs study was not designed or powered to demonstrate
differences in clinical endpoints between sexes. The limited number of female patients and a modest
period of follow-up resulted in a low absolute number of cardiovascular events in the subgroups.
Consequently, the absence of a difference in clinical outcome may result from a lack of power to
demonstrate such differences. Additionally, these limitations precluded assessment of the clinical
impact of HRP within the subgroups and assessment of NC lesion-related events. Therefore, the results
of this study remain hypothesis-generating and require confirmation.

CONCLUSION

In conclusion, FFR-negative NC lesions in female patients presenting with Ml harbor more high-risk
plaque features compared to male patients, independently of the more adverse clinical profile of female
patients. Although this did not translate into an excess of recurrent events among female patients in the
present cohort, the true effect of this difference on clinical outcome remains to be investigated.
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ABSTRACT

Background High-risk plagues (HRP) in non-flow limiting, deferred non-culprit lesions have been
associated with adverse short-term cardiovascular outcomes after myocardial infarction (MI). However,

the long-term prognostic implications remain largely unknown.

Aims This study sought to evaluate the long-term association between HRP and clinical outcome after
M.

Methods In the prospective, observational PECTUS-obs study, 438 patients with recent Ml underwent
optical coherence tomography (OCT) of all fractional flow reserve-negative non-culprit lesions. Patients
were grouped according to the presence or absence of at least one OCT-identified HRP. The current
study evaluates the final long-term outcome. The primary endpoint was defined as major adverse
cardiovascular events (MACE), a composite of cardiac death, non-fatal Ml or unplanned revascularization,
excluding all periprocedural, indeterminate and all stent failure-related events.

Results After a median follow-up of 1,828 days (interquartile range [IQR] 1,821-1,842 days), the presence
of at least one HRP was associated with MACE (hazard ratio [HR] 1.87, 95% confidence interval [Cl]:
1.11-3.14; p=0.017). Among the individual endpoint components, non-fatal MI (HR 4.07, 95% Cl: 1.23-
13.52; p=0.013) and unplanned revascularization (HR 1.97, 95% Cl: 1.07-3.64; p=0.027) occurred more
frequently in patients with at least one HRP. In an exploratory landmark analysis, the risk associated with
presence of HRP was observed only during the first 2 years of follow-up. The lesion-level incidence of
target lesion failure did not differ significantly between groups (HR 1.65, 95% Cl: 0.91-2.96; p=0.097).

Conclusions Non-flow limiting, high-risk non-culprit plaques are associated with adverse patient-level
clinical outcomes during long-term follow-up after MI, potentially with a more pronounced short-term
risk.
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INTRODUCTION

After myocardial infarction, complete revascularization of non-culprit lesions is endorsed by guidelines
to reduce the risk of recurrent cardiovascular events."? Indeed, approximately half of recurrent events
are related to the destabilization or progression of non-culprit lesions. However, despite fractional flow
reserve (FFR)-guided complete revascularization, recurrent cardiovascular events among patients with
myocardial infarction remain common.* Various prospective, observational studies, using a variety of
imaging modalities, have demonstrated that high-risk plaques (HRP) in deferred non-culprit lesions may
be important drivers of recurrent events.>” Such lesions are typically characterised by a large lipidic
plaque burden, separated from the lumen by a thin overlying fibrous cap. We previously demonstrated
in the prospective, observational PECTUS-obs study that presence of an optical coherence tomography
(OCT)-identified HRP was associated with an increased risk of recurrent patient-level cardiovascular
events at 2 years after myocardial infarction.” The long-term prognostic impact of OCT-identified HRP in
non-flow limiting, deferred lesions after myocardial infarction remains unknown.

This study sought to evaluate the association between OCT-identified HRP and long-term clinical
outcomes at the final 5 year follow-up in PECTUS-obs.

METHODS

Study design

PECTUS-obs (ClinicalTrials.gov: NCT03857971) was a prospective, observational, natural history study on
the association between OCT-identified HRP in FFR-negative non-culprit lesions (i.e, target lesions) and
major adverse cardiovascular events (MACE) after myocardial infarction. The study was conducted in 14
hospitals in 4 countries and is reported in accordance with the STROBE reporting guidelines (https://
www.strobe-statement.org/). The rationale, design and the primary results at 2-year follow-up were
published previously.”® In brief, patients presenting with ST-segment elevation myocardial infarction
(STEMI) or non-STEMI (NSTEMI) and undergoing invasive coronary angiography were screened for
eligibility after treatment of the culprit lesion. All patients with at least one intermediate non-culprit
lesion (visually estimated stenosis 30-90%) that was FFR-negative (FFR >0.80) were eligible for inclusion.
The exclusion criteria were age <18 years, pregnancy, hemodynamic instability, previous or current
indication for coronary artery bypass grafting, and a life expectancy of <3 years. The two target lesion-
related (i.e, related to the FFR-negative non-culprit lesion to be imaged with OCT) exclusion criteria were
anatomy unsuitable for OCT catheter crossing and the presence of in-stent restenosis. Physiological and
imaging evaluation of all eligible target lesions was performed during the index procedure or during a
staged procedure within 6 weeks after myocardial infarction. The FFR was obtained according to local
site protocol. Severe stenoses (visually estimated stenosis >90%) and FFR-positive intermediate stenoses
were treated according to contemporary guidelines. OCT acquisition was performed using the Dragonfly
OPTIS imaging catheter (Abbott) while cine recording the pullback to ensure that OCT findings could
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be correlated to the coronary angiogram based on anatomical landmarks (i.e,, side branches and ostia).
Operators were not allowed to evaluate plague morphology on the OCT images, but they were not
blinded to the images to allow for repeat imaging in case of insufficient image quality. The OCT images
were not available to other inpatient- or outpatient-treating physicians, nor to patients.

The study was conducted in accordance with the 1964 Declaration of Helsinki and was approved by
the institutional review board and/or medical ethics committee of each participating centre. Written

informed consent was obtained from all participants.

Core laboratory-based OCT imaging analysis

Manual OCT image analysis was performed by an independent OCT core laboratory (Real Solution Sp.
Z 0.0, Poland) using CAAS IntraVascular 2.0 (Pie Medical Imaging BV). The core laboratory personnel
were blinded to patient characteristics and clinical outcomes. After excluding pullbacks with insufficient
quality for quantitative and qualitative analyses of the target lesion, serial cross-sectional images of
all target lesions were analysed according to previously described criteria.” According to the original,
prespecified PECTUS-obs criteria, a lesion was considered a HRP in the presence of at least 2 out of 3
criteria: (1) a lipid arc =90°, (2) a minimum fibrous cap thickness <65 um, and (3) the presence of either
plaque rupture or thrombus. Patients, operators, and treating physicians were blinded to OCT image
analysis results.

Endpoints

For the current analysis, the primary patient-level endpoint was defined as MACE (which was defined
in this study as a composite of cardiac mortality, non-fatal myocardial infarction, or unplanned
revascularisation) before 5-yearfollow-up (+30 days), excluding all cases of non-fatal myocardial infarction
that were periprocedural or that could not be attributed to a specific coronary segment (indeterminate
events) and all stent failure-related events. As part of the latter criterium, all events originating from the
original culprit lesion were excluded from endpoint analyses. Secondary patient-level endpoints were
the individual components of the primary endpoint. Individual endpoint definitions are reported in
Supplementary Appendix 1.

The secondary lesion-level endpoints were defined as target lesion failure (TLF; which was defined in
this study as a composite of cardiac death, target vessel-related myocardial infarction, or target lesion-
related unplanned revascularisation), excluding stent failure-related events, the individual components
of TLF, and the composite of target vessel-related myocardial infarction or target lesion-related
unplanned revascularisation.

The exclusion of periprocedural, intermediate, and stent failure-related events and the inclusion of
an exploratory lesion-level evaluation represent amendments in endpoints as compared with those
evaluated at 2-year follow-up. The endpoint amendments were approved by the overseeing ethical
committee prior to database closure and data analysis.
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Follow-up and clinical event adjudication

Structured follow-up was performed at 1,2,and 5 years (+30 days) after inclusion by means of telephone
contact. All (possible) events were monitored by a clinical event adjudication committee with two
independent, experienced interventional cardiologists who were blinded to the OCT image analyses.
The (possible) events were verified using medical records obtained from participating centres, general
practitioners, or other medical centres. All revascularisations and myocardial infarctions occurring during
follow-up were allocated to a specific coronary segment and lesion by comparison of baseline and
follow-up coronary angiograms, if performed. Specifically for target lesion revascularisation, events were
adjudicated on a lesion level and not a segment level; the latter was evaluated using the SYNTAX coding
system. Myocardial infarction events were considered indeterminate if coronary angiography was not

performed or if the coronary angiogram did not reveal a new culprit lesion.

Statistical analysis

Categorical variables are presented as number (percentage) and were compared using the chi-square
test or Fisher's exact test, as appropriate. Continuous variables are presented as meanzstandard
deviation and were analysed using the Student’s independent samples t-test when normally distributed.
Non-normally distributed variables are expressed as median (interquartile range) and were analysed
using the Mann-Whitney U test.

For the analysis of all clinical endpoints, patients were censored at their last known moment of follow-up
with a maximum of 5 years (+30 days) after inclusion. The hazard ratios associated with the presence of
an HRP and individual HRP features were evaluated using univariable and multivariable Cox proportional
hazard regression models. Two multivariable models were constructed. In model A, age, prior myocardial
infarction, type 1 or 2 diabetes, STEMI or NSTEMI at presentation, and estimated glomerular filtration
rate were included as a priori selected correcting variables. In model B, all baseline characteristics that
demonstrated a univariable association with the primary outcome were included, after checking for
collinearity (defined as r >0.80). For lesion-level endpoints, robust standard errors were estimated to
account for withinpatient clustering in case of multiple target lesions. Exploratory landmark analyses
were conducted to evaluate outcomes during the initial 2 years and the final 3 years of follow-up.
Missing data were not imputed. Statistical significance was considered at a two-sided p-value <0.05.
All statistical analyses were performed using SPSS Statistics, version 27.0 (IBM) and R, version 44.1 (R
Foundation for Statistical Computing).
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RESULTS

Study flow

The study flowchart is presented in Figure 1. A total of 438 patients were enrolled in PECTUS-obs between
December 2018 and September 2020. Among 420 patients who had at least one core laboratory-
analysed OCT, 143 (34.0%) had at least one HRP in an evaluable target lesion, while 277 (66.0%) patients
did not have an HRP.

438 Patients enrolled

18 Excluded
1 Informed consent withdrawn
l »  3NoOCT performed

1 OCT of in-stent restenosis
13 OCTs of insufficient quality
420 Patients with analysed OCT
|
v v

143 Patients with HRP 2171 Patients without HRP

l — 1 Lost to follow-up
v

143 Patients completed 2-year follow-up 276 Patients completed 2-year follow-up

2Lost to follow-up — 1 Lost to follow-up
v

141 Patients completed 5-year follow-up 275 Patients completed 5-year follow-up

Figure 1. Study flowchart.
HRP high-risk plaque; OCT optical coherence tomography.

Clinical, procedural and angiographic characteristics

Baseline clinical, procedural and angiographic characteristics are presented in Table 1. The mean
age of included patients was 63+10 years, and 80 patients (19.0%) were female. The proportions of
patients that had presented with STEMI and NSTEMI were 51.7% and 48.3%, respectively. The mean total
cholesterol level was 4.97+1.36 mmol/L, with 108 patients (25.7%) using lipid-lowering therapy. Patients
with at least one HRP less frequently had a history of percutaneous coronary revascularisation (9.8% vs
17.3%; p=0.039) and had higher low-density lipoprotein levels (3.28+1.20 mmol/L vs 2.90+1.18 mmol/L;
p=0.006).

Medical therapy prescription during follow-up is presented in Supplementary Table 1. Lipid-lowering
therapy was prescribed in 415 patients (98.8%) at discharge and in 384 (92.8%), 375 (91.9%) and 336
patients (89.6%) at 1-, 2-, and 5-year follow-up, respectively, without between-group differences.
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Table 1. Baseline characteristics.

Characteristic n High-risk plaque  No high-risk plaque  P-value
(n=143) (n=277)

Age, years 62+11 64+10 0.148
Female sex 33(23.1) 47 (17.0) 0.131
BMI, kg/m? 414 28.2+4.7 27.6+4.5 0.181
Smoking status 417 0.170

Current smoker 44(31.0) 79 (28.7)

Former smoker 50(35.2) 78 (284)
Hypertension 72 (50.3) 150 (54.2) 0.460
Type 1 or 2 diabetes 18 (12.6) 43 (15.5) 0418
Hypercholesterolemia 419 51(35.9) 102 (36.8) 0.855
Family history of premature atherosclerosis 416 43 (30.7) 85 (30.8) 0.986
Previous Ml 17 (11.9) 46 (16.6) 0.199
Previous PCl 14 (9.8) 48 (17.3) 0.039
Previous CVA 0 (0) 8(2.9) 0.055
History of carotid artery disease 3(2.1) 10 (3.6) 0.556
History of PAD 6(4.2) 11 (4.0) 0912
Baseline lipid-lowering therapy 32(224) 76 (27.4) 0.261
Index presentation 0.396

STEMI 78 (54.5) 139 (50.2)

NSTEMI 65 (45.5) 138 (49.8)
GRACE score 416 116+34 117432 0.578
Cholesterol level, mmol/L

Total 354 5.15£1.35 4.88+1.37 0.083

LDL 334 3.28+1.20 290£1.18 0.006

HDL 338 1.15(0.99-1.40) 1.10 (0.92-1.35) 0.130
Triglyceride level, mmol/L 350 1.52(1.02-2.10) 1.63(1.10-241) 0.391
eGFR, mL/min/1.73m? 416 79+20 80+19 0450
CRP, mg/L 330 3.0(1.0-5.0) 24(1.0-5.0) 0.500
Leukocyte count, x10%/L 414 9.58+3.18 9.81+3.23 0.495
Infarct-related artery

LM 5(3.5) 0(0) 0.004

LAD 63 (44.1) 104 (37.5) 0.196

LCx 41 (28.7) 67 (24.2) 0319

RCA 45 (31.5) 112 (40.4) 0.072
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Table 1. Continued
Targetlesion evaluation timing 0850
Immediate 54 (37.8) 102 (36.8)
Staged 89 (62.2) 175 (63.2)
Number of target lesions 1.2940.53 1.12+0.34 <0.001

Values are n (%), mean+standard deviation, or median (interquartile range).

BMI body mass index; CRP C-reactive protein; CVA cerebrovascular accident; eGFR estimated glomerular filtration rate;
GRACE Global Registry of Acute Coronary Events; HDL high-density lipoprotein; LAD left anterior descending artery; LCx
left circumflex artery; LDL low-density lipoprotein,; LM left main stem; MI myocardial infarction; NSTEMI non-ST-segment
elevation myocardial infarction; PAD peripheral artery disease; PCl percutaneous coronary intervention; RCA right coronary
artery; STEMI ST-segment elevation myocardial infarction.

Lesion-level characteristics

Lesion-level characteristics are summarised in Table 2. Compared with lesions without a HRP, high-risk
lesions were more frequently located in the right coronary artery (33.8% vs 24.7%; p=0.037) and had
a slightly lower mean FFR (0.88+0.05 vs 0.90+0.05; p=0.005). Based on core laboratory OCT analyses,
high-risk lesions were longer and had a higher degree of percentage area stenosis. While high-risk
lesions were more lipid rich and had more macrophage accumulation, lesions that were not high risk
had a greater calcification burden.
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Table 2. Lesion-level characteristics.

Characteristic High-risk plaque Non-high-risk plaque P-value
(n=154) (n=340)
Target lesion distribution
LM 0(0) 4(1.2) 0315
LAD 58(37.7) 129 (37.9) 0.953
LCx 44 (28.6) 123 (36.2) 0.098
RCA 52(33.8) 84 (24.7) 0.037
Fractional flow reserve 0.88+0.05 0.90+0.05 0.005
Core-laboratory-based OCT analyses
Lesion length, mm 20.6+9.2 179485 0.002
Minimum lumen diameter, mm 1.46+0.39 1.53+047 0.071
Minimum lumen area, mm? 227 (1.60-3.21) 243 (1.62-3.43) 0.220
Percentage area stenosis, % 684 (58.6-75.2) 64.3 (52.1-72.8) 0.013
Lipid plaque 154 (100) 223 (65.6) <0.001
Lipid length, mm 10.3 (7.0-15.7) 6.7 (3.6-11.3) <0.001
Maximum lipid arc, 254 (169-308) 200 (144-271) <0.001
Minimum fibrous cap thickness, um 59 (54-63) 120 (93-170) <0.001
Calcific plague 103 (66.9) 211 (62.1) 0.302
Calcium length, mm 46 (2.2-9.0) 7.5(29-146) 0.005
Maximum calcium arc, ° 102 (68-178) 116 (78-214) 0.129
Maximum calcium thickness, um 802+250 873+259 0.021
Protruding calcification 13(84) 46 (13.5) 0.106
Plaque rupture 45 (29.2) 3(09) <0.001
Thrombus 34 (22.1) 9(2.6) <0.001
Microvessel 21(13.6) 57 (16.8) 0377
Cholesterol cleft 12 (7.8) 23 (6.8) 0.680
Macrophage accumulation 46 (29.9) 68 (20.0) 0.016
Layered plaque 30(19.5) 70 (20.6) 0.777

Values are n (%), meantstandard deviation, or median (interquartile range).
LAD left anterior descending artery; LCx left circumflex artery,; LM left main stem; OCT optical coherence tomography;

RCA right coronary artery.
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Clinical outcomes

Follow-up was complete in 416 (99.0%) patients. One patients was lost to follow-up before 2 years, and
3 patients were lost to follow-up between 2 and 5 years.

During a median follow-up of 1,828 days (interquartile range 1,821-1,842 days), the primary endpoint of
MACE had occurred in 27 patients (18.9%) with at least one HRP and 30 patients (10.8%) without an HRP
(HR 1.87, 95% Cl: 1.11-3.14; p=0.017) (Central illustration, Table 3). Among the individual components
of the primary endpoint, the incidences of non-fatal myocardial infarction (5.6% vs 1.4%, HR 4.07, 95%
Cl: 1.23-13.52; p=0.013) and unplanned revascularisation (14.0% vs 7.6%, HR 1.97, 95% Cl: 1.07-3.64;
p=0.027) were higher in patients with at least one HRP (Table 3, Supplementary Figure 1). An overview
of all revascularisation events is given in Supplementary Table 2. In multivariable analysis, HRPs were
independently associated with MACE (model A: HR 1.89, 95% Cl: 1.12-3.19; p=0.018; model B: HR 2.39,
95% Cl: 1.36-4.18; p=0.002) (Supplementary Table 3). In an exploratory landmark analysis, the hazard ratio
associated with the presence of at least one HRP was 2.67 (95% Cl: 1.30-5.49; p=0.006) during the first
2 years of follow-up and 1.25 (95% Cl: 0.57-2.72; p=0.581) during the final 3 years of follow-up (Central
illustration). Three patients (2.1%) with at least one HRP and 12 patients (4.3%) without a HRP only had
periprocedural, non-attributable, or stent failure-related events that were excluded from these analyses
(p=0.242).
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Table 3. Clinical outcome.

High-risk No high-risk HR (95% Cl) P-value

plaque plaque

Patient-level outcome n=143 n=277
MACE 27 (189) 30(10.8) 1.87 (1.11-3.14) 0.017
Cardiac death 8(5.6) 9(3.2) 1.76 (0.68-4.57) 0.238
Non-fatal Ml 8(5.6) 4(1.4) 4.07 (1.23-13.52) 0.013
Unplanned revascularization 20 (14.0) 21(7.6) 1.97(1.07-3.64) 0.027
All-cause death 16 (11.2) 28(10.1) 1.14 (0.62-2.10) 0.682

Lesion-level outcome n=154 n =340
TLF 18(11.7) 25(7.4) 1.65 (0.91-2.96) 0.097
Cardiac death 8(5.2) 11 (3.2 1.64 (0.67-4.01) 0.282
TVMI 5(3.2) 4(1.2) 2.87(0.90-9.13) 0.074
TLR 9(5.8) 13(3.8) 1.57(0.67-3.67) 0.300
TVMI or TLR 11(7.1) 14 (4.1) 1.79(0.84-3.82) 0.152

Values are n (%) or hazard ratio (95% Cl).
Cl confidence interval; HR hazard ratio; MACE major adverse cardiovascular events; MI: myocardial infarction; TLF target

lesion failure; TLR target lesion revascularization,; TVMI target vessel myocardial infarction.

Lesion-level TLF had occurred in 18 lesions (11.7%) meeting the HRP criteria and 25 lesions (7.4%)
that were classified as non-HRP (HR 1.65, 95% Cl: 0.91-2.96; p=0.097) (Figure 2). The individual lesion-

level components and the composite of target vessel myocardial infarction or target lesion unplanned

revascularisation are reported in Table 3, Supplementary Figure 2, and Supplementary Figure 3. In an
exploratory landmark analysis, the hazard ratio was 2.04 (95% Cl: 0.87-4.79; p=0.104) in the first 2 years of

follow-up and 1.38 (95% Cl: 0.62-3.10; p=0.432) during the final 3 years of follow-up (Figure 2).

Among different HRP features, plaque rupture was associated with both patient-level MACE (HR 3.20,

95% Cl: 1.75-5.85; p<0.001) and lesion-level TLF (HR 3.18, 95% Cl: 1.57-6.45; p=0.001) (Table 4).
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Figure 2. Lesion-level target lesion failure.

Time-to-event curves for the composite lesion-level clinical outcome of TLF during the complete duration of follow-up (A)
and in the exploratory landmark analysis (B).

Cl confidence interval; HR hazard ratio; HRP high-risk plaque; TLF target lesion failure.
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DISCUSSION

This study evaluated the association between OCT-identified HRP in non-flow limiting, deferred, non-
culprit lesions and long-term adverse clinical outcomes after myocardial infarction. In PECTUS-obs we
demonstrated that patients with HRP were at a twofold increased risk of MACE during the first 2 years
after myocardial infarction.’” In the present long-term follow-up analysis, with 5-year follow-up complete
in 99.0% of patients, the prognostic implications of HRP were sustained at 5 year follow-up, driven by
an increased risk of unplanned revascularization and spontaneous, non-fatal myocardial infarction. The
risk associated with HRP appeared to be most pronounced in the first years of follow-up. Additionally,
among different individual HRP features, non-culprit plagque rupture demonstrated the strongest
association with adverse clinical outcomes.

Non-culprit lesions are important targets to improve prognosis after myocardial infarction, considering
that approximately half of recurrent events originate from such lesions*® Complete non-culprit
revascularisation guided by angiography or physiology improves hard clinical endpoints. However,
previous studies have questioned the validity of functional lesion evaluation to provide optimal risk
stratificationaftermyocardialinfarction.**"" Indeed, physiologicallesionevaluationinforms predominantly
on the ischaemia-generating potential of an evaluated lesion but provides limited information on its
morphology. In this study, we provide long-term evidence on the prognostic implications of high-
risk non-culprit lesions in the confirmed absence of ischaemia against a background of guideline-
endorsed medical treatment: patients with at least one HRP were at an almost twofold increased risk
for MACE throughout 5-year follow-up. Compared with earlier prospective studies on HRP imaging after
myocardial infarction,”® the current study uniquely confirmed the absence of significant flow limitations
and reports the longest and most complete follow-up to date. Overall, this study supports guideline
recommendations on complete revascularisation and intensive medical management after myocardial
infarction."? It also supports the potential of further intensification of medical treatment in higher-risk
patients.

Our findings correspond to those from COMBINE (OCT-FFR), comprising 390 diabetic patients (15.9%
with myocardial infarction), which demonstrated an association between non-flow-limiting thin-cap
fibroatheroma and an increased risk of adverse outcome after a mean follow-up of 3.5 years.'? Similarly,
HRPin the proximal left anterior descending artery were associated with cardiac death or target segment-
related myocardial infarction in the CLIMA extended follow-up study (39.7% with myocardial infarction)
at a median follow-up of 1,825 days (interquartile range 1,137-1,825 days)."* However, haemodynamic
stenosis severity was not systematically evaluated in the latter study. The totality of evidence highlights
the complementary value of intracoronary OCT and physiology for prognostication.

Intriguingly, in an exploratory landmark analysis, the risk associated with the presence of at least one HRP
was only observed in the first 2 years of follow-up. This observation may indicate that OCT-identified HRP
predominantly have prognostic implications in the shorter term. Atherosclerosis has indeed been shown
to be a dynamic process. Consequently, it is reasonable to assume that HRP may stabilise over time if
they have not ruptured during their unstable phase. Conversely, non-HRP may transform into high-risk
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counterparts. Hypothetically, the longevity of the prognostic implications of HRP may differ between
those identified with varying imaging modalities. With OCT, most focus is paid to a thin fibrous cap,
which can be dynamic in nature and can be rapidly modified with intensive medical therapy. Conversely,
plaque burden, which is the main focus with intravascular ultrasound, is less likely to fluctuate or regress
following the initiation of medical therapy.'*'

Although we do not report a significant association between HRP and lesion-level adverse outcome,
point estimates provide a potential indication towards a comparable risk for lesion-level events. In a
previous individual patient-data pooled analysis from PECTUS-obs and COMBINE (OCT-FFR) comprising
810 patients, non-flow-limiting deferred lesions meeting the HRP criteria were indeed also significantly
associated with lesion-level adverse outcome.”®

Among individual HRP features, plaque rupture carried the strongest prognostic implications, similar to
that reported in the referenced individual patient-data pooled analysis.”® Especially among myocardial
infarction patients, multiple plague ruptures are common."” We hypothesise that systemic factors such
as enhanced inflammation diffusely induce fibrous cap thinning through enhanced matrix degradation,
predisposing the whole coronary vasculature to rupture. These patients may remain susceptible to future
plaque disruption causing clinically overt acute spontaneous events or stepwise lesion progression after
asymptomatic disruption and healing.’® Future studies exploring systemic markers in patients with
multiple plaque ruptures and possibilities to reduce systemic rupture proneness are warranted. Also,
at a lesion level, we observed that plaque rupture may indicate increased risk. Interestingly, a recent
OCT study indicated that the increased risk of lesion-level recurrent events in previously disrupted
plagues may be related to areas of intact thin-cap fibroatheroma.” If confirmed in future studies, this
could support targeting non-culprit plaque rupture for preventive revascularisation, especially in the
copresence of non-ruptured thin-cap fibroatheroma segments.

Limitations

The PECTUS-obs study was not powered to evaluate individual components of the primary endpoint or
lesion-level endpoints. These analyses therefore merit careful interpretation. Second, operators were not
blinded to the OCT images. Regardless, OCT image analyses were performed by an independent core
laboratory, with the results masked to patients, operators, and treating physicians. Additionally, event
adjudication was performed blinded. Third, the use of specific biomarkers for adjudicating events were
not standardised and differed per centre, and revascularisation events included both clinically driven
and non-clinically driven events. Fourth, we adopted the targeted imaging of non-culprit lesions, and
only those segments were analysed, which may have resulted in an underestimation of the number of
patients with HRP Fifth, plaque burden was not estimated using OCT, given the limited penetration
depth, particularly in lipidic tissue. Sixth, baseline lipoprotein(a) levels were not systematically collected.
Finally, proprotein convertase subtilisin/kexin type 9 were prescribed in a limited number of patients,
and the effectiveness of lipid-lowering therapy was not systematically monitored via cholesterol levels

during follow-up.
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CONCLUSION

Non-flow-limiting but high-risk non-culprit plagues are associated with adverse clinical outcomes during
long-term follow-up after myocardial infarction. The risk associated with OCT-identified HRP appears to
be most pronounced during the first years after identification.
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ABSTRACT

Background Despite fractional flow reserve (FFR)-guided deferral of revascularization, recurrent
events in patients with diabetes or after myocardial infarction remain common. This study aimed to
assess the association between FFR-negative but high-risk nonculprit lesions and clinical outcomes.

Methods This is a patient-level pooled analysis of the prospective natural-history COMBINE (OCT-
FFR) study (Optical Coherence Tomography Morphologic and Fractional Flow Reserve Assessment in
Diabetes Mellitus Patients) and PECTUS-obs study (Identification of Risk Factors for Acute Coronary
Events by OCT After STEMI and NSTEMI Patients With Residual Non- Flow Limiting Lesions). Optical
coherence tomography was performed on all FFR-negative (FFR >0.80) native nonculprit lesions.
Patients or lesions with a high-risk plaque were compared with those without a high-risk plague. A
high-risk plaque was defined in the presence of at least 2 prespecified criteria: (1) lipid arc >90°, (2)
minimum fibrous cap thickness <65 um, and (3) presence of either plaque rupture or thrombus. The
primary end points were native major adverse cardiovascular events (composite of all-cause mortality,
nonfatal myocardial infarction, or unplanned revascularization excluding stent-failure-related events
and nonattributable events) and target lesion failure (composite of cardiac death, target vessel
myocardial infarction, or target lesion revascularization).

Results Among 810 patients, 450 (55.6%) had a history of diabetes and 482 (59.5%) presented with
myocardial infarction. At least 1 high-risk plague was identified in 271 (33.5%) patients and 287 (30.6%)
lesions. Over a median follow-up of 761 (interquartile range, 731-1175) days, the presence of a high-
risk plaque was associated with patient-level native major adverse cardiovascular events (hazard ratio,
2.127 [95% Cl, 1.451-3.120]; P<0.001) and lesion-level target lesion failure (hazard ratio, 2.623 [95% Cl,
1.559-4.414]; P<0.001). The risk of adverse outcomes increased with the copresence of multiple high-
risk features.

Conclusions FFR-negative but high-risk nonculprit lesions are associated with adverse patient- and
lesion-level clinical outcomes. These findings emphasize the additional value of intracoronary imaging

in patients with FFR-negative nonculprit lesions.

Trial registration numbers NCT02989740 and NCT03857971.
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GRAPHICAL ABSTRACT
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Graphical Abstract. Optical coherence tomography-identified high-risk plaques in fractional-flow reserve negative
deferred non-culprit lesions in patients with diabetes and/or after myocardial infarction are associated with the
primary endpoints of patient-level native major adverse cardiovascular events and lesion-level target lesion failure.
Cl confidence interval; OCT optical coherence tomography; FFR fractional flow reserve; HR hazard ratio; MACE major adverse
cardiovascular events; TLF target lesion failure.
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INTRODUCTION

Fractional flow reserve (FFR) is well established to evaluate ischemia and guide revascularization
indications in the overall population with chronic coronary syndrome."? However, its effectiveness in
specific populations and acute coronary syndrome has been questioned. Among patients with diabetes,
FFR-guided deferral results in an up to 2-fold increased risk of adverse cardiovascular events including
cardiac death compared with deferral in patients without diabetes# Likewise, the incidence of major
adverse cardiovascular events (MACE) after FFR-guided deferral in acute coronary syndrome exceeds
the incidence in chronic coronary syndrome.> Moreover, the FLOWER-M| trial (Flow Evaluation to Guide
Revascularization in Multi-Vessel ST-Elevation Myocardial Infarction) failed to demonstrate the superiority
of an FFR-guided revascularization approach compared with an angiography-guided treatment strategy
in patients with ST-segment elevation myocardial infarction (MI) and multivessel disease.®

[thas been postulated that the observed residual risk despite the absence of hemodynamically significant
flow limitations may be related to the presence of atherosclerotic plagues that are prone to rupture,
so-called vulnerable or high-risk plagues. Among these are thin-cap fibroatheromas (TCFA) that are
characterized by a large lipid pool with an intact but thin overlying fibrous cap (originally defined as <65
um). This high-risk plague hypothesis,” which stresses the importance of also addressing nonobstructive
lesions, was initiated by histopathologic studies in which it was demonstrated that almost all ruptured
coronary plaques had a thin fibrous cap infiltrated by macrophages® and that coronary lesions often
display positive remodeling before compromising the coronary lumen? It has been postulated that
high-risk plaques also implicate a more general vulnerability throughout the coronary tree.”

Recent advances in imaging technologies allow in vivo assessment of high-risk plaques, and multiple
natural-history studies have demonstrated an association between such plaques and adverse clinical
outcomes.'”'® To date, only 2 prospective studies assessed this association in the confirmed absence
of flow limitation. The COMBINE (OCT-FFR) study (Optical Coherence Tomography Morphologic and
Fractional Flow Reserve Assessment in Diabetes Mellitus Patients) demonstrated a 5-fold increased
risk of adverse clinical outcomes in patients with diabetes in the presence of an optical coherence
tomography (OCT)-identified high-risk deferred lesion.” Similarly, high-risk nonculprit plaques were
associated with a 2-fold increased risk of adverse clinical outcomes in patients with Ml in the PECTUS-
obs study (Identification of Risk Factors for Acute Coronary Events by OCT After STEMI and NSTEMI
Patients With Residual Non-Flow Limiting Lesions)."® However, these studies were modestly sized, which
precluded assessment of individual clinical end points and lesion-level analyses. The aim of the present
individual patient-level data pooled analysis of these 2 studies was to further assess the additional value
of identifying high-risk plaques in FFR-negative deferred lesions.
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METHODS

Study design

This is an individual patient-data pooled analysis of the prospective, investigator-initiated, international
COMBINE (OCT-FFR) (NCT02989740) and PECTUS-obs (NCT03857971) natural-history studies. The study
is reported in accordance with the STROBE reporting guidelines (Strengthening of the Reporting of
Observational Studies in Epidemiology). The rationale, design, and primary results of both studies
were published previously."'® In brief, both studies aimed to assess the association between OCT-
identified high-risk plagues in FFR-negative, native coronary segments, and clinical outcomes. COMBINE
(OCT-FFR) prospectively enrolled 550 patients with diabetes undergoing clinically indicated coronary
angiography for chronic or acute coronary syndrome, among which 423 had at least 1 deferred FFR-
negative intermediate (visually estimated 40%-80% stenosis) nonculprit lesion. Only these 423 patients
were included in the present analysis. In PECTUS-obs, 438 patients presenting with an acute MI with
at least 1 deferred FFR-negative intermediate (visually estimated 30%-90% stenosis) nonculprit lesion
were prospectively included. Inclusion and exclusion criteria are listed in the Supplemental Methods.
Included patients underwent OCT of all native, deferred, FFR-negative (FFR >0.80) intermediate
nonculprit lesions, which are referred to as the target lesions. The FFR was evaluated using pressure
wires during predominantly adenosine-induced maximal hyperemia according to the local site protocol.
Structured clinical follow-up was obtained according to the respective study protocols. Both studies were
conducted in accordance with the 1964 Declaration of Helsinki and were approved by the institutional
review boards and medical ethics committees of each participating center. All patients provided written
informed consent. The present analysis comprises all patients with at least 1 analyzable OCT pullback.
The data that support the findings of this study are available from the corresponding authors upon
reasonable request.

OCT imaging analysis

All OCT images for both studies were analyzed by the same independent OCT core laboratory, of which
the members were blinded to patient outcomes. Image analysis was performed using CAAS IntraVascular
2.0 (Pie Medical Imaging B.V, the Netherlands). The target lesion was identified on OCT using manual
coregistration with the angiogram based on anatomic landmarks (eg, side branches). Pullbacks with
image artifacts interfering with the assessment of the target lesion were excluded at the discretion of
the core laboratory. Quantitative and qualitative image analyses were performed in accordance with the
latest consensus document on OCT image analysis.”® For the current analysis, the PECTUS-obs criteria of
a high-risk plague were adopted to define groups and were defined as the presence of at least 2 of the
following 3 prespecified criteria: (1) a lipid arc =90°, (2) a minimum fibrous cap thickness <65 um, and (3)
presence of either plague rupture or thrombus. TCFA was defined in the presence of a lipid arc >90° and
a minimum fibrous cap thickness <65 um (Figure 1). OCT image analysis results were blinded to patients,

operators, and treating physicians.
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Figure 1. Examples of high-risk plaques.

Optical coherence tomography images meeting the criteria for a high-risk plaques based on (A) minimum fibrous
cap thickness <65 um (arrow) and lipid arc >90°, (B) lipid arc >90° and plaque rupture (arrowhead), and (C) minimum
fibrous cap thickness <65 um (arrow), lipid arc >90° and thrombus (arrowhead).

Clinical endpoints

The primary clinical end points of the present analysis were native MACE and target lesion failure (TLF).
Native MACE was defined as the composite of all-cause mortality, nonfatal Ml that was attributable
and not related to stent failure, or unplanned revascularization not related to stent failure. TLF was
defined as the composite of cardiac death, target vessel MI, or target lesion revascularization. Target
vessel MI and target lesion revascularization were only considered if clearly attributable to the target
vessel and lesion, respectively. Native MACE was evaluated at a patient level, and TLF was evaluated at
a lesion level. Secondary end points include the individual components of the primary end points and
attributable TLF (aTLF), defined as TLF excluding cases of cardiac death not clearly attributable to the
target lesion. End point definitions of the respective studies are listed in the Supplemental Methods. Two
blinded independent clinical end point committees consisting of at least 2 experienced interventional
cardiologists adjudicated all potential clinical events for the respective studies. Events were adjudicated
using medical records and by comparing baseline and follow-up angiograms.

Statistical analysis

Categorical data are presented as numbers (percentages) and were compared using the x* test or the
Fisher exact test, whenever appropriate. Continuous variables are expressed as mean + SD if normally
distributed or as median (interquartile range) if not normally distributed and were evaluated using the
Student independent samples t test or the Mann-Whitney U test, respectively. Time-to-first events for
the primary end points are presented using cumulative incidence curves and were evaluated using
the log-rank test. Patients were censored at their last known moment of follow-up. Univariable and
multivariable Cox proportional hazards regression models were performed to estimate the hazard ratio
(HR) between high-risk plaque characteristics and the patient-level primary or secondary clinical end
points. For the lesion-level clinical end points, robust standard errors were estimated to account for within
patient clustering when patients had multiple target lesions. Baseline variables that were associated
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with either of the primary end points in univariable analysis were entered into the multivariable models
after checking for collinearity. Subgroup analyses were evaluated with the use of interaction terms. For
the secondary end points, multivariable models were performed only for those end points with P<0.05
in univariable analysis. The association between the number of high-risk plaque features and clinical
outcome was evaluated using the P value for trend and regression models with no high-risk plaque
feature as a reference standard. Missing data were not imputed. Data were analyzed using IBM SPSS
Statistics software, version 27.0 (IBM Corp), and RStudio, version 2023.09.1 (PBC).

RESULTS

Study flow

Patients were enrolled from March 2015 to December 2018 in COMBINE (OCT-FFR) and from December
2018 to September 2020 in PECTUS-obs. In total, 810 patients had at least 1 analyzable OCT and were
enrolled in the present analysis, including 390 patients from COMBINE (OCT-FFR) and 420 patients
from PECTUS-obs. The study flowchart is shown in Figure 2. A serious adverse event during OCT image
acquisition occurred in 3 cases (Table S1). OCT image analysis revealed a high-risk plaque in 271 (33.5%)

patients.
(| comBiNE (ocTFFR) ) ( PECTUS-obs )
423 Patients with 21 438 Patients with 21
FFR-negative NC lesion FFR-negative NC lesion 18 Excluded
33 Excluded

- 3 underwent PCI

- 30 No OCT performed or
OCT of insufficient quality

A

A 4

390 Patients with analyzed

- 1 Informed consent withdrawn
- 1 OCT was in-stent restenosis
- 16 No OCT performed or
OCT of insufficient quality

420 Patients with analyzed

v

810 Patients included in
pooled analysis

v

v

271 Patients with high-risk
plaque

539 Patients without high-risk
plaque

Figure 2. Study flowchart.

