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Calcified coronary plaque (CCP) represents a challenging scenario for interventional car-
diologists. Stent underexpansion (SU), often associated with CCP, can predispose to stent
thrombosis and in-stent restenosis. To date, SU with heavily CCP can be addressed using
very high−/high-pressure noncompliant balloons, off-label rotational atherectomy/orbital
atherectomy, excimer laser atherectomy, and intravascular lithotripsy (IVL). In this
meta-analysis, we investigated the success rate of IVL for the treatment of SU because of
CCP. Studies and case-based experiences reporting on the use of IVL strategy for treat-
ment of SU were included. The primary end point was IVL strategy success, defined as the
adequate expansion of the underexpanded stent. A metanalysis was performed for the
main focuses to calculate the proportions of procedural success rates with corresponding
95% confidence intervals (CIs). Random-effects models weighted by inverse variance
were used because of clinical heterogeneity. This meta-analysis included 13 studies with
354 patients. The mean age was 71.3 years (95% CI 64.9 to 73.1), and 77% (95% CI
71.2% to 82.4%) were male. The mean follow-up time was 2.6 months (95% CI 1 to 15.3).
Strategy success was seen in 88.7% (95% CI 82.3 to 95.1) of patients. The mean minimal
stent area was reported in 6 studies, the pre-IVL value was 3.4 mm2 (95% CI 3 to 3.8), and
the post-IVL value was 6.9 mm2 (95% CI 6.5 to 7.4). The mean diameter stenosis (percent-
age) was reported in 7 studies, the pre-IVL value was 69.4% (95% CI 60.7 to 78.2), and
the post-IVL value was 14.6% (95% CI 11.1 to 18). The rate of intraprocedural complica-
tions was 1.6% (95% CI 0.3 to 2.9). In conclusion, the “stent-through” IVL plaque modifi-
cation technique is a safe tool to treat SU caused by CCP, with a high success rate and a
very low incidence of complications. © 2023 The Author(s). Published by Elsevier Inc.
This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/) (Am J Cardiol 2023;205:223−230)
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Calcified coronary plaque (CCP) can complicate lesion
preparation and optimal stent delivery or expansion, with
consequent suboptimal results.1 Moreover, in most cases,
CCP treatment leads to an increased risk of complications
such as vessel perforation.1 Stent underexpansion (SU), sec-
ondary to inadequate lesion preparation, represents a com-
mon risk factor for stent thrombosis and in-stent restenosis
(ISR).2,3 The management of SU related to CCP remains
one of the most challenging settings for interventional car-
diologists, and no expert consensus is currently available.
Traditionally, the treatment of SU can be performed with
noncompliant, high-/very high−pressure balloons, leading
to a high risk of procedural failure and a high complication
rate.4 The off-label use of common “debulking” techniques,
such as rotational atherectomy (RA)/orbital atherectomy
(OA) and excimer laser atherectomy (ELCA), in this setting
has been found to be effective with variable success rates
and a high risk of procedural complications.5−9

The Shockwave System (Shockwave Medical Inc., Santa
Clara, California) is a coronary lithotripsy tool composed of
a semicompliant balloon, requiring inflation at a low
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pressure (around 4 atmospheres), and some emitters located
inside the balloon (2 for coronary and 4 to 5 for peripheral);
once activated, the emitters generate bubbles in the con-
trast-saline solution, causing the expansion and collapse of
the fluid and releasing a circumferential sonic pressure
wave (around 50 atmospheres) inside the vessel, resulting
in deep and superficial calcium cracking.10 Coronary
“lithoplasty” proved to be safe in the treatment of de novo
lesions, with a low complication rate, a high procedural suc-
cess, and wide availability.11−13 IVL was only approved for
use in de novo setting; however, recent data from large reg-
istries and case series confirmed its potential role as an
attractive approach for SU caused by CCP, with encourag-
ing results.14 This meta-analysis aimed to evaluate the pro-
cedural success, complication rate, and major adverse
cardiovascular events (MACEs) of the IVL treatment of SU
because of CCP.
Methods

A systematic search in Excerpta Medica Database
(EMBASE), PubMed/MEDLINE, Cochrane, Ovid, and
Scopus was performed from inception until November 30,
2022. The reference lists of bibliographies of identified
articles were also reviewed. This search was conducted
using the terms (coronary stent underexpansion) AND (lith-
otripsy) OR (lithoplasty). Our search was limited to English
studies published in peer reviewed journals.

The Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) statement for reporting sys-
tematic reviews and meta-analyses was used to define the
methods for this study.15 The studies had to fulfill the fol-
lowing criteria to be included in the meta-analysis: (1)
including patients with SU treated with IVL and (2) report-
ing the procedural success rate and/or procedural complica-
tions rate and/or MACE rate.

A total of 2 authors (R.C. and G.V.) selected the studies
and extracted the data independently. Data were extracted
using standardized protocol and reporting forms. A total of
2 reviewers (R.C. and G.V.) independently evaluated the
quality items, and disagreements were resolved by consen-
sus. The quality assessment of all included studies was
done using the Newcastle−Ottawa quality assessment scale
for cohort studies, which was accommodated to the studies
included in this metanalysis for assessing the risk for bias.16

The primary end point was IVL procedural success,
defined as a residual angiographic stenosis <30% or <20%,
according to the included study assessed by quantitative
coronary analysis and/or intravascular imaging (intravascu-
lar ultrasound and/or optical coherence tomography).

The safety study end points were (1) procedural compli-
cations (device failure, vessel perforation, dissection D-F,
slow/no-reflow phenomenon, and periprocedural myocar-
dial infarction [MI]) and (2) MACEs, defined as the
composite of cardiac death, MI, and target vessel revascu-
larization during follow-up.

Descriptive statistics are presented as means and SDs for
continuous variables or several cases (n) and percentages
(%) for dichotomous and categorical variables.

A metanalysis was performed for the main focuses to
calculate the proportions of procedural success, procedural
complications, and MACE rates, with corresponding 95%
confidence intervals (CIs). Random-effects models
weighted by inverse variance were used because of clinical
heterogeneity. Sensitivity analyses were performed to
assess the contribution of each study to the pooled estimate
of the primary end point. Meta-regression analyses were
performed for baseline and periprocedural features to assess
the effect on procedural success using the Meta-regress
command of STATA. Publication bias was assessed by
graphical inspection of the funnel plots and the Egger test.
Statistical significance was defined as a 2-tailed p <0.05.
Statistical analysis was performed using the metadata func-
tion of STATA version 16 (StataCorp LLC, College Sta-
tion, Texas).
Results

We screened 273 articles, of which 75 full-text articles
were retrieved and reviewed for possible inclusion. Ulti-
mately, 13 studies fulfilled the inclusion criteria and were
included in the meta-analysis (Figure 1).

Our meta-analysis included 13 studies14,17−27 with 354
patients; the study by Mastrangelo et al25 was divided in 2
separate subanalyses because of different groups. Table 1
lists the included studies characteristics. The definitions of
procedural success and safety for each of the included stud-
ies are shown in Table 2. The mean age was 71.3 years
(95% CI 64.9 to 73.1), and 77% (95% CI 71.2 to 82.4%)
were male, as listed in Table 3. A large proportion of
patients had hypertension (90.1%, 95% CI 83.6% to 95.3%)
and dyslipidemia (80.3%, 95% CI 73.6% to 86.4%), previ-
ous MI was found in over half of the population (56.4%,
95% CI 43.6% to 68.9%), and diabetes mellitus was found
in 45.9% (95% CI 39.4% to 52.6%). The indication for cor-
onary angiography was acute coronary syndrome in 45%
(unstable angina 13.9% [95% CI 7.8% to 17.6%], non−ST-
segment elevation MI 25.8% [95% CI 18.6% to 30.4%],
ST-segment elevation MI 5.3% [95% CI 1.2% to 7.7%]),
and chronic coronary syndrome in 55% (95% CI 46.1% to
63.7%).

