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BACKGROUND: A  significant gap exists within current guidelines for the treatment of chronic total occlusion 
(CTO), which has yielded poor prognostic outcomes. Intravascular lithotripsy (IVL) has emerged as a novel strategy 
implemented during percutaneous coronary intervention (PCI), but evidence to support its use is limited. 

AIMS: We aimed to review the outcomes of IVL for CTO PCI. 

METHODS: Databases including PubMed, Cochrane, Scopus, EBSCOhost, and ProQuest were searched for studies 
implementing IVL for CTO PCI. The quality of studies was assessed using the Cochrane Risk Of Bias In Non-
randomized Studies of Interventions and JBI tools. An inverse variance, random-effects meta-analysis was conducted 
in RStudio version 2023.03.0+386 yielding pooled proportions and means along with their 95% confidence intervals 
(CIs). Where applicable, sensitivity and subgroup analyses were performed.

RESULTS: Five studies with 611 patients were included. Technical success was achieved in 97% (95% CI: 94-100%; 
I²=18%) of cases. Procedural success was achieved in 94% (95% CI: 90-97%; I²=27%), and the subgroup with 
a  Japanese CTO score >2.8 yielded a  significantly higher success rate (95% [95% CI: 93-97%] vs 91% [95% 
CI: 85-96%]; p=0.04). Major adverse cardiovascular events (MACE) occurred in 3% (95% CI: 2-5%; I²=0%) of 
cases within the in-hospital follow-up subgroup and in 6% (95% CI: 1-12%; I²=0%) of cases within the discharge 
follow-up subgroup. Mortality occurred in 1% (95% CI: 0-4%; I²=55%) of cases within the in-hospital subgroup 
and 0% (95% CI: 0-52%) of cases within the discharge subgroup. Perforation as a complication occurred in 5% 
(95% CI: 1-9%; I²=54%) of cases. The pooled mean procedural time was 122.94 minutes (95% CI: 102.24-143.64 
minutes; I²=90%), and the mean contrast volume used was 154 mL (95% CI: 140.84-167.16 mL; I²=69%).

CONCLUSIONS: IVL yielded high technical and procedural success, and comparable procedural times and contrast 
volume in CTO PCI. MACE, mortality, and perforation occurred in small proportions of patients. Further studies 
are needed to strengthen evidence and explore which subtype of CTO would benefit most from IVL.
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Chronic total occlusion (CTO), defined as a true complete 
(Thrombolysis in Myocardial Infarction [TIMI] flow 0) 
or a  functional near-complete (TIMI flow 1) occlusion 

persisting for at least three months,1 presents as a challenging but 
recurrent subtype of coronary artery disease. Previous studies 
have reported that approximately 20% of patients undergoing 
coronary angiography have a CTO, and this proportion is even 
higher in patients with diabetes or heart failure, reaching up 
to 40%.2 Since the occlusions are frequently heavily calcified, 
their rigidity often hinders recanalisation and stent expansion, 
rendering percutaneous coronary intervention (PCI) for a CTO 
technically demanding. In fact, PCI used to have only around 
a 50% success rate, such that it was not the treatment of choice 
for CTO revascularisation.3 However, optimal medical therapy 
was proven inferior to an invasive strategy,4 and coronary 
artery bypass grafting is exceedingly invasive, results in higher 
costs, and necessitates a longer recovery time. Recent technical 
advances have improved the success rate of CTO PCI to around 
85% in dedicated registries,5 and several calcium-modifying 
strategies have been developed. However, these strategies have 
limited effectiveness on the deep calcifications frequently found 
in CTOs and carry a risk of procedural complications such as 
perforation. Thus, there remains a  significant gap in evidence 
for the treatment of CTOs, particularly in relation to invasive-
strategy options.

Derived from the acoustic pressure technology established 
to treat renal calculi, intravascular lithotripsy (IVL) generates 
a  shockwave circumferentially and transmurally via emitters 
enclosed within a  sterile catheter, forming fractures within 
high-density tissues, allowing improved stent expansion with 
minimal effects on soft tissue.6 The feasibility of IVL was first 
introduced by Brinton et al in the DISRUPT CAD I study,7 in 
which this technology was implemented for lesions with ≥50% 
stenosis. Subsequently, the DISRUPT CAD II-IV trials were 
published,8-10 yielding promising results with minimal adverse 
events. These data, however, were derived from a majority non-
CTO population, such that for CTO specifically, there is still 
a lack of robust evidence supporting the effectiveness and safety 
of IVL as reflected in its procedural and clinical outcomes.

Thus, this meta-analysis aimed to review the procedural 
and clinical outcomes of IVL specifically for CTO lesions. 
The results were intended to be valuable for considering the 
applicability of IVL as an alternative or adjunctive option in 
CTO PCI, which could improve the prognosis of patients while 
minimising complications.

Editorial, see page e101

Methods
This study was conducted following the Cochrane Handbook 
for Systematic Reviews of Intervention v6.5,11 reported 
according to the Preferred Reporting Items for Systematic 
Reviews and Meta-Analysis (PRISMA) statement,12 and 
registered in PROSPERO (CRD420251105648).13

SEARCH STRATEGY
The search was conducted by three investigators experienced 
in evidence synthesis. We searched the following databases 
from inception until January 2025: Scopus, PubMed, 
Cochrane, ProQuest, ClinicalKey, and EBSCOhost. The 
search strategy included combinations of keywords and 
Medical Subject Headings related to IVL and CTO, as 
outlined in Table 1. We used the database-specific functions, 
including explosion and keyword mapping where applicable. 
The search was conducted using each platform’s native search 
engine; no external software was used.

To identify additional eligible studies, we conducted 
manual handsearching of the reference lists of included 
articles and relevant reviews. No language restrictions were 
applied. Articles published in languages other than English 
were translated using online tools and validated by bilingual 
coauthors. We also attempted to identify unpublished 
studies by screening conference abstracts and contacting 
corresponding authors if additional data were required.

All citations were imported and screened using EndNote X9 
(Clarivate). Titles and abstracts deemed potentially eligible 
by either reviewer were retrieved for full-text review. Any 
discrepancies in study inclusion were resolved by consensus 
among the authors.

STUDY ELIGIBILITY CRITERIA
Eligible studies were considered appropriate for inclusion, 
provided they met the following criteria:  (1) adult patients 
with coronary chronic total occlusion (defined as TIMI flow 0 
or 1 with an estimated duration ≥3 months); (2) intervention 
using IVL during PCI, either as a  standalone treatment or 
in combination with other modalities; (3) reporting at 
least one of the following predefined primary outcomes: 
technical success (residual stenosis <30% with restoration 
of TIMI 3 flow in the target vessel), procedural success 

Impact on daily practice
In our analysis, intravascular lithotripsy (IVL) yielded 
high pooled percentages of success and low complications. 
Thus, IVL can be considered as an option for chronic total 
occlusion (CTO) percutaneous coronary intervention. IVL 
yielded the best success rates in more complex lesions 
(Japanese CTO [J-CTO] score >2.8). However, when the 
score exceeds this value, the risk of complications can 
increase. Therefore, IVL might be more suitable for lesions 
within a specific range of J-CTO scores. Initially designed to 
modify calcium, IVL was increasingly used in the included 
studies to aid incomplete crossing – a new insight towards 
the utility of IVL. Further studies, especially clinical trials 
with a randomised design and longer follow-up, are needed 
to strengthen evidence and explore which subtype of CTO 
would benefit most from IVL.

Abbreviations
CTO	 chronic total occlusion

EI	 eccentricity index

IVL	 intravascular lithotripsy

J-CTO	 Japanese chronic total occlusion
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(the attainment of technical success in the absence of major 
adverse cardiovascular events [MACE] during the index 
hospitalisation), or at least one of the following secondary 
outcomes: mortality; MACE including all-cause mortality, 
reinfarction, recurrent ischaemic symptoms necessitating 
urgent repeat revascularisation, or stroke; perforation 
(disruption of the coronary wall, as seen angiographically by 
contrast flow outside the coronary arteries); mean procedural 
time; and mean contrast volume. Studies with follow-up times 
ranging from in-hospital to the longest available duration 
were all included. Both randomised and non-randomised 
studies were considered. Exclusion criteria were as follows: 
(1) preclinical or laboratory studies; (2) conference abstracts 
or studies without full-text availability; (3) ongoing or 
incomplete studies at the time of retrieval; and (4) studies 
involving non-CTO, non-coronary artery lesions.

