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Introduction

In patients with peripheral artery disease (PAD), the pres-
ence of calcification indicates a worse prognosis and 
remains a challenge for even the most experienced endo-
vascular interventionists.1 Intra-arterial calcium is associ-
ated with higher rates of acute angiographic complications 
such as dissections, perforations, slow or no reflow, distal 
embolization, and/or recoil.2–5 Heavily calcified arteries 
may be difficult to dilate with conventional balloon angio-
plasty (BA) and often require mechanical debulking and/or 
modification of the plaque with focal-force balloons or ather-
ectomy. Despite advancements in calcium modification 

techniques, limitations remain in the ability to treat calci-
fied lesions. High pressure balloon angioplasty may be of 
insufficient force to effectively modify the entire calcified 
lesion. Rotational and orbital atherectomy are able to 
achieve acute gain by affecting the superficial calcium but 
medial calcium is not affected.6

Intravascular lithotripsy (IVL) is a novel calcium modi-
fication tool that uses sonic pressure waves to modify both 
intimal and medial calcium. Similar to urologic lithotripsy, 
the sonic pressure waves pass harmlessly through the soft 
tissue and fracture the calcium, minimizing risk to the non-
calcified portions of the vessel. While IVL has been stud-
ied as a standalone treatment, demonstrating safety and 
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Abstract
Purpose: To evaluate the performance of peripheral intravascular lithotripsy (IVL) in a real-world setting during 
endovascular treatment of multilevel calcified peripheral artery disease (PAD). Materials and Methods: The Disrupt 
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threatening ischemia and moderate or severe arterial calcification. Between November 2017 and August 2018, 200 patients 
(mean age 72.5±8.7 years; 148 men) were enrolled across 18 sites and followed through hospital discharge. Results: In 
the 220 target lesions, IVL was more commonly used in combination with other balloon-based technologies (53.8%) and 
less often with concomitant atherectomy or stenting (19.8% and 29.9%, respectively). There was a 3.4-mm average acute 
gain at the end of procedure; the final mean residual stenosis was 23.6%. Angiographic complications were rare, with only 
2 type D dissections and a single perforation following drug-coated balloon inflation (unrelated to the IVL procedure). 
There was no abrupt closure, distal embolization, no reflow, or thrombotic event. Conclusion: Use of peripheral IVL to 
treat severely calcified, stenotic PAD in a real-world study demonstrated low residual stenosis, high acute gain, and a low 
rate of complications despite the complexity of disease.
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effectiveness,7–9 the use of IVL in the real-world setting has 
not been reported.

The aim of this first report from the Disrupt PAD III 
Observational Study was to evaluate the safety and efficacy 
of peripheral IVL in combination with adjunctive devices in 
an all-comers cohort of patients with calcified lower limb 
PAD.

Materials and Methods

Study Device

The Peripheral IVL System (Shockwave Medical, Fremont, 
CA, USA) is indicated for lithotripsy-enhanced, low-pres-
sure balloon dilation of calcified, stenotic peripheral arter-
ies. The system consists of a generator, a connector cable, 
and an IVL catheter that houses an array of lithotripsy emit-
ters enclosed in an integrated balloon. Peripheral IVL cath-
eters utilized in this initial analysis were 60 mm in length 
and ranged in diameter from 3.5 to 7.0 mm in 0.5-mm incre-
ments. IVL catheter selection is based on sizing, with the 
IVL catheter diameter being 1.1:1 to the reference vessel 
diameter (RVD). Once a calcified arterial lesion is crossed 
with a 0.014-inch guidewire, the IVL catheter is advanced 
across the lesion and positioned using radiopaque marker 
bands. The integrated balloon is expanded to 4 atm using a 
mixed saline and contrast solution to achieve balloon–
vessel wall apposition (the low pressure decreases the risk 
of barotrauma). The generator is activated, producing 3 kV 
of energy that travels through the connector cable and cath-
eter to the lithotripsy emitters at 1 pulse per second to 
vaporize the fluid within the balloon and create a rapidly 
expanding bubble. A series of sonic pressure waves travel 
through the fluid-filled balloon and pass through soft vascu-
lar tissue, selectively cracking the hardened intimal and/or 
medial calcified plaque. The emitters positioned along the 
length of the device create a localized field effect within the 
vessel. Lithotripsy is administered in 30-pulse increments. 
Following calcium disruption, the balloon is then inflated to 

nominal pressure (6 atm) to maximize lumen gain. This 
cycle is then repeated as often as needed until the desired 
diameter is obtained. The IVL catheter can then be moved 
to other lesion locations to deliver up to 180 total pulses per 
catheter. Additional catheters can be utilized in a target 
lesion. There is no set minimum or maximum number of 
pulses delivered to a given area.

