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BACKGROUND: The feasibility of intravascular lithotripsy (IVL) 
for modification of severe coronary artery calcification (CAC) was 
demonstrated in the Disrupt CAD I study (Disrupt Coronary Artery 
Disease). We next sought to confirm the safety and effectiveness of IVL 
for these lesions.

METHODS: The Disrupt CAD II study was a prospective multicenter, 
single-arm post-approval study conducted at 15 hospitals in 9 countries. 
Patients with severe CAC with a clinical indication for revascularization 
underwent vessel preparation for stent implantation with IVL. The 
primary end point was in-hospital major adverse cardiac events (cardiac 
death, myocardial infarction, or target vessel revascularization). An 
optical coherence tomography substudy was performed to evaluate the 
mechanism of action of IVL, quantifying CAC characteristics and calcium 
plaque fracture. Independent core laboratories adjudicated angiography 
and optical coherence tomography, and an independent clinical events 
committee adjudicated major adverse cardiac events.

RESULTS: Between May 2018 and March 2019, 120 patients were 
enrolled. Severe CAC was present in 94.2% of lesions. Successful delivery 
and use of the IVL catheter was achieved in all patients. The post-IVL 
angiographic acute luminal gain was 0.83±0.47 mm, and residual stenosis 
was 32.7±10.4%, which further decreased to 7.8±7.1% after drug-
eluting stent implantation. The primary end point occurred in 5.8% of 
patients, consisting of 7 non–Q-wave myocardial infarctions. There was 
no procedural abrupt closure, slow or no reflow, or perforations. In 47 
patients with post-percutaneous coronary intervention optical coherence 
tomography, calcium fracture was identified in 78.7% of lesions with 
3.4±2.6 fractures per lesion, measuring 5.5±5.0 mm in length.

CONCLUSIONS: In patients with severe CAC who require coronary 
revascularization, IVL was safely performed with high procedural success 
and minimal complications and resulted in substantial calcific plaque 
fracture in most lesions.

CLINICAL TRIAL REGISTRATION: URL: https://www.clinicaltrials.gov. 
Unique identifier: NCT03328949.

VISUAL OVERVIEW: A visual overview is available for this article.
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Coronary artery calcification (CAC) hinders percu-
taneous coronary intervention (PCI) by impair-
ment of device crossing,1 delamination of drug 

and polymer from stents,2 alteration of elution kinetics 
and drug delivery,3 and impairment of stent apposition 
and expansion.4 High-pressure noncompliant balloon 
dilation, specialty balloons (scoring, cutting, ultra-high 
pressure), and atherectomy are techniques commonly 
used to facilitate PCI in severe CAC; however, all suffer 
from significant limitations. Noncompliant balloon dila-
tion, despite high pressures, may be of insufficient force 
to lead to calcium fracture and thus artery expansion. In 
the presence of eccentric calcium, balloon dilation may 
be biased toward noncalcified segments of the artery, 
leading to dissection at the fibrocalcific interface rather 
than modification of calcium per se. Specialty balloons, 
including scoring, cutting, and ultra-high pressure bal-
loons, may be subject to the same limitations as non-
compliant balloons with evidence of their safety and 
effectiveness limited by lack of robust trial data result-
ing in conservative recommendations for their use in 
societal guidelines.5,6 While laser atherectomy has been 
used successfully in underexpanded stents,7 reports 
of its use in native severe CAC are limited with guide-
lines suggesting it as a potential treatment option in 
moderate but not severe CAC.5 Rotational and orbital 
atherectomy, while highly effective for facilitating lesion 
crossing, may selectively ablate calcified segments of 
the artery resulting from guidewire bias,8 potentially 
leaving significant CAC unmodified within the lesion. 
Periprocedural complications including slow-flow, peri-
procedural myocardial infarction (MI), complex dissec-
tion, and perforation are also known to be significantly 

higher with atherectomy compared with balloon-based 
therapies.9–13

Intravascular lithotripsy (IVL) is a novel technique 
based on an established treatment strategy for renal 
calculi, in which multiple lithotripsy emitters mounted 
on a traditional catheter platform deliver localized pul-
satile sonic pressure waves to circumferentially modify 
vascular calcium. In the Disrupt CAD I study (Disrupt 
Coronary Artery Disease), we demonstrated the fea-
sibility of IVL to modify vascular compliance in calcific 
plaque in human coronary arteries for the first time.14 
In the Disrupt CAD II study, we evaluated the safety 
and effectiveness of IVL for vessel preparation of severe 
CAC in stenotic de novo coronary lesions before stent 
implantation and utilized optical coherence tomog-
raphy (OCT) to examine its mechanism of action and 
effectiveness.

