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Abstract

Severe coronary artery calcifications remain a challenge for the contemporary interventional cardiologist in the
light of the growing demand for diagnostic procedures and interventions in elderly patients; in addition, the general
prognostic improvement after percutaneous coronary intervention (PCl) is expanding the indications to PCl to
increasingly complex anatomies. In the last decade, a renewed interest in the treatment of calcific lesions has been
observed, with the aim to optimize the mechanic effects of balloon angioplasty and the expansion and apposition of
DES to the vessel wall. However, patients with calcific coronary artery disease represent a subset with a high risk of
adverse outcomes, both intra-procedural and in the long-term. The need to guarantee a targeted and tailored
treatment based on the coronary anatomy of any individual patient is a current priority of the interventional
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community. The efficacy of rotational atherectomy in improving procedural success for the treatment of calcified
lesions has been widely demonstrated. The advent of new technologies -especially of intravascular lithotripsy
(IVL)-, the application of techniques and materials initially developed for as complex procedures as chronic total
occlusions (CTO), the increasing experience of contemporary operators and the introduction of latest generation
drug-eluting stents (DES) with excellent technical and structural properties, are further contributing to improving
outcomes of current PClI for calcific lesions.

Keywords: Coronary artery calcifications, percutaneous coronary intervention, drug-eluting stents, rotational
atherectomy, intravascular lithotripsy, intravascular ultrasound, optical coherence tomography

INTRODUCTION

Severe coronary artery calcifications (CAC), already identified by Andreas Griintzig as one of the main
limitations to the feasibility of coronary balloon angioplasty", are a challenge for the contemporary
interventional cardiologist as well for several reasons: first, the growing demand for diagnostic procedures
and interventions in elderly patients who carry CAC because of aging; in addition, the general prognostic
improvement after percutaneous coronary intervention (PCI) and the reduction in the incidence of
restenosis with latest generation drug-eluting stents (DES) are expanding the indications to PCI to
increasingly complex anatomies”. In the last decade, the renewed interest in tools for ablation or
modification of calcified plaques paved the way to the development of new technologies and to technical
and procedural improvements of those already existing, with the ultimate aim to optimize the mechanic
effects of balloon angioplasty and the expansion and apposition of DES to the vessel wall.

EPIDEMIOLOGY AND PROGNOSTIC ROLE OF CORONARY ARTERY CALCIFICATIONS

All patients with cardiovascular disease virtually have a certain amount of CAC. Therefore, the assessment
of CAC provides additional prognostic information over traditional risk factor-based assessment in
predicting mortality risk”. The presence of CAC is epidemiologically associated with a higher
cardiovascular risk profile, while prognostically, they are independent predictors of stent thrombosis and
target vessel revascularization one year after PCI”. In an individual analysis of approximately 6,300 patients
from 7 randomized trials of DES, it was demonstrated that the prevalence of severely calcified coronary
lesions is associated with a higher incidence of incomplete revascularization and higher mortality'.
Moreover, in a more recent analysis of 19,833 patients from 18 randomized trials, the negative prognostic
impact of coronary artery calcification remained evident across a 5-year follow-up, an effect that was only
mitigated by second-generation DES". Therefore, calcified coronary lesions, in addition to being
particularly frequent in contemporary practice, represent a negative prognostic indicator regardless of the
clinical presentation or the type of DES implanted®’. These negative outcomes are related not only to
comorbidities but also to the greater technical complexity of PCI in calcified lesions, which represent an
obstacle to the progression of stents through the coronary arteries and, in any case, reduce their expansion
capacity; CAC can indeed damage the DES polymer and consequently alter the normal distribution kinetics
and the uniformity of release of the anti-proliferative drug"®'". This results in an often-suboptimal
procedural result and an increased risk of complications such as intrastent restenosis or stent thrombosis.
Beyond this, CAC also increases the risk of acute procedural complications such as stent loss, dissection,
and coronary artery perforation"”.

BIOLOGY AND HISTOLOGY OF CORONARY CALCIFICATIONS

Vascular calcification is an active biological process that reflects systemic inflammation finely regulated by
cellular interaction mechanisms"?. Histologically, vascular calcifications can be localized both in the tunica



Ando et al. Vessel Plus 2023;7:15 | https://dx.doi.org/10.20517/2574-1209.2023.26 Page 3 of 22

intima, representing a component of the atherosclerotic plaque ultimately responsible for vascular events,
and in the tunica media, where they assume a more often circumferential appearance linked to the presence
of elastic tissue and where they cause an increase in stiffness and decrease vascular compliance'*. Overall,
intimal calcifications are a dynamic phenomenon that can be considered as the barometer of the
atherosclerotic process"”: during the early stages of intimal thickening, calcified spots are associated with
plaque instability, while in more advanced fibrocalcific lesions, confluent regions of calcification are
observed with calcified sheets or plates where collagen matrix and necrotic core itself are calcified and
associated with more stable atherosclerosis phenotypes, representing a final response to atherosclerotic
damage". Fracture in calcified sheets can lead to the formation of nodular calcification. Such nodules may
prompt discontinuation of the endothelial lining, thus extending into the lumen, and promoting fibrin
deposition and acute luminal thrombosis". In pathological studies, calcified nodules are the underlying
mechanism in 2% to 7% of coronary thrombosis'™”. Importantly, different types of calcified nodules can be
identified at either pathology or intravascular imaging, such as eruptive and non-eruptive calcific nodules,
and their management remains a matter of debate"”. Calcifications of the tunica media are very common in
patients with chronic kidney disease, especially in vessels typically spared by atherosclerosis, and they are
often not associated with the narrowing of the vessel lumen"*. The microscopic appearance of calcifications
can be amorphous, i.e., devoid of any tissue architecture, but can even assume a chondro-osseous
architecture, which presupposes a phenotypic change of the vascular smooth muscle cells into mesenchymal
stem cells"”. After DES implantation in calcified lesions, the same mechanisms, such as calcium sheet
formation and reformation of calcified nodules inside DES, may be involved in DES failure.

EVALUATION OF CORONARY CALCIFICATIONS

Coronary calcifications can be detected by various diagnostic methods, in particular computed tomography
(CT), angiography and intravascular imaging techniques. Intravascular ultrasound (IVUS) and optical
coherence tomography (OCT) are the most used techniques. They allow a very accurate assessment of the
calcium burden and its distribution and eccentricity, information that allows planning an individualized
strategy for lesion preparation and optimization of stent implantation.