Study Design and Patient Enrollment

The Disrupt PAD III Observational Study is a prospective, 
nonrandomized, multicenter, single-arm study designed to 
assess the acute safety and effectiveness of the Shockwave 
Peripheral IVL System in combination with adjunctive 
devices in patients being treated for calcified lower limb 
lesions. Patients were eligible for enrollment if they had 
claudication or chronic limb-threatening ischemia (CLTI; 
defined as Rutherford category 4–6) and at least moderate 
calcification associated with de novo or restenotic stenoses 
in the iliofemoral, femoropopliteal, or infrapopliteal arter-
ies. The threshold for moderate calcification was defined as 
fluoroscopic evidence of calcification on parallel sides of 
the vessel extending ≥50% of the lesion length in lesions 
≥50 mm long or extending a minimum of 20 mm if the 
lesion length was <50 mm. A patient was considered 
enrolled once the IVL catheter insertion was attempted.

The study was conducted in accordance with the 
Declaration of Helsinki, ISO 14155:2011 guidelines, 
and Good Clinical Practices. An independent angio-
graphic core laboratory (Yale Cardiovascular Research 
Group, New Haven, CT, USA) analyzed all angiograms; 
calcifications were graded by the laboratory using the 
Peripheral Academic Research Consortium (PARC) crite-
ria (Figure 1).7 The ethics committee or institutional 
review board of each site approved the study protocol 
and informed consent form, which was signed by all 
patients prior to study enrollment. The study was regis-
tered on the National Institutes of Health website 
(ClinicalTrials.gov; identifier NCT02923193).
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Study Procedures

All investigators were trained in the use of the Peripheral 
IVL System. Adjunctive technologies, including drug-elu-
tion therapy, atherectomy, and stenting, were allowed per 
physician discretion to optimize treatment and outcomes. 
Vascular access, anticoagulation, introduction of guide-
wires, and catheter use were conducted according to each 
institution’s standard of care for endovascular procedures. 
Final angiography (including runoff views) was performed 
to assess the final procedure result.

Patient Population

Between November 2017 and August 2018, the first 200 
patients were enrolled across 18 sites in the United States 
(n=16) and Europe and are the subject of this initial analy-
sis. Baseline characteristics represent a complex patient 
population with risk factors for calcification, including 
increased age, diabetes, and renal insufficiency. Patients 
were being treated for CLTI in 30.1% of the cases. A total 
of 220 calcified lesions were treated with IVL in the iliac 
artery (14.8%), common femoral artery (CFA; 12.5%), 
superficial femoral artery (SFA; 56.0%), popliteal artery 
(14.4%), and infrapopliteal vessels (2.3%); nearly one-
third (32.9%) were chronic total occlusions. Infrapopliteal 
lesions were not included in this analysis due to the small 
number. Baseline patient and lesion characteristics are 
summarized in Table 1.

Statistical Analysis

No formal hypothesis testing was performed. Continuous 
variables are expressed as mean ± standard deviation and 
range. Categorical variables are described as the percentage.

Results

Procedural Details and Acute Outcomes

All 200 patients had successful IVL catheter delivery and 
received lithotripsy treatment with a mean 205.3±122.4 
pulses. As shown in Table 2, the use of IVL with other bal-
loon-based technologies (ie, conventional, drug-coated, and 
specialty balloons) was more common (53.8%) than IVL 
being utilized with atherectomy and/or stents (19.8% and 
29.9%, respectively). The use of drug-coated balloons 
(DCBs) accounted for the majority of adjunctive therapy 
(77.7%), with BA being utilized 48.7% of the time, likely 
for pre- or postdilation; specialty balloon use was in a 
minority of procedures (6.1%). The use of adjunctive ther-
apy varied across vessel beds (Figure 2). For calcified iliac 
artery lesions, IVL was primarily used as a preparation tool 
prior to deployment of various types of stents (Table 2). 
Embolic protection filters were used in 16.2% of total cases, 
more frequently with concomitant atherectomy (71.8%) 
than without atherectomy (2.5%).