FFR fractional flow reserve; NC nonculprit; OCT optical coherence tomography, PCl percutaneous coronary

intervention

175




CHAPTER 10

Baseline characteristics

Baseline clinical and angiographic characteristics are presented in Table 1. The mean age of included
patients was 65+10 years, and 585 (72.2%) patients were male; 511 (63.19%) and 450 (55.6%) patients had
a history of hypertension and diabetes, respectively. Ml during the index hospitalization was diagnosed
in 482 (59.5%) patients, including 230 (28.4%) with ST-segment elevation Mland 252 (31.1%) with non-ST-
segment elevation MI. The mean number of target lesions per patient was 1.18+0.43, and the mean FFR
was 0.89+0.05. Patients with a high-risk plaque less frequently were on statin therapy before inclusion
(44.6% versus 54.0%; P=0.012), had higher levels of low-density lipoprotein-cholesterol (3.02+1.21 versus
2.71£1.19 mmol/L; P=0.004), more frequently had a target nonculprit lesion located in the right coronary
artery (41.2% versus 25.4%; P<0.001) and less frequently in the left anterior descending artery (42.1%
versus 51.0%; P=0.016). Patients with a high-risk plague more frequently underwent percutaneous
coronary intervention of nontarget lesions at baseline (72.3% versus 64.2%; P=0.020). No difference in
clinical risk profile (eg, history of diabetes and hypertension) was observed (Figure S1). Medical therapy
during follow-up is described in Table S2.

Lesion-level OCT characteristics

A total of 939 FFR-negative nonculprit lesions were analyzable, including 287 (30.6%) lesions with a
high-risk plaque. Lesion-level quantitative and qualitative OCT analyses are shown in Table 2. Lesions
harboring a high-risk plaque were longer (23.4410.7 versus 19.8+9.9 mm; P<0.001) and had a smaller
minimal lumen area (2.58+1.23 versus 2.84+1.54 mm? P=0.007) and higher percentage area stenosis
(65.0+12.7 versus 60.9+15.0%; P<0.001). Macrophage accumulation and cholesterol clefts were more
prevalent in high-risk plagques (P<0.001 for both), whereas non-high-risk plaques had more extensive
calcification and more protruding calcifications.

Table 1. Baseline characteristics.

Variables N=810 High-risk plaque No high-risk plaque P value
(n=271) (n=539)

Age,y 65+ 11 66+ 10 0353
Male sex 194 (71.6) 391 (72.5) 0.775
BMI, kg/m? 780 289+49 286+48 0374
Smoking status

Current 70(27.2) 128 (25.2)

Previous 764 83(323) 132 (26.0) 0.076

Never 104 (40.5) 247 (48.7)
Diabetes 146 (53.9) 304 (56.4) 0495
Hypertension 808 165 (61.1) 346 (64.3) 0373
Hypercholesterolemia 808 126 (46.8) 259 (48.1) 0.745
Family history of premature CVD 796 96 (36.4) 172 (32.3) 0.257
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Previous MI 65 (24.0) 126 (23.4) 0.847

Previous PCl 69 (25.5) 137 (254) 0.989

Previous CVA 15(5.5) 25 (4.6) 0.578

Ml at presentation 162 (59.8) 320 (594) 0911
STEMI 83(51.2) 147 (45.9)

0.271
NSTEMI 79 (48.8) 173 (54.1)

MINOCA 6(3.7) 16 (5.0) 0519
ST-elevation 1(16.7) 2(125) 000
Non-ST-elevation 5(83.3) 14 (87.5)

Statin at presentation 121 (44.6) 291 (54.0) 0.012

Laboratory assessment
Creatinine, umol/L 743 882+ 252 870+ 251 0.531
C-reactive protein, mg/L 483 3.00 (1.10-6.00) 2.90 (1.00-5.60) 0387
Total cholesterol, mmol/L 629 478+ 128 460+ 131 0.110
LDL-cholesterol, mmol/L 502 3.02+1.21 271+1.19 0.004
HDL-cholesterol, mmol/L 506 1.10 (0.94-1.38) 1.10 (0.92-1.35) 0.549
Triglycerides, mmol/L 521 1.63 (1.14-2.20) 1.67 (1.12-2.46) 0.754
Glycated hemoglobin, % 183 746 +1.05 7.56 +1.36 0.631

PCl of non-target lesion(s) 196 (72.3) 346 (64.2) 0.020

No. of target lesions 128 +051 1.13+037 <0.001

Target lesion distribution
LM 2(0.7) 10 (1.9) 0355
LAD 114 (42.1) 275(51.0) 0.016
LCx 94 (34.7) 194 (36.0) 0.714
RCA 112 (41.3) 137 (254) <0.001

Target lesion FFR 0.88 £0.05 0.89 £ 0.05 0.073

BMI body mass index; CVA cerebrovascular accident; CVD cardiovascular disease; FFR fractional flow reserve; HDL
high-density lipoprotein; LAD left anterior descending artery, LCx left circumflex artery; LDL low-density lipoprotein;
LM left main coronary artery; MI myocardial infarction; MINOCA myocardial infarction with nonobstructive coronary
arteries; NSTEMI non-ST-segment elevation myocardial infarction; PCI percutaneous coronary intervention,; RCA right
coronary artery; STEMI ST-segment elevation myocardial infarction.
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Table 2. Lesion-level OCT characteristics.

Variables N=939 High-risk plaque  Non-high-risk plaque P value
n=287 n=652
MLA, mm? 258 +£1.23 284+ 154 0.007
MLD, mm 147 £0.37 1.55 £ 044 0.007
Percentage area stenosis 937 650+ 127 609+ 150 <0.001
Lesion length, mm 234+10.7 198 +99 <0.001
Calcification 221 (77.0) 476 (73.0) 0.197
Maximal calcification arc, 142 £ 91 163 +98 0.007
Protruding calcification 61(21.3) 191 (29.3) 0.010
Lipid 287 (100) 395 (60.6) <0.001
Maximal lipid arc, ° 238+ 76 194 +78 <0.001
Lipid arc =290° 287 (100) 370 (56.7) <0.001
Minimum FCT, um 70 + 39 159 + 87 <0.001
Minimum FCT <65pum 239 (83.3) 0(0) <0.001
Plaque rupture 88 (30.7) 7(1.1) <0.001
In absence of minimum FCT <65um 23(8.0) 7(1.1) <0.001
Thrombus 938 102 (35.5) 41 (6.3) <0.001
In absence of minimum FCT <65um 35(12.2) 41 (6.2) 0.002
Macrophage accumulation 938 132 (46.2) 211 (32.4) <0.001
Microvessel 133 (46.3) 265 (40.6) 0.104
Cholesterol clefts 935 107 (37.4) 152 (234) <0.001
Layered plaque 937 65 (22.5) 124 (19.1) 0.209

FCT fibrous cap thickness, MLA minimum lumen area; MLD minimum lumen diameter; OCT optical coherence tomography.

High-risk plaques and clinical outcome

The mean time of follow-up was 952+375 days (median, 761 days; interquartile range, 731-1175 days).
The primary and secondary end points are presented in Table 3. The primary end point of native MACE
occurred in 52 (19.2%) patients with and 53 (9.8%) patients without a high-risk plaque (HR, 2.127 [95%
Cl, 1.451-3.120]; P<0.001; Figure 3A). The incidence of TLF was 10.8% among high-risk lesions compared
with 4.4% in non-high-risk lesions (HR, 2.623 [95% Cl, 1.559- 4.414]; P<0.001; Figure 3B). Results were
consistent in subgroup analyses (Figure S2). The difference in native MACE was mainly driven by a higher
incidence of nonfatal Ml (4.8% versus 1.7%; P=0.008) and unplanned revascularization (14.4% versus
5.6%; P<0.001). The difference in TLF was mainly driven by target vessel-related Ml (2.8% versus 0.3%;
P=0.004) and target lesion revascularization (7.0% versus 2.1%; P<0.001). None of the cardiac deaths were
clearly attributable to the target lesion. High-risk lesions had an HR for aTLF of 3.803 (95% Cl, 1.946-7.434;
P<0.001; Figure 3C). In multivariable analysis, correcting for baseline characteristics associated with the
primary end points (Tables S3 and S4), statistical significance remained for all end points tested (Table 3).
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Figure 3. Cumulative incidences of the composite end points.

Cumulative incidence curves for the cumulate endpoints of native major adverse cardiovascular event (A), target

lesion failure (B) and attributable TLF (C) truncated at 1500 days.

alLF attributable target lesion failure; Cl confidence interval; MACE major adverse cardiovascular events; TLF target lesion

failure.
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Two hundred twenty-four (27.7%) patients had a minimum fibrous cap thickness <65 um, 592 (73.1%)
had a maximum lipid arc >90°, 93 (11.5%) had plaque rupture, and 142 (17.5%) had thrombus presence.
On a lesion level, the prevalence of these features was 25.5%, 70.0%, 20.1%, and 10.4%, respectively.
Associations between the individual high-risk plaque criteria and the composite end points are
presented in Figures 4 and 5 and Figure S3.The risk of native MACE, TLF, and aTLF increased when more
high-risk plaque features coexisted (P, <0.001 for all endpoints; Figures 4 and 5 and Figure S3).

B
A 025 — B Present
; B Absent
220 — 18.8 19.0
g 14.2
5 15
8
510
hel
g
2°®
S0
£ Lipid arc 290° Minimum FCT <65 pm* Thrombus Plaque rupture
(6}
Prevalence 73.1% 27.7% 17.5% 11.5%
Unadjusted HR (95% CI)  1.638 (1.015-2.644) 1.941 (1.313-2.870) 1.446 (0.932-2.244)  2.389 (1.504-3.796)
P-value 0.043 <0.001 0.100 <0.001
B ;}25 —
b 22.4
=
220
g
5 15
5
s 10
2
2
g ®
&
= 0
§ 0 features | feature 2 features 3 features
Prevalence 22.9% 43.6% 21.4% 12.1%
Unadjusted HR (95% CI) reference 1.173 (0.659-2.088) 2.195 (1.210-3.982)  2.632 (1.398-4.958)
P-value reference 0.588 0.010 0.003

Figure 4. High-risk plaque components and major adverse cardiovascular events.

A) Association between individual high-risk plaque features and native MACE. B) Association between the number
of high-risk plaque features and native MACE, in which the presence of plague rupture and thrombus is considered
1 high-risk plaque feature.

Cl confidence interval; FCT fibrous cap thickness; HR hazard ratio; MACE major adverse cardiovascular event.

*Considering that all lesions with a minimum FCT <65 um had a lipid arc =90°, all these lesions are qualified as a thin-cap
fibroatheroma.
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TCFA was present in 224 (27.7%) patients (Table S5). Patients or lesions with a TCFA had a higher
incidence of native MACE (HR, 1.941 [95% Cl, 1.313-2.870]; P<0.001) and TLF (HR, 2.306 [95% Cl, 1.375-
3.869]; P=0.002), respectively (Figure S4). The presence of TCFA was associated with a higher incidence
of nonfatal MI (HR, 3.264 [95% Cl, 1.410-7.559]; P=0.003), unplanned revascularization (HR, 2.615 [95% Cl,
1.630- 4.197]; P<0.001), target vessel-related MI (HR, 7.028 [95% CI, 1.836-26.910]; P=0.004), and target

lesion revascularization (HR, 3.138 [95% Cl, 1.597-6.167]; P<0.001), also after correcting for potential
confounders (Table S6).

A 15 —

M Present

| B Absent

Cumulative incidence of TLF, %

Lipid arc 290° Minimum FCT <65 pm* Thrombus Plaque rupture

Prevalence 70.0% 25.5% 15.2% 10.1%
Unadjusted HR (95% CI)  1.913 (1.031-3.550) 2.306 (1.375-3.869) 1.626 (0.882-2.998)  2.784 (1.493-5.193)
P-value 0.040 0.002 0.119 0.001
B
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0 features | feature 2 features 3 features

Prevalence 25.5% 43.9% 20.1% 10.4%
Unadjusted HR (95% Cl) reference 1.001 (0.488-2.052) 2.366 (1.120-5.001)  3.081 (1.391-6.827)
P-value reference 0.998 0.024 0.006

Figure 5. High-risk plague components and target lesion failure.

A) Association between individual high-risk plaque features and TLF. B) Association between the number of high-risk

plagque features and TLF, in which the presence of plaque rupture and thrombus is considered 1 high-risk plaque
feature.

Cl confidence interval; FCT fibrous cap thickness; HR hazard ratio; TLF target lesion failure.

* Considering that all lesions with a minimum FCT <65 um had a lipid arc =90, all these lesions are qualified as a thin-cap
fibroatheroma.
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DISCUSSION

This pooled analysis from the COMBINE (OCT-FFR) and PECTUS-obs studies, comprising all available
prospective data on the association between FFR-negative but high-risk nonculprit plaques and clinical
outcome, illustrates the value of intracoronary imaging complementary to physiology for identification
of patients at risk of adverse clinical outcome. The presence of a high-risk plague was associated with
an approximately 2-fold increased risk of patient-level native MACE and lesion-level TLF, and over 3-fold
increased risk of lesion-level aTLF, both in univariable and multivariable analyses. This increased risk was
driven by any and target vessel-related nonfatal Ml and by any and target lesion-related unplanned
revascularization. The coexistence of multiple high-risk plaque features resulted in an incremental
risk of both native MACE and (a)TLF. Similar results were observed using TCFA as a marker of plaque
vulnerability. These results support the high-risk patient and plaque hypotheses and ongoing studies on
the treatment of high-risk plaques.

High-risk plaques and clinical outcome

Multiple prospective natural-history studies provided evidence on the association between high-risk
plagues and patient- or lesion-level clinical outcomes, among which are the PROSPECT study (Providing
Regional Observations to Study Predictors of Events in the Coronary Tree) using 3-vessel intravascular
ultrasound,’® PROSPECT-II (Providing Regional Observations to Study Predictors of Events in the Coronary
Tree Il) and LRP (Lipid-Rich Plaque) studies using near-infrared spectroscopy,'"'? and the CLIMA study
(Relationship Between OCT Coronary Plaque Morphology and Clinical Outcome) using OCT of the left
anterior descending artery in patients with ML"3 In PROSPECT and PROSPECT-II, including solely patients
with acute coronary syndromes, the risk of patient- and lesion-level events was increased up to over
2-fold and 11-fold, respectively.’®'" However, both studies included quantitative measures of luminal
obstruction in the high-risk plaque criteria and therefore not only focus on plague morphology but also
on lesion severity. Nevertheless, the plaque morphology-related criteria were also significantly associated
with adverse outcomes in both studies.’®'" Intriguingly, the mean diameter stenosis of nonculprit lesions
causing recurrent events in PROSPECT was only 32+21%, fueling the high-risk plague hypothesis.”” In
the LRP study (=17% MI and 37% diabetes), high-risk plaques were associated with a 2-fold increased
risk in patient-level events and a 4-fold increased risk in lesion-level events at a 2-year follow-up.'> More
recently, Jiang et al'* retrospectively studied 883 patients (3757 lesions) with acute Ml in whom 3-vessel
OCT was performed and found that the presence of TCFA and a minimum lumen area <3.5 mm? were
independently associated with both patient- and lesion-level adverse cardiac events.

Importantly, however, functional assessment was not routinely performed in any of these studies.
Therefore, we can only make estimations about the flow-limiting status of included lesions. In PROSPECT,
only 6% of lesions had a diameter stenosis of at least 50%,'® and only 0.15% of included lesions had an
intravascular ultrasound-derived FFR <0.80.%° The latter finding should, however, be treated with caution
considering the lack of external validation and the modest correlation between intracoronary imaging-
derived FFR and pressure wire-derived FFR.?' Similarly, in the study by Jiang et al,'* the mean percentage
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diameter stenosis assessed by quantitative coronary angiography (42.5+£10.2%) and the OCT-derived
percentage area stenosis (47.4+17.8%) were also limited. Nonetheless, the present analysis is unique in
that the absence of flow limitation is confirmed in all included lesions and, therefore, truly emphasizes the
additional value of intracoronary imaging complementary to physiological assessment in populations in
which FFR-guided deferral is less safe.*> Furthermore, the adopted approach of targeted imaging of FFR-
negative nonculprit lesion imaging is more feasible in clinical care than 3-vessel intracoronary imaging.

High-risk plaque definition

In the present analysis, the PECTUS-obs predefined criterion of a high-risk plague that includes, but is not
limited to, TCFA was adopted and was effective in identifying patients at risk of recurrent events. Multiple
criteria have been used throughout the years to define high-risk plagues. A recent meta-analysis of 30
observational studies, including 4 studies using OCT, demonstrated that TCFA was the high-risk feature
with the highest HR for patient-level events (3-fold increased risk) and second highest HR for lesion-level
events (6-fold increased risk), with a positive predictive value of 24% (95% Cl, 2%-46%) and 9% (95% C|,
3%-15%), respectively.?? We now report a positive predictive value for TCFA of 18.8% for native MACE and
10.5% for TLF (negative predictive values 89.2% and 95.0%, respectively) using a cutoff value of <65 and
>90" for minimum fibrous cap thickness and lipid arc, respectively.

The presence of nonculprit plaque rupture as a marker of plaque vulnerability hitherto received little
attention in natural-history studies. We observed an HR of over 2 for native MACE and TLF in the presence
of nonculprit plague rupture, which calls for attention in future studies. Earlier findings support the
concept of nonculprit plaque rupture as an indicator of vulnerability. First, plaque disruption requires an
internal milieu predisposing the plaque to destabilization, which could be a combination of mechanical
but also biochemical factors, the latter of which could affect the whole coronary tree. Indeed, culprit
plaque rupture has been associated with signs of panvulnerability, including more nonculprit TCFA
and plaque rupture.?® Furthermore, multiple nonculprit plaque ruptures are more common among
patients with acute coronary syndrome compared with patients with chronic coronary syndrome.*
Second, subclinical nonculprit plaque rupture in the presence of a well-functioning healing capacity®
contributes to rapid, stepwise lesion progression? and can consequently induce ischemia requiring
revascularization.?”’

Importantly, we observed the highest HR and positive predictive value in lesions harboring all 3 features,
which isin line with the referenced meta-analysis illustrating an incremental risk with multiple coexistent
high-risk features.?? The optimal tradeoff between the desired positive predictive value and the number
of high-risk plaque features included in the definition, which is inversely related to the proportion
of patients meeting the respective high-risk definition, remains to be determined. This is a critical
consideration when defining treatment strategies targeting high-risk plaques, especially considering a
large number of high-risk plaques not proceeding to cause future events. This is of particularimportance

for focal treatment strategies.
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Limitations

This study has some limitations. First, the study only applies to intermediate FFR-negative nonculprit
lesions. Second, inherent to the inclusion criteria, the high-risk clinical profile (ie, diabetes or Ml) of the
presentcohortmayimpede extrapolating our results to the general population undergoing percutaneous
coronary intervention. Specifically, the HR for adverse events may be lower in the overall population.
Third, female patients were underrepresented in both cohorts. Fourth, the end point definitions differed
slightly between studies. Fifth, target vessel Ml was evaluated rather than target lesion MI. However,
identifying the exact culprit lesion can be challenging with a large thrombus load. Sixth, analyses were
limited to OCT features analyzed by the core laboratory. Therefore, other variables of potential interest
(eg, type of calcified nodule or volumetric fibrous cap evaluations) could not be evaluated. Finally, the
positive predictive value remains relatively low, potentially limiting the effectiveness of preventive
treatment. Whether the addition of other nonanatomic factors (eg, inflammatory and thrombogenic
milieu) would increment the predictive value of the diagnosis of high-risk plaques in selected high-risk
patients remains unsettled and warrants further investigation.

CONCLUSION

In conclusion, the presence of an OCT-identified high-risk plaque in an FFR-negative nonculprit lesion
is associated with patient-level native MACE and lesion-level TLF in patients with diabetes or after MI.
Co-occurrence of multiple high-risk plaque features results in an incremental risk of adverse outcomes.
These findings emphasize the additional value of intracoronary imaging in the absence of flow limitation
and support the high-risk patient and plague hypotheses, as well as ongoing studies on systemic or
focal treatment of high-risk plaques.
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ABSTRACT

Background High-risk coronary plaques (HRPs) are associated with adverse cardiovascular outcomes.
However, the clinical practicality of HRP identification is challenged by their modest prevalence and low

positive predictive value.

Aims \We aimed to evaluate the association between clinical risk factors and HRPs, as well as the clinical

impact of HRPs across different clinical risk profiles.

Methods This is a pooled analysis of individual patient data from the prospective observational
COMBINE (OCT-FFR) and PECTUS-obs studies. A modified version of the Thrombolysis in Myocardial
Infarction Risk Score for Secondary Prevention (TRS-2P) was used for risk stratification. The composite
endpoint of major adverse cardiovascular events (MACE) was evaluated on a patient level, and target

lesion failure (TLF), also a composite endpoint, was evaluated on a lesion level.

Results Among 810 patients, 311, 265, and 234 were at low (TRS-2P 0-1), intermediate (TRS-2P 2), and
high risk (TRS-2P >3), respectively. The modified TRS-2P had no discriminative value for the identification
of patients with an HRP (area under the receiver operating characteristic curve 0.51, 95% confidence
interval [Cl]: 0.47-0.56). A consistent trend towards worse clinical outcome in the presence of an HRP
emction=0-539 for MACE and 0337 for TLF). For TLF,
the highest event rate per 100 lesion-years was observed in high-risk patients with HRPs (6.28, 95% Cl:
3.52-10.36; 13.6% absolute risk at 2 years).

was observed across different clinical risk profiles (p

Conclusions and relevance HRPs are associated with a negative clinical outcome, without apparent
differences between clinical risk profiles. This highlights the independent value of optical coherence
tomography for prognostication beyond clinical risk factors. The high event rates in high-risk patients
with HRPs necessitate the search for additional therapeutic strategies to mitigate this risk.
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INTRODUCTION

Histopathological and in vivoimaging studies have significantly advanced our understanding of coronary
lesions that are at increased risk of causing future cardiovascular events."? These high-risk plaques (HRPs)
are typically characterised by a large lipid burden with a thin overlying fibrous cap, of which the thin-
cap fibroatheroma is considered the prototype. In recent years, numerous studies have demonstrated
the prognostic impact of in vivo-identified HRPs in deferred lesions on patient- and lesion-level clinical
outcomes.>* However, the clinical applicability of in vivo identification is challenged by various factors,
especially when pursuing preventive focal treatment of HRPs.?

First, the positive predictive value for future events remains limited, especially for lesion-level events.? For
example, the COMBINE (OCT-FFR) and PECTUS-obs studies assessed the clinical impact of HRPs in non-
flow-limiting lesions in patients with diabetes and myocardial infarction, respectively# In an individual
patient data pooled analysis from these studies, HRPs were significantly associated with patient- and
lesion-level adverse outcomes in patients at risk for recurrent events. However, the positive predictive
value ranged between 9.2% and 22.4% for patient-level events and between 2.1% to 13.3% for lesion-
level events, depending on the number of HRP criteria included.® Second, HRPs are only found in up
to one-third of patients.>* Therefore, a multitude of patients need to be screened to identify those at
increased risk of adverse cardiovascular outcomes. Upfront identification of patients who are likely to
have HRPs could streamline the screening process, and screening patients in whom HRPs are likely to
have a profound effect on clinical outcomes may provide more benefits, thereby reducing resource
utilisation.

We hypothesised that traditional clinical risk factors could help identify patients that are more likely to
have HRPs. Second, we postulated that HRPs would have the most profound effect on clinical outcomes
among patients at high clinical risk. Therefore, this study aimed to assess the association between clinical
risk factors and the presence of HRPs, as well as the impact of HRPs on clinical outcomes across different

clinical risk profiles.

METHODS

Study design

This analysis is performed on an individual patient-level data pooled analysis of the prospective,
natural history COMBINE (OCT-FFR) study (ClinicalTrials.gov: NCT02989740) and the PECTUS-obs study
(NCT03857971). Both studies aimed to assess the association between optical coherence tomography
(OCT)-identified HRPs in fractional flow reserve (FFR)-negative deferred native lesions and clinical
outcomes in patients with diabetes or after myocardial infarction, respectively. The design and primary
results of both studies were published previously>*”8 In brief, OCT was performed on all native, FFR-
negative (FFR >0.80), deferred, intermediate lesions, which we refer to as target lesions. Patients
subsequently underwent structured clinical follow-up according to the respective study protocols.
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The inclusion and exclusion criteria of the respective studies are listed in Supplementary Appendix 1.
The details on pooling the individual patient data and the primary combined analysis were published
previously® In total, 810 patients had at least one analysable OCT and were included in the pooled
analysis, including 390 patients from COMBINE (OCT-FFR) and 420 from PECTUS-obs. Both studies were
conducted in accordance with the 1964 Declaration of Helsinki and were approved by the institutional
review boards and/or medical ethics committees of each participating centre. All patients provided

written informed consent.

Clinical risk stratification

The Thrombolysis in Myocardial Infarction Risk Score for Secondary Prevention (TRS-2P) was used to
classify patients by their risk of cardiovascular disease.’ The original score assigns one point to each
variable included: congestive heart failure, hypertension, age >75 years, diabetes mellitus, prior stroke,
prior coronary artery bypass grafting, other vascular disease (peripheral), renal dysfunction (defined as
an estimated glomerular filtration rate <60 mL/min/1.73 m?), and current smoking status. For the present
analysis, the score was modified to account for missing baseline variables (i.e, data on “congestive
heart failure” and “other vascular disease [peripheral]” were unavailable). Consequently, the modified
score ranged from 0 to 7, with higher values indicating higher risk. The glomerular filtration rate was
estimated using the 2021 Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) creatinine
formula.’” Missing values required for calculation of the modified TRS-2P were imputed using the most
prevalent value or the mean across the population for categorical and continuous variables, respectively.
Specifically, hypertension was considered absent in 2 patients, and 12 patients were considered non-
smokers. Creatinine was imputed as 1.00 mg/dL in 67 patients. Data on all seven TRS-2P criteria were
available for 733 patients. Patients were categorised according to the original cutoff values into low (0 or
1 indicator), intermediate (2 indicators), or high risk (>3 indicators).

OCT image analysis

OCT image analysis was performed in accordance with the latest consensus document."” OCT analyses
were performed by the same independent OCT core laboratory using CAAS Intravascular 2.0 (Pie Medical
Imaging). Members of the core laboratory were blinded to clinical outcomes. To identify the target lesion
on OCT, manual coregistration with the angiogram was performed based on anatomical landmarks (e.g.,
side branches). Pullbacks with insufficient image quality for qualitative and quantitative analyses of the
target lesion were excluded at the discretion of the core laboratory. The predefined HRP criteria from
PECTUS-obs were adopted in accordance with the primary combined analysis of COMBINE (OCT-FFR)
and PECTUS-obs.® An HRP was defined by the presence of at least 2 of the 3 following criteria: (1) a lipid
arc >90°, (2) a minimum fibrous cap thickness <65 um, and (3) the presence of either plaque rupture or
thrombus. Patients, operators, and treating physicians were blinded to the OCT image analysis results.
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Clinical endpoints

Two composite endpoints were evaluated in the present analysis. Major adverse cardiovascular events
(MACE) was defined as the composite of all-cause mortality, non-fatal myocardial infarction that was
attributable to a specific coronary segment and that was not related to stent failure, or unplanned
revascularisation not related to stent failure. Target lesion failure (TLF) was defined as the composite of
cardiac death, target vessel myocardial infarction or target lesion revascularisation, for which target vessel
myocardial infarction and target lesion revascularisation were only considered if clearly attributable to
the target vessel or lesion, respectively. The definitions of the individual endpoints are summarised in
Supplementary Appendix 2. All potential events were adjudicated by two blinded, independent clinical
endpoint committees, using medical records and by comparing baseline and follow-up angiograms.

Each committee consisted of at least two experienced interventional cardiologists.

Statistical analysis

Categorical variables are presented as absolute frequencies (percentages), while continuous variables
are presented as mean + standard deviation or median (interquartile range [IQR]), as appropriate.
The association between clinical risk factors and the presence of an HRP at the patient level was
evaluated using binary logistic regression. All variables with a p-value <0.10 in univariable analyses were
simultaneously included in the multivariable model. In cases of high collinearity (defined as r >0.80), the
variable with the highest level of significance was included. Analyses were performed using the study of
origin as a fixed parameter to account for differences in inclusion and exclusion criteria from COMBINE
(OCT-FFR) and PECTUS-obs that may have influenced the TRS-2P score (e.g., diabetes mellitus).

For comparative analyses of the three risk profile groups, the chi-squared test or Fisher's exact test
was used for the analyses of categorical data. Bonferroni correction was applied during subsequent
evaluation of differences between two risk groups. Normally distributed continuous data were analysed
using one-way analysis of variance (ANOVA) with Tukey’s post hoc test or one-way ANOVA with Welch's
statistic and Games-Howell post hoc tests. Non-normally distributed data were analysed using the
Kruskal-Wallis test. The discriminatory value of the modified TRS-2P for the identification of HRPs was
evaluated using the area under the receiver operating characteristic curve (AUC).

For the analyses of the composite clinical endpoints, patients were censored at their last moment
of follow-up. For MACE, the hazard ratio (HR) associated with the presence of at least one HRP was
evaluated using Cox proportional hazards models. For TLF, robust standard errors were estimated to
account for within-patient clustering, given patients could have had multiple lesions. Differences in the
prognostic impact of HRPs across different clinical risk profiles were evaluated using interaction terms.
The study of origin was included as a fixed parameter in both patient- and lesion-level analyses.

Data were imputed only for variables included in the modified TRS-2P score. Sensitivity analyses were
performed including only patients in whom information on all seven TRS-2P criteria was available without
imputation. A 2-sided p-value <0.05 was considered statistically significant. Data were analysed using
SPSS Statistics software, version 27.0 (IBM), and R version 4.4.1 (R Foundation for Statistical Computing).
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RESULTS

Study flow

Patient enrolment took place from March 2015 to December 2018 in COMBINE (OCT-FFR) and from
December 2018 to September 2020 in PECTUS-obs (Figure 1). The study is reported in accordance with
the STrengthening the Reporting of OBservational studies in Epidemiology (STROBE) guidelines (www.

strobe-statement.org).

A ( coBmE OCT-FFR) ] ( PECTUS-0bs ]
423 Patients with >1 438 Patients with 1
FFR-negative NC lesion FFR-negative NC lesion 18 Excluded

333 %Xﬁég?\?vgm Pel - Linformed consent withdrawn

< »| - 1 0CT was in-stent restenosis
=30 No OCT performed or - 16 No OCT performed or
0CT of insufficient quality b OCT of insuffcient quality

390 Patients with analysed 420 Patients with analysed
ocT ocT

v

810 Patients included in the
pooled analysis

I
v v

271 Patients with high-risk 539 Patients without high-risk
plaque plaque

B 810 Patients included in the
pooled analysis

v v v

311 Low-risk profile 265 Intermediate-risk profile 234 High-risk profile

Figure 1. Study flowchart.
Study flowchart for the presence of a high-risk plaque (A) and for the classification of patients into clinical risk profiles

B).

FFR fractional flow reserve; NC non-culprit; OCT optical coherence tomography; PCl percutaneous coronary intervention.
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Association between baseline characteristics and high-risk plaques

At least one HRP was identified in 271 patients, while 539 patients had solely non-HRPs (Figure 1A).
Univariable analyses exploring the relationship for each clinical characteristic separately identified 3
clinical characteristics (age >75, statin use at baseline, and baseline low-density lipoprotein cholesterol
levels) and 5 procedural characteristics (percutaneous coronary intervention at index, number of target
lesions, target lesion in the left anterior descending artery or right coronary artery, and target lesion
FFR) as potential predictors for the presence of an HRP (Table 1). In multivariable analysis, percutaneous
coronary intervention at the index procedure (p=0.003), number of target lesions (p=0.001), and a target
lesion in the right coronary artery (p=0.005) were independently associated with the presence of at
least one HRP. Statin therapy at baseline (p=0.036) and target lesion FFR (p=0.007) were also significantly
associated with HRP in a sensitivity analysis following imputation of low-density lipoprotein cholesterol
levels, which was performed to account for missing laboratory values (Supplementary Table 1). Results
were overall consistent when analysing only those 733 patients in whom information on all seven TRS-

2P criteria was available (Supplementary Table 2).
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TRS-2P and high-risk plaques

According to the modified TRS-2P, 311 patients were classified as low risk, 265 as intermediate risk, and
234 as high risk (Figure 1B). Baseline characteristics according to clinical risk profile are presented in Table
2. Patients at low risk presented significantly more often with a myocardial infarction (p<0.001) and more
frequently underwent percutaneous coronary intervention of non-target lesions at baseline (p<0.001).
No differences were observed in the number or distribution of target lesions. Prescription rates of
secondary prevention medication at discharge and during follow-up were higher among patients with
a low clinical risk profile (Table 3).

Among patients with a low-, intermediate-, and high-risk profile, the patient-level prevalence of at least
one HRP was 32.8%, 32.1%, and 35.9%, respectively (p=0.633). The modified TRS-2P had no discriminative
value for the identification of HRPs (AUC 0.51, 95% confidence interval [Cl]: 0.47-0.56; p=0.584) (Central
illustration). Among the 733 with information available for all seven TRS-2P criteria, the AUC was 0.51
(95% Cl: 0.46-0.55; p=0.751).

Table 2. Baseline characteristics according to clinical risk profile.

Variables N=810 Low risk Intermediate risk High risk P-value
n=311 n=265 n=234
Age, years 62+9 65+ 10 71+10 <0.0012P<
>75 years 13(4.2) 37 (14.0) 11 474) <0.0010<
Male sex 54 (17.4) 80 (30.2) 91 (389) <0.001°°
BMI, kg/m? 780 274+42 295+52 295+47 <0.0012°
Current smoker 52(16.7) 68 (25.7) 78 (33.3) <0.0012°
Diabetes 46 (14.8) 187 (70.6) 217.(92.7) <0.0072#<
Hypertension 90 (28.9) 207 (78.1) 216 (92.3) <0.0013p<
Hypercholesterolemia 808 90 (28.9) 143 (54.2) 152 (65.2) <0.00120<
Family history of premature CVD 796 100 (32.3) 94 (36.2) 74 (32.7) 0.582
Previous MI 40(12.9) 69 (26.0) 82(35.0) <0.001°°
Previous PCl 41(13.2) 78 (29.4) 41(13.2) <0.0012°
Previous CABG 0(0.0) 2(0.8) 10 (4.3) <0.001°¢
Previous CVA 1(0.3) 4(1.5) 35(15.0) <0.001b¢
MI at presentation 277 (89.1) 120 (45.3) 85 (36.3) <0.0012°

STEMI 154 (55.6) 53(44.2) 23(27.1)

NSTEMI 123 (44.4) 67 (55.8) 62 (72.9) <0007
Statin at presentation 80 (25.7) 157 (59.2) 175 (74.8) <0.00120<
Laboratory assessment

eGFR, mL/min/1.73 m? 89.1+£136 824 +£17.1 683 £21.7 <0.00120¢

eGFR <60 ml/min/1.73 m? 2(06) 25(94) 103 (44.0) <0.0012b<

C-reactive protein, mg/L 483 2.30 (1.00-4.50) 3.00 (1.30-5.90) 4.80 (1.43-8.00) <0.001P<

Total cholesterol, mmol/L 629 5.00+1.31 459+ 134 426+ 1.1 <0.00126<
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Table 2. Continued
"""" LDL-cholesterol, mmol/L 502 308%117 2724119 246+117  <0001°
HDL-cholesterol, mmol/L 506 1.14(1.00-1.40) 1.10 (0.90-1.36) 1.05 (0.90-1.30) 0.008°
Triglycerides, mmol/L 521 1.52(1.01-2.10) 1.70 (1.22-2.56) 1.90 (1.25-2.79) 0.002:°
Glycated hemoglobin, % 183 7.62+160 756+ 1.15 748 +1.27 0.865
PCl at index® 275 (884) 157 (59.2) 110 (47.0) SOREES
Number of target lesions 1.17 £042 1.18 £ 040 120+ 047 0.774
Target lesion distribution
LM 1(0.3) 5(1.9) 6 (2.6) 0.080
LAD 154 (49.5) 130 (49.1) 105 (44.9) 0516
LCx 120 (38.6) 92 (34.7) 76 (32.5) 0318
RCA 106 (34.1) 72 (27.2) 71 (30.3) 0.198
Target lesion FFR 0.89 £ 0.05 0.88 £ 0.05 0.89 £ 0.05 0.007¢

Data are given as mean+standard deviation, n (%) or median (IQR), unless otherwise indicated. BMI body mass index; CABG
coronary artery bypass grafting; Cl confidence interval; CVA cerebrovascular accident; CVD cardiovascular disease; eGFR
estimated glomerular filtration rate; FFR fractional flow reserve; HDL high-density lipoprotein; LAD left anterior descending
artery; LCx left circumflex artery; LDL low-density lipoprotein; LM left main coronary artery; MI myocardial infarction; NSTEMI
non-ST-segment elevation myocardial infarction; OR odds ratio; PCl percutaneous coronary intervention,; RCA right coronary
artery; STEMI ST-segment elevation myocardial infarction.

aSignificant difference between low risk and intermediate risk.

bSignificant difference between low risk and high risk.

<Significant difference between intermediate risk and high risk.

4 The index procedure refers to the invasive coronary angiography before inclusion in the study. In patients with myocardial
infarction, this refers to the initial invasive coronary angiography, irrespective of whether patients were included during this

procedure or during a staged procedure.
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Table 3. Medical therapy during follow-up.

Variables Low risk Intermediaterisk Highrisk P-value
n=311 n=265 n=234

Medication at discharge (n=810)

Statin 301 (96.8) 233(87.9) 01(859) <0.001°
Acetylsalicylic acid 297 (95.5) 238 (89.8) 212 (90.6) 0.022°
P2Y12-inhibitor 286 (92.0) 183 (69.1) 142 (60.7)  <0.0012F
Dual antiplatelet therapy 280 (90.0) 173 (65.3) 138 (59.0) <0.0012°
Anticoagulation 26 (84) 34(12.8) 45(19.2) <0.001°
Betablocker 265 (85.2) 213 (80.4) 187 (79.9) 0.188
ACE-inhibitor 241 (77.5) 163 (61.5) 134(57.3) <0.0012F
Last-known medication after discharge (n=777)

Statin 254 (83.8) 199 (78.0) 164 (74.9) 0.036°
Acetylsalicylic acid 267 (88.1) 190 (74.5) 139 (63.5) <0.00120<
P2Y12-inhibitor 33(10.9) 28 (11.0) 36 (16.4) 0.113
Dual antiplatelet therapy 25(83) 16 (6.3) 18 (8.2) 0.625
Anticoagulation 25(8.3) 49(19.2) 46(21.0)  <0.001°0
Betablocker 174 (57.4) 173 (67.8) 149 (68.0)  0.012°°
ACE-inhibitor 210(69.3) 140 (54.9) 112(51.1)  <0.001°°

Data are given as n (%). ACE angiotensin-converting enzyme.
“Significant difference between low risk and intermediate risk.
bSignificant difference between low risk and high risk.
<Significant difference between intermediate risk and high risk.

High-risk plaques and clinical outcomes across different risk profiles

The median time of follow-up was 761 (IQR 731-1,175) days. Per 100 person-years, patient-level MACE
rates were 4.19 (95% Cl: 2.76-6.09), 4.69 (95% Cl: 3.23-6.59), and 6.98 (95% Cl: 5.09-9.34) in patients with
Plowws mermeaae=0-486and p,_ mgh:0.033).
At the lesion level, TLF rates per 100 lesion-years were 1.85 (95% Cl: 1.01-3.10), 1.77 (95% Cl: 0.99-2.91),
and 3.95 (95% Cl: 2.69-5.61), respectively (D, .. rermedine
follow-up are reported in Figure 2, given that follow-up was complete for almost all patients at this

a low-, intermediate-, and high-risk clinical profile, respectively (
=0.981 and plowvsh‘gh:0.059). Event rates at 2-year

timepoint. Over the complete available follow-up, HRPs were associated with increased risks of MACE
(HR 2.13, 95% ClI: 1.45-3.12) and TLF (HR 2.63, 95% Cl: 1.56-4.44). No interaction was observed for the
association between HRPs and adverse clinical outcomes across the clinical risk profiles (p, ..~ =0.539
for MACE; p

subgroups according to the presence of HRPs are reported in Figure 2.

