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Abstract: As the prevalence of coronary artery disease continues to increase worldwide,
understanding the nuances of complex calcific coronary lesions becomes paramount. Coronary artery
calcium (CAC) is a well-established, widely available, and highly specific marker of subclinical and
advanced atherosclerosis. It remains a vital adjudicator of atherosclerotic cardiovascular disease
(ASCVD) and facilitates the up- or down-stratifying of asymptomatic, intermediate risk patients.
Notably, the high prevalence of CAC in coronary heart disease (CHD) patients makes the percutaneous
treatment of heavily calcified coronary lesions particularly challenging. These cases have a higher risk
of immediate complications, late failures due to stent underexpansion or malapposition, and poor
clinical outcomes. In this setting, understanding lesion pathophysiology and characterizing calcium
deposition with multimodal imaging are crucial steps to improve the successful treatment of these
lesions. Therefore, this review explores CAC in the context of complicated and severely calcified
lesions. We seek to ameliorate clinical uncertainties and synthesize growing amounts of research to
help encourage a homogenous approach to complex calcific coronary lesions. To that end, this
comprehensive review paper will first cover epidemiology, pathophysiology, and the types of calcific
lesions. Next, we will review acute and long-term complications, as well as lesion preparation and
intervention. Last, this review will explore the role of imaging and the contemporary management of
severely calcified lesions.
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1. Introduction

Cardiovascular disease (CVD) is a leading cause of death worldwide, and accounts for over 30%
of annual global fatalities [1]. In turn, ischemic heart disease is a frontrunner of global CVD mortality
(age-standardized rate of 108.8 deaths per 100000 individuals). Prevalent cases of total CVD nearly
doubled from 271 million in 1990 to 523 million in 2019, and the number of CVD deaths have steadily
increased from 12.4 million in 1990, to 18.6 million in 2019, and more recently to 19.8 million
in 2022 [1,2]. In the setting of these rapidly growing cases and coronary disease burden, understanding
the nuances of complex calcific coronary lesions has become paramount.

Coronary artery calcium (CAC) is a well-established, widely available, and highly specific marker
of subclinical and advanced atherosclerosis [3,4]. Computed Tomography (CT) facilitates the
calculation of the CAC score, which is an independent predictor of coronary events in both
asymptomatic and symptomatic individuals. CAC remains a vital adjudicator of atherosclerotic
cardiovascular disease (ASCVD) and facilitates the up- or down-stratifying of asymptomatic,
intermediate risk patients [3,4]. CAC testing accounts for both stroke and coronary heart disease;
additionally, it provides a model for either initiating or intensifying preventative
pharmacotherapies [3—5]. And yet, the high prevalence of CAC in coronary heart disease (CHD)
patients makes the percutaneous treatment of heavily calcified coronary lesions challenging. These
cases have a higher risk of immediate complications, late failures due to stent underexpansion or
malapposition, and poor clinical outcomes [5]. In this setting, understanding lesion pathophysiology
and characterizing calcium deposition with multimodal imaging are crucial steps to improve the
successful treatment of these lesions.

This backdrop lays a critical foundation for the following review. Here, we discuss CAC in the
context of complicated and severely calcified lesions. We seek to ameliorate clinical uncertainties and
synthesize growing amounts of research to help encourage a homogenous approach to complex calcific
coronary lesions. To that end, this comprehensive review paper will first cover epidemiology,
pathophysiology, and the types of calcific lesions. Next, we will review acute and long-term
complications, as well as lesion preparation and intervention. Last, this review will explore the role of
imaging and the contemporary management of these calcified lesions.

AIMS Medical Science Volume 11, Issue 3, 292-317.



294

2. [Epidemiology

This review will begin by discussing the epidemiology of heavily calcified coronary stenosis.
Generally, the prevalence of CAC relies upon age and gender. CAC occurs in over 90% of men and
67% of women above the age of 70 [5,6]. Additional risk factors increase the susceptibility to global
CAC, which are independent to lesion severity: an elevated body mass index (BMI), increased blood
pressure, dyslipidemia, glucose disorders, familial history of CAC, cigarette smoking, chronic kidney
disease (CKD), an elevated fibrinogen level, and a high C-reactive protein level [5,7]. More
specifically, recent registries and meta-analyses have estimated that the prevalence of moderate to
severe calcific coronary stenoses ranges between 18 and 26% [8—11]. More importantly, severe calcific
lesions are associated with advanced age in addition to the aforementioned comorbidities such as
systemic hypertension, dyslipidemia, diabetes, and CKD [8,12].

3. Pathogenesis

Of note, the pathophysiology of peripheral and coronary calcifications differs. Medial
calcification is typically found within peripheral arteries (i.e., those of the extremities). There, calcium
deposition is driven by osteoblast-like cells in tandem with systemic factors such as hypercalcemia,
hyperphosphatemia, parathyroid hormone abnormalities, renal dysfunction (specifically reduction of
the glomerular filtration rate), and dialysis duration.

In contrast, atherosclerotic CAC deposition relies upon dysmorphic calcium precipitation.
Coronary calcification is driven by chondrocyte-like cells and is associated with the expression of a
myriad of inflammatory factors (i.e., pro-inflammatory cytokines released by tissue macrophages and
foam cells, as well as TNF alpha, PKC, ERK1/2, and JNK signaling pathways) [8,11,13]. Inflammation
likely precedes the calcification process and plays an ongoing, synergistic role in calcium progression.
Unlike peripheral artery calcification within the media, atherosclerotic coronary calcification deposits
predominantly within the intima. The calcification process is kickstarted by the death of inflammatory
cells and vascular smooth muscle cells (VSMCs), and the subsequent recruitment of macrophage-
derived matrix vesicles. This fusion of cell debris originating from VSMC apoptosis serves as the focal
site for calcium phosphate crystal formation. As cholesterol deposits are trapped under the endothelium,
an intense inflammatory cascade ensues and yields the development of microcalcifications [5,8].

Initial microcalcification areas within the coronaries typically range in size between 0.5 and
15.0 um [14,15]. At this stage, calcific deposits are detectible only on histopathology, via special stains
such as von Kossa and Alizarin red. However, over time, micro lesions may coalesce into larger
volumes and form masses known as speckles and calcified sheets. These counterparts, in turn, are
clinically detectable via CT or intravascular imaging modalities. Large subintimal protruding
calcifications increase the risk for plaque rupture, erosion, destabilization, and even thrombus
formation [8,12].

The development of calcific lesions is further spurred by the differentiation of pericytes and
VSMC:s. In fact, VSMCs themselves undergo trans-differentiation to osteoblast-like cells. They recruit
calcifying matrix vesicles and secrete factors which, in turn, decrease the osteoclast-like cell’s mineral
resorbing activity [5,16]. In the setting of local collagen fiber degradation, this cyclical process
stimulates additional bone deposition and necrotic core formation [8,12]. A relative lack of
calcification inhibitory factors (such as matrix gamma-carboxyglutamic acid protein, pyrophosphate,
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fetuin-A, osteopontin, and osteoprotegerin) exacerbates the imbalance between osteogenic and
osteoclastic mechanisms within the atheroma [8]. While the entire mechanism of CAC progression
remains under investigation, the receptor activator of the nuclear factor-kappaB ligand/osteoprotegerin
pathway is a hypothesized link between osteoporosis and CAC [16].

