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Abstract
Objective: DISRUPT PAD II was designed to evaluate the safety and performance of intravascu-

lar lithotripsy (IVL), a novel approach using pulsatile sonic pressure waves, to modify intimal and

medial calcium in stenotic peripheral arteries.

Background: Vascular calcification restricts vessel expansion, increases the risk of vascular com-

plications, and may impair the effect of anti-proliferative therapy.

Methods: Disrupt PAD II was a non-randomized, multi-center study that enrolled 60 subjects

with complex, calcified peripheral arterial stenosis at eight sites. Patients were treated with IVL

and followed to 12-months. The primary safety endpoint was major adverse events (MAE)

through 30 days. The primary effectiveness endpoint was patency at 12 months as adjudicated

by duplex ultrasonography (DUS). Key secondary endpoints included acute procedure success,

freedom from re-intervention, and functional outcomes.

Results: Between June 2015 and December 2015, subjects with moderate or severe calcified

arterial lesions were enrolled. The final residual stenosis was 24.2%, with an average acute gain

of 3.0 mm. The 30-day MAE rate was 1.7% with one grade D dissection that resolved following

stent placement. Primary patency at 12 months was 54.5%, and clinically driven TLR at

12 months was 20.7%. Optimal IVL technique defined by correct balloon sizing and avoiding

therapeutic miss, improved 12-month primary patency and TLR outcomes to 62.9% and 8.6%,

respectively.

Conclusions: IVL demonstrated compelling safety with minimal vessel injury, and minimal use of

adjunctive stents in a complex, difficult to treat population.
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1 | INTRODUCTION

Calcified, femoropopliteal peripheral artery disease (PAD) adds to

lesion complexity and represents a significant portion (21.0%) of

revascularization procedures, frequently requiring a significant num-

ber of interventional devices to ensure long-term primary patency.1

Risk factors associated with vascular calcification include advanced

age, diabetes mellitus, and chronic kidney disease.2,3 Calcification

restricts vessel expansion resulting in higher residual stenosis and

lower procedural effectiveness and durability. Calcification may also

impair the antiproliferative effect of drug coated balloons (DCB) by

likely acting as a physical barrier to drug penetration itself.4,5 In addi-

tion, calcification increases the risk of vascular complications following

treatment including dissection, perforation, distal embolization, and
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restenosis after percutaneous transluminal angioplasty (PTA) or

stenting.6–10 As a result, patients with severe calcification are usually

excluded from contemporary peripheral arterial clinical trials.11–14

Atherectomy has been studied as a treatment option for calcified

PAD in single-arm studies, primarily with acute results being reported.

These studies have reported a reduction in final residual stenosis and

reduced bail-out stenting. However, vascular complications including

perforation and distal embolization remain an ongoing clinical

concern.15–17

The first use of Intravascular Lithotripsy (IVL) in femoropopliteal

arteries for modification of calcified plaque was recently described.18

IVL leverages similar principles to urologic lithotripsy, which is

an accepted safe and effective treatment of renal calculi.

Electrohydraulic-generated sonic pressure waves pass through soft

tissue and interact strongly with high-density calcium, producing sig-

nificant shear stresses that fracture calcium. IVL is designed to modify

both intimal and medial calcium across a wide range of vascular appli-

cations to increase vessel compliance, restore vessel mobility, and pro-

vide new versatile treatment options for patients. The Disrupt PAD II

Study was designed to evaluate the safety and effectiveness of local-

ized lithotripsy therapy of calcified obstructive femoropopliteal lesions

using the Shockwave Medical Peripheral IVL System up to 12-month

follow-up.

2 | MATERIALS AND METHODS

2.1 | Study design and patient enrollment

The Disrupt PAD II study was a prospective, non-randomized, multi-

center study conducted to assess the safety and effectiveness of the

Shockwave Peripheral IVL System for the treatment of calcified, ste-

notic, peripheral arteries. Patients were eligible for enrollment if they

had claudication or rest pain, defined as Rutherford classification of

2–4, diameter stenosis ≥70%, target zone length ≤150 mm, reference

vessel diameter of 3.5–7.0 mm, a minimum of one vessel run-off, and

calcification as determined by the operators, that was on parallel sides

of the vessel and ≥50% the lesion length.