Coronary computed tomography angiography

CT is the most sensitive method for detecting coronary calcium"?. It is mainly used in elective conditions to
stratify medium and long-term cardiovascular risk through the calcium score (volumetric quantification of
calcium) of the coronary arteries®”. Apart from the general prognostic data, there are no currently
established criteria for planning and guiding a specific interventional treatment based on the CT scan. A
Korean group has proposed a new “calcification remodeling index” based on coronary CT scans, in addition
to better known criteria such as calcium score, calcification volume or the number of quadrants involved in
the calcification arc, to predict the use of rotational atherectomy during PCI*".

Coronary angiography

Angiography is highly specific but lacks sensitivity compared with coronary CT and intravascular imaging
for identifying coronary calcium. In the pivotal 1995 study by Gary Mintz, coronary angiography was
indeed able to identify calcium in only 38% of cases, and sensitivity was even less for mild levels of
calcification. CAC are angiographically identified as linear radiopaque areas that follow the contour of the
coronary artery in a synchronous motion with cardiac contraction prior to opacification with contrast
[Figure 1]. They are defined as severe when both sides of the arterial wall are identified during cardiac
movement in the absence of contrast dye'*”. It has been observed that those coronary calcifications that are
not visible angiographically, and therefore can be identified only with IVUS or OCT, do not appear to limit
stent expansion®”. Consequently, the presence of angiographically visible calcium, i.e., a thick calcification,
is likely to remain a good predictor of incomplete stent expansion. During contrast injection, calcium
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Figure 1. Angiographic demonstration of severe calcification of the left anterior descending artery (LAD). Two linear radio-opaque areas
along either side of the LAD profile (A) can be observed prior to (B) contrast dye injection. Stent-enhancement features of the
angiographic machine facilitate the identification of calcifications (C) after wiring and positioning a balloon with two radio-opaque
markers.

appears as a blurred area with inhomogeneous contrast opacity (haziness). Thus, differentiation between
calcification and intraluminal thrombus can be difficult by angiography alone because severe CAC can
appear as a lumen-filling defect, much like a thrombus that impedes the passage of contrast agent; hence,
coronary angiography remains a suboptimal and scarcely accurate technique to identify high calcium
content.

Intravascular ultrasound

A heavily calcified lesion appears at IVUS as a hyperechoic arch associated with an acoustic shadow towards
the periphery of the image, which makes further details in the vessel wall invisible [Figure 2].In fact,
ultrasounds have a spatial resolution of 150-200 um but cannot propagate beyond the calcification since the
calcium itself causes its total reflection towards the source. In a pioneering post-mortem study, IVUS
reported 100% specificity and 90% sensitivity for identifying dense calcified plaques or clusters of micro-
calcifications with much less ability to identify isolated micro-calcifications (< 50 um) that remain below its
spatial resolution™. Subsequent in vivo clinical data confirmed the greater sensitivity of IVUS in detecting
coronary calcium compared with angiography (73% of cases vs. 38%; P < 0.001)"*?. The level of calcification
can be quantified on IVUS measuring (in degrees) the circumference of the uninterrupted calcific arch and
its length (measured in mm), and is classified as “superficial”, therefore close to or projecting into the
lumen, or “deep”, with less impact on the profile of the vascular lumen. The measurement of the
circumference arc has a consolidated value, as it is known that a superficial calcification > 180° configures a
condition of greater risk of under-expansion of the stent*”. In a recent study including de novo lesions
undergoing DES implantation without pre-treatment with debulking devices, a score based on (1)
superficial calcium angle > 270° longer than 5 mm; (2) 360° of superficial calcium; (3) calcific nodule; and
(4) vessel diameter < 3.5 mm permitted to identify calcified plaques at risk for stent under-expansion and
thus requiring adjunctive calcium modification techniques for lesion preparation'””. In clinical practice, the
coronary lesion can narrow the coronary lumen so much that it cannot be crossed by the IVUS catheter.
This already represents a gross indication of marked coronary calcification and should readily indicate PCI
with targeted calcium ablation techniques.

Optical coherence tomography
OCT is an extremely sensitive and specific intravascular method for detecting calcium; it is based on the
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Figure 2. Intravascular ultrasound (IVUS) and optical coherence tomography (OCT) demonstration of coronary calcifications. In (A), an
echodense image is observed on IVUS consistent with intimal calcification extending for about 2 quadrants, from 6 to 10 o'clock. In (B),
a calcified ring is evident along the entire vessel circumference. In (C), a “signal-poor” image with well-defined margins is evident on
OCT from 1to 4 o'clock (asterisk), consistent with superficial calcifications. In (D), a voluminous calcific nodule is observed (asterisk)
protruding into the vessel from 10 to 1 o'clock.

backscattering of a light beam and guarantees a spatial resolution of about 10-20 pm. On OCT images
[Figure 2], calcifications appear as well-defined areas of light-signal attenuation (signal-poor areas) but with
a clear delineation of both luminal and extraluminal borders"”. Due to its higher longitudinal and axial
spatial resolution, OCT can overcome many of the IVUS limitations so as to permit a more accurate
definition and quantification of calcifications. Differently than ultrasound, light propagates well beyond the
calcification and enables the evaluation of not only the plain circumference of the calcium arch and its
length but also the depth and thickness™ to calculate the area™ and the volume®***? of CAC. In some
cases, the identification of calcium on the OCT image can be difficult, such as when the calcific deposit is
deep and is covered by a lipid or necrotic nucleus (conditions that greatly attenuate the light signal) or in
the case of non-homogeneous plaques (therefore with both fibro-lipidic and calcific components)*.
Beyond these limitations, OCT is considered a more precise technique than IVUS in defining the calcific
burden®!. OCT-evaluable parameters have been shown to accurately predict response to balloon
dilatation and stent expansion. Fujino et al. validated a calcium score based on OCT, which considers
circumference (> 180° = 2 points), thickness (> 0.5 mm = 1 point), and longitudinal length
(> 5mm = 1 point) of the calcification. It was observed that lesions with a score of 4 had a significantly
higher risk of stent under-expansion"”.
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The position of the imaging catheter (IVUS or OCT) with respect to an eccentric calcified plaque may also
help in predicting the impact of the rotational atherectomy burr on the plaque. For example, if the imaging
catheter is in contact with the wall opposite to that in which the greater calcific component is present, with a
larger caliber burr than initially foreseen, it will be possible to obtain greater contact between the device
itself and the calcific plaque, and therefore greater efficacy in calcium ablation"”. Finally, intravascular
imaging plays a fundamental role in the evaluation of the result of stenting and OCT has a much greater
sensitivity than IVUS in detecting stent malapposition or under-expansion and in appreciating the effects of
post-dilatation”>***,