=0.337 for TLF) (Central illustration, Figure 3). The event rates at 2-year follow-up in the

interaction
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A High-risk plagues cannot be predicted B High-risk plaques are associated with adverse clinical outcomes
with the TRS-2P clinical risk score without apparent differences between clinical risk profiles
100 P ) MACE TLF
interaction 0.539 0.337
Z o C !
= Low risk ! —— J ——
3 om v
7
z
020 V4 ' '
4 High risk i ——
Yin o 040 060 080 100 r T T 1T T 1
01 05 10 20 100 01 05 10 20 100
1-Specificity Hazard ratio (log scale) Hazard ratio (log scale)
AUC 0.51 (95% CI: 0.47-0.56) TRS-2P 0-1: lowrisk ~ TRS-2P 2: intermediate risk ~ TRS-2P >3: high risk

Central illustration. The association between clinical risk factors and the presence and prognostic implications of
high-risk plaques.

A) AUC curve of the discriminatory value of the number of TRS-2P criteria for the prediction of at least one high-risk
plague. B) Forest plot of the risk associated with the presence of at least one high-risk plague according to clinical
risk profile.

AUC area under the receiver operating characteristic curve; Cl confidence interval; MACE major adverse cardiovascular
events; TLF target lesion failure; TRS-2P thrombolysis in myocardial infarction risk score for secondary prevention.
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Figure 2. Cumulative incidences of the composite endpoints at two-year follow-up across different risk subgroups.
Cumulative incidences of the composite endpoints of patient-level major adverse cardiovascular events (A) and
lesion-level target lesion failure (B) at two-year follow-up.

HRP high-risk plaque.
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Various sensitivity analyses showed consistent results, including the following: evaluation of the
proportion of patients in whom information on all seven TRS-2P criteria was available (Supplementary
Figure 1), analyses correcting for differences in medical therapy at discharge (Supplementary Figure 2),
analyses for the composite of target vessel myocardial infarction and target lesion revascularisation —
performed to account for the fact that none of the cardiac deaths were clearly attributable to a target
lesion-related event (Supplementary Figure 3) —and analyses using different risk scores (Supplementary

Figure 4, Supplementary Figure 5).

High-risk plaque No high-risk plaque p-value

Endpoint Events per 100 person/lesion years (95% CI) HR (35% CI) (interaction)
Patient-level n=211 n=539
MACE 8.21(6.13-10.77) 3.90(2.92-5.10) | - 2.13(1.45-3.12)

Low risk 7.48 (4.19-12.34) 2.70(1.39-4.71) E —a— 2.76 (1.29-5.90)

Intermediate risk 6.79 (3.80-11.19) 3.73 (2.21-5.90) -:—.—a 1.90 (0.95-3.78) 0.539

High risk 10.40 (6.52-15.74) 5.31(3.37-7.97) i 2.01(1.12-3.62)
Lesion-level n=287 n=652 E
TLF 4.45(3.02-6.32) 1.71(1.15-2.46) | - 2.63(1.56-4.44)

Low risk 3.97 (1.82-7.54) 0.94 (0.31-2.20) C— B 423(L4112.72)

Intermediate risk 3.03(1.22-6.24) 1.30 (0.56-2.55) »E—I—i 2.45 (0.86-6.95) 0.337

High risk 6.28 (3.52-10.36) 2.93 (1.68-4.76) E»—.—‘ 2.19 (1.06-4.52)

0.10 050 10 20 10.00

Hazard ratio (log scale)

Fewer events More events

Figure 3. Clinical impact of high-risk plagues across clinical risk profiles.
Associations between high-risk plagues and the composite clinical endpoints across clinical risk profiles.
Cl confidence interval; HR hazard ratio; MACE major adverse cardiovascular events; TLF target lesion failure.

DISCUSSION

The present analysis sought to evaluate the association between clinical risk factors and high-risk
coronary plaques in non-flow-limiting deferred lesions among patients at risk for recurrent events, as
well as the prognostic impact of HRPs across clinical risk profiles. The main findings were that traditional
clinical risk factors had minimal, if any, association with the presence of HRPs. Particularly, the TRS-2P
had no discriminative value for the identification of patients harbouring HRPs. Furthermore, the adverse
prognostic implication of HRPs on both patient- and lesion-level cardiovascular outcomes appears to be
consistent across patients with different clinical risk profiles, highlighting the independent value of OCT
for prognostication beyond clinical risk factors. Nevertheless, by combining clinical risk factors and HRP
identification using OCT, we were able to identify patients at the greatest risk for adverse patient-level
and lesion-level events, which resulted in the highest positive predictive value. The high lesion-level
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event rate in high-risk patients with an HRP emphasises the need for additional therapeutic strategies
to mitigate this risk.

A priori prediction of high-risk plaques

Numerous studies with various imaging modalities have demonstrated a significant association
between HRP phenotypes and adverse outcomes.>* These findings have led to multiple randomised
trials aimed at evaluating the efficacy and safety of preventive treatment of HRPs. The PREVENT trial
recently provided the first evidence that preventive treatment of HRPs may indeed improve patient
outcomes.® However, the absolute clinical benefit was modest and was largely driven by unplanned
revascularisation and rehospitalisation for unstable or progressive angina. Furthermore, the PREVENT
trial highlighted the impracticality of large-scale screening for HRPs, as over half of the screened patients
had no HRPs. This observation underscores the need for alternative strategies to a priori identify patients
that are likely to harbour HRPs, for instance by assessing their clinical risk profile.

In the present study, none of the traditional clinical risk factors were independently associated with the
presence of at least one non-flow-limiting, HRP. Similarly, in a retrospective OCT study, diabetes and
metabolic syndrome were not significantly associated with plague vulnerability.”” Consistent with our
findings, poor discriminative value of clinical risk factors for the identification of HRPs was also observed
in a secondary analysis from the prospective observational PROSPECT study, in which three-vessel
intravascular ultrasound was used for the identification of HRPs. Although the Framingham risk score
was significantly associated with the presence of at least one HRP in that study, the AUC of only 0.55
indicated very limited discriminative power.” Likewise, the TRS-2P had no discriminative value (AUC
0.51) in that regard in the present analysis. These results emphasise the complexity in the development
and progression of coronary atherosclerosis that extends beyond traditional risk factors™ and illustrate
that risk factors are insufficient to improve patient selection for targeted screening. Other potential
strategies that could be explored to increase the likelihood of finding an HRP include a stepwise
approach with non-invasive imaging as a gatekeeper,' evaluation of circulating inflammatory markers
or lipid spectrum analyses, or the incorporation of haemodynamic measures.’® In regard to the former,
coronary computed tomography angiography is increasingly adopted as a first-line diagnostic in
patients with suspected coronary artery disease. Although recent evidence demonstrates a significant
relationship between computed tomography-identified and OCT-identified HRPs, the correlation was
modest.”” Whether newer-generation photon-counting detector computed tomography has superior
discriminative value is unknown.

Nevertheless, a number of procedural variables related to more extensive (multivessel) coronary artery
disease were associated with the presence of an HRP, including percutaneous coronary intervention
during the index procedure and a larger number of FFR-negative target lesions. Additionally, HRPs were
more likely in the presence of a target lesion in the right coronary artery. This observation is potentially
related to the fact that HRPs are found throughout the right coronary artery, while they have a more
clustered distribution in the proximal segments of the left anterior descending and left circumflex

arteries.”
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Clinical impact of high-risk plaques across risk profiles

Inthe present analysis, the prognostic impact of HRPs was independent of the baseline clinical risk profile.
These results indicate that intensive medical therapy for plague stabilisation and prevention of patient-
level events may be beneficial across the clinical risk spectrum. A consistent hazard among lower-risk
patients is in line with earlier evidence demonstrating that plague progression and new development
of HRP phenotypes is not limited to high-risk patients.”® In fact, the presence of HRPs is associated with
increased plaque progression and statin non-response, independently of clinical risk factors."”
Nevertheless, while patients with a low-risk clinical profile and without an HRP were at the lowest risk
for TLF (0.94 events per 100 lesion-years), patients with a high-risk clinical profile and an HRP were at the
highest risk (6.28 events per 100 lesion-years). These findings translate into higher positive predictive
values among high-risk patients and, thus, a lower number of patients required to be screened and
preventively treated focally to prevent one event. Assuming an 88% relative risk reduction following pre-
emptive treatment of HRPs,® the number needed to treat to prevent one TLF event per 100 lesion-years
would be 18.1 in high-risk patients, compared to 28.7 in lower-risk patients. Regarding the 2-year follow-
up data, the number needed to stent in patients with a high-risk clinical profile in combination with
an HRP would only be 8.4. Given the relatively low number needed to treat, restricting preventive focal
treatment to these very high-risk patients could be considered. However, the benefit of pre-emptive
treatment remains to be established from ongoing, dedicated clinical trials. The ultimate clinical value
of such a strategy will be dependent on the absolute magnitude of the effect achieved, which may, in
turn, be dependent on the characteristics of the studied population, and the balance between risk and
benefit.

If the clinical risk score without OCT were used to indicate pre-emptive treatment, the number needed to
treat among high-risk patients would be 50.4 per 100 lesion-years, assuming neither benefit nor harm of
pre-emptive treatment among patients without an HRP. As such, this study highlights the independent
value of intracoronary OCT for prognostication in the studied population of patients with myocardial
infarction and/or diabetes.

Limitations

This study should be interpreted in view of its limitations. The analyses described were not prespecified
in either of the included studies, and the results therefore remain exploratory. Therefore, no definitive or
causal conclusions can be drawn from this study. Second, the TRS-2P was originally designed as a clinical
risk score for secondary prevention after myocardial infarction. However, 40% of patients in the present
population had not presented with myocardial infarction. Nevertheless, the TRS-2P had comparable
prognostic implications in patients with chronic coronary syndrome and unstable angina in a long-term
validation study.” Furthermore, we used a modified version of the TRS-2P to account for missing variables
and imputed values for three indicators. However, considering that the TRS-2P has a graded association
with adverse clinical outcomes, we hypothesise that leaving out those two indicators has not profoundly
impacted our results. Nevertheless, bias related to these adaptations and data imputation cannot be
completely ruled out, and the findings therefore remain hypothesis-generating. The absence of other
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variables precluded the evaluation of other risk scores, including those specifically designed for patients
with chronic coronary syndrome. Third, the duration of follow-up was shorter than the 10-year follow-up
period for which the TRS-2P was validated and differed between studies. Finally, the results only apply
to patients with diabetes or myocardial infarction. The absolute risk difference in a lower-risk population
may be negligible. Additionally, these inclusion criteria may have influenced the analyses. In particular,
all patients from COMBINE (OCT-FFR) already had one indicator (i.e, diabetes), and they were therefore
less likely to be classified as low risk. However, this is in line with the general population, as patients with
diabetes frequently exhibit multiple other risk factors. For instance, in a real-world evaluation of the TRS-
2P, less than 5% of diabetic patients had no other indicator.® Importantly, correction for this potential
confounding factor was applied by incorporating the study of origin as a fixed parameter in the analyses.

CONCLUSIONS

The modified TRS-2P has no discriminative value for the identification of patients with HRPs in non-flow-
limiting deferred lesions. Furthermore, HRPs in such lesions are associated with adverse patient- and
lesion-level clinical outcomes, without apparent differences between clinical risk profiles. This highlights
the independent value of OCT for prognostication beyond traditional risk factors in patients at risk for
recurrent events. Nevertheless, combining clinical risk scores with HRP detection allows identification of

patients at greatest risk for adverse outcomes.
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ABSTRACT

Artificial intelligence (Al) is likely to revolutionize the way medical images are analysed and has the
potential to improve the identification and analysis of vulnerable or high-risk atherosclerotic plaques
in coronary arteries, leading to advances in the treatment of coronary artery disease. However,
coronary plaque analysis is challenging owing to cardiac and respiratory motion, as well as the small
size of cardiovascular structures. Moreover, the analysis of coronary imaging data is time-consuming,
can be performed only by clinicians with dedicated cardiovascular imaging training, and is subject to
considerable interreader and intrareader variability. Al has the potential to improve the assessment
of images of vulnerable plaque in coronary arteries, but requires robust development, testing and
validation. Combining human expertise with Al might facilitate the reliable and valid interpretation of
images obtained using CT, MRI, PET, intravascular ultrasonography and optical coherence tomography. In
this Roadmap, we review existing evidence on the application of Al to the imaging of vulnerable plaque
in coronary arteries and provide consensus recommendations developed by an interdisciplinary group
of experts on Al and non-invasive and invasive coronary imaging. We also outline future requirements
of Al technology to address bias, uncertainty, explainability and generalizability, which are all essential
for the acceptance of Al and its clinical utility in handling the anticipated growing volume of coronary
imaging procedures.
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INTRODUCTION

Initially perceived with scepticism, artificial intelligence (Al; Fig. 1) is now a part of our everyday lives. A case
in point is Al-based, automated speech and facial recognition, which was believed not to be possible in
the 1960s, but is now available on many smartphones." In the past decade, Al-based methods have been
increasingly used in cardiovascular medicine, especially in cardiovascular imaging.>> The majority of
these Al methods have been developed for the diagnosis, risk stratification and prognostic assessment of
patients with coronary artery disease, heart failure or rhythm disorders® The evidence on the prognostic
implications of a vulnerable atherosclerotic plague in coronary arteries, which is considered to precede
acute coronary events through plaque rupture and subsequent thrombosis,” has become more robust
in the past 10 years#'° Accurate non-invasive or invasive imaging approaches that can identify patients
at high risk of adverse events might help to guide focal strategies or intensified medical treatment.
However, visual and especially quantitative coronary plaque detection and characterization are time-
consuming, require a high level of expertise, and have substantial intraobserver and interobserver
variability.""?

Among non-invasive imaging modalities, coronary CT angiography (CCTA) is the best for visualizing
coronary arteries and atherosclerotic plaques.” Al technologies have also been implemented in the
analysis of images derived from invasive intravascular ultrasonography (IVUS) or optical coherence
tomography (OCT)."® Research that initially focused on (semi-)automated lumen detection for stenosis
grading'* has now moved on to the promising field of automated plaque characterization.’'®

In this Roadmap, we review the existing evidence on and provide interdisciplinary consensus
recommendations for the application of Al to the imaging of atherosclerotic plaque in coronary
arteries, focusing on the most advanced imaging modalities in this field (CCTA, IVUS and OCT®). In
addition, we discuss the current and future approaches to addressing bias, explainability, uncertainty
and generalizability of Al-guided imaging of coronary plague. Consensus was reached using a Delphi
methodology similar to that used to reach a consensus on myocardial ischaemia imaging at the first
Quantitative Cardiovascular Imaging (QCl) meeting."” Detailed clinical consensus recommendations
on the preferred use of each imaging technique for coronary plague and stenosis imaging in specific
patient populations are provided in a Consensus Statement derived from the second QCI meeting."
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Technigque to mimic human cognition

» Automated plaque characterization

= Diagnosis and prognostic assessment

Artificial intelligence of coronary artery disease

« Automated generation of medical
reports

Learning from imaging and clinical data

« Supervised learning (linear regression,
support vector machines, extreme
gradient boosting)

¢ Unsupervised learning (k-means
clustering, principal component
analysis)

Multilayered artificial neural networks
= Convolutional neural networks

e Recurrent neural networks

« Generative adversarial networks

Figure 1. Basics of artificial intelligence, machine learning and deep learning.

Artificial intelligence in medicine mimics the intelligence of a human in performing various medical tasks. Machine
learning is a subfield of artificial intelligence with a focus on how computers learn from examples. Deep learning is a
specific form of machine learning involving an algorithm that learns directly from data.*®

METHODOLOGY FOR CONSENSUS RECOMMENDATIONS

The application of Al to cardiovascular imaging has received increasing interest over the past 10 years.'
However, many technical and clinical aspects of its application to the imaging of vulnerable plaques in
coronary arteries require additional attention to ensure reliability and to improve the prognostic and
diagnostic value of different cardiovascular imaging modalities before widespread clinical use. During
the second QCl meeting on coronary artery stenosis and atherosclerosis imaging in September 2022,
a questionnaire regarding the clinical appropriateness of different imaging modalities was conducted
using a three-round Delphi method. This Roadmap describes the findings that have emerged using
this multidisciplinary approach and encompasses the views of clinicians (cardiologists, radiologists and
a cardiac surgeon), biomedical engineers and computer scientists using a similar method to that used
for the first QCI meeting."” The questionnaire included eight questions on Al for coronary imaging, and
no consensus was noted after the third and final round of questions (Supplementary Table 1), which led
to a second Delphi process with two additional rounds needed to reach a consensus.’** The questions
were sent to 14 scientists and physicians directly involved in the research and development of Al tools
for cardiovascular imaging. A total of 15 questions (Supplementary Table 2) were answered using a
Likert scale from 1 to 9, categorical replies or free text. The reasoning for each answer was provided
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as text. Before beginning the second round, the overall results from the first round were sent to the

participants. The questions answered using a Likert scale were presented as a median and interquartile

range, the categorical replies were presented as percentages, and the relevant or conflicting replies in

the text were highlighted. The final results of the Delphi voting are summarized in Table 1, with a level

of consensus between experts indicated as no consensus, partial consensus or consensus. The level

of consensus for answers in the form of the Likert scale or ordinal scale was defined using previously

proposed parameters (<0.6 indicated no consensus, 0.6-0.8 indicated partial consensus and >0.8

indicated consensus).?' For answers on ordinal scales and related to multiple modalities, the measure of

agreement was averaged across all modalities. For answers on a nominal scale, consensus was measured

using normalized entropy with the same thresholds.

Table 1. Consensus recommendations on Al applied to imaging of vulnerable plaques in coronary arteries.

Question

Level of

consensus?

Consensus recommendations

Current state of Al for analysis of plaques in coronary arteries

Q1: reference standard for
plague imaging

Q2a: importance of multiple
observers

Q2b: required level of
expertise for annotation of
plaques

Q3: availability of Al tools for
automated plaque analysis in
academic research

Q4: availability of FDA-
approved or CE-approved Al
tools for automated plaque
analysis in clinical practice

Consensus

Partial
consensus

Partial
consensus

Partial
consensus

No
consensus

Histology would be preferable but clinically impractical; IVUS and
OCT are superior to CT with regard to resolution but availability
is limited; OCT is more precise than IVUS and can detect high-risk
plagque features associated with plague progression

Multiple observers are essential to compensate for interobserver
variability, provide generalizability and help with uncertainty
estimation

The number of analysed scans and years of experience should both
be considered; the number of expected analysed scans varied from
100 to >1,000; the number of years of experience ranged from 24
weeks to 5 years; and certifications of cardiovascular CT experience
(such as SCCT level Ill) might be sufficient

Al tools exist for all modalities, with more tools available for CT;
however, access to research tools is limited

Large discrepancies in the definition of Al tools led to discordance
between experts; the technologies (such as simple
thresholding or deep learning) are mostly hidden from the user,
making it difficult to define Al tools

used

Current challenges with Al in automated plaque analysis and prognosis

Q5: quality level of current
automated vessel wall and
lumen segmentation for
coronary plague analysis

Q6: susceptibility of Al tools
for plague analysis to image
artefacts

Consensus

Partial
consensus

No standardization on how to quantify plaque burden is available at
present; most of the available tools are challenged by the presence
of artefacts and severe calcifications; CT is limited in the case of
heavy calcification; data interpretation is subjective with a paucity
of quantification, and segmentations are sparse and noisy; and OCT
is more advanced than IVUS in Al segmentation, especially in the
case of insufficient image quality (such as blood artefacts)

Current Al tools are highly susceptible to image artefacts and most
Al tools do not account for them
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Table 1. Continued

A combination of radiomics and deep learning provides incremental
utility compared with either method alone; deep learning might
be superior to radiomics, but requires more data, which are not
currently available

Q7: technology suited for Partial
classification of coronary consensus
plagues into stable and

vulnerable plaques

Trustworthy Al

Q8: mandatory visual Consensus

confirmation of automated
segmentation of plaques
Q9: requirement for No

randomized controlled trials consensus
Q10: confidence measure to Partial
explain uncertainty consensus
Q11: bias mitigation Partial
consensus

Visual confirmation is required until full confidence is achieved;
physicians need to be able to modify or correct coronary
segmentations

Randomized controlled trials are required to verify clinical
effectiveness and test advantages over standard care, whereas
retrospective studies are sufficient if Al tools only facilitate simple
human tasks (such as image segmentation)

Well-calibrated and reliable quantitative measures are required
(such as with 95% confidence interval); visual methods (such as
heatmaps) are required to ensure clarity in interpretation; and low
confidence should alert physicians that further testing might be
required

Al tools should be developed and tested on large and diverse
populations to ensure their generalizability; the limitations of Al
tools with respect to non-representative populations should be
clearly demonstrated; biases should be evaluated and quantified;
and bias in datasets should be mitigated by adding or upweighting
minority samples when possible

Outlook and future directions

Q12: reading time of an Consensus
imaging test in clinical

practice

Q13: Al-supported time Consensus
savings

Q14: on-site or cloud-based Consensus
plague analysis

Q15: automated generation Consensus

of structured medical reports

Images are quickly screened in clinical practice (5-10min) without
measuring plaque features, whereas detailed plagque analysis can
take >1h; reading time highly depends on the complexity of the
case

Quantitative plague assessmentis not performed regularly in current
clinical practice; Al tools could provide full quantification without
changing reading time; and higher accuracy and reproducibility are
important advantages in addition to time savings

Issues of data protection and data privacy preservation must be
addressed before cloud-based solutions can be used; OCT and
IVUS require immediate assessment (real-time systems) to guide
decision-making

Structured reports should provide treatment recommendations
together with explanations and should include a breakdown
of findings (plaque burden and subtypes) and quantitative
measurements with a summary; the ability to add user-defined free
text is also required

Al artificial intelligence; IVUS intravascular ultrasonography; OCT optical coherence tomography; SCCT Society of

Cardiovascular Computed Tomography.

@ The level of consensus between experts is graded as no consensus, partial consensus or consensus.

The full questionnaire with individual responses is shown in Supplementary Table 2.
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THE CONCEPT OF VULNERABLE PLAQUE IMAGING

In most patients, acute coronary syndrome is triggered by the rupture or erosion of coronary
atherosclerotic plaques.”? These plaques have specific features, such as a large necrotic core and a
thin fibrous cap, known as a thin-cap fibroatheroma (TCFA). The identification of these features, which
can be visualized using imaging modalities, led to the concept of the vulnerable plaque that is prone
to rupture (Fig. 2). Many clinical studies using invasive and non-invasive techniques have found an
association between vulnerable plaques and adverse outcomes in patients.”** However, findings from
both pathology and clinical imaging studies have also consistently shown that the rupture of these
vulnerable plaques often occurs without clinical syndromes, representing an integral part of plaque
progression.?* Furthermore, although stenting of lesions with vulnerable plaque features is safe,> there
is currently a paucity of data supporting focal treatment of vulnerable plaques. Therefore, the concept
of the vulnerable plague remains controversial.'*?* The clinical implications of quantitative non-invasive
and invasive imaging of vulnerable plaques in coronary arteries have also been described in a consensus
statement derived from findings from the second QCI meeting on clinical quantitative coronary artery
stenosis and coronary atherosclerosis imaging.” Further characterization of coronary atherosclerosis
using Al might result in the identification of additional features associated with rapid plaque progression
and increased risk of adverse events.

Imaging modalities

Coronary atherosclerotic plague can be assessed by a range of invasive and non-invasive imaging
modalities.”® CT and MRI facilitate non-invasive structural imaging of coronary plaque, whereas X-ray
coronary angiography, IVUS, OCT and near-infrared spectroscopy (NIRS) are invasive imaging techniques
that can be used to assess coronary artery morphology. Although OCT and IVUS are superior to CT interms
of resolution, these invasive modalities are not widely available.' Beyond anatomical imaging, coronary
plaque biology can be assessed non-invasively through the use of appropriately targeted radiotracers.
Only PET, which again is not widely available, allows the assessment of coronary atherosclerotic plaque
biology via radiotracer uptake.?

Non-invasive plaque imaging. CCTA is a non-invasive imaging modality that facilitates the
identification of qualitative high-risk plaque features, such as the napkin-ring sign, and the quantification
of total plague burden using CCTA? correlates well with assessment by IVUS.262° Moreover, the CCTA-
derived measure of plaque attenuation can be used to determine plague composition, including total,
calcified, non-calcified or low attenuation plaque (Fig. 2). Low attenuation plaque is of particular interest
because it correlates with the lipid-rich necrotic core of atheromatous plaques and has been associated
with adverse outcomes.® Importantly, CT quantification of coronary atherosclerotic burden can be used
to predict the risk of fatal or non-fatal myocardial infarction in patients with stable or unstable coronary
artery disease #**%*! Of note, however, CCTA is associated with exposure to a modest level of radiation,
and image quality can be compromised by cardiac motion or coronary calcification.
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Invasive plaque imaging. Coronary X-ray angiography is the most frequently used invasive modality
for imaging the coronary arteries because it allows excellent visualization of the coronary lumen,
but not of coronary plaque. Therefore, invasive assessment of coronary plaque requires intravascular
imaging techniques such as IVUS, OCT and NIRS.%>*? Specifically, plaque imaging using IVUS or OCT
is instrumental for studying vulnerable plaque features,® and has been used to guide percutaneous
coronary interventions** and to monitor vascular tissue response.®?* OCT is currently the only imaging
modality with sufficient spatial resolution to identify the thin cap (<0.065 mm) that defines true TCFA. Of
note, these invasive techniques cannot be used to assess severe stenotic disease, small-caliber vessels or
deeper plague structures. Of note, intracoronary imaging is expensive, can cause serious complications

because of its invasive nature and is, therefore, impractical for population-wide application.

Cholesterol crystals Thrombus

Low attenuation Spotty calcification
>

Fibrotic tissue

Fibrous cap Thrombus
®
L Macrophage Lipid core
Intraplaque
haemo.rrhage Microchannel
Positive remodelling Napkin-ring sign Necrotic core Plaque rupture Macrophages
y 3
- CCTA j OCT-|
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Calcification Microchannels Microchannels

Plaque burden

o

Figure 2. The concept of vulnerable plaques and high-risk plaque features in CCTA, IVUS and OCT images.

The figure provides an overview of vulnerable plaque components (lipid core, necrotic core and thin fibrous cap)
and associated high-risk plague features in coronary CT angiography (CCTA; the arrows point to low attenuation,
spotty calcification and napkin-ring sign, whereas the dashed lines indicate positive remodeling), intravascular
ultrasonography (IVUS; plaque burden, calcification and microchannels) and optical coherence tomography (OCT;
the large arrow points to cholesterol crystals and thin-cap fibroatheroma (TCFA), whereas the small arrows indicate
macrophages and microchannels.

CCTA coronary computed tomography angiography; IVUS intravascular ultrasound; NC necrotic core; NIRS near-infrared
spectroscopy; OCT optical coherence tomography.
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Prognostic value of identifying vulnerable plaques

The prognostic importance of coronary plaque assessment has been established using various non-
invasive and invasive imaging modalities. TCFA, identified using IVUS or OCT, has been associated with
worse outcomes in several prospective studies.”*2°Vulnerable plaques that can be visually identified on
CCTA have been linked to an increased risk of subsequent adverse cardiac events in registry studies*
and in randomized controlled trials (RCTs).2*'#" In the PROMISE trial > vulnerable plaques were present in
15% of patients presenting with suspected coronary artery disease and were associated with an almost
twofold increase in major adverse cardiovascular events, after adjusting for cardiovascular risk factors.
However, this study did not adjust for the overall disease burden. In addition, findings from studies
that quantitatively assessed vulnerable plaques suggest that increased plaque volume and imaging
markers of TCFA are associated with a higher risk of subsequent adverse cardiac events. In the PROSPECT
study,® a plaque burden of >70% and a minimal lumen area of <4.0 mm?, as measured on IVUS, were
independently associated with disease progression and recurrent chest pain at follow-up in patients
presenting with acute coronary syndrome. In the SCOT-HEART trial,” a low attenuation plaque burden
on CCTA was a strong predictor of myocardial infarction, over and above the cardiovascular risk score,
calcium score and presence of stenosis. Patients with a low attenuation plaque burden of >4% were
nearly five times more likely to have a subsequent myocardial infarction event than patients who had
a low attenuation plaque burden of <4%. Conversely, preliminary results from the ISCHEMIA trial** did
not find low attenuation plaque to be predictive of death or myocardial infarction when adjusted for
total plaque burden. Importantly, the positive predictive value of vulnerable plaque features is low, and
itis not possible at present to predict which patients will have plaque progression that would ultimately
cause major adverse cardiovascular events. Larger studies and the incorporation of Al technology will
hopefully improve the assessment of vulnerable plaque in the future.”*** Aside from traditional high-risk
plagque features, Al technology can support the automatic identification of additional high-risk plaque
features that are not visible to the human eye to improve diagnosis and prognosis.

Al FORVULNERABLE PLAQUE ASSESSMENT

Al is a branch of computer science that aims to mimic human cognition in performing tasks such as
object or pattern recognition and has been applied to the field of medical imaging.* Machine learning,
a subfield of Al, enables computer algorithms to automatically learn and improve from experience using
supervised or unsupervised learning. Deep learning is a specific form of machine learning that uses
multilayered artificial neural networks to make predictions directly from input (Fig. 1). Unlike traditional
machine learning techniques, deep learning has emerged in the field of cardiovascular imaging only
in the past 7 years,® but has already accelerated research on the assessment of vulnerable plaques
and on prerequisite tasks such as lumen and plaque segmentation.** The most commonly used
deep learning networks for image analysis are convolutional neural networks (CNNs). CNNs contain
many layers, including one or more convolutional layers that create a feature map summarizing the
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presence of detected features in the input. The most common implementation of CNNs allows image
segmentation orimage classification. Although the success of deep learning depends on the availability
of large datasets, standard models, such as U-Net and convolutional Long Short-Term Memory networks,
as well as specialized networks have been applied to vulnerable plaque segmentation.#” In addition,
radiomics is a technique involving the extraction of a large number of quantitative features (such as
shape, texture and grey-level statistics) that are often not visible to the human eye to describe texture
and spatial complexity. Machine learning methods are used to perform precision phenotyping and
can build predictive models on the basis of radiomic patterns. Radiomics can be used to identify high-
risk plaque features, characterize plaque vulnerability**#° and find associations that are predictive of an
increased risk of major adverse cardiovascular events.®

Al technology allows the quantitative assessment of coronary plague and the identification of adverse
plaque characteristics in the coronary arteries. Automatically quantified biomarkers (Fig. 3) can improve
diagnosis and facilitate patient-specific cardiovascular risk stratification.”’*" Relevant studies that have
assessed the prognostic value of vulnerable plague and their level of automation using Al are listed in
Supplementary Table 3.

Non-invasive assessment

CCTA is a first-line non-invasive test for assessing patients with suspected coronary artery disease.>
Visual or semi-automatic analysis of CCTA focuses on grading stenosis severity and assessing basic
plaque features. Al-based methods can automate not only these time-consuming and cumbersome
quantification tasks, but also the characterization of coronary artery plaque and stenosis grading*
(Fig. 3).

Automated coronary artery calcium scoring. Automated quantification of coronary artery calcification
in non-contrast CT>* and low-dose chest CT** shows excellent agreement with non-automated human
quantification in terms of risk stratification. Automated quantification of coronary artery calcification
identified on CCTA has good accuracy compared with non-automated quantification of the traditional
Agatston scores derived from non-contrast CT.>>¢

Centerline extraction. Methods that detect both calcified and non-calcified plaque and stenosis usually
require the generation of a coronary artery centreline to facilitate analysis of the artery and its immediate
vicinity.* Therefore, a number of automatic or semi-automatic methods have been developed for
coronary artery tree extraction, plague segmentation and stenosis grading using conventional machine
learning or deep learning techniques. >’
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Figure 3. The interaction between tasks supported by Al tools for the assessment of vulnerable plaques in coronary
arteries.

The figure summarizes the tools for the assessment of vulnerable plaques supported by artificial intelligence (Al)
in CT, intravascular ultrasonography (IVUS) and optical coherence tomography (OCT). Al-supported tasks include
segmentation (coronary tree extraction, calcium soring and plaque segmentation), feature extraction (radiomics,
PET or CT plaque assessment and stenosis grading, classification tasks (Coronary Artery Disease Reporting and Data
System (CAD-RADS) categorization(120) and multimodal learning), risk stratification and prediction of major adverse
cardiovascular events.

CT computed tomography; IVUS intravascular ultrasound; OCT optical coherence tomography, PET positron emission
tomography.

Identification of vulnerable plaque characteristics. Aside from quantifying plaque burden, Al-based
methods have also been used to identify vulnerable plaque characteristics, such as positive remodeling,
low attenuation plaque, spotty calcification and the napkin-ring sign.*-8

Radiomics can extract a large number of quantitative features, most of which are invisible to the
human eye, from medical images (Fig. 3). These features capture the complex spatial relationships
between voxels by describing textural patterns or geometric properties within a given imaging region
of interest, such as a segmented coronary plaque. CCTA-based radiomics have been used to improve
the identification of the napkin-ring sign®® and other vulnerable plague characteristics.>® In this context,
machine learning techniques have resulted in the identification of imaging biomarkers associated with
culprit lesions in acute coronary syndrome.®
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Multimodal plaque assessment. In cardiovascularimaging, Al algorithms can be used both to quantify
new imaging biomarkers and to integrate data from many different sources for comprehensive, patient-
tailored risk prediction (Fig. 3). For example, in a machine learning analysis of findings from a multicentre
prospective registry, the combination of patient, clinical and plaque characteristics using an iterative
LogitBoost algorithm was found to predict 5-year all-cause mortality more accurately than using existing
clinical or CCTA metrics alone.>® Another study combined qualitative and quantitative plaque features in
XGBoost models to identify precursors of culprit lesions in patients with acute coronary syndrome; this
boosted ensemble algorithm outperformed the use of traditional metrics of diameter stenosis, CCTA-
related high-risk plaque features and lesion-level characteristics in the detection of culprit lesions.®’
Furthermore, several studies have used machine learning to combine plaque characteristics, including
size, geometry and density, to identify myocardial ischaemia.®>®* Investigators in a multicentre trial
involving 254 patients combined clinical data with quantitative and qualitative plaque characteristics
using a LogitBoost algorithm to detect lesion-specific ischaemia that was defined by invasive fractional
flow reserve®® This approach predicted the presence of lesion-specific ischaemia (area under the
receiver operating characteristic curve (AUC) 0.84) more accurately than parameters such as quantitative
stenosis (AUC 0.76), total plaque volume (AUC 0.74) and pre-test likelihood of coronary artery disease
(AUC 0.63), highlighting the usefulness of analysing detailed plaque characteristics.

Al has been used to improve cardiovascular risk prediction by integrating complex clinical data with
multimodality coronary plague data.” One study showed that machine learning by extreme gradient
boosting using clinical data, quantitative CCTA plaque analysis and measures of coronary plaque
activity from '®F-sodium fluoride ("®F-NaF) PET could predict adverse clinical outcomes in patients
with established coronary artery disease.®® The investigators demonstrated that the Al model that best
predicted myocardial infarction (AUC 0.85) combined clinical data with both quantitative measures of
anatomical coronary plaque from CCTA and coronary disease activity from '®F-NaF PET.¢®

Investigators in an international multicentre study involving 921 patients undergoing CCTA developed
and validated a deep learning system for CCTA-derived measures of plague volume and stenosis
severity.* The deep learning convolutional network was trained to segment plaques in all patients
and then validated in a test set involving >200 patients, including 50 patients undergoing coronary
IVUS within 1 month of CCTA. The deep learning system completed plaque analysis in less time than
expert readers (5.7s versus 25.7min), with good or excellent agreement between the two sets of
measurements.”’ There was also excellent agreement between the deep learning-derived measurements
and the expert-derived measurements with regard to IVUS for total plague volume and minimal luminal
area, as well as in the assignment of patients to categories of stenosis severity.* The investigators further
validated the capacity of deep learning-based plaque quantification to predict cardiovascular outcomes
in another external cohort of 1,611 patients from the SCOT-HEART trial.*” A deep learning-based total
plague volume of =238 mm? was associated with a fivefold higher risk of myocardial infarction, adding
prognostic value to the presence of obstructive stenosis and the clinical risk score.
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Invasive assessment

Manual expert quantification of plaque burden and vulnerable plaque characteristics (Fig. 2), such as
measuring lipid arcs and minimal fibrous cap thickness in images derived from OCT and IVUS, is very
time-consuming and requires real-time decision-making (Table 1). The use of Al technology can improve
the efficiency and accuracy of these processes.

Automatic segmentation in OCT. To date, automation of the quantification and characterization
of atherosclerotic plaque is mostly restricted to automatic segmentation. Deep learning approaches
allow accurate and very fast segmentation in a matter of milliseconds.” These technologies relieve
human experts of repetitive tasks and allow real-time analysis, which is crucial in intravascular imaging.
Moreover, experts have an opportunity to understand what segmentation the Al model has performed,
which improves trust and user acceptance (Table 1).

A-line-based classification. For A-line-based classification,’®” the cross-sectional view is rearranged
longitudinally and plaques are subsequently classified circumferentially on each A-line. These
algorithms use the natural direction of light emitted by the OCT catheter and are independent of the
indeterminable external elastic membrane resulting from complete light attenuation in lipid plaques
(Fig. 2). This technique also allows fibrous cap detection and quantification after manual adjustment in

5.5% of frames.”

Pixel-based deep learning. Conversely, pixel-based deep learning algorithms allow the segmentation
of individual plague components on cross-sectional views and can incorporate 3D spatial information,
which is fundamental for intravascular image analysis. Investigators have developed a U-shaped neural
network that automatically segments a single OCT frame in 0.07+0.01s with a mean Dice similarity
coefficient of 0.764, which had lower accuracy for high-risk plaque components (such as macrophage
accumulation) than for plaque segmentation.”” In this study, the overall diagnostic accuracy for region
segmentation and characterization of the external validation cohort was 86.6%." A pixel-based approach
using CNNs developed by another group of investigators resulted in sensitivities and specificities of
>85% for the identification of lipid and calcified plaques.’* Classification can also be performed in a
binary per-frame fashion (for example, for TCFA identification).”>’® In a study that assessed the utility of
a DenseNet model to classify frames with OCT-derived TCFA, the deep learning algorithm accurately
detected an OCT-derived TCFA with high reproducibility in their internal validation set of almost 10,000
frames (AUC 0.96).” However, the percentage of false-positive classifications was 6% at the frame level
and 31% at the vessel level. The time required to analyse a pullback was only 2.1+0.3's compared with
289+270s for manual assessment. Interestingly, the results of histology-based training in addition to
OCT-based training were found to be superior to OCT-based training only.”

Automated segmentationinIVUS.Image-basedapproachesinlVUSarelimited by low spatial resolution.
Consequently, most algorithms use binary per-frame or circumferential plaque segmentation.’®”® Deep
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learning-based plaque analysis with feature extraction has led to promising results for the identification
of TCFA (AUC 0.84-0.91), with OCT as the gold standard.”® Furthermore, in another study, the Dice
similarity coefficients for the identification of calcified plaque and attenuation were 0.79 and 0.74 at the
angle-level, respectively, after degree-wise learning.'®

Availability of Al tools

Although numerous Al methods for the assessment of coronary artery plaques have been developed
and used in research, they are not widely available for clinical use (Table 2). Published scientific papers
often do not provided access to the source code, data or trained models in public repositories, which
prevents reproducibility analysis. The QCl expert group reached a partial consensus on the current
state of the availability of Al tools for plague assessment in academic research. However, the underlying
technologies in a commercial product might not be accessible to the user, leading to the discordance
about their availability in clinical practice. Furthermore, most applications have not overcome the
technical and regulatory challenges of full automation, and require human intervention.”*#

To identify relevant research tools and the CE-certified and FDA-certified products for coronary plaque
assessment, we analysed Al-enabled and machine learning-enabled medical device databases®'®®
(Table 2). Automated calcium scoring analysis in electrocardiogram (ECG)-synchronized or non-ECG-
synchronized CT has been established in numerous cardiovascular imaging software products. Several
products focus on plaque assessment in CCTA and numerous research tools that have been evaluated
in clinical studies*#” are gradually being implemented in clinical practice. Most of the available software
packages contain tools for the automatic segmentation of tissue types and anatomical structures, such
as the vessel wall and the lumen. However, depending on image quality and the presence of anatomical
variants, manual correction, such as centreline correction or vessel wall adjustment and lumen or plaque
segmentation, is often still required for quality assurance, calling into question the time savings and cost
efficiency of Al-based tools.