Final results and angiographic complications are sum-
marized in Table 3. The average acute gain at the end of the 

Figure 1. Example of core laboratory angiographic assessment of a treated lesion. DS, diameter stenosis; IVL, intravascular 
lithotripsy; PARC, Peripheral Academic Research Consortium; RVD, reference vessel diameter.
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procedure was 3.4±1.2 mm. The final mean residual ste-
nosis was 23.6%±9.7% and was consistently <30% 
across all lesion types, with the majority of reduction in 
stenosis occurring following IVL treatment as demon-
strated in Figure 3. A representative case is shown in 
Figure 4.

Angiographic complications included 2 type D dissec-
tions and a single perforation that occurred after DCB use 
unrelated to the IVL procedure. There were no instances of 
abrupt closure, no reflow, distal embolization, or throm-
botic events. There was no clinically meaningful difference 
in outcomes between concentric and eccentric calcified 
lesions, including residual stenosis (23.7%±10.1% vs 

23.0%±6.8%), acute gain (3.5±1.2 vs 3.2±1.2 mm), or 
flow-limiting dissections (1.4% vs 0%).

Discussion

To our knowledge, this initial analysis from the Disrupt 
PAD III Observational Study represents the largest real-
world clinical experience with IVL used for the treatment 
of severely calcified lesions in lower limb PAD. Since the 
Disrupt PAD I and II trials reported the initial IVL experi-
ence in a controlled trial setting, the aim of this first report 
was to understand the acute safety and effectiveness of IVL 
therapy in the everyday practice setting with no restriction 
on adjunctive therapy use. Based on this initial assessment, 
IVL safety and effectiveness in the real-world setting was 
consistent with outcomes reported in the smaller controlled 
Disrupt PAD I, PAD II, and below-the-knee clinical 
studies.8–10 IVL treatment resulted in good clinical out-
comes despite the inclusion of additional vessel beds, 
complex lesions, and adjunctive technologies.

The all-comer design of the Disrupt PAD III Observational 
Study included iliac, CFA, and infrapopliteal lesions, all of 
which were excluded from the Disrupt PAD I and II studies 
(Figure 5A). The current study also included patients with 
a greater proportion of long lesions, CTOs, and CLTI 
(Figure 5B). Notably, this analysis represents the initial 

Table 1. Baseline Characteristics of the 200 Patients in the 
Study.a

Age, y 72.5±8.7
Men 148/200 (74.0)
Diabetes 100/198 (50.5)
Hypertension 189/198 (95.5)
Hyperlipidemia 171/198 (86.4)
Current smoker 42/197 (21.3)
Coronary artery disease 133/197 (67.5)
Renal insufficiency 35/197 (17.8)
Dialysis 9/198 (4.5)
ABI 0.7±0.3
Rutherford category
 2 19/193 (9.8)
 3 116/193 (60.1)
 4 21/193 (10.9)
 5 32/193 (16.6)
 6 5/193 (2.6)
Lesions/patientb 1.1±0.3
Lesion locationb

 Iliac 32/216 (14.8)
 CFA 27/216 (12.5)
 SFA 121/216 (56.0)
 Popliteal 31/216 (14.4)
 Infrapopliteal 5/216 (2.3)
Lesion length,b mm 103.4±71.9
Calcified length,b mm 140.9±89.6
CTOb 71/216 (32.9)
RVD,b mm 5.7±1.6
Diameter stenosisb 80.8±17.9
Severe calcificationb,c 169/217 (77.9)
Eccentric calcificationb 31/217 (14.3)

Abbreviations: ABI, ankle-brachial index; CFA, common femoral artery; 
CTO, chronic total occlusion; RVD, reference vessel diameter; SFA, 
superficial femoral artery.
aContinuous data are presented as the mean ± standard deviation; 
categorical data are given as the number/sample (percentage).
bAdjudicated by the core laboratory.
cSevere calcification defined by the Peripheral Academic Research 
Consortium criteria as ≥180° calcification or both sides of the vessel 
and greater than one-half of the total lesion length.

