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A B S T R A C T

The prevalence of calcification in obstructive coronary artery disease is on the rise. Percutaneous coronary intervention of these calcified lesions is associated
with increased short-term and long-term risks. To optimize percutaneous coronary intervention results, there is an expanding array of treatment modalities
geared toward calcium modification prior to stent implantation. The Society for Cardiovascular Angiography and Interventions, herein, puts forth an expert
consensus document regarding methods to identify types of calcified coronary lesions, a central algorithm to help guide use of the various calcium
modification strategies, tips for when using each treatment modality, and a look at future studies and trials for treating this challenging lesion subset.
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Introduction

With the increasing burden of comorbidities associated with
vascular calcification, the prevalence of coronary artery calcification
(CAC) related to obstructive coronary artery disease (CAD) has also
increased. Percutaneous coronary intervention (PCI) of calcified CAD is
associated with lower procedural success and increased risk for both
early and late complications because coronary calcification can impede
nosis; IVL, intravascular lithotripsy; IVUS, intravascular ultrasound; MACE, major adverse
rcutaneous coronary intervention; RA, rotational atherectomy.
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stent delivery and deployment, lead to stent underexpansion and
malapposition, and directly damage stents. Intravascular imaging is
increasingly recognized as an intraprocedural tool that can identify the
extent, phenotype, and location of calcium in the target coronary artery
and guide use of calcium modification strategies that may lead to
optimal stent deployment with a decreased risk of adverse events. A
growing number of adjunctive devices are available to facilitate PCI in
calcified lesions, including specialty balloons, atherectomy devices, and
intravascular lithotripsy (IVL). Given the increasing prevalence of calci-
fied CAD, the expanding role of intravascular imaging during PCI of
calcified CAD, and the expanding portfolio of treatment devices
available, the Society for Cardiovascular Angiography & Interventions
(SCAI) has developed an expert consensus statement to address the
treatment of calcified coronary lesions.
Methods

This statement has been developed according to the SCAI Publi-
cations Committee policies for writing group composition, disclosure,
and management of relationships with industry, internal and external
review, and organizational approval.1

The writing group was organized to ensure diversity of perspectives
and demographic characteristics and appropriate balance of relation-
ships with industry. Relevant author disclosures are included in
Supplemental Table S1. Before appointment, members of the writing
group were asked to disclose financial and intellectual relationships
from the 12 months prior to their nomination. A majority of the writing
group disclosed no relevant, significant financial relationships. The work
of the writing committee was supported exclusively by SCAI, a
nonprofit medical specialty society, without commercial support.
Writing group members contributed to this effort on a volunteer basis
and did not receive payment from SCAI.

Literature searches were performed by group members designated
to lead each section, and initial section drafts were authored primarily
by the section leads in collaboration with other members of the writing
group. Consensus statements on the criteria for coronary calcium
modification, tips for each treatment modality for calcified CAD, and
the treatment algorithm for calcified CAD were discussed and agreed
upon by the full writing group using a modified Delphi process, which
required 75% agreement among authors for a consensus. The draft
manuscript was peer reviewed in October 2023, and the document was
revised to address pertinent comments. The writing group unanimously
approved the final version of the document. The SCAI Publications
Committee and Executive Committee endorsed the document as offi-
cial society guidance in November 2023.

SCAI statements are primarily intended to help clinicians make
decisions about treatment alternatives. Clinicians also must consider
the clinical presentation, setting, and preferences of individual patients
when determining the optimal approach.
Coronary artery calcification

The development of CAC is closely interwoven pathophysiologically
with the development of atherosclerosis. The prevalence of CAC in-
creases nearly linearly beginning in middle age, and the vast majority of
individuals aged 80 years and older have CAC.2,3 Other clinical risk
factors for the development of CAC include chronic kidney disease,
diabetes mellitus, hypertension, tobacco use, high body mass index,
inflammation, and a family history of heart disease.2,4–6

CAC manifests heterogeneously, ranging from flow-limiting steno-
ses to partially or nonobstructive lesions limited to the vessel wall, with
or without positive remodeling.7 Calcification can replace the intima
and/or develop subintimally. Depending on the phase and nature of
calcification development, CAC may be intermixed in varying pro-
portions with an extracellular and cellular matrix and present as
microcalcification (associated with unstable plaques), fibrocalcification,
or sheets of variable thickness and concentricity.8 Hydroxyapatite can
also crystallize and develop into nodules with or without a fibrous cap.8
Identification of calcified coronary lesions

CAC is often identifiable preprocedurally by noninvasive cross-
sectional imaging. Computed tomography (CT) scans obtained for
cardiac or noncardiac indications can provide valuable information
about the location and extent of CAC, even when CAC is not quantified
by the Agatston method or obtained in the context of a dedicated
coronary CT angiogram.9,10

CAC may also be detected intraprocedurally by fluoroscopy or
intravascular imaging. The accuracy of calcium detection on fluoros-
copy depends on the overall volume of calcium (measured by the arc,
length, and thickness).11 The overall sensitivity and specificity of fluo-
roscopy for detecting the presence of target lesion calcium are 50% and
95%, respectively, when compared with intravascular imaging.11,12

Fluoroscopy alone lacks sufficient resolution to define the subtype of
CAC and, in a small proportion of cases, may overestimate the degree
of lesion calcium present.12

Intravascular imaging improves detection of CAC; further defines the
CAC phenotype with the presence or absence of calcified nodules (CN)
and superficial or deep wall calcium; measures calcium extent including
arc, length, and thickness; and is associated with improved clinical out-
comes for patients undergoing complex PCI when used for PCI optimi-
zation.13,14 The 2021 ACC/AHA/SCAI Coronary Artery Revascularization
guidelines gave a 2a, level of evidence B-R, recommendation for the use
of intravascular ultrasound (IVUS) “for procedural guidance, particularly in
left main or complex coronary artery stenting, to reduce ischemic events”
and for the use of optical coherence tomography (OCT) as “a reasonable
alternative to IVUS for procedural guidance, except in ostial left main
disease.”15 Using pathology as a gold standard, the diagnostic accuracy
of IVUS or OCT to detect dense calcium is high (>90% sensitivity and
specificity).16,17 On IVUS, calcium is seen as bright echoes with acoustic
shadowing, while on OCT, calcium appears as a heterogeneous area of
low backscatter with low attenuation and clear borders. Both IVUS and
OCT can measure the arc and length of calcium, whereas only OCT can
accurately measure the thickness of calcium. Although OCT provides
higher resolution images, it is more limited in depth of imaging when
compared with IVUS and requires blood clearance.