The Ethics Committee for each site approved the study protocol

and informed consent form, which was signed by all patients prior to

study enrolment. The study was conducted in accordance with the

Declaration of Helsinki, ISO 14155:2011 Guidelines, and Good Clini-

cal Practices. An independent angiographic core laboratory analyzed

all procedural angiograms using standard methods (Yale Cardiovascu-

lar Research Group, New Haven, CT, USA). Calcification was defined

by the core lab as the presence of calcium on one (moderate) or both

sides (severe) of the arterial wall. As calcification burden is defined dif-

ferently across trials, a post hoc analysis using the PARC criteria was

done by the core lab utilizing the prospectively collected angio-

grams.19 An independent clinical events committee (CEC) adjudicated

all major adverse events (MAE) and TLR (Yale Cardiovascular Research

Group, New Haven, CT, USA). The study was registered on the

National Institutes of Health website (ClinicalTrials.gov; identifier

NCT02369848).

2.2 | Device description

The Shockwave Peripheral IVL system consists of a generator, a connec-

tor cable, and a single-use sterile disposable catheter that contains multi-

ple lithotripsy emitters enclosed in an integrated balloon. The emitters

positioned along the length of the balloon create a localized field effect

via sonic pressure waves that selectively disrupt and fracture calcium in

situ, altering vessel compliance, while minimizing injury and maintaining

the integrity of the fibro-elastic components of the vessel wall

(Supporting Information Figure, online only). The peripheral IVL System

is indicated for lithotripsy-enhanced, low-pressure balloon dilatation of

calcified, stenotic peripheral arteries in patients who are candidates for

percutaneous therapy. The IVL device is available in eight sizes: diameter

range of 3.5–7.0 mm in half millimeter increments all 60 mm in length.

2.3 | Study procedures

A patient was considered enrolled once the IVL catheter insertion was

attempted. The IVL catheter diameter was sized 1:1 to the reference

vessel diameter, the IVL balloon was inflated sub-nominally to 4 atm to

ensure apposition to the arterial wall, and 30 pulses were delivered.

Following lithotripsy, the IVL balloon was inflated nominally to 6 atm to

match the reference vessel diameter. Additional lithotripsy pulses could

be delivered to a target lesion using angiographic guidance to obtain an

optimal reduction in diameter stenosis. Pre-dilatation with a small diam-

eter, standard PTA catheter was allowed in the event the IVL catheter

could not cross the lesion. Post-dilatation was allowed to ensure an

optimal result, and provisional stenting was allowed to address severe

dissection or high-grade residual stenosis. No drug-elution technologies

including drug-coated balloon (DCB) or drug-eluting stent (DES) were

allowed in the study protocol. Final angiography, including runoff views

was performed to assess the final procedural result.

2.4 | Endpoints

The primary performance endpoint was target lesion patency at

12 months defined as freedom from ≥50% restenosis by DUS as adju-

dicated by an independent duplex ultrasonography core laboratory

(VasCore, Massachusetts General Hospital, Boston, MA). The standard

primary patency composite endpoint, as recommended by the PARC

Consortium, was added during the course of the study to align with

contemporary peripheral endovascular clinical study outcomes. Pri-

mary patency was defined as freedom from clinically-driven TLR and

freedom from ≥50% restenosis as determined by DUS. The primary

safety endpoint was MAE through 30 days defined as emergency sur-

gical revascularization of the target limb, unplanned target limb major

amputation, symptomatic thrombus or distal emboli, and perforations

or Grade D or greater dissections requiring an intervention.

Secondary endpoints included acute procedural success, safety,

effectiveness and functional outcomes. Acute procedural success was

defined as the ability of the IVL catheter to achieve a post-IVL residual

stenosis of <50%. The secondary safety endpoint was freedom from

MAEs at 12 months. Secondary effectiveness outcomes included tar-

get lesion patency at 30 days and 6 months, and TLR at 12 months.

Functional outcomes included improvement in ankle-brachial index (ABI)

and Rutherford Classification at 30 days, 6 months, and 12 months.
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2.5 | Statistics

The study was designed to enroll 60 subjects to provide benchmark

estimates of the primary and secondary endpoints. No formal hypoth-

esis testing was used to derive the sample size. The mean and 95%

confidence intervals were reported for MAE at 30 days and for target

lesion patency at 12 months. Categorical data were summarized using

frequency tables, presenting the subject counts and percentages. Con-

tinuous variables were summarized by the mean, standard deviation,

median, minimum and maximum. All analyses were intention-to-treat.