More recently, MicroRNAs (miRs) have been identified as important calcific regulators within
atheroma sites. MiRs direct not only the VSMCs’ complex genetic reprogramming, but the functional
responses of other cell types that are important for vascular calcification [17]. Studies show that certain
miRs which target Runx2 (i.e., miR-133 and miR-204) are down-regulated within aortic smooth
muscle cells, which leads to calcification in vitro. Other trials investigate transcription factors such as
osterix, which is a known miR-125b target. The respective inhibition of miR-125 is associated with
increased Runx2 and osterix expression, in addition to elevated alkaline phosphatase activity and
VSMC calcification [5,18,19]. Moreover, bone morphogenetic proteins (BMPs) and mitochondria are
known regulators of calcium deposition. BMP2 and BMP4 are two specific osteogenic differentiation
factors that have been identified within calcified atherosclerotic vessels [20]. Mitochondrial damage,
in turn, has also been evidenced to play a key role in the calcification process of VSMCs. Alterations
in VSMC phenotypes correlate with unique characteristics of mitochondrial metabolism, and calcified
blood vessels are frequently accompanied by mitochondrial dysfunction and oxidative stress damage.
In essence, mitochondria affect vascular calcification in three ways [21]. First, direct damage to
mitochondrial DNA impairs the electron transport chain. Second, mitochondria directly participate in
vascular calcification development by an oxidative stress injury. Last, mitochondria-driven autophagy,
mitophagy, and apoptosis regulate the excretion of extracellular and matrix vesicles that drive the
development of calcification [21].

Interestingly, valvular calcification also shares several biologic events with calcific coronary
lesions [22]. For instance, aortic valve calcification similarly involves coordinating the actions of valve
endothelial and interstitial cells. Like within the coronaries, these cells are synergized with a myriad
of circulating inflammatory, immune, and bone marrow-derived cells. The latter are known to undergo
a phenotypic transition to become osteoblast-like cells, which subsequently elaborate the bone matrix,
encourage the endothelial-to-mesenchymal transition, and build matrix vesicles which form the
seedbed of microcalcification development [22]. While valvular calcification is highly prevalent
worldwide and is associated with significant CV morbidity and mortality, a continued discussion of
valvular lesions is beyond the scope of this paper.

4. Calcific lesion morphology

Calcifications may manifest as numerous morphologies within a vessel: microcalcifications,
spotty calcifications, and large calcifications [11]. Prognosis and treatment options heavily depend
upon the morphology type; thus, a proper characterization is important. While calcification represents
a more stable lesion than its soft plaque counterparts, its management cannot be underestimated.

Microcalcifications are typically within the 0.5 to 15 um range: too small to be visualized on
cardiac CTA. They represent the starting lesions within the calcification cascade. Spotty calcification,
in turn, is classified as a visually detectable lesion <3 mm in any direction within a plaque. Last, large
calcifications are defined as deposits with an arc of >90° on optical coherence tomography (OCT) [11].
Plaque morphology directly impacts lesion risk and prognosis, and numerous trials have investigated
these impacts. The Incident COroNary Syndromes Identified by Computed Tomography (ICONIC)
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Trial found a hazard ratio of 1.543 (1.169-2.037) for spotty calcification as an acute coronary
syndrome (ACS) precursor [11,23]. Other studies similarly found spotty calcification to be a high risk
finding on intravascular ultrasound (IVUS). This morphology was frequently associated with extensive
and accelerated ASCVD progression [24]. Similarly, Kataoka et al. demonstrated an increased plaque
vulnerability on OCT with the presence of spotty calcification [25]. Large calcification, in contrast,
correlates inversely with plaque rupture and suggests a higher plaque stability [26]. And yet, these
morphologies are not isolated predictors of calcific lesion risk; stability versus risk also depends upon
plaque and local inflammation surrounding calcium deposition [11].

In addition to the size and shape, calcific lesions may be phenotypically characterized by spatial
position (Figure 1). As appreciated in Figure 1, this classification method includes the following
morphologies: superficial, concentric, eccentric, and calcified nodules. Calcium is considered
superficial when present at the intimal-lumen interface, or closer to the lumen than the adventitia. In
turn, lesions are considered deep when located at the media-adventitia border, or closer to the adventitia
than to the lumen [27]. In contrast, eccentric calcium requires calcification over <3 quadrants of the
vessel lumen circumference, while concentric calcium requires a cross-section lesion >3 quadrants of
the vessel circumference. During balloon dilation, eccentric lesions may result in luminal gain via
disruption or stretching of the noncalcified vessel wall. This may predispose eccentric lesions to small
dissections at the shoulder of calcified plaques. In contrast, balloon dilation of concentric calcium
causes fractures in thinner, weaker areas of calcium [27]. To this end, classifying the precise length
and depth of calcified lesions remains paramount for proper percutaneous coronary intervention (PCI)
planning, optimization, and strategy.

Calcified Lesion Spatial Morphology

(a) Eccentric Calcium (<3 quadrants) @

(b) Concentric Calcium (>3 quadrants)

Eccentricity (c) Calcium Ring (360°)

(a) Protruding Nodule

OO0
CO

(b) Superficial
Depth (c) Deep
(a) Focal
(a) Thick
Thickness {blithin @ @

Figure 1. Spatial calcified lesion morphology. Delineates calcified lesion morphologies
by visualizing characteristics such as eccentricity, depth, length, and lesion thickness.
Vessel wall is shown in red, vessel lumen is shown in orange, and calcification is
represented in white. Circles represent an axial/transverse vessel view, while rectangles
represent a lengthened vessel view.
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5. Clinical settings and contexts of severely calcified lesions

Next, this paper will transition from calcific lesion morphology and pathogenesis. Now, we will
discuss important clinical scenarios that involve severely calcified lesions: acute coronary syndromes
(ACS), chronic total occlusions, and bifurcation lesions.

5.1. Acute coronary syndromes (ACS)

Coronary calcification, particularly with respect to severely calcified lesions, affects both
revascularization strategies and clinical outcomes of patients with ACS. ACS events result from an
acute occlusive coronary thrombosis, which is most commonly driven by lipid plaque ruptures and the
release of thrombogenic substrates. Less often, fatal acute coronary thrombosis may be caused by
calcified nodules themselves (incidence 2—7%) [28]. In these instances, distinct calcified plaque types
have been identified as the culprit lesion in ACS events: superficial calcific sheets, eruptive calcified
nodules, and calcified protrusions. Although the superficial calcific sheet is the most common, it holds
the poorest baseline thrombolysis in myocardial infarction (TIMI) flow and smallest lumen diameter,
as well as the highest risk of post-PCI myocardial damage [28]. While small calcium deposits trigger
the destabilization of lipid plaques, extensive calcification suggests advanced atherosclerosis and may
signify plaque stability. Regardless, calcified plaques are frequently identified as the culprit lesion in
ACS patients (even without the presence of a ruptured lipid core) [28].

