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Abstract: Calcified lesions pose significant challenges in cardiovascular interventions due to their
complex nature and associated risks. These challenges range from accurate diagnosis to the
modification of calcified areas using various techniques. Failing to adequately treat calcification can
lead to suboptimal outcomes in coronary angioplasty, increasing the risk of complications such as stent
thrombosis and in-stent restenosis. While various calcium modification techniques are available, they
come with inherent risks, including vessel perforations and dissections. In this review article, we
explored the difficulties associated with calcified lesions, categorizing them into access site issues,
acute complications, and long-term complications. Understanding these challenges is important in
improving patient outcomes.
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1. Introduction

Coronary artery disease (CAD) remains the leading cause of cardiovascular death worldwide.
Despite advancements in pharmacological therapies and percutaneous treatment techniques, the
outcomes for patients with calcified coronary arteries continue to be one of the most challenging
aspects of coronary intervention [1]. Calcified lesions not only add procedural complexity but also
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increase the risk of adverse outcomes such as vessel perforation, arterial dissection, and stent fracture
under deployed stent, resulting in restenosis or stent thrombosis [2].

Calcified coronary artery disease is an increasingly encountered challenge in percutaneous
coronary interventions (PCI), with studies indicating that moderate to severe coronary calcification is
present in approximately 20-30% of patients undergoing PCI. This prevalence increases with age and
comorbidities such as diabetes, chronic kidney disease, and hypertension [3,4]. Coronary artery
calcification has been identified as an independent predictor of all-cause mortality and myocardial
infarction and is a need for repeat revascularization. Patients with severe calcification have a poor
prognosis both in the short term (within one year) and long term [2], with a 3—10-fold higher risk of
events compared to the general population [5]. Coronary calcification is a marker of atherosclerosis
and a predictor of its progression [6]. Coronary artery calcification reduces the success rate of PCI by
increasing the likelihood of stent malapposition and under-expansion (Figure 1). Studies indicate that
stent malapposition occurs in up to 20% of cases involving calcified arteries, while under-expansion
is observed in about 30% of these cases [7]. This then increases the risk of in-stent restenosis (ISR)
reported in approximately 10-20% of patients with calcified lesions [8] compared to 5-10% in
non-calcified lesions. Thrombosis rates are also elevated, occurring in about 2—4% of cases with
significant calcification [9]. Calcified lesions are also linked to a higher incidence of procedural
complications such as coronary perforation and dissections [10,11]. The risk of coronary perforation
is approximately 0.5-1.0% in calcified arteries compared to less than 0.2% in non-calcified arteries.
Dissections occur more frequently as well, with an incidence of about 1-3% in calcified lesions [12].

We aim to elucidate the challenges and risks associated with calcified lesions in cardiovascular
interventions, highlighting the complexities they introduce and the strategies employed to mitigate
these risks. These challenges and risks can be broadly categorized into access site issues, acute
complications during the procedure, and long-term complications.
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Figure 1. Image A shows stent under expansion on Optical Coherence Tomography (OCT).
Image B shows a well-apposed stent post balloon dilation with MSA >9 mm? in the LAD.
Image C shows a calcific nodule in the same vessel distally.

2. Pathophysiology
Coronary artery calcification is a complex and multi-step process which begins with endothelial

injury. This enables low-density lipoprotein (LDL) cholesterol to infiltrate the arterial wall by
compromising the endothelial barrier. The LDL in the subendothelial space triggers an inflammatory
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response and leads to monocyte recruitment from the bloodstream to the injury site. These monocytes
become foam cells by engulfing LDL and form fatty streaks on the arterial walls. These fatty streaks
evolve into more complex atherosclerotic plaques and are stabilised by vascular smooth muscle cells
(VSMCs). The VSMCs also undergo osteogenic differentiation under the influence of inflammatory
cytokines, oxidative stress and growth factors. These osteogenic VSMCs serve an important role in
calcium phosphate crystal formation resulting in microcalcification within the plaques. Over time,
microcalcification grows into larger calcium deposits, increasing arterial rigidity and decreasing
vascular compliance, contributing to clinical complications associated with coronary calcification [13,14].