TECHNICAL CONSIDERATIONS FOR PERCUTANEOUS CORONARY INTERVENTION (PCI)

OF HEAVILY CALCIFIC CORONARY LESIONS

Vascular access, guiding catheters, and guidewires

PCI of heavily calcified lesions requires careful planning. Femoral access may be considered in situations
which may require a lumen guide catheter greater than 6 French (F, 1F = 0.3 mm), especially in the presence
of small-caliber radial arteries or in case of extremely tortuous coronaries, in which may be necessary
increased support afforded by the femoral approach. However, in current practice, PCI for calcified lesions
is performed indifferently by both radial and femoral arterial access, with the obvious advantages associated
with radial access in terms of risk of complications”*!. Extremely thin-walled radial sheaths are now
available to allow a 7F guide catheter to be held in the inner lumen while having an outer diameter equal to
that of a 6F sheath (GlideSheath Slender, Terumo Corp., Tokyo, Japan). Alternatively, a sheathless guiding
catheter may be used, which does not require a percutaneous introducer, and which has a 7.5F internal
working lumen with a smaller outer diameter than a 6F radial introducer (EauCath, ASAHI Intecc, Aichi,
Japan). For rotational atherectomy with a burr larger than 1.5 mm or when the coronary anatomy is
particularly complex, it is always good practice to use a guide catheter with a lumen greater than 6F, but a
1.75 burr can be used with 6F guide catheters without important limitations. For guidewire selection, it is
preferable to use non-hydrophilic guides (e.g., Hi-Torque Balance Middleweight, Abbott Vascular, Santa
Clara, CA, USA or Sion Blue, ASAHI Intecc or Runthrough NS, Terumo Corp.), as they provide better
tactile feedback, thereby reducing the risk of sub-intimal passage of the guidewire or coronary dissection. If
these guidewires are ineffective in crossing the calcified lesion, hydrophilic guidewires such as Sion (ASAHI
Intecc) and Runtrough NS Hypercoat (Terumo Corp.) or polymeric guidewires such as Pilot 50 (Abbott
Vascular) or Fielder FC can be used (ASAHI Intecc). The use of a balloon catheter or a micro-catheter can
provide greater support and control of the guidewire and facilitate passage through the calcified lesion,
especially if it is functionally occlusive.

Lesion preparation

Severely calcified lesions must be accurately prepared for stent implantation. In most cases, the difficulty in
advancing the devices across the calcified lesion and the high risk of stent under-expansion require
extensive plaque modification. Thus, it is intuitive that calcified lesions cannot be treated with direct stent
implantation. The techniques available for the treatment of calcifications can be classified into two groups
[Table 1]: “balloon-based” techniques and “ablative” techniques””. The aim of “balloon-based” techniques
is not to ablate calcium but to increase plaque compliance, therefore allowing for optimal stent expansion.
The “ablative” techniques include Rotational Atherectomy (RA), Orbital Atherectomy (OA) and Excimer
Laser Coronary Atherectomy (ELCA) and theoretically determine the removal (debulking) of the
calcifications, with the aim of allowing an optimal stent expansion and apposition. IVUS and OCT have
actually demonstrated that the various ablative techniques act mainly by modifying the composition of the
plaque through their selective action on the calcific component, typically creating micro-fractures in the
parietal calcifications and dissection flaps, the presence of which is associated with a greater expansion of
the stent. It is much infrequent to observe effective tissue ablation with evidence of residual craters or
tunnels'*>*.
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Table 1. Devices used for plaque modification of calcified lesions

“Balloon-based" techniques Ablative techniques

Cutting balloon Rotational Atherectomy

« Wolverine, Boston Scientific « Rotablator and ROTAPRO, Boston Scientific

Scoring balloon Orbital Atherectomy

« AngioSculpt, Spectranetics « Diamondback 360° Coronary Orbital Atherectomy System, Cardiovascular Systems
« Scoreflex, OrbusNeich

Very high-pressure non-compliant balloon LASER Atherectomy

* OPN, SIS Medical * CVX-300 ELCA System, Spectranetics

Lithotripsy balloon
* Rx Shockwave, Shockwave Medical

Balloon-based techniques

Theoretically, the first choice for the predilatation of calcified lesions should be a simple non-compliant
balloon, especially in cases where an ablative technique could be unsafe, such as in patients with low left
ventricular ejection fraction (LVEF), with a single patent vessel, or with acute coronary syndrome and a
high thrombotic burden in which distal embolization can have deleterious consequences. Patients with
macroscopic thrombus or dissections visible on angiography are also at greater risk of procedural
complications with atherectomy techniques. Despite the slightly higher profile compared to conventional
semi-compliant balloons, non-compliant balloons are preferred because they are characterized by a more
uniform expansion even at high pressures. This is particularly important in calcific lesions where the
expansion of a semi-compliant balloon at elevated pressures can lead to preferential expansion towards the
point of least resistance of the plaque'**, where the calcific component is absent, thereby increasing the risk
of dissection or vessel rupture. There are some specific balloons for extremely fibrotic or calcified lesions
that exert a focal radial expansive force. This translates into even more controlled balloon expansion,
overall, with a good efficacy and safety profile, thus reducing barotrauma and the risk of coronary
dissections and perforations. The Cutting Balloon (Wolverine, Boston Scientific, Natick, MA, USA)
incorporates microsurgical blades arranged longitudinally on its surface and creates incisions in the plaque
upon inflation, allowing for greater lumen gain at lower pressures and with less barotrauma, both in simpler
lesions"*! and in calcified ones*. IVUS analysis demonstrated that lesion modification with cutting balloons
is associated with a greater reduction of plaque burden and greater lumen gain in calcified lesions compared
with simple balloon angioplasty'*”. Theoretically, scoring balloons (AngioSulpt, Spectranetics, Colorado
Springs, CO, USA, Scoreflex, OrbusNeich, Hong Kong, China) have a better navigability profile. They have
nitinol metal wires on the surface of the balloon, which facilitate the anchoring of the closed device to the
plaque and determine, upon inflation, incisions in the plaque itself and limit the risk of dissection or
perforation®. Furthermore, there are non-compliant very high-pressure balloons (OPN, SIS Medical,
Frauenfeld, Switzerland), made up of a double-layer structure that allows a rated burst pressure (RBP) of 35
atmospheres. This feature represents a unique option for the effective dilatation of under-expanded
stents'. Data from a recent multicentre observational register have then confirmed its efficacy and ease of
use for the preparation of severely calcified lesions, maintaining an excellent safety profile™.