Sanchez et al. completed a post hoc analysis of the MATRIX (Minimizing Adverse Hemorrhagic
Events by Trans-radial Access Site and Systemic Implementation of Angiox) Trial and used major
adverse cardiac events (MACE) as the primary endpoint to assess ACS outcomes by calcium
burden [29]. The coronary calcification of 7446 patients was examined. 11.7% presented with severe
calcification on coronary angiography, and fewer patients with severe calcium burden underwent PCI
than those with mild calcification. Instead, this high disease subgroup found a higher frequency of
coronary artery bypass grafting and medical therapy-only than their non-severe counterparts. By 1-
year, MACE occurred in 27.1% of patients with severe calcified coronary lesions and in 15% without
severe coronary calcified lesions (HR 1.91; 95% CI 1.66-2.20, p < 0.001) [29]. All-cause mortality
was 8.6% in patients presenting with and 3.7% in those without severe coronary calcification (HR 2.38,
1.84-3.09, p < 0.001). Last, patients with severe coronary calcification also incurred a higher rate of
myocardial infarction (MI) (20.1% vs. 11.5%, HR 1.81;95% CI 1.53-2.1, p<0.001) [29]. Independent
of the interventional management strategy, this study found that patients with ACS and severe coronary
calcification had significantly worse clinical outcomes than their non-severe counterparts.

5.2. Chronic total occlusions

Like with ACS events, severe coronary calcification plays a significant role in the pathogenesis
and management of chronic total occlusions. Chronic total coronary occlusions (CTOs) are classified
by the complete occlusion of a coronary artery, for a duration greater than 3 months based on
angiographic evidence. More specifically, the TIMI flow grading system facilitates a scoring
classification from 0-3, dependent upon the degree of coronary blood flow assessed during
angiography. In this regard, a true CTO must have 100% occlusion of a coronary artery with a TIMI
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flow grade of 0. In contrast, a functional CTO is defined as severely stenotic, but with a <100%
occlusion and a TIMI 1 flow for a duration greater than 3 months per angiographic evidence [30].

CTO prevalence ranges from 33% to 52% in ischemic heart disease patients; however, these
occluded segments contain a variable degree of calcification (as well as vascular tissue, lymphocytic
infiltrate, fibrous tissue, and atheroma). Importantly, the later stages of CTOs correlate with larger
focal calcifications and intraoccclusion enhancements [30,31]. In fact, intraplaque calcification
exacerbates the existing challenges of percutaneous CTO treatment. Intraplaque calcification remains
a well-known predictor of technical failure for a myriad of reasons: it contributes to the uncrossable
and undilatable nature of lesions (affecting up to 6% and 12% of lesions, respectively); and it increases
the risk of procedural complications such as perforations [30]. Heavy calcification often prevents wire
advancement within the intraplaque space, and forces interventionalists to use extraplaque techniques
that are associated with a higher periprocedural risk. Intraplaque calcium makes advancing balloons
and deploying stents challenging, all of which contribute to poor stent expansion: a major predictor of
stent thrombosis and restenosis [32].

Seeing as moderate-severe CTO calcifications affect 58% of PCI candidates, these challenges are
by no means infrequently encountered [30]. Ito et al.’s retrospective cohort of 285 patients that
underwent CCTA before CTO PCI demonstrated that CTO PCI in patients with severe calcium yielded
higher rates of in-stent restenosis and target lesion failure. Additionally, the investigators found that
severe calcification was an independent predictor of adverse outcomes [32,33]. Similarly, in a cohort
of 1453 CTO PCI patients, Karacsoni et al. showed that moderate-to-severe coronary calcium
correlated with lower technical and procedural success rates [34]. Moreover, MACE incidence was
significantly higher in patient groups with heavily calcified CTOs (3.7% vs 1.8%; p = 0.033). Heavily
calcified CTOs were similarly associated with longer procedural times, higher radiation and contrast
volumes, and more procedural complications (due to the increased need for dissection techniques as
mandated by the presence of severe calcification) [30,34].

5.3. Bifurcation lesions

In addition to their role within ACS and CTOs, severely calcified lesions may also be clinically
contextualized by their contribution to bifurcation lesions. Coronary bifurcation lesions (CBLs) are
classified by a major coronary artery stenosis adjacent to and/or including the ostium of a significant
side branch [35]. CBLs are common, and account for approximately 15-20% of all PCls.

Similar to ACS and CTOs, moderate-to-severe calcification of coronary bifurcation lesions is not
uncommon. High calcification is once again associated with unfavorable long-term clinical outcomes,
which is predominantly driven by its contribution to higher rates of repeat revascularization.
Percutaneous coronary intervention of CBLs is frequently performed; however, it is considered a high-
risk procedure with frequent periprocedural complications. Compared to noncalcified bifurcation
lesions, calcified coronary lesions decrease final lumen diameters and reduce acute lumen gain with
stenting [36].

Kim et al. investigated clinical outcomes according to calcification severity of bifurcation target
lesions after PCI with DES, with a prospective, multicenter, observational study of 2897 patients.
Moderate to severe calcification of target bifurcation lesions was observed in 608 (20.9%) patients,
and a high calcification increased the adjusted risks of target lesion failure (hazard ratio [HR] 1.31, 95%
confidence interval [CI]: 1.03—1.68, p = 0.031), target lesion revascularization (HR 1.36, 95% CI:
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1.04-1.79, p = 0.027), and revascularization (HR 1.39, 95% CI: 1.09-1.78, p = 0.009) [36]. Hence,
investigators demonstrated that moderate or severe calcium within coronary bifurcation target lesions
was associated with an increased 3-year risk of target lesion failure after PCI with DES, compared
with no or mild calcification. Similar to ACS and CTOs, bifurcation lesions are an important clinical
scenario that involve the necessary mitigation of severe calcifications.

6. PCI complexities in severely calcified lesions

Severe calcification within atherosclerotic lesions notably increases the complexity of PCIs. The
rigidity introduced by calcified lesions impedes essential PCI steps, including vessel wiring, balloon
deployment, and stent expansion [37]. Such obstacles elevate the risk of adverse outcomes such as
stent underexpansion, stent thrombosis, in-stent restenosis, vessel dissection, and perforation, which
collectively heighten the incidence of MACE and various complications [8]. Below, we will discuss
notable contributing factors and consequences (summarized by Figure 2).

6.1. Lesion crossability

The challenge of lesion crossability is accentuated in the presence of heavily calcified and rigid
plaques. These resist conventional interventional devices, thereby complicating and lengthening the
PCI process [38]. To address these challenges, several options to improve lesion crossability during
PCI have been developed. This includes rotational atherectomy (RA) and orbital atherectomy (OA),
intravascular lithotripsy (IVL), cutting and scoring balloons, high-pressure balloon angioplasty,
excimer laser coronary angioplasty (ELCA), and intravascular imaging techniques such as IVUS and
OCT [37,39]. These strategies will be discussed at greater length in a future section.