3. Types of calcific plaque and implications for PCI

Calcific plaque can be eccentric or concentric. Eccentric plaque is <270° of the vessel lumen
circumference, whereas concentric lesion is cross-sectional >270° of the vessel circumference.
Understanding this phenotype is crucial in dictating how lesions may respond to balloon inflation
during percutaneous coronary interventions (PCI). For example, in eccentric calcification, balloon
dilation results in some luminal gain by stretching and disrupting the non-calcified parts of the vessel
wall. This process can sometimes cause dissections at the edges of the calcium wall. Conversely, in
concentric calcification, balloon dilation fractures in the thinner and weaker areas of the calcium [15].

4. Identification of calcific plaques and nodules and associated challenges

Coronary angiography on its own is not adequately sensitive in identifying the amount and depth
of coronary calcium. Severe calcification appears radio-opaque without cardiac motion, double track
visible on both sides of the cardiac lumen (Figure 2). The most accurate method to determine the extent
of calcification is intravascular ultrasound (IVUS). It has a high sensitivity and specificity of 90% and
99%, respectively [16]. Coronary calcification on IVUS appears as a hyperechogenic mass with
acoustic shadowing behind it [17]. Optical Coherence Tomography (OCT) has a higher resolution than
IVUS but a lower penetration depth. On OCT, calcification appears to be well delineated, with low
signal regions with sharp borders [18]. Both these parameters can differentiate calcification as
concentric or eccentric and are used for procedure planning and help with selection of plaque
modification strategies. Simplified scoring systems have been developed to help in assessing the need
for advance lesion preparation (Table 1).
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Figure 2. Image A shows severe calcium in the left anterior descending (LAD) artery on
the coronary angiogram. Image B shows perforation in the LAD after calcium modification
with a balloon.

Table 1. Criteria for assessment of severity of coronary calcification [19,20].

OCT based calcium score (0—4) [19] IVUS based calcium score [20]

Calcium arc: Presence of calcified nodule (1 point)

1. 90-180° (1 point)

2.>180° (2 points) Presence of 360° circumferential calcium (1
point)

Calcium length >5 mm (1 point) Calcium 270°in >5 mm length (1 point)

Calcium thickness of >0.5 mm (1 point) Vessel diameter of <3.5 mm (1 point)

Calcium nodules are one of the most difficult to manage in PCI. They can be categorized into
two subtypes: Eruptive and non-eruptive, each with unique histopathological and prognostic
characteristics [21]. Eruptive calcium nodules are associated with worse long-term outcomes possibly
due to a high risk of re-protrusion [22]. Intravascular imaging can help distinguish these two subtypes,
leading to better treatment strategies for improved patient outcomes [21]. IVUS images showing
calcium nodules are shown in Figures 3 and 4.
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Figure 4. Image A shows a calcified nodule with reverberation artefact on IVUS after
rotablation. Image B shows the IVUS image of a well-apposed stent in the lumen over a
calcified nodule.

5. Importance of vessel modification

Calcified lesions cause significant challenges in achieving optimal stent expansion, which is
crucial in predicting adverse outcomes, such as restenosis and stent thrombosis. A direct association
has been shown between high CAC scores and reduced spent expansion due to rigidity of calcified
plaques impeding full stent deployment [23]. Achieving optimal stent expansion, quantified by
minimum stent area (MSA), is essential as inadequate stent expansion and a significant predictor of
restenosis and stent thrombosis. Suboptimal MSA, resulting from incomplete stent deployment, can
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lead to turbulent blood flow in the coronary arteries and, with increased sheer stress, promote thrombus
formation and neointimal hyperplasia [24]. Higher levels of coronary calcification can lead to delayed
of impaired healing due to rigidity and uneven structures of the calcified plaques. The suboptimal stent
deployment can leave areas of the vessel exposed, increasing the risk of incomplete endothelization.
Poor endothelial healing increases the risk of thrombosis and restenosis, leading to poor long-term
outcomes [25,26].