For this review, technical success was defined as residual 
stenosis <30% with restoration of TIMI 3 flow in the target 
vessel, in accordance with contemporary CTO PCI consensus 
documents. When the original study definition matched these 
criteria, data were mapped directly. Studies that relied on 
other threshold parameters (such as operator-defined PCI 
success with good angiographic outcomes) were evaluated 
individually and mapped only if the original study explicitly 

described outcomes equivalent to the non-flow-limiting <30% 
stenosis/TIMI 3 construct and normal distal flow. 

DATA EXTRACTION AND RISK-OF-BIAS ASSESSMENT
Two independent reviewers extracted data into prepiloted 
Excel forms (MS Excel for Mac [Microsoft]), including (1) 
first author and year; (2) study design and location; (3) sample 
size and patient characteristics; (4) procedural details such as 
IVL pulses, strategy, and adjunctive therapies; and (5) primary 
(technical/procedural success) and secondary outcomes 
(MACE, mortality, perforation, mean procedural time, and 
contrast volume). Disagreements were resolved by consensus. 
Data coding followed a standardised procedure with explicit 
definitions for each variable to ensure consistency.

Blinding was not applied during data extraction, but 
cross-validation was performed by a third reviewer to ensure 
classification accuracy. Interrater reliability was assessed 
informally through agreement rates; discrepancies were few 
and resolved through discussion.

The quality of the included studies was assessed using the 
Risk Of Bias In Non-randomized Studies of Interventions 
(ROBINS-I) tool,14 which evaluates bias across the 
following seven domains: participant selection, intervention 
classification, deviations from intended interventions, 

Table 1. Databases and keywords.

Database Keyword Hits

ProQuest (intravascular lithotripsy OR IVL OR shockwave intravascular lithotripsy) AND (chronic total occlusion) AND 
(coronary OR heart) 1,157 

ClinicalKey (intravascular lithotripsy OR IVL OR shockwave intravascular lithotripsy) AND (chronic total occlusion) AND 
(coronary OR heart) 227

EBSCOhost (intravascular lithotripsy OR IVL OR shockwave intravascular lithotripsy) AND (chronic total occlusion) AND 
(coronary artery disease OR cad OR coronary heart disease) 14

PubMed
(intravascular lithotripsy OR IVL OR shockwave intravascular lithotripsy) AND (chronic total occlusion) AND 
(coronary OR “heart” [MeSH Terms] OR “Coronary Disease” [MeSH Terms] OR “Coronary Thrombosis” [MeSH 
Terms])

29

Cochrane 19*

#1	 MeSH descriptor: [Lithotripsy] explode all trees 936

#2	 intravascular lithotripsy 52

#3	 shockwave lithotripsy      582

#4	 percutaneous lithotripsy 490

#5	 IVL 92

#6	 #1 OR #2 OR #3 OR #4 OR #5 1,658

#7	 chronic total occlusion 1,062

#8	 CTO 496

#9	 #7 OR #8 1,274

#10	 MeSH descriptor: [Coronary Vessels] explode all trees 2,104

#11	 MeSH descriptor: [Heart] explode all trees 9,498

#12	 MeSH descriptor: [Coronary Disease] explode all trees 19,057

#13	 MeSH descriptor: [Coronary Thrombosis] explode all trees 658

#14	 #10 OR #11 OR #12 OR #13 28,583

#15	 #5 AND (#9 OR #14) 19

Scopus
( ( lithotripsy ) OR ( ivl ) OR ( shockwave AND intravascular AND lithotripsy ) ) AND ( ( chronic AND total AND 
occlusion ) OR ( cto ) ) AND ( ( coronary ) OR ( "heart" [mesh AND terms] ) OR ( "Coronary Disease" [mesh 
AND terms] ) OR ( "Coronary Thrombosis" [mesh AND terms] ) )

*Refers to the total final yield of the Cochrane search across all lines, as obtained from the final combined search (#15: #5 AND [#9 OR #14]). 
CAD: coronary artery disease; CTO: chronic total occlusion; IVL: intravascular lithotripsy; MeSH: Medical Subject Heading 
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confounding, outcome measurement, missing data, and 
reported results selection. Meanwhile, for case series, the JBI 
tool (JBI) was used, with its 10 questions assessing internal 
validity, selection, confounding, and information bias, as 
well as clear reporting.15 Two reviewers performed quality 
assessment, and any discrepancies were resolved by consensus.

STATISTICAL ANALYSIS
Statistical analyses were conducted using the meta package in 
RStudio, version 2023.03.0+386 (Posit software). An inverse 
variance, random-effects model was used, based on the 
assumption of both within- and between-study heterogeneity, 
which provides more conservative and generalisable estimates 
than fixed-effect models. This model accounted for clinical 
and methodological differences across studies and allowed 
for extrapolation beyond the sampled studies. Justification 
for the random-effects approach was based on the anticipated 
diversity in patient populations, IVL techniques, and outcome 
definitions.

Pooled effect sizes were expressed as mean differences 
or proportions, using the Freeman-Tukey double arcsine 
transformation when appropriate to stabilise variances for 
proportions approaching 0% or 100%.

Heterogeneity was assessed using Cochran’s Q test and 
quantified by I² statistics; it was classified as low (<25%), 
moderate (25-50%), or high (>50%). To address potential 
heterogeneity, subgroup analyses were conducted based on 
factors such as study design, duration of follow-up, and 
the Japanese chronic total occlusion (J-CTO) score.16 The 
J-CTO subgroup cutoff was determined a  priori at a  score 
of >2.8, representing a  continuous approximation of the 
established J-CTO category17 which defines high lesion 
complexity in the original J-CTO score and subsequent CTO 
registries. The threshold was applied consistently across all 
applicable analyses. A  sensitivity analysis using Duval and 
Tweedie’s trim-and-fill method was conducted to evaluate the 
influence of publication bias and outliers, and leave-one-out 
analyses were conducted to investigate internal validity.18 
All statistical procedures have been described in detail to 
allow for replication, and the appropriate summary tables 
and forest plots have been included to illustrate findings. 
We included studies in which intravascular lithotripsy was 
used as a  standalone modality as well as those in which it 
was employed alongside other calcium-modification devices; 
therefore, the observed effects may represent the influence of 
IVL in conjunction with adjunctive interventions rather than 
the isolated impact of IVL alone. However, due to the limited 
number of studies and heterogeneity in reporting, a  formal 
meta-regression was not feasible.

Results
STUDY SELECTION
Figure 1 explains the screening process for the included 
studies. After the initial search, 49 duplicate records were 
removed, yielding 1,830 studies, of which 741 were excluded 
during title and abstract screening. Of the remaining studies, 
the full text was unavailable for 2, and 34 had not yet 
been completed at the time of the search. Subsequently,  
655 studies involved non-CTO lesions, 212 involved non-
coronary arteries, 105 did not report quantitative primary or 

secondary outcomes, and 76 had inappropriate study design. 
Ultimately, 5 studies were finally included in the quantitative 
synthesis of this review.

STUDY CHARACTERISTICS
The five included studies had a  total of 611 participants 
undergoing IVL for a  CTO. The studies were published 
between 2021 and 2024; two were prospective cohort studies, 
two were retrospective, and one was a case series.19-23 The mean 
J-CTO score for lesions was ≤2.8 in 3 studies and >2.8 in 2 
studies, 1 of which had a mean score of >3. Only the study by 
Oliveri et al reported the eccentricity index (EI). Four studies 
combined IVL with other calcium modification devices, while 
one performed IVL only. One study’s maximum follow-up 
was the hospital stay, while the other four studies followed 
patient outcomes beyond discharge. The characteristics of the 
included studies are available in Supplementary Table 1.

QUALITY OF STUDIES
For the studies assessed with ROBINS-I, the analysis revealed 
that all the studies had a  moderate risk of bias (Figure 2, 
Supplementary Table 2). Oliveri et al’s study was classified as 
having a moderate risk of bias as no blinding was performed; 
however, the measurement of outcomes such as residual 
stenosis, which determines technical success, was unlikely 
to be affected by knowledge of the intervention due to the 
use of objective tools such as intravascular ultrasound or 
quantitative coronary angiography. The study by Kostantinis 
et al had a  prospective design but no protocol registration, 
and therefore, no prespecified analysis plan was available, 
leading to possible bias in the selection of reported results. The 
study by Carvalho et al was a retrospective study performed 
in multiple centres, and despite some concerns in the bias due 
to confounding, propensity score matching was performed, 
and multiple imputation was used to tackle missing data. 
However, the choice of intervention – rotational atherectomy 
or IVL – was up to the interventionist’s discretion, leading to 
possible bias in the classification of intervention. The study 
by Øksnes et al involved site-level adjudication, in which 
outcomes were assessed locally by an unblinded CTO team, 
leading to possible bias in outcome measurement. The case 
series by Rola et al involved a small number of participants, 
and while the reporting of clinical information and follow-up 
results were clear, they did not apply consecutive inclusion of 
participants, leading to a moderate risk of bias, based on JBI 
analysis (Figure 2).