6.2. Equipment entrapment and loss

Relatedly, calcified plaques also exacerbate the risk of equipment loss and entrapment during
PCIs. Their resistance complicates catheter navigation and effective balloon and stent deployment [40].
Typically, the use of atherectomy devices and high-pressure balloons is necessary to effectively
navigate or modify these obstructions. However, the mechanical stress on these devices, especially
when navigating through or altering calcified plaques, may lead to component loss, entrapment, and
failure. A 2012 study by Iturbe et al. found that among the sample of 2338 PCls included in the study,
device loss or entrapment occurred in 9 (0.38%; 95% CI: 0.18-0.73%) and 4 cases (0.17%; 95% CI:
0.05-0.44%), respectively. Although rare, such failures pose immediate procedural risks and may
necessitate repeat interventions or cardiac surgery [37,41,42].

6.3. Stent under-expansion

Stent under-expansion, a major complication in PCI, occurs when a stent fails to reach its optimal
diameter within a coronary artery. Primarily, this results from severely calcified lesions that resist
expansion. This complication not only hampers the stent’s adherence to the arterial wall but also
compromises its structural integrity by creating gaps, which can disrupt blood flow and elevate the risk
of stent thrombosis. Additionally, inadequate pressure exerted upon the arterial wall by under-
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expanded stents can potentially delay the vessel’s healing process and encourage neointimal
hyperplasia, which can lead to restenosis [43,44].

The physical properties of calcifications often contribute to stent under-expansion itself. Lesion
thickness, length, and circumferential extent definitively affect risk. Ultimately, stent under-expansion
requires a multifaceted approach for effective management. This involves a combination of advanced
plaque modification techniques (i.e., RA, OA, ELCA, cutting and scoring balloons, and IVL) and the
strategic use of imaging modalities (i.e., IVUS and OCT) to guide treatment and ensure optimal

outcomes [43—45].

RISKS +
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Figure 2. Challenges to PCI in context of severely calcified lesions. Details challenges that
percutaneous coronary intervention (PCI) often faces, in the context of severely calcified
lesions. These challenges can be characterized into four domains: anatomy, equipment,

comorbidities, and risks + complications.
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6.4. Coronary artery dissection and perforation

In addition to the inherent challenges of stent deployment and equipment handling, PCI for
calcified plaques create acute risks associated with arterial wall damage. Acute complications such as
coronary artery dissection and perforation are rooted in increased mechanical stress from balloon
inflation and atherectomy devices. In any case, these complications are more pronounced with calcified
lesions [8,38].

A recent systematic review and meta-analysis of 3997 studies was conducted over a 38-year
period (1982-2020) and included data from 5568191 PClIs. Investigators found that the overall
incidence of coronary perforation was 0.39% (95% CI: 0.34-0.45%). While rare, approximately one
in five coronary perforations resulted in tamponade (21.1%). Moreover, the frequency of severe (Ellis
IIT) perforations represented 43% of all cases, and perforation mortality was reported at 7.5%
(95% CI: 6.7-8.4%) [46].

Risk mitigation necessitates careful patient and lesion assessments, and employs advanced
imaging techniques such as IVUS or OCT to understand plaque composition and arterial structure.
While techniques for lesion preparation and stent expansion have advanced, they still carry risks of
coronary perforation and dissection. In the event of dissection, prompt stent deployment to seal the
dissection can preserve blood flow. Here, IVUS is essential in providing detailed vessel architecture
visualizations and prevents exacerbation of the dissection. In the event of perforation, treatment varies
with severity and location. Strategies may include prolonged balloon inflation, or the use of covered
stents for significant perforations. Rapid intervention is critical to prevent or address cardiac
tamponade, and post-procedural monitoring is ultimately key to detect and manage any
complications [38,46].

6.5. Restenosis and thrombosis

Stent restenosis and thrombosis may occur even after a successful PCI, and they each highlight
the complexities of managing calcified atherosclerotic plaques. These complications are influenced by
procedural, patient-specific, and plaque-related factors, and they all significantly affect patient
outcomes. In stent restenosis and thrombosis even possess a strong genetic component in their patient
risk profile. Genetic studies have recently identified multiple loci associated with an increased
susceptibility to thrombosis, as well as variations in drug metabolism [47].

The frequency of restenosis and thrombosis is dependent upon the degree of calcification,
interventional techniques applied, and patient-specific factors. Despite the advancements in PCI, the
incidence of restenosis has been reported to be between 5 and 10%, reaching as high as 20% in patients
with type 2 diabetes. The mechanical stress during PCI, especially in the management of calcified
plaques, can injure vessels and promote thrombotic processes [48]. PCI prompts a pronounced healing
response, which increases the risk of restenosis. Central to this complication is neointimal hyperplasia:
characterized by smooth muscle cell proliferation and migration to the arterial intima following PCI-
driven vascular injury. This repair mechanism may result in tissue overgrowth within the stent or
treated artery, thereby narrowing the arterial lumen and impeding blood flow [48]. Calcified plaques’
inherent stiffness, coupled with vessels’ natural elastic recoil, significantly contributes to post-
procedural vessel narrowing. Stent under-expansion further aggravates this issue by providing a
scaffold for neointimal tissue proliferation [49].
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To mitigate restenosis risk, drug-eluting stents (DES) play a pivotal role by releasing medications
(i.e., sirolimus) that inhibit smooth muscle cell proliferation. Complementary post-procedural dual
antiplatelet therapy is similarly crucial for thrombosis prevention. Nonetheless, the need for innovation
in DES design persists. Ultimately, personalized treatment approaches that consider genetic
predispositions can further refine intervention choices and preventive strategies for at-risk
individuals [48,49].

6.6. Acute coronary syndrome (ACS)

Like with restenosis and thrombosis, severely calcified lesions elevate ACS risk. Mechanical
interventions promote stress on the arterial wall, predisposing plaque rupture or fissuring. Mechanical
disruption may expose the plaque’s thrombogenic substrate to the bloodstream, initiating the clotting
cascade and leading to thrombus formation. Angiographic evidence has shown that embolization
occurs in up to 15% of patients who underwent PCI, while histologic evidence has demonstrated that
thrombogenic material can be extracted in up to 73% of severely calcified cases [S0-52].

Additionally, PCI intervention of calcified lesions increases the risk of side branch occlusion.
Reduced blood flow to the myocardium served by these branches further exacerbates ischemic
conditions. Infrequently, manipulation of severely calcified lesions during PCI can also provoke
localized vasospasms, which acutely reduce blood flow and contribute to the ischemic processes
underlying ACS.

6.7. The no-reflow phenomenon

The No-Reflow phenomenon refers to inadequate myocardial perfusion through a coronary
segment after successful dilation and stenting. Lack of reflow persists even without any residual
stenosis or occlusive dissection. Pathophysiologically, microvascular obstruction from dislodged
calcific and atheromatous debris—compounded by local inflammation, ischemic injury from rapid
reperfusion and oxidative stress, and capillary damage—explain this phenomenon [53,54]. No-Reflow
marks a significant challenge in PCI, specifically in association with large, calcified plaques that
contain a pool of lipidic material [55].