6. Treatment techniques and associated risks
6.1. Balloon based techniques

Semi-compliant or non-compliant balloons can be used to prepare calcified lesions for further
modification. It creates dissections in the media, fracturing thin calcium to increase plaque elasticity,
facilitating stent expansion. The pressure exerted by the balloon against the vessel wall is uneven along
the length of the lesion due to the thickness, location and distribution of calcium, thus increasing the
risk of perforation or balloon rupture due to dog-bone deformation exerting excessive pressure at the
edges [16].

Cutting balloons are non-compliant balloons with surgical blades attached to the surface. They
are used in a 1:1 ratio with the vessel diameter and act by creating small calcium fractures. They have
a low nominal pressure that minimises intimal trauma. They are a valuable adjunct in modifying
calcified lesions but have a higher perforation rate than conventional balloons [27].

Scoring balloons are semi-compliant balloons that have nitinol wires, exerting a scoring effect on
the plaque [28]. They are mechanistically similar to cutting balloons with comparable angiographic
results [29]. Scoring balloons are more deliverable and are associated with less risk of vessel injury
and coronary dissections. Scoring balloons may not be sufficient in achieving adequate lesion dilation
as cutting balloons, necessitating the use of additional intervention. Although the risk is lower than
cutting balloons, in extremely calcified lesions, there remains a risk of vessel wall damage and
perforation, distal embolization of plaque fragments and vessel dissection. After successful dilation,
the vessel may experience elastic recoil requiring adjunctive stenting to maintain vessel patency [30].

Ultra-high pressure balloons can inflate 35—40 atm, providing the necessary force to adequately
dilate severely calcified lesions that standard balloons cannot effectively treat [31]. It applies a more
uniform radial force along the length of the lesion, thus reducing the risk due to uneven pressure
distribution. However, high inflation pressures can lead to dissections, especially at lesion edges, and
may damage adjacent calcified tissue if calcification is asymmetrical [32].

Lithotripsy (Shockwave medical) consists of a semi-compliant balloon with two emitters at the
proximal and distal levels. When the balloon inflates at a nominal pressure of 4 atm, the system is
activated, and the emitters vaporize the saline/contrast solution inside the balloon. This process creates
microbubbles that expand and burst producing shockwaves that travel through the coronary wall and
fracture calcium deposits in the artery with minimal effect on the adventitia [33]. Generally considered
a safe and effective treatment for calcified lesions, the balloon can, however, rupture in heavily
calcified vessels, potentially causing vessel perforation [34]. Additionally, vessel dissection may also
occur, particularly at the fibrocalcific interface of the vessel where eccentric calcium is present, as the
balloon dilation can bias away from the calcified areas, increasing the risk of tearing [35].
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6.2. Ablative techniques (RA, OA, and laser)
6.2.1.  Rotational atherectomy (RA)

RA with a rotablator RA system (Boston Scientific) is used to treat heavily calcified lesions that
are resistant to conventional balloon angioplasty (under-expansion of the balloon). RA functions on
the principle of plaque modification via rotational ablation. It uses a diamond-coated elliptical burr
rotating at a speed between 140,000 and 180,000 rpm, driven by a helical driveshaft. This burr is
advanced across the calcified lesion on a specialized rota guidewire. Multiple runs with the burr are
often needed to smooth the vessel lumen and break up the intravascular calcium rings, enabling the
subsequent passage, dilation of balloons, and stent implantation [36,37]. This mechanical grinding
action of RA can tear the arterial wall resulting in coronary artery dissection, which is more common
in non-uniform calcification [38]. Debris generated by RA, especially from calcific nodules, can
embolize downstream increasing the risk of no reflow phenomenon and potentially leading to
periprocedural myocardial infarction [39]. An analysis of the British Cardiovascular Intervention
Society (BCIS) database from 2006 to 2016 revealed that rotational atherectomy is linked to a higher
rate of in-hospital major adverse cardiac or cerebrovascular events. This underscores the challenges of
treating calcified lesions and highlights the need for strategies to mitigate these risks [40].