STUDY OUTCOMES
A summary of the outcomes is available in Table 2. Details 
are available in Supplementary Table 3.

TECHNICAL SUCCESS
Statistical analysis showed that IVL for CTO yielded 97% 
pooled technical success (95% confidence interval [CI]: 
94-100%), with low heterogeneity (I²=18%). Trim-and-fill 
analysis revealed that by removing the Oliveri et al study, 
heterogeneity was reduced to 0%, with the pooled proportion 
yielding 98% (95% CI: 96-100%). The J-CTO subgroup 
difference was borderline significant (p=0.05) (Figure 3, 
Supplementary Figure 1). Subgroup analysis based on study 
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design showed that prospective studies yielded a  lower 
percentage of technical success compared to non-prospective 
studies (p=0.04). 

PROCEDURAL SUCCESS
Procedural success yielded 94% as a pooled percentage (95% 
CI: 90-97%), with moderate heterogeneity (I²=27%). Trimming 
the study by Kostantinis et al reduced the I² heterogeneity to 
0%, with the pooled value yielding 97% (95% CI: 94-98%). 
As with technical success, prospective studies yielded a  lower 
pooled value compared with non-prospective studies (p=0.03).  
Studies with a J-CTO score >2.8 had a higher rate of success 
(95% [95% CI: 93-97%] vs 91% [95% CI: 85-96%]; p=0.04) 
(Figure 4, Supplementary Figure 2).

MAJOR ADVERSE CARDIOVASCULAR EVENTS
Overall, 3% of patients (95% CI: 1-6%) experienced MACE 
within the included studies. The  study by Oliveri et al was 
again the source of heterogeneity, as its removal reduced the 
I² value from 16% to 0%. Subgroup analysis revealed that 
the study design did not have any impact on MACE (p=0.62). 
Conversely, the duration of follow-up revealed a  significant 

difference on subgroup analysis (p=0.04). After discharge, the 
rate of MACE was higher (6% [95% CI: 1-12%]) than in 
hospital (3% [95% CI: 2-5%]). J-CTO score subgroups did 
not show any significant difference between them (Figure 5, 
Supplementary Figure 3).

MORTALITY
Mortality yielded 0% (95% CI: 0-2%) as a pooled proportion, 
with removal of the study by Oliveri et al reducing the I² 
value from 36% to 0%. Neither follow-up, study design, 
nor J-CTO subgroups revealed any significant difference. 
However, it is to be noted that the longest follow-up post-
discharge for mortality was reported in a  single small study 
(n=5), with no observed events but a wide confidence interval 
of 0% (95% CI: 0-52%) (Figure 6A, Supplementary Figure 4).

PERFORATION AS A COMPLICATION
Perforation occurred in 5% of patients overall (95% CI: 
1-9%), with substantial heterogeneity (I²=54%). Sensitivity 
analysis revealed the study by Øksnes et al as a potential source 
of heterogeneity, as its trimming reduced heterogeneity to 
I²=37%, with the pooled proportion at 3% (95% CI: 0-8%). 
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Records identified from:
 ProQuest (n=1,157)
 ClinicalKey (n=227)
 EBSCOhost (n=14)
 PubMed (n=29)
 Cochrane (n=19)
 Scopus (n=433)

Records removed before screening:
 Duplicate records removed (n=49)

Records screened (n=1,830)
Records excluded (n=741)

Reports sought for retrieval (n=1,089)
Reports not retrieved: 
 Full text unavailable (n=2)
 Study not completed at time of search (n=34)

Reports assessed for eligibility (n=1,053)
Reports excluded:
 Non-CTO lesion (n=655)
 Arteries other than coronary (n=212)
 Studies not reporting primary or secondary
 outcomes (n=105)
 Inappropriate study design (n=76)

Studies included in review (n=5)

Identification of studies via databases and registers

Figure 1. Search strategy. CTO: chronic total occlusion
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Neither the subgroup analysis by study design (p=0.55) nor 
by J-CTO score (p=0.68) revealed any significant difference 
(Figure 6B, Supplementary Figure 5).

OTHER SECONDARY OUTCOMES
The pooled mean procedural time for the included studies in 
which it was reported was 122.94 minutes (95% CI: 102.24-
143.64 minutes). Meanwhile, the mean contrast volume 
was 154 mL (95% CI: 140.84-167.16 mL). As only a  small 
number of studies reported these outcomes, we did not 
perform subgroup analyses (Supplementary Figure 6).

LEAVE-ONE-OUT ANALYSES
Given the small number of studies (n=5), funnel plots were 
considered unreliable and were therefore not interpreted. 
Instead, we conducted a leave-one-out sensitivity analysis, as 
seen in Supplementary Figure 7, which demonstrated that the 
overall findings were not driven by any single study.

Discussion
STRATEGIES IN CTO PCI
CTO PCI has been excluded from previous clinical trials 
due to its procedural complexity, risk of complications, and 
low success rate.24 Various strategic integrations have been 
developed to tackle CTOs, including crossing strategies, 
devices to aid in uncrossable/undilatable lesions, and calcium 
modification devices. While anterograde crossing from true 
lumen to true lumen is the most favourable, other crossing 
techniques, such as antegrade dissection and re-entry to the 

true lumen distal to the occlusion or retrograde crossing of 
the distal cap via collaterals, also exist. These require expertise 
from the interventionist and therefore lead to outcomes that 
are, to some degree, operator dependent. Additionally, there 
are devices such as rotational/orbital atherectomy, laser 
excimer, cutting/scoring balloons, and IVL. Rotational/orbital 
atherectomy is useful in superficial calcium modification, 
but it is less effective for deep calcium, and it is unsuitable 
for eccentric or tortuous anatomy due to guidewire bias that 
could cause eccentric ablation or trauma to the vessels, as 
well as its thermal energy and fast burr which lead to a high 
risk of perforation.7 Excimer lasers are also suitable for 
surface ablation but they cannot reach deep lesions,25 and the 
various frequencies of the laser require a  high learning curve 
for the operator. Cutting/scoring balloons also have reduced 
effectiveness in lesions with severe and deep calcifications; they 
are more suitable for focal fibrous plaques. Thus, IVL emerges 
as a novel option that allows deep calcium modification due to 
its shockwave energy, potentially being suitable for tortuous 
anatomy due to the low risk of perforation; it is furthermore 
a relatively easy-to-learn technique thanks to its simpler setup 
compared with other devices.

IVL TO AID CROSSING
IVL is only able to be used after the guidewire successfully 
crosses the lesion, since this is required in order to deliver the 
IVL balloon via lumen access. Thus, in most cases, the success of 
IVL depends on crossing. In fact, IVL was designed as a lesion 
preparation device to modify plaques, not as a crossing device. 

A
Study D1 D2 D3 D4 D5 D6 D7 Overall

Oliveri Moderate Low Low Low Low Moderate Low Moderate
(2024)19

Kostantinis Moderate Low Low Moderate Low Moderate Moderate Moderate
(2022)21

Carvalho Moderate Moderate Low Low Moderate Moderate Moderate Moderate
(2024)20

Øksnes Moderate Moderate Moderate Low Low Moderate Moderate Moderate
(2021)22

ROBINS-I

B JBI

Study Clear Standard Valid Consecutive Complete Demographics Clinical Outcomes Clear Appropriate
 inclusion condition identification inclusion inclusion reported info clearly site/clinic statistics
 criteria measurement methods    reported reported reporting 

Rola No Yes Yes No Unclear Yes Yes Yes Unclear Not
(2023)23          applicable

Figure 2. Quality of studies using ROBINS-I and JBI for case series. A) Quality of studies using ROBINS-I; and (B) quality of 
studies using JBI for case series. D1: bias due to confounding; D2: bias due to the selection of participants; D3: bias in the 
classification of interventions; D4: bias due to deviations from the intended interventions; D5: bias due to missing data; D6: bias 
in the measurement of outcomes; D7: bias in the selection of the reported result; ROBINS-I: Risk Of Bias In Non-randomized 
Studies of Interventions
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However, in the studies included within this review, there 
was an increasing use of IVL across “uncrossable” lesions, 
particularly in the studies by Kostantinis et al and Øksnes et 
al.21,22 While in these cases IVL was not used for guidewire 
crossing, IVL was indeed used to aid crossing of the balloon 
catheter – “uncrossable” in this case meant uncrossable for the 
balloon or microcatheter equipment, not the guidewire. Such 
usage provides new insights towards the possible utility of IVL 
to aid in cases where crossing is incomplete. 