The following morphologic characteristics of calcified plaque when
assessed by IVUS are shown to be associated with greater stent
expansion (>70%) with the use of calcium modification tools when
compared with no calcium modification: (1) 360� arc of calcium; (2)
calcium arc of >270� with a length of calcium of �5.0 mm; (3) calcium
present in a vessel with a diameter of <3.5 mm; and (4) presence of a
CN.18,19 Similarly, independent predictors of stent underexpansion in
calcified coronary lesions by OCT include maximum calcium angle,
calcium length, and the additional characteristic of calcium thickness.19

Studies have demonstrated a minimum calcium thickness (<0.5 mm) to
be more likely associated with calcium fractures after modification.20–22

Group consensus on the criteria for coronary calcium modification is
shown in Figure 1.
Calcified nodules

A CN is a mass of calcium characterized by a convex shape in the
lumen with an underlying severe calcified plate and can be eruptive
with fibrous cap disruption and luminal thrombus.23–26 Large CNs can
be seen as angiographic radiolucent masses mimicking thrombi.27



Figure 1.
Criteria for coronary calcium modification (group consensus). Angiographic criteria: fluoroscopic radiopacities noted without cardiac motion before contrast injection involving both
sides of the arterial wall in at least 1 location and total length of calcium of at least 15 mm. Intravascular imaging criteria: By both intravascular ultrasound (IVUS) and optical coherence
tomography (OCT), the total amount of calcium (calcium arc, thickness, and length) and negative remodeling or small vessel size are associated with stent expansion. OCT can evaluate
thickness of calcium and the minimum thickness of calcium of <0.5 mm should be associated with the creation of calcium fracture without calcium modification. IVUS (A) and OCT (F)
showed 360� of calcium. (B, G) Calcified nodules. (C) Calcium arc measured is 310�. (D) Frame with visible external elastic lamina (EEL) adjacent to (C), and the EEL diameter measured
3.2 mm. (E) further distal frame and EEL diameter measured 3.6 mm. Proximal EEL diameter smaller than distal EEL diameter in (D) indicates vessel negative remodeling. (H,J) OCT
shows similar findings but with added calcium minimum thickness measured 0.38 mm.
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Although CNs are present in the minority of obstructive coronary le-
sions (<5%), the prevalence of CNs was 32% in severely calcified cor-
onary lesions (defined as a maximum calcium angle of >270�).23 CNs
are more likely to occur at the hinge motion locations of a coronary
artery, in the right coronary artery (RCA), and in patients undergoing
chronic hemodialysis. The presence of CNs at the time of PCI is asso-
ciated with an increase in long-term major adverse cardiovascular
events (MACE) compared with calcified lesions without CNs.28,29 Early
Figure 2.
Eruptive vs noneruptive calcified nodule (CN). Optical coherence tomography (OCT) image
mass with an irregular shape and strong signal attenuation. The noneruptive CN has a smoot
cases, the corresponding coronary angiography demonstrates a radiolucent mass (black arro
restenosis has been attributed to reprotrusion of the CN into the
stent.28,29 OCT can differentiate CNs as eruptive (irregular surface) or
noneruptive (CN with overlaying fibrous cap) (Figure 2).24 IVUSmay also
distinguish details of CNs (shape and surface irregularity), although
resolution and depth are limited compared with OCT.25 Eruptive CNs
are associated with worse long-term outcomes despite better acute
stent expansion compared with noneruptive CNs, possibly due to a
higher risk of eruptive CN reprotrusion.24,26
s illustrate an eruptive CN and noneruptive CN. The eruptive CN is a protruding calcium
h fibrous cap overlying a protruding calcium mass with strong signal attenuation. In both
ws).



Figure 3.
Calcium distribution in a long lesion. Preintervention coronary angiography and optical coherence tomography (OCT) images after 3 mm noncompliant balloon dilatation at 20 atm.
(A) Circumferential calcium without fracture requiring further preparation. Because the minimum thickness of calcium measured 0.43 mm, additional angioplasty was performed with a
3.5 mm noncompliant balloon at 20 atm. (B) 180� of calcium with a large dissection in the fibrous plaque (arrowhead). (C) Thin calcium at the site of the most obstructive portion of the
lesion, with 3 calcium fractures (white arrows in C′). (D) 90� of thick calcium with dissection on both sides of the calcium (arrowhead). Poststent OCT demonstrated calcium fracture with
optimal stent expansion (minimum stent area of 6.5 mm2). In long lesions, all calcium segments should be confirmed to be fractured on intravascular imaging or yielded to allow full
expansion in 2 angiographic views with a 1:1 NC balloon inflation prior to stenting. (A′-D′) Same images as (A-D) with annotation. White shaded areas in (A′-D′) indicate calcification.
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Long calcified lesions

Patients with long coronary lesions often have diffuse disease and
long-standing or uncontrolled CAD risk factors,30 which increase their
risk of long-term adverse cardiovascular events.31 In the setting of PCI,
increased length of CAC segments is associated with an increased risk
of stent underexpansion in multiple studies.18,19 In long lesions, the
stenotic and severely calcified segments may not always co-localize. It is
important to determine the location of a severely calcified lesion by
intravascular imaging to focus the effect of a given calciummodification
device on that segment at risk for underexpansion, particularly in areas
without severely obstructive plaque (Figure 3).
Chronic total occlusion interventions

PCI of calcified chronic total occlusion (CTO) lesions has lower
procedural success30,32,33 and is associated with a higher risk of com-
plications compared with that of noncalcified CTO lesions.34,35 Pre-
procedural chest CT and intravascular imaging are useful in this setting
to understand the distribution and morphology of the calcium and
guide the PCI strategy (Figure 4). Calcification of the proximal cap may
decrease the success of antegrade wiring and may be identified by
intravascular imaging from a side branch when anatomically feasible.
During reverse controlled antegrade and retrograde tracking and
dissection, intravascular imaging can be used to identify a favorable
location (with less calcium) to improve the success of retrograde guide
wire reentry.36
In-stent restenosis

In-stent restenosis (ISR) is defined as �50% stenosis within the
stent at the time of follow-up angiography.37 Restenosis can occur due
to several mechanisms, but in the context of calcium, restenosis may
be due to failure of the stent to fully expand at the time of implan-
tation as a result of underlying calcification. Neoatherosclerosis
associated with calcium sheets or nodules within the stent may also
occur.38–41 In a study of 512 patients with second-generation
drug-eluting stent (DES) restenosis requiring repeat revasculariza-
tion, the prevalence of in-stent calcified neoatherosclerosis was 10%
at 5 to 7 years and 20% at >7 years.40 Similar to de novo calcified
lesions, a large arc (>180�) and thick calcium (>0.5 mm) either within
the stent or peristent were associated with underexpansion of the
second layer of stent41 (Figure 5).
Post-coronary artery bypass surgery

Patients with severely calcified coronary arteries showed similar
increased long-termmortality rates whether they are treated with PCI or
coronary artery bypass graft surgery (CABG).42 With the exception of 1
study, data support accelerated progression of atherosclerosis in graf-
ted coronary arteries.43–46 Intravascular imaging studies have further
demonstrated lesions in the native coronary arteries proximal to bypass
graft anastomoses to have a greater degree of calcification, higher
prevalence of CNs, and greater negative remodeling when compared
with patients without prior CABG.47,48
Highlights
� The overall sensitivity and specificity of fluoroscopy to detect
target lesion calcium are 50% and 95%, respectively, when
compared with intravascular imaging.

� Fluoroscopy lacks sufficient resolution to define the subtype of
CAC and, in a small proportion of cases, may overestimate the
degree of calcium present, emphasizing the important added
value of intravascular imaging.

� Both IVUS and OCT can measure the arc and length of calcium,
whereas only OCT can accurately measure the thickness of cal-
cium (group consensus is to evaluate minimum, rather than
maximum thickness as part of calcium criteria).

� Early restenosis after treatment of CN has been attributed to
reprotrusion of the CN into the stent.