6.2.2.  Orbital atherectomy (OA)

OA uses an eccentrically mounted diamond-coated crown that orbits within the vessel, sanding
down the calcium plaque but preserving the soft vessel wall. It has a dual mechanism of action
(centrifugal and orbital motion) that enables a more uniform plaque modification. This is particularly
useful in eccentric lesions [36]. Atherectomy devices (both RA and OA), due to their high rotational
speed, can penetrate the vessel walls, causing vessel perforation.

6.2.3.  Laser atherectomy

Laser atherectomy, such as Excimer Laser Coronary Atherectomy (ELCA), uses high ultraviolet
light to vaporize calcified and non-calcified plaque. It operates through three mechanisms: Molecular
ablation, where ultraviolet light breaks molecular bonds within the plaque;
photochemical/photothermal effects, which involve chemical bond disruption by laser energy; and
photomechanical effects, where rapid vaporization creates gas bubbles that disrupt the plaque. ELCA’s
advantages include compatibility with any standard guidewire, minimal risk of entrapment, and the
ability to protect bifurcations. Laser atherectomy does not rely on mechanical force, thus reducing the
risk of vessel trauma and dissection [36,41]. However, the high-energy laser pulses can weaken the
vessel wall, particularly in areas of non-uniform calcification, increasing the risk of dissections. In
calcified regions, the energy may disperse unevenly, generating heat that may lead to thermal energy.
The heat can damage adjacent non-calcified segments, posing additional risk to vessel integrity.
However, this risk has been mitigated with the use of pulsed UV laser catheters allowing more energy
delivery [42,43].

Despite the availability of various treatments, the adoption of atherectomy techniques remains
limited. This is primarily due to restricted access, insufficient familiarity and inadequate training, all
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of which hinder the utilization of these technologies and contribute to inadequate treatment of coronary
calcification [44].

6.2.4. Medical therapy

Medical therapy, such as statins, plays an important role in stabilizing and reducing the
progression of calcific plaques in coronary arteries [45]. Furthermore, aggressive lipid-lowering
therapy has shown improved cardiovascular outcomes, particularly in high-risk populations [46]. A
high coronary artery calcium score is strongly linked to an increased risk of myocardial infarction (MI),
making risk stratification crucial. In patients with elevated CAC scores, the use of antiplatelet therapy,
such as aspirin, may help reduce the incidence of MI [47]. Additionally, emerging evidence suggests
that CAC scoring could guide personalised preventive strategies, including antihypertensive and lipid-
lowering therapies, to optimize cardiovascular outcomes [45,47]. Furthermore, better diabetic control
is a crucial aspect of medical therapy for managing coronary calcification. Elevated leptin levels in
diabetic patients drive atherosclerotic processes, including vascular wall calcification, oxidative stress,
and smooth muscle proliferation. Improved diabetic control may reduce leptin-driven calcification,
representing an important target in coronary calcification management [48].

7. Complications
Complications associated with coronary calcification are detailed below:
7.1. Access site issues and complications

The treatment of complex calcified coronary lesions requires meticulous planning and
anticipation of potential challenges. Several key aspects must be considered when selecting the guiding
catheter and vascular access. These include system stability during the procedure, sufficient internal
diameter for the chosen calcium modification technique, e.g., burr size in RA, the operator experience,
the risk of bleeding from the access site, and vascular complications [49].

Radial artery calcification (RC) is frequently associated with calcified coronary plaques. In one
study, researchers found a significant correlation between RC and coronary calcifications in adults
with angina symptoms and associated risk factors, with patients requiring a higher rate of
revascularization treatments. RC can make arterial puncture and catheter manipulation difficult. With
increased rigidity due to calcium, the risk of trauma during access increases, thus leading to bleeding
complications and haematoma formation [50].

Although radial access is preferable over femoral access due to reduced bleeding-associated
complications, femoral access may be preferred in cases where guiding support is suboptimal, and
there is a need to use a bigger-sized rota burr [51,52]. Ultrasound-guided puncture offers several
benefits such as anatomical visualization, identification and avoidance of calcification and minimized
complications such as haematoma formation and pseudoaneurysmes.