Rotational atherectomy

Historical perspective

Rotational atherectomy was developed in the pre-stent era as a tool to improve the outcomes of
percutaneous procedures for dilating calcified atherosclerotic lesions. In 1988, Fourrier et al. reported the
first series of RA in humans as a stand-alone therapy or supplemented by balloon dilations®". With the
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advent of the stent era and the awareness that the residual plaque burden at the time of stent implantation
was directly proportional to the degree of neointimal proliferation, the cause of intrastent restenosis, it was
hypothesized that maximum mechanical debulking could reduce the risk of restenosis, increasing the
minimum luminal diameter (MLD) obtained at the end of the procedure and limiting the degree of
barotrauma to the vessel™”. Observational data confirmed the efficacy and safety of a pre-PTCA RA strategy
for heavily calcified lesions, with success rates 2 90% and a low incidence of procedural complications and
out-of-hospital Major Adverse Cardiac Events (MACE)"”. Despite these procedural premises, studies did
not demonstrate a lower rate of long-time mortality or target lesion revascularization (TLR) with the use of
mechanical debulking compared to conventional balloon intervention”, thus slowing down the diffusion of
this technique at the beginning of the new millennium. The introduction of the first-generation DES led to a
reduction in intrastent restenosis rates below 10%". As a result, interventional cardiologists began to
confidently treat more and more complex lesions such as tortuous and calcific vessels percutaneously, thus
showing a renewed interest in atherectomy techniques, revisited, however, from a more modern perspective
in order to obtain an optimal preparation of the vessel rather than and extensive plaque debulking. In the
current era of 2nd and 3rd generation DES, RA is used as a technique for modifying heavy CAC to increase
the number of lesions suitable for PCI and optimizing procedural results rather than as a technique aimed at
preventing restenosis®, in a strategy known as "Rota-stent". In the first decade of the 2000s, RA confirmed
excellent results in terms of procedural success”, even if this hardly translated into a consistent long-term
benefit in terms of restenosis and MACE" . Indeed, the 2018 ESC/EACTS (European Society of
Cardiology/European Association for Cardio-Thoracic Surgery) guidelines on myocardial revascularization
only mention, without providing a clear recommendation, the use of RA in selected lesions, in particular
markedly calcific ones, in order to adequately dilate the lesions before stent implantation!®. In patients
undergoing PCI, RA is currently used in less than 5% of cases'*”, excluding some high-volume centers in
North America where the prevalence of use exceeds 10%*”).

Technical fundamentals of Rotational Atherectomy

The Rotablator system (Boston Scientific Corporation, Natick, Boston, MA, USA) is the most widely used
atherectomy device in current interventional practice for the treatment of calcified atherosclerotic lesions in
the coronary arteries. It consists of an elliptical-shaped diamond-coated metal burr that rotates at very high
speed and, advancing into the coronary lumen, acts as an abrasive surface against the calcified plaque. The
burr is available in diameters ranging from 1.25 to 2.5 mm and is mounted on a transmission shaft
(advancer) connected to a system that converts compressed gas into rotational energy. The burr size should
be chosen according to a burr-to-artery ratio of 0.5-0.6. Commonly, a single 1.5 mm burr represents the
right compromise to obtain sufficient plaque modification; however, a step-up approach starting with a
1.25 mm burr up to 1.5 mm or 1.75 mm burr might be a safer strategy if no budget constraints are present.
The burr advances on a dedicated 0.009” guidewire (Rotawire, Boston Scientific) while being constantly
irrigated with a solution that cools and lubricates it. Most procedures can be safely performed with the
Floppy Rotawire, which has a long tapered shaft allowing greater flexibility and facilitating lesion crossing,
while the Extra Support Rotawire, with its shorter tapered shaft, may be useful for aorto-ostial lesions as it
provides more support to maximize vessel straightening and device delivery. New, more-performing wires
will be available soon. The recent RotaPro system (Boston Scientific) represents an updated and simplified
version of the RA system, offering an improved visual interface and new electronic controls integrated into
the device. The advancement of the metal burr rotating at high speed against a calcified plaque determines
its mechanical ablation and its structural modification according to the principles of “differential cutting”
and orthogonal “displacement” of the friction, while sparing adjacent non-calcifying tissue'". Differential
cutting is the ability to ablate one type of material while saving another with a different substrate
composition. With this mechanism, the rotating burr preferably ablates the inelastic atherosclerotic plaque
(in its fibrotic and calcific components) without exerting a traumatic action on the adjacent wall of the
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vessel which is structurally normal and therefore elastic; this contrasts sharply with what happens with the
balloon dilatation, which causes breakage of the plaque in the weakest point, with consequent intentional
dissections of the calcified area but also and especially of the non-calcified one. Indeed, dissections occur
less frequently with RA alone than when RA is followed by balloon angioplasty'*>*. At rotational speeds
above 60,000 revolutions per minute (rpm), burr-to-vessel surface friction is virtually eliminated, thereby
reducing surface resistance, and allowing for unimpeded movement of the burr through the vessel. The
ablated plaque is reduced to micro-particles of 5-10 microns in diameter. These particles embolize distally in
the coronary artery but are generally small enough to pass through the microcirculation and ultimately be
phagocytosed by the reticuloendothelial system in the liver, the spleen, and the lungs.