Similarly, commercially available CE-certified and FDA-certified products for plaque analysis in
intravascular modalities are emerging. The latest OCT software packages incorporate lumen, stent,
external elastic membrane and calcium detection, and some even include Al-based plaque assessment.'®

However, Al-based plaque assessment is currently available for research purposes.

Challenges with Al tools in clinical practice

Alis an emerging technology in cardiovascularimaging, and the future benefits of Alin vulnerable plaque
imaging are difficult to predict® Importantly, high expectations should not obscure the challenges that
still have to be overcome before Al becomes a standard tool in clinical practice. A major challenge for the
development of clinical Al tools is the availability of large, diverse, anonymized and annotated datasets
with available outcome data for testing, training and validation. The collection, curation and annotation
of large sets of images required for Al development are very time-consuming (Table 1). The quality of
the annotations is also an important concern, and the expertise required for annotation will depend
on the task in question. In addition, Al tools must be tested on external validation datasets with clinical
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outcomes to ensure their generalizability to wider populations. Poor image quality can also cause
difficulties for Al development and use. Many Al tools are trained on curated and annotated datasets
with high image quality and, therefore, under-perform in real-world clinical practice. In addition, image
artefacts and variation in image acquisition might preclude the use of Al tools or result in inaccurate or
unreliable output (Table 1). Standardization of image acquisition would aid Al development, including
consistent naming, conformity in the reconstruction of algorithms and structured reporting.

For clinical use, an Al-based tool must provide results in a way that clinicians will understand and trust.
Machine learning models might generate a probability of a result, but this outcome is not usually
communicated by the Al tools. Methods to improve interpretability — so-called explainable Al —
include dedicated models, post hoc assessments, feature importance and graphical visualization. Code,
data and model sharing can also help other researchers to reproduce research results and to facilitate
clinical uptake, but might be challenging in terms of data privacy and research use of data. Large-scale
prospective RCTs of the clinical utility of cardiovascular imaging Al tools have not been conducted®
For the assessment of certain tasks, such as segmentation, such trials might not be required. However,
for many tasks that can affect subsequent patient management, it is imperative that Al tools meet the
same clinical standards as other medical treatments, and that both efficacy and cost-effectiveness
are assessed. A 2022 systematic review found only 41 RCTs of medical Al tools, with none adhering
to standardized reporting guidelines, and the overall risk of bias was high in seven of these trials.#
The selection of appropriate metrics to assess the capabilities of Al tools is essential, as is the use of
standardized reporting guidelines for Al research. Given that Al tools must be integrated into the usual
clinical workflow, an important research task is to investigate how to facilitate human—-Al interactions in

clinical practice.
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Trustworthy Al

Although there is a huge potential for Al to improve clinical coronary plaque imaging, the lack of
trustworthy Al approaches remains a serious concern. According to the EU’s ethics guidelines®
trustworthy Al must be lawful, ethical and robust from both a technical and a social perspective (Box 1).
In the context of clinical Al solutions, these tools should support decision-making rather than make
autonomous decisions, be robust and safe, and provide transparent and unbiased recommendations.
In fulfilling these criteria, Al solutions could maximize the benefit for clinicians and patients alike while
minimizing the risk to patients.

During clinical deployment, the robustness and safety of Al solutions should be determined in terms of
accuracy, reliability and reproducibility. The trustworthiness of Al solutions depends not only on technical
aspects, but also on human factors that affect their performance in real-world settings. This requirement
necessitates comprehensive and transparent evaluation of Al solutions in accordance with established
reporting guidelines. For example, diagnostic accuracy before clinical deployment should be evaluated
using the STARD-AI guidelines,”” whereas the DECIDE-AIl guidelines®? contain recommendations for
evaluating the diagnostic accuracy of the tool in the early phases of clinical deployment. Finally, the
CONSORT-AI guidelines® for the evaluation of Al solutions should be used in the context of RCTs. The
question of when RCTs are needed to verify clinical effectiveness and to test advantages over standard
care and when retrospective studies are sufficient for the evaluation of simple human tasks (such as
segmentation tasks) is controversial among experts (Table 1). In the context of clinical deployment,
Al solutions should increase the confidence in the recommendations in a suitable manner, ideally in a
quantitative fashion, so that clinicians can easily interpret their output (Table 1).
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Box 1. Requirements for trustworthy Al.

Requirements for trustworthy Al

The following characteristics are required for an artificial intelligence (Al) tool to be trustworthy when applied
to the imaging of vulnerable plaques in coronary arteries.

Robust Al

« Technical and clinical robustness (image noise and artefacts, anatomic abnormalities, and evidence from
randomized controlled trials)

« Reliability

- Safety

+ Real-time decision-making (guided by optical coherence tomography or intravascular ultrasonography)

« Generalizability (patient population and scanner type)

« Technical developments (photon counting CT and reconstruction algorithm)

- Confidence communication of Al (95% Cl, heatmap)

Ethical and fair Al

- Safety (recommendation of interventions, such as percutaneous coronary intervention or coronary artery
bypass graft surgery)

« Privacy and security (anonymization of patient data)

« Transparency (accessibility of data to the patient)

« Fairness and inclusivity

+ Unbiased Al models (for example, no bias against age, sex or ethnicity)

+ Explanation and interpretation of automated diagnosis and prognosis for physicians and patients

Lawful Al

- Certification of devices and software (CE-approved or FDA-approved)
- General data protection regulation
+ Medical device regulation

Explainability, interpretability and generalizability

Al explainability and interpretability are often used interchangeably, but differ slightly in meaning. Al
explainability refers to inspecting the Al model interior to confirm its output, whereas Al interpretability
more formally puts cause and effect into relation, so that the model output can always be linked back to
the model input. These standards are included in the EU ethics guidelines for trustworthy Al*® and in the
WHO guidance on ethics and governance of Al for health,* as part of a move to ensure transparency and
fairness in Al development and deployment (Fig. 4). In the context of atherosclerotic plague imaging,
editable contours for segmentation models or visualization of output probability distributions might be
used to provide information on decision-making.

Al models for plague analysis require careful creation and curation of training datasets to ensure their
generalizability. Changes in input data quality could have undesired effects on predictions, such as
when models are trained on quality-controlled research data and then applied to clinical data acquired
across a variety of clinical situations or with a different imaging technique, or when Al software for
atherosclerotic plaque analysis trained on datasets acquired with energy-integrated detectors might fail
when applied to photon-counting CT datasets. Solutions for dealing with these domain shifts include:
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transfer learning, in which the model is retrained on a small subset of the new data; data augmentation,
by simulating the new domain properties; use of training data from a large variety of domains; and a
combination of these techniques.® Finally, differences in plaque annotations by different radiologists
with varying levels of experience and expertise can also lead to differences in model performance.
In these cases, model output uncertainty should be reported to inform a clinician to revisit their own
findings, or to include annotation uncertainty in the model training for more robust output. The QCl
experts of this Roadmap reached a consensus that multiple observers in training datasets are required
to compensate for interobserver variability and provide generalizability and can support the uncertainty
estimation process.

Fairness and bias mitigation in plaque imaging

Data-driven Al solutions are susceptible to biases that can amplify health-care disparities,®* which is an
important area of concern. In the context of imaging of vulnerable plaques in coronary arteries, bias can
arise from systematic errors such as disproportionate over-representation or under-representation of
certain patient subgroups, over-representation of patients at high risk of disease, or applying Al solutions
to subgroups who were not included in the initial training (for example, using an Al model in patients
with stable chest pain when it was trained in patients with acute chest pain). Unequal representation in
training datasets can particularly affect ethnic and other minority groups, in which Al solutions might
perform poorly if these groups were not included in the training datasets.””

Two main sources of bias exist: first, in the data used to train Al algorithms and, second, in the
implementation and deployment of these Al algorithms.'® Representation biases can be addressed
during the collection or preprocessing of training data via reweighting or resampling of minority groups
in the training data or via data augmentation.'®!" [deally, clinical data used to train Al algorithms should
be based on data from large-scale clinical trials with a pragmatic trial design and minimal exclusion
criteria to ensure high external validity.

In addition, features used in training can be adjusted not to correlate with sensitive attributes or to use
adversarial learning approaches to de-bias Al solutions. When an Al solution has been developed, it is
possible to reduce any biases in its performance by using techniques such as calibrated equalized odds
(Table 1).

CONCLUSIONS

Coronary plaque burden and type are important prognostic markers and can guide patient
management. A variety of non-invasive and invasive imaging modalities can be used to assess plaque
and identify vulnerable plaques. The revolution and the hype surrounding Al have inspired clinicians and
scientists to develop tools to automate the assessment of vulnerable plagues. Al has the potential to
transform plaque assessment by improving speed and accuracy, but before fully automated Al tools can
be integrated into clinical practice, numerous technical challenges must be addressed (Fig. 4), including
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reproducibility, robustness, generalizability and reliability, and Al tools must be evaluated using large
and diverse datasets. Al tools in research have achieved near-human performance in various plaque
assessment tasks, but have mainly been validated in small, preselected and biased study populations.
Evidence from RCTs of the clinical utility and cost-effectiveness of approved commercial software
solutions is still lacking. Concepts for developing and evaluating trustworthy Al systems that are safe,
transparent, fair, interpretable and explainable are still limited and need to be adapted for vulnerable
plague assessment.

This Roadmap for the adoption of Al tools applied to the imaging of vulnerable plaque in coronary
arteries includes the development of novel Al tools for the identification of vulnerable plaques in
coronary arteries while addressing the many challenges of Al that have been described. Optimizing the
integration of Al tools into the clinical workflow will provide coronary plaque metrics together with other
clinical and imaging markers of coronary artery disease, including physiology, flow and pericoronary
structures. If this Roadmap is adopted, the use of Al systems in close collaboration with physicians'®
to facilitate the imaging of vulnerable plague in coronary arteries has the potential to revolutionize the
diagnosis, prognostic assessment and management of patients with coronary artery disease.
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Revolution of Al

« Automated speech and facial recognition

» Al-based language translation
 Self-driving cars

Al tools for plaque assessment in research
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« Radiomics-based plaque characterization

« Machine learning-based identification of functionally

significant plaque
[ Ensemble methods for risk and mortality prediction
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I High-risk plaque features ‘
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* Low attenuation
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« Spotty calcification
» Napkin-ring sign
OCT or IVUS:

» Cholesterol crystals
» Thrombus

* Plaque rupture

* Macrophages
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* Microchannels

* OCT-NIRS

» [IVUS-NIRS

Technical challenges of Al for
plague assessment

« Large, diverse, annotated
datasets of plaques required
for robust model
development

» Reproducibility on external
datasets (domain shift
between centres, scanners
or scan protocols)

¢ Robustness with respect to
noise, imaging artefacts or
anatomical abnormalities

« Estimation and visualization
of model confidence

]

[

Need for evidence-based and
trustworthy Al tools

* RCTs of the clinical utility of
cardiovascular imaging with Al

o Lawful, ethical and robust systems
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¢ Transparent and fair decision-making

« Evidence about efficacy and
cost-effectiveness

« Explainable and interpretable
models instead of black box models

» Sharing code and data while
maintaining privacy

« Standardized reporting guidelines
for Al

Time

Figure 4. Roadmap for Al in the imaging of vulnerable plaques.

The figure shows the advances and regressions that have occurred during the integration of artificial intelligence (Al)-
based tools into clinical practice, starting from clinical evidence for high-risk plaque features through the revolution

of Al technical challenges for Al for plaque assessment, available Al tools for plaque assessment in research, and the
need for evidence-based and trustworthy Al tools.

Alartificial intelligence; CCTA coronary computed tomography angiography; IVUS intravascular ultrasonography; NIRS near-
infrared spectroscopy; OCT optical coherence tomography; RCT randomized controlled trial; TCFA thin-cap fibroatheroma.
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ABSTRACT

Intracoronary optical coherence tomography (OCT) is a valuable tool for, among others, periprocedural
guidance of percutaneous coronary revascularization and the assessment of stent failure. However,
manual OCT image interpretation is challenging and time-consuming, which limits widespread clinical
adoption. Automated analysis of OCT frames using artificial intelligence (Al) offers a potential solution.
For example, Al can be employed for automated OCT image interpretation, plaque quantification,
and clinical event prediction. Many Al models for these purposes have been proposed in recent years.
However, these models have not been systematically evaluated in terms of model characteristics,
performances, and bias. We performed a systematic review of Al models developed for OCT analysis to
evaluate the trends and performances, including a systematic evaluation of potential sources of bias in

model development and evaluation.
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Graphical Abstract.

Systematic review on artificial intelligence (Al) tasks in intracoronary optical coherence tomography (OCT):
performance and bias signalling. Left panel: Typical tasks for Al for the automated assessment of intracoronary OCT
images include classification, object detection, and segmentation. Classification can be performed framewise or on
individual A-lines and is typically used in a binary fashion (i.e. presence or absence of the feature of interest) or
with multiple classes (e.g. lipidic plaque, calcified plaque, fibrous plaque, etc). Object detection refers to the task
of localizing a feature of interest, and is typically performed with bounding boxes (dashed lines) or a centroid (blue
dot). Semantic segmentation refers to pixel-wise labelling of the feature(s) of interest. Quantification is frequently
performed using post-processing steps after semantic segmentation or A-line classification and includes for example
measurements of plaque components. Middle panel: Among all identified models, the overall performances
(reported as medians with minimum and maximum values) for lumen and stent assessment were excellent, while
plaque analysis showed varied results. Right panel: The bias signalling questionnaire, containing several questions
related to data management, model development, and validation, revealed potential caveats in model training and
evaluation that should be addressed in future studies.
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INTRODUCTION

The high resolution of intracoronary optical coherence tomography (OCT) enables detailed in vivo
assessment of coronary morphology, pathology, and implanted stents.” Despite its promise, prevailing
guidelines consider the use of OCT only for selective indications.?* Nevertheless, increasing evidence
underscores the value of OCT, particularly for periprocedural guidance of percutaneous coronary
intervention (PCI)*® but also for identification of lesions at risk for future events.”'® Consequently, an
increase in clinical use can be foreseen in the near future,'"" which might result in a shift in end-users
from highly trained experts to low-volume operators as well. However, on-site interpretation of the
voluminous data available from a single OCT pullback demands a high level of expertise and is time
consuming, but is nonetheless pivotal for transforming OCT into an actionable application with clinical
value.”” To overcome these challenges, automated analysis of OCT frames has been proposed, either
through mathematical models or artificial intelligence (Al).

The adoption of Al for medical image analysis has increased substantially in recent years and has
proven successful for numerous applications.’*' Artificial intelligence refers to advanced computational
systems designed to mimic ‘human intelligence’ and includes both machine learning as well as more
sophisticated deep learning methods. Machine learning focuses on specific tasks, enabling computers
to learn from data. Deep learning involves advanced neural networks applicable for complex pattern
recognition. Typical applications of Al in medical image analysis include tasks such as classification,
object detection, segmentation, and regression, which can be used for the quantification of coronary
morphology and/or stents (Graphical Abstract). Specifically for OCT, these tasks can be clinically useful
for applications such as segmentation of the lumen (e.g. for stent sizing), detection of stent struts
(e.g. for assessing malapposition), classification of plague morphology (e.g. for identifying thin-cap
fibroatheroma), and regression analysis of OCT-derived fractional flow reserve (FFR). Moreover, Al models
could be investigated for the prediction of clinical or procedural outcomes. Al models targeted for
clinical use require trustworthy development and validation, in order to avoid potential bias, to ensure
generalizability, and to achieve robust performance.’®”” We, therefore, performed a systematic review to
provide a comprehensive overview of existing Al models employed in OCT analysis. We analysed trends
in this application area, focusing on different tasks and performances of currently proposed methods.
Moreover, we aimed to assess potential sources of bias across reported Al models, and highlighted the

next steps required for clinical adoption of such models.
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METHODS

General Information

This systematic review was prospectively registered in PROSPERO (CRD42023441903) and the manuscript

is reported in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses

(PRISMA) statement.'® Table 1 provides definitions of commonly used terms.

Table 1. Definitions.

Term

Definition

A-line

Artificial intelligence
Cartesian co-ordinates
Datasets

Training set
Validation set

Held-out test set

External test set

Deep learning

Dice score

Machine learning
Polar co-ordinates

Quantification

Tasks

Classification

Object detection

Regression

Segmentation

Individual axial scan line.
Advanced computer systems designed to mimic human intelligence.

Cross-sectional representation of an OCT image.

Subset of data used to train an Al model, providing examples for the algorithm
to learn patterns and features from.

Separate subset of data used to fine-tune and optimize the parameters of the
model during the training process.

Independent set of data, derived from the internal data source, not seen by the
algorithm during training or validation, used to assess the performance and
generalization ability of the trained model.

Independent set of data, derived from a different data source, not seen by the
algorithm during training or validation, used to assess the performance and
generalization ability of the trained model.

Part of machine learning that involves advanced neural networks applicable for
complex pattern recognition.

Performance metric used for segmentation tasks, calculated as two times the
area of overlap divided by the total area of the class of interest in the prediction
and reference standard.

Al subset enabling systems to learn from data.

Representation of an OCT image with the angle (©) and radius ().

The precise measurement and assessment of characteristics such as plaque
angle measurement, mostly using post-processing.

Al task that aims to categorize input features into output classes, which can
be dichotomous (e.g. present vs. absent) or multiclass (e.g. lipid vs. calcified vs.
fibrous).

Al task that aims to localize the feature of interest using for example bouding
boxes or centroids.

Al task that aims to predict a continuous variable.

Al task that aims to pixel-wise label the input image.

Al artificial intelligence; OCT optical coherence tomography.
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Search strategy and selection criteria

A systematic electronic literature search was performed on Embase, Pubmed, Scopus, and Web of
Science for papers that use Al for intracoronary OCT. The final search was performed on 31 December
2023. Search terms included; ‘Artificial Intelligence, ‘Optical Coherence Tomography, and ‘Coronary
Vessels' or synonyms. The exact search queries can be found in Supplementary material online, Table
S1. We included articles which (i) used intracoronary OCT, (i) employed Al models based on machine
learning or deep learning, and (iii) focused on human coronary arteries, either in vivo or ex vivo. The main
exclusion criteria were (i) sole use of non-Al models, e.g. mathematical models, (i) conference abstracts
or proceedings, (iii) non-English articles, (iv) articles unavailable for full-text analysis, and (v) articles not
reporting exact performance metrics and/or outcome measures.

After the removal of duplicates, titles and abstracts were screened for potential inclusion. Full-text
articles were subsequently evaluated for the finale eligibility.

Study evaluation and data extraction

We systematically abstracted data on study characteristics, Al model characteristics (e.g. machine
learning, deep learning, etc.), Al-specific tasks (e.g. classification, segmentation, etc.), outcome measures,
and performance metrics. Performance metrics of interest included accuracy, sensitivity, specificity,
positive predictive value (PPV), negative predictive value (NPV), F1 score, Dice and Jaccard scores. The
best-performing algorithm was included when multiple algorithms were tested for the same task within
a single study. Screening and data extraction were performed independently by two investigators (R.W.
and R\V.)). Cases of discrepancy were resolved through discussion with a third investigator (J.T.). The full

study evaluation form can be found in Supplementary material online, File S1.

Bias signalling assessment

Contemporary bias assessment tools employed for systematic reviews on diagnostic accuracy studies
(e.g. QUADAS-2),"? are considered less suitable to identify Al-specific biases.® Important sources of bias
in Al studies include data collection, data preparation, model training, and model evaluation.?"* To the
best of our knowledge, only one Al-specific bias assessment tool is published, that primarily involves a
subjective evaluation of articles. > Therefore, we evaluated each article using nine objective bias signalling
questions, each one linked to a specific source of bias within Al (Table 2).2'?? All questions were answered
with yes (+), no (-), or unknown (?). Questions were independently evaluated by two investigators (R.W.
and R\V), and discrepancies were resolved through discussion with a third investigator (J.T.).
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Table 2. Bias signalling questions.

Category Keyword

Question

Data collection

1. Population bias Patient population

2. Population bias OCT indication

3. Representation bias  Image quality

Data preparation
4. Annotator bias Multiple annotators

Model training
5. Sampling bias Equal distribution

6. Sampling bias Randomization

7. Training data bias Non-primary feature

Model evaluation
8. Evaluation bias Held-out test set

9. Population bias External validation

Is a description available of the patient population?
Is a description available of the indication for OCT and/or the
type of lesions?

Is information available on the management of image quality/
artefacts?

Does the annotation procedure include multiple annotators?

Is/are the primary feature(s) of interest equally distributed
between the training and test set?®

Are the training and test set randomized/split on either a patient
or pullback level (i.e. are frames of the same pullback not present
in both training and test set)?

Do the training and test set include samples without the primary
feature(s) of interest?

Is a held-out test set used for model evaluation?

Is the held-out test set obtained from an external cohort?

OCT optical coherence tomography.
@ Defined as a relative difference <20%.

RESULTS

Study selection

A total of 9513 articles were identified, of which 4855 remained after removal of duplicates (Figure

1). Subsequently, 4473 articles were excluded based on title and abstract screening. Among the 382

remaining articles, 291 were excluded based on full-text evaluation. Finally, 91 articles were included

for analysis.
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[ Identification of studies via databases and registers ]

Records identified from Embase,
Pubmed, Scopus and Web of
Science:

Identification

Databases (n =9513 )

A

Records screened
(n = 4855)

Records removed before screening:

Duplicate records removed
(n =4658)

\ 4

Screening

A 4

Full text articles assessed for
eligibility (n = 382)

Records excluded based on
title/abstract
(n =4473)

A

Studies included in review
(n=91)

A 4

Full text articles excluded (n=291):
Proceedings (n = 116)
No Al (n=76)
Conference abstract (n = 74)
No individual performance
numbers (n=12)
No full text available (n=6)
Language limitation (n=4)
Author correction (n=1)
Inaccessible (n=1)
Pediatrics (n=1)

Figure 1. Flowchart of study selection.

Al artificial intelligence.

Study characteristics

The clinical scenario in which OCT was performed was specified in 19 (21%) articles, including six (32%)
that solely included patients presenting with acute coronary syndrome (ACS), and four (21%) with
chronic coronary syndrome, whilst nine (47%) included patients with either. The number of patients
included among the articles ranged from 1 to 1791 [median 41 (interquartile range, IQR 15-67)]. Sex was
reported in 21 (23%) articles with the proportion of female patients ranging from 15% to 100% [median
25% (IQR 22-31)]. Studies were predominantly conducted in vivo [86 articles, (95%)] and histology served

as the reference standard in four (4%) articles. Individual study and patient characteristics are reported in

Supplementary material online, Tables S2 and S3.
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Model characteristics and tasks

A total of 97 models were described. Model characteristics are provided in Supplementary material
online, Table S4. A notable shift in different Al methods was observed over time, with sole development
of machine learning methods between 2012 and 2015, followed by an increasing adoption of deep
learning methods (Figure 2). Thirty-six (37%) models analysed OCT frames in polar co-ordinates, 34 (35%)
used Cartesian co-ordinates, and three (3%) used a combination of both (Figure 3A). Additionally, 80
models (82%) used a 2D analysis approach (i.e. single frame input). Among the 97 models, 100 distinct
tasks were identified, predominantly segmentation [48 tasks, (48%)] and classification [42 tasks, (42%)].
Other Al tasks included object detection [7 tasks, (7%)] and regression [3 tasks, (3%)] (Figure 4A-C). Most
tasks focused on the assessment of atherosclerotic plaques, the coronary lumen, and stent struts (Figure
4D). Additionally, 19 models (20%) performed a subsequent quantitative evaluation of the primary
feature of interest. The algorithm code was shared with the publication in two articles (2%), while data
and code are available upon request for 27 (30%) and one (1%) articles, respectively.
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Figure 2. Annual publications on machine learning and deep learning.
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Figure 3. Examples of intracoronary optical coherence tomography images in polar and Cartesian views.

The top row presents three optical coherence tomography frames in polar view, while the reconstructed Cartesian
view is displayed in the bottom row. (A) Polar and Cartesian view of the same frame illustrating the y-axis aligning
with radius (r) and the x-axis corresponding to the angle (©). Corresponding A-lines are denoted by an asterisk. (B)
Example of an optical coherence tomography frame with a lipidic plaque with a thick fibrous cap (arrows). The inner
boundary of the lipidic plague is outlined with a continuous line, while the estimated outer boundary is represented
by a dashed line. (C) Example of an optical coherence tomography frame with a calcified plaque (white outline).

Model performances

Overall and individual model performances are reported in Table 3 and Supplementary material online,
Tables S5-S24, respectively. Results are presented as median (minimum-maximum values). The median
Dice score across all studies for segmentation of the lumen was 0.972 (0.933-0.988). The mean difference
between the Al-based lumen area and the reference standard was <0.50 mm? in seven of the eight
(87.5%) studies reporting on the quantification of the lumen (see Supplementary material online, Table
S25). Segmentation of the media was reported in two studies with one study reporting a Dice score of
0.9108 and the other a pixel-level accuracy of 87%.

Lipidic plaque classification resulted in a median accuracy of 90.6% (75.4-99.2%) with a median
sensitivity of 85.6% (67-100%) and PPV of 71.5% (50.6-97.1%). For calcified plaque classification, the
median accuracy was 92.8% (73.4-100%), the median sensitivity was 84% (37.6-100%), and the
median PPV was 72.5% (46.1-100%), whilst the median accuracy, sensitivity and PPV for classification of
fibrous plaques were 94% (81.6-96%), 94% (55-94%), and 65.8% (reported in one article), respectively.
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Figure 4. Distributions of tasks per class.

Cumulative number of identified tasks for segmentation, classification, object detection, and regression over time
(A-C) and per class (D). Quantification is not an artificial intelligence task but refers to transforming the model output
into numerical variables to quantify for example plaque volume or fractional flow reserve.

FFR Fractional flow reserve.
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The median Dice scores for segmentation of lipid and calcified plaques were 0.814 (0.565-0.995) and
0.756 (0.618-0.897), respectively. Quantification of calcified (e.g. calcium arc) or lipidic plagues [e.g.
minimum fibrous cap thickness (FCT) or lipid arc] was performed in nine and seven articles, respectively
(see Supplementary material online, Table S25). The median accuracy for the classification of high-risk
plagues was 93.2% (90-96.7%) with a sensitivity of 92.2% (88.6-94.1%) and PPV of 63.3% (28.0-92.9%).
Using detection methods for high-risk plaque assessment, the median sensitivity and PPV were 93.7%
(88.0-95.0%) and 84.2% (83.3—-88.8%), respectively. Only four and three studies compared the model
prediction for lipid and calcified plague to histology, respectively (see Supplementary material online,
Tables S9 and S11).

Classification of plaque rupture and plaque erosion were reported in only one and two studies,
respectively (see Supplementary material online, Tables S13 and S14). The median reported sensitivities
for plaque rupture and plaque erosion were 81.7% (74.3-83.3%) and 84.9% (80-92.7%), respectively.
The median sensitivity and PPV for the classification of stent struts, mostly performed and evaluated on
a strut level, were 93.9% (87.4- 95.8%) and 90.1% (84-97.5%), respectively. The median correlation of the
predicted stent area and malapposition distance with the reference standard was 0.962 (0.918-0.990)
and 0.99 (0.98-1.00), respectively (see Supplementary material online, Table S25).

Two papers reported on a model for the classification of lesions with a pressure wire-derived FFR of
<0.80 vs. >0.80 (see Supplementary material online, Table S22). The median accuracy was 83.2% (77.5-
91.7%), the median sensitivity was 89.6% (72.9-98.3%), and the median PPV was 85.7% (77.8-92.1%).
Two papers described a regression model for the prediction of the OCT-derived FFR value and reported
a median accuracy of 85.4% (75.5-95.2%) and a median area under the receiver operating characteristic
curve of 0.90 (0.82-0.98) to identify lesions with a pressure wire-derived FFR <0.80 vs. >0.80.

Histological validation

Among four studies with histology-based validation of the Al methods, one performed A-line-based
classification of lipidic plaques (A-line sensitivity 83.6% and specificity 91.1%). In the three studies
on semantic segmentation of lipidic, fibrous, calcified, and/or layered plaques, reported pixel-wise
accuracies were 87.7%, 97.4%, 97.6%, and unreported. Median Jaccard indices were 0.57 (0.45-0.68),
0.34,043 (0.34-0.51), and 0.36, respectively.

Prognosis

Associations between Al-detected plaque features and either stent-related, plaque-related, or clinical
outcomes were reported in one, two, and three studies, respectively (see Supplementary material
online, Table S26). As for the latter, high-risk plaques as defined in the respective studies were associated
with an increased risk of study-defined clinical events in all three studies, with a median hazard ratio of
2.56 (1.87-19.13) on a patient level and 12.12 (10.72-13.53) on a lesion level.
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Bias signalling questions

The bias signalling questions were evaluated in 88 articles (Figure 5, Supplementary material online, Table
S27), excluding three articles that did not report a new model. The patient population characteristics and
indication for OCT were described in 26 (30%) and 33 (38%) articles, respectively, with 39 (44%) articles
reported on their approach to manage suboptimal frame quality. Sixty-nine (81%) articles evaluated
their model on a held-out test set, while 10 (12%) articles used an external test set.

Inference time and software packages

Inference times were reported for 15 models. For classification tasks, the median inference times were
0.385 5 (0.003-16) at the frame level, and 60 s (0.025-605) at the pullback level. For segmentation tasks,
the median inference times were 0.1725 s (0.0044-30) at the frame level and 37.7 s (0.366-120) at the
pullback level.

A total of five software packages were identified in the included studies. Of these, one focused on
calcified plague segmentation, one on stent analysis, and three on plaque and stent assessment.

I. Patient population (n=88) 30 | 70

2. OCT indication (n=88) 38 [ 63

3. Image quality (n=88) 44 I 56

4, Multiple annotators (n=78) 73 19 | 8

6. Randomization (n=82) 51 I 35 IE

|
|
|
|
5. Equal distribution (n=80) 29 [ 14 ] 58 |
|
|

7. Non-primary feature (n=74) 59 [ Il | 30

8. Held-out test set (n=85) 8l l 18 ill

9. External validation (n=85) | 12 | 88 |

0% 10% 20% 30% 40% 50% 60% 70% 80% 90%  100%
Yes No Unknown

Figure 5. Results of bias signalling questions.
OCT optical coherence tomography.
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DISCUSSION

This systematic review provides a comprehensive overview of current Al models for the analysis of
intracoronary OCT frames, highlighting the growing interest and increasing use of Al for intracoronary
OCT analysis in recent years. Most reported models have targeted assessment of coronary lumen,
plaques, and stents, with some also allowing quantification of these structures. The described models
demonstrate the feasibility of Al for automated analysis of the extensive data generated by a single
OCT pullback for several tasks, including segmentation, classification, and object detection. Specifically,
excellent overall performances were reported for lumen and stent evaluation, while more varied
performances were reported for plaque analysis.

Despite these efforts, only a limited number of software packages were identified, and none of the
proposed models was clinically evaluated in a randomized controlled trial. Additionally, this overview
highlights potential bias-related caveats in model training and evaluation that should be prioritized in
future studies. In particular, data presentation among articles was diverse, and important information
was frequently unavailable. These considerations are essential for ensuring the robustness of Al solutions
for intracoronary OCT and to chart a pathway for their clinical adoption.

Evolution of artificial intelligence models for optical coherence tomography
analysis

Since the 1990s, Al models have increasingly been applied for medical image analysis, with the first
Al model for intracoronary OCT appearing in 2012, which targeted stent strut classification using
machine learning.?* Recently, there has been a notable shift towards more sophisticated deep learning
approaches. This transition has aligned with a revolution of Al-related tasks, shifting from relatively
simple classification tasks to more intricate studies involving pixel-wise semantic segmentation of OCT
frames, and detection of high-risk plaques. It should be acknowledged that while mathematical models
have also been proposed,®? these fall outside the scope of the present review.

Periprocedural guidance of revascularization

Multiple randomized trials have compared intravascular imaging to angiography for guidance of
coronary revascularization. The totality of evidence indicates significant clinical benefit with intravascular
imaging guidance particularly for complex coronary lesions.** Notably, real-world OCT-guidance has
been shown to result in altered decision-making in over 80% of lesions undergoing PCl, highlighting
that real-time accurate OCT interpretation is pivotal.?’ The findings of this systematic review suggest that
Al can serve as a valuable tool in various stages of this process.

First, OCT is employed to determine stent sizes, which requires accurate quantification of lumen and
vessel dimensions. We identified fourteen Al algorithms for lumen segmentation which demonstrated
excellent performance. Mean differences between predicted and reference lumen areas were generally
<0.50 mm? Although vessel-based sizing is preferred over lumen-based stent sizing, only two studies
reported media segmentation. In coronary OCT, assessing vessel sizes can be challenging in the presence
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of lipidic or thick calcified plaques, due to the light-attenuating nature of these tissues. Chu et al.®
extrapolated the visible parts of the internal elastic lamina to approximate the vessel area in their nine-
class segmentation model based on 11673 frames with and without plaque (Figure 6A) and achieved
a Dice score of 0.989 for vessel area segmentation. This model was also externally validated, showing a
good correlation (ICC 0.81) with co-registered intravascular ultrasound-derived plaque burden.?
Second, OCT is recommended post-PCl to detect signs of suboptimal stent implantation, such as
underexpansion, malapposition, and edge dissections. Overall, identified Al models targeting stent
classification, detection, or segmentation showed excellent performance. For example, Yang et al*
introduced a deep learning-based segmentation model to identify multiple stent layers (Figure 6B). The
model performed well in identifying stent struts with both thin and thick tissue coverage (PPV 93.2 +
0.9% and 85.6 + 1.9% on a strut level, respectively), without excluding any frames. Overall, correlations
between manual and automated stent area assessment were high (>0.90) in all studies. Additionally,
the highest absolute mean difference between prediction and the reference standard was 0.36 mm? for
stent area and the mean differences for malapposition distance was <20 um in both studies reporting
this measure*? suggesting that current models accurately enable detection of suboptimal stent
placement. However, none of the algorithms addressed other clinically significant features such as tissue
protrusion, edge dissections, or residual disease.
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Figure 6. Examples of artificial intelligence algorithms for different tasks.

A) Multiclass semantic segmentation model proposed by Chu et al. The raw optical coherence tomography image
is presented in the left image, the reference standard in the middle image, and the model prediction in the right
image. White represents calcium, green represents intima/fibrous, yellow represents lipid, and purple represents
guidewire artefact. Used with permission of Eurolntervention, from Artificial intelligence and optical coherence
tomography for the automatic characterization of human atherosclerotic plaques, Chu, 17, 1, 2021; permission
conveyed through Copyright Clearance Center, Inc.® B) Detection model for the localization of metal stent struts
using centroids proposed by Yang et al. Adapted with permission from Yang et al.* © Optica Publishing Group. C)
Framewise classification for the presence vs. absence of thin-cap fibroatheroma proposed by Min et al. The right
panel represents the gradient-weighted class activation mapping (Grad-CAM) with red colours indicating the high
attended regions to predict thin-cap fibroatheroma. Used with permission of Eurolntervention, from Detection of
optical coherence tomography defined thin-cap fibroatheroma in the coronary artery using deep learning, Min, 16,

5,2020; permission conveyed through Copyright Clearance Center, Inc.®
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Lesion preparation

Achieving optimal stent expansion is pivotal for long-term stent durability, but challenging in case of
extensive calcification. Fujino et al3* previously proposed an OCT-based risk score to identify lesions
requiring specialized preparation to achieve sufficient stent expansion (i.e. calcified lesions with the
combined presence of a calcium arc >180° thickness >500 um, and length >5 mm). While studies
showed lower performances in evaluating calcified plague compared with lumen and stent assessment,
efforts to quantify calcification continue. Lee et al.** performed multiple studies and achieved reasonable
mean differences in calcium arc (13.2 + 16.8°) and length (10.8 + 20.1 mm) compared with core lab
analysis, and excellent reproducibility in a cadaveric ex vivo dataset.*

Incorporating volumetric measures, such as total calcification volume, or differentiating types of
calcification, could theoretically improve predictions.>” However, on-site evaluation of calcification
volume is infeasible without computer assistance. Among 21 studies addressing calcified plaque
segmentation, only three studies compared predicted calcium area or volume to a reference standard,
all with high agreement. Notably, only one study employed Al to predict acute stent expansion from
pre-interventional OCT frames and achieved a good correlation (0.94) between the predicted and actual
minimum lumen area after PCl. The model had a sensitivity of 87% and a PPV of 84% for the prediction
of proper stent expansion (defined as >80%).3® Intriguingly, this model outperformed the calcium score
proposed by Fujino et al.** However, the latter showed poor discrimination on the testing dataset (AUC
0.521), underscoring the need for external validation of both this score and the Al model.

Lipidic and high-risk plaque assessment

Compared with calcified plaques, manually detecting lipidic plaques on OCT frames is more challenging
and exhibits substantial interobserver variability,*® and an even larger variability compared to histology.*
We identified several classification and segmentation models for automated lipid assessment. While
these models show reasonable performance for framewise identification of lipidic plaques, moderate
pixel-wise performances were observed, likely due to difficulties in predicting the abluminal lipid border
caused by its light-attenuating nature. For instance, the Dice score for lipidic plagues in the study by Chu
et al.® for stable coronary lesions was 0.772 (Figure 6A). It is important to note that most models were
evaluated against expert image analysis, with only a few studies using histology as a reference standard,
calling for more extensive validation against histology.

Quantification of lipidic plaques can be particularly relevant for the identification of high-risk plaques,
which are lipidic plagues prone to rupture and are characterized by a thin fibrous cap (variably defined as
<55-75 um), large lipid arc (variably defined as >90-180°), small lumen area (variably defined as <3.0-4.0
mm?), and in some studies the presence of macrophages.' Numerous prospective observational studies
have demonstrated that high-risk plaques provide important prognostic information,”'® and preventive
treatment of such plaques is under active investigation. Intensive lipid lowering or anti-inflammatory
therapy can indeed help stabilize high-risk plaques*' and preventive focal treatment has been proposed
to seal high-risk plaques.* Both strategies require accurate identification of high-risk plaques, that
should also be readily available when pursuing focal treatment. We identified six studies targeting high-
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risk plague classification, with a median accuracy and sensitivity >90%. In contrast, only modest PPV has
been reported. For example, the study by Min et al* (Figure 6C) achieved a high framewise classification
accuracy for thin-cap fibroatheroma of 90%, but a PPV of only 51% in the held-out test set and 28% in a
small external test set. Furthermore, the relatively high false positive rate at the vessel level of 31% would
be unacceptable in clinical practice, if used to guide preventive focal treatment of high-risk plaques.
Besides classification, preliminary attempts on high-risk plaque localization using detection models
exhibit promising results.**“¢ However, these studies used relatively small datasets (up to 2500 frames),
emphasizing the need for validation in larger studies, and none compared the performance to histology.
Whether Al-assisted high-risk plaque identification can contribute to prognostication remains largely
unclear. To date, three studies showed an association between Al-identified high-risk plaques and
adverse clinical outcomes, with a PPV ranging between 5.2-14.0%, which seems slightly lower than
manual core lab analyses.” For example, Bicciré et al.¥’ found a substantially lower PPV for Al compared
with the original core lab analysis (5.2% vs. 19.4%) on the CLIMA dataset.'® As such, there is insufficient
evidence to support Al-driven high-risk plaque detection in its current state, highlighting the need for
further research.

Culprit lesion identification

In addition to analysing plaque composition, OCT could help identify the culprit lesion when it is
ambiguous, such as in myocardial infarction without obstructive coronary artery disease, as well as
elucidate mechanisms like plaque rupture, erosion, coronary dissection, and vasospasm, which may not
always be visible on coronary angiograms. However, Al training for these models faces challenges due
to the rarity of such structures, including thrombus, intimal ruptures, or dissections. In a study by Park
et al,* a transformer model demonstrated high performances for diagnosing plaque erosion, achieving
a frame-level AUC of 0.94 and a lesion-level AUC of 0.91 in the external test set. Notably, the model
was validated in a reader study to experienced and inexperienced physicians, outperforming the latter
group in identifying plaque erosion. Further research is needed to establish the specific benefits of Al in
identifying culprit lesions

Optical coherence tomography-derived fractional flow reserve estimation

The integration of computational flow indices could further enhance the utility of OCT, omitting the
concurrent need for a pressure wire. Preliminary attempts were performed to employ Al to predict
pressure wire-derived FFR from OCT images in small datasets, resulting in a sensitivity and PPV of
72.9-100% and 77.8-92.1%, respectively. These performances, which seem below those obtained using
computational fluid dynamics models,**° suggest a limited applicability of currently proposed Al
models for OCT-derived FFR for determining the haemodynamic significance of coronary lesions.