METHODS
Study Design
Disrupt CAD II was a prospective multicenter, single-arm 
post-approval study conducted at 15 hospitals in 9 coun-
tries designed to assess the safety and performance of the 
Coronary IVL System to treat calcified, stenotic, de novo coro-
nary lesions before stenting. The study was designed by the 
principal investigators and sponsor (Shockwave Medical, Inc, 
Santa Clara, CA). The study was registered at https://www.
clinicaltrials.gov; unique identifier: NCT03328949. The data, 
analytic methods, and study materials are proprietary to 
the sponsor and at this time are not available to nonstudy 
participants.

Participants
Patients were eligible for enrollment if they had silent isch-
emia, unstable or stable angina with evidence of myocardial 
ischemia, or stabilized acute coronary syndrome without 
elevation in cardiac biomarkers. Participants were required to 
have a single target lesion requiring PCI with a diameter ste-
nosis ≥50%, lesion length ≤32 mm in native coronary arter-
ies, and severe calcification as determined by the operators, 
defined as calcification within the lesion on both sides of the 
vessel assessed by angiography. Participants were excluded if 
there was planned use of atherectomy, specialty balloons, or 
investigational coronary devices. Detailed inclusion and exclu-
sion criteria are included in Table I in the Data Supplement. 
All patients provided written informed consent before enroll-
ment. The study was conducted in accordance with the 
Declaration of Helsinki, ISO 14155, Good Clinical Practice 
guidelines, and applicable laws by all related governmental 
bodies.

Study Device
The coronary IVL catheter is a single-use, sterile, disposable 
catheter that contains multiple lithotripsy emitters enclosed 
in an integrated balloon. The emitters generate sonic pres-
sure waves in the shape of a sphere, creating a field effect to 
treat vascular calcium. The generated sonic pressure waves 

WHAT IS KNOWN
•	 Intravascular lithotripsy is a novel technology, 

based on an established treatment strategy for 
renal calculi, delivered via a traditional catheter 
used to circumferentially modify vascular calcium.

•	 The Disrupt CAD I study (Disrupt Coronary Artery 
Disease) demonstrated the feasibility of intravascu-
lar lithotripsy in humans for the first time.

WHAT THE STUDY ADDS
•	 Intravascular lithotripsy was safe, with no reported 

major dissections (types D–F), perforations, abrupt 
closure, or slow flow/no reflow.

•	 In these patients with highly complex coronary 
lesions, both in-hospital (5.8%) and 30-day (7.6%) 
major adverse cardiac events were low.

•	 Optical coherence tomography demonstrated the 
mechanism of action of intravascular lithotripsy 
to be intraplaque calcium fracture in ≈80% of 
patients.
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selectively disrupt and fracture calcium in situ, altering ves-
sel compliance while minimizing injury and maintaining the 
integrity of the fibroelastic components of the vessel wall. The 
IVL catheter is available in 2.5 to 4.0 mm diameters and 12 
mm in length. The crossing profiles of the devices were 0.043" 
for 2.5 to 2.75 mm, 0.044" for 3.0 to 3.5 mm, and 0.046" 
for 3.75 to 4.0 mm diameter balloons.15 The IVL catheter is 
introduced into the target vessel and is positioned across the 
lesion, using the marker bands as guides, to ensure the cir-
cumferential therapeutic field effect created by the emitters 
is adjacent to the calcium. The IVL catheter is connected via 
a connector cable to the generator that is preprogrammed to 
deliver 10 pulses in sequence at a frequency of 1 pulse/s for a 
maximum of 80 pulses per catheter.