Statistical analyses were carried out using SAS (SAS Institute, Cary,

NC) version 9.2 or higher.

3 | RESULTS

3.1 | Enrollment and baseline characteristics

Between June 2015 and December 2015, a total of 60 subjects were

enrolled at eight clinical sites in Austria, Germany and New Zealand.

Baseline characteristics represent a complex patient population with

marked lesion calcification and are summarized in Table 1. The aver-

age lesion length was 76.9 mm, 26.7% of the lesions were in the

popliteal artery and 16.7% represented chronic total occlusions. Cal-

cium burden was significant with severe calcification involving both

sides of the arterial wall seen by the core lab in 50% of the subjects,

with an average length of calcium of 98.1 mm. Calcium length was

determined by the proximal and distal calcium edges which may

exceed the length of the targeted lesion. Severe calcification by the

PARC definition was identified in 85.0% of subjects.19

3.2 | Procedural outcomes

All 60 subjects had successful IVL catheter delivery and received litho-

tripsy treatment. The mean number of pulses was 136, at a mean IVL

inflation pressure of 6.5 atm. (Table 2) Adjunctive therapies were

infrequent, including 13.3% pre-dilatation, 3.3% post-dilatation, 3.3%

embolic protection filters, and stent placement in only one subject

(1.7%). The final residual stenosis was 24.2%, with an average acute

gain of 3.0 mm. Angiographic complications included a single grade D

dissection that was guidewire induced through recanalization of a

CTO which was resolved with stent placement; there was no abrupt

closure, no-reflow, distal embolization, or perforation events. Angio-

graphic results are summarized in Table 2.

3.3 | Effectiveness outcomes

The primary performance endpoint of target lesion patency by

DUS was 69.8% at 12 months. Primary patency at 12 months,

defined as freedom from clinically-driven TLR and from ≥50%

TABLE 1 Baseline characteristics

Clinical characteristics N = 60

Age, years, mean � SD 71.5 � 8.3

Male gender, % (n) 78.3% (47)

Diabetes, % (n) 56.7% (34)

Hypertension, % (n) 96.7% (58)

Hyperlipidemia, % (n) 80.0% (48)

Renal insufficiency, % (n) 28.3% (17)

Coronary artery disease, % (n) 51.7% (31)

Current or former smoker, % (n) 81.7% (49)

Rutherford class, % (n)
RC 2
RC 3
RC 4

30% (18)
70% (42)
0% (0)

Pre-angiographic characteristics

SFA, % (n)
Popliteal, % (n)

73.3% (44)
26.7% (24)

Reference vessel diameter, mm, mean � SD 5.4 � 0.8

Mean luminal diameter, mm, mean � SD 1.1 � 0.7

Diameter stenosis, %, mean � SD 78.2 � 13.5

CTO, % (n) 16.7% (10)

Lesion length, mm, mean � SD 76.9 � 34.8

Calcified length, mm, mean � SD 98.1 � 41.7

Calcification by original core lab definitiona, % (n)
Moderate
Severe

48.3% (29)
50.0% (30)

Calcification by PARC definitionb, % (n)
Moderate
Severe

8.3% (5)
85.0% (51)

a Moderate defined as densities noted only prior to contrast injection, and
severe as radiopacities noted prior to contrast injection generally involv-
ing both sides of the arterial wall.

b Moderate defined as ≥180 (both sides of vessel at same location) and
less than one-half of the total lesion length, and severe defined as ≥180
both sides of the vessel at the same location) and greater than one-half
of the total lesion length.

TABLE 2 Procedural outcomes

Procedural details N = 60

Procedure duration, minutes, mean � SD 71.1 � 32.2

Fluoroscopy time, minutes, mean � SD 14.9 � 11.6

Contrast, ml, mean � SD 106.8 � 44.2

Embolic protection device, % (n) 3.3% (2)

Pre-dilatation, % (n) 13.3% (8)

Successful IVL delivery, % (n) 100% (60)

IVL pulses, mean � SD 136 � 75.0

Mean pressure, mmHg, mean � SD 6.5 � 1.5

Post-dilatation, % (n) 3.3% (2)

Stents, % (n) 1.7% (1)