Potential sources of bias
The potential of introducing systematic bias is a critical consideration throughout the process of
development and evaluation of Al models. The bias signalling questions revealed a lack of reporting
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with regard to numerous aspects. Therefore, we advocate for the adherence to Al-specific reporting
guidelines' Additionally, data leakage could not be ruled out in 49% of the articles in which the data
were not randomized on a patient or pullback level, posing a risk of a substantial overestimation of
model performance. In this context, validating models on external datasets is crucial before clinical
adoption, a step only under taken in 12% of the reviewed articles. Importantly, a positive answer to any
of the signalling questions does not automatically rule out bias. For instance, in the majority of articles
detailing the management of suboptimal frame quality, frames with significant artefacts were manually
excluded, potentially limiting the generalizability of such algorithms to routine clinical OCT pullbacks. A
potential solution is adopting a parallel classification model to identify frames with suboptimal quality,
as proposed by Park et al.®®

Future perspectives

Overall, the identified algorithms demonstrate the feasibility of Al-aided interpretation of intracoronary
OCT frames. However, multiple barriers need to be addressed to ensure clinical adoption. First, future
efforts should account for potential sources of bias to ensure trustworthiness and generalizability.
Furthermore, evaluating model performances and assessing clinical significance requires comparison
with both inter- and intra-observer variability among expert physicians. The importance of histology-
based OCT studies is underscored by these variabilities and strengthened by our findings, which show
that pixel-wise metrics, as well as PPV, appeared lower in histology-based evaluation when compared
with studies relying solely on manual OCT image interpretation. Consequently, incorporating histology
as a reference standard could further improve the accuracy of Al-based OCT analysis, which has thus
far only been implemented in four studies. Second, inference times ranged from seconds to minutes
for both classification and segmentation tasks. Balancing model performance with fast real-time
decision-making poses a challenge for clinical implementation. Third, the integration of user-friendly
software packages would enhance the daily use of autonomous Al models. Despite reviewing nearly
100 articles, only five software packages were identified.?®3*>* Among these, only one CE-certified
software package (Ultreon) is currently available that allows automated assessment of the lumen, media,
stents, and calcium. ** Integration of this software package in a standardized workflow (MLD-MAX)>* has
been shown to streamline image interpretation and a modest yet significant reduction in analysis time
compared with the former, non-Al-aided, software package.* Overall, unlocking the full potential of Al
algorithms for intracoronary OCT will require improved infrastructure, extensive validation, regulatory
frameworks, and sustainable business models—a stepwise process that has been outlined in recent
work.'6¢

Furthermore, large multicentre evaluations are generally lacking, and none of the models have been
tested in a randomized clinical trial. This is particularly important for validating Al-guided treatment
strategies of high-risk plaques or guidance of revascularization based on Al-derived flow indices,
but could also be valuable for Al-aided periprocedural stent guidance. In the observational LightLab
initiative, the Al-assisted MLD-MAX workflow for periprocedural guidance improved acute stent-related
outcomes compared with variable workflows, with reduced resource usage and without prolonging
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procedural duration.”” This real-world impact of this Al-assisted workflow will be further evaluated
in the prospective observational ILUMIEN-V AERO study, in which an all-comer population of 2000
patients will be included.® Last, enhancing code and data availability could improve the interpretation
of model performances, although availability is frequently restricted by ethical, legal, and/or financial

considerations.

CONCLUSIONS

In this systematic review focusing on the use of Al for the analysis of intracoronary OCT images, we
observed a notable transition from traditional machine learning models to the development of deep
learning-based methods. These advanced models primarily concentrated on tasks related to the analysis
of the intracoronary lumen, atherosclerotic plaques and their composition, and the assessment of stents.
While evaluation results for the coronary lumen and stent struts were excellent, Al-based assessment of
atherosclerotic plaques remains challenging. Despite these advancements, important considerations
related to potential bias are present and must be addressed in future research, to ensure the overall

trustworthiness of developed Al models and to pave the way towards their clinical adoption.
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ABSTRACT

Aims Intracoronary optical coherence tomography (OCT) provides detailed information on coronary
lesions, but interpretation of OCT images is time-consuming and subject to interobserver variability. The
aim of this study was to develop and validate a deep learning-based multiclass semantic segmentation
algorithm for OCT (OCT-AID).

Methods and results A reference standard was obtained through manual multiclass annotation
(quidewire artefact, lumen, side branch, intima, media, lipid plaque, calcified plaque, thrombus,
plaque rupture, and background) of OCT images from a representative subset of pullbacks from the
PECTUS-obs study. Pullbacks were randomly divided into a training and internal test set. An additional
independent dataset was used for external testing. In total, 2808 frames were used for training and 218
for internal testing. The external test set comprised 392 frames. On the internal test set, the mean Dice
score across nine classes was 0.659 overall and 0.757 on the true-positive frames, ranging from 0.281 to
0.989 per class. Substantial to almost perfect agreement was achieved for frame-wise identification of
both lipid (k=0.817,95% Cl 0.743-0.891) and calcified plaques (k=0.795, 95% C| 0.703-0.887). For plaque
quantification (e.g. lipid arc, calcium thickness), intraclass correlations of 0.664-0.884 were achieved. In
the external test set, k-values for lipid and calcified plaques were 0.720 (95% Cl 0.640- 0.800) and 0.851
(95% ClI 0.794-0.908), respectively.

Conclusions The developed multiclass semantic segmentation method for intracoronary OCT images
demonstrated promising capabilities for various classes, while having included difficult frames, such
as those containing artefacts or destabilized plaques. This algorithm is an important step towards
comprehensive and standardized OCT image interpretation.
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INTRODUCTION

Intracoronary optical coherence tomography (OCT) has distinct advantages compared with
conventional coronary angiography, among which are its exceptionally high spatial resolution and
the ability to visualize vessel wall morphology. Routine use of intracoronary imaging to optimize
percutaneous coronary revascularization improves clinical outcome,' and is now supported with a class |
recommendation for guidance of complex lesion revascularization.? Additionally, OCT can be a valuable
tool to identify culprit lesions as well as high-risk plaques, lipidic plaques at increased risk of causing
future cardiovascular events* Nevertheless, the clinical adoption of intracoronary imaging remains
low.® Limiting factors include unfamiliarity with OCT images, a prolonged procedure duration due to
time-consuming image interpretation, and substantial interobserver variability.*®

Automated OCT image interpretation through the application of deep learning (DL) can help overcome
these limitations, and the high-resolution images obtained using OCT are particularly amenable to
automated analyses. Indeed, commercially available tools already allow automated identification of
lumen and vessel contours, calcified plaques, and stent struts, while algorithms for lumen and vessel
contours are only now becoming available for intravascular ultrasound. Several other algorithms for OCT
targeting these and other structures have been proposed over the past decades. In a recent systematic
review from our group, we identified 91 articles on this topic. While the overall performance for the
evaluation of the lumen and stent struts was very high, performance metrics for the identification and
quantification of plaque types were generally lower. Furthermore, proposed algorithms predominantly
focus on classification (e.g. classifying frames as plaque-containing or non-plague-containing)
or segmentation of a limited number of classes, and are not developed for complete OCT image
interpretation. Importantly, external validation was only performed in 1 out of 8 studies.” We therefore
developed and validated a fully automatic, multiclass, DL-based algorithm for semantic segmentation
of intracoronary OCT images to enable standardized image interpretation and reduce interobserver
variability.

METHODS

Study population and datasets

This study is reported in accordance with the CLAIM reporting guidelines (see Supplementary material
online, Method S1). The internal dataset comprised a random subset of patients from the multinational,
prospective PECTUS-obs study.“'® In PECTUS-obs, 438 patients underwent OCT of all intermediate, non-
flow limiting, non-culprit lesions after treatment of the infarct-related artery for ST-segment elevation
or non-ST-segment elevation myocardial infarction between December 2018 and September 2020.
Inclusion and exclusion criteria are provided in Supplementary material online, Method S2. The study
was conducted in accordance with the Declaration of Helsinki and its later amendments and was
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approved by the local medical-ethics committee or institutional review board of all participating centres.
All patients provided informed consent prior to inclusion. The internal dataset was used for model
development, including training and internal testing (Figure 1). Details on data splits are presented in
Supplementary material online, Method S3.

An independent external cohort of patients originating from a Core Lab registry (Real Solution Sp.Z 0.0,
Poland) was used for external testing. All patients underwent clinically indicated OCT, and inclusion was

not limited to non-flow limiting lesions.

Data acquisition and handling

All pullbacks were acquired using the Dragonfly Optis imaging catheter (Abbott Vascular, USA),
predominantly with a pullback speed of 18 mm/s (54 mm) and 540 frames per pullback. OCT pullbacks
were exported as DICOM files. Pullbacks were not used if an independent OCT core laboratory deemed
the pullback of insufficient quality for further analysis. Additionally, frames without intima visibility due to
significant artefacts (e.g. substantial blood artefacts) and frames with stent struts were excluded. Frames
with destabilized plaques (i.e. thrombus or plaque rupture) or with artefacts that did not interfere with

the interpretation were not excluded.

Reference standard

The reference standard for model training and internal testing was defined by trained personnel with
1-4 years of experience in OCT image interpretation in accordance with contemporary guidelines.?
Supervision was provided by an interventional cardiologist with >10 years of experience with OCT. Pixel-
wise annotation using ITK-SNAP 4.0"" was performed on every 40th frame of the pullback and on frames
in-between in case typical plague examples or examples with rare features (e.g. plaque rupture) were
present. A total of ten labels were used for pixel-wise annotation: guidewire artefact, lumen, side branch,
intima, media, lipid plaque, calcified plaque, thrombus, plaque rupture, and background. The abluminal
border of lipid plagues was estimated visually based on the visible parts of the tunica media. Weekly
meetings were held to discuss challenging frames and reach consensus where needed.

Model architecture, training, and post-processing

We propose OCT-AID, which is based on the no-new-Net (nnU-Net),'? for multiclass semantic
segmentation, which refers to the task of pixel-wise labelling the images. The nnU-Net is a state-of-the
art, flexible framework for medical image segmentation, automatically adjusting its configuration to
suit the given task and dataset. During training, the nnU-Net learns to assign each pixel in the input
image to one of the predefined classes, effectively delineating different structures or regions within
the image. To incorporate spatial information available within a pullback and to mimic expert visual
analysis, the DL model was fed with seven consecutive cross-sectional frames stacked along the channel
dimension (pseudo-3D). Preliminary results demonstrated better prediction results using seven frames
as input compared with one, three, or five frames. The output was a 2D semantic segmentation of the
central frame. During model testing, segmentation predictions were post-processed using connected
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component analysis to remove small, isolated predictions for all classes but plaque rupture and
thrombus. Model architecture, training parameters and post-processing are detailed in Supplementary
material online, Methods S3 and S4. The algorithm pipeline is presented in Figure 1.

Pre-processing Model training
Trainin —
168 patients Pseudo-3D
2808 images
Circular nnU-Net
mask

Final trained model

v

Post-processing Evaluation
v CCA Pixelwise
4
Data distribution Internal test : //
Internal data set éfgp?t'e”ts /
183 patients mages —>
3026 images Plaque quantification Framewise

External data set m o
29 patients External test > E s
392 images #

Figure 1. Study flow and OCT-AID pipeline.

Study and algorithm flow for model training and evaluation.
CCA connected component analysis; nnU-Net no-new-Net.

Plaque quantification

Lipid and calcified plaques were quantified from the segmentation output (Figure 2). Arcs were calculated
by evaluating the presence of each plaque type along ray casts as assessed from the centroid of the
lumen. For plaques visible on both sides of the guidewire artefact, the arc was measured continuously
across the guidewire artefact. The minimum fibrous cap thickness (FCT) and calcium depth were
calculated as the minimum difference between lumen and lipid or calcium, respectively. The fibrous
cap area was calculated as the total area labelled as intima within the lipid arc, and the fibrous cap ratio
was defined as the fibrous cap area divided by the lipid arc. The calcium thickness was calculated as the
maximum difference between the adluminal and abluminal border of a calcified plaque measured from
the centroid of the lumen. A lipid-rich plaque was defined as a lipid plaque with an arc >90°.

Internal testing

Pixel-wise segmentation performance was evaluated using the Dice similarity coefficient on the held-
out internal test set. In addition, the DL model segmentation predictions were evaluated on a frame
basis for their ability to identify each class in a binary fashion (i.e. absence or presence) and for plaque
quantification compared with manual measurements. Cumulative lipid arcs, calcium arcs and fibrous cap
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areas were used when multiple non-overlapping areas of the same plaque type were present in a single
frame. To further evaluate the correspondence in arc locations, a lipid and calcium arc correspondence
score was calculated. This metric was defined as two times the correspondence in the lipid/calcium

arcs (°) of the reference standard and prediction divided by the sum of the lipid/calcium arcs (°) of the

reference standard and the prediction (Figure 2D).

Figure 2. Lipid plaque quantification.

Example of a lipid plaque delineated with white dashed line (A) and corresponding quantification measures, including
the lipid arc and minimum fibrous cap thickness (B), fibrous cap area (C), and lipid arc correspondence score (D). In
this particular example, the reference standard lipid arc was 112° (white arc) and the predicted lipid arc was 118°
(yellow arc) with a correspondence of 112°, resulting in a correspondence score of 0.974.

External testing

For external testing, OCT-AID was similarly evaluated compared with manual assessment of two
independent interventional cardiologists (KN and TR) with large experience in OCT studies from
different institutes. The independent assessors were blinded to the model predictions. Performance
was evaluated on all frames in which both observers confirmed the presence or absence of the class
evaluated. For continuous variables, the mean of the two independent assessors was used as reference.
The Dice scores, arc correspondence scores, fibrous cap area and fibrous cap ratio were not evaluated
in the external test set as this requires pixel-wise labelling. Performance of the algorithm was also
evaluated on the complete external test set with direct comparison to one of the observers while the
other observer served as reference, to allow a complete evaluation of the model performance on the
complete dataset. Interobserver variability was evaluated by comparing the individual interpretations

of the observers.

Statistical analysis

Categorical baseline variables are expressed as numbers (percentages) and continuous variables
are presented as means + standard deviation. The ¥* tests and independent Student’s t-tests were
used to evaluate categorical and continuous variables, respectively. Missing data were not imputed.
Interobserver variability was assessed using Cohen'’s kappa' for frame-wise identification of each class,
and intraclass correlation coefficient (ICC) for absolute agreement in a two-way random model™ for
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evaluation of quantification measures. Likewise, agreement between reference standard and predicted
frame-wise class identification was evaluated using conventional performance metrics and Cohen’s
kappa. Dice similarity coefficients for semantic segmentation are reported on all true-positive, false-
positive, or false-negative frames as well as on true-positive frames only. Quantification measures were
evaluated on true-positive frames only and measurements were presented in scatterplots and evaluated
using ICC for absolute agreement in a two-way random model. Bias was assessed using Bland—Altman
plots. 95%-Confidence intervals (Cl) were calculated for all metrics. A two-sided P-value <0.05 was
considered statistically significant. Statistical analyses were performed using SPSS Statistics version 27
(IBM Corp., USA) and RStudio version 2023.09.1 (PBC, USA).

RESULTS

Study population

Among 438 patients included in PECTUS-obs, 183 were included in the present study with a total of
207 pullbacks and 3026 frames. These 183 patients were randomly included from the complete dataset
of patients with at least one analysable OCT. One hundred sixty-eight patients (192 pullbacks and 2808
frames) were randomly assigned to the training set and 15 patients (15 pullbacks, 218 frames) to the
internal test set (Figure 1). Baseline characteristics were well balanced between sets (Table 1). The frame-

wise prevalence of each class is presented in Supplementary material online, Table S1.

Table 1. Patient-level baseline characteristics of included sets

Variable Overall Training Test P value
n=183 n=168 n=15
Age, years 64+ 10 64+ 10 67 +£10 0.354
Female sex 32 (17.5%) 29 (17.3%) 3(20.0%) 0.729
Hypertension 87 (47.5%) 80 (47,6%) 7 (46.7%) 0,944
Diabetes 33 (18.0%) 29 (17.3%) 4(26.7%) 0.480
Previous myocardial infarction 29 (15.8%) 27 (16.1%) 2 (13.3%) 1.000
Clinical scenario at presentation
STEMI 74 (40.4%) 70 (41.7%) 4(26.7%) 0.257
NSTEMI 109 (59.6%) 98 (58.3%) 11 (73.3%) 0.257

NSTEMI non-ST-segment elevation myocardial infarction; STEMI ST-segment elevation myocardial infarction.

Semantic segmentation

Figure 3 provides examples of the performance of OCT-AID for multiclass semantic segmentation. On
the internal test set, the mean per class Dice score was 0.659 overall (Figure 4A). The mean Dice score
for the lumen, intima, and media were 0.989 + 0.010, 0.894 + 0.064, and 0.786 + 0.199, respectively. The
mean Dice scores for lipid and calcified plaques were 0.636 + 0.311 and 0.526 + 0.391, respectively. The
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mean Dice scores obtained in the internal test set were comparable to the respective validation folds
(see Supplementary material online, Method S2). Among true-positive frames only, the mean per class
Dice score was 0.757. Dice scores for lipid plaques, calcified plaques, side branch, thrombus, and plaque
rupture were 0.763 + 0.135,0.716 £ 0.264, 0.792 + 0.211, 0.628 + 0.226, and 0.281 + 0.289, respectively
(Figure 4B).

Guidewire

A @ Lumen
M Side branch
Intima
Media
M Lipid
D E F

B Calcium
r N g B Thrombus
; | M Plaque rupture

Figure 3. Multiclass semantic segmentation examples.

Examples of the cross-sectional optical coherence tomography image (left column) reference standard (middle
column) and predictions by OCT-AID (right column) in the held-out test set. A-C) Frame affected by blood artefacts.
D-F) Lipid plaque. G-I) Lipid plaque with a side branch. J-L) Calcified plaque. M—O) Combined lipid and calcified
plaque and a small thrombus.
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Figure 4. Per-frame dice scores.

Boxplots for the per-frame Dice score per class across all true-positive, false-positive, and false-negative frames (A)
and across true-positive frames only (B). A score of 1 indicates perfect overlap and a score of 0 represent no overlap.
False-positive and false-negative frames are awarded a score of 0.

IQR inter-quartile range; SD standard deviation.

Frame-wise identification

Intheinternal test set, substantial to almost perfect agreement was achieved for frame-wise identification
of lipid plaques (k=0.817, 95% Cl 0.743-0.891), lipid-rich plaque (k=0.843, 95% Cl 0.769-0.917), calcified
plagques (k=0.795, 95% Cl 0.703-0.887), side branches (k=0.736, 95% C| 0.624-0.848) and for thrombus
(k=0.871, 95% Cl 0.759- 0.983), and fair to substantial for plaque rupture (k=0.480, 95% Cl 0.210-0.750).
Performance metrics and confusion matrices for each class are presented in Table 2 and Supplementary
material online, Tables S2-S7.
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Lipid and calcified plaque quantification

In the internal test set, moderate to good reliability was achieved for the lipid arc measurements (ICC
0.814, 95% Cl 0.714-0.877) with a mean difference of 16.3 + 45.9° (see Supplementary material online,
Figure STA and B). The mean lipid arc correspondence score was 0.902 + 0.120. For the minimum FCT,
reliability was moderate to good (ICC 0.766, 95% Cl 0.671-0.836). The mean difference was 6.8 + 75.4
pm (see Supplementary material online, Figure S1C and D). The algorithm achieved moderate to good
reliability for the fibrous cap area (ICC 0.768, 95% Cl 0.559-0.867) and good to excellent reliability for the
fibrous cap ratio (ICC 0.884, 95% Cl 0.774-0.934) with a mean difference of 0.24 + 0.42 mm? and 0.0009
+0.0017 mm?%°, respectively (see Supplementary material online, Figure STE-H).

Calcified plaque quantification and bias is reported in Table 2 and Supplementary material online,
Figure S2. The ICC for calcium arc, calcium depth, and calcium thickness were 0.808 (95% ClI 0.444—
0.917), 0.664 (95% Cl 0.455-0.801), and 0.690 (95% ClI 0.502-0.815), respectively. The mean calcium arc

correspondence score was 0.829 + 0.193.
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CHAPTER 14

External evaluation

The external test set comprised 29 patients (29 pullbacks, 392 frames). Table 3 provides an overview
of the interobserver variability and the performance of OCT-AID compared with consensus in external
testing. Supplementary material online, Videos S1 and S2 provide examples of the model interpretation
including a challenging case with artefacts.

The proposed algorithm had substantial agreement for frame-wise lipid plaque identification (k=0.720,
95% Cl 0.640-0.800) and substantial to almost perfect for lipid-rich plaques (k=0.757, 95% C| 0.665—
0.849). The ICCs for lipid arc (ICC 0.761, 95% Cl 0.614-0.849) and minimum FCT (ICC 0.649, 95% Cl 0.513—
0.753) indicated moderate to good reliability (Figure 5). For calcified plaques, substantial to almost
perfect agreement for frame-wise identification was achieved (k=0.851, 95% C| 0.794-0.908). The ICCs
for calcium arc, depth, and thickness indicate moderate to excellent (ICC 0.857, 95% Cl 0.623-0.931),
good to excellent (ICC 0.870, 95% Cl 0.815-0.910), and moderate to good reliability (ICC 0.756, 95%
Cl 0.658-0.828), respectively (Figure 5). Bland—Altman plots are presented in Supplementary material
online, Figure S3. Mean differences for the lipid arc, minimum FCT, calcium arc, calcium depth, and
calcium thickness were —17.3 +40.3°,18.8 + 89.0 um, —20.4 + 29.3°, =3.8 + 49.2 um, and —38.9 + 183.2
um, respectively. Kappa values for side branch, thrombus, and plaque rupture were 0.812 (95% Cl 0.738—
0.886), 0.524 (95% Cl 0.214-0.834), and —0.005 (95% Cl —0.013-0.003), respectively. Evaluation metrics
compared with one of the individual independent assessors as reference standard are presented in
Tables 4 and 5.

290



COMPREHENSIVE FULL-VESSEL SEGMENTATION

A ICC 0.761 (95% C 0.614-0.849) o B 800 1CC 0.649 (95% C10.513-0.753)
o
300 N R °
< ° o ~ 600
v £ .
E ° 2
b=}
8200 * 5
° w o
g o g 400 N
g s L e e .
o
3 . X o 3%
100 < ° o . °
W0 e 2% oo
Y " ba
"". %
0 100 200 300 0 200 400 600 800
Predicted lipid arc (°) Predicted FCT (um)
C . D soo E 1500
ICC 0.857 (95% CI 0.623-0931) ° ICC 0.870 (95% C1 0.815-0.910) ICC 0.756 (95% CI 0.658-0.828)
° ° o~ ° °
300 £ o
B
-~ ] o .
e 5 600 E KN
; -‘E. ° imoo 0 o oo
£ 2 . 5 s
E o o :
5 £ 400 3 B
S 2 ° 3 °
8 S g
g g 8
3 § 200 s
g 2
& kS R & 500
& [
0 0
200 300 400 600 800 500 1000 1500
Predicted calcium arc (°) Predicted calcium depth (um) Predicted calcium thickness (um)

Figure 5. Correlation in plague quantification in the external test set.

Scatterplots for lipid arc (A), minimum fibrous cap thickness (B), calcium arc (C), calcium depth (D), and calcium
thickness (E).
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CHAPTER 14

Algorithm misidentification

Exemplary images of disagreement between the reference standard and the prediction by OCT-AID
are presented in Figure 6. Among false-positive predictions of lipid, 38.9% (7/18) in the internal test
set and 27.6% (8/29) in the external test set were predictions of lipid behind large calcifications. False-
positive lipid diagnoses were also found in presence of attenuating artefacts (22.2% in the internal test
setand 13.8% in the external test set). Regarding the low positive predictive value for plaque rupture, the

majority of false-positive predictions were found in frames exhibiting thrombus without plaque rupture.

Guidewire

Lumen

M Side branch
Intima
Media

W Lipid

M Calcium

M Thrombus

M Plaque rupture

Figure 6. Algorithm misidentification.

Examples of the cross-sectional optical coherence tomography image (left column), reference standard (middle
column) and prediction by OCT-AID (right column) in the held-out test set. False positive predictions of lipid due to
artefacts (A-C, asterisk in A) or at the abluminal side of a large calcified plaque (D-F). Overestimation of the lipid arc
in presence of a large layered plaque/intraplaque hemorrhage (G-I). False negative prediction of a small calcification,
resulting in a substantial underestimation of the calcium depth (J-L). False prediction of plaque rupture (arrow in O)
and false negative prediction of thrombus at 2 O’ clock (asterisk in M) (M-O).
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Inference time

Inference was run on a NVIDIA GeForce RTX 3080 with 64 gigabytes of memory. Mean analysis time was
0.84 + 0.03 s/frame, including 0.05 + 0.02 s/frame for pre-processing, 0.73 + 0.03 s/frame for inference,
and 0.07 = 0.01 s/frame for post-processing.

DISCUSSION

The proposed OCT-AID algorithm for multiclass semantic segmentation of intracoronary OCT images
achieved promising performance for semantic segmentation and frame-wise identification of several
plaque-related and non-plaque-related features. Besides conventional plaque quantification, for which
the reliability was overall moderate to excellent, OCT-AID allows further volumetric plague quantification.
Importantly, these results were obtained while including difficult frames, such as those containing
artefacts (Figure 3A-C; Supplementary material online, Video S2) or destabilized plaques (Figure 5M-
O), which is in contrast to earlier works. With future improvements addressing its current challenges,
including optimization of the algorithm for combined or destabilized plaques, and optimization of
inference times, OCT-AID has the potential to allow accurate, standardized OCT image interpretation
and reduce interobserver variability.

Evolution of artificial intelligence models for optical coherence tomography
analysis

Time-consuming image analysis of intracoronary OCT images and substantial intraobserver and
interobserver variability remain a clinical challenge.®® As a result, real-time evaluation during a clinical
procedure is limited to scanning of pullbacks, and post hoc core lab analyses are generally limited to
single frame evaluations at set intervals. To overcome these challenges, several Al-based approaches
have been investigated previously. However, these were predominantly classification algorithms or
segmentation models with a limited number of classes.’

Conversely, OCT-AID was trained for comprehensive image interpretation. The average Dice score of our
approach was 0.659 across nine classes, including an excellent performance for semantic segmentation
of the lumen, intima and media. For lipid and calcified plaques, Dice scores among true-positive frames
were 0.763 + 0.135 and 0.716 + 0.264. However, expressing the model performance for semantic
segmentation of lipid and thick calcified plaques in terms of Dice score may be inadequate, owing
to the limited penetration depth of OCT. Indeed, the arc correspondence scores of 0.902 + 0.120 and
0.829 + 0.193 for lipid and calcified plaques confirm the ability of our algorithm to correctly localize
these plaques. These results were obtained within <1 s/frame using hardware feasible for daily clinical
care, which is considerably faster compared with manual labelling, which can take up to 30 min/frame
but slightly slower than the median in a recent systematic review.® However, our algorithm provides
multiclass segmentation, while the referenced median value also comprises algorithms for single class
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segmentation. Nevertheless, higher-end hardware and model adaptions may further reduce inference
times to wards real-time full-vessel segmentation.

Only a limited number of other multiclass segmentation models have been proposed previously.
Shibutani et al. developed a DL algorithm for multiclass (fibrocalcific plague, pathological intimal
thickening, lipid plaque, layered plaque, and background) semantic segmentation using 1103 OCT
frames, co-registered with histopathology, as reference standard. In the held-out test set, the Jaccard
index for lipid, calcified, and layered plaques were 0.45, 0.51, and 0.36, respectively.”® Chu et al. used a
U-net for multiclass (fibrous plaque, lipid plaque, calcified plaque, cholesterol crystals, macrophages,
microvessels, guidewire artefact, side branches, and internal elastic lamina) semantic segmentation and
achieved a mean per class Dice score of 0.764. The Dice score for lipid and calcified plaques were 0.772
and 0.848 in internal testing and accuracy for region-wise identification of these plaques were 90.5%
and 88.5% in external testing.'® Comparing those results to the present findings is however challenging
for several reasons. First and foremost, it is generally unclear whether Dice scores in previous efforts
were published on true-positive frames only or whether false-positive and false-negative frames were
also included. Hence, we report our metrics in both scenarios to allow future comparison of our results
to other algorithms. Second, challenging frames exhibiting plaque rupture, thrombus, dissections, and
intramural hematoma were excluded by Chu et al. Third, expert analysts were asked to classify pre-
delineated regions for external testing in the study by Chu et al,, which may have biased their decision-
making, compared with evaluation of a non-delineated frame as was performed in the present study.
The performance in the external test set appeared lower for some classes compared with the internal
test set. We hypothesize that the difference in study population between the two sets had the most
profound effect on this disparity. In particular, the internal test set comprised images of non-obstructive
lesions performed for research purposes, while the external dataset contained OCT images from daily
clinical care, which are more likely to be obstructive as OCT is predominantly performed for stent
guidance and optimization. Therefore, future data enrichment for obstructive and potentially culprit
lesions is warranted. Additionally, large scale external testing studies, including a web-based reader
study, are needed and being planned to confirm the findings of the present study.

Lipid plaque identification and quantfication

Identification and quantification of lipid plaques is particularly challenging for humans, as highlighted
by the substantial interobserver variability for these tasks in the present study and in literature.” For
automated identification of lipid plaques, the performances of our proposed methodology were at least
on par with manual interobserver agreement by two expert readers. However, difficulties remain in
specific situations, including presence of combined lipid and calcified (Figure 6D-F), layered (Figure
6G-I), or destabilized plaques (Figure 6M-0). Particularly, we observed that a substantial proportion
of false-positive predictions were related to lipid predictions behind large calcifications. From a clinical
point of view, identification of such deep lipid plagues may have limited value, which may have led to
a lower identification rate by the independent assessors. In contrast, semantic segmentation requires
labelling of each pixel which may have led to the models'overprediction of lipid in these deep-lying low
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intensity areas. However, judging by experience from newest generation OCT catheters with superior
penetration depth, the algorithm may also be correct.'” Future histology-based evaluation studies of Al-
algorithms may provide additional insights.

OCT-AID also allows quantification of lipid plagues including the fibrous cap. So far, identification of
high-risk plaques predominantly relies on manual single-point measures of the FCT, which may only
provide a part of the puzzle as it omits volumetric and spatial information.’® The earliest approaches for
automated quantification of the fibrous cap were based on mathematical models related to changes in
light intensity.”?' DL has been tested to this regard more recently. An algorithm proposed by Lee et al.
significantly underestimated the minimum FCT (0.121 £ 0.024 vs. 0.151 + 0.035 mm).?? In another hybrid
approach, using both DL and dynamic programming, the mean difference in the minimum FCT between
two users was of 4.2 + 14.6 um after manual modification of the FCT in 5.5 + 0.9% of frames.?> However,
these values only reflect the interuser reproducibility, and a comparison between the algorithm-derived
FCT with manual measurement is lacking. In a recent study specifically targeting segmentation of
the fibrous cap, the R? for mean FCT was 0.909 in a held-out test set comprising 1362 images from 74
pullbacks.?* However, the FCT was evaluated on A-lines which can result in an overestimation in cases
with eccentric OCT catheter placement, and the minimum FCT was not evaluated.

Our approach demonstrates promising results for quantification of the fibrous cap, including area-based
measures with moderate to excellent reliability for the fibrous cap ratio. These area-based measures can
be transformed in volumetric measures that provide theoretical benefits compared with single-point
measurement, so far not tested in studies. Indeed, an association between such volumetrics measures

and clinical outcome is yet to be established and our area-based measures require external validation.

Calcified plaque identification

OCT-AID achieved particularly high performance for the identification and quantification of calcified
plaques. However, a small number of outliers negatively impacted the correlation coefficients (Figure
6J-L; Supplementary material online, Figure S2C-D). Additionally, Bland-Altman analysis revealed a slight
underestimation of the model compared with the reference standard for calcium arc and thickness.
The proposed algorithm may allow differentiating distinct calcification types based on their depth,
arcs and volumes. Additionally, elaborate calcified plaque quantification can become helpful for
downstream tasks such as the prediction of acute procedural success. To that regard, Gharaibeh et al.
recently demonstrated that a machine learning algorithm with multiple lumen and calcification-related
features, including calcification area and volume, outperformed the conventional calcium score for the
prediction of stent expansion.” These results indicate that additional predictive value can be obtained
by incorporating more elaborate calcification-related variables. However, these cannot be obtained
manually on-site, emphasizing the need for automated analyses.

Thrombus and plaque rupture identification
In the present study, the model performance for the identification of thrombus and especially plaque
rupture was substantially lower than for other classes. However, the low prevalence of these classes
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precluded a thorough evaluation. Nevertheless, we observed that OCT-AID had the tendency to predict
presence of plague rupture whenever there was thrombus predicted (Figure 6M-0), which requires
further attention. However, our rationale to include these classes was to provide contextual information
and to increase the generalizability of our algorithm by, in contrast to previous attempts, not excluding
such frames. Separate dedicated algorithms targeting identification of such features will likely be more
efficient and could subsequently be combined with a multiclass model.

LIMITATIONS

This study has some limitations. First, only non-flow limiting non-culprit lesions were used for training
and internal testing. However, the external test set comprised a diverse dataset of patients undergoing
clinically indicated OCT. Second, the outer border of the lipid pool was estimated based on the visible
parts of the media and it has not been correlated to intracoronary ultrasound. This inherent limitation
of intracoronary OCT limits the evaluation of plague burden. Third, although images with artefacts
were included in the training and test sets, those with severe artefacts limiting accurate manual
segmentation were excluded. Increasing the number of frames with moderate artefacts may enhance
the generalizability. Fourth, the performance of OCT-AID for the segmentation and identification of
plaque rupture and to a smaller degree thrombus was suboptimal and requires further attention and
enrichment of the dataset for these classes. Last, computational constraints precluded incorporation of
a large number of frames in the pseudo-3D approach or a full 3D approach.

CONCLUSIONS

Our proposed OCT-AID algorithm for multiclass semantic segmentation of intracoronary OCT images
demonstrated promising capabilities for the identification and quantification of various non-plaque-
related and plaque-related features. Importantly, these results were obtained while including difficult
frames, such as those containing artefacts or de stabilized plaques, which is in contrast to earlier works.
This algorithm has the potential to allow comprehensive and standardized OCT image interpretation.
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ABSTRACT

Background Artificial intelligence (Al) allows automated evaluation of intracoronary optical coherence
tomography (OCT) images. However, algorithms are mostly developed and validated on well-curated

datasets, which may not represent real-world data.

Objectives We sought to externally validate a previously developed algorithm performing full-vessel
segmentation for OCT in an unselected consecutive real-world dataset.

Methods This was a retrospective, single-center, external validation study comprising 100 consecutive
patients undergoing clinically indicated OCT. A previously developed algorithm (OCT-AID) was used
for automated pixelwise labeling of OCT images, distinguishing among lumen, guidewire artefact,
intima, media, lipid plaque, calcium plague, side branch, plaque rupture, thrombus, microvessel and
background. The Al-based predictions were compared on a frame level to the reference standard
obtained through manual OCT image analysis by expert readers.

Results Among 2560 analyzable frames, the agreement between the automated OCT image analysis
and the reference standard was excellent for calcified plaque identification (k=0.88, 95% confidence
interval [CI] 0.84-0.92) and quantification (intraclass correlation coefficient [ICC] values ranged between
0.79 and 0.93), with a performance close to interobserver variability. For lipid plaque identification and
quantification, the model performance was reasonable (k=0.68, 95% Cl 0.64-0.72; ICC for lipid arc 0.79,
95% Cl 0.76-0.81; ICC for minimum fibrous cap thickness 0.59, 95% Cl 0.55-0.63) and largely superior to
interobserver variability. The algorithm performance for low-prevalence features (e.g. plague rupture)
was limited.

Conclusions Al-based fully automated evaluation of OCT images is feasible with performances
consistent with interobserver variability in a real-world dataset of consecutive patients, supporting
generalizability of the proposed methodology.
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INTRODUCTION

Recently updated guidelines have strengthened their endorsement of intracoronary optical coherence
tomography (OCT) for guiding coronary revascularization."” Furthermore, the prognostic value of
OCT is supported by a growing body of evidence.? Accurate and comprehensive evaluation of OCT
image features is paramount to guide real-time decision making. However, the time-demanding nature
of OCT image interpretation and lack of operator familiarity may limit widespread clinical adoption.*
Subjectiveness in image interpretation and consequent interobserver variability impede leveraging the
details available within OCT pullbacks.>®

Artificial intelligence (Al)-based automated OCT image analysis has been shown to have the potential
to overcome these limitations.” However, previous studies on proposed algorithms were frequently at
substantial risk of bias, particularly due to the lack of robust external validation.” For the small number of
algorithms that underwent external validation, the external validation datasets were modestly sized and
frequently comprised a selective cohort of patients and frames, precluding a thorough evaluation of the
generalizability of the respective models.

We recently developed and validated OCT-AID, a deep learning-based algorithm for comprehensive full-
vessel segmentation forintracoronary OCT. In the firstinternal and external validation study, this algorithm
demonstrated high accuracy for atherosclerotic plaque identification and quantification.® However, for
such an algorithm to be clinically valuable, it requires generalizability with high performance in diverse
and real-world datasets, which so far has not been demonstrated. This study aimed to externally validate
the performance of OCT-AID in relation to the interobserver variability in a consecutive, real-world
cohort of patients undergoing OCT, that was not used for training or internal testing of OCT-AID.

METHODS

Study design and study population

The study was performed in accordance with the Declaration of Helsinki. Written informed consent was
waived by the institutional Review Board at St. Francis Hospital & Heart Center due to minimal risk. The
data underlying this article are available from the corresponding author upon reasonable request. The
code and annotated data underlying this manuscript cannot be made publicly available due to funding
source restrictions.

One hundred consecutive patients undergoing clinically indicated intracoronary OCT at St. Francis
Hospital & Heart Center (Roslyn, NY, USA) with at least one analyzable baseline OCT pullback were
retrospectively evaluated. Baseline OCT pullbacks were considered ineligible if obtained after balloon
angioplasty for an uncrossable lesion, from a bypass graft, if the targeted lesion was in-stent restenosis,
or if image quality at the target lesion was insufficient.
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OCT imaging acquisition and data handling

All OCT pullbacks were acquired using the Dragonfly Optis or Dragonfly Opstar imaging catheter (Abbott
Vascular, USA) according to a standard protocol with a 75 mm pullback length (image acquisition speed
36 mm/s) after manual contrast injection. Data were exported in DICOM format in Cartesian coordinates
with a field of view set to 7 mm or 9 mm, a size of 704x704 pixels per frame, and spatial resolution of
9.9x9.9 um or 12.8x12.8 um per pixel, respectively. All data were pseudonymized prior to analysis.

Manual OCT image interpretation

OCT pullbacks were analyzed by five investigators with 5-17 years of experience in OCT image
interpretation in accordance with contemporary consensus.’ Each pullback was read independently by
two readers, blinded to each other’s interpretations and to the automated analysis results. OCT image
analyses were performed at 2 mm intervals (every 10 frames), excluding frames with severe artefacts,
visible stent struts, ectatic vessel segments, or those obtained within the guiding (extension) catheter.
Readers were allowed to scroll through the pullbacks. In case of multiple baseline OCT pullbacks
covering the same segment, the overlapping segment was analyzed from a single pullback.