Procedures
A patient was considered enrolled once IVL catheter inser-
tion was attempted. PCI was performed via femoral or radial 
access with a minimum 6F guiding catheter. The IVL catheter 
was passed across the lesion over a standard 0.014" guide-
wire. If the operator was unable to pass the IVL catheter 
across the lesion, then an adjunctive tool, that is, buddy wire, 
small balloon (1.5 mm), or guide catheter extension, was rec-
ommended before reinsertion of the IVL catheter, however, 
ultimately left to the discretion of the operator. Atherectomy 
was not permitted per protocol. The IVL balloon, sized 1:1 to 
the reference artery, was inflated to 4 atmospheres, to allow 
contact with the vessel wall but minimize static barotrauma, 
and 10 pulses were delivered followed by further dilation to 
the nominal pressure of 6 atmospheres. The IVL treatment 
was repeated providing a minimum of 10 pulses in the tar-
get lesion with interval deflation to allow for distal perfusion 
and overlap of calcified segments as needed. If the maximum 
number of pulses (80 per catheter) were delivered but lesion 
preparation was incomplete (ie, incomplete expansion of the 
balloon by angiography), further IVL catheters with the same 
or different diameter balloon could be used. In addition, dif-
ferent diameter IVL balloons could be used when significant 
vessel tapering was present throughout the target lesion. The 
number of catheters was dependent on the lesion length 
and the diameter of the vessel at each of the treated seg-
ments. Subsequent stent implantation and PCI optimization 
was performed per local standard of care at the discretion of 
the operator. Dual antiplatelet therapy and other medications 
were administered per local standard of care. Clinical follow-
up was performed by telephone at 30 days.

OCT Substudy Image Acquisition and 
Analysis
OCT was performed at selected sites using a commercially avail-
able frequency domain OCT system (ILUMIEN OPTIS, Abbott 
Vascular, Santa Clara, CA). Structures were classified according 
to established OCT reporting standards, and all angles were 
measured relative to the center of mass of the lumen.16 Calcific 
plaque was defined as low-attenuation signal with sharply 
delineated borders.16 Details of calcification quantification have 
been described previously.17 Briefly, quantitative indices of cal-
cification were evaluated and measured in each OCT frame at 
1-mm intervals. Calcium location was defined as superficial if 

the luminal leading edge of calcification was located within 
0.5 mm from the surface of plaque. Calcification angle was 
measured using a protractor centered on the lumen. If there 
were >1 calcium deposits present in a single cross-sectional 
frame, the angle was defined as the sum of the angles of each 
individual calcium deposit for that cross section. Maximum 
calcium angle was recorded for each lesion. Calcium length 
was determined by identifying the proximal and distal calcium 
edges and summed if there were multiple separate calcified 
segments. Calcium thickness was determined as the distance 
between the luminal edge of the calcium and the outer bor-
der of the deposit measured throughout the lesion with the 
maximum value per lesion recorded. Calcium volume index 
was then calculated as mean calcium angle (°) × calcium length 
(mm). Calcium fracture was identified as a new disruption/dis-
continuity in the calcium sheet identified on OCT post-IVL or 
stenting. The luminal area was measured by tracing the luminal 
border on each cross section, which after IVL included marking 
the lumen contour in continuum with the additional luminal 
border generated by the fractures, from which the acute lumi-
nal gain post-IVL was calculated. To determine the number of 
fractures per lesion, the fracture lines were traced for continuity 
frame-by-frame throughout the lesion and cross-checked with 
the longitudinal OCT image.

End Points and Data Integrity
The primary end point was in-hospital major adverse cardiac 
events (MACE) defined as cardiac death, MI, or target vessel 
revascularization. Secondary end points included clinical suc-
cess, defined as the ability of IVL to produce a residual diameter 
stenosis <50% after stenting with no evidence of in-hospital 
MACE, and angiographic success, defined as success in facili-
tating stent delivery with <50% residual stenosis and without 
serious angiographic complications (severe dissection impair-
ing flow [type D–F], perforation, abrupt closure, persistent 
slow flow, or no reflow). MACE was also assessed at 30 days. 
Periprocedural MI and spontaneous MI used the same defini-
tion (peak creatine kinase-MB >3× the upper limit of normal). 
OCT was used to evaluate the mechanism of action of IVL 
quantifying CAC characteristics and calcium plaque fracture.

Study monitors assured data accuracy and collected source 
documents for review. An independent clinical events com-
mittee adjudicated all MACEs. An independent angiographic 
core laboratory analyzed all procedural angiograms (Yale 
Cardiovascular Research Group, New Haven, CT). Calcification 
was graded as none or mild, moderate, or severe. Moderate 
coronary calcium was defined as densities noted only on one 
side of the arterial wall before contrast injection, whereas 
severe calcification was defined as radiopacities noted with-
out cardiac motion before contrast injection involving both 
sides of the arterial wall. Calcium length was measured quan-
titatively using validated software (QAngio XA [version 7.3]; 
Medis Medical Imaging System BV, Leiden, the Netherlands). 
An independent intravascular imaging core laboratory ana-
lyzed all OCT images (Cardiovascular Research Foundation, 
New York, NY), using standard quantitative methods.