TECHNICAL SUCCESS
Despite the advancement of techniques, the technical success 
rates in CTO lesions reported by previous studies were 
85-90%,5 which is still lower than in non-CTO lesions. 

With the implementation of IVL, the technical success rate in 
CTOs was found to be 97% (95% CI: 94-100%), which was 
notably very high.

In our analysis, the Oliveri et al study was the source of 
heterogeneity, possibly due to the eccentricity of some of the 
plaques before stenting, which could contribute to a  lower 
success rate. In that study, the mean EI at the minimum lumen 
area was 0.17±0.13,19 which meant that despite the mild value 
of <0.20, by the standard deviation, there were some patients 
with >0.20 EI. In previous studies, IVL was shown to be more 
effective in concentric plaques, because the acoustic waves could 
travel more symmetrically across the circumference, creating a 
greater number of calcium fractures within the calcified plaque. 
Meanwhile, in eccentric plaques, the acoustic waves may not 

Table 2. Summary of outcomes.

Outcomes
Pooled effect and 

heterogeneity, sensitivity 
analysis

Subgroup analysis
Sensitivity analysis – pooled 
effect after removal of the 

cited study
Technical success 97% (95% CI: 94-100%); 

I²=18%
Study design (p=0.04)
Prospective: 93% (95% CI: 88-97%); I²=0%
Non-prospective: 99% (95% CI: 98-100%); I²=0%

J-CTO scores (p=0.05)
≤2.8: 96% (95% CI: 90-99%); I²=0%
>2.8: 97% (95% CI: 96-99%); I²=0%

Oliveri et al19

98% (95% CI: 96-100%); 
I²=0%

Procedural 
success

94% (95% CI: 90-97%); 
I²=27%

Study design (p=0.03)
Prospective: 89% (95% CI: 82-94%); I²=0%
Non-prospective: 97% (95% CI: 95-99%); I²=0%

J-CTO scores (p=0.04)
≤2.8: 91% (95% CI: 85-96%); I²=0%
>2.8: 95% (95% CI: 93-97%); I²=0%

Kostantinis et al21

97% (95% CI: 94-98%); 
I²=0%

MACE 3% (95% CI: 1-6%); I²=16% Study design (p=0.62)
Prospective: 5% (95% CI: 1-12%); I²=27%
Non-prospective: 2% (95% CI: 0-6%); I²=17%

Follow-up (p=0.04)
Discharge: 6% (95% CI: 1-12%); I²=0%
In-hospital: 3% (95% CI: 2-5%); I²=0%

J-CTO scores (p=0.70)
≤2.8: 3% (95% CI: 0-8%); I²=0%
>2.8: 4% (95% CI: 1-9%); I²=58%

Oliveri et al19

2% (95% CI: 0-4%); I²=0%

Mortality 0% (95% CI: 0-2%); I²=36% Study design (p=0.18)
Prospective: 3% (95% CI: 0-9%); I²=47%
Non-prospective: 0% (95% CI: 0-0%); I²=0%

Follow-up (p=0.73)
Discharge: 0% (95% CI: 0-52%)
In-hospital: 1% (95% CI: 0-4%); I²=55%

J-CTO scores (p=0.13)
≤2.8: 1% (95% CI: 0-6%); I²=0%
>2.8: 1% (95% CI: 0-2%)

Oliveri et al19

0% (95% CI: 0-0%); I²=0%

Perforation 5% (95% CI: 1-9%); I²=54% Study design (p=0.55)
Prospective: 8% (95% CI: 3-13%); I²=0%
Non-prospective: 3% (95% CI: 0-11%); I²=62%

J-CTO scores (p=0.68)
≤2.8: 5% (95% CI: 1-11%); I²=0%
>2.8: 6% (95% CI: 0-16%); I²=81%

Øksnes et al22

3% (95% CI: 0-8%); I²=37%

Mean procedural 
time, mins

122.94 (95% CI: 102.24-
143.64); I²=90%

Mean contrast 
volume, mL

154 (95% CI: 140.84-
167.16); I²=69%

CI: confidence interval; J-CTO: Japanese chronic total occlusion: MACE: major adverse cardiovascular events
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effectively reach one part of the asymmetric plaque, leading to 
fewer fractures. This would be the same in nodular plaques, in 
which irregular calcium masses do not permit broad apposition 
with the IVL balloon. Conversely, pseudonodular plaques are 
made of sheet-like structures, which permit a better transmission 
of shockwaves.26 In studies other than Oliveri et al, the EIs were 
not reported, thus possibly via the interventionists’ discretion, 
IVL might have been used in more concentric lesions, leading 
to a  higher technical success rate. Further studies are needed, 
however, to determine which lesion morphology would be the 
most suitable for IVL. Furthermore, the study design might 
introduce bias and therefore affect the results, as shown by the 
significant difference between prospective and non-prospective 
subgroups. 

PROCEDURAL SUCCESS
Defined as the achievement of technical success without 
any in-hospital MACE, procedural success yielded a  pooled 
percentage of 94% (95% CI: 90-97%), which was 
considerably high.

The >2.8 J-CTO score subgroup had higher procedural 
success, suggesting IVL was more suitable for lesions with 
higher calcification and complexity. As with technical success, 

the subgroup with prospective studies yielded a lower pooled 
percentage compared to non-prospective studies, which 
meant that study design and bias could have affected how the 
outcomes were reported. 

MAJOR ADVERSE CARDIOVASCULAR EVENTS AND 
MORTALITY
With IVL, 3% of patients overall experienced MACE, 
consisting of death, myocardial infarction, the need for 
urgent revascularisation, and stroke. This rate appears lower 
than those historically reported in patients undergoing CTO 
PCI (17-25%).27 However, such cross-study comparisons 
should be interpreted with caution, as differences in study 
design, patient selection, procedural strategies, and follow-up 
duration introduce significant confounding. Therefore, 
while these findings are encouraging and suggest that 
IVL may be associated with favourable short-term safety, 
definitive conclusions regarding its prognostic benefit require 
confirmation in further randomised trials.

10.5 0.6 0.7 0.8 0.9

Study or     
subgroup Events Total Weight IV, random (95% CI) IV, random (95% CI)

J-CTO score ≤≤2.8    
   Oliveri (2024)19 30 33 11.5% 0.91 [0.76; 0.98]
   Kostantinis (2022)21 77 82 22.4% 0.94 [0.86; 0.98]
   Rola (2023)23 5 5 2.2% 1.00 [0.48; 1.00]
   Total (95% CI)  120 36.1% 0.96 [0.90; 0.99]
   Heterogeneity: Tau²=0; Chi²=0.51, df=2 (p=0.77); I²=0%

J-CTO >2.8>2.8    
   Carvalho (2024)20 424 436 46.8% 0.97 [0.95; 0.99]
   Øksnes (2021)22 53 55 17.0% 0.96 [0.87; 1.00]
   Total (95% CI)  491 63.9% 0.97 [0.96; 0.99]
   Heterogeneity: Tau²=0; Chi²=0.35, df=1 (p=0.56); I²=0%

   Total (95% CI)  611 100.0% 0.97 [0.94; 1.00]
   Heterogeneity: Tau²=0.0017; Chi²=4.86, df=4 (p=0.30); I²=18%
   Test for subgroup differences: Chi²=4.00, df=1 (p=0.05)

Figure 3. Subgroup analysis of technical success based on 
J-CTO score. CI: confidence interval;  J-CTO: Japanese 
chronic total occlusion

10.5 0.6 0.7 0.8 0.9

Study or     
subgroup Events Total Weight IV, random (95% CI) IV, random (95% CI)