� The presence of CNs at the time of PCI is associated with
increased MACE, including an increased risk of perforation.

� Severe calcium in CTO PCI is predictive of lower success and
higher complication rates.



Figure 4.
Balloon-uncrossable chronic total occlusion lesion treated with rotational atherectomy and intravascular lithotripsy. Coronary angiogram shows calcification in the occluded
segment (white arrow) of a chronic total occlusion in the proximal left anterior descending artery. After successful antegrade guide wire escalation, no device was able to cross.
Rotational atherectomy (RA) was performed, followed by intravascular lithotripsy (IVL). Intravascular ultrasound (IVUS) after RA demonstrated circumferential calcium with reverberation
(equidistant white circles, indicated by green arrows). A post-IVL IVUS image shows 2 calcium fractures (blue arrows). A poststent IVUS image shows good stent expansion (stent area of
6.5 mm2).
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Figure 5.
Stent failure with calcified plaque. (A) Optical coherence tomography (OCT) image of a stent implanted 5 weeks prior. A protruding mass with strong attenuation indicates a calcified
nodule (CN). Because neoatherosclerosis would not accrue in such a short time span, it was interpreted as reprotrusion of a CN through the recently implanted stent. (B) CN found in the
stent placed many years prior was interpreted as calcified neoatherosclerosis with a CN. (C) Thick calcium within and outside of an old stent (white area) diagnosed as neo-
atherocalcification. Because of the thick calcium, calcium modification is necessary before stenting. (D) Old underexpanded stent with limited neointimal hyperplasia causing restenosis
and thick, circumferential calcium outside the stent. (A′-D′) are the same images as (A-D), with annotation. White areas indicate calcium; yellow areas indicate a CN, and the green lines
indicate stent struts.
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Treatment modalities for calcified CAD

Treating calcified, obstructive CAD with PCI is associated with
increased procedural complexity and risk compared with noncalcified
CAD because of the presence of comorbid conditions and the un-
yielding nature of the CAC. When CAC is present at the time of PCI,
there are increased risks of MACE due to stent underexpansion,49

including target vessel failure (TVF), stent thrombosis, and ISR.49–52

Given the decreased procedural success rates and increased peri-
procedural risks, several tools have been developed to facilitate treat-
ing these lesions.
Balloons

Semicompliant and noncompliant balloons. Conventional balloon
angioplasty, with either a semicompliant or noncompliant (NC) balloon,
often can be used to modify less severely calcified lesions or to prepare
heavily calcified lesions for further modification. Conventional balloon
angioplasty does not remove calcium but rather creates dissections in
the media and disrupts thin calcium to increase plaque elasticity and
allow stent expansion.53

Conventional balloon angioplasty is typically indicated for lesions
with a mild degree of calcium54; however, it has several limitations in the
setting of calcified coronary lesions. First, although NC balloons can be
expanded to high pressures (20-24 atm), balloon expansion may occur
eccentrically in the noncalcified segment toward the most compliant
vessel wall and may result in vessel perforation or flow-limiting dissec-
tion.54 Second, a conventional balloon may be unable to stay within the
severe lesion and, instead, “watermelon seed” toward nondiseased
segments of the vessel. Third, because semicompliant and NC balloons
have a single-layer structure, nonuniform expansion secondary to pro-
truding calcium may increase the risk of balloon rupture, severe un-
controlled dissection, and/or vessel perforation.

Cutting and scoring balloons. The cutting balloon (CB) is a less-
compliant balloon that utilizes multiple microsurgical blades along its
longitudinal surface to make small shallow incisions and sever elastic
and fibrotic continuity of calcified plaque with low pressure inflations.
By creating predictable dissection planes in the vessel wall, these in-
cisions result in injury localized to the site of the cutting and fractures in
the calcium to allow for improved and symmetric stent expansion. The
blades also allow for less balloon slippage.55

The Cutting balloon to Optimize Predilation for Stenting (COPS) trial
compared high-pressure (18-20 atm) inflation of CB with NC balloon
angioplasty in patients with severe CAC undergoing PCI. The primary
outcome of minimum stent area (MSA) at the site of calcium was higher
posttreatment with CB than that with NC balloon (8.2 mm2 vs 7.3 mm2;
P ¼ .035), although the final MSA was not different between the 2
arms.56 The currently available Wolverine CB (Boston Scientific) was
designed with a lower profile platform to increase deliverability when
compared with the original CB.

Scoring balloons were primarily designed to be delivered more
easily and exert less mechanical trauma on the vessel wall than CBs54;
however, a recent analysis demonstrated that the Wolverine CB was
more deliverable than the Lacrosse NSE ALPHA scoring balloon
(NIPRO) (90.8% vs 79.5%; P ¼ .006) with no difference in cross-sectional
area gain between groups.57

Currently, there are 3 scoring balloons available in the United States.
The AngioSculpt scoring balloon (Philips) consists of a semicompliant
balloon with 3 to 4 helical nitinol-based scoring elements. The Choc-
olate XD Balloon (Teleflex) is a semicompliant balloon encased on a
nitinol-constraining cage, which, during inflation, causes the balloon to
form a series of segmented pillows and grooves along the lesion. The
balloon is designed with the intent that the pillows to apply force and
create small dissections while the grooves relieve the stress and
potentially prevent the dissections from propagating. The Scoreflex NC
scoring balloon (OrbusNeich) is an NC scoring balloon with an inte-
grated nitinol wire that acts as the first scoring element and uses the
delivery guide wire as the second scoring element.

High-pressure balloons. The OPN balloon (SIS Medical) is a double-
layer balloon that can be dilated to very high pressures. In a retro-
spective analysis of 326 undilatable lesions treated with the OPN
balloon, lesions were divided into 2 groups based on the final inflation
pressure required to adequately dilate the lesion: lesions that yielded at
30-40 atm and those that required pressures >40 atm to yield. Lower
pressures were adequate in 53% of the lesions, whereas the remaining
47% of lesions required a pressure of >40 atm to achieve optimal
expansion. Angiographic success (residual angiographic stenosis
<30%) was achieved in 97.5%, and procedural success was observed in
96.6%; however, 3 patients experienced vessel perforation after balloon
inflation.58 Undersizing the OPN balloon for predilation by 0.5 mm and
using a 1:1 sizing strategy for postdilation are recommended.59

Limitations of the OPN balloon include increased risk of vessel
perforation, particularly when used before stent placement. Unlike NC
balloons, the OPN balloon increases in size at high pressures. In addi-
tion, its relatively bulky profile and extra stiffness due to the twin layered
technology make it difficult to re-cross with the balloon once it has been
inflated.58

Consensus Tips for Balloons

� CB should be used primarily to create fractures in calcium, rather
than to optimally dilate the lesion, due to increased risk for
perforation. To reduce the risk of perforation, it is recommended
to (1) decrease the size of the CB by 0.5 mm compared with the
reference artery diameter56 and follow CB inflation with a 1:1
sized NC balloon; and (2) if multiple inflations with a CB are
performed, move the CB slightly proximally or distally to cut in
different areas.