Randomized evidence supporting Rotational Atherectomy

In a landmark randomized study of 240 patients with moderate to severe calcifications (Rotational
Atherectomy Prior to TAXUS Stent Treatment for Complex Native Coronary Artery Disease, ROTAXUS),
lesion preparation with RA resulted in greater procedural success than with predilatation with a standard
balloon (92.5% vs. 83.3%, P = 0.03), even if in terms of long-term results, both at 9 months and at 2 years, the
clinical effect was not significantly better and the incidence of MACE was in general quite relevant
regardless of the preparation strategy™”. A comparison of a planned RA strategy vs. a bailout RA strategy
for severely calcified non-crossable or non-dilatable lesions demonstrated less procedural time, less use of
contrast agent and less incidence of coronary dissections requiring additional stenting*”. More recently, the
PREPARE-CALC study randomized 200 patients with severely calcified lesions to RA vs. angioplasty with
cutting/scoring balloon. The results demonstrate that RA is superior in terms of procedural success
compared to the cutting/scoring balloon strategy (98% vs. 81%) with shorter fluoroscopy times, but both
strategies guarantee an excellent result at 9 months in terms of angiographic late loss and new incidence of
revascularizations'®. These data were confirmed at 2-year follow-up" and underscored the importance of
the combination of operators’” experience, intravascular imaging guidance and excellent DES performance
to obtain optimal long-term results in treating patients with severely calcified lesions. In summary, RA
demonstrated a higher procedural success rate in randomized trials, confirmed by the incidence of a
crossover rate to RA between 12% and 16% in the control arm.

Rotational Atherectomy procedure
The RA procedure is performed after administration of a standard dose of heparin (70-100 U/Kg), obtaining
an activated clotting time (ACT) 2 300 s. Recommendations for an optimal RA procedure include!**:

+ A guide catheter with high support stably positioned in the coronary ostium, for example, the Extra
Backup for the left coronary artery and the Amplatz Left for the right coronary artery;

« Stable positioning of the Rotawire in the distal segment of the vessel to be treated; the technical difficulties
in manipulating the Rotawire can be overcome by wiring the vessel with a conventional 0.014” guidewire
supported by an over-the-wire system (micro-catheter or balloon), which allows the conventional guide to
be exchanged with the Rotawire;

+ One or two burrs of increasing diameter, while maintaining a burr/artery ratio < 0.5-0.6, as larger diameter
burrs are more likely to cause complications™’;

« Burr rotation speed between 140,000 and 180,000 rpm;
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« Gradual advancement of the burr using a pecking technique, i.e., a rapid staking movement of the burr of
the Rotablator against the calcified lesion, avoiding continuous contact, which should result in the absence
of decelerations > 5,000 rpm which are indeed associated with a greater risk of entrapment (stall) of the
burr. The pecking maneuver should be repeated until the complete crossing of the calcific lesion is obtained
without significant decelerations. In fact, this technique prevents the burr from being pushed in a
continuous forward movement and, therefore, the possibility of crossing the entire lesion during the initial
passage. In any case, short advancements of the active burr (< 15-30 s) are recommended, with a sufficient
pause before the next burr activation, to allow burr cooling, clearance of the particles from the
microcirculation, and sufficient time to check patient ECG and hemodynamic parameters. Finally, a
“cleaning” or “polishing” run is always recommended in which the burr should freely move forward across
the lesion without any deceleration.

Rotational Atherectomy contraindications

“Classical” contraindications to RA include lesions in the last remaining patent vessel, lesions in patients
with depressed left ventricular function, lesions on venous bypass grafts, lesions with angiographic evidence
of thrombus or significant dissection. Despite these contraindications, several case reports in the literature
and the experience of expert operators can confirm the safety and efficacy of RA in exceptional
circumstances such as heavy calcified non-dilatable lesions in venous grafts, iatrogenic coronary dissections,
acute myocardial infarction and left main lesions in patients deemed unsuitable for surgical
revascularization'. Therefore, RA remains an invaluable technical aid in the percutaneous
revascularization of high-risk patients, such as those with a single patent vessel, low LVEF and serious
comorbidities that fall within the modern definition of Complex Higher-risk and Indicated Patients (CHIP)
and are currently being successfully treated with appropriate hemodynamic circulatory support”™.

Prevention and management of complications of Rotational Atherectomy

RA procedures are associated with the same spectrum of clinical complications as traditional PCI; however,
coronary dissection and perforation, acute vessel occlusion and slow-flow/no-reflow may be more frequent
as the risk of these complications is greater in case of severely calcified lesions” regardless of the use of
RA". In highly tortuous and angulated vessels, the risk of coronary perforation with RA is higher. A
specific complication of RA is burr entrapment.

Slow-flow/no-reflow can determine a deterioration of patient hemodynamics as they compromise the
contractility of the myocardial territory subtended by the treated vessel. The pathogenesis is multifactorial
and includes not only distal embolization of pulverized plaque, but also coronary spasm and platelet
activation and aggregation elicited by contact of the burr with the vessel wall. No-reflow can be treated with
intracoronary vasodilators (nitroglycerin, adenosine, verapamil, nitroprusside), but the hypotension
induced by these drugs can accentuate the slow-flow and, sometimes, the aid of mechanical circulatory
support (MCS) may be necessary. Abciximab reduces the transient hypoperfusion observed during RA and
periprocedural myocardial infarction”, but a word of caution is needed when considering the use of
glycoprotein IIb/IIIa inhibitors (GPI) during RA procedures because of their bleeding potential. Burr
entrapment is a complication feared by operators but which can be effectively prevented with the
application of meticulous technique'*” and which occurs more frequently in cases of aggressive
advancement of the burr through eccentric lesions in tortuous, angulated and extremely calcified vessels. If
the burr passes an incompletely ablated lesion, its retrieval proximal to the lesion may be impeded by the
absence of the diamond surface on its posterior half, which makes retrograde ablation impossible. During
its advancement through the calcified lesions, the burr must continue to rotate without decelerations
> 5,000 rpm. The signs of an imminent risk of entrapment are the tactile sensation of resistance to
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advancement (with the corresponding lack of advancement observed under fluoroscopy), and, above all, the
lowering of the pitch of the burr sound that is generally associated with decelerations > 5,000 rpm and
indicating an increase in resistance encountered. There are technical algorithms for managing and resolving
burr entrapment”*” that go beyond the scope of this manuscript.