The lesions treated were 360: the most involved vessel
was the left anterior descending (45.9%, 95% CI 36.6% to
55.3%), followed by the right coronary artery (31.8%, 95%
CI 24.5% to 39.5%), left circumflex artery (10%, 95% CI
6% to 14.6%), and left main artery (7.9%, 95% CI 4.3% to
12.2%).

Lesion preparation before IVL therapy with a noncom-
pliant balloon predilatation was performed in 82.6% (95%
CI 69.6% to 93%) of patients, whereas a very high−pres-
sure balloon (OPN NC, Sis Medical, Frauenfeld, Switzer-
land) was used in 29.8% (95% CI 12.2% to 50.5%).
Postdilatation (after IVL) was performed in 83.8% (95% CI
75% to 91.2%) of the patients. The mean IVL balloon diam-
eter was 3.4 mm (95% CI 3.2 to 3.5), the mean lithotripsy
pulses were 70.9 (95% CI 62.2 to 79.6), and the mean IVL
balloon maximum pressure was 5.2 atmospheres (95% CI
4.3 to 6.2). Intravascular ultrasound imaging was performed
in 33.1% (95% CI 20.1% to 47.4%) of patients, and optical
coherence tomography was performed in 23.7% (95% CI
10.9% to 39%). The mean follow-up time was 2.6 months
(95% CI 1 to 15.3).

www.ajconline.org


Figure 1. Evidence search and selection of PRISMA.
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The average minimal stent area was reported in 6 stud-
ies, the baseline value was 3.4 mm2 (95% CI 3 to 3.8), and
post-IVL treatment increased to 6.9 mm2 (95% CI 6.5 to
7.4).

SU, expressed as percent diameter stenosis assessed
by quantitative coronary analysis, was reported in 7
studies, 69.4% at baseline (95% CI 60.7 to 78.2), and
significantly decreased post-IVL therapy to 14.6% (95%
CI 11.1 to 18).

The mean minimum luminal diameter was reported in 5
studies, the pre-IVL value was 1.1 mm (95% CI 0.8 to 1.4),
and the post-IVL value was 2.9 mm (95% CI 2.6 to 3.2).

The primary efficacy end point was reported in 12 stud-
ies. The total lesions that underwent IVL were 342 and pro-
cedural success was achieved in 289 lesions, according to
the study definition, with a pooled procedural success rate
of 88.7% (95% CI 82.3 to 95.1) (Figure 2). The heterogene-
ity was high (I2 = 75.7%). The meta-regression analysis
suggested a negative influence of left main lesions on pro-
cedural success (b�0.91 [�1.46 to�0.37] p = 0.001) (Sup-
plementary Table 1, Supplementary Figure 1). Conversely,
the meta-regression analysis suggested a positive influence
of predilatation with OPN on procedural success (b 0.27
[0.02 to 0.53] p = 0.035). No other cofactors influenced
the outcomes (Supplementary Table 1, Supplementary
Figure 2). The sensitivity analysis, according to the defini-
tion of procedural success, demonstrated no significant
inter-relations (Supplementary Figure 3).

Procedural complications and MACEs were reported in
13 studies. The pooled procedural complications rate was
1.6% (95% CI 0.3 to 2.9) (Figure 3): 2 cases of dissection
(types D and F), 1 perforation (Ellis type III), and 1 peripro-
cedural MI because of IVL balloon rupture. The heteroge-
neity was low (I2 = 0%).
The pooled MACE rate was 1.7% (95% CI 0.1 to 3.2)
(Figure 4); 11 MACEs occurred at follow-up: 1 cardiac
death and 10 spontaneous MI, 8 because of target vessel
revascularization. The heterogeneity was high (I2 = 22%).
The leave-one-out analysis revealed no meaningful differ-
ences between studies in the primary end point (Supple-
mentary Figure 4).