A recent study by Hosoda et al. evaluated the association between calcified plaques and the no-
reflow phenomenon post-PCI. Utilizing near-infrared spectroscopy and IVUS imaging, the
REASSURE-NIRS registry assessed the maximum 4-mm lipid-core burden index (maxLCBI4mm) in
stable CAD patients with either small (maximum calcification arc <180°; n =272) or large (maximum
calcification arc >180°; n = 189) calcification in target lesions. The study explored how maxLCBI4mm
related to the corrected TIMI frame count (CTFC) and no-reflow incidents in these two groups.
Findings showed that no-reflow occurred in 8.0% of the participants. In participants with large
calcifications, 55.6% had maxLCBI4mm =>400 compared with 56.2% in participants with small
calcifications (p = 0.82). Importantly, a higher CTFC (p < 0.001) was also observed in the large
calcification group. Investigators found that maxLCBI4mm at culprit lesions with large calcification
increased the risk of no-reflow phenomenon after PCI [55].
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6.8. Vascular access complications

Addressing severely calcified atherosclerotic lesions is further complicated by an increased risk
of bleeding and vascular access complications (i.e. at catheter insertion sites). Incidence of hematomas,
pseudoaneurysms, and arteriovenous fistulas are amplified by the nature of PCI’s for severely calcified
lesions: which necessitate extended durations and complex interventions [56].

6.9. Concluding remarks: the challenges of calcified lesions

In conclusion, the PCI of severely calcified atherosclerotic lesions embodies a paradigm of
complexity and precision within interventional cardiology. The inherent challenges posed by these
calcified lesions necessitate leveraging cutting-edge imaging technologies, advanced intervention
devices, and a strategic pharmacological regimen. This paper will now turn its attention towards
these topics.

The crux of optimizing patient outcomes in the context of PCI for severely calcified lesions lies
within pre-procedural planning and interventional precision. This may include the strategic selection
and use of a DES to curtail the incidence of restenosis, the employment of atherectomy devices for the
effective preparation of the calcified plaques, and the use of intravascular imaging to ensure the
accuracy of stent placement. Moreover, the careful management of antithrombotic therapy post-
procedure is essential to balance minimizing thrombosis while mitigating bleeding risks, which
ultimately calls for a tailored approach to each patient’s unique clinical profile.

7. Non-intravascular imaging and calcific lesions
Imaging techniques for calcified plaque identification, pre-procedural planning, and assessment

are paramount to optimizing patient outcomes. We will begin by discussing non-invasive strategies,
of which Coronary CT Angiography (CCTA) is the most important (Figures 3 and 4).

Calcific Lesion Management Approaches
Non-Intravascular Computed Tomography & Calcium Scoring
Imaging | Intravascular Ultrasound (IVUS)
ntravascular :
Optical Coherence Tomography (OCT)
Non-compliant Balloon
Balloon Based Cutting Balloon
. Techniques Scoring Balloon
Lesion Ultra-High Pressure Balloon
Intervention Lithotripsy Intravascular lithotripsy (IVL)
Rotational atherectomy (RA)
Atherectomy Orbital atherectomy (OA)
Excimer Laser Coronary Atherectomy (ELCA)

Figure 3. Summary of calcific lesion management approaches. Summarizes contemporary
management of calcific lesions, including approaches for both imaging and
lesion preparation.
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~Thrombotic calcified lesion

Figure 4. Calcific lesions management algorithm. Synthesizes a proposed management
algorithm for calcified lesions, which incorporates lesion characteristics and operator
experience into decision-making. Step 1. First, non-intravascular assessment of calcified
coronary lesions should be performed via coronary artery calcium (CAC) scoring on
computed tomography (CT). Depending on the presence or absence of severe calcification
and/or high-risk* patient features (respectively), this algorithm recommends proceeding to
either stenting (if neither severe calcification nor high risk comorbidities) or intravascular
imaging. Step 2. If intravascular imaging finds severe calcification, this algorithm suggests
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selection of a further calcium modification strategy (in Step 3). If intravascular imaging
finds only mild to moderate calcification, this algorithm suggests proceeding with a
balloon angioplasty approach. Step 3. Depending on specific lesion characteristics as well
as operator/center experience, a particular advanced calcium modification modality should
be selected: intravascular lithotripsy (IVL), rotational atherectomy (RA), orbital
atherectomy (OA), or excimer laser coronary atherectomy (ELCA). Step 4. Lastly, this
algorithm concludes with assessing that lesion preparation was successful and that calcium
was appropriately modified. *High risk comorbidities include the following: hypertension,
diabetes mellitus, elderly age, smoking status, and end stage renal disease.

7.1. CT, CCTA, and coronary artery calcium scoring

Using the Agatston method, CT detects calcium by an area of hyper-attenuation of at least 1 mm?
with >130 Hounsfield units or >3 adjacent pixels [43]. A coronary artery calcium (CAC) score is
subsequently calculated with the following protocol. First, a weighted value is assigned to the highest
density calcification within each coronary segment (excluding valvular or aortic calcium) [43]. This
value is then multiplied by total area, and later summed for all measured arteries. This yields a total
CAC score: a widely available, exhaustively studied, and highly specific marker of subclinical
atherosclerosis [3]. CAC is repeatedly evidenced as an excellent prognosticator for clinical events,
serves as a vital arbitrator of ASCVD, and accounts for both stroke and coronary heart disease. CAC
testing facilitates the up- or down-risking of asymptomatic patients and provides a model for initiating
or intensifying preventive statin pharmacotherapies [57].

Administering contrast in coronary CT angiography yields a more nuanced assessment of
calcification. CCTA facilitates an automatic reconstruction (3-dimensional maximum intensity
projection) of calcium within the aorta and coronary tree. In doing so, CCTA helps visualize global
calcium burden and distribution, and offers an initial automated appraisal of PCI complexity [58].
Coronary CTA is not only crucial for calcified plaque identification, but provides a model for
individualizing primary ASCVD prevention and shared clinician-patient decision making [57].

7.2. Planning of calcified interventions using cardiac CT

CT—guided PCI uniquely offers comprehensive procedural planning and simultaneously
incorporates calcific plaque characterization. In assessing the need for advanced calcium preparation,
CCTA optimizes resource allocation and tailors procedural planning to each case’s complexity.
CCTA'’s role in the preprocedural phase also prompts intravascular imaging during PCI, and may
signal the need for additional devices during plaque preparation. Understanding the type and
complexity of disease prior to intervention permits optimal preparation of the material and personnel
required, initial strategy, potential complications, as well as corrective actions. From a patient
perspective, CT also offers an intuitive visualization of the upcoming procedure [58].

CCTA'’s color-coded 3D reconstructions are a novel way to evaluate calcium. Coronary CT
angiography offers answers to important clinical questions: whether advanced calcium plaque
modification should be employed and, if so, which device should be used. Particularly in complex
cases with severe calcification, noninvasive calcium modalities are a valuable adjunct to intravascular
techniques and a major innovation in the field of coronary CT and PCI.
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CT-guided PCI with dedicated calcium evaluation is currently under investigation in a prospective
randomized controlled trial, The Precise Procedural and PCI Plan (P4). The trial includes 1000 patients
with hemodynamically significant lesions (as determined by fractional flow reserve derived from CT)
and will be randomized to CT-guided PCI or IVUS-guided PCI. About 30% of the cohort will show
severe calcification based on CT. P4’s hypothesis is that comprehensive assessment by CCTA in
planning and guiding PCI will yield comparable clinical outcomes to IVUS-guided PCI at 1-year
follow-up. In this regard, P4 will help validate CT calcium analysis with intravascular and clinical
outcomes. The trial’s results are expected by 2026 [59].