Table 2. Characteristics of the 200 Procedures.a

Predilation 61/197 (31.0)
Postdilation 100/197 (50.8)
Successful IVL delivery, % 100
IVL pulses 205.3±122.4
Adjunctive technology
 Balloon angioplasty 96/197 (48.7)
 Drug-coated balloon 153/197 (77.7)
 Stent 59/197 (29.9)
 Atherectomy 39/197 (19.8)
 Specialty balloon 12/197 (6.1)
 Balloon onlyb 106/197 (53.8)
Embolic protection 32/198 (16.2)
 With atherectomy 28/39 (71.8)
 Without atherectomy 4/159 (2.5)
Iliac stent use
 None 7/32 (21.9)
 Stent placed per lesionc 25/32 (78.1)
  Covered 10/32 (31.3)
  Bare metal 14/32 (43.8)
  Drug-eluting 2/32 (6.3)

Abbreviation: IVL: intravascular lithotripsy.
aContinuous data are presented as the mean ± standard deviation; 
categorical data are given as the number/sample (percentage).
bBalloon-based technology refers to conventional, drug-coated, or 
specialty balloons.
cTwo stents were placed in a single lesion.
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experience of nearly all of the investigators participating in 
the study. Since access to IVL was limited to Europe and 
New Zealand in the Disrupt PAD I and II trials, the Disrupt 
PAD III study represents the initial experience with IVL in 
the United States.

Transition from the controlled clinical study environ-
ment to expanded use of IVL in everyday practice with 
highly complex lesions and operators new to IVL therapy 
resulted in acute effectiveness and safety outcomes that 
were consistent with previous studies. In these subjects 

typically excluded from contemporary peripheral studies 
due to the large calcium burden, IVL treatment resulted in a 
large acute gain and low residual stenosis across all lesions. 
Vascular complication rates were rare in this all-comers 
cohort, consisting of only 2 flow-limiting dissections and a 
perforation that was attributed to an adjunctive therapy.

In contrast to Disrupt PAD I and II, the unrestricted use 
of adjunctive therapies the Disrupt PAD III cohort provided 
new insight into the incorporation of IVL into broader clini-
cal practice. Over three-quarters of patients were treated 
with DCBs following IVL treatment. This initial cohort was 
enrolled prior to the release of the meta-analysis that sig-
naled an increase in mortality following paclitaxel DCB 
usage in the femoropopliteal arteries.11 It will be interesting 
to see if the rate of DCB utilization remains high in the full 
cohort given this is a high-risk patient group where benefits 
may outweigh the long-term risks.

Atherectomy was safely used in combination with IVL 
in a fifth of the procedures in this study, with the highest 
utilization observed in the SFA, followed by the CFA and 
popliteal arteries. There was no atherectomy performed in 
the iliac arteries. While IVL effectively modifies arterial 
calcium through sonic pressure waves delivered spherically 
outward from the center of the balloon, atherectomy devices 
are designed to mechanically debulk and are limited to 
superficial calcium and susceptible to wire bias. A potential 
synergy exists when utilizing IVL in conjunction with 
atherectomy in that atherectomy may be able to facilitate 
IVL catheter target lesion crossing, if necessary, allowing 
IVL to treat areas of medial calcification or areas of angula-
tion or bifurcation in which atherectomy may not be effec-
tive or have a greater risk of complications. This approach 

Figure 2. Adjunctive therapy utilization across multiple vessels.

Table 3. Final Results of the 200 Procedures.a,b

Diameter stenosis 23.6±9.7
 Concentric lesions 23.7±10.1
 Eccentric lesions 23.0±6.8
Acute gain, mm 3.4±1.2
 Concentric lesions 3.5±1.2
 Eccentric lesions 3.2±1.2
Dissection, type D/E/F 2/187c (1.1)
 Concentric lesions 2/162 (1.4)
 Eccentric lesions 0
Perforation 1/187d (0.5)
Distal embolization 0
Thrombus 0
No reflow 0
Abrupt closure 0

aContinuous data are presented as the mean ± standard deviation; 
categorical data are given as the number/sample (percentage).
bAdjudicated by the core laboratory.
cType D concentric superficial femoral artery lesions.
dFollowing drug-coated balloon inflation, unrelated to intravascular 
lithotripsy.
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has previously been reported in the coronary IVL literature 
with rotational atherectomy.12–14 It is also possible that for 
experienced operators, atherectomy was used to debulk 
superficial calcium while IVL was utilized for medial 

calcification modification. Only 4 sites accounted for 82% 
of the atherectomy cases, suggesting that operators at these 
institutions may currently use atherectomy as a first-line 
therapy. Additionally, as hospital economics are of concern, 