Statistical Analysis
Continuous variables are described as mean±SD. Categorical 
variables are described as proportions. The paired t test was 
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used to compare continuous variables measured pre- and 
post-treatment on the same patient. Statistical analyses were 
performed using SAS (SAS Institute, Cary, NC), version 9.4 
or higher.

RESULTS
Patients and Procedures
Between May 2018 and March 2019, 120 patients were 
enrolled at 15 hospitals in 9 countries. Baseline and pro-
cedural characteristics are provided in Tables 1 and 2. 
The left anterior descending artery was the most com-
mon target vessel (62.5%). The mean reference vessel 
diameter (RVD) was 3.04±0.53 mm. The mean mini-
mum lumen diameter was 1.21±0.42 mm with a cor-
responding percent diameter stenosis on quantitative 
coronary angiography of 60.0±12.0% and mean lesion 
length of 19.5±9.8 mm. Severe calcification by angio-
graphic core laboratory analysis was present in 94.2% 
of the lesions. Calcification was extensive with a mean 
calcified length by quantitative coronary angiography 
of 25.7±12.4 mm. Lesions were concentric in 71.7% of 
cases, and 30.0% had side-branch involvement.

Procedural details are provided in Table  3. Mean 
overall procedure duration was 68.3±34.2 minutes, 
with the IVL treatment delivered over 7.9±5.2 minutes. 
The mean number of IVL catheters used per lesion was 
1.2±0.6. Predilatation to deliver the IVL balloon cath-
eters across the lesion was required in 41.7% of cases. 
The mean balloon size used for predilation was 2.2±0.6 
mm. Atherectomy was not required in any case. A mean 

of 1.3±0.6 drug-eluting stents (DES) were implanted 
per subject with postdilatation performed in 79.2% of 
patients at mean 17.4±3.8 atmospheres.

End Points
The in-hospital primary end point occurred in 5.8% of 
patients, consisting of 7 non–Q-wave MIs. Clinical suc-
cess was achieved in 94.2% of patients. All patients 
had a residual stenosis <50% after stenting. IVL cath-
eter delivery, treatment of the target lesion, and sub-
sequent stent delivery were successful in all patients. 
Representative examples of the effects of IVL are shown 
in Figure  1. The post-IVL angiographic acute luminal 
gain was 0.83±0.47 mm, and residual stenosis was 
32.7±10.4%, which further decreased to 7.8±7.1% 
after DES implantation (Table 4). Angiographic success, 

Table 3.  Procedural Details

n=120

Total procedure time, min 68.3±34.2

Fluoroscopy time, min 18.0±11.1

Contrast volume, mL 181.9±66.4

Device time, min 7.9±5.2

IVL inflation time, s 84.0±59.7

No. of IVL catheters 1.2±0.6

No. of pulses 70.7±43.4

Maximum IVL inflation pressure, atm 5.8±0.7

No. of stents used 1.3±0.6

Pre-dilatation 41.7 (50)

Post-dilatation 79.2 (95)

Values are percentage (n) or mean±SD. atm indicates atmospheres; and IVL, 
intravascular lithotripsy.

Table 1.  Baseline and Clinical Demographics

n=120

Age, y 72.1±9.8

Men 78.3 (94)

Diabetes mellitus 31.7 (38)

Hypertension 80.0 (96)

Hyperlipidemia 71.7 (86)

MI 25.8 (31)

Prior coronary artery bypass grafting 6.7 (8)

Stroke/transient ischemic attack 3.3 (4)

Current smoker 13.3 (16)

Renal insufficiency 8.3 (10)

Angina classification

 ������������������������������� Class 0 20.0 (24)

 ������������������������������� Class I 35.0 (42)

 ������������������������������� Class II 30.0 (36)

 ������������������������������� Class III 5.0 (6)

 ������������������������������� Class IV 1.7 (2)

 ������������������������������� Not assessed 8.3 (10)

Values are percentage (n) or mean±SD. MI indicates myocardial infarction.

Table 2.  Lesion Characteristics

n=120

Target vessel

 ������������������������������� Protected left main artery 0.8 (1)

 ������������������������������� Left anterior descending artery 62.5 (75)

 ������������������������������� Circumflex artery 11.7 (14)

 ������������������������������� Right coronary artery 25.0 (30)

Reference vessel diameter, mm 3.04±0.53

Minimum lumen diameter, mm 1.21±0.42

Diameter stenosis, % 60.0±12.0

Lesion length, mm 19.5±9.8

Calcified length, mm 25.7±12.4

Severe calcification 94.2 (113)

Lesion assessment

 ������������������������������� Concentric 71.7 (86)

 ������������������������������� Eccentric 28.3 (34)

Side-branch involvement 30.0 (36)

Values are percentage (n) or mean±SD.
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defined as success in facilitating stent delivery with 
<50% residual stenosis and freedom from perforation, 
slow flow, no reflow, or type D, E, or F dissection at 
any point in the procedure, was achieved in all patients. 
One type B and one type C dissection were identified 
post-stent IVL and managed conservatively.