� CB and scoring balloons have a technical advantage of less slip-
page than conventional balloons, whichmay be particularly useful
in ostial lesions.55

� The rated burst pressure of the OPN balloon is 35 atm, and
inflating the OPN balloon to higher pressure is associated with an
increased risk of vessel perforation. In de novo lesions, undersize
the OPN balloon by 0.5 mm because the balloon increases in size
with higher pressures. In lesions with a stent in place, size the
OPN balloon 1:1.

� After multiple high-pressure inflations with an NC balloon or
inflation of the high–pressure OPN balloon, there may be an
adherence of the balloon to the guide wire, and wire position may
be lost upon withdrawal of the balloon. Consider using a buddy
wire to maintain access in case the guide wire on which the NC or
OPN balloon is loaded is withdrawn along with the balloon.
Rotational atherectomy

Rotational atherectomy (RA) with the Rotablator RA System (Boston
Scientific) uses a high-speed rotational device with a diamond-tipped
burr designed to preferentially ablate calcified atherosclerotic plaque
according to the principle of differential cutting, sparing the compliant
elastic tissue. The ablated tissue fragments are 2.0 to 10.0 μm in size
and are theoretically able to pass through the distal coronary micro-
circulation.60 The metallic burr, ranging in size from 1.25 to 2.5 mm, is
mounted over an advancer driveshaft (RotaLink) connected to a motor
that converts compressed gas into rotational energy. The current gen-
eration RotaPro device has several features to improve usability,
including single-operator performance.



Consensus Tips for Rotational Atherectomy

� The recommended burr size/artery ratio is 0.4 to 0.6. Typically, a
1.5-mm burr can be used for most arteries �3 mm in diameter
and a 1.75-mm burr for those >3 mm. Due to increased risk of
entrapment, a 1.25-mm burr is not recommended as the first burr.

� Different guide catheter sizes are required for the different RA
burr sizes.
o The 1.25- and 1.5-mm burrs require a 6F guide catheter.
o The 1.75-mm burr requires a larger 6F guide catheter (0.071-

inch inner diameter) or 7F guide catheter.
o The 2.0 mm burr requires a larger 7F guide catheter (0.081-inch

inner diameter) or 8F guide catheter.
o The 2.15-mm burr requires an 8F guide catheter.

� The RotaWire guide wire is 0.009 inches in diameter that tapers to
0.005 inches before terminating in a 0.014-inch spring tip. The
RotaWire is available in 2 types: floppy and extra support.
o The more flexible and torqueable floppy guide wire reduces

vessel straightening, thereby minimizing guide wire bias and
facilitating ablation of lesions at the greater curvatures of
angulated segments; however, it is easier to kink and requires
more careful manipulation.

o The stiffer extra support guide wire offers more support for
delivery, favorably biases the guide wire toward eccentric
calcified plaques (particularly in angulated segments), and
augments eccentric plaque modification; however, there may
an increased risk of perforation with the RotaWire extra support
vs RotaWire floppy guide wire owing to the heightened guide
wire bias.

� Primary wiring of the lesion with a RotaWire is often feasible.
� Keep the distal tip of the RotaWire in the field of view and keep
the radiopaque distal segment of the RotaWire at least 5.0 mm
from the burr at all times to avoid fracture of the radiopaque
0.014-inch segment by the burr.

� RA is performed with a continuous intracoronary saline infusion of
a lubricant solution (RotaGlide) through the rotaburr system to
reduce friction and heat generation. RotaGlide is contraindicated
in patients with allergy to egg or olive oil. Alternatives to Rota-
Glide include off-label use of a saline infusion mixed with heparin
� vasodilators (eg, 10,000 units of unfractionated heparin with or
without 400.0 μg nitroglycerin and 10.0 mg verapamil in 1 L
normal saline).63–65

� RA should be performed using a pecking motion with short
duration of ablation (<30 seconds) and a short ablated segment.

� Avoid burr deceleration >5000 rpm to reduce the risk of com-
plications (eg, slow flow and burr entrapment).

� To reduce the risk of wire fracture when ablating the same spot for
multiple runs, move the RotaWire more proximally or distally so
that the burr is not continually ablating on the same spot of the
wire.66

� If a lesion cannot be crossed despite optimal technique, use
higher rotational speeds, downsize the burr, use a more sup-
portive guide catheter, or add a guide catheter extension.
o The 1.25-mm burr requires a 7F guide catheter extension.
o The 1.5-mm and 1.75-mm burrs require an 8F guide catheter

extension.
o A 2.0-mm burr cannot be accommodated by any currently

available guide catheter extension.
� The need for temporary pacing is low with the currently used
smaller burrs67; however, patients with baseline conduction dis-
order or lower physiologic reserve (eg, clinically significant
valvular disease and low left ventricular ejection fraction) may
benefit from placement of a temporary pacemaker to minimize
transient bradycardia and ischemia when performing RA in a
dominant RCA or circumflex artery.

� A final polishing run with no decelerations and little or no resis-
tance should be performed before removing the burr.
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The Rotational Atherectomy Prior to Taxus Stent Treatment for
Complex Native Coronary Artery Disease (ROTAXUS) trial61 ran-
domized 240 patients with calcified native coronary lesions to stent
placement with or without RA for lesion preparation. The trial
showed improved acute lumen gain (1.56 � 0.43 mm vs 1.44 �
0.49 mm; P ¼ .01) and increased rates of successful stent
deployment in the RA group (92.5% vs 83.3%; P ¼ .03). The
Comparison of Strategies to PREPARE Severely Calcified Coronary
Lesions (PREPARE-CALC) trial62 randomized 200 patients with
severely calcified native coronary artery lesions to either RA or
vessel preparation with CB/scoring balloons. RA led to not only
longer fluoroscopy times (22.8 � 21.9 min vs 18.1 � 16.7 min; P ¼
0.04) but also a higher rate of procedural success (98% vs 81%;
P ¼ .0001). Although not powered for clinical outcomes, there were
no differences in myocardial infarction, ISR, target lesion revascu-
larization (TLR), stent thrombosis (ST), or MACE at 9-month
follow-up in either trial. Limitations of the abovementioned
trials are that the entry criteria of calcium severity were based
on angiography and not intravascular imaging, and there was
crossover from the non-RA group to the RA group in 16% of
patients.

The 2021 ACC/AHA/SCAI Coronary Artery Revascularization
guidelines15 gave a 2a, level of evidence B-R, recommendation for the
use of RA in patients with heavily calcified lesions, noting that RA “can
be useful to improve procedural success.” The guidelines further note
that “despite the lack of data to support improved long-term outcomes
with RA, RA remains an important tool in certain situations to properly
‘prepare’ a lesion for stenting.”
Orbital atherectomy

The orbital atherectomy (OA) system (Diamondback 360, Abbott)
has a 1.25-mm diamond-coated crown that is eccentrically mounted 6.0
mm from the tip (nose cone) of the device, allowing for bidirectional
atherectomy. OA works through centrifugal force and surface friction,
creating elliptical orbits that change the compliance of calcified vessels
by altering the depth of calcium and creating microfractures. There are
2 speeds of the OA crown, 80,000 and 120,000 rpm; the higher
rotations-per-minute setting allows for a larger diameter ablation field
(�3.0 mm).