A graph and summary of the Newcastle−Ottawa quality
assessment scale for cohort studies for each individual
study is reported in Supplementary Figure 5. The funnel
plot for the end points showed asymmetry, which was con-
firmed by the Egger test (p <0.01) (Supplementary Figure
6). Considering the random-effects model analysis and the
paucity of data in previous research, the authors deemed it
appropriate to continue the meta-analysis.
Discussion

SU can predispose to stent thrombosis and ISR, and it is
often associated with CCP, representing a major challenge
for interventional cardiologists. Many tools have been
investigated for off-label use in SU treatment, with different
complications rate, safety, and availability and variable pro-
cedural success rate.

The Element registry showed very encouraging results
with the contrast-enhanced ELCA in the treatment of SU,
but it has a significant dissection and perforation rate
(7.2%) and limited availability in catheter laboratories and
requires proper training and accurate in-stent application,
and its use in underexpanded stent edges is not recom-
mended.9 RA/OA is effective for the ablation of the stent
struts and fragmentation of the underlying calcium and
fibrotic tissue, which is known as stentablation.5−7 In con-
trast, these techniques are affected by a high complication



Table 1

Baseline characteristics of included studies

A. Ielasi

et al.

M. A.A. Mousa

et al.

J. Yeoh

et al.

A. Aksoy

et al.

M. N. Tovar Forero

et al.

F. J. Brunner

et al.

A. Mastrangelo

et al.*

A. Mastrangelo

et al.y
W. Wanha

et al.

K. Yaginuma

et al.

H. El Jattari

et al.

A. Aziz

et al.

H. Sinclair

et al.

E. J. Tassone

et al.

Year 2020 2021 2019 2019 2022 2021 2022 2022 2022 2020 2022 2020 2020 2020

Patient 34 5 13 16 70 6 22 11 62 7 40 46 12 10

Lesions 39 5 13 16 64 6 23 11 62 7 40 46 12 10

Follow-up time 1 12.8§6.5 1 1 1 4.5§1.5 8.9§3.1 13.4§8.4 1 N/A N/A N/A N/A 1

Age 69.6§1 69.2§9.6 70.2§8.1 75.9§8.6 73.1§9.2 75.3§8.3 72.5§7.2 73.6§8.7 69§7.1 69.9§8.1 N/A N/A N/A 65.8§7.2

Sex n (%) male 26 (76.4) 4 (80) 10 (76) 11 (68.8) 53 (75.7) 6 (100%) 18 (81.8) 9 (81.8) 41 (66.1) 6 (85) N/A N/A N/A 9 (90)

Hypertension n (%) 29 (85.2) 4 (80) 8 (61) 16 (100) 62 (88.6) 6 (100%) 18 (81.8) 7 (63.6) 58 (93.5) N/A N/A N/A N/A 10 (100)

Diabetes Mellitus n (%) 18 (52.9) 3 (60) 6 (46) 5 (31.3) 37 (52.9) 2 (33.3%) 7 (31.8) 2 (18.2) 28 (45.2) N/A N/A N/A N/A 7 (70)

Dyslipidemia n (%) 28 (82.3) 2 (40) 9 (69) 10 (62.5) 50 (71.4) 4 (66.7%) 17 (77.3) 8 (72.7) 58 (93.5) N/A N/A N/A N/A 10 (100)

Prior MI n (%) 14 (41.1) 1 (20) 0 14 (87.5) 38 (54.3) 3 (50.0%) 21 (95.5) 5 (54.5) 43 (69.4) N/A N/A N/A N/A 8 (80)

Clinical

Presentation

Stable Angina 19 (55.9) 0 7 (53) 8 (40) 33 (47.1) 4 (67) 15 (68.2) 11 (100) 30 (48.4) N/A N/A N/A N/A N/A

Unstable Angina 5 (14.7) 0 3 (18.8) 12 (17.1) 2 (33) 1 (31.8) 0 10 (16.1) N/A N/A N/A N/A N/A