J-CTO score ≤2.8    
   Oliveri (2024)19 30 33 12.5% 0.91 [0.76; 0.98]
   Kostantinis (2022)21 72 82 23.1% 0.88 [0.79; 0.94]
   Rola (2023)23 5 5 2.5% 1.00 [0.48; 1.00]
   Total (95% CI)  120 38.2% 0.91 [0.85; 0.96]
   Heterogeneity: Tau²=0; Chi²=0.56, df=2 (p=0.76); I²=0%

J-CTO >2.8   
   Carvalho (2024)20 413 436 43.8% 0.95 [0.92; 0.97]
   Øksnes (2021)22 51 55 18.0% 0.93 [0.82; 0.98]
   Total (95% CI)  491 61.8% 0.95 [0.93; 0.97]
   Heterogeneity: Tau²=0; Chi²=0.55, df=1 (p=0.46); I²=0%

   Total (95% CI)  611 100.0% 0.94 [0.90; 0.97]
   Heterogeneity: Tau²=0.0022; Chi²=5.51, df=4 (p=0.24); I²=27%
   Test for subgroup differences: Chi²=4.40, df=1 (p=0.04)

Figure 4. Subgroup analysis of procedural success based on 
J-CTO score. CI: confidence interval; J-CTO: Japanese 
chronic total occlusion

0.50 0.1 0.2 0.3 0.4

Study or     
subgroup Events Total Weight IV, random (95% CI) IV, random (95% CI)

Follow-up after discharge    
   Oliveri (2024)19 3 33 11.3% 0.09 [0.02; 0.24]
   Øksnes (2021)22 4 55 16.8% 0.07 [0.02; 0.18]
   Rola (2023)23 0 5 2.2% 0.00 [0.00; 0.52]
   Total (95% CI)  93 30.2% 0.06 [0.01; 0.12]
   Heterogeneity: Tau²=0; Chi²=0.3, df=2 (p=0.86); I²=0%

Follow-up in hospital   
   Carvalho (2024)20 13 436 47.7% 0.03 [0.02; 0.05]
   Kostantinis (2022)21 3 82 22.1% 0.04 [0.01; 0.10]
   Total (95% CI)  518 69.8% 0.03 [0.02; 0.05]
   Heterogeneity: Tau²=0; Chi²=0.24, df=1 (p=0.62); I²=0%

   Total (95% CI)  611 100.0% 0.03 [0.01; 0.06]
   Heterogeneity: Tau²=0.0016; Chi²=4.77, df=4 (p=0.31); I²=16%
   Test for subgroup differences: Chi²=4.22, df=1 (p=0.04)

Figure 5. Forest plot of MACE based on follow-up. 
CI: confidence interval; MACE: major adverse 
cardiovascular events

0.50 0.1 0.2 0.3 0.4

0.50 0.1 0.2 0.3 0.4

Mortality
Study Events Total Weight IV, random (95% CI) IV, random (95% CI)

   Oliveri (2024)19 2 33 16.9% 0.06 (0.01; 0.20)
   Carvalho (2024)20 3 436 49.9% 0.01 (0.00; 0.02)
   Kostantinis (2022)21 1 82 29.5% 0.01 (0.00; 0.07)
   Rola (2023)23 0 5 3.7% 0.00 (0.00; 0.52)

   Total (95% CI)  556 100.0% 0.00 [0.00; 0.02]
   Heterogeneity: Tau²=0.0030; Chi²=4.70, df=3 (p=0.20); I²=36%

A

Perforation outcomes
Study Events Total Weight IV, random (95% CI) IV, random (95% CI)

   Oliveri (2024)19 2 33 14.9% 0.06 (0.01; 0.20)
   Carvalho (2024)20 14 436 37.3% 0.03 (0.02; 0.05)
   Kostantinis (2022)21 7 82 24.3% 0.09 (0.04; 0.17)
   Øksnes (2021)22 6 55 20.1% 0.11 (0.04; 0.22)
   Rola (2023)23 0 5 3.4% 0.00 (0.00; 0.52)

   Total (95% CI)  611 100.0% 0.05 [0.01; 0.09]
   Heterogeneity: Tau²=0.0040; Chi²=8.75, df=4 (p=0.07); I²=54%

B

Figure 6. Forest plot of mortality and perforation outcomes. 
A) Mortality; (B) perforation outcomes. CI: confidence 
interval
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The included studies had restricted follow-up time, with the 
longest duration of follow-up by Øksnes et al at a median of 
13 (interquartile range 4-21) months. This is understandable 
since IVL was a novel technology that had just been recently 
introduced. The long-term prognosis was not yet known, and 
it was indeed important to investigate it, as confirmed by 
our subgroup analysis: the rate of MACE on a  longer-term 
post-discharge follow-up was significantly higher than those 
with shorter in-hospital follow-up. Meanwhile, for mortality, 
while the pooled proportion for both groups was ≤1%, the 
confidence interval for the post-discharge follow-up subgroup 
specifically was wide (95% CI: 0-52%) and thus should not 
be concluded as demonstrating an absence of risk.

PERFORATION AS A COMPLICATION
Perforation occurred in 5% of cases overall, with the study 
by Øksnes et al revealed as the source of heterogeneity. While 
a cutoff of 2.8 for the J-CTO score did not reveal any significant 
difference, the study by Øksnes et al was the only one that 
had a score of >3. This meant the lesions in that study posed 
greater anatomical and procedural challenges, as elaborated by 
the J-CTO score, including tortuosity that complexifies wire 
navigation, a  prior failed attempt, and the need to use other 
calcium modification devices, along with a blunt proximal cap 
that could cause subintimal entry or dissection; all in all, these 
would increase the chance of perforation. 

OTHER SECONDARY OUTCOMES
The pooled mean procedural time for the included study in 
which it was reported was 122.94 minutes, and the mean 
contrast volume was 154 mL. The procedural time was 
comparable with other studies that reported a mean procedure 
time of 129 minutes for CTO PCI,28 which would mean 
that IVL might place a  similar radiation-induced injury risk 
compared to other CTO PCI procedures. Previously, a study 
by Kuno et al set the cutoff for contrast volume at 200 mL, 
as patients who received >200 mL in contrast volume were 
at an increased risk of contrast-induced acute kidney injury, 
post-PCI heart failure, and in-hospital death.29

Limitations
This study is the first to review the procedural and clinical 
outcomes of IVL specifically in CTO lesions, which have been 
largely excluded from previous clinical trials. Despite the 
favourable outcomes, limitations exist as the included studies 
had a  risk of bias and relatively small sample sizes – five 
studies were found with a total of 611 patients and short-term 
follow-up, and all of them were non-clinical trials with a non-
randomised design. Consequently, the statistical power for 
detecting the true differences between subgroups was limited. 
The assessment of study quality was conducted systematically 
using ROBINS-I and JBI tools, and outcomes were stratified 
by study design to evaluate bias effects. Articles published 
in non-English languages were not excluded a priori, but no 
eligible non-English full-text studies were identified. Thus, no 
exclusion on the basis of language was performed.

There was also heterogeneity arising from the variability of 
lesion complexity and the frequent use of hybrid strategies, 
in which IVL was combined with other calcium-modification 
devices such as rotational atherectomy, scoring balloons, or 

cutting balloons. Because reporting of IVL-only versus hybrid 
cases was inconsistent, the outcomes observed may partly 
reflect the combined effect of IVL with cointerventions rather 
than IVL alone. In addition, the procedural time demonstrated 
substantial heterogeneity (I²≈90%), which may be influenced 
by case selection, operator technique, and reporting differences 
across studies. The lack of data on long-term outcomes (with 
a median follow-up of only 13 months at most) further limits 
conclusions regarding durability and late adverse events. 
Furthermore, the generalisability of these outcomes could be 
limited since all of the studies were conducted in high-income 
countries as IVL is yet to be available worldwide. Nevertheless, 
with the current rapid rate of advancement of interventional 
cardiology and increasing evidence, it is likely that IVL will be 
more widespread in the near future.