8. Intravascular imaging and calcific lesions

Coronary angiography visualizes severely calcified lesions as radiopacities without cardiac
motion before contrast injection, generally appreciated on both sides of the arterial lumen as a “tram-
track” appearance [38]. However, angiography alone has poor sensitivity in identifying calcified
lesions. This necessitates a space for modern intravascular imaging methods (Figures 3 and 4) to assess
calcium presence, length, depth, and ultimately optimize PCI planning [43].

8.1. Role of intravascular ultrasound (IVUS)

One such method is IVUS, the first catheter-based technology to evaluate disease within the
vessel wall. IVUS employs two primary systems: one modality uses a solid-state approach, with a
system externally mounted on a catheter and controlled electronically; and the second modality uses a
mechanical approach, with a rotating internal cable that can measure lesion length and specific
coronary plaque characteristics [27]. IVUS offers a lower resolution than its other imaging counterparts,
but provides higher penetration depth [43]. At40 MHz, IVUS axial resolution ranges between 100 and
150 pum and lateral resolution between 150 and 300 um. At 60 MHz, axial resolution ranges between
40 and 60 um and lateral resolution between 60 and 140 um. Of note, these ranges are insufficient to
optimally evaluate superficial plaque or post-PCI concerns [43].

IVUS first produces a grayscale image of plaque components. Given the challenge in visually
interpreting these monotone images, numerous post-processing methods have been developed to
facilitate tissue characterization. Color conversion algorithms based on tissue density include the
following: virtual histology (VH), iMAP-IVUS (iMap-Intravascular Ultrasound Radiofrequency
Signal Analysis), and IB-IVUS (integrated backscatter) [43]. Calcium is identified as hyperechogenic
structures that shadow the underlying ultrasound anatomy (for this reason, IVUS cannot detect calcium
thickness), appreciated as white spots on VH and quantified by measuring the lesion’s circumferential
extent. Calcified lesions on IVUS are qualitatively given either “superficial” or “deep” classifications,
characterized by their greater proximity to lumen or adventitia, respectively [27]. In turn, semi-
quantitative analysis is possible by assessing calcium arc and length [43]. However, IVUS is rarely
able to identify intra-plaque microcalcifications. Seeing as microcalcifications increase local tissue
stress and promote plaque rupture, this inadequacy represents a major IVUS limitation [43].

IVUS proves helpful for pre- as well as post- intervention evaluation. Frequently employed to
investigate calcium ablation and rupture outcomes, IVUS is adept in assessing plaque fracture after
shock-wave techniques or thinning of calcium thickness after rotational atherectomy. In this regard,
IVUS offers critical guidance in adjudicating subsequent stent placement decisions [27].
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8.2. Role of optical coherence tomography (OCT)

OCT is another intravascular approach, more advanced than its IVUS counterpart. OCT employs
a light-based imaging modality and relies upon infrared light wave emission, that reflects against the
internal microstructure of coronaries and biological tissue. By measuring amplitude and time delay of
backscattered light, OCT creates high-resolution, cross-sectional, and 3D volumetric images of vessel
microstructure [43].

OCT’s shorter infrared wavelength (1.3 um) compared to IVUS’ ultrasound wavelength (40 pm
at 40 MHz) facilitates better axial resolution (10-20 um versus 50—-150 um) [43]. To this end, OCT
yields particularly excellent accuracy and boasts a 10-fold higher image resolution than IVUS [27].
OCT outstandingly characterizes individual structures of the coronary wall, remarkably stratifies
plaque composition (i.e. presence or absence of thrombus, calcium, macrophages, or dissections), and
exceptionally analyzes stent placement (i.e., identifying edge dissection, malapposition, or
underexpansion). However, this aforementioned wavelength differential also contributes to OCT’s
lower penetration depth when compared to IVUS (1-2 mm versus 5—6 mm); this finding particularly
limits OCT in the presence of highly attenuating structures like red thrombus or lipid/necrotic
core [43].

While IVUS can assess calcification arc but not thickness, OCT can evaluate both. In this regard,
OCT surpasses IVUS’ more simple classification system. OCT helps categorize calcium not only by
deep or superficial position, but by a nodular, eccentric, or concentric presentation [27]. In doing so,
OCT empowers precise definitions of lesion length and circumferential extension. OCT maintains a
fundamental position in treating calcified plaque. Each calcified lesion is unique, and thus it requires
an individualized intervention and a tailored therapeutic approach.

9. Preparation of calcified lesions: balloon based techniques

Now, this paper will transition from its discussion of imaging to calcified coronary lesion
treatment techniques (Figures 3 and 4). Patients with moderate-severe calcified lesions pose a unique
challenge to PCI, and their cases often require specialized intervention strategies. Severe calcification
requires exceptional lesion preparation, and evaluating plaque distribution is essential to optimize
treatment outcomes.

9.1. Non-compliant balloons

Non-compliant (NC) balloon angioplasty is considered first-line for patients with mild to
moderate calcified plaque, to facilitate optimal stent expansion. NC balloons are composed of
polyethylene terephthalate and are characterized by rigid, thick walls which allow for high-pressure
inflation and maximum dilation of target stenotic lesions [60]. Of note, these balloons only expand to
110% of their total size: less than their semi-compliant or compliant counterparts (which expand to
130%) [60].

While NC balloons’ rigid structure reduces their risk of overexpansion, this inflexibility makes
them less suited for anatomical constraints or vessel irregularities. Particularly with severely calcified
lesions, non-uniform balloon expansion steepens risk of coronary dissection, coronary perforation, and
balloon rupture. These complications are attributed to NC’s rigid design, which yields excessive
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pressure at inflexible balloon edges [38]. While NC balloon angioplasty remains a helpful adjunct to
atherectomy in most cases, alternative balloon modalities (i.e. scoring, cutting, or ultrahigh) should be
considered in cases of severe calcification [60].

9.2. Cutting balloon

Cutting balloons (Flextome and Wolverine, Boston Scientific) are a specialized type of non-
compliant balloon. They are characterized by three mounted blades or microtomes, which create
discreet incisions in the calcified plaques upon inflation. In doing so, cutting balloons generate small
calcium fractures, which reduce elastic recoil after predilation and increase luminal gain.

These mounted blades provide exceptional incision control and enable deeper penetration of
target calcified plaques. Cutting balloons employ a lower nominal pressure than classic noncompliant
balloons, which minimizes intimal trauma and decreases risk of arterial rupture or dissection. Of note,
cutting balloons do not have the capability of removing calcium from the vessel. They are most
effective when used for shorter lengths (i.e. 20 mm) and for pressures between 12 and 14 atm [44].

Despite these advantages, cutting balloons have yielded varying outcomes. The GLOBAL trial
found that, with regard to reducing restenosis after angioplasty without stenting, cutting balloons were
not superior to PCI [27]. Conversely, the REDUCE III Trial found that, with regard to restenosis and
target lesion revascularization, cutting balloons (followed by bare metal stent implantation) were
superior to percutaneous transluminal coronary angioplasty [27].