NSTEMI 09 (26.5) 3 (70%) 6 (46) 3 (18.8) 18 (25.7) 0 4 (18.2) 0 20 (32.3) N/A N/A N/A N/A N/A

STEMI 1 (2.9) 1 (30%) 1 (6.3) 7 (10) 0 2 (9.1) 0 2 (3.2) N/A N/A N/A N/A N/A

Vessel n (%) LM 4 (10.1) 0 0 4 (23.6) 11 (15.7) 0 1 (4.4) 1 (9.1) 6 (9.7) 0 N/A N/A N/A 0

LAD 19 (48.6%) 3 (60%) 9 (69) 6 (35.3) 36 (51.4) 2 (33) 12 (52.2) 6 (54.6) 16 (25.8) 0 N/A N/A N/A 8 (80)

RCA 6 (15.3) 1 (20%) 4 (30) 5 (29.4) 19 (27.1) 4 (67) 8 (34.8) 2 (18.2) 31 (50.0) 5 (71) N/A N/A N/A 1 (10)

LCX 3 (7.6) 1 (20%) 0 2 (11.8) 9 (12.9) 0 2 (8.7) 2 (18.2) 9 (14.5) 2 (29) N/A N/A N/A 1 (10)

IVUS n (%) 19 (48.7) 0 0 6 (35.3) N/A 1 (16) 6 (26.1) 3 (27.3) 14 (22.6) 6 (85) N/A N/A 0 10 (100)

OCT n (%) 9 (23.1) 0 13 (100) 5 (29.4) N/A 2 (33) 5 (21.7) 0 15 (24.2) 0 N/A N/A 5 (62.5) N/A

* In-stent restenosis subgroup of A. Mastrangelo et al, study.
yBailout subgroup of A. Mastrangelo et al, study.

IVUS = intravascular ultrasound; LAD = left anterior descending; LCX = left circumflex; LM = left main; MI = myocardial infarction; OCT = optical coherence tomography; RCA = right coronary artery.
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Table 2

Primary endpoints, safety endpoints, and MACE definition of included studies

Primary endpoint (procedural success) Safety endpoint and/or MACE definition

A. Ielasi et al. The primary endpoint of the study was successful IVL dilatation

defined as IVL balloon delivery and application at the target site

followed by an increase (after NC balloon expansion failure) of

at least 1 mm2 in minimal stent cross-sectional area (MSA) on

intracoronary imaging or an increase of at least 20% in minimal

stent diameter (MSD) by quantitative coronary analysis (QCA)

Periprocedural cardiac death, target-vessel myocardial infarction (MI), target

lesion revascularization (TLR) and stent thrombosis (ST) occurring during

the hospitalization.

M. A.A. Mousa et al. (CS) Angiographic success was defined as a final residual stenosis

<30%.

N/A

J. Yeoh et al. (CS) N/A Safety parameters including coronary perforation, no reflow and ventricular

arrhythmias, and in-hospital and 30-day major adverse cardiac and cere-

brovascular events (MACCE) were recorded.

MACCE was defined as a composite of acute coronary syndrome, cerebro-

vascular events, need for repeat revascularization, and death.

A. Aksoy et al. Primary end point was strategy success (stent expansion with

<20% in-stent residual stenosis).

Safety outcome was procedural complication, defined as coronary dissection,

slow or no reflow, new coronary thrombus formation during PCI, abrupt

vessel closure and device failure (inability to place the balloon, malfunc-

tion, or burst). In-hospital major adverse cardiovascular event (MACE)

defined as proposed by American Heart Association and the Academic

Research Consortium-2 in fourth universal definition for myocardial

infarction associated with PCI.

M. N. Tovar Forero et al. The primary efficacy endpoint was device success, a composite of

technical success (successful lesion crossing + successful deliv-

ery of intended number of IVL pulses + successful retrieval of

the device) and residual %DS <50% as assessed by offline QCA

analysis.

Secondary endpoints included procedural success (defined as

device success in the absence of MACE until discharge) and

technical success.

The primary safety endpoint was in-hospital major adverse cardiac events

(MACE), defined as a composite of cardiac death, non-fatal myocardial

infarction and any repeat revascularization.

F. J. Brunner et al. Angiographic success was defined as residual lumen stenosis

<20% and Thrombolysis in Myocardial Infarction 3 flow.