Included images were analyzed for the presence or absence of lipid plaque, calcified plaque, side
branch, plaque rupture, thrombus, and microvessel. Lipid plaques were subsequently quantified by
minimum fibrous cap thickness (FCT) and lipid arc. If multiple non-overlapping lipid arcs were present
within a single frame, the arcs were summed. Furthermore, arcs were measured continuously across
the guidewire artefact when the same plaque type was present on both sides. Thin-cap fibroatheroma
(TCFA) was defined as a lipid plague with a minimum FCT <65 um and a lipid arc >90°, and a lipid rich
plaque as a lipid plaque with a lipid arc >90°. For calcified plaques, minimum calcium depth (minimum
distance from the lumen border to the most proximal calcium border), maximum calcium thickness
(maximum distance between the adluminal and abluminal calcium border), and calcium arc (sum of all
calcium arcs) were obtained for each frame.

Discrepant cases between the two readings were evaluated by a third investigator to obtain the
final reference standard. For arc measurements, a discrepancy was defined as an absolute difference
between the two readings of >30°. For depth or thickness measurements, a discrepancy was defined
as a combined relative difference of >10% compared with the mean value of the two readings and an
absolute difference >60 pm between the two values. For plaque quantification measures not classified
as discrepant, the mean of the two readings was used as the final reference standard.

Automated OCT image analysis

OCT-AID was used for automated image analysis of the complete OCT pullback. Details on the initial
development and evaluation were published previously. This study utilizes the latest iteration based on
the nnU-Net version 2."°This algorithm was trained to segment lumen, guidewire artefact, intima, media,
lipid plaque, calcium plaque, side branch, plaque rupture, thrombus, microvessel and background. The
model was trained on 4300 frames using stratified five-fold cross-validation, ensuring that data from the
same patient did not appear in both training and validation sets. An independent set of 218 frames from
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different patients was used for internal testing. Data from the internal test set were not used during model
training or hyperparameter tuning. Details on the algorithm are summarized in Supplemental Method
1. In brief, the algorithm operates on a pseudo-3D input (3 OCT images in Cartesian coordinates)
to incorporate longitudinal spatial context, and provides a 2D semantic segmentation of the central
frame. To remove small isolated pixel areas of predicted lumen, guidewire artefact, intima, media, lipid
plaque, calcium plague, side branch, and background, algorithm predictions were post-processed using
connected component analysis as detailed elsewhere® Post-processing was not applied to plaque
rupture, thrombus and microvessel, considering that pixel areas of these classes can be naturally small.
The minimum FCT, lipid arc, minimum calcium depth, maximum calcium thickness and calcium arc were
obtained from the segmentation predictions as detailed elsewhere ® The obtained measurements were
used to identify the presence of TCFA and lipid-rich plaque. The Al-based predictions were compared on
a frame level to the final reference standard, in which a frame was considered Al-positive for a specific

class if at least one pixel belonging to that class was present in the final prediction after post-processing.

Statistical analysis

Categorical variables are expressed in absolute numbers (percentages) while continuous variables are
summarized as mean + standard deviation or as median (interquartile range), as appropriate. Missing
data were not imputed. Interobserver variability between the two expert readings and the agreement
between the automated OCT image analysis and the final reference standard were evaluated using
conventional performance metrics and unweighted Cohen’s kappa for frame-wise binary identification
of the evaluated classes (presence vs. absence). Plague quantification variables were evaluated using
the intraclass correlation coefficient (ICC) for absolute agreement in a one-way random model. Bias
and limits of agreement were evaluated using Bland-Altman analysis. Ninety-five percent confidence
intervals were calculated for all performance metrics. Differences between individual kappa or ICC
values were evaluated using bootstrapping with 1000 resamples. No formal sample size calculation
was performed. Statistical significance was achieved when a two-sided p-values was less than 0.05.
No multiplicity correction was performed. Statistical analyses were performed using IBM SPSS Statistics
software version 29.0 (IBM Corp., USA) and R version 4.4.1 (R Foundation for Statistical Computing,
Austria).

RESULTS

Study population

Between January 1st 2022 and February 16th 2022, 146 consecutive patients underwent clinically
indicated OCT, of whom 100 patients with eligible baseline OCT pullbacks were included in the final
analysis (Figure 1). The mean age of included patients was 66 + 11 years, and 76 (76.0%) were male (Table

1). The majority of patients underwent invasive coronary angiography for chronic coronary syndrome or
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silent ischemia (54.0%) or unstable angina (40.0%). At least one imaged lesion was revascularized after
baseline OCT in 79.0% of patients.

Out of 4218 frames from 111 pullbacks in 100 patients, 2560 (60.7%) frames were included in the final
analysis, after excluding 1043 (24.7%) frames of the guiding (or extension) catheter, 108 (2.6%) frames
with stent struts, 92 (2.2%) frames from overlapping segments, 27 (0.6%) frames of ectatic vessel
segments, and 388 (9.2%) frames with insufficient image quality, of which 318 (82.0%) were located at
the proximal or distal end of the pullback (Figure 1).

146 patients who underwent
clinically-indicated OCT

Exclusion

- OCT of saphenous vein graft, n=1
I -In-stent restenosis, n =26

- Insufficient image quality, n =16
- No baseline OCT images, n =3

v

100 patients included in
final analyses

.
! Frame level
\ 4

4218 cross-sectional OCT images
from 111 pullbacks

Exclusion

- Guiding (extension) catheter, n = 1043
- Stent struts, n =108

- Overlapping segment, n =92

- Ectatic vessel segment, n =27

- Insufficient image quality, n = 388

v

2560 cross-sectional OCT images
included in final analyses

Figure 1. Study flowchart.

OCT optical coherence tomography.
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Table 1. Baseline characteristics.

Total P lati
Characteristic otal Population

N=100
Age, years 66+ 11
Male sex 76 (76.0)
BMI, kg/m? 290+60
Hypertension 75 (75.0)
Diabetes mellitus 35(35.0)
Hyperlipidemia 77 (77.0)
Current smoking status 9(9.0)
Previous myocardial infarction 17 (17.0)
Previous percutaneous coronary intervention or CABG 35(35.0)
Indication for invasive coronary angiography
CCS/silent ischemia 54 (54.0)
Unstable angina 40 (40.0)
NSTEMI 5(5.0)
STEMI 1(1.0)
Revascularization of >1 imaged lesion 79 (79.0)

Values are number (%) or mean + standard deviation.
BMI body mass index; CABG coronary artery bypass grafting; CCS chronic coronary syndrome; NSTEMI non-ST-segment
elevation myocardial infarction; STEMI ST-segment elevation myocardial infarction.

Interobserver variability among expert readers

The interobserver agreement between expert readers is summarized in Table 2. Two expert readers
agreed on the presence and absence of lipid plaque in 51.2% and 28.0% of frames, respectively (k =
0.58,95% C10.54-0.61) and on calcified plaque in 41.6% and 53.5% of frames, respectively (k = 0.90, 95%
C10.86-0.94). Across frames without any calcified plaque according to both expert readings, the kappa
value for lipid plaques was 0.76 (95% Cl 0.70-0.81). The kappa values for the presence of absence of a side
branch, plaque rupture, thrombus and microvessel were 0.88 (95% Cl 0.84-0.92), 0.66 (95% Cl 0.63-0.70),
0.55 (95% C1 0.51-0.59), and 0.63 (95% Cl 0.59-0.67), respectively.

The scatterplots and Bland-Altman plots comparing the two expert readings for lipid and calcified
plague quantification are reported in Supplemental Figures 1-2. The ICC for the minimum FCT and lipid
arc were 0.55 (95% C10.51-0.59) and 0.64 (95% C1 0.61-0.67), respectively. Based on these measurements,
interobserver agreement was fair for TCFA (k = 0.30, 95% Cl 0.26-0.33) and moderate for lipid-rich plaque
(k =0.54, 95% Cl 0.50-0.57). The ICC for the minimum calcium depth, maximum calcium thickness and
calcium arc were 0.93 (95% (1 0.92-0.93), 0.80 (95% Cl 0.78-0.82), and 0.94 (95% Cl 0.93-0.95), respectively
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Figure 2. Manual and automated OCT image analysis.

Cross-sectional OCT images (left column), with expert OCT image interpretation (middle column) and automated
OCT image analysis (right column). A) Lipid plaque with a manually measured lipid arc of 214° and a minimum
fibrous cap thickness of 60 um (arrow), and an Al-derived lipid arc of 190° and a minimum fibrous cap thickness of 63
pm. B) Calcified plague with a manually measured calcium arc of 200°, a minimum calcium depth of 40 um (arrow)
and a maximum calcium thickness of 1258 um (double arrow), and an Al-derived calcium arc of 208°, a minimum
calcium depth of 40 um and a maximum calcium thickness of 1200 um. C) Combined calcified (arrowheads) and
lipid plaque (arrow). D) Blood artefacts (arrow) not interfering with manual or automated OCT image analysis. E)
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Correctly identified microvessels (arrows). F) Simultaneous presence of small plaque ruptures (arrows) and thrombus
(arrowheads).

Dark grey denotes guidewire artefact, red denotes lumen, blue denotes intima, pink denotes media, white denotes calcium,
yellow denotes lipid, orange denotes side branch, taupe denotes plaque rupture, cyan denotes thrombus, and light grey
denotes microvessel.

Automated OCT image analysis

Figure 2 and Supplemental Videos 1-2 provide examples comparing the Al-based predictions to the final
expert consensus in the external test set. Contingency tables for frame-wise identification are reported
in Figure 3. According to the final reading based on predefined criteria, lipid plague was prevalent in
1393 (54.4%) frames, including TCFA in 51 (2.0%) frames and lipid-rich plague in 893 (34.9%) frames,
calcified plaque in 1145 (44.7%) frames, side branch in 511 (20.0%) frames, plaque rupture in 21 (0.8%)
frames, thrombus in 42 (1.6%) frames, and microvessel in 167 (6.5%) frames. Using the final consensus as
the reference standard, the algorithm demonstrated almost perfect agreement for the identification of
calcified plaque (k = 0.88, 95% Cl 0.84-0.92), substantial to almost perfect agreement for side branch (k =
0.78,95% Cl 0.75-0.82), substantial agreement for lipid plaque (k = 0.68, 95% Cl 0.64-0.72) and lipid-rich
plague (k= 0.72,95% Cl 0.68-0.76), moderate to substantial agreement for microvessel (k = 0.63, 95% Cl
0.59-0.66), fair to moderate agreement for thrombus (k = 0.40, 95% Cl 0.36-0.43), and fair agreement for
TCFA (k=0.27,95% C1 0.23-0.30) and plaque rupture (k = 0.33,95% C1 0.29-0.36) (Table 2). Among frames
without manually identified calcium by experts, the kappa value for lipid plague identification between
expert readers and the Al algorithm was 0.77 (95% Cl 0.72-0.83).
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A. Lipid plaque

Reference + Reference - Total

B. Thin-cap fibroatheroma

Reference + Reference - Total

93 1167

Al - 319 1393

Total 1393

C. Lipid-rich plaque

Al + 21

Al -

Total 51

D. Calcified plaque

Reference + Reference - Total Reference + Reference - Total

Al + 76 734 Al + 57 1104

Al - 235 1826 Al - 98 1456
Total 893 Total 1145

E. Side branch

Reference + Reference - Total

F. Plaque rupture

Reference + Reference - Total

68 475

Al + 57

Al - 104 2085 Al -
Total 511 Total 21
G.Thrombus H. Microvessel

Reference + Reference - Total

Reference + Reference - Total

86 Al +
Al - Al -
Total 42 Total 167

Figure 3. Contingency tables.

Contingency tables for the frame-wise evaluation of the presence of lipid plague (A), thin-cap fibroatheroma (B), lipid-

rich plague (C), calcified plaque (D), side branch (E), plaque rupture (F), thrombus (G) and microvessel (H) as evaluated

through expert OCT image analysis (reference) and artificial intelligence-based automated image analysis.

Al artificial intelligence.

The ICC between the final consensus among experts and the algorithm was 0.59 (95 % Cl 0.55-0.63) for
minimum FCT and 0.79 (95% ClI 0.76-0.81) for lipid arc (Figure 4). The ICC for minimum calcium depth,
maximum calcium thickness and calcium arc were 0.91 (95% Cl 0.90-0.92), 0.79 (95% Cl 0.77-0.82), and
0.93 (95% C1 0.92-0.94) (Figure 5).

315



CHAPTER 15

A. ICC 0.59 (95% CI 0.55-0.63)
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Figure 4. Lipid plaque quantification.

Scatterplots and Bland-Altman plots for the comparison of artificial intelligence-based and expert lipid plaque
quantification in terms of the minimum FCT (A-B) and the lipid arc (C-D). Differences are calculated as the artificial
intelligence-obtained value minus the final reference standard value, and are reported as mean difference with upper
and lower limits of agreement (defined as £1.96 x standard deviation).

Cl confidence interval; FCT fibrous cap thickness; ICC intraclass correlation coefficient; LoA limits of agreement.
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Figure 5. Calcified plague quantification.

Scatterplots and Bland-Altman plots for the comparison of d artificial intelligence-based and manual calcified plaque
quantification in terms of the minimum calcium depth (A-B), maximum calcium thickness (C-D) and calcium arc (E-F).
Differences are calculated as the artificial intelligence-obtained value minus the final reference standard value, and
are reported as mean difference with upper and lower limits of agreement (defined as +£1.96 x standard deviation).
Cl confidence interval; ICC intraclass correlation coefficient; LoA limits of agreement.
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Compared with the interobserver agreement between expert readers, the algorithm performance
against the final reference standard was significantly higher for lipid plague identification (p<0.001),
lipid-rich plaque identification (p<0.001) and lipid arc quantification (p<0.001), and significantly lower for
calcified plaque (p=0.022), side branch (p<0.001), and plague rupture identification (p<0.006) (Central
lllustration and Table 2).

Supplemental Table 1 provides the performance of the Al algorithm against final expert consensus in
frames with concordance or discordance between the two expert readers. The kappa values for lipid
plaque, lipid-rich plaque, calcified plaque and side branch were higher in frames with concordance than
in those with discordance between expert readers.

Results in the internal test set are reported in Supplemental Table 2.

Manual and Al-based OCT image analysis Al performances in relation to interobserver variability

100 consecutive patients, 2560 images p <0.001 p=0022  p<0.001 p=0.006 p=0.09 p=093
1.00 [— T — — T —
I
0.80 I
o 0.60 L I
Q
g
< 040 I
e
0.20
0.00
Lipid Calcium  Side branch Plaque rupture Thrombus  Microvessel
Two manual readings OCT-AID p=042 p<0.001 p=035 p=072 p=032
1.00 | | | r r
= =
* ¢ 080 I I
o 060 L
I}
0.40
0.20
0.00
Minimum FCT Lipid Arc Minimum CD Maximum CT Calcium arc
I Interobserver Al versus reference standard

Central lllustration.

Al artificial intelligence; CD calcium depth; CT calcium thickness; FCT fibrous cap thickness; ICC intraclass correlation
coefficient; OCT optical coherence tomography.

Inference time

Inference was run on a server with 64 GB of RAM and an NVIDIA A100 with 40GB of memory. The mean
inference time was 0.34 + 0.01 s/frame, including 0.04 £+ 0.002 s/frame for pre-processing, 0.07 £ 0.01 s/
frame for post-processing.
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DISCUSSION

This study evaluated the performance of a recently developed Al algorithm for comprehensive full-
vessel segmentation of intracoronary OCT images in an external, real-world cohort of consecutive
patients undergoing clinically indicated OCT. We report several key findings. First, agreement among
OCT expert readers on the calcified plagues and their measurements was high, whereas interobserver
variability was substantial for lipid plaques and high-risk plaque features such as TCFA and microvessels.
Second, agreement between Al-based automated OCT image analysis and expert consensus was largely
comparable to interobserver variability among expert readers, supporting the feasibility of automated
analysis in clinical practice. However, automated evaluation of low-prevalence classes was challenging
within the proposed multiclass network.

To our knowledge, this is the largest external validation study of any multiclass algorithm for OCT to
date, comprising 2560 frames from 100 consecutive patients who underwent clinically-indicated OCT.
Considering this consecutiveness, the studied population closely resembles real-world practice, which
contrasts previous external validation datasets comprising selective study populations.” In this study, we
evaluated the interobservervariability among expert readers and the performance of Al-based automated
OCT image interpretation using experts’ consensus as the reference standard. Interobserver agreement
among expert readers was excellent for identification and quantification of calcified lesions. The Al
algorithm also demonstrated an excellent performance in identification and quantification of calcified
plaque, with a performance almost comparable to the interobserver agreement among expert readers.
These results support the potential of Al-based streamlined decision-making in clinical practice for the
decision for advanced calcium modification. In addition, while manual calcified plaque quantification
is limited to longitudinal and circumferential measurements, the semantic segmentation Al algorithm
allows volumetric evaluation of calcifications, which may have additional clinical implications.

In contrast, interobserver variability among expert readers was high for the evaluation of lipid plaques,
particularly for TCFA and in combined lipidic and calcific plague. These findings emphasize the inherent
challenges and variability in evaluating non-calcified plaque in OCT, even among expert readers,
and underscore the potential role of automated methodologies to improve standardization in image
interpretation. Notably, our study demonstrated that the agreement between the Al algorithm and
the experts' final consensus was higher than interobserver agreement among expert readers in both
identification and quantification of lipidic plaque, supporting a promising role of the Al algorithm.
Interestingly, the agreement between the algorithm and the experts'final consensus for TCFA was only
fair, yet comparable to interobserver agreement. However, TCFA was only present in 2.0% of frames,
limiting robustness of statistical analyses. Additionally, evaluating TCFA in a binary fashion using strict
definitions remains cumbersome and may have limited clinical implications as the difference between a
TCFA positive reading and a TCFA negative reading can be as small as one pixel (=10 um) and considering
that the risk associated with fibrous cap thinning is unlikely to be binary. Nevertheless, and arguably
more importantly, we recently demonstrated that TCFA identified using OCT-AID was associated with
adverse clinical outcome, providing evidence for the validity of Al-based TCFA identification.” Future
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three-dimensional evaluation of the fibrous cap thickness, enabled through the comprehensiveness of
Al-based image analyses, may improve risk stratification.'

The study also indicates some remaining challenges for the Al algorithm, particularly for the evaluation
of side branches, thrombus and plaque rupture. While expert readers were allowed to scroll through the
complete pullback, the algorithm was restricted to a pseudo-3D input of 7 consecutive frames which
may have contributed to the lower performance for the identification of side branches. In this regard,
increasing the longitudinal extent of the model's input by concatenating additional consecutive frames
could potentially result in better performance. Alternatively, employing different feature aggregation
strategies, such as 3D convolutions or attenuation mechanisms to better capture spatial relationships
along the pullback, may lead to further improvements. For thrombus and plaque rupture, the limited
performance of the Al algorithm was predominantly related to false positive predictions, consistent
with our initial validation results® Semantic multiclass segmentation algorithms may be suboptimal
for automated identification of these low-prevalence features, as obtaining large quantities of pixel-
wise annotated frames with plaque rupture and thrombus remains challenging. Therefore, frame-wise
classification or object detection algorithms may be preferential in that regard.” Nonetheless, the
inclusion of these classes allowed us to include frames with thrombus or plaque rupture in training and
testing, enhancing the generalizability.

These results complement previous validation studies for this algorithm in which its value was
demonstrated for the evaluation of plaque burden and for prognostication through the automated
identification of TCFA.""'* Importantly, while the internal training and validation set particularly
comprised OCT images of non-flow limiting, deferred lesions, the majority of lesions included in the
present study required revascularization. Flow limiting or obstructive lesions are characterized by a more
advanced plaque phenotype, including more extensive calcification and combined plaque,’ which are
more difficult to characterize. Furthermore, while the algorithm was developed almost exclusively with
data from patients with recent myocardial infarction predominantly from Europe, the current validation
set predominantly comprised patients with stable or unstable angina from the United States of America.
In addition, the model evaluated in this study provides segmentation predictions in 0.34 seconds
per frame, equivalent to a mean time of only 128 seconds to frame-wise analyze a pullback with 375
frames, and a reduction of 60% compared to our previous iteration.® The promising performance in this
external dataset, despite inclusion of more advanced lesions, combined with high efficiency supports
generalizability of the algorithm for frame-wise image evaluation. This study represents an important
intermediate validation step towards prospective, multicenter clinical evaluation of the models accuracy
for guidance of lesion-level decision making ang its ability to streamline procedural efficiency.

Our study has limitations. First, the external testing data originated from a single center with large
experience in clinical OCT, potentially limiting generalizability to other centers. For instance, image
artifacts may be present in different extent, depending on center-specific expertise and image
acquisition practices. Second, despite being the largest external validation study for any Al algorithm for
automated OCT image segmentation to date, the number of evaluated patients remained modest due
to the laborious nature of manual OCT image interpretation. Consequently, expert analysis was limited
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to frame-wise classification and quantification rather than segmentation, precluding an evaluation of
the within-frame overlap between reference standard and Al prediction. Third, frames with substantial
artifacts precluding the establishment of a reference standard were excluded. However, these frames
were predominantly located at the outer edges of the pullback rather than within the targeted lesion,
reflecting clinical care where blood clearance outside of the lesion is not necessarily required and
pursued. Additionally, frames with artifacts not limiting manual image analysis were not excluded
from analysis. Fourth, the reference standard was obtained through manual OCT image interpretation
with related uncertainty.>® In that regard, OCT images with co-registered histopathology would be
the preferred reference standard when available. However, such datasets are scarce and not publicly
available. Finally, this was a retrospective study, and real-time evaluation of this Al-based algorithm in
a clinical setting is warranted. For future time-sensitive applications, further optimization is warranted,
particularly for pre- and post-processing, which are currently performed on the CPU and could benefit
from GPU acceleration.

CONCLUSION

Al allows fully automated evaluation of OCT images with performances largely in line with interobserver
variability in a real-world dataset of consecutive patients, supporting generalizability of the proposed
methodology for frame-wise OCT image evaluation.
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SUPPLEMENTAL MATERIAL

Supplemental Method 1. Model parameters.

Hyperparameter Value

Image coordinates Cartesian

Input image size 704 x 704 x 7 in greyscale
Output image size 704 x 704 x 1

Batch size 5

Initial learning rate 0.01

Learning rate scheduler Polynomial learning rate decay
Optimizer Stochastic gradient descent
Epochs 1000

Loss function Equally weighted Dice and cross-entropy loss
Weight decay coefficient 0.00003

Number of learnable parameters 126M

Supplemental Table 1. Al performance in concordant and discordant cases.

Frames with Frames without interobserver
interobserver agreement agreement
Number Kappa* Number Kappa* P-value
Lipid plaque 2027 0.72 533 0.19 <0001
(79.2%) (0.68-0.76) (20.8%) (0.10-0.27)
TCFA 2428 033 132 0.11 015
(94.8%) (0.29-0.36) (5.2%) (0.0-0.25)
Lipid-rich plaque 1964 0.80 596 0.33 <0001
(76.7%) (0.75-0.84) (23.3%) (0.25-0.41)
Calcified plaque 2435 0.91 125 0.35 <0001
(95.1%) (0.87-0.95) (4.9%) (0.20-0.51)
Side branch 2465 0381 95 0.33 <0001
(96.3%) (0.77-0.85) (3.7%) (0.09-0.50)
Plaque rupture 2549 022 11 -0.17 0.58
(99.6%) (0.19-0.25) (0.4%) (-0.60-0.25)
Thrombus 2533 023 27 0.32 068
(98.9%) (0.20-0.26) (1.1%) (0.04-0.60)
Microvessel 2454 0.59 106 047 021
(95.9%) (0.55-0.62) (4.1%) (0.29-0.66)

TCFA thin-cap fibroatheroma.
* Agreement between artificial intelligence-based assessment with final expert consensus..
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Supplemental Table 2. Internal test set.

Class Prevalence Dice* True Positive Dicet Kappat ICCH
Guidewire 218 0.94 £ 0.05 0.94 £ 0.05 - -
(100%) 0.95 0.95
(0.93-0.97) (0.93-0.97)
Lumen 218 0.99 £ 0.01 0.99 £0.01 - -
(100%) 0.99 0.99
(0.99-1.00) (0.99-1.00)
Side branch 46 0.64 £0.38 0.82£0.19 0.79 -
(21.1%) 0.82 0.90 (0.66-0.92)
(0.26-0.93) (0.77-0.93)
Intima 218 (100%) 0.90 £0.06 0.90 £ 0.06 - -
0.91 0.91
(0.87-0.94) (0.87-0.94)
Media 206 0.79+0.21 0.82+0.14 - -
(94.5%) 0.86 0.86
(0.77-0.90) (0.79-0.90)
Lipid plaque 102 0.64+£0.31 0.76 £ 0.16 0.84 -
(46.8%) 0.77 0.79 (0.70-0.97)
(0.58-0.85) (0.70-0.86)
Arc - 0.75+0.35 0.89+£0.15 - 0.73
0.92 0.95 (0.62-0.82)
(0.73-0.98) (0.84-0.98)
Minimum FCT - - - - 0.72
(0.61-0.81)
Calcified plague 53 0.57+0.39 0.79+0.18 0.79 -
(24.3%) 0.76 0.85 (0.65-0.92)
(0.00-0.90) (0.72-0.92)
Arc - 0.63+0.41 0.87+0.14 - 0.86
0.86 0.92 (0.75-0.92)
(0.04-0.95) (0.84-0.96)
Minimum depth - - - - 0.79
(0.65-0.88)
Maximum thickness - - - - 0.75
(0.59-0.86)
Plaque rupture 6 0.10+£0.22 0.30+£0.31 0.45 -
(2.8%) 0.00 0.33(0.01-0.58) (0.36-0.57)
(0.00-0.02)
Thrombus 21 0.65 £ 0.36 0.78 £0.22 0.89 -
(9.6%) 0.86 0.88 (0.76-1.00)
(0.38-0.90) (0.77-0.91)
Microvessel 12 0.38+0.41 0.75+0.17 0.68 -
(5.5%) 0.22 0.84 (0.56-0.81)
(0.00-0.85) (0.59-0.87)

Numbers are value (percentage), value + standard deviation or value (95% confidence interval).

FCT fibrous cap thickness; ICC intraclass correlation coefficient.

*The Dice score is calculated per class in each frame as two times the number of pixels with overlap between the reference
standard and the artificial intelligence-based predictions of that particular class, divided by the sum of the number of pixels
of that particular class from the reference standard and the prediction. False positive and false negative frames result in
a Dice score of 0, while predictions perfectly aligning with the reference standard result in a Dice score of 1. True negative
frames are excluded.

1 Dice score calculated among true positive frames, excluding false positive, false negative and true negative frames..

¥ Agreement between artificial intelligence-based assessment with final expert consensus.
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Supplemental Figure 1. Interobserver variability for lipid plaque quantification.

Scatterplots and Bland-Altman plots for the evaluation of interobserver variability for lipid plague quantification in
terms of the minimum FCT (A-B) and the lipid arc (C-D). Differences between the two readings are reported as mean
difference with upper and lower limits of agreement (defined as +1.96 x standard deviation).

Cl confidence interval; FCT fibrous cap thickness; ICC intraclass correlation coefficient; LoA limits of agreement.
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Supplemental Figure 2. Interobserver variability for calcified plaque quantification.

Scatterplots and Bland-Altman plots for the evaluation of interobserver variability for calcified plague quantification
in terms of the minimum calcium depth (A-B), maximum calcium thickness (C-D) and calcium arc (E-F). Differences
between the two readings are reported as mean difference with upper and lower limits of agreement (defined as
+1.96 x standard deviation).

Cl confidence interval; ICC intraclass correlation coefficient; LoA limits of agreement.
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OCT-DERIVED PLAQUE BURDEN

Both optical coherence tomography (OCT) and intravascular ultrasound (IVUS) allow the identification
of high-risk plaque features.? Although OCT allows the detection of thin-cap fibroatheroma (TCFA), its
limited penetration depth generally precludes the evaluation of plaque burden (PB), which is assessed
using IVUS. The ability to simultaneously evaluate TCFA and PB could enhance the identification of high-
risk plaques. We aimed to validate a recently developed artificial intelligence (Al) algorithm conducting
full-vessel segmentation of OCT images® to assess PB, using IVUS as the reference standard.

Twenty patients who underwent both pre-intervention OCT (Dragonfly Opstar, Abbott Laboratories)
and high-definition IVUS (OptiCross, Boston Scientific) of the same target vessel were analyzed by the
core laboratory (OPCI). The study was conducted in accordance with the Declaration of Helsinki and was
approved by the Institutional Review Board of St. Francis Hospital & Heart Center. The requirement to
obtain informed consent was waived because of minimal risk.

Cross-sectional OCT and IVUS images were coregistered at 1-mm intervals throughout the complete
imaged segment (including the angiographically targeted lesion [50-90% stenosis] and diseased and
non-diseased adjacent sections) using anatomical landmarks, excluding 39 frames (4.3%) with insufficient
image quality (Figure 1A). IVUS images were analyzed to measure the external elastic membrane (EEM)
and luminal areas (square millimeters). Plaque area was calculated as the difference between the EEM
and luminal areas, and PB (percentage) was defined as (plaque area/EEM area) x 100. Coregistered OCT
images were analyzed using a validated Al algorithm for fully automated vessel segmentation (OCT-
AID).2 In regions without EEM visibility, this algorithm estimates the EEM border on the basis of intima
and/or plaque boundaries, incorporating spatial information from 3 consecutive frames on each side of
the frame of interest. Cubic spline interpolation was applied to reconstruct the lumen and EEM contours
across regions affected by guidewire artifacts or side branches.

The correlation between IVUS-derived and OCT-derived measures was evaluated using Pearson’s
correlation coefficient (r). Bias and limits of agreement were evaluated using Bland-Altman analysis.
Agreement between OCT-derived PB and IVUS-derived PB >70%? was evaluated using the area under
the receiver operating characteristic curve. Metrics are reported as value (95% Cl). A subgroup analysis
was performed according to the predominant plaque type in each frame (fibrous, lipid, or calcified). A P
value <0.05 was considered to indicate statistical significance.

Among 20 patients (mean age 63 + 9 years), 862 coregistered frames were included in the final analysis.
There were significant correlations between OCT and IVUS for EEM area (r = 0.91; 95% Cl: 0.89-0.92),
plaque area (r = 0.87; 95% Cl: 0.86-0.89), and luminal area (r = 0.92; 95% Cl: 0.91-0.93) (P < 0.001 for all).
Overall, OCT-derived PB demonstrated a very strong correlation with IVUS-derived PB (r = 0.90; 95% Cl:
0.89-0.91; P < 0.001), with a mean difference of 3.5° + 6.5° (Figure 1B). The correlation in PB was consistent
among predominantly fibrous (n = 162; r = 0.81; 95% Cl: 0.74-0.85; P < 0.001), lipidic (n = 360; r = 0.88;
95% Cl: 0.85-0.90; P < 0.001), and calcified (n = 226; r = 0.81; 95% Cl: 0.76-0.85; P < 0.001) plaques (Figure
1C). The area under the curve for IVUS-derived PB >70% was 0.95 (95% Cl: 0.93-0.97; P < 0.001), with an
optimal OCT-derived PB cutoff of 67.2%.

This is the largest study to date evaluating the correspondence between OCT-derived PB and IVUS-
derived PB, demonstrating that PB assessment through fully automated Al-based evaluation of OCT
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images is feasible and strongly correlates with IVUS-derived PB. Our results complement those of
previous smaller scale studies using EEM enhancement or Al algorithms.** Whether OCT-derived PB is
related to adverse clinical outcome remains to be elucidated, although the strong correlation with IVUS-
derived measurements suggests that insights from prior IVUS studies may be applicable. Furthermore,
the incremental prognostic value of simultaneous identification of high PB and TCFA, beyond each

individual marker alone, remains to be established.
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Figure 1. Comparison of OCT-derived and IVUS-derived plaque burden.

A) Coregistered intravascular ultrasound (IVUS) (left) and optical coherence tomography (OCT) (right) images with
no (A1), fibrous (A2), lipidic (A3), or calcified (A4) plaque. The inner lines represent the luminal contour and the outer
lines the external elastic membrane (EEM) contour. (B,C) Scatterplots and Bland-Altman plots comparing OCT-derived
with [VUS-derived plaque burden (PB) in the complete cohort (B) and according to predominant plaque type (C).
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ABSTRACT

Background and aims Coronary thin-cap fibroatheromas (TCFA) are associated with adverse outcome,
but identification of TCFA requires expertise and is highly time-demanding. This study evaluated the
utility of artificial intelligence (Al) for TCFA identification in relation to clinical outcome.

Methods The PECTUS-AI study is a secondary analysis from the prospective observational PECTUS-
obs study, in which 438 patients with myocardial infarction underwent optical coherence tomography
(OCT) of all fractional flow reserve-negative non-culprit lesions (i.e. target lesions). OCT images were
analyzed for the presence of TCFA by an independent core laboratory (CL-TCFA) and OCT-AID, a recently
developed and validated Al segmentation algorithm (AI-TCFA). The primary outcome was defined as the
composite of death from any cause, non-fatal myocardial infarction or unplanned revascularisation at 2

years (£30 days), excluding periprocedural and stent-related events.

Results Among 414 patients, AI-TCFA and CL-TCFA were identified in 143 (34.5%) and 124 (30.0%)
patients, respectively. AI-TCFA within the target lesion was significantly associated with the primary
outcome [hazard ratio (HR) 1.99, 95% confidence interval (Cl) 1.02-3.90, P = .04], while the HR for CL-TCFA
was non-significant (1.67, 95% Cl: .84-3.30, P = .14). When evaluating the complete pullback, AI-TCFA
showed an even stronger association with the primary outcome (HR 5.50, 95% Cl: 1.94-15.62, P < .001;
negative predictive value 97.6%, 95% Cl: 94.0%-99.3%).

Conclusions Al-based OCT image analysis allows standardized identification of patients at increased
risk of adverse cardiovascular outcome, offering an alternative to manual image analysis. Furthermore,
Al-assisted evaluation of complete imaged segments results in better prognostic discriminatory value
than evaluation of the target lesion only.
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GRAPHICAL ABSTRACT
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Volleberg R, et al. European Heart Journdl.

Structured Graphical Abstract. Artificial intelligence-based versus core laboratory-based TCFA identification.

Key question: Can artificial intelligence (Al) identify patients at increased risk of adverse cardiovascular outcomes
after myocardial infarction through the automated identification of thin-cap fibroatheromas (TCFA) on optical
coherence tomography (OCT) images of non-flow limiting lesions?

Key finding: The presence of Al-identified TCFA in non-flow limiting lesions and vessels was associated with adverse
cardiovascular outcomes, with a hazard ratio greater than based on core laboratory-based OCT analyses.

Take home message: Al-based image analysis of the complete OCT pullback allows identification of patients at
increased risk of adverse cardiovascular outcomes, with a higher predictive value compared to core laboratory-based
analyses.

AI-TCFA artificial intelligence-identified thin-cap fibroatheroma; Cl confidence interval; CL-TCFA core laboratory-identified
thin-cap fibroatheroma; HR hazard ratio; TCFA thin-cap fibroatheroma.
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INTRODUCTION

Intracoronary optical coherence tomography (OCT) allows most detailed in vivo evaluation of coronary
atherosclerosis, including the identification of high-risk plaques. Such plaques are characterized by a
large lipid content and a small overlying fibrous cap, which is referred to as a thin-cap fibroatheroma
(TCFA)." Multiple prospective observational studies demonstrated that OCT-identified high-risk plaques,
when evaluated by experienced core laboratories, are associated with adverse patient-level and
lesion-level events, and that they may be a driving force behind coronary events originating from non-
flow limiting lesions.>> However, all these studies were based on offline OCT image analyses by core
laboratories, which may reduce the generalizability of the findings to the daily clinical practice where
OCT images will be evaluated by operating physicians, who may not have the same experience as core
laboratory personnel. Furthermore, high-risk plague identification is subject to substantial interobserver
variability, even among highly experienced core laboratories.®” Finally, frame-by-frame evaluation of a
complete OCT pullback is highly time-demanding, posing a challenge for real-time on-site evaluation.
However, immediate on-site image interpretation is essential when pre-emptive treatment of TCFA is to
be pursued. Therefore, automated image interpretation methods that can accurately identify TCFA with
an association with adverse clinical outcomes are warranted.

We previously developed and validated OCT-AID, a comprehensive artificial intelligence (Al) model for
automated full-vessel segmentation of OCT images.’ This Al model is able to accurately quantify plaques,
including the fibrous cap thickness, in a standardized manner. However, it remains to be demonstrated
whether this algorithm can be used for prognostication.

Therefore, we aimed to evaluate whether our previously proposed Al algorithm can identify TCFA when
compared with core lab analyses, and whether Al-detected TCFA is associated with adverse clinical
outcome in patients with myocardial infarction and non-culprit plaques.

METHODS AND ANALYSIS

Study design

The PECTUS-Al study is a pre-planned secondary analysis from the prospective, multicenter,
observational PECTUS-obs study (NCT03857971), of which the design and primary results were reported
previously.*'? In brief, this study evaluated the association between core lab-identified high-risk plagues
in intermediate, non-flow limiting, deferred, non-culprit lesions (i.e. target lesions) and clinical outcome
in 438 patients with myocardial infarction. In- and exclusion criteria are listed in Supplementary data
online, Method S1. Included patients underwent OCT imaging of all eligible target lesions meeting the
criteria of a visually estimated stenosis grade 309-90% with a fractional flow reserve (FFR) > 0.80. Patients
subsequently underwent structured clinical follow-up at 1 and 2 years (30 days) after inclusion through

telephone contact. The study was approved by the institutional review boards and/or medical ethics
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committee of each participating centre and was conducted in accordance with the 1964 Declaration of
Helsinki and its later amendments. Signed informed consent was obtained from all participants.

OCT imaging acquisition and core laboratory evaluation

OCT images were acquired using the Dragonfly Optis imaging catheter (Abbott Vascular, Illinois, CA,
USA). An independent OCT core laboratory performed blinded OCT image interpretation with the use
of the angiogram as reference for localisation of the target lesion(s) on each OCT pullback. OCT image
analyses were conducted in accordance with contemporary consensus documents,''? as described in
detail elsewhere.* Core laboratory-identified TCFA (CL-TCFA) was defined as a lipid plaque with a lipid arc
>90° and a minimum fibrous cap thickness <65 um at the frame-level. Patients with at least one CL-TCFA
were considered CL-TCFA-positive irrespective of the number of included lesions per patient.

Al-based OCT image analysis

Al-based OCT image evaluation was performed on the region(s) that were previously identified by the
OCT core laboratory as the target lesion(s) and on the complete imaged segment using two previously
developed algorithms.>*

Al-based plaque segmentation. We built on our previously developed OCT-AID algorithm for
multiclass segmentation of OCT pullbacks.” OCT-AID performs pixelwise labelling of each OCT frame,
distinguishing among ten classes: background, guidewire artefact, lumen, intima, media, lipid, calcium,
side branch, plaque rupture and thrombus. This study introduces an updated version based on nnU-Net
version 2 which integrates a residual encoder U-Net within the previously described self-configuring
framework. Details on the algorithm are described in Supplementary data online, Method S2.

The total dataset consisted of 475 pullbacks, of which 207 (43.6%) had manually defined pixelwise
reference annotations in a selected set of frames (n = 3026) as described previously. ® The remaining
268 (56.4%) pullbacks had no reference annotations. We performed stratified 10-fold cross-validation on
the frames with reference annotations, ensuring data separation across folds on a patient level. Dataset
stratification across folds also maintained a balanced class distribution, with an absolute difference <5.0%
per class. For each fold, an OCT-AID model instance was trained on 90% of this dataset and evaluated on
the left out 10% (see Supplementary data online, Method S3). Model predictions were used to evaluate
algorithm performance on a frame-level and pixel-level (see Supplementary data online, Method S4).
The pullbacks without reference annotations were divided into 10 subsets of approximately equal size.
Each of these 10 subsets was segmented by a trained OCT-AID model instance selected to ensure
separation between the training and test data on the patient level and thereby preventing data leakage.

Al-based artefact detection and frame/lesion exclusion. A previously developed deep learning-
based algorithm was used for the identification of A-lines containing severe attenuation artefacts
caused by blood or gas bubbles, which impair image interpretation.”® Frames were excluded from
further analyses if >25% of A-lines were affected by severe artefacts. Subsequently, lesions that retained
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<50% of their frames were excluded from further analyses. The same was done for pullbacks for the
pullback-level analyses.