From a  clinical standing, these findings highlight several 
practical concerns. Despite procedural success, factors such as 
cost-effectiveness, the operator learning curve, and accessibility 
must be addressed before IVL can be widely implemented. IVL 
systems are substantially more expensive than standard balloons 
or atherectomy tools, which may affect access in limited-
resource settings. Successful implementation also depends on 
operator expertise and correct patient selection – particularly 
among those with higher J-CTO scores and predominantly 
concentric calcification – to maximise benefit while minimising 
complications. Furthermore, despite promising preliminary 
evidence, the findings from this analysis should be interpreted 
cautiously, emphasising again the limited number of studies, 
hybrid calcium modification strategies, heterogeneity in several 
outcomes, and the relatively short follow-up durations. These 
limitations should be highlighted when translating this analysis 
into clinical practice. Future studies should evaluate the cost-
benefit balance, training requirements, and long-term outcomes 
to guide the safe and effective integration of IVL into routine 
CTO PCI practice.

Conclusions
IVL for CTO PCI yielded high technical and procedural 
success, while MACE, mortality, and perforation occurred in 
very small proportions of patients. IVL yielded better success 
rates in the subgroup with more complex lesions (J-CTO 
>2.8). However, if the J-CTO score greatly exceeds this value, 
the risk of complications could increase. The interpretation 
of procedural time is limited, as very high heterogeneity was 
observed (I²≈90%), which may reflect differences in lesion 
complexity, operator experience, and concurrent use of other 
calcium modification devices. Alternative explanations for the 
favourable outcomes – such as operator expertise, concurrent 
use of other calcium modification devices, and study selection 
bias – must also be considered. Generalisability is currently 
limited to high-income healthcare settings, given that all the 
included studies were conducted in such environments. The 
findings should therefore be interpreted with caution before 
applying them to clinical practice, keeping in mind the small 
number of current included studies and other aforementioned 
limitations.

To strengthen the evidence base, future studies should 
include larger populations, longer follow-up periods, and 
randomised designs. Further research should also distinguish 
between IVL used as a standalone modality versus hybrid 
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calcium modification strategies and evaluate its role in lesion 
preparation compared with facilitating device crossing. 
Current evidence suggests that IVL may be particularly 
beneficial in complex CTO lesions with substantial 
calcification; however, additional studies are required to 
define the lesion characteristics and CTO subtypes most 
likely to derive benefit from this technology.
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Supplementary Table 1. Extraction table of study characteristics. 

No Author; 

Year 

Study design Locat

ion 

Participants Lesion characteristics Intervention IVL Follow-up 

duration 

Total 

number of 

participants 

and 

characteristi

cs (including 

mean age) 

Arms 

(n=) 

*taken: 

CTO 

only 

Scores Balloon 

undilatable 

Target 

lesion 

location 

1 Oliveri, 

202419 

Prospective 

multicenter 
registry 

The 

Nethe
rlands 

and 
Belgi
um 

CTO = Mean 

age 72.7 + 
3.2; 28 

(84.8%) 
Male; 15 
(45.4%) 

Stable angina; 
6 (18.2%) 

unstable 
angina; 5 
(15.2 %) 

NSTEMI; 1 
(3%) STEMI 

 
Non-CTO = 
Mean age 

73.2 + 0.9; 
277 (74.7%) 

CTO  

(n = 33) 
 

Non-
CTO 
(n = 

371) 

J-CTO 

Score: 
2.3 ± 1.1 

 
SYNTA
X score 

21 (14‐
33) 

 
Eccentric
ity index 

at 
Minimum 

Lumen 
Area 
0.17 ± 

0.13 
 

NR LM = 2 

(6.7%) 
 

LAD = 
10 
(33.3%) 

 
RCX = 4 

(13.3%) 
 
RCA = 

14 
(46.7%) 

IVL pulses delivered: 

80 (60-80) 
 

Maximum diameter 
IVL balloon (mm): 
3.5 (3.5–3.5) 

 
Anterograde wiring 

19 (63.3%); 
Retrograde approach 
3 (10%); Antegrade 

dissection and re-
entry 6 (20%); 

Retrograde dissection 
and re-entry 2 
(6.7%). 

 
Rotational 

12 months 



Male; 152 (41 
%) Stable 

angina; 51 
(13.7 %) 

unstable 
angina; 102 
(27.5 %) 

NSTEMI; 31 
(8.4 %) 

STEMI 

Eccentric
ity index 

at Minum 
Stent 

Area 0.12 
(0.03–
0.17) 

 
 

 
 

atherectomy before 
IVL: 5 (15.2%) 



2 Carvalho
, 202420 

Retrospective, 
global, 

observational 
cohort study 

US 
and 

intern
ationa

lly 
(not 
specif

ied) 

IVL = Mean 
age 68.86 ± 

9.79; 79.1% 
male; 57.9% 

stable angina; 
32.8% 
unstable 

angina; 5.2% 
NSTEMI. 

 
RA = Mean 
age 69.27 ± 

9.56; 79.2% 
male; 77.0% 

stable angina; 
7.8% unstable 
angina; 9.7% 

NSTEMI; 
1.4% STEMI) 

IVL 
(n=436) 

 
RA 

(n=381) 

J-CTO 
score 

IVL: 2.87 
± 1.02 

 
RA: 2.63 
± 1.00 

 
(p 

<0.001) 

Balloon 
undilatable 

CTO: 118 
(30%) 

IVL: 
RCA 188 

(44.3%); 
LAD 128 

(30.2%); 
LCx 86 
(20.3%) 

 
RA: 

RCA 178 
(46.6%); 
LAD 117 

(30.2%); 
LCx 74 

(19.4%) 

IVL alone 
 

Number of pulses: 
NR 

Crossing strategy: 
Anterograde wiring 
266 (61.4%); 

Antegrade dissection 
and re-entry 57 

(13.2%); Retrograde 
approach 96 (22.2%). 
 

RA alone 
Anterograde wiring 

292 (75.8%); 
Antegrade dissection 
and re-entry 24 

(6.2%); Retrograde 
approach 60 (15.6%). 

Successful crossing 
(p<0.001) 

In-hospital 

3 Kontanti
nis; 
202221 

Prospective 
cohort 

USA 82 patients 
 
Mean age: 

68.9 ± 10.7 y 
 

Male: 79% 
 
56 (68.2%) 

IVL 
(n=82) 

Mean J-
CTO 
score: 

2.75 ± 
1.05 

 
 

Balloon 
undilatable: 
34 lesions 

(7.1%)  

▪ RCA 
44 
(53.7%) 

▪ LAD 
16 

(19.5%) 
▪ LCX 19 
(23.2%) 

Pulses per lithotripsy 
run: 32.8 ± 32.1 
Total number of 

lithotripsy runs: 8 (4-
10) 

Max lithotripsy 
balloon inflation 
pressure 

In-hospital 



stable angina; 
15 (18.3%) 

unstable 
angina; 4 

(2.9%) 
NSTEMI; 0 
(0%) STEMI 

▪ Left 
main 2 

(2.4%) 
▪ Other 1 

(1.2%) 

4 atm: 29 (35.4%) 
6 atm: 53 (64.6%) 

Lithotripsy balloon 
diameter (mm): 3.5 
(3.0−3.8) 
 

Successful crossing 
strategy  

▪ Antegrade wiring 
53 (64.6%) 
▪ Retrograde 18 

(22.0%) 
▪ Antegrade 

dissection and re‐
entry 6 (7.3%) 
▪ None 5 (6.1%) 

 
IVL combined with 

other calcium 
modification devices 
in 25 cases (30.5%). 

Breakdown of IVL 
combinations: 

●Cutting balloon: 5 
cases 

●Scoring balloon: 7 

cases 
●Laser atherectomy: 

3 cases 
●Rotational 

atherectomy: 7 



cases 
●Orbital 

atherectomy: 3 
cases 

4 Oksnes; 

202122 

Retrospective 

registry-based 
multicentre 
study 

UK 

and 
Norw
ay 

55 patients  

Mean age: 
70.2 
 

Female: 
12.7% 

Stable angina: 
78% 
ACS: 20% 

Asymptomati
c ischemia: 

3.6% 

IVL 

(n=55) 

Mean J-

CTO 
score: 3.1 
 

High 
complexit

y 
CTO,100
% with 

calcificati
on, 20% 

with 
previous 
failed 

CTO PCI 
attempt.  