In cardiovascular interventions, vascular closure devices (VCD) are utilized to achieve
haemostasis at the arterial access site. The presence of calcification can result in inadequate
deployment of the Angio-Seal device (commonly used VCD in femoral access percutaneous
intervention) and result in persistent bleeding, haematomas, or pseudoaneurysm formation [53].
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Arteriovenous (AV) fistula formation occurs when there is an abnormal connection between an
artery and a vein. In calcified vessels, the increased rigidity and decreased elasticity make the arterial
walls more susceptible to injury during percutaneous interventions. The use of radial access (over
femoral) and under ultrasound guidance reduces complication rates improves the security of vascular
access and avoids AV fistula formation [54].

7.2. Acute complications
7.2.1.  Stent loss

The rigidity and irregular structure of the calcified lesions make stent delivery challenging,
particularly in tortuous and severely calcified vessels. Inadequate vessel preparation prior to stent
delivery can prevent the stent from advancing the lesion, causing deformation. Forcefully retracting
the stent into the guiding catheter in such cases may lead to stent dislodgment, an uncommon yet
life-threatening PCI complication [55,56]. Stent loss is managed non-surgically by either retrieval
using a small balloon technique and equipment such as a goose neck snare or crushing the deployed
stent [57].

7.2.2.  Coronary perforation

Coronary perforation occurs due to the calcified segments rupturing the vessel wall. In coronary
calcification, the vessel walls lose their elasticity and flexibility. Modification of calcified plaque with
high pressure balloon or atherectomy devices can create hard or sharp edges of the calcified plaque
that can then puncture the vessel wall. This can lead to life-threatening complications such as cardiac
tamponade. Management strategies include prolonged balloon inflation to seal the perforation,
deployment of covered stents and pericardiocentesis (Figure 2).

There are three major coronary artery perforations depending on the location within the vessel.
These include (a) large vessel perforation, (b) distal vessel perforation, and (c) collateral perforation.
The management strategy for each type depends on multiple factors, including the size of the vessel,
the anatomical location of the perforation, and the clinical scenario.

Large vessel perforations are more likely to occur in calcified vessels, especially when oversized
balloons and stents are used in inadequately modified calcific lesions. They can also be caused using
atherectomy devices, including rotational, orbital, and laser atherectomy [58]. Large vessel
perforations are usually managed with prolonged balloon inflation and conventional/covered stents.
Distal vessel perforation is usually caused by distal wire migration, especially with hydrophilic wires.
Calcified lesions are more challenging to cross with standard workhorse wires, leading to greater
reliance on hydrophilic options [58,59]. Epicardial vessel perforation usually occurs in retrograde CTO
PCI [58]. Distal and collateral vessel perforations, depending on the vessel size and location, may be
treated using the embolization technique utilizing micro-coils, fat, collagen, and microspheres. If
embolization is not feasible, a covered stent may be used to manage distal perforation by blocking the
origin of the perforated side branch [58,60,61].

Coronary artery perforation can be classified using five types according to its severity [12]. The
classification helps guide the management of the complication (Table 2).
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Table 2. Modified Ellis perforation classification [12,62].

Description Management
Type | A perforation with extraluminal This is the least severe type and typically does
crater without extravasation not cause significant bleeding. It can be
managed conservatively but may require
balloon tamponade or covered stents.
Type Il A perforation with pericardial or Balloon tamponade, covered stents/coil
myocardial blushing but no jet of embolization. The patient may require
contrast extravasation pericardiocentesis
Type Il A perforation with extravasation These are severe types with substantial bleeding
through frank (>1 mm) perforation  into the pericardial space and surrounding
pericardium. It requires immediate
pericardiocentesis and treatment with covered
stents/coil embolization.
Type IV Perforation into an anatomical Because the blood leaks into another
(Cavity  cavity, chamber, or a vessel. cardiovascular cavity, symptoms are usually of
spilling) a new shunt. Type IV tends to be better tolerated
than Type III. Management is similar to type III.
Type V. Perforation of the distal segment May require embolization of the distal vessel
with thrombin, coils or fat.
7.2.3.  Stent thrombosis

Stent thrombosis causes abrupt closure of the stented coronary artery and, therefore, carries a high
risk of myocardial infarction and death. Stent thrombosis is influenced by various factors related to
patients, procedural techniques, and stent characteristics. Another key factor influencing stent
thrombosis is the degree of calcium in the coronary artery. Specifically, the arc, length, and thickness
of calcification can impact the deployment and expansion of the stent. Suboptimal stent expansion,
leading to under-deployment, is a significant predictor of stent thrombosis due to inadequate stent
apposition and coverage of the diseased vessel wall [63].