Orbital atherectomy

The Diamondback 360° Coronary Orbital Atherectomy (OA) System (Cardiovascular Systems Inc., St. Paul,
MN, USA) is a percutaneous device currently indicated to facilitate the placement and implantation of
coronary stents. The OA system uses a single-size (1.25 mm) diamond orbiting eccentric crown that runs
eccentrically on a dedicated guidewire (ViperWire, Cardiovascular Systems Inc.); the system is compatible
with 6 Fr guide catheters and is operated by an electric console; a special knob allows to control the forward
and backward movements of the crown. The system involves a washing solution (ViperSlide,
Cardiovascular Systems Inc.) which reduces friction while the orbiting crown ablates calcium; the system
can operate at low or high speed (80,000 or 120,000 rpm, respectively). The mechanism of action of the
orbiting crown is bi-directional differential sanding, which uses centrifugal force to ablate the hard calcified
tissue and deflects the normal tissue, leaving it intact. The high speed creates a larger sanding diameter by
increasing lateral pressure, while the slower manual advance of the orbital crown increases the radius of the
orbit, eventually creating fractures of calcium"””. Coronary OA can be assimilated to RA but has several
potentially advantageous technical aspects that distinguish it. The orbiting crown allows a bidirectional
ablation of the calcium, both in forward and backward motions, to reduce the risk of device entrapment. In
addition, the orbiting eccentric crown creates pulsatile forces that affect deeper calcium and contributes to
change in vessel compliance”. Thanks to the small dimensions of the crown, the blood flow is maintained
during the calcium ablation, and this reduces thermal injury and allows the continuous washout of the
micro-particles produced by ablation (which, however, are smaller than 2 microns, therefore smaller than
those produced by RA), and therefore a lower risk of no-reflow. The specificity of orbital atherectomy is the
variable lumen size that can be obtained with the single 1.25 mm crown according to the duration of
ablation, the number of passes, and the rotational speed. Since centrifugal force is a function of both the
speed of rotation and the device mass, faster speeds result in increased centrifugal force and ultimately a
larger orbit. As a result, a larger lumen can be created by the same crown simply by rotating it at higher
speeds. The OA system is currently used in the USA and Japan and has been clinically introduced in Europe
in the last couple of years. Data on OA clinical outcomes are derived from the single-arm ORBIT I, first-in-
man studies of 50 patients in India” and ORBIT II, 443 patients in the USA™), and from a retrospective
real-world registry of 458 patients, which confirmed the safety and efficacy of OA with low rates of
angiographic complications and MACE™. Long-term results report a 3-year target lesion repeat
revascularization (TLR) incidence of 7.8% and MACE of 23.5% in the ORBIT II study"”. The ECLIPSE
study™, the largest ever randomized study in patients with severely calcified coronary lesions
(clinicaltrials.gov: NCT03108456) has recently completed the enrollment of approximately 2,000 patients
receiving OA or conventional angioplasty to prepare coronary arteries for stent implantation. Studies with
OCT have shown that OA results in more profound tissue modification than RA and a lower incidence of
malapposed stent struts*”. Basically, this theoretically better vessel preparation could be associated with
clinically superior long-term results; however, no randomized study has ever compared OA with RA. Post-
marketing data from the USA report a not negligible incidence of complications, including both vascular
(perforations related to excessive straightening of the ViperWire and dissections) and general events
(arrhythmias, and death). The most reported failure modes included detachment and/or structural damage
of the device components and device entrapment®™. On this background, high speed is now generally
avoided in tortuous lesions, severe angulations, and vessels smaller than 3.0 mm in diameter®. Not
differently than with RA, attention to meticulous procedural technique is the key to effective safe utilization
of OA.
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Excimer coronary LASER Atherectomy

Technical fundamentals of ELCA and preliminary studies

LASER is the acronym for “Light Amplification by Stimulated Emission of Radiation”. Laser energy is
produced when an active medium, excited by electrical energy, emits monochromatic coherent light. The
only approved system for coronary application is the excimer laser (CVX-300 ELCA System, Spectranetics
Inc., Colorado Springs, Colorado). Its laser unit uses XeCl (monochloride of Xenon) as the active medium
at a wavelength of 308 nm and generates a pulsed energy emission of up to 80 mJ/mm?* with a maximum
repetition rate of 40 Hz and width of pulse of 125-200 ns. This energy is called fluence. The system has a
5-min warm-up time and requires calibration. In contrast to the infrared laser, the excimer laser has very
limited penetration in terms of depth and ablates tissue very precisely without excessive heat generation,
minimizing unintentional tissue damage®. Laser catheters are available as over-the-wire or rapid-exchange
devices and consist of fibers concentrically or eccentrically arranged. Catheter sizes can range from 0.9 mm
(5F compatible) to 1.4 mm (6F compatible) and 1.7 mm (7F compatible) and 2.0 mm (8F compatible). The
ratio of recommended laser catheter size to vessel diameter should not exceed 0.5-0.6. Since ELCA catheters
are contact lasers, the maximum external diameter of the tip defines the maximum lumen that can be
reached with a single pass. Excimer Coronary LASER Angioplasty (ELCA) was introduced several decades
ago as an alternative to balloon angioplasty and works by photo-ablating atherosclerotic plaques through
three main mechanisms"*: (1) photochemical, with the breaking of molecular bonds®**”; (2) photothermal,
through an increase in the temperature of the intracellular water which causes cell breakage; and (3)
photomechanical, that occurs when the laser acts on a liquid medium (saline solution, contrast, blood) with
the generation of vapor bubbles at the tip of the catheter which, expanding and imploding, create micro-
cracks on the obstructing plaque which will then allow subsequent complete expansion of the balloon. Such

t***! In summary, the mechanisms

an effect is amplified when the laser acts directly on the contrast agen
leading to lumen enlargement and plaque dissection with ELCA appear to be plaque ablation and forced
vessel expansion®™’.

The few randomized studies available, conducted over twenty years ago, have not demonstrated the
superiority of revascularization with ELCA compared to conventional PTCA of complex lesions. In the
multicenter AMRO study of 308 patients with stable angina, there was no difference in procedural success
(80% with ELCA vs. 79%) or net lumen gain on angiography (0.40 mm vs. 0.48 mm), moreover with a
transient occlusion rate 10 times higher (7% vs. 0.7%). At 6 months, there was a trend towards a higher
incidence of restenosis with laser (51.6 vs. 41.3%)"'.. The ERBAC study compared PTCA with ELCA (as well
as rotational atherectomy) in 685 patients with stable angina®”. Procedural success rates were comparable
(77% and 80%) between the ELCA and PTCA groups, as were in-hospital complication rates (4.3% and
3.1%). At 6 months, the target vessel revascularization rate was significantly higher in the ELCA group
(46.0% vs. 31.9%)"”. In a meta-analysis of 16 trials and 9,222 patients treated with various percutaneous
interventional techniques, a significantly higher probability (OR 1.55, 95%CI: 1.09-2.20) of developing
restenosis with ELCA compared to conventional PTCA was also documented'™.