Figure 4. (A) Severe concentric calcification of a left superficial femoral artery (SFA) with 94.3% stenosis [reference vessel diameter 
(RVD) 4.95 mm]. (B) The lesion was treated with 180 pulses from a 6.5-mm intravascular lithotripsy (IVL) catheter, followed by drug-
coated balloon (DCB) angioplasty. (C) The treatment achieved a 24.9% residual stenosis and 3.83-mm acute gain. (D) Severe eccentric 
calcification of a left SFA with an 88.7% ostial stenosis (RVD 6.83 mm) a second 80.4% mid SFA lesion (RVD 5.88 mm). (E) The lesions 
were treated with 210 pulses from a 7.0-mm IVL catheter, followed by DCB angioplasty. (F) Treatment achieved a 17.3% residual 
stenosis in the ostial SFA (4.91-mm acute gain) and a 19.3% residual stenosis (3.49-mm acute gain) in the mid-vessel lesion.

Figure 3. Baseline and residual stenosis across subgroups.
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atherectomy plus IVL may have been utilized to optimize 
outcomes and reimbursement.

Interestingly, embolic protection filter use in this study 
was higher than previously reported in peripheral IVL 
studies.8–10,15 However, filter deployment appeared to be 
used primarily in the setting of concomitant atherectomy 
use whereas embolic filters were only utilized in <3% of 
cases when IVL was not used with atherectomy. Since this 
cohort represents the initial investigator experience with 
IVL, embolic filters may have been utilized out of an abun-
dance of caution. However, regardless of the presence or 
absence of an embolic filter, there were no reports of distal 
embolization, no reflow, or abrupt closure in this study.

IVL utilizes a unique mechanism of action that does not 
rely on high-pressure balloon dilation to crack calcium but 
instead utilizes sonic pressure waves. These sonic pressure 
waves effectively fracture both intimal and medial calcifi-
cation, improving vessel compliance and allowing safer and 
more effective modification of vascular calcium. The 
acoustic waves pass through soft tissue, leaving the inner 
elastic lamina intact, and attenuate toward the hard calcium. 
The fractured or compressed calcium remains confined 
within the vessel lining. Given the mechanism of action and 

the reported safety and effectiveness of IVL, successful use 
of IVL for calcium modification has facilitated other proce-
dures, including transfemoral passage of large-bore aortic 
valve delivery systems16,17 and stent placement in calcified 
carotid arteries,18 as well as treatment of stent underexpan-
sion due to severe coronary calcification.19–21

Limitations

First, the Disrupt PAD III Observational Study is a single-
arm study without a control group and thus no definitive 
comparisons can be made to other interventions regarding 
safety and effectiveness. While the purpose of the observa-
tional study was to assess acute outcomes following IVL 
treatment in the real-world setting, the Disrupt PAD III ran-
domized controlled trial will directly assess safety and 
effectiveness outcomes in IVL plus DCB compared with 
BA plus DCB. Second, by design, only acute procedure 
results are reported in this study. The PAD III randomized 
controlled trial will follow subjects through 2 years, which 
will provide data on the longer-term safety and effective-
ness of IVL. Third, the infrapopliteal lesions treated in this 
cohort were too few to analyze. During early enrollment in 
the observational study, there was limited commercial 
availability of the S4 IVL catheter sized for use in infrapop-
liteal lesions. Thus, data availability was limited for this 
lesion subset. However, the PAD III Observational Study 
has recently been expanded to 1500 subjects with a mini-
mum of 200 patients treated with the S4 IVL catheter. This 
allowance should ensure a robust infrapopliteal lesion 
cohort for evaluation.

Conclusion

This analysis of the PAD III Observational Study represents 
the largest report of IVL utilization in daily clinical prac-
tice. The use of peripheral IVL to treat severely calcified 
stenotic lower limb lesions continued to demonstrate con-
sistent acute safety and effectiveness outcomes comparable 
to prior IVL controlled trials. These consistent results were 
achieved even though this cohort included the initial IVL 
experience in the United States, additional vessel beds not 
studied in prior IVL trials, and highly complex lesions and 
adjunctive therapies.

Authors’ Note

A portion of this dataset was presented at the Charing Cross 
Symposium (April 15–18, 2019; London, UK).
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