NR LAD: 16 

(29%) 
RCA: 33 
(60%) 

LCx: 7 
(13%) 

LMS: 1 
(2%) 
>1 

vessel: 2 
(3.5%) 

IVL for calcium 

modification, mean 
number of IVL 
balloons/case: 1.2 

Mean number of 
pulses: 60 

 
IVL after successful 
crossing and prior to 

stenting: 35 cases 
Incomplete CTO 

crossing: 2 cases 
 
Other calcium 

modification device 
required in 53% 

patients 
 
Access site:  

Single radial: 9 
(16.4%) 

Biradial: 31 (56.4%) 
Radial/femoral: 2 
(3.6%) 

Bifemoral: 2 (3.6%) 
F 

Median: 13 

(4-21) 
months 



5 Rola; 
202323 

Case series Polan
d 

5 patients 
4 with stable 

coronary 
artery disease, 

CCS II 
1 with 
unstable 

angina, 
previously 

CCSIII 
 
Mean age: 

68.4 (SD: 
6.84) 

 

IVL 
(n=5) 

Mean J-
CTO 

score: 2.6 

5 (100%) 
balloon 

undilatable, 
post- 

crossing of 
guidewire 
and pre-

treatment 
with low 

diameter 
NC balloon 
catheter/rota

tional 
atherectomy 

LAD: 2 
RCA: 3 

IVL diameter of 3.5 
mm in 4 patients, 3 

mm in 1 patient  
 

Mean IVL pulses: 54 
Median: 40 

30 days 

 

ACS, acute coronary syndrome; CCS, Canadian Cardiovascular Society; CTO, chronic total occlusion; EI, eccentricity index; IVL, 

intravascular lithotripsy; J-CTO, Japan Chronic Total Occlusion; LAD, left anterior descending; LCx, left circumflex; LMS, left main 

stem; NC, non-compliant; RCA, right coronary artery; SD, standard deviation; SYNTAX, SYNergy between Taxus and Angioplasty 

and X coronary surgery. 

 

  



Supplementary Table 2. Details of the ROBINS-I quality analysis. 

1. Bias due to confounding 

Signalling questions Response Oliveri 

(2024)19 

Konstantinis 

(2022)21 

Carvalho 

(2024)20 

Osknes 

(2021)22 

1.1 Did the authors control for all 

the important confounding factors 

for which this was necessary? 

Y / PY / WN (no, but uncontrolled 

confounding was probably not 

substantial) / SN (no, and uncontrolled 

confounding was probably substantial) / 

NI 

PY WN PY WN 

1.2 If Y/PY/WN to 1.1: Were 

confounding factors that were 

controlled for (and for which 

control was necessary) measured 

validly and reliably by the variables 

available in this study? 

NA / Y / PY / WN (no, but the extent of 

measurement error in confounding 

factors was probably not substantial) / 

SN (no, and the extent of measurement 

error in confounding factors was 

probably substantial) / NI 

WN Y WN PY 

1.3 If Y/PY/WN to 1.1: Did the 

authors control for any post-

intervention variables that could 

have been affected by the 

intervention? 

NA / Y / PY / PN / N / NI N N N N 

1.4. Did the use of negative controls, 

quantitative bias analysis, or other 

considerations, suggest serious 

unmeasured confounding? 

NA / Y / PY / PN / N PN PN PN PN 

Risk of bias judgement Low (except for concerns about 

uncontrolled confounding) / Moderate / 

Serious / Critical 

Moderate Moderate Moderate Moderate 

2. Bias in classification of interventions 



Questions about immortal time bias arising from definition of intervention groups 

2.1 Did assignment of participants 

to the intervention group or the 

comparator group rely on events or 

measurements that occurred after 

the start of follow up?  

Y / PY / PN / N / NI N N N N 

2.2 If Y/PY to 2.1: Were 

participants included in the 

comparator group until they 

fulfilled the definition of the 

intervention (or vice versa)? 

NA / SY (yes, and the impact was 

substantial) / WY (yes, but the impact 

was not substantial) / PN / N / NI 

NA NA NA NA 

Questions about differential misclassification 

2.3 If N/PN to 2.1: Was all 

information used to classify 

intervention and comparator 

groups recorded at or before the 

time the interventions started? 

NA / Y / PY / PN / N / NI PY Y N N 

2.4 Was classification of 

intervention status influenced by 

knowledge of the outcome or risk of 

the outcome? 

SY (yes, and the impact was 

substantial) / WY (yes, but the impact 

was not substantial) / PN / N / NI 

PN PN N PN 

Question about non-differential misclassification 

2.5 If N/PN to 2.1 and WY/N/PN/NI 

2.4: Was intervention status 

classified correctly for all, or nearly 

all, participants? 

NA / Y / PY / WN (no, but the impact 

was not substantial) / SN (no, and the 

impact was substantial) / NI 

Y Y Y Y 

Risk of bias judgement Low / Moderate / Serious / Critical Low Low Moderate Moderate 



3. Bias in selection of participants into the study 

A. Questions about immortal time bias arising from definition of intervention groups 

3.1 (=2.1) Did assignment of 

participants to the intervention 

group or the comparator group rely 

on events or measurements that 

occurred after the start of follow 

up?  

Y / PY / PN / N / NI N N N Y 

3.2 If Y/PY to 3.1: Were 

participants excluded after the start 

of follow-up because they did not 

meet the definition of either the 

intervention or the comparator? 

NA / Y / PY / PN / N / NI NA NA NA NI 

B. Questions about prevalent user bias 

3.3 Were start of follow up and start 

of intervention the same for most 

participants? 

NA / Y / PY / PN / N / NI PY PY PY N 

3.4 If N/PN to 3.3: Is the effect of 

intervention expected to be constant 

over the time period studied? 

NA / Y / PY / PN / N / NI NA NA NA PY 

C. Questions about other types of selection bias 

3.5 Was selection of participants 

into the study (or into the analysis) 

based on participant characteristics 

observed after the start of 

intervention (additional to the 

situations addressed in 3.1 and 3.3)? 

Y / PY / PN / N / NI N N N Y 



3.6 If Y/PY to 3.5: Were the post-

intervention variables that 

influenced selection likely to be 

associated with intervention? 

NA / Y / PY / PN / N / NI NA NA NA Y 

3.7 If Y/PY to 3.6: Were the post-

intervention variables that 

influenced selection likely to be 

influenced by the outcome or a 

cause of the outcome? 

NA / Y / PY / PN / N / NI NA NA NA N 

D. Questions about analysis, sensitivity analyses and severity of the problem 

3.8 If Y/PY to 3.2, N/PN 3.4 or Y/PY 

to 3.7: Is it likely that the analysis 

corrected for all of the potential 

selection biases identified in 3.1-3.2, 

3.3-3.4 or 3.5-3.7 above? 

NA / Y / PY / PN / N / NI NA NA NA NA 

3.9 If N/PN to 3.8: Did sensitivity 

analyses demonstrate that the likely 

impact of the potential selection 

biases identified in 3.1-3.2, 3.3-3.4 or 

3.5-3.7 above was minimal? 

NA / Y / PY / PN / N / NI NA NA NA NA 

3.10 If N/PN to 3.9: Were potential 

selection biases identified in 3.1-3.2, 

3.3-3.4 or 3.5-3.7 above sufficiently 

severe that the result should not be 

included in a quantitative synthesis? 

NA / Y / PY / PN / N / NI NA NA NA NA 

Risk of bias judgement Low / Moderate / Serious / Critical Low Low Low Moderate 

4. Bias due to deviations from intended interventions 



4.1 Was the study undertaken in an 

experimental context? 

Y / PY / PN / N / NI PN Y PN PN 

4.2. If Y/PY to 4.1: Did participants 

deviate from the intended 

intervention as a result of the 

processes of recruiting and engaging 

them in the study? 

NA / Y / PY / PN / N / NI NA Y NA NA 

4.3. If Y/PY to 4.1: Did study 

personnel consciously or 

unconsciously undermine 

implementation of the intended 

interventions? 

NA / Y / PY / PN / N / NI NA Y NA NA 

4.4. If Y/PY/NI to 4.2 or 4.3: Were 

these deviations from intended 

intervention likely to have affected 

the outcome? 

NA / Y / PY / PN / N / NI NA N NA NA 

4.5. Was an appropriate analysis 

used to estimate the effect of 

assignment to intervention? 

Y / PY / WN (no, but the impact was 

not substantial) / SN (no, and the impact 

was substantial) / NI 

PY NI PY PY 

Risk of bias judgement Low / Moderate / Serious / Critical Low Moderate Low Low 

5. Bias due to missing data 

5.1 Were complete data on 

intervention status available for all, 

or nearly all, participants? 

Y / PY / PN / N / NI PN PN N Y 

5.2 Were complete data on the 

outcome available for all, or nearly 

all, participants? 