N/A

A. Mastrangelo et al.* The primary effectiveness endpoint was angiographic success,

defined as the composite of successful IVL balloon delivery to

the target lesions, adequate stent expansion, residual stenosis

<20%, and final thrombolysis in myocardial infarction (TIMI) 3

flow.

The primary safety endpoint was the occurrence of MACEs, defined as the

composite of cardiac death, myocardial infarction (MI), and target vessel

revascularization (TVR) during follow-up.

The secondary safety endpoint was freedom from IVL-related serious

complications [flow-limiting coronary dissection (types D to F), persistent

slow flow/no-reflow phenomena, acute ST, coronary perforation, malig-

nant arrhythmias (ventricular tachycardia or ventricular fibrillation), and

IVL device failure (malfunction or burst of the balloon)].

W.Wanha et al. The primary efficacy endpoint was the procedural success, defined

as a relative stent expansion >80.
The secondary endpoint was freedom from device-oriented composite end-

point (DOCE) (defined as a composite of cardiac death, target lesion

revascularization (TLR), target lesion revascularization, (TLR), and target

vessel myocardial infarction (MI)) at 30 days.

K. Yaginuma et al. (CS) N/A N/A

H. El Jattari et al. The primary endpoint was final procedural success. Optimal final

procedural success was defined as angiographic ≤30% residual

stenosis, no coronary artery dissection or perforation, and

Thrombolysis in Myocardial Infarction (TIMI) 3 flow.

Secondary endpoints included IVL therapy effect, angiographic result post

stenting, and MACE. Optimal IVL therapy effect was defined as no IVL

balloon waist visual on fluoroscopy, no coronary artery dissection or per-

foration, and TIMI 3 flow.

A. Aziz et al. Angiographic success was defined as the ability to complete the

procedure with complete expansion of balloon and/or stent

(with residual stenosis <30%) with TIMI 3 flow.

The measured endpoints during this follow-up were: death from any cause,

cardiac death; target vessel myocardial infarction (TVMI); target lesion

revascularisation (TLR); TVR; stent thrombosis (definite and probable);

and major adverse cardiac event (MACE).

The MACE rate was defined as combination of cardiac death, TVMI and

TLR.

H. Sinclair et al. Technical success was defined as successful delivery and deploy-

ment of the IVL balloon catheter. Procedural success was

defined as residual angiographic stenosis <30%.

Angiographic complications were defined as dissection, slow flow, perfora-

tion, abrupt closure, or no reflow in the treated artery.

The outcomes collected were death, myocardial infarction, or repeat target

vessel revascularization.

E. J. Tassone et al. (CS) N/A N/A

CS = case series; MACCEs = major adverse cardiac and cerebrovascular events; MSA = minimal stent area; MSD = minimal stent diameter;

QCA = quantitative coronary analysis; ST = stent thrombosis; TIMI = thrombolysis in myocardial infarction; TLR = target lesion revascularization.
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rate (12.5% to 27.2%),5,28 such as no-reflow phenomenon,
because of distal embolization of the ablated fragments,
burr related complications, vessels perforation, and stent
disruption requiring additional stenting (71% to 95%).7,8

The IVL appears to be safer than RA/OA and ELCA,
considering the smooth learning curve of this tool
(comparable with a common rapid exchange balloon sys-
tem) and the least traumatic effect on the vessel wall.24

The Disrupt CAD I, II, and III studies demonstrated the
efficacy of coronary lithoplasty in a de novo setting, achiev-
ing a 98.2% success rate,12,13 and pooled data from these
studies confirmed the low complication rate (up to



Table 3

Baseline characteristics pooled analysis of included studies

Pooled Analysis (95% C.I.)*

Age. years 71.3 (64.9-73.1)

Sex Male 77% (71.2-82.4)

Hypertension 90.1% (83.6-95.3)

Diabetes Mellitus 45.9% (39.4-52.5)

Dyslipidemia 80.3% (73.6-86.4)