Stent thrombosis is classified based on the level of certainty and timings of the event after the

index procedure with stent implantation (Table 3).

Table 3. Definition of stent thrombosis [64,65].

Definition

Timing

Acute stent thrombosis—occurs within 24 hours of stent implantation

Subacute stent thrombosis—occurs between 24 hours and 30 days of stent

implantation

Late stent thrombosis—occurs between 30 days and 1 year post stent

implantation

Very late stent thrombosis—occurs more than one year after stent implantation

Level of certainty

Definite—angiographic or pathological confirmation of stent thrombosis

Probable—unexplained death within 30 days or target vessel myocardial
infarction without angiographic confirmation of stent thrombosis
Possible—unexplained death after 30 days

AIMS Medical Science
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Coronary artery disease with severe calcified lesions is more likely to receive suboptimal
revascularisation without the use of intracoronary imaging. Unfortunately, the utilization of
intracoronary imaging is often limited, and visualization of coronary calcium is not as sensitive on
angiography alone. Incomplete lesion preparation, improper stent sizing, and stent under expansion
can all contribute to stent thrombosis or restenosis (Figure 5) [2,66]. Minimum stent area (MSA) is a
critical predictor of stent failure and can be adversely affected by under-expansion in calcified
vessels [67].

Emergency PCI is indicated in acute presentation and is treated with balloon inflation, aspiration
thrombectomy and pharmacological treatment with antiplatelets and anticoagulants. Further treatment
with drug-eluting stent implantation may be required if it is due to edge dissection, which is more
common in calcified lesions [68].

Various large trials and registries have identified several factors associated with stent thrombosis.
For instance, the Champion-Phoenix trial highlighted that factors like presenting with non-ST-
elevation myocardial infarction (NSTEMI) or ST-elevation myocardial infarction (STEMI), high
angiographic thrombus burden, and longer stent length independently predict acute stent
thrombosis [69]. Additionally, an IVUS study from the Horizon AMI trial revealed that factors such as
stent area less than 5 mm?, improper positioning of stent struts, plaque protrusion or prolapse, edge
dissection, and residual narrowing significantly contribute to early stent thrombosis [70]. Moreover,
bifurcation stenting was also linked to increased stent thrombosis risk. Other researchers found a higher
risk of stent thrombosis in patients presenting with STEMI, irrespective of the stent type. The use of
more potent antiplatelet drugs, such as Prasugrel, has shown to halve this risk [71]. Importantly,
coronary calcification can act as a central contributor to these risks by creating a challenging
environment for stent deployment, leading to incomplete stent expansion, improper apposition, and
edge dissection, which are critical drivers of stent thrombosis.
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Figure 5. Image A shows calcified stenoses in the right coronary artery (RCA) on coronary
angiography. Image B shows a stented vessel after calcium modification using an NC
balloon. Image C shows acute stent thrombosis with TIMI 0 flow in the RCA. Image D is
an IVUS image showing an under-expanded stent within a calcified lesion.

7.2.4.  Acute stent malapposition

Stent malapposition refers to the separation of any stent strut from the intimal surface of the
arterial wall in the absence of bifurcation. On IVUS, its prevalence is reported to be approximately 13%
with an OCT around 51%. One cause of acute stent malapposition is when the stent is deployed in the
region with a shift from non-calcified to calcified plaque, especially with the presence of a calcified
nodule. The expanded stent has difficulty adapting to sudden changes in vessel lumen geometry [72].
Severely calcified lesions can prevent stents from expanding uniformly. As a result, areas with
calcification may cause the stent to expand unevenly and not fully adhere to the vessel wall nearby.
This can happen because the balloon used during the procedure may not apply enough pressure or the
stiffness of the stent itself makes it difficult to conform perfectly to the vessel’s contours in those areas.