Y / PY / PN / N / NI PN PN N PY 



5.3 Were complete data on 

important confounding variables 

available for all, or nearly all, 

participants? 

Y / PY / PN / N / NI Y Y NI PY 

5.4 If N/PN/NI to 5.1, 5.2 or 5.3: Is 

the result based on a complete case 

analysis? 

 

NA / Y / PY / PN / N / NI NI NI Y NI 

5.5 If Y/PY/NI to 5.4: Was exclusion 

from the analysis because of missing 

data (in intervention, confounders 

or the outcome) likely to be related 

to the true value of the outcome? 

NA / Y / PY / PN / N / NI N N Y N 

5.6 If Y/PY/NI to 5.5: Is the 

relationship between the outcome 

and missingness likely to be 

explained by the variables in the 

analysis model? 

NA / Y / PY / WN (No, but not leading 

to substantial bias) / SN (No, and bias is 

likely to be substantial) / NI 

NA NA NA NA 

5.7 If N/PN to 5.4: Was the analysis 

based on imputing missing values? 

NA / Y / PY / PN / NI NA NA NA NA 

5.8 If Y/PY to 5.7: Is it reasonable to 

assume that data were ‘missing at 

random’ (MAR) or ‘missing 

completely at random’ (MCAR)? 

NA / Y / PY / PN / N / NI NA NA NA NA 

5.9 If Y/PY to 5.8: Was imputation 

performed appropriately? 

NA / Y / PY / WN (no, but not leading 

to substantial bias) / SN (no, such that 

bias would not be substantially reduced) 

/ NI 

NA NA NA NA 



5.10 If N/PN/NI to 5.7: Was an 

appropriate alternative method 

used to correct for bias due to 

missing data? 

NA / Y / PY / WN (no, but not leading 

to substantial bias) / SN (no, such that 

bias would not be substantially reduced) 

/ NI 

NA NA NA NA 

5.11 If PN/N/NI to 5.1, 5.2 or 5.3 

AND (Y/PY/NI to 5.5 OR (Y/PY to 

5.8 AND WN/SN/NI to 5.9) OR 

WN/SN/NI to 5.10): Is there 

evidence that the result was not 

biased by missing data? 

NA / Y / PY / PN / N NA NA Y NA 

Risk of bias judgement Low / Moderate / Serious / Critical Low Low Moderate Low 

6. Bias in measurement of the outcome 

6.1 Could measurement or 

ascertainment of the outcome have 

differed between intervention 

groups? 

 

Y / PY / PN / N / NI PN NI N N 

6.2 Were outcome assessors aware 

of the intervention received by 

study participants?  

Y / PY / PN / N / NI PY N PY PY 

6.3 If Y/PY/NI to 6.2: Could 

assessment of the outcome have 

been influenced by knowledge of the 

intervention received? 

NA / SY (yes, to a large extent) / WY 

(yes, to a small extent) / PN / N / NI 

WY NA NI NI 

Risk of bias judgement Low / Moderate / Serious / Critical Moderate Moderate Moderate Moderate 

7. Bias in selection of the reported result 



N, No; PN, Probably no; PY, probably Yes; Y, Yes; NI, No information; NA, Not applicable. 

 

 

 

  

7.1 Was the result reported in 

accordance with an available, pre-

determined analysis plan? 

Y / PY / PN / N / NI PY N N N 

Is the numerical result being 

assessed likely to have been selected, 

on the basis of the results, from... 

 

     

7.2 ... multiple outcome 

measurements (e.g. scales, 

definitions, time points) within the 

outcome domain?  

 

Y / PY / PN / N / NI N NI NI NI 

7.3 ... multiple analyses of the data? 

 

Y / PY / PN / N / NI N N N N 

7.4 ... multiple subgroups? Y / PY / PN / N / NI N N N N 

Risk of bias judgement Low / Moderate / Serious / Critical Low Moderate Moderate Moderate 

Overall Risk of Bias  Low Moderate Moderate Moderate 



Supplementary Table 3. Data extraction from the included studies (IVL only extracted). 

No. Author;Year Total number 

of patients per 

treatment arm 

(n=) 

Effectiveness and procedural outcomes Prognosis and safety 

Technical 

success 

Procedur

al success 

Procedur

al time 

Fluorosco

py time 

Contrast 

volume 

MACE Mortalit

y 

Other 

complicatio

ns & 

follow-up 

time 

1 Oliveri; 202419 CTO (n=33) <30% 

residual 
stenosis: 30 

(90.1%) 
 
<50% 

residual 
stenosis: 32 

(97.0%) 

<30% 

residual 
stenosis: 

30 
(90.1%) 
 

<50% 
residual 

stenosis: 
32 
(97.0%) 

Median 

(IQR): 102 
(78–125) 

 Median 

(IQR): 165 
(150–200) 

In-

hospital: 2 
(6%) 

 
12-
months: 3 

(9.1%) 

Intraproc

edural: 0 
(0%) 

 
(n=30) 
 

In-
hospital: 

2 (6%) 

Intraproced

ural 
perforation: 

2 (6.7%) 
 
(n=30) 

2 Carvalho; 202420 IVL (n=436) 

RA (n=387) 

IVL vs RA 

424 (97.2%) 
vs. (95.3%), 

p=0.20) 

IVL vs RA 

413 
(94.7%) 

vs. 91.8%, 
p=0.14) 

Median 

[IQR]:  
IVL 

129.00 
[94.00, 
174.25] 

 
RA 

160.00 
[115.00, 
206.25] 

Median 

[IQR]:  
IVL 

45.60 
[29.35, 
65.00] 

 
RA 

58.00 
[39.70, 
82.80] 

Median 

[IQR]:  
IVL 

145.00 
[100.00, 
200.00] 

 
RA 

175.00 
[120.00, 
230.00] 

In-

hospital:  
IVL 

13 (3.0%) 
 
RA 

16 (4.1%) 
 

P = 0.4 

In-

hospital: 
IVL 

3 (0.7%) 
 
RA 

3 (0.8%) 
 

P > 0.9 

Perforation 

IVL 
14 (3.2%) 

 
RA 
36 (9.3%) 

 
P < 0.001 



 
(p<0.001) 

In minutes 

 
(p<0.001) 

In minutes 

 
(p<0.001) 

In mL 

3 Konstantinis; 

202221 

IVL (n=82) 77 (94%) 
cases 

72 (90%) Median 
(IQR): 138 
(100−190) 
minutes 

Median 
(IQR): 49 
(27−79) 
minutes 

Median 
(IQR): 150 
(100−220) 
ml 

3 (3.7%) 
in-hospital 

1 (1.2%) 
In-

hospital 

7 (8.5%), of 
them 2 

(2.4%) Ellis 
Class 2 
perforations 

in-hospital 

4 Osknes; 202122 IVL (n=55) 53 (96%) 
cases 

51 (93%) 
cases 

   2 (4%) MI 
at median 

follow-up 
of 13 (4-
21) 

months 
 

2 (4%) 
Instent 
restenosis 

 6 patients 
had 

complicatio
ns,  
3 (5%) main 

vessel 
perforations  

 

5 Rola; 202323 IVL (n=5) 5 (100%) 5 (100%) 5 (100%) Mean: 
25.54 
minutes 

Median: 
24.1 

Mean: 242 
mL range: 
(140– 320) 

0 at 30 
days 

0 at 30 
days 

1 balloon 
catheter 
rupture, no 

perforation 

IVL, intravascular lithotripsy; RA, rotational atherectomy.  



 

 

Supplementary Figure 1. Forest plot of technical success outcomes, their sensitivity analysis, and subgroup analyses.19-23 

 

  



 

 

Supplementary Figure 2. Forest plot of procedural success outcomes, their sensitivity analysis, and subgroup analyses.19-23 

  



 

 

Supplementary Figure 3. Forest plot of MACE outcomes, their sensitivity analysis, and subgroup analyses.19-23 

  



 

 

Supplementary Figure 4. Forest plot of mortality outcomes, their sensitivity analysis, and subgroup analyses.19-21,23 

 

  



 

 

Supplementary Figure 5. Forest plot of perforation outcomes, their sensitivity analysis, and subgroup analyses.19-23 

  



 

 

Supplementary Figure 6. Forest plots of a) mean procedural time and b) contrast volume.19-23  



 

 

Supplementary Figure 7. Forest plots showing Leave-One-Out analyses for a) Technical success, b) Procedural success, c) Mortality, 

d) MACE, e) Perforation.19-23 