Evidence supporting the use of OA comes from the Evaluate
the Safety and Efficacy of OAS in Treating Severely Calcified
Coronary Lesions (ORBIT) trials. In ORBIT I,68 50 patients from 2
centers in India with de novo calcified coronary lesions were pro-
spectively enrolled and treated with OA and stent placement. The
majority, 90%, were male, and the lesions were short with a mean
lesion length of 13.4 mm. Device and procedural success were
high at 98% and 94%, respectively. In this study, there were 6
dissections observed by angiography and 1 perforation. ORBIT II69

was a larger (n ¼ 443), prospective, nonrandomized, multicenter
study of OA in the United States. The primary efficacy end point of
residual stenosis <50% after stent placement without in-hospital
MACE with the OA device was higher than the performance
goal (88.9% vs 82%). The incidence of coronary dissection was
much lower than ORBIT I at 2.3%, as was the perforation rate of
0.9%.

The 2021 ACC/AHA/SCAI Coronary Artery Revascularization
guidelines15 gave a 2b, level of evidence B-NR, recommendation for
the use of OA in patients with heavily calcified lesions, stating
that OA “may be considered to improve procedural success.”
Complications rates with OA are similar to complication rates
with RA.70
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Consensus Tips for Orbital Atherectomy

� The OA device requires at least a 6F guide catheter or a 7F sys-
tem if guide extension use is planned.

� Primary wiring of the lesion with an OA ViperWire Advance guide
wire with or without the FlexTip (nitinol core 0.012-inch body and
0.014-inch tip) is often feasible.

� Keep the distal tip of the ViperWire in the field of view and at least
5 mm from the OA drive shaft tip to avoid fracture of the distal
portion of the wire that is thicker than the proximal portion.

� Nitroglycerin is generally given before the first run and intermit-
tently through the device tubing side port or the guide catheter
as hemodynamics tolerate to minimize slow flow.

� The optimal technique for OA differs from RA and requires a
smooth forward or backward motion at approximately 1.0 mm/s
to achieve greater lumen diameter gain compared with faster
rates of motion. The number of runs is also highly correlated with
greater achievable lumen gain.
o Never use force during antegrade or retrograde treatment.
o Observe 1:1 motion between the crown and advancer knob; if

the crown is not moving, do not push harder because this may
lead to a malfunction or complication.

� Start at 80,000 rpm in all vessels, and listen for the audible pitch
change that occurs when the device contacts calcification in the
vessel and stops when the ablative ability of the device is
reached. In vessels with diameter of �3.0 mm, the speed can be
increased to 120,000 rpm to achieve a larger lumen gain.

� OA treatment intervals should not exceed 30 seconds, and the
maximum total treatment time with the same crown should not
exceed 5 minutes.

� Allow a rest time between runs that is at least as long as the
treatment time, and rest in a nonocclusive position within the
vessel.

� Transient conduction disorders can occur when a dominant RCA
or circumflex artery is treated, and either prophylactic aminoph-
ylline or a temporary pacemaker can be considered.

� Treatment of ostial lesions with OA is associated with a risk of
aortic dissection. However, OA can be considered cautiously by
experienced operators if the device is advanced distal to the
lesion using glide assist and actuated retrogradely without
allowing the crown to have an unrestricted orbit at the ostium.71
Laser atherectomy

Excimer laser coronary atherectomy (ELCA) uses a xenon chloride
system to generate ultraviolet light via a laser catheter to modify plaque
constituents without substantial thermal injury. The ELCA system has 3
mechanisms of action: (1) ablation—where the laser light ablates mixed
tissue morphologies at the molecular level by breaking molecular
bonds; (2) acoustic mechanical modification of plaque compliance—-
where an acoustic pressure wave impacts rigid materials and increases
vessel compliance; and (3) cavitation—where the laser creates a fluid
cavitation bubble that is more likely to debulk soft plaque/thrombus.
Other advantages of ELCA include (1) use with any workhorse angio-
plasty guide wire, (2) ability to use with multiple guide wires in place to
protect bifurcations, (3) ability to adjust settings (fluence and rate), and
(4) minimal risk of entrapment.

Clinical data for ELCA in randomized trials are scant, conducted with
a prior version of the technology, and/or outdated with respect to
current practices including routine use of dual antiplatelet therapy and
stents.72 The photochemical laser properties are used for tissue ablation
in the context of refractory thrombus, ISR, degenerating saphenous vein
graft interventions, and acute vessel closure.73,74 This differential
property of ELCA distinguishes it from the differential cutting of other
atherectomy devices when dealing with softer luminal tissues that
require modification. ISR due to calcium-related stent unexpansion may
require off-label use of contrast to maximize the photomechanical
properties.75 The ability to advance the laser catheter over a coronary
guide wire facilitates crossing device-uncrossable lesions even if alter-
native forms of atherectomy are subsequently used. ELCA is effective in
fibrotic lesions such as suture lines or ISR but has limited impact on
severe calcification.54

Consensus Tips for Excimer Laser Coronary Atherectomy

� Although the manufacturer recommends starting with lower flu-
ence and pulse rate owing to theoretical risk of vessel dissection
or perforation, the maximum available settings (80 mJ/mm2 and
80 hertz rate for the 0.9 mm laser catheter) are usually used when
treating calcified lesions because fluence setting impacts the size
of the vapor bubble.

� Catheter diameter is chosen to approximate two-thirds of vessel
size.

� ELCA ablative capacity is time dependent, so slowly advance the
catheter at <1.0 mm/s to maximize effectiveness.

� To ablate tissue, use the laser in a forward-only direction to
harness the front-facing laser ablative energy.

� To alter lesion compliance, operate the laser bidirectionally
because the acoustic mechanical energy emanates in a 360� arc
from the catheter tip.

� To reduce the risk of perforation, carefully watch the nose cone of
the laser when advancing. If the catheter stalls and the nose de-
flects, the laser will be pointing toward the adventitia instead of
being coaxial with the vessel.

� Off-label injection of contrast when the laser is on augments
cavitation and generation of acoustic mechanical energy that
fractures calcium.75 This may be useful in-stent underexpansion
due to calcium. However, there is an associated increased risk of
no-reflow or perforation.

� In rare cases, the off-label use of laser with contrast can lead to
separation of the distal radiopaque marker band from the
catheter.76

� ELCA on a polymer-jacketed guide wire should be avoided
because of potential of damage to the polymer.
Intravascular lithotripsy

The Shockwave Medical Intravascular Lithotripsy System (Shock-
wave Medical) is a balloon with emitter pairs that emit pulsatile sonic
pressure waves that selectively interact with calcium. Within the 12.0-
mm balloon, the first emitter is offset 4.0 mm from the distal balloon
marker, with 6.0 mm between emitters. The balloon is placed within the
target lesion and inflated to 4 atm to deliver 10 shockwaves. When the
waves interact with calcium, they amplify to an effective 50 atm. Pre-
vious guidance to inflate the balloon to 6 atm after the delivery of each
set of pulses has largely been abandoned because this is now believed
to increase the risk of balloon rupture.

Intravascular imaging and micro-CT analyses have demonstrated
that IVL results in both superficial and deep, radial and longitudinal,
macrofractures, and microfractures.77 The original coronary IVL device
(C2) delivers up to 80 pulses, whereas the next generation device (C2þ)
delivers up to 120 pulses.