Malapposition can disrupt the endothelialization process of the vessel wall and promote the
proliferation of smooth muscle cells around the stent struts. This can contribute to in-stent restenosis
described below. It can also compromise drug penetration and distribution from the drug-eluting stents,
reducing the efficacy of the anti-proliferative agents and increasing the risk of restenosis.
Malapposition creates gaps between the stent struts and the vessel wall, which poses a potential risk
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of guidewires going behind the stent during the same or subsequent procedures. If the malapposed
stent is placed ostially, this can lead to stent thrombosis. Stent malapposition is difficult to detect on
standalone angiography, and intracoronary imaging is often required for acute diagnosis and
optimizing outcomes in patients undergoing coronary intervention [70].

7.3. Long-term complications

Heavily calcified lesions have been associated with an increased risk of long-term complications
such as in-stent restenosis and late target vessel revascularisation (TLR). The presence of an in-stent
calcific nodule is a primary cause for TLR following PCI in patients with coronary calcification.

7.3.1. In-stent restenosis

In-stent restenosis (ISR) is characterized by >50% narrowing within the stent on repeat coronary
angiography [73]. ISR is primarily caused by neointimal hyperplasia, where smooth muscle cells
proliferate within the stent, resulting in the re-narrowing of the treated artery. This process is a critical
factor contributing to the recurrence of symptoms and the need for additional interventions [74].

Several risk factors influence the development of restenosis. These include underlying
comorbidities such as diabetes mellitus and smoking, which exacerbate the vascular response to injury.
Procedural factors also play a significant role, including the type of stent used and the technique
employed during deployment [74].

Clinical manifestations of restenosis often present as recurrent angina or myocardial infarction,
necessitating further revascularisation procedures. Treatment strategies typically involve interventions
like balloon angioplasty or the use of drug-eluting stents, aimed at improving luminal patency and
relieving symptoms [74].

In calcified coronary arteries, ISR results from the stent’s inability to fully expand during stent
deployment due to underlying calcification. Furthermore, neoatherosclerosis within the stent further
contributes to the stenosis [73]. ISRs are associated with a high risk of recurrent target lesion
revascularization (Figures 6 and 7).
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Figure 6. Images A and C show neoatherosclerosis angiographically and on OCT. Images
B and D show the final images after modification and deployment of stent within ISR.

Figure 7. Image A shows an under-expanded stent with ISR on IVUS. Image B shows an
improved MSA of 13 from 4.25 mm? post-treatment with a NC balloon.
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7.3.2.  Stent fracture

When a calcified coronary artery is not well prepared prior to stent deployment, it significantly
increases the risk of stent fracture. The stent may not expand uniformly, exerting excessive pressure
on the calcified areas. This uneven pressure can lead to mechanical fatigue and stent fracture. Stent
fracture can result in in-stent restenosis and stent thrombosis [75].

8. Recommendations for future research

To address the challenges associated with calcified coronary lesions, future research and clinical
guidelines should include developing and evaluating forward-facing devices, like the shockwave IVL
system. Evaluating these devices in trials will help determine their safety and utility in high-risk cases.

Expanding research on combination therapy such as conducting head-to-head trials comparing
IVL and orbital atherectomy in patients, especially with calcified nodules would provide insights into
the efficacy and safety profiles of combining these modalities and guide optimal treatment strategy.

Investigating the role of medications to reduce coronary artery calcification progression, such as
anti-inflammatory agents or novel lipid-lowering agents as adjunctive therapy, may improve overall
outcomes in these patients.

9. Conclusions

The management of calcified lesions in cardiovascular interventions remains complex with
significant challenges and risks leading to procedural complications such as perforation, dissection,
stent thrombosis, and suboptimal stent expansion and apposition. Intracoronary imaging is important
in procedure planning as it enables the assessment of calcification and guide selection of devices and
techniques. Lesion preparation with balloon-based or atherectomy techniques enhances the success of
PCI in patients with severe coronary calcification. However, this remains a challenging aspect of
interventional cardiology with further work and innovative techniques required to optimize long-term
patient outcomes.
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