Prior MI 56.4% (43.6-68.9)

Clinical Presentation Stable Angina 55% (46.1-63.7)

Unstable Angina 12.4% (7.8-17.6)

STEMI 4% (1.2-7.7)

NSTEMI 24.3% (18.6-30.4)

Vessel LM 7.9% (4.3-12.2)

LAD 45.9% (36.6 − 55.3)

RCA 31.8% (24.5 − 39.5)

LCX 10% (6- 14.6)

IVUS 33.1% (20.1-47.4)

OCT 23.7% (10.9 − 39)

IVL Balloon Diameter, mm 3.4 (3.2-3.5)

OPN Balloon Predilatation 29.8% (12.2-50.5)

NC Ballon Predilatation 82.6% (69.6-93)

Follow-up time, months 2.6 (1−15.3)

*Values are percentage or median.

IVUS = intravascular ultrasound; LAD = left anterior descending;

LCX = left circumflex; LM = left main; NC = noncompliant;

OCT = optical coherence tomography; RCA = right coronary artery.
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6.8%).29,30 To date, IVL therapy can only be used for lesion
preparation of CCP before stent implantation.

Although the use of IVL for the treatment of SU is actu-
ally considered off-label, recent case series and registries
provided interesting results confirmed by this meta-analysis.

IVL therapy in SU treatment can be achieved by modify-
ing the CCP underlying the stent by converting acoustic
waves into mechanical energy propagating around the ves-
sel circumference. In this way, the luminal and the stent
area are gained, despite the presence of neointimal hyper-
plasia and/or multiple stent layers in some cases.10,24
Figure 2. Pooled procedural success rate of intravascu
The Dragon and CRUNCH registries, which are
included in this meta-analysis, have identified the predictors
for unsuccessful stent expansion with IVL, including CKD,
additional stent layers, ostial position of the target segment,
or poststenting bailout therapy.24,26

It is important to note that in the setting of acute SU,
immediately after stent implantation, IVL as a bailout ther-
apy could theoretically increase the risk of degradation of
the drug-eluting stent polymer and alteration of the stent
structure.26 This concern poses indications for testing IVL
efficacy in the long term.

Nevertheless, the data collected in our analysis, with an
average follow-up of 2.56 months, showed no critical stent
failure issues in either chronic or acute settings.

The results from the meta-regression highlighted 2
essential findings: first, there is a lower procedural success
rate associated with left main lesions. This is because of the
increased risk of complications during predilatation and the
prolonged inflation period required for lithotripsy balloons.
Nevertheless, this should not discourage the use of IVL in
such cases. Second, the study found that lesions predilated
with OPN balloons demonstrated a better efficacy with IVL
therapy. This highlights the importance of lesion prepara-
tion before lithotripsy and suggests that an incremental
strategy from NC balloon to OPN balloon before litoplasty
balloon may improve the overall efficacy of IVL therapy.

Thus, this meta-analysis found IVL therapy to be very
promising for the treatment of SU, suggesting that this tool
may represent the preferred choice for this complex inter-
ventional setting.

This meta-analysis has some limitations. Meta-regres-
sion is questionable for studies with small samples, but the
high heterogeneity not explained by the sensitivity analysis
can be explained by the meta-regression. The quality of the
studies included in the meta-analysis is not very high, as
evidenced by the assessment of risk of bias, but they are all
published studies. The funnel plot and Egger test showed
asymmetry for the end points; however, considering the
random-effects model analysis and the paucity of data in
previous studies, the results of our meta-analysis are
lar lithotripsy in-stent underexpansion treatment.

www.ajconline.org


Figure 3. Pooled procedural complications rate of intravascular lithotripsy in-stent underexpansion treatment.

Figure 4. Pooled major cardiovascular events at follow-up of treated patients.
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important. Furthermore, there is a wide heterogeneity in the
length of follow-ups between the studies.

In conclusion, the stent-through IVL coronary plaque
modification technique is a safe tool to treat SU caused by
calcified lesions, with a high success rate and a very low
incidence of complications.
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