The 30-day MACE rate was 7.6% (Table 5). There was 
1 cardiac death, 1 Q-wave MI, 7 in-hospital non–Q-wave 
MIs, and 1 target vessel revascularization during this time 

period. The cardiac death occurred in a 70-year-old male 
with history of MI, stent implantation in the left anterior 
descending artery and circumflex artery, atrial fibrillation, 
ascending aortic aneurysm, systolic dysfunction (ejection 
fraction, 45%) and multivessel disease who originally 
presented with presyncope and died suddenly 14 days 
after treatment of a 95% lesion in the distal right coro-
nary artery. The inclusion of this patient was a protocol 
deviation, as the patient met defined angiographic exclu-
sion criterion (second lesion with ≥50% stenosis in the 
same target vessel) due to occluded posterior descending 
coronary artery and reference vessel diameter >4.0 mm 
(quantitative coronary angiography, 4.57 mm). Details 
of the cardiac death, which was adjudicated as a prob-
able stent thrombosis, are included in Table II in the Data 
Supplement.

OCT Substudy Analysis
OCT was performed at 7 sites, in 48 patients before IVL 
and 47 after stenting. A comparison of patient charac-
teristics, lesion characteristics, procedural details, and 
outcomes between patients who underwent OCT and 
those who did not is included in Tables III through VII 
in the Data Supplement. Lesion length by OCT was 
29.2±9.8 mm. Vessel preparation with IVL led to an 
increase in minimal luminal area from 2.33±1.35 to 
6.10±2.17 mm2 (P<0.001) after DES implantation. The 
impact of IVL at the sites of pre-IVL minimal luminal area, 
maximum calcium site and final minimal stent area is 
shown in Table 6. IVL significantly increased lumen area 
and decreased calcium angle. Representative examples 
of the effects of IVL are shown in Figure  2. Overall 
calcium fracture was identified in 78.7% of lesions, 

Table 4.  Performance Outcomes

n=120

Clinical success 94.2 (113)

Angiographic success 100.0 (120)

Stent delivery 100.0 (120)

Final in-segment angiographic outcomes (core laboratory)

 ������������������������������� Minimum lumen diameter, mm 2.83±0.48

 ������������������������������� Residual diameter stenosis, % 9.4±7.5

 ������������������������������� Acute gain, mm 1.63±0.49

 ������������������������������� Residual diameter stenosis <50% 100.0 (120)

 ������������������������������� Residual diameter stenosis <30% 99.2 (119)

Final in-stent angiographic outcomes (core laboratory)

 ������������������������������� Minimum lumen diameter, mm 2.88±0.47

 ������������������������������� Residual diameter stenosis, % 7.8±7.1

 ������������������������������� Acute gain, mm 1.67±0.49

 ������������������������������� Residual diameter stenosis <50% 100.0 (120)

 ������������������������������� Residual diameter stenosis <30% 100.0 (120)

Values are percentage (n) or mean±SD.

Figure 1. Representative example of Shockwave Intravascular 
Lithotripsy (IVL) for lesion modification of severe coronary artery 
calcification.  
A, Angiography reveals a left anterior descending lesion with reference vessel 
diameter of 2.95 mm and 68.1% diameter stenosis by quantitative coronary 
angiography; (B) severe calcification identified by white arrows; (C) IVL was 
completed with a 3.0 mm IVL catheter; and (D) final in-stent residual stenosis 
was 8.8%.
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with multiple fractures present in 55.3% (Table  7). 
Mean fracture length was 5.5±5.0 mm with 3.4±2.6 
fractures per lesion and 1.6±0.8 fractures per frame. 
Maximum calcium thickness and angle at the fracture 
site were 0.8±0.3 mm and 224.5±70.9°. At the site of 
maximum calcification pre-IVL, mean calcium thickness 
was 0.93±0.20 mm and calcium angle 266.2±77.1°. 
After DES implantation and optimization, the acute 
gain was 4.79±2.45 mm2 and final stent expansion 
102.8±30.6%. Following IVL, the minimal luminal area 
colocalized with the site of maximal calcification in 
none of 40 lesions.