Approval for IVL use was granted in the United States in 2021 after
completion of Disrupt CAD III, a prospective, single-arm, multicenter
study of 384 patients.78 Device delivery was successful in 95% of cases,
and procedural complication rates were very low, with no cases of slow
flow/no-reflow and only isolated incidents of dissection, perforation,
and abrupt closure.77 Low rates of ST (0.8%) and target lesion failure
(7.6%) were observed at 30 days. MACE at 1 year occurred in 14% of
patients, with myocardial infarction in 10.5%, ischemia-driven TLR in
4.3%, and target lesion failure in 12% of study participants. These
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results were reproduced across multiple countries and operators in the
pooled analysis of the Disrupt CAD I-IV studies.70,79 Additionally, while
it was anticipated that IVL would be most effective in the presence of
concentric calcium, the Disrupt CAD pooled OCT analysis found the
efficacy and safety to be consistent whether calcium was concentric,
eccentric, or nodular.70,79,80 Similarly, a recent analysis of the Disrupt
CAD studies showed that IVL closed the gap in differential stent
expansion parameters for lesions with and without CNs.81

IVL may be used in the presence of multiple guide wires (eg,
bifurcation lesions) and may also be advantageous in aorto-ostial le-
sions. While hemodynamically vulnerable patients may not tolerate
repeated or prolonged balloon obstruction of coronary flow during
delivery of IVL therapy, recent data demonstrate safety and feasibility of
IVL in left main coronary artery PCI, and the rate of slow flow/no-reflow
is lower with IVL than that with RA or OA.70,77,82 The off-label use of IVL
has also been widely adopted in the treatment of stent underexpansion
due to calcium, calcific neoatherosclerosis within the stent, or nodular
reprotrusion.83,84 The main limitation of the device, as with the other
balloon-based technologies, is deliverability, but this can be mitigated
with increasing guide support through guide shape, guide extensions,
buddy wires, or other techniques. Overall angiographic complication
rates are <0.5%.85–87

Consensus Tips for Intravascular Lithotripsy

� IVL is best for modifying circumferential calcium in balloon-
crossable lesions. Although data show effectiveness of IVL ther-
apy in eccentric and nodular calcium, more pulse delivery may be
required in these lesions.

� IVL can be used synergistically with atherectomy devices, espe-
cially in longer lesions where there is often more heterogeneity in
vessel size and pattern of calcification.88

� Longer rest periods between therapy may help prevent hemo-
dynamic compromise when performing IVL in areas that subtend
large myocardial distributions (eg, left main lesions).

� IVL can be used with multiple guide wires in place (eg, bifurcation
lesions).

� Intravascular imaging can be useful in longer lesions to help
determine where pulses are best used. This is also true after
atherectomy because atherectomy may modify calcium in smaller
diameter vessel segments but is less likely to do so in larger vessel
segments.

Specific lesion subsets

Calcified nodules. The prevalence of CNs reported in patients un-
dergoing plaque modification is 22%-40%.81,89 A retrospective study
of patients undergoing RA observed a 3-fold risk of adverse events
in the presence of CNs.89 In a small propensity-matched study
comparing patients with CN, there was no difference in acute lumen
gain, malapposition, or target vessel revascularization between those
treated with or without RA.90 Fracture of CNs with OA has been
reported, but there are no studies on procedural or clinical out-
comes available.91,92

The impact of IVL on CNs was assessed in a pooled, patient-level,
OCT core laboratory analysis of the Disrupt CAD studies.81 The prev-
alence of CNs was 22%, and lesions with CNs had a greater arc and
volume of calcium than lesions without CNs. With IVL, there was a
numerically higher rate of calcium fracture (78.7% vs 65.2%; P ¼ .07) in
CN vs non-CN lesions with no major complications.81 Additionally,
post-PCI stent expansion measurements were similar in patients with
and without CN lesions. With the limited available data and in the
absence of comparative studies, IVL is safe and effective, and ablative
devices (RA/OA) can be considered as options in the treatment of CN
lesions.
Consensus Tips for Calcified Nodules

� Intracoronary imaging can identify CN in relation to overall cal-
cium distribution, assess guide wire bias, and provide reference
vessel size to assist in calcium modification device selection.

� OA in lesions with a CN often requires slow device motion (1 mm/
s), a high number of passes (>5), and higher speed (120,000 rpm).

� To improve RA burr contact with a CN, consider upsizing the burr-
to-artery ratio to 0.6 or 0.7 if the lumen is large and there is un-
favorable guide wire bias or consider using the RotaWire Extra
Support to change the guide wire bias, as needed.

� For IVL, sizing should be 1:1 with the reference vessel diameter,
and more pulses are often required to modify CN vs non-CN
lesions.

� Prior to stenting, perform NC 1:1 balloon dilatation, ideally fol-
lowed by imaging to confirm the presence of calcium fracture.

Chronic total occlusion. The use of plaque modification in CTOs is
higher than that in other lesion subsets but is still, overall, low. In all the
published cohorts, devices were predominantly used after intraplaque
crossing, with limited data on the efficacy and safety extraplaque. In the
multicenter Prospective Global Registry for the Study of Chronic Total
Occlusion Intervention (PROGRESS)-CTO registry, atherectomy was
used in 3.2% (n ¼ 115) of 3607 CTO PCIs, with RA used in 95% of the
cases. Procedural success was similar in patients treated with vs without
atherectomy, but atherectomy cases were associated with higher rates
of tamponade requiring pericardiocentesis.93 In a more recent analysis
of PROGRESS-CTO, IVL was used in 82 cases, and use increased over
time to 7% of cases in 2022.94 IVL was used in procedures with ante-
grade and retrograde crossing strategies and in vessels that were
heavily calcified or balloon undilatable. Perforation occurred in 2.4%,
but these were Ellis class 2 and treated conservatively.94 ELCA use in
CTO is generally reserved for impenetrable proximal caps after confir-
mation of intraluminal position for undilatable lesions or for ISR, but
scant data are available.95 There is also little experience with
high-pressure balloons in CTO, and whether the risk of perforation in
this setting differs from other devices remains unknown.

Consensus Tips for Chronic Total Occlusions

� For intraplaque crossing and device-uncrossable lesions, a
microcatheter can be buried in the proximal cap and the guide
wire exchanged for a RotaWire guide wire. RA is preferable to OA
due to risks associated with device orbit in dissection planes.
When dissections are evident, use a 1.5-mm RA burr due to the
forward ablative tracking and due to an increased risk of perfo-
ration with larger devices.

� When exchange for a RotaWire is not feasible after intraplaque
crossing but device-uncrossable lesions, consider ELCA with a
0.9-mm laser and 80/80 settings. ELCA with off-label contrast
injectionmay be required for in-stent undilatable calcified lesions.

� For intraplaque crossing and balloon-crossable lesions, select a
device based on intravascular imaging after initial predilatation
with a balloon.