Current indications to ELCA

The results of the randomized studies and of the meta-analysis do not support the extensive use of the
ELCA, and since this is also a very expensive technology, its application remains limited to specific targeted
indications. Among them, a common indication for ELCA is the presence of calcific lesions that cannot be
crossed or dilated®**, chronic total occlusions (CTO) that cannot be crossed with a micro-catheter,
intrastent restenosis and under-expanded stents"®, lesions with a high thrombotic burden in acute
myocardial infarction in addition to or as an alternative to conventional thrombectomy devices***". The
ELCA technique indeed permits the vaporization of thrombotic material, inhibits platelet aggregation, and
ablates the underlying atherosclerotic plaque®”. ELCA is now rarely used as a first-line strategy for highly
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calcified lesions but remains the only option when the lesion cannot be crossed -even with a micro-catheter-
to allow placement of a RA guidewire. In a small study of 58 uncrossable/undilatable lesions with
conventional balloons, very satisfactory results were obtained with ELCA, with even better efficacy if the use
of the laser was followed by RA"®.

Chronic total occlusion (CTO) may typically be treated with the ELCA. Even after the passage of the
guidewire through a CTO, the angioplasty procedure cannot sometimes be ultimately performed because of
the impossibility of crossing the lesion with either a micro-catheter or a balloon. ELCA is a valuable
option in such circumstances because, differently than with RA, the laser catheter can be used over standard
guidewires; it creates a channel through the CTO and allows other devices to ultimately cross the lesion"*.

ELCA can be used for in-stent restenosis due to neointimal hyperplasia®" and in calcified non-expandable
in-stent restenosis'”, especially when the latter is a consequence of stent under-expansion at time of
original implantation™'. A recent OCT study showed the superiority of ELCA over high pressure POBA in
the treatment of non-dilatable intrastent restenosis and confirmed the action of ELCA in breaking the
calcium behind the stent struts, especially during the administration of contrast agent, which allows for
generating larger bubbles with a higher photomechanical effect"*>'**..

Intra-vascular lithotripsy

General principles

Intra-Vascular Lithotripsy (IVL) is the most recent technique that has been developed to treat calcific
atherosclerotic lesions. IVL operation mode is based on pulsatile mechanical energy delivered by
miniaturized emitters positioned along a rapid exchange semi-compliant balloon (Rx Shockwave,
Shockwave Medical, Santa Clara, California) and transmitted to the vessel by means of the inflated balloon
inside the vessel. These emitters produce circumferential sound pressure waves that traverse the soft tissue
and fracture the calcium of the tunica intima and especially of the tunica media within the vessel wall.
Microfractures in calcium increase vessel compliance, allowing adequate dilatation of calcific lesions or
passage of larger devices. Barotrauma on the vessel walls is minimized by the low inflation pressure of the
semi-compliant balloon (4-6 atmospheres). Such a preferential effect on deep calcium is the great advantage
of lithotripsy over plaque ablation techniques. Its use was first described in the treatment of calcified lesions
of peripheral arteries"” and subsequently extended to the treatment of calcified coronary artery disease.

Technical and procedural considerations

The coronary IVL system consists of a disposable catheter, connector cable, and pulse generator. The
catheter does not differ in concept from a conventional balloon catheter, even though it has a larger profile
and much more stiffness. The size of the IVL balloon is chosen according to the reference vessel diameter is
chosen, with a ratio = 1 being considered appropriate"*. Once the lesion has been reached, the 12 mm long
IVL catheter balloon is inflated to 4 atmospheres to allow contact with the vessel wall and optimization of
sonic pulse wave energy delivery. Treatment cycles include one pulse per second for 10 s. After each cycle,
the balloon is brought to 6 atmospheres. This helps to compress the fractured calcium before a new
treatment cycle. A maximum of 8 treatment cycles (80 pulses) can be delivered for a single IVL catheter. For
lesions longer than 12 mm, the catheter must therefore be repositioned to treat the lesion along its entire
length. In the event that the IVL catheter is unable to initially cross a calcified lesion, it is possible to
perform predilatation with low-profile angioplasty balloons or even a rotational atherectomy, which will
facilitate positioning of the IVL catheter"”” (Rota-Shock technique). However, coronary IVL remains a
balloon-based technique and therefore, a relatively simple technique with a short learning curve. These
considerations, combined with the accruing efficacy and safety evidence, place IVL in the foreground
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among the techniques for treating calcified coronary lesions.

Clinical evidence

The feasibility of the IVL technique in patients with severely calcified coronary artery lesions was assessed in
four single-arm prospective trials"*, which demonstrated the high procedural success and safety of the
technique, with a reasonably predictable incidence of adverse events. DISRUPT CAD I is the first-in-man
multicenter study on the use of coronary IVL before stent implantation in 60 patients with markedly
calcified lesions < 32 mm in length"*. Clinical success (< 50% residual stenosis with no major in-hospital
events) was 95% due to the presence of 3 post-procedural non-Q myocardial infarctions. It is important to
note that no serious safety issues or technical complications such as coronary perforations, major
dissections, and slow flow/no-reflow or additional MACE events, including target vessel revascularizations,
were reported at 30 days. In the OCT sub-study, IVL was found to result in fractures in the calcific
component of the plaque in 43% of cases, with multiple circumferential fractures in > 25% of cases. In
particular, the effectiveness of the technique has been shown to be proportional to the calcium load, with a
higher rate of fractures in cases with a higher degree of calcification. The acute gain of luminal area after the
use of the IVL catheter was 2.1 mmq""”. DISRUPT CAD II is the prospective study following the
commercialization of the coronary IVL system in Europe. The study enrolled 120 patients with severe
calcific coronary artery disease treated with IVL and stent implantation. In this case, the primary outcome
was a composite of in-hospital MACE events (cardiac death, myocardial infarction, and target lesion
revascularization). The procedural success, in terms of effective treatment of the calcific lesion with IVL,
was 100%, and the fractures in the calcium were confirmed with OCT in 79% of cases. In all cases, the intra-
stent residual stenosis was less than 30%. No perforations or slow flow/no-reflow phenomena occurred in
any case and the incidence of MACE was 5.8% for the occurrence of 7 non-Q-wave myocardial
infarction""". DISRUPT-CAD III was designed for regulatory approval of IVL and enrolled 431 patients
from the United States, the United Kingdom, France, and Germany. The primary endpoints of freedom
from MACE at 30 days (92.2%) for safety and procedural success for effectiveness (92.4%), respectively,
were both met. The mean calcified segment length (~50 mm), thickness (~1 mm), and angle (~300°) were
consistent with a high amount of CAC. OCT demonstrated calcium fractures after IVL in 67.4% of lesions
and minimal stent area was independent of demonstrable fractures on OCT"*?. DISRUPT-CAD IV was
designed for regulatory approval of coronary IVL in Japan with a similar design and comparable results to
DISRUPT-CAD IIL