DISCUSSION
Disrupt CAD I demonstrated the feasibility of IVL as a 
new therapeutic modality for management of severe 
CAC.14 Herein, we report the results of the Disrupt CAD 
II study, demonstrating the safety and effectiveness of 
IVL for modification of these lesions. The major findings 
are as follows: (1) IVL was a feasible frontline tool for 
CAC plaque modification, with the IVL catheter cross-
ing the lesion and delivering therapy in all cases; (2) IVL 
was highly effective, facilitating delivery of stents in all 

cases and reducing stenosis in severely calcified coro-
nary arteries to a residual of <8% with an acute gain 
of 1.67 mm; (3) IVL was safe, with no reported type D 
to F dissections, perforations, abrupt closure, or slow 
flow/no reflow and 5.8% in-hospital and 7.6% 30-day 
rates of MACE in this high-risk group; and (4) the IVL 
mechanism of action was shown to be intraplaque cal-
cium fracture, thereby modifying vascular compliance 
and facilitating stent expansion.

Severe CAC is a measure of lesion complexity5 and 
is strongly associated with procedural complications and 
PCI failure.18,19 Calcification may impact PCI success in a 
number of ways. As a result of friction between DES and 
CAC proximal to the lesion, the polymer may be dam-
aged and hence contribute to target lesion failure.2 At 
the lesion itself, drug delivery from polymer to tissue may 
be impaired in the setting of severe calcification, with the 
calcification acting as a barrier to diffusion.1,19 Moreover, 

Table 5.  Clinical and Angiographic Outcomes

n=120

Final angiographic complications

 ������������������������������� Dissections, type  

  �������������������������������  None 98.3 (118)

  �������������������������������  A 0.0 (0)

  �������������������������������  B 0.8 (1)

  �������������������������������  C 0.8 (1)

  �������������������������������  D–F 0.0 (0)

 ������������������������������� Perforations 0.0 (0)

 ������������������������������� Abrupt closure 0.0 (0)

 ������������������������������� Slow flow 0.0 (0)

 ������������������������������� No reflow 0.0 (0)

MACE in hospital 5.8 (7/120)

 ������������������������������� Cardiac death 0.0 (0/120)

 ������������������������������� Non–Q-wave MI 5.8 (7/120)

 ������������������������������� Q-wave MI 0.0 (0/120)

 ������������������������������� Target vessel revascularization 0.0 (0/120)

MACE through 30 d 7.6 (9/119)

 ������������������������������� Cardiac death 0.8 (1/119)

 ������������������������������� Non–Q-wave MI 5.9 (7/119)

 ������������������������������� Q-wave MI 0.8 (1/119)

 ������������������������������� Target vessel revascularization 0.8 (1/119)

Stent thrombosis (definite or probable) 1.7 (2/119)

In total, at 30 d, there were 10 MACE in 9 subjects. One subject withdrew 
before the 30-d end point. Values are percentage (n/N). MACE indicates major 
adverse cardiac events; and MI, myocardial infarction.

Table 6.  Serial Measurements of Calcified Coronary Lesions on Optical 
Coherence Tomography

Pre-IVL Post-Stent P Value

At Pre-IVL MLA site, n 48 47  

 ������������������������������� Lumen area, mm2 2.33±1.35 6.10±2.17 <0.0001

 ��� Calcium angle, ° 175.8±96.9 127.1±97.6 [28] 0.055

 ��� Maximum calcium 
thickness, mm

0.9±0.3 0.8±0.3 [28] 0.45

 � Calcium fracture  17.9% (5/28)  

 ������������������������������� Stent area, mm2  6.06±2.20  

 ��� Stent expansion, %  79.1±21.0 [44]  

 � Acute area gain, mm2  3.99±1.72 [38]  

At pre-IVL maximum 
calcium site, n

48 38  

 ������������������������������� Lumen area, mm2 3.64±1.78 8.47±3.04 [38] <0.0001

 ������������������������������� Calcium angle, ° 266.3±77.1 215.1±69.4 <0.0001

 ������������������������������� Maximum calcium 
thickness, mm

0.93±0.2 0.89±0.2 0.004

 ��� Calcium fracture  50% (19/38)  

 ������������������������������� Stent area, mm2  7.77±2.65 [38]  

 ��� Stent expansion, %  102.8±30.6 [35]  