� When CTO guide wire crossing is extraplaque and calcium
modification is required (after suboptimal balloon angioplasty),
consider IVL. RA use has been reported, but published experi-
ence is limited.96,97

In-stent restenosis. In the contemporary era, ISR accounts for 6% to
10% of PCIs. Patients with ISR may have heterogeneous lesions with
intimal hyperplasia, neoatherosclerosis, stent underexpansion, and
variable calcium distribution. The Angioplasty versus Rotational
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atherectomy for Treatment of diffuse In-stent restenosis (ARTIST) trial
randomized patients with diffuse bare-metal stent restenosis to balloon
angioplasty with or without RA and found no difference in procedural
success rates but a lower event-free survival rate in the balloon angio-
plasty group.98 Calcium modification for ISR is generally limited to
calcific neoatherosclerosis and stent underexpansion due to underlying
calcification. Observational series of RA, off-label OA, and ELCA with
off-label contrast show use of these devices for ISR is feasible with high
rates of procedural success and acceptable complication rates.99–101

There are several small series reporting efficacy of off-label IVL for ISR.

Consensus Tips for In-stent Restenosis

� When feasible, perform intravascular imaging to understand the
mechanism of stent failure and distribution of calcium (superficial
calcified neoatherosclerosis or calcium behind the stent struts).102

� For calcified neoatherosclerosis, the algorithm should be similar
to that of de novo lesions (1:1 sized NC balloon, CB/scoring fol-
lowed by 1:1 sized NC balloon, 0.5 mm undersized high-pressure
balloon, atherectomy, or 1:1 sized IVL).

� For calcium behind the stent struts and stent under expansion,
consider off-label IVL (1:1 sizing), high-pressure balloon (under
size by 0.5 mm), or ELCA (with off-label contrast). Atherectomy
can also be considered (burr-to-artery ratio of >0.5 for RA).

� For balloon-uncrossable lesions, consider ELCA (0.9 mm) or RA
(0.5 burr-to-artery ratio).

Aorto-ostial lesions. Aorto-ostial lesions are located within 3.0 to
5.0 mm from the vessel origin and are associated with a high rate of
restenosis, even in the current era of DES.103 In addition to the
technical difficulty of precise stent placement, ostial lesions are often
highly calcified, resulting in higher rates of specialty balloon or
atherectomy use than nonostial lesions.103 One study demonstrated
a 48% rate of CN in 170 ostial RCA de novo lesions.104 Adequate
vessel preparation and calcium modification can translate into better
stent expansion and lower risk of dissections extending into the
aorta for aorto-ostial lesions. CB and scoring balloons, high-pressure
balloons, and IVL are suitable for ostial lesions, and the ability to
extend the device into the aorta is advantageous for anchoring and
preventing geographic miss. Data suggest feasibility of RA and OA
for ostial lesions.105,106

Consensus Tips for Aorto-Ostial Lesions

� For balloon-crossable aorto-ostial lesions, consider a CB/scoring
balloon, a high-pressure balloon, or IVL for lesion preparation.

� For balloon-uncrossable lesions, consider atherectomy.

o Consider RA (0.5 burr-to-artery ratio) with coaxial guide support

or size up guide catheter by 1F from required burr size to
minimize catheter ablation.

o Treatment of ostial lesions with OA is associated with a risk of
aortic dissection. However, OA can be considered cautiously
by experienced operators if the device is advanced distal to the
lesion using glide assist and actuated retrogradely without
allowing the crown to have an unrestricted orbit at the
ostium.71
Bifurcation lesions. Calcified bifurcation lesions pose unique chal-
lenges, including predisposition to plaque shift, acute side branch
closure, and suboptimal stent delivery and deployment. Calcification
may be present in both the main branch and side branch or it may be
confined to one or the other. Nonablative approaches (CB or scoring
balloons, NC balloons, and IVL) or ELCA can be attempted first when
needing to maintain the side branch guide wire. Few studies have
evaluated calcified bifurcation lesions. One single-center case series of
calcified bifurcation lesions showed excellent 30-day MACE rate with
either OA or RA but shorter procedural and fluoroscopy time with OA
compared with RA.107 In a subgroup analysis of the Comparison of
Strategies to Prepare Severely Calcified Coronary Lesions (PREPAR-
E-CALC) study, side branch compromise (any stenosis >70% on visual
estimation, dissection, or thrombolysis in myocardial infarction flow of
<3 on final angiogram) was observed less frequently with RA vs
CB/scoring balloons (7% vs 32%; P ¼ .001).108 In a large, multicenter
analysis of pooled data from 10 high volume centers, OA in bifurcation
lesions was associated with low MACE rates similar to those observed
for nonbifurcation lesions109; however, whether atherectomy was per-
formed in both main and side branches was not reported.

Consensus Tips for Bifurcation Lesions

� For calcification restricted to the main branch, the calcium
modification strategy is similar to that described for any calcified
lesion.

� For side branch calcification alone, consider CB or scoring
balloon rather than NC balloons, particularly in the setting of
ostial side branch disease, to reduce the risk of slippage.55

Restrict RA or IVL to major side branches of�2.5 mm in diameter.
� For bifurcation lesions with calcification of both main and side
branches that require atherectomy, serial RA can be performed in
both branches.
o During RA of the main branch, remove the side branch guide

wire to avoid cutting the wire.
o Determine the sequence of main and side branch RA based on

the severity of stenosis and propensity for acute closure.
o For severely calcified and critically stenosed bifurcation ste-

nosis where there is concern of acute side branch closure
during main branch RA, consider techniques that use 2 guide
wires, with the side branch guide wire protected by a micro-
catheter or guide catheter extension.110,111 To minimize dam-
age to the microcatheter or guide catheter extension by the
burr, reposition the catheter between atherectomy runs.

� For bifurcation lesions with calcification of both branches, IVL for
discrete calcification allows maintenance of both guide wires. For
similarly sized main and side branches, using 1 balloon on both
branches may save cost, although it may be challenging to
readvance the used IVL balloon on the second wire.

Treatment algorithm for calcified CAD

Investigate angiographic evidence of calcification with intravascular
imaging to determine the need and optimal method of calcium
modification. Predilation with a low-profile balloon may be necessary to
facilitate advancement and delivery of the intravascular imaging cath-
eter. Intravascular imaging findings should inform next steps, whichmay
include further predilation with an NC balloon, specialty balloon,
atherectomy, and/or IVL.

Established on available evidence, criteria for calcium modification
are based on calcium arc, length, and thickness, with recommendations
for some form of modification prior to stent deployment for an arc of
360� or an arc of 270� with a calcified length of �5.0 mm. Consider
calcium modification for CNs within the target segment, small or
negatively remodeled vessels, and lesions with a minimum calcium
thickness of �0.5 mm as assessed by OCT. When deciding on the
specific modality to use for calciummodification, consider the length of
the calcified segment. Atherectomy may best address long, diffusely
calcified lesions, whereas focal lesions may be amenable to treatment
with specialty balloons. Consider IVL for concentric, eccentric, and CN
lesions and in settings where atherectomy may be relatively
contraindicated.



Figure 6.
Treatment algorithm for calcified CAD. Ca, calcium; EEL, external elastic lamina; OCT, optical coherence tomography; NC, noncompliant; PCI, percutaneous coronary intervention.
*Criteria for calcium modification shown on left.
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Repeat intravascular imaging to assess for calcium fractures and/or
perform a 1:1 sized balloon angioplasty to assess for full expansion in at
least 2 views. If these criteria are met, proceed with stent deployment.
If, however, the initial form of calcium modification was suboptimal,
undertake further intravascular imaging–guided calcium modification
therapies prior to stent deployment. Group consensus on the treatment
algorithm for calcified CAD is shown in Figure 6.
Emerging trials and therapies

Several clinical trials are currently investigating the safety and effi-
cacy of these devices in the management of CAC in patients under-
going PCI in both de novo disease and ISR.