ALGORITHM FOR TREATMENT OF SEVERELY CALCIFIC CORONARY LESIONS

Any operator should plan the strategy of treatment of a severely calcified coronary lesion after having
evaluated, as much accurately as possible, width of the circumference arc, longitudinal extension, depth, and
thickness of calcification in the coronary wall. All these observations can only be obtained using an imaging
technique, IVUS or OCT, to be chosen based on the operator’s experience and availability"**.

The impossibility of obtaining accurate imaging of the lesion because of the inability of the IVUS catheter to
cross the lesion or to obtain optimal blood clearance for OCT image acquisition should promptly direct the
operator towards an ablative technique such as atherectomy, or laser, if available. In the former case, aiming
to streamline the procedure, the guidewire that has crossed the lesion must be exchanged with the dedicated
guide of the atherectomy system, either RA or OA: this maneuver is greatly simplified by using a micro-
catheter. If even lesion crossing with the micro-catheter is not possible, the alternatives are either the direct
lesion wiring with the dedicated guidewire (Rotawire or Viperwire) of the atherectomy system (this is not a
straightforward maneuver, especially with the Rotawire because of the difficulties in manipulating it
through complex anatomies), or the use of the ELCA catheter on the guidewire which the crossing of the
lesion was obtained with.
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Figure 3. Algorithm for treatment of severely calcific coronary lesions. The role of intravascular imaging and different and
complementary plaque modification techniques is shown.

As an alternative to primary atherectomy, an attempt at predilatation with an undersized balloon, possibly a
non-compliant one, can be considered to obtain a minimal luminal gain so as to be able to interrogate the
vessel with the imaging catheter. The failure of this initial predilatation should promptly lead to an
atherectomy technique [Figure 3].

Once the morphological information on the calcification has been obtained, the use of non-compliant
balloons or special balloons (cutting/scoring balloons) can be considered as an alternative to atherectomy
when the arc of calcification is < 180° or when, although being the arc > 180°, the thickness of the
calcification is < 0.5 mm and the length is < 5 mm and basically the operator is dealing with a small amount
of calcification””*”\. In the presence of a calcification arc > 180°, the key element is the topography of the
calcium in the vessel wall, i.e., whether it is predominantly an intimal or a medial CAC. In the latter case,
IVL can be considered the first choice due to its efficacy in addressing deep CAC, especially if luminal
stenosis is not tight. In the former case of intimal CAC, it is preferable to use an atherectomy device as there
is a substantial risk of IVL balloon damage once it encounters the irregular profile of the calcified intimal
wall not yet effectively prepared. Nodular calcifications should lead to atherectomy techniques in the first
instance"?.

Once the desired preparation technique has been performed (special balloon, atherectomy, IVL, or a
combination thereof), the actual modification of the calcified plaque should be confirmed with an imaging
technique, for example, by trying to demonstrate fractures in the CAC with OCT or a clear increase in
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Figure 4. Percutaneous revascularization of the calcific lesion shown in Figure 2B. In (A), baseline angiography shows a significant
stenosis in proximal LAD (arrow). In (B), IVUS interrogation shows a concentric ring calcification. In (C), calcium fractures are evident
at IVUS after Intravascular Lithotripsy and high-pressure non-compliant balloon dilatation. In (D), vessel lumen enlargement and
optimal stent apposition are evident at IVUS. In (E) final angiographic result is shown.

Figure 5. Percutaneous revascularization of the calcific lesion shown in Figure 1. In (A), baseline angiography is shown. After Rotational
Atherectomy (B), incomplete expansion of a non-compliant balloon is evident at conventional angiography (C) and after using stent-
enhancement features (D). After Intravascular Lithotripsy, optimal balloon expansion is confirmed along the entire calcified stenotic
segment (E and F). Final result after stent optimization is shown with stent-enhancement features (G) and conventional angiography
(H).

vessel lumen with IVUS [Figure 4]. The key maneuver, however, is the confirmation of the optimal
expansion of a non-compliant balloon [Figure 5], of a 1:1 sizing with the target vessel (“balloon testing” or
“lesion palpation”), ideally with two orthogonal views, preparatory to stent implantation; alternatively, the
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vessel preparation should be repeated and implemented with, for example, a larger atherectomy burr or a
IVL balloon.

Once the stent has been implanted, it is necessary to check the result with the intravascular imaging catheter
to verify the optimal expansion and apposition of the stent struts to the vessel wall*”. Any stent
optimization that may be necessary will be carried out with conventional non-compliant or very high-
pressure balloons. The use of an IVL balloon inside a newly implanted stent in order to optimize stent
, even if
it should currently be considered off-label since it is not known whether the sound pressure waves delivered

[116]

apposition by acting on CAC remaining under the stent struts is a technically feasible procedure
against the metal structure and the polymer of the DES can cause any structural alterations""”.

CONCLUSIONS

Patients with calcific coronary artery disease represent a subset with a high risk of adverse outcomes, both
intra-procedural and in the long-term. The need to guarantee a targeted and tailored treatment based on the
coronary anatomy of any individual patient is a current priority of the interventional community. The
efficacy of RA in improving procedural success for the treatment of calcified lesions has been widely
demonstrated. The advent of new technologies -and especially of IVL-, the application of techniques and
materials initially developed for as complex procedures as CTO, the increasing experience of contemporary
operators and the introduction of new generation DES with excellent technical and structural properties, are
further contributing to improving outcomes of current PCI for calcific lesions.
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