 ��� Acute area gain, mm2  4.79±2.45  

At final MSA site, n 48 47  

 ������������������������������� Lumen area, mm2 4.26±2.86 6.25±2.25 <0.0001

 ��� Calcium angle, ° 176.6±100.4 [23] 149.4±94.8 [30] 0.0004

 ��� Maximum calcium 
thickness, mm

1.0±0.3 [23] 0.9±0.3 [30] 0.055

 ��� Calcium fracture  23.3% (7/30)  

 ������������������������������� Stent area, mm2  5.92±2.14  

 ��� Stent expansion, %  77.6±20.5 [44]  

 ��� Acute area gain, mm2  2.52±2.03 [35]  

Values are percentage (n/N) or mean±SD (n) compared using a paired t test. 
IVL indicates intravascular lithotripsy; MLA, minimal luminal area; and MSA, 
minimal stent area.
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calcification within the lesion physically impairs stent 
expansion20—the single most important predictor of 
early stent thrombosis and restenosis after PCI.21–23 
Circumferential coronary calcification is also a predic-
tor of strut malapposition,24 which in some studies has 
been associated with acute stent thrombosis.25,26 Taken 
together, these findings highlight the need for optimal 
lesion preparation in heavily calcified lesions before PCI.

Rotational or orbital atherectomy may favorably 
modify CAC to allow delivery of interventional devices, 
but plaque modification may be limited by guidewire 
bias.4,8,27,28 The only randomized controlled trials to com-
pare rotational atherectomy to standard therapy before 
DES implantation, ROTAXUS (Rotational Atherectomy 
Prior to Taxus Stent Treatment for Complex Native 
Coronary Artery Disease) and PREPARE-CALC  (The 
Comparison of Strategies to PREPARE Severely 
CALCified Coronary Lesions Trial), failed to demon-
strate a long-term clinical benefit.9,29 While there was 
lower procedural success and greater crossover in the 
standard therapy arms, late loss was greater in the 
rotational atherectomy arm in ROTAXUS (consistent 
with the vascular healing response induced by tissue 
injury during ablation) but not in PREPARE-CALC. In 

the periprocedural period, atherectomy, including laser, 
induces arterial injury by generation of heat30 and myo-
cardial injury by microembolization of atherosclerotic 
material with or without the clinical manifestation of 
slow flow/no flow. Specialty balloons using cutting or 
scoring technologies may avoid these complications. 

Table 7.  Optical Coherence Tomography Characteristics of Calcium 
Fracture Induced by Intravascular Lithotripsy

n=47

Calcium fracture 78.7 (37/47)

 ������������������������������� 1 fracture 23.4 (11/47)

 ������������������������������� 2 fractures 17.0 (8/47)

 ������������������������������� ≥3 fractures 38.3 (18/47)

Fracture length, mm 5.5±5.0 [37]

Maximum fracture depth, mm 0.6±0.3 [37]

Maximum calcium thickness at fracture site, mm 0.8±0.3 [37]

Maximum calcium angle at fracture site, ° 224.5±70.9 [37]

Minimum calcium angle at fracture site, ° 184.8±64.8 [37]

Calcium fracture per lesion, n 3.4±2.6 [37]

Calcium fracture per frame, n 1.6±0.8 [37]

Values are percentage (n/N) or mean±SD [n].

Figure 2. Representative example of optical coherence tomography (OCT) images of Shockwave Intravascular Lithotripsy for lesion modification of 
severe coronary artery calcification.  
Top, Pre–percutaneous coronary intervention (PCI): (A) severe calcification is present on OCT in the proximal vessel. B, At the site of maximal calcification, there 
is >270° calcification with minimal thickness >1 mm and minimal luminal area of 2.95 mm2. C, Severe calcification is present on OCT in the distal vessel. Bottom, 
Post-PCI: (A) calcium fracture is identified in 2 locations (white arrows) on OCT coregistered with the pre-PCI image. B, At the site of maximal calcification, there is 
a calcium fracture (white arrow) liberating stent expansion and an acute gain of 5.83 mm2. C, At the distal vessel, calcium fracture is identified in 2 locations (white 
arrows) on OCT coregistered with the pre-PCI image.
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However, a meta-analysis of 4 randomized trials com-
paring these specialty balloons to standard balloon 
angioplasty failed to show benefits in restenosis or 
MACE, and the risks of MI and vessel perforation were 
increased in the specialty balloon group.31