The high-pressure OPN balloon is being compared with IVL in the
ISAR-CALC 2 (Comparison of Strategies to Prepare Severely Calcified
Coronary Lesions; NCT05072730) trial in patients with severely calci-
fied, undilatable coronary lesions who are randomized to either OPN or
IVL. The primary outcome will be final angiographic minimal lumen
diameter after stent implantation.

The ROTACUT (Rotational atherectomy combined with Cutting
balloon to optimize stent expansion in calcified lesions; NCT04865588)
trial is a multicenter, randomized pilot study comparing the strategy of
RA plus the Wolverine CB vs RA plus plain conventional balloon an-
gioplasty in 60 patients with advanced calcific de novo disease. The trial
is evaluating MSA, stent expansion, and stent apposition with IVUS, as
well as short-term periprocedural clinical outcomes.

PREPARE-CALC COMBO (Evaluation of a Strategy to Prepare
severely Calcified Coronary Lesions with a Combination of rotational
atherectomy and Modified Balloons Trial; NCT04014595) is a single-
arm prospective study of 110 patients treated with a RA/CB strategy
before DES implantation compared with historical patients from the
randomized PREPARE-CALC trial treated with specialty balloons (CB or
scoring balloon) or RA alone. The PREPARE-CALC COMBO study has 2
primary end points: in-stent acute lumen gain by quantitative angio-
graphic analysis and stent expansion by OCT. ROTA-ISR (Debulking
With Rotational Atherectomy Versus Balloon Angioplasty In Patients
With In-stent Restenosis; NCT03401203), on the other hand, is a ran-
domized controlled trial (RCT) that will compare debulking of stents
using RA with that using conventional balloon angioplasty in patients
with advanced ISR. Although ROTA-ISR is not specifically targeted to
calcified lesions, a substantial number of patients may have severe
calcium as a cause for stent underexpansion.

The ECLIPSE (Evaluation of Treatment Strategies for Severe Calcific
Coronary Arteries: OA vs. Conventional Angioplasty Technique Prior to
Implantation of Drug-Eluting Stents; NCT03108456) trial is a multi-
center RCT of 2000 patients comparing vessel preparation with OA vs
conventional balloon angioplasty prior to stent implantation in severely
calcified coronary artery lesions. The primary end point is 1-year TVF,
defined as the composite of cardiac death, target vessel–related
myocardial infarction, or ischemia-driven target vessel revascularization.
There is also an imaging cohort of 250 subjects per arm, with an OCT
assessment of acute MSA at the conclusion of the procedure. Another
ongoing OA study is CROWN (Calcium Reduction by Orbital Atherec-
tomy in Western Europe; NCT06035783), which is a 100-patient single-
arm study to evaluate post-OA MSA by OCT.

Several RCTs evaluating IVL are underway. TheShort-Cut (Shockwave
Lithoplasty Compared to Cutting Balloon Treatment in Calcified Coro-
nary Disease Trial; NCT06089135) trial aims to randomize 410 patients
with calcified lesions to IVL vs CB in 2 cohorts—those prepared with or
without RA. The DECALCIFY (Prospective, Randomized, Controlled,
Multicenter Study for the Treatment of Calcified Coronary Artery
Lesions With Rotational Atherectomy vs. Intravascular LithotripsY;
NCT04960319) trial will randomize 100 patients to IVL vs RA and assess
in-hospitalMACE and stent expansion byOCT. The SONAR (Shockwave
Balloon or Atherectomy With Rotablation in Calcified Coronary Artery
Lesions; NCT05208749) multicenter RCTof 170 patients will randomize
to IVL or RA and assess postprocedural myocardial infarction. The BALI
(Balloon Lithoplasty for Preparation of Severely Calcified Coronary Le-
sions Before Stent Implantation; NCT04253171) RCT will compare IVL
with the standard of care (which can include plain balloon angioplasty,
CB/scoring balloons, and RA) in 200 patients with the primary end point
being strategy failure (failed stent delivery, residual stenosis of�20%, or
TVF). Finally, the VICTORY (Value of IVL Compared to OPN Non-
compliant Balloons for Treatment of Refractory Coronary Lesions;
NCT05346068) trial is a noninferiority RCT to compare the impact of IVL
with that of very high–pressure balloon on final stent expansion assessed
by OCT in 280 patients with calcified lesions.

In addition, several multicenter, observational IVL studies are under-
way. Intravascular Balloon Lithotripsy in Left Main Stem Percutaneous
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Coronary Intervention (NCT04319666) aims to follow 50 patients under-
going PCI for intravascular imaging–defined calcified left main disease.
EMPOWERCAD(Equity inmodifyingplaqueofwomenwith undertreated
calcified CAD; NCT05755711) is a postmarket, multicenter, single-arm
observational study to generate real-world clinical evidence associated
with IVL in female patients. Other investigator-initiated, real-world regis-
tries examining the role of IVL in CAC are ongoing in various countries.

Innovations in the treatment of CAC include a prospective, single-
arm study evaluating the device success rate of a T-wave IVL catheter
system (Suzhou Zhonghui Medical Technology; NCT05552131) in 190
patients and the ACTIVE study (Safety and Efficacy Study of the
SoundBite Crossing System With ACTIVE Wire in Coronary CTOs;
NCT03521804) evaluating a novel guide wire (Soundbite Medical So-
lutions) that can penetrate calcium using pressure pulses characterized
by high amplitude, rapid rise time, and short duration.

Few studies compare multiple calcium modification devices. The
ROLLING-STONE study (IVL and/or Mechanical Debulking for Severely
Calcified Coronary Artery Lesions; NCT05016726) aims to prospectively
follow 400 patients undergoing PCI for calcified disease treated with IVL
or atherectomy, while the ROLLERCOASTR trial (Rotational Atherec-
tomy, Lithotripsy, or Laser for the Treatment of Calcified Stenosis;
NCT04181268) is one of the few randomized studies aimed at enrolling
150 participants undergoing PCI with RA, IVL, or ELCA for calcified
disease.

Finally, there are ongoing developments with coronary computed
tomography angiography (CCTA) and artificial intelligence to aid with
preprocedural planning with calcium modification therapies prior to
PCI. The P4 (Precise Procedural and PCI Plan; NCT05253677) trial is an
investigator-initiated, multicenter RCT with a noninferiority design that
will compare a CCTA-guided PCI strategy with an IVUS-guided PCI
strategy. The primary end point will be 1-year MACE rates between
CCTA-guided and IVUS-guided PCI strategy.
Conclusions

PCI of calcified CAD is increasingly common and associated with
higher procedural risk and risk of short-term and long-term adverse
events. With an expanding toolbox of therapeutic modalities and use of
optimal technique, greater procedural success can be achieved with
lower risk of complications. This SCAI consensus document recom-
mends the use of intravascular imaging whenever feasible to determine
the use of calcium modification techniques and prepare the vessel for
optimal stent deployment in calcified CAD. This consensus document
furthers SCAI’s goal to provide guidance for interventional cardiologists
in the identification and treatment of calcified CAD for consistent de-
livery of high-quality PCI.
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