9.3. Scoring balloon

Scoring balloons (AngioSculpt, Philips; Scoreflex, OrbusNeich; Chocolate XD, Teleflex; NSE
Alpha, B. Braun; and Lacrosse NSE, Asomedica) are characterized by a helical edge and covered by
nitinol scoring elements [27]. This edge is composed of metal wires or blades, embedded in the
balloon’s surface and distributed in a helical pattern. Mechanistically, scoring balloons are similar to
cutting balloons; their helical design creates controlled, superficial cuts within calcified plaques. These
incisions weaken target plaque, improving arterial expansion and luminal gain [61]. Scoring balloons’
low crossing profile also provides maximum flexibility and trackability, and they are generally
considered less noncompliant than traditional balloons. In turn, scoring balloons possess more optimal
diameter expansion and offer exceptional plaque modification [61].

Numerous studies have evidenced cutting balloons’ high procedural success rate, thus supporting
their use prior to stent implantation. Scoring balloons may even be preferred over cutting balloons.
They possess a more deliverable profile, and their more superficial incisions decrease risk of
perforation and dissection when compared with cutting balloons. Given their increased flexibility,
scoring balloons are especially helpful in cases with challenging anatomical constraints [27]. For this
reason, scoring balloons are frequently employed for in-stent restenosis and calcified lesions.

9.4. Ultra-high pressure balloon
In contrast, ultrahigh pressure balloons (OPN NC, SIS Medical) differ from scoring and cutting

balloons in both their design and mechanism of action. These are comprised of rapid-exchange
noncompliant balloon catheters, which tolerate high pressures with only minimal increases in
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diameter [38]. Ultrahigh pressure balloons require no physical incision, and they uniquely apply
significantly higher pressures than standard balloons during angioplasty. While standard angioplasty
balloons have pressure ratings of 620 atm, ultrahigh pressure balloons can tolerate pressures above
30 atm [61]. These significant exertional forces maximize the expansion of heavily calcified lesions,
allowing for improved blood flow. In this regard, ultrahigh pressure balloons are preferred over
standard balloons in situations with heavy plaque burden. They can even be applied towards post-
dilation to achieve optimal stent expansion. Moreover, ultrahigh pressure balloons have a better
crossing profile than their cutting and scoring counterparts [27].

In a 2019 retrospective study of 326 patients, investigators found that this super high-pressure
balloon successfully treated >90% of non-dilatable calcified coronary lesions. Of note, these lesions
were ones that conventional noncompliant balloons had failed to adequately modify [62].
Unfortunately, however, coronary rupture occurred in 3 patients [62]. The recent ISAR-CALC Trial
demonstrated that the OPN high pressure balloon performed as well as the scoring balloon with regard
to lesion preparation, yet the first yielded a superior angiographic result [27].

10. Contemporary management of severely calcified lesions

Contemporary modalities for calcium modification—especially those for severely calcified
lesions—are often more complex than preparation by balloon angioplasty. In these cases, percutaneous
coronary intervention may be assisted by methods like intravascular lithotripsy or ablative strategies
like atherectomy (Figures 3 and 4).

10.1.  Intravascular lithotripsy (IVL) assisted PCI

Intravascular lithotripsy (Shockwave C2 coronary IVL, Shockwave Medical) was adapted from
nephrolithiasis treatment technology, and introduced to the coronary calcium sphere as recently as
2017 [27,38,43]. The IVL system uses a 0.014-inch guidewire-compatible, fluid-filled balloon
angioplasty catheter. Its two lithotripsy emitters (placed proximally and distally) are incorporated into
the catheter’s shaft, and they convert electrical energy into acoustic pressure pulses. In turn, these
pulses collide with calcium via expanding/collapsing vapor bubbles and create a transient burst of
acoustic pressure waves. These pulsatile sonic pressure waves traverse coronary tissue with an
effective 50 atm and selectively fracture the calcium both deeply (a unique lithotripsy ability which
other ablation techniques do not possess) and superficially. Notably, the shock waves spare soft vessel
tissue due to its elasticity. Compared to its ablative counterparts, IVL is also uniquely ideal for
bifurcation lesions (i.e., left main coronary disease); the cardiologist can wire and protect both major
branches during lesion preparation. In doing so, calcium fragments are minimally disrupted and remain
within the subintima. With no significant release of downstream debris, IVL is unlikely to cause distal
embolism [27,38,43].

IVL is user-friendly and has quickly become a standard approach for severe calcific coronary
lesions. In fact, because the device is similar to standard PCI catheters, IVL requires no specific
training beyond that for traditional atherectomy. Moreover, studies repeatedly demonstrate excellent
early angiographic as well as late clinical outcomes. Post-IVL patients have improved vessel
compliance, luminal gain, and stent expansion per OCT and are without significant complications (i.e.,
no evidence of dissection, slow flow or no reflow event, embolization, or coronary
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perforation) [27,38,43]. The DISRUPT CAD I study marked the first single-arm multicenter study,
and it evidenced IVL’s exceptional role in moderate-severe lesion preparation prior to stent delivery.
This Trial found a reduction of stenosis to 12% and a luminal gain of 1.7 mm. After this pilot, the
DISRUPT CAD II, III, and IV similarly indicated exceptional procedural success for IVL in severely
calcified coronary lesions. A patient-level pooled analysis of the DISRUPT Trials (628 patients, 72
sites, 12 countries) demonstrated the following: a primary safety endpoint (absence of 30-day MACE)
of 92.7% and an effectiveness endpoint (procedural success, defined as stent delivery with residual
stenosis <30% and no in-hospital MACE) of 92.4% [27,38,43].

10.2.  Atherectomy assisted PCI: rotational atherectomy (RA)

RA uses a high-speed, diamond-tipped burr that rotates within the lesion at speeds of up to 200000
revolutions per minute (rpm) [63]. The burr pulverizes calcific plaques into microparticles (5—10
microns in size) that are small enough to pass through the coronary circulation without causing
significant embolic complications [64]. The ablation process selectively removes inelastic, calcified
portions of the plaque while sparing the more elastic, healthy vessel wall, thus improving compliance
and enabling optimal stent expansion [61,63].

RA is primarily indicated for lesions classified as moderately to severely calcified, which often
resist expansion by traditional balloon angioplasty. Lesions which cannot be sufficiently dilated by
high-pressure or cutting balloons may also benefit from RA. Notably, the PREPARE-CALC
randomized trial found that among 200 patients with MI and severely calcified native coronary lesions
undergoing PCI, a strategy involving upfront RA before drug-eluting stent implantation was
significantly more successful compared to using a modified balloon (MB). Strategy success was
achieved in 98% of the RA group versus 81% of the MB group, resulting in a relative risk of failure
of 9.5 for MB versus RA (95% CI: 2.3-39.7; p=0.0001) [65].