Compared with atherectomy or specialty balloons, 
IVL offers several potential advantages. First, unlike 
atherectomy,32 IVL requires no specific training as the 
IVL device is delivered similar to standard catheter-based 
PCI. Second, IVL therapy is balloon based, and, there-
fore, the risk of atheromatous embolization may be 
lower than free debulking devices. Accordingly, none 
of the patients in the current study, or Disrupt CAD I, 
experienced slow-flow or no-reflow events, and the 
rate of in-hospital MI was relatively low. Third, plaque 
modification using IVL is not subject to guidewire bias; 
instead, energy is distributed uniformly across the litho-
tripsy emitter addressing calcium irrespective of its cir-
cumferential location. Fourth, unlike traditional balloon 
technology, which is dependent on static barometric 
pressure, IVL delivers circumferential ultrashort pulses 
of high-intensity acoustic energy, which, by virtue of 
its compressive and decompressive components, results 
in effective circumferential modification of calcific ath-
eroma.33 In addition, whereas standard and specialty 
balloons are inflated at high atmospheric pressure to 
modify calcium, IVL is typically performed at low atmo-
spheric pressure balloon inflation, minimizing mechani-
cal vascular trauma. Fifth, side-branch protection using 
a guidewire may be easily performed using IVL, with-
out risk of wire entrapment or severing as may occur 
with rotational or orbital atherectomy. Lastly, in the 
present study, IVL was highly effective, achieving acute 
gain (1.67±0.49 mm) and residual stenosis (7.8±7.1%) 
similar to that seen after DES of largely noncalcified 
lesions.34

In the ROTAXUS study, strategy success, defined as 
angiographic success (<20% in-stent residual stenosis 
of the target lesion in the presence of Thrombolysis in 
Myocardial Infarction [TIMI] 3 flow), without crossover 
to balloon therapy alone or stent loss, was achieved 
in 92.5% of patients treated with rotational ather-
ectomy. In-hospital and 9-month MACE were 4.2% 
and 24.2%, respectively.9 In the ORBIT II study, clinical 
success, defined by the same measures in the current 
study, was achieved in 88.9% of patients treated with 
orbital atherectomy. In-hospital MACE was 9.8%.35 The 
IVL clinical success rate of 94.2% and in-hospital MACE 
rate of 5.8%, consistent with those reported in Disrupt 
CAD I,14 were similar to that achieved in these predicate 
studies. Thus, pending long-term results from the pres-
ent and additional studies, IVL may be a new, simple-
to-use therapeutic option for many patients with severe 
CAC. However, atherectomy will remain the first-line 
therapy if there is difficulty crossing the lesion with even 
contemporary low-profile balloon catheters.

The OCT substudy identified calcium fracture as the 
predominant mechanism of action of IVL, similar to the 
results from Disrupt CAD I where we showed that the 
number of fractures was proportional to the magni-
tude of calcification.17 Calcium fracture was identified 
in 78.7% of CAC plaques, with multiple fractures in 
more than half of the lesions. Of note, following IVL, 
the minimum lumen area was never at the site of pre-
PCI maximal calcification, confirming the utility of IVL in 
modifying the compliance of severe CAC before stent 
implantation. Previous studies have identified that com-
pared with lesions without calcium fracture, those with 
fracture have improved stent expansion, reduced reste-
nosis, and reduced target lesion revascularization.36,37 
Taken together, the angiographic and OCT findings 
of the current study support the potential of this new 
technology to impact clinical outcomes.

Our study has a number of limitations. First, the pres-
ent study was nonrandomized and lacked a concurrent 
control group. Second, the secondary end point of 
clinical success, the ability of IVL to produce a residual 
diameter stenosis <50% after stenting, may be overly 
conservative in contemporary practice. While the 50% 
cutoff was chosen based on the ORBIT II study (which 
was used as the primary comparator for Disrupt CAD 
I),35 the post-PCI final residual stenosis of 7.8±7.1% 
confirms the effectiveness of IVL in facilitating stent 
expansion. Third, predilatation with a balloon catheter 
was required in 41.7% of patients to allow delivery of 
the IVL catheter. The impact of this on clinical outcomes 
deserves further study. Fourth, we defined severe cal-
cification by angiography assessment alone. Previous 
studies have shown that angiography may miss calcium 
angle >180° in 1 in 5 patients identified by intravascular 
imaging,38 although the same study found angiograph-
ically invisible calcium did not inhibit stent expansion. 
Finally, the sample size of our study was small, and 
long-term follow-up has not been completed.

In conclusion, in patients with severe CAC who 
require revascularization, IVL before stent implantation 
was performed safely with a low rate of complications 
and with high procedural success.
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