Al-based TCFA identification. After exclusion of frames affected by artefacts, the automatically
segmented frames were included in the final analysis and were used for quantification of lipid plaques,
including the calculation of the lipid arc and minimum fibrous cap thickness as described before. The
latter was calculated as the shortest distance between segmented lumen an lipid pixels measured from
the centroid of the lumen, ignoring directly neighbouring pixels. An Al-identified TCFA (AI-TCFA) was
defined as a lipid plague with a lipid arc >90° and a minimum fibrous cap thickness <65 um in at least
3 out of 10 consecutive frames. Patients with at least one AI-TCFA were considered AI-TCFA-positive,

irrespective of the number of included lesions per patient.

Clinical outcome

The primary outcome was defined as the composite of death from any cause, non-fatal myocardial
infarction or unplanned revascularisation at 2-year follow-up (£30 days). Periprocedural and stent failure-
related events and myocardial infarction not clearly attributable to a specific coronary segment were not
considered for the current analysis. Secondary outcomes included the individual components of the
primary outcome. All potential events were evaluated by a central, independent event adjudication
committee consisting of two members who were blinded to the OCT images and OCT image evaluation
results. Events were adjudicated with the use of health records obtained from participating centres,
general practitioners and/or other treating physicians, and by comparing index and event angiograms.

Statistical analysis

Categorical variables are summarized as absolute values (percentages) and compared using the Chi-
squared test or Fisher’s exact test. Normally distributed continuous variables are presented as means
+ standard deviation and analyzed using the Student’s independent samples t-test. Non-normally
distributed variables are provided as median (interquartile range [IQR]) and evaluated using the Mann-
Whitney U test. The correspondence between AI-TCFA and CL-TCFA is presented using 2 X 2 contingency
tables and was evaluated using Cohen’s Kappa. Values are reported with 95% confidence intervals (Cl).
Clinical outcomes were evaluated on a patient level according to the presence or absence of AI-TCFA
or CL-TCFA in any target lesion, irrespective of the number of included lesions per patient. This analysis
is based on the rationale that the potential risk associated with the presence of high-risk plaques is
not restricted to the identified TCFA site. Instead, it is considered a marker of patient-level vulnerability.
Second, we evaluated the presence of AI-TCFA within the complete imaged segment. Time-to-event
data for the primary outcome is presented using Kaplan-Meier curves and was evaluated using the
log-rank test. The hazard ratio (HR) for the clinical outcomes associated with the presence of at least one
TCFA was estimated using univariable Cox proportional hazard models. The discriminatory value of Al-
TCFA (within the target lesion and within the complete imaged segment) and CL-TCFA (within the target
lesion) was also evaluated using the C-statistic, which was compared using the Delong test.
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A two-sided P-value <.05 was considered statistically significant. All analyses were performed using IBM
SPSS Statistics software version 29.0 (IBM Corp., Armonk, NY, USA) and R version 4.4.1 (R Foundation for
Statistical Computing, Vienna, Austria)

RESULTS

Study population

A total of 414 patients (with 488 lesions) were eligible for the present analysis (Figure 1). Baseline clinical
and procedural characteristics are summarized in Table 1. The mean age was 63 + 10 years, and 335
(80.9%) patients were male. Diabetes and hypertension were present in 14.5% and 52.9% of patients,
respectively. The proportions of patients who had presented with ST-segment elevation (51.4%) and
with non-ST-segment elevation (48.6%) were comparable.

Patients enrolled (n=438)

Excluded (n=18)
- Informed consent withdrawn (n=1)
- No OCT performed (n=3)
- OCT was in-stent restenosis (n=1)
- OCT of insufficient quality (n=13)
A
Patients with CL analyzed OCT
(n=420)
No analyzable lesion (n=6)
Y
Patients with Al analyzed OCT
(n=414)
Lost to follow-up (n=1)
Y
2 year follow-up
(n=413)

Figure 1. Study flowchart.

Al artificial intelligence; CL core laboratory; OCT optical coherence tomography.

343



CHAPTER 17

Target lesions were most frequently located in the left anterior descending artery (37.9%) and the
left circumflex artery (33.6%), and had a mean FFR of 0.89 + 0.05 (Table 2). Based on core laboratory
quantitative OCT analyses, the mean lesion length was 18.8 £ 88 mm. The mean minimum lumen

diameter and mean minimum lumen area were 1.51 + 044 mm and 2.70 £+ 1.53 mm?, respectively.

Table 1. Baseline characteristics.

Characteristic n Total (n=414)
Age, years 63+ 10
Male sex 335 (80.9%)
BMI, kg/m? 408 278+46
Smoking status 411

Current 122 (29.7%)

Previous 125 30.4%)

Never 164 (39.9%)
Hypertension 219 (52.9%)
Type 1 or 2 diabetes 60 14.5%)
Hypercholesterolemia 413 152 (36.7%)
Family history of premature atherosclerosis 410 123 (30.5%)
Previous Ml 63 (15.2%)
Previous PCl 62 (15.0%)
Previous CVA 8 (1.9%)
History of carotid artery disease 13 (3.1%)
History of PAD 17 (4.1%)
Index presentation

STEMI 213 (51.4%)

NSTEMI 201 (48.6%)
GRACE score 411 117 +33
Cholesterol level, mmol/L

Total 349 498+1.36

LDL 329 301+£1.20
Triglyceride level, mmol/L 345 1.60 (1.06-2.20)
eGFR, mL/min/1.73m? 410 79.8 +19.1
CRP. mg/L 325 2.80 (1.00-5.00)
Leukocyte count, x10%/L 408 9.76 £3.23
Lipid-lowering therapy at presentation 108 (26.1%)
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Table 1. Continued

Infarct-related artery

LM 5(1.2%)
LAD 166 (40.1%)
Cx 105 (25.4%)
RCA 155 (37.4%)
Number of target lesions 1.18 £ 042

Target vessel distribution

LM 4(1.0%)

LAD 173 (41.8%)
Cx 151 (36.5%)
RCA 121 (19.2%)

BMIbody mass index; CRP c-reactive protein; CVA cerebrovascular accident; Cx circumflex artery; eGFR estimated glomerular
filtration rate; FFR fractional flow reserve; LAD left anterior descending artery; LDL low-density lipoprotein; LM left main
stem; MI myocardial infarction; NSTEMI non-ST-segment elevation myocardial infarction; PAD peripheral artery disease; PCI
percutaneous coronary intervention; RCA right coronary artery; STEMI ST-segment elevation myocardial infarction.

Table 2. Lesion-level characteristics.

Characteristic Total (n=488)

Lesion distribution

LM 4(0.8%)
LAD 185 (37.9%)
Cx 164 (33.6%)
RCA 135 (27.7%)
Fractional flow reserve 0.89 +0.05
Quantitative OCT analyses
Lesion length, mm 18.8+88
Minimum lumen diameter, mm 151 +044
Minimum lumen area, mm® 270+ 153
Percentage area stenosis 623+ 16.0

Cx circumflex artery; LAD left anterior descending artery; LM left main stem; OCT optical coherence tomography; RCA right
coronary artery.

Automated artefact detection

The median percentage of excluded number of frames per lesion based on artefact detection was 0%
(IQR 0-0%, 90™" percentile 3.2%). Consequently, the median number of analyzable frames per lesion was
195 (IQR 136-264) compared with 201 (IQR 137-268) frames before artefact identification. A total of 6
patients had more than 50% non-analyzable frames and were excluded from further analysis.
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Al-based TCFA identification vs. core laboratory reference in target lesions

AITCFA was present in 150 (30.7%) target lesions, while CL-TCFA was present in 134 (27.5%) target
lesions. Fair to moderate agreement was observed between AI-TCFA and CL-TCFA (k = 0.38, 95% Cl:
.28-47) on a lesion-level. Overall, the core laboratory and the Al algorithm agreed on the presence and
absence of TCFA in 79 (16.2%) and 283 (58.0%) lesions, respectively (Figure 2A). For lesions that qualified
as CL-TCFA but not as AI-TCFA (n = 55), the median Al-identified minimum fibrous cap thickness on
CL-TCFA-containing frames was 81 pm (IQR 71-104 um). For lesions that qualified as AI-TCFA but not as
CL-TCFA (n = 71), the median CL-identified minimum fibrous cap thickness within the lesion was 105 pm
(IQR 78-138 pm) among 55 lesions with ClL-identified lipid. The remaining 16 lesions are presented in
Supplementary data online, Figure ST.

On a patient-level, 143 (34.5%) patients had at least one AI-TCFA in any target lesion, while 271 (65.5%)
had no AI-TCFA. CL-TCFA was present in 124 (30.0%) patients and absent in 290 (70.0%) patients. The
patient-wise agreement for TCFA identification was fair to moderate (k = 0.40, 95% Cl: .30-.49) (Figure
28B).

A. Lesion-level B. Patient-level
CL-TCFA + CL-TCFA - Total CL-TCFA + CL-TCFA - Total

AI-TCFA + 71 150 AI-TCFA + 64 143

AI-TCFA - 338 AI-TCFA - 45 271

Total Total 124 290

Figure 2. Correspondence between AI-TCFA and CL-TCFA.
Contingency tables for the correspondence between AI-TCFA and CL-TCFA on a lesion level (A) and patient level (B).

AI-TCFA artificial intelligence-identified thin-cap fibroatheroma; CL-TCFA core laboratory-identified thin-cap fibroatheroma.

TCFA in target lesions and clinical outcome

One patient was lost to follow-up between the first and second years of follow-up. The clinical outcome
at 2-year follow-up is summarized in Table 3. At 2-year follow-up, the primary outcome had occurred in
34 (8.2%) patients. Compared with those identified as not having AI-TCFA, those with AI-TCFA had a 1.99
(95% Cl: 1.02-3.90, 11.9% vs. 6.3%, P = .04) higher rate of experiencing the primary outcome (Figure 3A).
Compared with those identified as not having CL-TCFA, those with CL-TCFA had a 1.67 (95% Cl:.84-3.30,
11.3% vs. 6.9%, P = .14) higher rate of experiencing the primary outcome (Figure 3B). The C-statistic for
Al-based evaluation was not significantly different from core laboratory-based analysis (0.58, 95% Cl:
50-.67 vs.0.56, 95% Cl: 47-65, P = 65).
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Table 3. Clinical outcome at two-year follow-up according to the presence or absence of TCFA.

Within lesion analyses (N = 414)

AI-TCFA No AI-TCFA P-value Univariable HR
(n=143) (n=271) (95% CI)
Primary endpoint 17 (11.9%) 17 (6.3%) 04 1.99 (1.02-3.90)
Death 6 (4.2%) 8 (3.0%) 49 146 (51-4.19)
Non-fata MI 2 (1.4%) 5(1.8%) .76 0.77 (.15-3.98)
Unplanned revascularization 12 (8.4%) 9 (3.3%) 02 2.65(1.12-6.28)
CL-TCFA No CL-TCFA P-value Univariable HR
(n=124) (n=290) (95% Cl)*
Primary endpoint 14 (11.3%) 20 (6.9%) 14 1.67 (.84-3.30)
Death 5 (4.0%) 9(3.1%) 62 1.32(44-3.93)
Non-fata Ml 4(3.2%) 3(1.0%) 12 3.10(69-13.87)
Unplanned revascularization 9 (7.3%) 12 (4.1%) .19 1.77 (75-4.21)

Within imaged segment analyses (N=411)

AI-TCFA No AI-TCFA P-value Univariable HR
(n=243) (n=168) (95% CI)
Primary endpoint 30 (12.3%) 4 (2.4%) <.001 5.50(1.94-15.62)
Death 13 (5.3%) 1(0.6%) .009 9.34(1.22-71.39)
Non-fata MI 6 (2.5%) 1(0.6%) 14 4.30(.52-35.69)
Unplanned revascularization 18 (7.4%) 3(1.8%) 01 435 (1.28-14.78)

AI-TCFA artificial intelligence-identified thin-cap fibroatheroma; Cl confidence interval; CL-TCFA core laboratory-identified
thin-cap fibroatheroma; HR hazard ratio; MI myocardial infarction.

a Patient-level comparison of AI-TCFA positive vs. AI-TCFA negative cases.

b Patient-level comparison of CL-TCFA positive vs. CL-TCFA negative cases.

TCFA across the complete imaged segment and clinical outcome

At least one complete imaged segment was analyzable for >50% in 411 patients, of whom 243 (59.1%)
had AI-TCFA. Those with AI-TCFA within the complete imaged segment had a 5.50 (95% Cl: 1.94-15.62,
P < .001) higher rate of experiencing the primary outcome than those without any AI-TCFA (Figure 3C,
Table 3). While non-fatal myocardial infarction occurred numerically more frequently in patients with vs.
without AI-TCFA (2.5% vs. 0.6%, P = .14), a statistically higher incidence of death (5.3% vs. 0.6%, P = .009)
and of unplanned revascularization (7.4% vs. 1.8%, P =.01) were observed in patients with AI-TCFA.
Al-based evaluation of the complete imaged segment had superior discriminatory ability compared with
core laboratory-based evaluation of the target lesion only (C-statistics 0.66, 95% Cl: .60-.72 vs. 0.56, 95%
Cl: 47-.65,P =.03). A numerical difference in C-statistic was observed in favour of Al-based evaluation of
the complete imaged segment compared with Al-based evaluation of the target lesion only; however,
without reaching statistical significance (0.66, 95% Cl: .60-.72 vs. 0.58, 95% Cl: .50-.67, P = .08).
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Within lesion analyses
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Figure 3. Survival curves for the primary outcome according to the presence or absence of TCFA.

Survival curves for the primary composite outcome according to the presence of AI-TCFA in the target lesion (A), CL-

TCFA in the target lesion (B) and AI-TCFA in the complete imaged segment (C).

AI-TCFA artificial intelligence-identified thin-cap fibroatheroma; CL-TCFA core laboratory-identified thin-cap fibroatheroma.

“ Patient-level comparison of AI-TCFA positive vs. AI-TCFA negative cases.

b Patient-level
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DISCUSSION

This study evaluated the value of OCT-AID for prognostication of patients after myocardial infarction
through the identification of TCFA. The main findings were: (i) Al-based TCFA identification using OCT
was feasible, requiring exclusion of only a very small percentage of frames; (i) the agreement between
AI-TCFA and CL-TCFA was fair to moderate on both a patient level and lesion level; (jii) AI-TCFA showed
a significant association with adverse cardiovascular events; (iv) incremental prognostic discriminatory
value of Al was achieved by evaluating a complete OCT pullback compared with evaluation of the target
lesion only. These results indicate the potential of Al for prognostication in a robust, standardized and
comprehensive manner, offering an alternative to manual, non-standardized, on-site image assessment,
and potentially facilitating ad hoc interventions (Structured Graphical Abstract).

To overcome the interobserver variability in high-risk plaque identification, which is a laborious task,
automated methodologies are warranted. Such methodologies would ideally allow standardisation
of OCT image interpretation with accuracies comparable to dedicated core laboratories, and most
importantly with an association with clinical outcome. We previously demonstrated that our deep
learning-based algorithm can provide accurate full-vessel segmentation and plaque quantification. In
the present study, we only found a fair to moderate correspondence between AIFTCFA and CL-TCFA,
which is, however, in line with previous studies demonstrating important interobserver variability for
TCFA identification.®” Furthermore, the median Al-determined minimum fibrous cap thickness on CL-
TCFA-containing frames was close to the 65 um cut-off value used to define TCFA.

Despite this limited agreement, AI-TCFA was significantly associated with the patient-level primary
outcome, with discriminatory value at least comparable to core laboratory-based analyses when
evaluated within the target lesion and superior discriminatory value when used to evaluate the
complete imaged segment. These results are indicative of the potential of Al for prognostication. First,
OCT-AID allows rapid and comprehensive evaluation of each analyzable frame, while manual image
analyses are generally limited to screening of the lesion, with at best measurements in a single frame or
limited number of frames. Second, the proposed methodology allows reproducible image evaluation
and can thereby help bridge the gap between findings from standardized research settings and
daily clinical practice. Additionally, it overcomes the limitation of manual interobserver variability. For
example, the randomized PREVENT trial demonstrated that preventive treatment of high-risk plaques
may be beneficial; however, the discrepancies between manual on-site image evaluation and post hoc
core laboratory-based analyses accentuated the challenges in high-risk plaque detection.® Therefore,
the proposed algorithm has the potential to enable standardized, periprocedural assessment of OCT
images, potentially facilitating ad hoc interventions for high-risk plaques. Future validation studies are
required to support the findings of our study and enhance the validity of our Al-based approach. In that
regard, a validation study comparing the algorithm to histology as the reference standard and a web-
based reader study are currently ongoing. Ultimately, prospective clinical evaluation is warranted to

evaluate the feasibility and value of an Al-based high-risk plague identification in clinical care.
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A small number of studies have previously applied Al for the same purpose. Niioka et al. evaluated a
frame-wise classification algorithm for the presence of TCFA and found a significant association with
Al-identified TCFA and both patient-level and lesion-level events."> However, classification algorithms
generally have lower explainability compared with semantic segmentation models such as OCT-AID of
which the predictions can be compared with the corresponding pixels. Hong et al. defined the lipid-
to-cap ratio as new measurement to identify high-risk plagues using another semantic segmentation
model. Patients with an lipid-to-cap ratio >0.33 were at an almost 20-fold increased risk of patient-level
non-culprit lesion events.' Finally, Bicciré et al. obtained a lipid-spread out plot using deep learning
alike those normally obtained using near-infrared spectroscopy. When evaluated in the CLIMA dataset,?
the lipid core burden index within 4 mm was associated with a 2.5-fold increased risk of the primary
CLIMA endpoint, which was below the HRs obtained using core laboratory analyses."” However, core
laboratory analyses were performed with different plaque characteristics, limiting direct comparison
between Al and core laboratory findings. In contrast, our direct comparison between core lab and Al
findings demonstrates, for the first time, that Al can be at least comparable to core laboratory-based
evaluation for prognostication through high-risk plaque identification.

Intriguingly, AI-TCFA was found outside of the target lesion in ~35% of patients without AI-TCFA in the
target lesion, and an even stronger association was observed with AI-TCFA with adverse outcome when
evaluating the complete imaged segment. These results indicate that plaque vulnerability is not limited
to visually identifiable non-culprit lesions but that it affects the whole epicardial coronary vasculature.
Remarkably, Al'identified all but one patient who died during the first 2 years of follow-up, and <2% of
patients without AI-TCFA required revascularisation during follow-up. This very high negative predictive
value (97.6%) could be of great clinical value for prognostication after myocardial infarction. These
findings again emphasize the potential value of Al, especially considering that comprehensive, manual
image evaluation of a complete imaged segment is practically impossible on-site.

Importantly, AI-TCFA in the present study was defined according to standard criteria based on single-
point measurements. To reduce the risk of false positive TCFA diagnoses due to single measurements, we
applied a threshold of three frames meeting the TCFA criteria before a lesion would qualify as TCFA. Such
threshold mimics human interpretation, as it is unlikely that human observers would classify a lesion as
TCFA-positive if only one frame would meet the defined criteria while the others do not. Whether more
comprehensive plague analyses enabled through the application of Al and that may be impossible to
perform manually,' provide superior predictive value remains speculative.

Limitations

This study was conducted on the data from a single prospective observational study, which may limit
the generalizability of the findings. Furthermore, the PECTUS-obs study was not specifically designed
to test superiority of Al-based OCT analysis compared with core laboratory-based analysis. Future
validation studies are therefore warranted. Furthermore, the Al-based OCT analyses were performed
offline. Therefore, it remains to be prospectively investigated how the proposed algorithm would
perform and would be perceived when adopted directly on-site after OCT image acquisition. This is of
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particularimportance when focal treatment of high-risk plagques would be performed. Additionally, core
laboratory analyses were only available for the target lesion, precluding comparison between Al and
core laboratory analyses in the complete imaged segment. Finally, PECTUS-obs was designed to address
the high-risk patient hypothesis, and was not powered to demonstrate differences in lesion-level events.
Likewise, the study was not powered to evaluate differences in individual components of the composite
outcome. The final 5-year follow-up results may provide additional insights in that regard.

CONCLUSIONS

Al-based OCT image analysis allows standardized identification of patients at increased risk of adverse
cardiovascular outcome, offering an alternative to manual image analysis. Furthermore, Al-assisted
evaluation of complete imaged segments provides more prognostic impact than evaluation of the

target lesion only.
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GENERAL DISCUSSION

GENERAL DISCUSSION

This thesis aimed to evaluate the value of optical coherence tomography (OCT) for procedural guidance
and high-risk plague imaging, and to provide a framework for automated image analysis. By combining
these objectives, this work sought to explore the full potential of OCT.

Procedural guidance

In recent years, a multitude of randomized trials have demonstrated the benefit of intracoronary
imaging as a supplement to conventional angiography for guidance of revascularization." OCT
appears particularly useful for guidance of stent implantation and optimization once the indication
for revascularization has been established. Little evidence supports the use of OCT for establishing the
revascularization indication,?* which is also reflected in Chapter 3, where the fractional flow reserve (FFR)
appeared to have influenced this decision making more profoundly. Importantly, the optimal threshold
for defining ischemia remains unknown and likely dependents on the evaluated coronary artery and
the amount of myocardium subtended. As such, anatomical cut-offs may be unsuitable. The recent
development of OCT-derived computational flow indices may overcome this limitation and expand the
usability of OCT for establishing revascularization indications.* However, dedicated randomized data
on the clinical efficacy and safety of such indices are urgently needed, also considering the inferiority
of an angiography-derived flow index compared with pressure-wire derived fractional flow reserve in
the FAVOR Il Europe trial> Finally, recognition of imaging artefacts is fundamental for appropriate use of
OCT for guidance of revascularization. In Chapters 4 and 5, two frequently underappreciated artefacts
are illustrated.

High-risk plaque or patient hypothesis
A major advantage of OCT compared to angiography alone is its ability to study plaque morphology.
This can be particularly helpful for prognostication through the detection of so-called high-risk plaques.

High-risk plaque

Two important hypotheses exist for the identification of lesions at increased risk of cardiovascular
events. First, the stenosis hypothesis states that the lesions at risk are characterized by a large degree
of stenosis that impairs coronary blood flow.® In daily practice, we predominantly focus our decision
making on this hypothesis. Nevertheless, recurrent events remain common despite FFR-guided deferral
of revascularization, especially after myocardial infarction and in diabetic patients. "

The high-risk plaque hypothesis emphasizes that lesion morphology, rather than stenosis severity alone,
is crucial for identifying lesions at risk.® Multiple post-mortem and in vivo studies have provided valuable
insights into what characterizes a high-risk plaque, and what prognostic implications they bear.'®'?
However, prior in vivo studies did not specifically investigate the high-risk plaque hypothesis outside
the stenosis hypothesis (i.e. in confirmed absence of flow limitations), or combined parameters of both
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hypotheses. For example, in the landmark PROSPECT study, high-risk plaques were characterized by
a minimum lumen area <4.00 mm?, a plague burden >70% and a thin-cap fibroatheroma (TCFA) as
identified using intravascular ultrasound (IVUS)."" The minimum lumen area and, to a lesser degree,
the plaque burden could be considered markers of the stenosis hypothesis and they provide little
information on plague morphology. The hazard ratio for TCFA was substantially lower (3.35, 95%
confidence interval 1.77-6.36) compared to the overall hazard ratio of approximately 11 for the complete
high-risk plaque criterium."" Besides, TCFA was identified using virtual histology-IVUS, which is no longer
available following concerns regarding its validity. Likewise in the PROSPECT-II study, using near-infrared
spectroscopy-IVUS, the hazard ratio for the minimum lumen area <4.00 mm? and plaque burden >70%
were higher than for the plague morphology marker of a high lipid core burden index within 4 mm.'?
Furthermore, ischemia was not routinely excluded in these studies.

Therefore, we conducted the PECTUS-obs study, a prospective natural-history study on the association
between FFR-negative non-culprit lesions and clinical outcome in 438 patients with myocardial
infarction (Chapter 6). In this study, lesions were considered high-risk if they met at least two out of
three predefined plaque morphology criteria: 1) a lipid arc >90°, 2) a minimum fibrous cap thickness
<65 um and/or 3) presence of either plaque rupture or thrombus. The rationale behind these criteria
was that the first two criteria reflect the hallmarks of TCFA, which has been used in the majority of
studies on high-risk plagues. The adoption of either plaque rupture or thrombus is relatively uncommon,
but is supported by literature. First, subclinical plague rupture in the presence of a well-functioning
healing capacity contributes to rapid, stepwise lesion progression' and can consequently induce
ischemia requiring revascularization.'*'® Second, culprit plaque rupture has been associated with signs
of panvulnerability, including more non-culprit TCFA and plaque rupture,’” and multiple NC plaque
ruptures are more common among patients with acute coronary syndrome compared to patients with
chronic coronary syndrome.' These observations indicate likeliness of future repeat ruptures in these
patients. Thrombus was also included as marker of vulnerability as its presence can obscure a potential
underlying plagque rupture, which may otherwise have led to an underestimation of high-risk plaques.

Our observations in Chapter 10, in which we pooled the 2-year follow-up data from PECTUS-obs with
the long-term data from the similarly designed prospective COMBINE (OCT-FFR) study comprising
390 patients with diabetes and FFR-negative deferred lesions,'** provide unique evidence on the
complementary nature of the high-risk plaque hypothesis on top of the stenosis hypothesis. Indeed,
presence of a high-risk plaque according to the PECTUS-obs criteria was associated with a 2.6 to 3.8-
fold increased risk of lesion-level events once more, including an increased risk of target-vessel related
myocardial infarction.

High-risk patient
Although the high-risk plaque hypothesis originally referred to identification of individual high-risk
lesions that cause lesion-related events, the hypothesis has been extrapolated to the whole coronary
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epicardial vasculature (“the high-risk patient”). The main rationale behind this extrapolation is that
atherosclerosis is a systemic disease. Therefore, a single focal high-risk plaque could be regarded as a
marker of panvulnerability across the vasculature rather than a focal problem restricted to that specific
location. Indeed, multiple high-risk lesions are frequently observed within a patient?' The findings in this
thesis support this extrapolated hypothesis. In Chapters 6, 9 and 10, OCT-identified high-risk plaques
were associated with a twofold increased risk of the patient-level composite of mortality, non-fatal
myocardial infarction and unplanned revascularization. Chapter 7 emphasizes that these results sustain
across the spectrum of myocardial infarction. Additionally, this chapter provides reassurance regarding
one of the major concerns for PECTUS-obs, namely that in the proportion of patients that presented
with non-ST-segment elevation myocardial infarction, OCT may have been performed on misidentified
culprit lesions. In this prespecified subgroup analysis, we did not observe a higher prevalence of non-
culprit plaque rupture and/or thrombus in these patients, signs that may indicate ‘missed’culprit lesions.
Chapter 8 provides preliminary evidence on potential sex-related differences in non-culprit plaque
morphology. Interestingly, female patients had a higher prevalence of high-risk plaques but that did not
translate into a higher number of events. It could be postulated that other processes more profoundly
affect prognosis in female patients, such as those involved in endothelial denudation and consequent
plague erosion.?? However, the relative low number of patients in this subgroup analysis precluded any
firm conclusions.

Pre-emptive treatment of high-risk plaques

The totality of evidence originating from previous studies and this thesis provides robust evidence that
high-risk plaques are associated with adverse prognosis, both on a lesion and patient level. As a result,
we are now challenged with the subsequent question: can we reduce the risk of recurrent cardiovascular
events in these patients by pre-emptive treatment of such plaques. Two important treatment strategies
should be distinguished in that regard.

Systemic therapy

First, systemic therapy through intensive lipid lowering therapy or anti-inflammatory therapy has been
proposed. Multiple blinded randomized trials with (high-intensity) statin therapy, ezetimibe, proprotein
convertase subtilisin/kexin type 9-inhibitors, or combination strategies consistently demonstrated the
potential of intensive lipid lowering therapy for plaque stabilization.” For example, the PACMAN-AM | trial,
comprising 300 patients randomized to alirocumab versus placebo on top of high-intensity statin therapy,
demonstrated that intensified lipid lowering therapy with alirocumab (as also confirmed by lower levels
of low density lipoprotein cholesterol during follow-up) led to a larger decrease in plaque atheroma
volume and maximum lipid core burden index within 4 mm, and a larger increase in the minimum
fibrous cap thickness.* Interestingly, in an unpowered secondary analysis, patients demonstrating triple
regression were at lower risk for recurrent events during the first year of follow-up compared to patients
without triple regression.® Anti-inflammatory therapy may also help stabilize plaques, considering
the importance of inflammation in the development and progression of atherosclerotic disease.?® The
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randomized COLOCT trial demonstrated that low-dose colchicine led to a larger increase in fibrous cap
thickness compared to placebo with a slightly greater reduction in macrophage accumulation in the
intervention group. However, no difference was observed in the prevalence of TCFA, which was low in

general.”’

The observations in this thesis support ongoing trials on systemic therapy, as our research indicates that
the increased risk associated with high-risk plaques is not restricted to the target-lesion only. Instead,
this thesis underscores the systemic nature of atherosclerosis and plaque vulnerability, and therefore
supports the high-risk patient hypothesis more strongly than high-risk plaque hypothesis. Largescale
trials on systemic treatment of high-risk plaque harboring patients, powered for clinical endpoints, are

now warranted.

Focal treatment

Second, it has been postulated that focal treatment of high-risk plaques could potentially result in
sealing of high-risk plaques, thereby preventing devastating clinical manifestations resulting from
plaque destabilization. At first, this strategy was tested using bioresorbable vascular scaffolds in the
PROSPECT-ABSORB and PECTUS trials.8% The rationale was that plaques could be stabilized with these
devices, while the foreign material would dissolve overtime, thereby preventing long-term stent-related
problems. Unfortunately, the history of bioresorbable scaffolds turned out differently, with an excess
in stent thrombosis in patients treated with bioresorbable scaffolds. Nevertheless, the PROSPECT-
ABSORB trial demonstrated that the median neointima cap at 25 months was 210 um, thereby
providing preliminary evidence that plaques can be stabilized through neointima formation.”® With
newer generation bioresorbable scaffolds, we may see a revival in this treatment approach. Similarly
targeting a leave-nothing-behind rationale, drug-eluting balloons or cryoballoons have been tested
for focal treatment of high-risk plagues. However, available evidence is restricted to data from non-
randomized proof-of-concept studies.*® As such, the only data from a randomized clinical trial, powered
to demonstrate differences in clinical outcome, are largely obtained with non-resorbable drug-eluting
stents.

The PREVENT trial compared preventive percutaneous coronary intervention (PCl) on top of optimal
medical therapy compared to optimal medical therapy only for high-risk plaques. After 2 years, the
occurrence of cardiac death, target vessel-related myocardial infarction, target vessel-related unplanned
revascularization or hospitalization for unstable or progressive angina was significantly lower in
patients undergoing preventive PCl (0.4% versus 3.4%).' These results provide the first evidence
that preventive focal treatment of high-risk plaques may improve patient outcomes with a number
needed to treat of 33.3. However, these findings must be interpreted cautiously in view of several
important limitations. First, although all components of the primary endpoint occurred numerically
less frequently in the intervention arm, the results were predominantly driven by a higher incidence
of ischemia driven revascularization and recurrent hospitalization for unstable or progressive angina
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in the control arm. This is an important consideration in view of the non-blinded design of the study.
Second, the studied population was relatively low-risk with less than 4% of patients being included after
myocardial infarction. This may explain the low event rate compared to those observed in the higher-risk
populations presented in this thesis. Finally, and arguably most importantly, over 95% of included lesions
were characterized by a minimum lumen area <4.00 mm? and a plaque burden >70%. As discussed
before, these could at least partially be regarded as markers of the stenosis hypothesis rather than the
plaque hypothesis. In contrast, OCT-identified TCFA encompassed only 1% of included lesions. Besides,
the low absolute risk reduction questions the value and cost-effectiveness of this strategy, unless patient
selection is improved.

Several ongoing trials will provide additional data on the effectiveness of preventive focal treatment
of high-risk plagues. However, it remains questionable whether these trials will provide us a definitive
answer. For example, the INTERCLIMA and COMBINE-INTERVENE trials, that compare OCT-guidance
versus FFR-guidance, both incorporate a lesion severity marker in the OCT arm. In the INTERCLIMA
trial, PCl is indicated in presence of a minimum fibrous cap thickness <75 um in combination with at
least two out of three criteria: 1) minimum lumen area <3.5 mm?, a lipid arc >180° and/or macrophage
accumulation. However, at operator’s discretion, PCl is also allowed with a minimum lumen area <2.0
mm? and/or a FFR <0.80. In the experimental-arm of the COMBINE-INTERVENE trial, PCl is indicated in
presence of OCT-identified TCFA, plaque rupture and/or plaque erosion in combination with an area
stenosis of at least 70% or a minimum lumen area <2.5 mm?, but also if the FFR is <0.75. These design
choices may dilute the analyses and thereby reduce the statistical power to demonstrate the true
benefit of focal treatment of high-risk plaque. In contrast, the VULNERABLE trial is randomizing patients
with vulnerable plaques to preventive PCl on top of optimal medical therapy versus optimal medical
therapy as stand-alone therapy. Patients with myocardial infarction and FFR-negative non-culprit lesions
are eligible, in line with the patient population described in this thesis. However, this study is relatively
modestly sized, with 600 participants, and the primary endpoint includes target-lesion revascularization
which can become cumbersome when interpreting this non-blinded trial.

Another interesting approach is the use of OCT to directly evaluate both the stenosis hypothesis (e.g.
through measurement of the minimum lumen area or through computational flow indices) and plaque
hypothesis. Such a strategy would omit the need for concurrent use of pressure wires and imaging
catheters, and simultaneously allows stent guidance. As noted, COMBINE-INTERVENE and INTERCLIMA
will actually test this strategy rather than treatment of high-risk plaques only as both studies compare
OCT-guidance to FFR-guidance. Additionally, the FLAVOUR (using IVUS) and FORZA (using OCT)
demonstrated equipoise between intracoronary imaging guidance and FFR-guided revascularization,
albeit at cost of increased rate of revascularization following intracoronary imaging guidance **** Both
studies combined anatomical and morphological features for guidance of revascularization. While in
FLAVOUR a plague burden >70% was used as morphological marker, plaque rupture was adopted in
FORZA 23323Theinclusion of plaque rupture in their criteria is reinforced by the observations in Chapters
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7 and 9, in which we demonstrated the prognostic implications of non-culprit plaque rupture. However,
other markers of vulnerability such as TCFA were not used to advocate treatment in the FORZA trial.

In conclusion, a growing body of evidence supports the notion that high-risk plaque identification can
be used for prognostication. Awaiting additional evidence from randomized trials, strict adherence
to guideline recommendations for intensive lipid lowering therapy could be considered in patients
harboring high-risk plaques. However, routine preventive focal treatment seems too early in the present

state, particularly in view of the limited data on efficacy and remaining challenges of this approach.

Limiting factors for clinical usability of the high-risk plaque hypothesis
Several factors should be acknowledged that limit the translation of the high-risk plague or patient
hypotheses to daily clinical practice.

First, the high-risk plaque hypothesis in its presently studied form only focusses on the rupture-prone
plaque. While plaque rupture remains the most prevalent underlying mechanism of type-1 myocardial
infarction, its contribution is diminishing in response to contemporary, intensive lipid-lowering therapy
regimens. In contrast, the number of cases attributable to plaque erosion is increasing, of which the
precursors remain largely unknown and are vastly understudied.?

Second, high-risk plagues are found in only approximately one in three patients and lesions, which is a
critical consideration in view of the invasive nature of OCT and related costs. In Chapter 11, we evaluated
whether high-risk plagues could be predicted a priori using clinical risk factors. Unfortunately, clinical risk
scores had no discriminative value for the prediction of high-risk plaques. These results correspond with
another study that found a significant association between clinical risk factors and high-risk plagues
in culprit lesions but not in nonculprit lesions.3* Therefore, additional efforts are required to predict
the presence of high-risk plaques. The value of conventional energy-integrating detector computed
tomography as first line screening modality has been shown to be limited as the association between
computed tomography-identified and invasive imaging-identified high-risk plaques is modest.*%* We
are actively investigating whether state-of-the-art photon-counting detector computed tomography
has superior discriminatory value. Alternatively, circulating inflammatory markers and/or lipid particles
could be studied for the prediction of high-risk plaque presence.

Third, the positive predictive value for patient-level and especially lesion-level events remains limited. This
is particularly important when pursuing preventive focal treatment of high-risk plaques. For example, in
a recent meta-analysis, the positive predictive value at a lesion-level was only 1% (interquartile range
1-2%)." This means that, theoretically, 100 patients would need to be preventively treated to potentially
prevent a single event if no stent-related issues would occur. The lesion-level positive predictive value of
the PECTUS-obs criteria in Chapter 10 was 10.8%. Therefore, efforts should be made to improve both
patient and lesion selection. Regarding the latter, the concurrent presence of multiple high-risk plaque
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features results in incremental risk of cardiovascular events. In the aforementioned meta-analyses, the
lesion-level positive predictive value increased to 14% (interquartile range 8-20%) in the presence of
at least two high-risk plaque features.” Within this thesis we demonstrate similar results in Chapter
10. In the copresence of all three high-risk plaque criteria from PECTUS-obs, the lesion-level positive
predictive value of target lesion failure attributable to the target lesion was 13.3%, compared to 9.5% in
the presence of two criteria and 4.4% in the presence of a single feature. Likewise, the positive predictive
value may also improve by integrating hemodynamic forces in the equation.® As a result, designing
trials that incorporate multiple high-risk plaque criteria seems beneficial. However, it remains unclear
what the optimal threshold would be to prevent both over- and undertreatment of high-risk plaques.
Next generation imaging catheters such as micro-OCT or hybrid catheters (e.g. OCT-near infrared
spectroscopy or OCT-IVUS) may also be more informative than single technology approaches?3®
Regarding patient selection, greater absolute benefit can be expected when targeting high-risk
populations such as patients with myocardial infarction or diabetes. In Chapter 11, we demonstrate
that patients with both a high-risk clinical profile and a high-risk plaque were indeed at the highest risk
for recurrent events, making them most amenable to intervention with the lowest number needed to
treat. However, we found a consistent hazard associated with the presence of a high-risk plague across
clinical risk profiles. Therefore, the findings do not support restrictive screening in lower risk patients for
prognostication. Ultimately, the optimal strategy for screening remains to be investigated. We postulate
that a stepwise approach may help identify patients at the highest risk. As discussed before, intensive
medical therapy can help stabilize high-risk plaques. However, high-risk plaques remain in a subset of
patients despite intensive treatment.”® Consequently, an interesting strategy would be to target focal
treatment of high-risk plaques only in those patients who still have high-risk plaques despite intensive
lipid lowering therapy.

Finally, substantial interobserver variability has been reported for identification of high-risk plaques.
For example, post-hoc core lab imaging analyses from the PREVENT trial revealed that 10% of included
lesions did not meet the criteria of a high-risk plaque, while site operators had identified all these lesions
as high-risk.>' How many lesions were falsely excluded by site operators remains unknown. Remarkably,
this disparity in image interpretation was observed even though high-risk plaques in PREVENT were
predominantly characterized by relatively easily identifiable features such as area-based measures.
In this view, the expected disparity for more qualitative and challenging markers such as TCFA might
even be larger. Indeed, prior OCT-based studies specifically investigating this issue demonstrated high
variability, even among very experienced readers.*#° These observations should be interpreted as an
urgent call for automated image analysis algorithms.
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Convenient automated image analysis using artificial intelligence

Artificial intelligence can contribute to reliable and standardized OCT image interpretation. Safe
adoption of artificial intelligence in daily clinical care, however, requires adherence to high standards for
development and validation. In Chapter 12, we provide a multidisciplinary view on the development
of artificial intelligence particularly for the identification of high-risk coronary plagues, addressing
fundamentals including bias, reliability, fairness, and generalizability. Unfortunately, the majority of
proposed algorithms for OCT do not adhere to the recommended quality standards, as outlined in the
systematic review in Chapter 13. In particular, external validation was performed in only one in eight
studies. Additionally, the transparency with which study characteristics and performances are reported is
remarkably low. This concerning caveat limits comparison of algorithms, which may lead to unnecessary
use of resources and unjustified trust in certain algorithms. Although it may not solve the complete
problem, an easy step towards improving transparency is adherence to artificial intelligence-specific
reporting guidelines®, as well as implementation of artificial intelligence-specific quality assessment
tools*?