According to the 2019 North American Expert Review of RA, the optimal technique involves
several key elements to ensure effectiveness and safety. Mainly, the burr-to-artery ratio should be
maintained between 0.4 and 0.6 to ensure that the burr is appropriately sized for the artery. Second,
the burr rotational speed should range from 140000 to 150000 rpm to provide an efficient ablation of
calcified lesions. Gradual burr advancement with a pecking motion is also crucial to ensure controlled
progress and prevent damage to the vessel walls. In addition, the ablation runs should be kept short,
between 15 and 20 seconds, to limit thermal injury and preserve the artery’s integrity [66].

Thus, despite its benefits, RA carries inherent risks such as neointimal hyperplasia, vessel
perforation, and dissection. Furthermore, the RA burr size can be limited by the guide catheter diameter
and target vessel size, which restricts its use in certain anatomical settings [63].

Comparatively, IVL and RA show different performances and complication profiles. Studies that
evaluated RA, such as ROTAXUS (n=240) and PREPARE-CALC, revealed procedural success rates
up to 98%, as mentioned, though with a risk of complications such as no-flow phenomena and MACE
rates around 15% average one year post-intervention [65,67]. IVL, as evidenced through the Disrupt
CAD I-1V studies, demonstrated a slightly lower success at 92.4% and a small, potentially insignificant
decrease in complications, such as incidence of MACE at one year (averaging 13.2%). Still, the very
rare incidence of severe complications like vessel dissections in IVL is notable [67]. While both
techniques have proven their effectiveness, IVL appears to offer a slightly safer profile in terms of
fewer severe procedural complications, whereas RA might be somewhat more effective and
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appropriate for more severe and/or complicated cases of calcified lesions. Ultimately, the absence of
comparative trials which evaluate these various techniques presents a substantial obstacle to discerning
their utility, efficacy, and safety.

10.3.  Atherectomy assisted PCI: orbital atherectomy (OA)

OA represents another advanced technique for the management of calcified coronary lesions. The
OA system utilizes a diamond-coated crown that executes an orbital motion rather than a simple
rotation, thereby effectively pulverizing calcified plaques. During intervention, the device progresses
along a guidewire, and the crown rotates at speeds ranging from 80000 to 120000 rpm [63,67]. It is
available in two variants—the classic and the Micro Crown—the latter of which features a smaller
distal tip that enhances maneuverability within narrower vasculature and expands the range of treatable
lesions [67]. Similar to RA, OA efficiently removes hard, calcified deposits while preserving the
structural integrity of the healthy vessel wall. Although RA is adept at ablating superficial calcium
within coronary arteries, it generally does not address deeper calcium deposits [39]. Conversely, OA
provides advantages for extensive lesions that encompass both superficial and deep calcium; OA’s
orbiting mechanism permits more controlled ablation and gradual vessel dilation with a reduced risk
of perforation [8,39].

Compared to other atherectomy modalities such as RA and IVL, one of the primary advantages
of OA is its ability to maintain continuous blood flow during the procedure. This quality is key in
enhancing microparticle clearance and minimizing thermal accumulation [8,67]. Additionally, OA’s
ability to ablate both in the forward and reverse directions is particularly beneficial for complex lesions,
and it mitigates the risk of burr entrapment, which may occur with RA [63].

In the context of OA, the ORBIT I trial (50 participants) achieved a procedural success rate of
94% (defined as residual stenosis of less than 20%) and reported six instances of coronary
dissection [68]. The subsequent ORBIT II trial (443 participants) demonstrated a notably low in-
hospital mortality rate of 0.2%—which was significantly lower than the 1.7% observed in the
ROTAXUS trial for RA. Furthermore, ORBIT II recorded a procedural success rate of 89.1%, where
89.8% of patients remained event-free at the 30-day follow-up. The reported rate of MACE stood at
16.4% at 12 months [69]. Despite these findings, a definitive comparative assessment between OA and
RA remains elusive, with no clear consensus favoring one technique over the other.

10.4.  Atherectomy assisted PCI: excimer laser coronary atherectomy (ELCA)

ELCA is a catheter-based intervention that utilizes ultraviolet laser energy to vaporize
atherosclerotic plaques. It employs brief, high-energy laser pulses at a wavelength of 308 nm. Similar
to other discussed techniques, though used infrequently, ELCA aims to reduce plaque burden in
affected coronary vessels, thus facilitating subsequent interventional therapies such as balloon
angioplasty or stent deployment [27,63].

ELCA is particularly advantageous in managing non-crossable, non-dilatable fibrocalcific lesions
and thrombotic components. In this regard, ELCA is most effective in complex anatomical settings
including ostial lesions, bifurcations, and in-stent restenosis [70]. Thus, its capacity for selective tissue
ablation and thrombus vaporization renders it an option in cases resistant to conventional mechanical
atherectomies or angioplasties. The laser catheters, which are compatible with standard 0.014-inch
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guidewires, are available in four diameters—0.9, 1.4, 1.7, and 2.0 mm—to cater to varying severities
and diameters of CAD. These catheters are designed as either concentric or eccentric based on the
arrangement of laser fibers at the tip [38,71].

Hassani et al. reported that the clinical-procedural success rates for ELCA in ISR ranged from
33% to 100%, with a median of 91%, as reported in the period from 1992 to 2018, and improved over
time. However, significant drawbacks include potential renal complications from the use of contrast
agents and limited efficacy on poorly visualized or heavily calcified plaques [72]. In fact, in heavily
calcified lesions, its effectiveness decreases; instead, RA and OA become mainstay treatments.
Another option is combining ELCA with RA, termed the RASER technique [71].

There are several notable risks associated with ELCA, especially linked with its photomechanical
mechanism, which involves the use of a liquid medium (saline or blood) to form expanding bubbles
that disrupt the plaque structure. Specifically, in the blood-infusion technique, blood proteins absorb
much of the energy, thus increasing the formation of microbubbles and heightening the risk of
traumatic dissection [72]. Ultimately, ELCA requires specialized expertise and generally incurs higher
costs compared to mechanical atherectomy methods. Given this inaccessibility, it is reserved for select
cases of non-crossable, non-dilatable lesions or as an adjunct to RA.

In conclusion, the choice among IVL, RA, OA, and ELCA should be tailored to lesion
characteristics, vessel anatomy, operator experience, and economic considerations to optimize
outcomes and to minimize complications in the treatment of calcific coronary lesions. Further studies,
especially long-term, head-to-head RCTs, are essential to more accurately define the long-term
outcomes and to establish optimal scenarios for each technique’s application.

11. Conclusions

In summary, this review has highlighted the diversity of severely calcified coronary lesions, as
well as their pathophysiologies and management strategies. We have covered the epidemiology,
pathophysiology, lesion types, acute and long-term complications, lesion preparation, the role of
intravascular imaging, and the contemporary management of these complex calcific lesions.

Understanding the nuances and challenges of calcified lesions promotes a model for
individualizing their management and empowers shared clinician-patient decision making. This review
has sought to ameliorate clinical uncertainties and synthesize growing amounts of research, to help
encourage a homogenous approach to complex calcific coronary lesions. By summarizing the
framework behind CAC and calcific lesion visualization, management, and intervention, this review
paper helps advocate for global synthesis and applications in both the clinical and preventative setting.
Helping physicians understand these themes is key to empower the most fitting choices in coronary
calcification prevention and management.
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