In Chapter 14, we provide the first results of our deep learning-based multiclass semantic segmentation
model. We evaluated its performance on both internal and external datasets for various purposes.
For example, we demonstrate its performance on a pixel-level and frame-level for the identification,
localization and quantification of various plaque-related and non-plaque related features. Importantly,
we presented our results in a transparent manner so that future algorithms can be compared to our
current results. Additionally, compared to previous multiclass segmentation models, challenging frames
were not excluded during training and testing, such as those containing artefacts and destabilized
plagues. This aspect greatly improves the generalizability of our method. In Chapter 15, the large-scale
external validation results are presented, comprising 100 patients and 2560 analyzed OCT images. The
need for such an algorithm is again stressed in this study by the substantial interobserver variability,
particularly for lipidic plague assessment. The results indicate high generalizability of our methodology
to a real-world dataset of consecutive patients. Specifically, the performance for the identification and
quantification of calcific plaques was very high and close to interobserver variability among expert
reads. Most intriguingly, the performance for the evaluation of lipidic plaques, which are inherently more
challenging to evaluate, was surpassing expert interobserver variability.

Using this algorithm, this thesis provides evidence that may induce a shift in high-risk plague evaluation.
While OCT, IVUS and near-infrared spectroscopy provide distinct, and likely complementary, information
on plague morphology, concomitant use of all three imaging modalities is restricted by financial and
time constraints. In Chapters 16 and 17, we demonstrated that all this information can now be obtained
within a single OCT pullback using Al. Specifically, Chapter 16 demonstrates the feasibility of estimating
plaque burden from OCT, a variable long believed to be unanalyzable with OCT due to the light-absorbing
nature of lipidic and heavily calcific plague. Chapter 17 demonstrates the potential of automated
identification of TCFA, with a discriminatory capability for prognostication at least comparable to core
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laboratory-based image analyses. Furthermore, by leveraging the comprehensiveness and speed of Al,
we were able to evaluate all information available within OCT pullbacks for improved prognostication.
Overall, these chapters demonstrate how Al can overcome inherent limitations of OCT and how Al can
be used to leverage more information for improved prognostication. These chapters question the future
need for IVUS and near-infrared spectroscopy as a tool for high-risk plague imaging. However, future
studies are needed to externally validate these findings.

Although the work described in these chapters provide a solid foundation, it is not yet the final product
of our research group. Instead, we will continue to develop and improve algorithms for intracoronary
OCT in the newly founded artifical intelligence lab (CARA lab), a collaboration between the Amsterdam
UMC and Radboudumc. Ongoing projects focus on optimization of the processing time, new modules
for the identification of destabilized plaques, artifact identification and correction, modules targeting
stents, and the incorporation of uncertainty and explainability measures. Finally, user-friendly interfaces
are required for streamlined processing in the catheterization laboratory. In the coming years, researchers
within the CARA lab will devote their efforts to achieving these goals.

Down the line, we hypothesize that artificial intelligence-assisted OCT-guidance of revascularization
may improve patient outcome by providing a comprehensive overview of the preprocedural coronary
status, predictions regarding procedural successfulness and evaluation of post-procedural results.
However, the clinical benefit of such strategy has yet to be established, as is the case for the majority of
artificial intelligence models proposed, and sometimes even already adopted, throughout medicine.##
A final interesting approach is the direct use of Al for prognostication in an end-to-end manner. Can
artificial intelligence help identify plaque features associated with adverse outcome that we have not
yet thought of, or even any that are not discernible by the human eye?

Conclusions

In Chapter 2, we hypothesized that OCT could serve a future all-in-one function for guidance of coronary
revascularization. Although this may be considered premature at the current state, a growing body of
evidence has been accumulated during the writing of this thesis that supports the use of OCT for various
indications. This thesis contributes by extending the available evidence on OCT-based identification
of high-risk plaques, particularly demonstrating that the high-risk plaque and patient hypotheses are
complementary to the stenosis hypothesis. Additionally, this thesis provides an evaluation of the current
status of artificial intelligence models for OCT including its strengths and weaknesses and provides a
framework for successful model development, so that in the future high-quality algorithms can aid
clinicians with comprehensive and trustworthy automated image analysis. Our results demonstrate the
feasibility of such an approach, and the potential to revolutionize high-risk plague imaging. In conclusion,
although additional evidence is needed before OCT can be endorsed as an all-in-one tool for guidance
of coronary revascularization, this thesis provides new evidence supporting that hypothesis.
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SUMMARY

SUMMARY

Intracoronary optical coherence tomography (OCT) is a valuable imaging modality within interventional
cardiology, with a potential that extends beyond contemporary guidelines endorsed indications.
However, these theoretical benefits lack a robust scientific base. Additionally, the large amount of data
obtained with OCT form a barrier for widespread adoption.

This thesis aimed to evaluate the value of OCT for (1) procedural guidance and (2) high-risk plaque
imaging, and (3) to provide a framework for automated image analysis, enhancing the applicability of

OCT and contribute towards widespread, convenient application.

Part | - Procedural guidance

In Chapter 2, we reviewed the literature on the use of OCT at the start of the writing of this thesis. We
discussed its value for evaluation of stenosis severity, for culprit lesion evaluation, for high-risk plaque
evaluation, for the identification of lesions that require advanced preparation prior to stent placement,
for guidance of stent platform selection and placement, and for stent optimization. We hypothesized
that OCT, considering its versatility, could potentially serve as a future all-in-one-tool for guidance of
percutaneous coronary intervention (PCI).

In Chapter 3, we demonstrated that OCT and physiological lesion evaluation using the fractional
flow reserve (FFR) provide distinct yet complementary information beyond conventional coronary
angiography. While FFR informed revascularization decision making, OCT informed PCl strategy. We
hypothesized that novelintegrated computational flow indices derived from OCT will allow simultaneous
lesion assessment and precise device selection, omitting the need for concomitant use of OCT and FFR.

Chapters 4 and 5 outlined two image artefacts that are frequently underappreciated, but that may
have consequences when not adequately recognized. First, we described an artefact that results in a
dissection-like appearance, which may prompt operators to erroneously implant a stent. Second, we
illustrated how repeat imaging can occur, which can result in misleading lesion length assessment and
selection of overly long stents.

Part Il - High-risk plaque identification
In the second part of this thesis, we focused on the value of OCT for prognostication through the
identification of high-risk plaques, plaques that may cause future cardiovascular events.

The primary results of the prospective, observational PECTUS-obs study are presented in Chapter 6. In
this study comprising 438 patients with recent myocardial infarction, we demonstrated that the presence
of OCT-identified high-risk plaques in FFR-negative, deferred, non-culprit lesions was associated with the
primary patient-level endpoint of major adverse cardiovascular events (composite of all-cause mortality,
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non-fatal myocardial infarction or unplanned revascularization) at two-year follow-up (hazard ratio [HR]
1.93, 95% confidence interval [CI] 1.08-3.47, p=0.02). High-risk plaques were defined as the presence of
at least two out of three predefined criteria: (1) a lipid arc >90°, (2) a minimum fibrous cap thickness <65
um, and (3) presence of plaque rupture or thrombus. Presence of an OCT-identified high-risk plaque
remained independently associated with the primary clinical outcome after adjusting for conventional
clinical risk factors, highlighting its independent value for prognostication after myocardial infarction.

In a subgroup analysis from PECTUS-obs in Chapter 7, we evaluated differences between patients with
non-ST-segment elevation and ST-segment elevation myocardial infarction. We observed a comparable
prevalence of high-risk plaques, and the presence of at least one high-risk plaque was equally associated
with the primary clinical outcome. While non-culprit plague rupture was associated with adverse
outcome in both groups, we highlighted potential differences in the high-risk plaque features that imply
high risk between groups in an exploratory analysis.

In Chapter 8, we demonstrated that female patients in PECTUS-obs demonstrated more high-risk
plaque features than male patients, also after correcting for the more adverse clinical risk profile of
female patients. However, this did not translate into a higher risk of adverse events among female
patients. Although the sample size precluded definitive conclusions, this study may be considered a call
for research on sex-specific high-risk plaque features, potentially focusing on plague erosion precursors
among female patients.

The long-term outcome results of the PECTUS-obs study are described in Chapter 9. Follow-up was
complete in 99% of patients. At a median follow-up of 5.0 years, presence of at least one high-risk
plaques remained significantly associated with the primary endpoint excluding non-cardiac mortality,
all periprocedural and stent-related events, and all events that could not be clearly attributed to a
specific coronary segment based on the evaluated baseline and event angiograms. Among different
high-risk plaque features, plaque rupture demonstrated the strongest prognostic association.

In Chapter 10, we provided an individual patient-data pooled analysis of PECTUS-obs and the similarly
designed prospective, observational COMBINE (OCT-FFR) study comprising patients with diabetes.
Among 810 patients, the presence of a high-risk plaque was associated with an increased risk of patient-
level major adverse cardiovascular events (HR 2.13, 95% ClI 1.45-3.12. p<0.001) and lesion-level target
lesion failure (composite of cardiac death, target-vessel related myocardial infarction or target-lesion
unplanned revascularization, HR 2.62, 95% C| 1.56-4.14, p<0.001). Copresence of multiple high-risk
plaque features led to an incremental risk. This study again highlights the value of high-risk plaque
imaging on top of physiological lesion evaluation. Compared to the previous studies that were focused

on patient-level risk, this study also demonstrated increased lesion-level risk.
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In a subsequent study on this dataset in Chapter 11, we demonstrated that clinical risk factors cannot
predict the presence of a high-risk plaque. Furthermore, we demonstrated that high-risk plaques were
comparably associated with adverse patient-level and lesion-level outcome across different clinical
risk profiles. However, by combining clinical risk factors and high-risk plaque imaging, we were able to
identify patients at the highest risk of adverse outcome. We propose that this subgroup may benefit
most from preventive therapies.

Part Ill - Artificial intelligence-based image interpretation

Finally, in the third part, we shift our focus to automated analysis of OCT images using artificial intelligence
(Al), focusing on methodology validity, full-vessel segmentation and automated identification of high-
risk plaques.

Chapter 12 provides a multidisciplinary framework for the development of Al for high-risk plaque
imaging. We reviewed existing evidence on the application of Al for high-risk plague imaging.
Additionally, we provided consensus recommendations for future algorithm development, focusing on

requirements for trustworthiness such as robustness and fairness.

In Chapter 13, we systematically reviewed 91 articles on Al for OCT. We reported an increasing number
of articles on this topic in recent years, with a shift from machine learning to deep learning. While the
performance of proposed algorithms was high for the evaluation of the coronary lumen and stent struts,
the performance of more intricate tasks such as plaque characterization was lower. Furthermore, we
reported a lack of transparency in reporting and substantial risk of bias in the majority of reviewed
studies. This review invites readers of Al research to remain critical and evaluate performances in view of

the methodology. Additionally, we called for better adherence to reporting guidelines.

In Chapter 14, we introduced a new multiclass segmentation algorithm for OCT named OCT-AID, which
we evaluated in an internal and external data set. We demonstrated a promising performance across
a variety of frames, including those affected by artefacts or with destabilized plaque, which contrasts
earlier studies on other algorithms.

A larger-scaled external validation study, comprising 100 consecutive patients from St. Francis Hospital &
Heart Center, is presented in Chapter 15. In this study, the performance of OCT-AID for the identification
and quantification of calcific plaque was excellent and close to interobserver variability. Its performance
for the evaluation of lipid plaque, which is inherently more challenging, was superior to interobserver
variability. We reported that its performance for low-prevalence classes was limited. This was the largest
study to date on any multiclass Al algorithm, and the only one to use a consecutive, unselected cohort
of patients, demonstrating the generalizability of our algorithm.
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In Chapter 16, we evaluated whether OCT-AID could derive plaque burden from OCT, a variable long-
believed not to be analyzable with OCT considering its limited penetration depth. Using intravascular
ultrasound as the reference standard, we reported an excellent correlation between OCT-derived and
intravascular ultrasound-derived plaque burden (r=0.90, 95% Cl 0.89-0.91, p<0.001), with consistent
correlations across various predominant plaque types. As such, this chapter demonstrates that Al can
help overcome inherent limitations of imaging modalities, and illustrates that we can now, for the first

time, evaluate thin-cap fibroatheroma (TCFA) and plaque burden simultaneously.

Chapter 17 details the results of the PECTUS-AI study, in which we employed OCT-AID for automated
identification of TCFA in PECTUS-obs. Al-identified TCFA within the target lesion was associated with
adverse clinical outcome, with a discriminatory value at least comparable with core laboratory-based
TCFA identification. When evaluating the complete imaged segment — a task not feasible to perform
manually —, the discriminatory value of Al-identified TCFA was significantly higher than based on core
laboratory-based analysis of the target lesion only, particularly due to an increase in the negative
predictive value. This study demonstrates that Al-based high-risk plague identification is a reasonable
alternative to manual image analysis, and allows easier translation from research findings obtained with
highly-experienced core laboratory readers to daily clinical care.
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Intracoronaire optische coherentietomografie (OCT) is een waardevolle beeldvormingstechniek binnen
de interventiecardiologie met een potentiaal dat verder rijkt dan de toepassingen zoals aanbevolen in
de huidige richtlijnen. Echter is er voor deze theoretische meerwaarde nog weinig bewijs. Daarnaast
wordt er met OCT een grote hoeveelheid data verkregen, wat als een barriere kan worden gezien voor

brede toepassing.

Dit proefschrift richtte zich op de waarde van OCT voor (1) procedurele ondersteuning tijdens percu-
tane coronaire interventie (PCl) en (2) voor het afbeelden van hoog-risico aderverkalking, en (3) op het

automatisch analyseren van OCT beelden middels artificiéle intelligentie (Al).

Deel | - Procedurele begeleiding

In Hoofdstuk 2 hebben we de literatuur over het gebruik van OCT die beschikbaar was bij de start van
dit promotieonderzoek samengevat. We bespraken de waarde ervan voor de evaluatie van de ernst van
een coronaire vernauwing, voor het identificeren van de culprit laesie, voor de evaluatie van hoog-risico
aderverkalking, voor het identificeren van laesies die geavanceerde voorbereiding vereisen voorafgaand
aan stentplaatsing, voor begeleiding bij de keuze van het type stent en de plaatsing daarvan, en voor
stentoptimalisatie. We stelden dat OCT, gezien zijn veelzijdigheid, mogelijk zou kunnen dienen als een

toekomstig alles-in-één instrument voor begeleiding van PCl.

In Hoofdstuk 3 toonden we aan dat OCT en fysiologische laesiebeoordeling met behulp van de
fractionele flow reserve (FFR) unieke en complementaire maar complementaire informatie bieden
bovenop conventionele coronaire angiografie. Terwijl FFR met name gebruikt wordt om te bepalen of
revascularisatie noodzakelijk is, informeert OCT de operateur over de PCl-strategie. Onze hypothese is
dat met nieuwe geintegreerde computationele flow-indices afgeleid van OCT gelijktijdig de ernst van
een vernauwing kan worden beoordeeld en nauwkeurig een stent kan worden gekozen, geplaatst en
geoptimaliseerd, waardoor het gelijktijdig gebruik van OCT en FFR overbodig wordt.

Hoofdstukken 4 en 5 beschreven twee beeldvormingsartefacten die vaak niet worden onderkend, maar
die mogelijke gevolgen hebben.Ten eerste beschreven we een artefact dat leidt tot een dissectie-achtig
beeld, wat ertoe kan leiden dat de operateur ten onrechte een stent plaatst. Ten tweede illustreerden
we hoe herhaalde beeldvorming van hetzelfde coronaire segment kan optreden, wat kan leiden tot een
misleidende beoordeling van de laesielengte en de selectie van een te lange stent.

Deel Il - Identificatie van hoog-risico aderverkalking

In het tweede deel van dit proefschrift richtten we ons op de waarde van OCT om de prognose te
bepalen middels het beoordelen van hoog-risico aderverkalking. Hierbij keken we naar aderverkalking
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waarvan wordt aangenomen dat het in de toekomst tot nieuwe cardiovasculaire gebeurtenissen kan
leiden.

De primaire resultaten van de prospectieve, observationele PECTUS-obs study werden gepresenteerd in
Hoofdstuk 6.1n deze studie, waarin 438 patiénten met een recent myocardinfarct werden geincludeerd,
toonden we aan dat de aanwezigheid van door OCT geidentificeerde hoog-risico aderverkalking in
FFR-negatieve, niet-behandelde, non-culprit laesies geassocieerd was met het primaire eindpunt van
majeure cardiovasculaire gebeurtenissen (een samengesteld eindpunt van sterfte door alle oorzaken,
niet-fatale myocardinfarcten of ongeplande revascularisaties) na twee jaar follow-up (hazard ratio [HR]
1,93, 95% betrouwbaarheidsinterval [BI] 1,08-3,47, p=0.02). Hoog-risico aderverkalking was gedefinieerd
als de aanwezigheid van ten minste twee van drie vooraf bepaalde criteria: (1) een lipide hoek >90°,
(2) een minimale fibreuze kapdikte <65 pum, en (3) aanwezigheid van een plague ruptuur of stolsel.
De aanwezigheid van door OCT geidentificeerde hoog-risico aderverkalking bleef onafhankelijk
geassocieerd met het primaire klinische eindpunt na correctie voor standaard klinische risicofactoren,
wat de onafhankelijke waarden van OCT ter beoordeling van de prognose na een myocardinfarct
onderstreept.

In een subgroupanalyse van PECTUS-obs, beschreven in Hoofdstuk 7, evalueerden we verschillen
tussen patiénten met een non-ST-segment elevatie en een ST-segment elevatie myocardinfarct.
We observeerden een vergelijkbare prevalentie van hoog-risico aderverkalking in beide groepen.
De aanwezigheid van ten minste één laesie met hoog-risico aderverkalking was in beide groepen
geassocieerd met het primaire klinische eindpunt. Hoewel non-culprit plaque rupturen in beide
groepen geassocieerd waren met een ongunstige uitkomst, lieten we in een verkennende analyse
mogelijke verschillen zien tussen de groepen in de kenmerken van hoog-risico aderverkalking die risico

impliceren.

In Hoofdstuk 8 toonden we aan dat vrouwelijke patiénten in PECTUS-obs meer kenmerken van hoog-
risico aderverkalking vertoonden dan mannelijke patiénten, ook na correctie voor het ongunstigere
klinische risicoprofiel van vrouwen. Dit vertaalde zich echter niet in een hoger risico op ongunstige
uitkomsten bij vrouwelijke patiénten. Hoewel een definitieve conclusie niet getrokken kon worden
met het oog op het beperkte aantal patiénten in deze studie, kan deze studie worden beschouwd als
een oproep tot onderzoek naar sekse-specifieke kenmerken van hoog-risico aderverkalking, waarbij bij

vrouwen mogelijk een focus moet komen te liggen op voorlopers van plaque erosie.

De lange termijnresultaten van het PECTUS-obs onderzoek staan beschreven in Hoofdstuk 9. Follow-up
was compleet in 99% van de patiénten, met een mediane follow-up van 5.0 jaar. De aanwezigheid van
ten minste één hoog-risico plaque bleef significant geassocieerd met het primaire eindpunt exclusief
non-cardiovasculaire sterfte, alle periprocedurele en stent-gerelateerde events, en alle events die niet
evident te linken waren aan een specifiek coronair segment met behulp van het baseline en het event
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angiogram. Plaque ruptuur toonde de sterkste prognostische associatie van alle geteste hoog-risico
plaque kenmerken.

In Hoofdstuk 10 presenteerden we een samengestelde analyse van individuele patiénten data van
PECTUS-obs en de vergelijkbaar opgezette prospectieve, observationele COMBINE (OCT-FFR) studie
bij patiénten met diabetes. Onder 810 patiénten was de aanwezigheid van hoog-risico aderverkalking
geassocieerd met een verhoogd risico op slechtere uitkomsten op patiénten niveau (HR 2,13, 95% BI
1,45-3,12, p<0,001) en op laesie niveau (HR 2,62, 95% Bl 1,56-4,14, p<0,001). Gelijktijdige aanwezigheid
van meerdere hoog-risico aderverkalking kenmerken vergrootte het risico op slechtere uitkomsten.
Deze studie benadrukte opnieuw de waarde van het beoordelen van hoog-risico aderverkalking
bovenop fysiologie laesiebeoordeling. In tegenstelling tot de eerdere studies gericht op patiéntniveau
risico, toonde deze studie ook een verhoogd risico aan op laesieniveau.

In een opvolgende studie binnen dezelfde dataset, beschreven in Hoofdstuk 11, toonden we aan
dat klinische risicofactoren de aanwezigheid van hoog-risico aderverkalking niet kunnen voorspellen.
Daarnaast toonden we aan dat hoog-risico aderverkalking een verhoogd risico impliceerde, ongeacht
het klinische risicoprofiel van patiénten. Echter, door klinische risicofactoren te combineren met
beeldvorming ter identificatie van hoog-risico aderverkalking konden we een patiéntengroep
identificeren met het hoogste risico op ongunstige uitkomsten. We stelden voor dat deze subgroep
mogelijk het meeste baat zal hebben van preventieve behandeling van hoog-risico aderverkalking.

Deel lll - Automatische beeldanalyse middels artificiéle intelligentie

Tot slot verlegden we in het derde deel van dit proefschrift de focus naar geautomatiseerde analyse van
OCT beelden met behulp van Al, met aandacht voor methodologische validiteit, segmentatie van de
volledige kransslagader en automatische identificatie van hoog-risico aderverkalking.

Hoofdstuk 12 beschrijft een multidisciplinair raamwerk voor de ontwikkeling van Al voor automatische
beoordeling van hoog-risico aderverkalking. We bespraken bestaand bewijs voor de toepassing van Al
op dit gebied en formuleerden consensusaanbevelingen voor toekomstige algoritmeontwikkeling, met
een nadruk op vereisten die de betrouwbaarheid vergroten, zoals robuustheid en eerlijkheid.

In Hoofdstuk 13 voerden we een systematische review uit van 91 artikelen over Al voor OCT. We
rapporteerden een toename van publicaties in recente jaren, waarbij er een verschuiving zichtbaar
was van machine learning naar deep learning. Hoewel de prestaties van voorgestelde algoritmes hoog
waren voor de automatische evaluatie van het coronaire lumen en stents, waren de prestaties voor
complexere taken zoals karakteriseren van aderverkalking lager. Daarnaast rapporteerden we een gebrek
aan transparantie in rapportage van de onderzoeksmethodologie en -resultaten en we observeerden

een substantieel risico op bias in de meerderheid van de beoordeelde studies. Deze review nodigt lezers
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van Al onderzoeken uit om kritisch te blijven en prestaties te beoordelingen in het licht van de gebruikte
methodologie. Tevens riepen we op tot betere naleving van rapportagerichtlijnen.

In Hoofdstuk 14 introduceerden we een nieuw multiclass segmentatie-algoritme voor OCT, genaamd
OCT-AID. We evalueerden dit algoritme in een interne en externe dataset. We lieten een veelbelovende
eerste prestatie zien, beoordeeld over een breed scala aan beelden, inclusief die met artefacten of reeds

gedestabiliseerde laesies, wat contrasteert met eerdere studies over andere algoritmes.

Een grootschalige externe validatiestudie, bestaande uit 100 opeenvolgende patiénten van het St.
Francis Hospital & Heart Center, staat beschreven in Hoofdstuk 15. In deze studie was de prestatie
van OCT-AID voor de identificatie en kwantificatie van gecalcificeerde laesies uitstekend en grotendeels
vergelijkbaar met de interobserver variabiliteit. De prestatie voor de evaluatie van lipide laesies, die lastiger
te beoordelen zijn, was zelfs beter dan de interobserver variabiliteit. Daarentegen was de presentatie
voor plague onderdelen met een lage prevalentie beperkt. Al met al was dit de grootste studie tot nu
toe over een multiclass Al-algoritme, en de enige die een opeenvolgende, niet-geselecteerde patiénten
cohort gebruikte, waarmee de generaliseerbaarheid van ons algoritme werd ondersteund.

In Hoofdstuk 16 evalueerden we of OCT-AID plaque burden kon afleiden vanuit OCT beelden, een
variabele waarvan lang werd aangenomen dat dit niet met OCT beoordeeld kon worden vanwege de
beperkte penetratiediepte van OCT. Met intravasculaire echografie als referentiestandaard rapporteerden
we een uitstekende correlatie tussen OCT-afgeleide en echografie-afgeleide plaque burden (r=0,90,
95% Bl 0,89-0,91, p<0,001), met consistente correlaties over verschillende plaque types. Dit hoofdstuk
toont aan dat Al kan helpen om inherente beperkingen van beeldvormingstechnieken te overwinnen,
en het toont aan dat hiermee nu voor het eerst gelijktijdig dunne kap fibroatheromen (TCFA) en plaque
burden beoordeeld kan worden.

Hoofdstuk 17 beschrijft de resultaten van de PECTUS-AI studie, waarin we OCT-AID gebruikten voor
automatische identificatie van TCFA binnen de PECTUS-obs dataset. Al-geidentificeerde TCFA binnen
de laesie was geassocieerd met een ongunstige klinische uitkomst, met een discriminerende waarde
die minstens vergelijkbaar was met TCFA-identificatie door een core laboratorium. Bij evaluatie van
het volledige in beeld gebrachte segment — een taak die handmatig niet uitvoerbaar is — was de
discriminerende waarde van Al-geidentificeerde TCFA significant hoger dan dit gebaseerd op analyse van
enkel de laesie door het core laboratorium, met name door een toename in de negatief voorspellende
waarden. Deze studie toont aan dat Al-gebaseerde identificatie van hoog-risico plaques een redelijk
alternatief is voor handmatige OCT analyses en stelt ons in staat om onderzoeksbevindingen met

ervaren core laboratorium-analisten eenvoudiger te vertalen naar de dagelijkse klinische praktijk.
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Dit promotietraject was allereerst niet mogelijk en ten tweede niet zo leuk geweest zonder de hulp van
velen. Graag wil ik in dit dankwoord stilstaan bij de vele mensen die hieraan hebben bijgedragen.

Prof. dr. N. van Royen, beste Niels, vanaf het begin af aan heb je mij een hoop vrijheid en vertrouwen
geboden. Er was altijd de mogelijkheid om even binnen te lopen voor vragen en voor vele uren
telefonisch overleg in de auto naar huis. Ik ben jou ontzettend dankbaar voor alle mogelijkheden die je
mij hebt geboden om mijzelf te ontwikkelen en het maximale uit mijn tijd als promovendus te halen,
waaronder leerzame cursussen, mijn tijd in New York en de vele mooie congressen. Ik zal nooit vergeten
hoe je mij onder jouw vleugels hebt genomen. Deze ervaringen neem ik de rest van mijn leven met mij

mee.

Prof. dr. M. Prokop, beste Mathias, het was altijd plezierig om van jouw expertise gebruik te mogen
maken. Vooral in de beginfase van de modelontwikkeling, toen we het CARA lab nog niet gestart waren,

waren jouw aansturing van onschatbare waarde.

Beste leden van de manuscriptcommissie, bedankt voor jullie tijd en moeite om mijn proefschrift te

beoordelen. Ik kijk ernaar uit om dit proefschrift samen met jullie te mogen bediscussiéren.

Mijn paranimfen, ik ben trots jullie aan mijn zijde te hebben tijdens mijn verdediging. Mick, wat ben ik
blij dat onze paden vroeg bij elkaar zijn gekomen en nog steeds samen verder lopen. In vele fantastische
herinneringen kom je voor: van wekelijks samen lunchen tijdens onze basisschooltijd tot geweldige
vakanties en tripjes. Niet alleen tijdens leuke momenten, maar ook in moeilijke tijden ben je er altijd
voor mij geweest. Ik waardeer je enorm, ik ben trots op hoe je je de laatste jaren hebt ontwikkeld, en ik
ben blij jou als vriend te hebben. Ruben, hoe bijzonder om samen als vrienden aan hetzelfde project
te mogen werken. Bedankt voor hoe je bent, als persoon, als vriend, voor je steun in moeilijke tijden, de
vele gezellige avonden in Goesting, de koffietjes bij Knisper en de kilometers op de hardloopschoenen.
Ik hoop dat wij dit nog in lengte der jaren zullen voortzetten.

Jan-Quinten, JQ, zonder jou was dit proefschrift dit proefschrift niet geweest. Je was de machinist op
de trein waar ik op mocht stappen. Met momenten een boemeltrein, met momenten een sneltrein.
Uiteindelijk heeft het ons beide naar een hele mooie bestemming gebracht. Ik ben je ontzettend
dankbaar voor onze samenwerking, voor alles wat ik van je heb geleerd, je kritische blik, en onze
wekelijkse diepgang momentjes. Maar minstens net zo voor de gezellige etentjes, borrels en bootje
varen. lk had het niet beter kunnen treffen. Hopelijk weten we elkaar in de toekomst nog net zo
gemakkelijk te vinden: via Utrecht, en dan kom je er vanzelf (mits je bij het juiste adres aanbelt).
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Grote dank aan alle coauteurs, alle betrokken research medewerkers en patiénten die hebben
bijgedragen aan de totstandkoming van de hoofdstukken in dit proefschrift.

Prof. dr. M. Schreuder, beste Michiel, bedankt voor de aansturing en in het bijzonder voor de tips om
vroegtijdig te beginnen met het proefschrift tot een geheel te maken.

Dear Laura Rodwell and Aysun Cetinyurek-Yavuz, thank you for your time and energy to guide me
through the statistical analyses.

Dr. P. Damman, beste Peter, vanaf het begin voelde ik met jou een goede klik. Bedankt voor de
persoonlijke begeleiding, de vele koffietjes, de samenwerking, het samen verrichten van OCT-geleide
procedures, en het delen van fotografie-ervaringen. Op naar nog vele jaren fijne samenwerking. Groetjes

Frank.

Dr. M. Brouwer, dr. S. Westra, dr. F. Gommans en drs. S.P.G. van Vugt, beste Marc, Sjoerd, Frank
en Stijn, bij jullie is mijn avontuur begonnen. Marc, als wij elkaar niet na een van jouw colleges hadden
gesproken en je mij niet had uitgenodigd om naar de cardiologie te komen, dan zou mijn pad er wellicht
compleet anders uit hebben gezien. Bedankt allen voor jullie begeleiding bij mijn eerste stappen binnen
de wetenschap, mijn eerste internationale congres en de vele gesprekken met een kopje koffie of diner.

Frank en Stijn, excuses nog voor de deurbewegingen.

Beste collega’s van de afdeling cardiologie van het Radboudumc, beste cardiologen, bedankt
voor jullie vertrouwen en fijne samenwerking. In het bijzonder wil ik de interventiecardiologen
bedanken voor hun bijdrage aan onze studies, en dr. A. van Dijk en dr. R. Evertz voor de vele
onderwijsmomenten. Ik kijk er naar uit om over een aantal jaren bij jullie terug te keren als AlOS. Beste
assistenten, ook jullie bedankt voor de fijne samenwerking in de kliniek en de gezamenlijke borrels. En
als laatste alle medewerkers van de researchafdeling, bedankt voor jullie ondersteuning.

Members of the CARA lab, dear prof. . ISgum, prof. B. van Ginneken, prof. C.I Sanchez and prof.
T. Blanke, dear Ilvana, Bram, Clarisa and Tobias, thank you for all the discussions and valuable
feedback throughout. Dr. S. Saitta, dear Simone, thank you for the fruitful and enjoyable collaboration.
Your different insight has been very helpful and | look forward extending our collaboration. Dr. J.
Thannhauser, dear Jos, we already knew each other for a while before we started working together. |
cherish the memories of our trip to Boston with cloudy cocktails, spoiled hotdogs, inside jokes and in-
flight poker games. The PhD candidates of the CARA lab, Ruben, Thijs, Pierandrea, Joske, Xiaojin and
Leah, thank you for all your hard work, and for dealing with my (annoying) questions or requests. This
thesis marks just the beginning, I am more than confident that all your efforts will result in many great
algorithms and manuscripts. Good luck to you all!
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Dr. K. Nishimiya, dear Kensuke, thank you for all the OCT analyses and other collaborations together
with Peter. | wish you all the best in Vietnam.

During my PhD, I had the honor of gaining experience at St. Francis Hospital and Heart Center (Roslyn,
NY), the world-leading center in intracoronary imaging. Prof. Z.A. Ali, dear Ziad, thank you very much
for hosting my research fellowship, your guidance throughout, and all research opportunities you offered
and continue to offer. | won't forget your motivating energy and | will always keep your ‘if you snooze,
you lose’ mentality in mind. Dr. D. Shin, dear Doosup, you are truly a remarkable talent, a publication
machine, a very humble person and a great friend. Thank you for all your help, the discussions, and
Korean BBQ we shared. Dr. R. Shlofmitz, dear Rich, | couldn't have been happier to have walked into
your lab. Seeing you at work, and having had the opportunity to work with and learn from the most
experienced operator in the world was unforgettable. Your personal attention and guidance made me
feel more than welcome. You will always be my personal godfather of interventional cardiology. Dr. E.
Shlofmitz and dr. A. Jeremias, dear Evan and Allen, and all other interventional cardiologists,
thank you for being so welcoming, your enthusiasm, for taking the time to explain your procedures
and letting me participate. Craig and Susan thank you for showing me your daily practice as imaging
experts, for the discussions on difficult cases and allowing me to actively participate in the daily caseload
of imaging-guided cases. You always downplayed your impact, but the knowledge that | obtained
through you will be invaluable for my future career, thank you. Finally, Fernando and Liz, thank you for
your support. Looking forward seeing you all again!

Ik wil ook graag mijn grote dank uitspreken naar het Netherlands Heart Institute en Stichting de
Drie Lichten voor het mede mogelijk maken van deze onvergetelijke ervaring.

Een groot deel van dit dankwoord wil ik wijden aan mijn collega promovendivan het Radboudumc. Jullie
hebben allen opjullie eigen manier een unieke bijdrage geleverd aan mijn tijd als promovendus, waarvoor
ik jullie enorm dankbaar ben. Yvonne en Lara, ik heb zo veel respect voor jullie doorzettingsvermogen.
Jullie hebben alle recht om meer dan trots te zijn op waar jullie nu zijn. Jacqueline, je was altijd overal
goedlachs aanwezig en droeg een belangrijk steentje bij aan de gezelligheid. Helaas hebben wij te
kort samen mogen werken. Dominique, niemand leek alles zo goed op orde te hebben als jij, voor
jezelf maar ook zeker voor de hele promovendigroep. Jouw secretariéle ondersteuning van mijn
compagnon was goud waard. Bovenal ben ik jou dankbaar voor alle gezelligheid en jouw oprechte
interesse. Joris, de koning van het mapjes maken, ergens verscholen tussen stapels troponine kits. Vol
verwondering heb ik geleerd over jouw niet-alledaagse interesses en hobby's. Amber, altijd goedlachs,
soms wat onhandig maar bovenal vol overgave, wat heb ik geweldige herinneringen aan veel van deze
momenten. Casper, ouwe berggeit, je gaat heerlijk jouw eigen weg en keert gelukkig meestal ook weer
zonder kleerscheuren terug. Bedankt voor de mentale ondersteuning als we beiden urenlang cirkels
aan het intekenen waren, en voor het aanwijzen van dieren in de tuinen van het Radboudumc. Team
FITTER, Frans en Jan, wat heb ik genoten van jullie onderlinge dynamiek: van ongekende oneliners
tot het manoeuvreren in de lichtgrijze zone. Geniet van jullie NIRS-analyse pensioen! Eva, Denise en
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Bahram, ik ben vol bewondering hoe jullie het ieder congres weer voor elkaar spelen om legio abstracts
te mogen presenteren op mooie podia, maar ook hoe jullie altijd bij ieders praatje aanwezig proberen
te zijn (fit of niet). Tijn en Cala, eindeloze bronnen van energie, bedankt voor jullie enorme bijdrage
aan de extra curriculaire activiteiten bij alle congressen waar we samen heen hebben mogen gaan.
Met jullie erbij hoef je je nooit zorgen te maken dat je tot in de late uurtjes op een goede (of foute) plek
eindigt. Bibi, je nam mij onder jouw hoede tijdens mijn tijd als senior-co. Hoewel een familiegesprek
schijnbaar nog te hoog gegrepen was voor mij, heb ik veel van jou mogen leren. Bedankt ook dat ik Jos
7o nu en dan mocht lenen voor overleg in de avonduren. Max, als broekies zaten wij samen op de gang
bij de cardiologie tijdens onze onderzoeksstage. Niets was zo motiverend om jouw hardloopactiviteiten
voorbij te zien komen, waarvoor meer dan petje af. Binnenkort maar eens samen een rondje hobbelen?
Alexander, samen hebben wij vele mooie congressen mogen bezoeken en hotelkamers gedeeld.
Bedankt voor het eindeloos willen luisteren naar mijn praatjes en voor de steun als ik op een onmogelijk
moment werd opgepiept op congressen. Job, je bent echt een allemansvriend, en ik begrijp goed
waarom. Heerlijk gewoon, heerlijk Tilburgs, en oprecht geinteresseerd. [k ben blij jou als vriend te
mogen hebben en ik geniet iedere keer weer van de borrels en dinertjes samen met Nieky. Nieky,
wandelende Michelin gids van het extreem lage tot het hoge segment. Zonder zelf moeite te hoeven
doen kon ik dankzij jou genieten van de lekkerste noedels, birria en bagels. Op naar nog vele mooie jaren
vriendschap en hopelijk ook samenwerkingen als zelfstandige onderzoekers! Roos, ik geniet van jouw
oprechtheid wat jou zeker ver gaat brengen. Vol trots heb ik gekeken hoe je de ene na de andere prijs
binnen het gehaald. En niet vergeten: a peertje a day keeps the doctor away. Peter David, wat heb jij
mij verrast. Ik heb genoten van jouw humor, hoe je altijd weer verrassend uit de hoek komt, en hoe we
samen stuntelend de skipistes zijn afgegaan. Joske, Thijs en Leah, jullie kunnen niet meer verschillend
zijn, maar juist dat zorgde voor een unieke mix van kwaliteiten. Joske, bedankt voor het delen van alle
juice en het bediscussiéren van reality-tv. Thijs en Leah, bedankt voor al jullie hulp en de intensieve
samenwerking binnen alle high-risk plaque projecten. Geert, aan de top soms een vurig temperament,
in het midden een hele hardwerkende en goede onderzoeker, en in de basis vooral een hele goede gast.
Hoewel we vaak een compleet andere weg gingen, heb ik veel plezier gehad met jou op PCR. Carolien
en Vince, vol bewondering kijk ik naar jullie onderzoeken, wat voor mij echt het schoolvoorbeeld van
onderzoek doen is. Naast jullie onuitputtelijke vermogen om powerpoint presentaties te maken, zijn
jullie altijd op alle borrels te vinden. Tot de volgende! Madelon, inmiddels mede-Venraynaar. Ik vind
het mooi hoe je jouw weg gaat op onbekende plekken en je snel thuis voelt. Veel plezier Down Under!
Mark, wat was het fijn om een medestander te hebben als het ging om het levenslied en Tino Martin in
het bijzonder. Ik ben nog steeds jaloers op die borrel met privé-optreden in Nijmegen. Behruz, bedankt
voor jouw samenwerking op het gebied van MINOCA. Ik hoop dat we dit nog verder uit gaan diepen
de komende jaren! Catharina, Eveline, Fleur, Lente en Luc, met jullie heb ik helaas minder samen

kunnen werken. Geniet van jullie tijd als promovendi en heel veel succes!

Abel, Bas, Maarten, Nigel, Olivier, en Sem, bedankt voor jullie vriendschap. De tussentijdse
ontspanning en de flauwekul zijn erg belangrijk geweest tijdens mijn promotietraject en daarbuiten. Ik
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bijgedragen. Anouk, weet dat ik ontzettend trots op je ben, op wat je hebt weten te bereiken door altijd
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We are like children
We are painted on canvases
Picking up shades as we go
We start off with gesso
Brushed on by people we know

— Gregory Porter