Post-angiographic characteristics

Mean luminal diameter, mm, mean � SD 4.2 � 0.6

Diameter stenosis, %, mean � SD 24.2 � 5.7

Acute gain, mm, mean � SD 3.0 � 0.8

Dissection, % (n)
None
A
B
C
D

86.7% (51)
0.0%
6.7% (4)
6.7% (4)
1.7% (1)

Perforation, % (n) 0% (0)

Distal embolization, % (n) 0% (0)

Thrombus, % (n) 0% (0)

No reflow, % (n) 0% (0)

Abrupt closure, % (n) 0% (0)
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stenosis by duplex ultrasound, was 54.5%, and clinically-driven

TLR at 12 months was 20.7%. Twelve patients underwent a per-

cutaneous target lesion resvascularization within the 12-month

follow-up. The core lab assessed the patterns of restenosis, and

identified two as focal, eight as diffuse, and two complete occlu-

sions. All TLR's were performed via an endovascular approach

(Table 3).

3.4 | Safety outcomes

The MAE rate at 30 days was 1.7%. There were no emergency surgi-

cal revascularizations, unplanned target limb amputations, symptom-

atic thrombus or embolization, or perforations. No additional MAEs

occurred beyond 30 days. There was one death during the study,

adjudicated as cardiac related, and not related to the study device or

procedure by the CEC (Table 3).

TABLE 3 Results

30 days 6 months 12 months

Performance results

Target lesion patencya 100% (56/56) 72.7% (40/55) 69.8% (30/43)

Freedom from TLRb 100% (58/58) 98.3% (57/58) 79.3% (46/58)

Primary patencyc 100% (56/56) 71.4% (40/56) 54.5% (30/55)

Safety resultsc

Major adverse events (MAE) 1.7% (1/59) 1.7% (1/58) 1.8% (1/57)

Emergency surgical revascularization of target limb 0% (0/59) 0% (0/58) 0% (0/57)

Unplanned target limb amputation 0% (0/59) 0% (0/58) 0% (0/57)

Symptomatic thrombus or emboli 0% (0/59) 0% (0/58) 0% (0/57)

Perforations or Gr D dissections w/ interventions 1.7% (1/59) 1.7% (1/58) 1.8% (1/57)

a Excludes any patient that had a TLR from analysis.
b Two patients withdrew from the study.
c Three patients did not complete DUS, 2 patients withdrew from the study.

FIGURE 1 Demonstrates a significant and sustained improvement in functional outcomes at all time intervals in both ABI Shift (A), Rutherford

Category (B) and Walking Impairment (C)

4 BRODMANN ET AL.



FIGURE 2 A. Illustrates the IVL catheter placed into the target lesion, with good wall apposition (balloon 1.1:1 to RVD) and full circumferential

field effect in the vessel wall; B. Illustrates the IVL catheter placed into the target lesion, undersized balloon, minimizing the circumferential field
effect into the vessel wall; C. Illustrates the IVL catheter repositioned with a long target lesion, with full therapeutic coverage. The second
position overlaps the distal marker band with the proximal marker band by 1cm, providing lithotripsy to entire target segment; D. Illustrates the
IVL catheter repositioned within a long target lesion with a therapeutic coverage miss. The marker bands are aligned creating a gap in therapy
between the two treatment zones; E. Case example with optimized technique 1. Pre-procedure angiography: Popliteal lesion with vessel diameter
of 4.1 mm, stenosis of 100% 2. Treatment with 5.0 mm x 60 mm IVL catheter, Optimal technique with balloon sizing 1.1:1 and complete
therapeutic coverage (appropriate overlap). 3. Residual stenosis of 13% and acute gain of 3.5mm

BRODMANN ET AL. 5



3.5 | Clinical outcomes

Improvement in ABI was statistically significant at each post-

procedure interval indicating a sustained hemodynamic benefit.

Improvement in Rutherford Category was also statistically significant

at each post-procedure interval, indicating improved symptoms

related to intermittent claudication. Additionally, improvements in

subject-reported WIQ results were statistically significant at all time

points in all walking domains including impairment, distance, speed,

and stairs (Figure 1).

3.6 | Sub-group analysis based on optimal
IVL technique

A post hoc analysis was completed by the core lab, using the prospec-

tively collected data, to assess optimal device technique. Optimal

technique was defined as correct balloon sizing and avoidance of ther-

apeutic miss (Figure 2). Balloon sizing was calculated as the ratio of

the IVL balloon to the reference vessel diameter by QVA. An IVL bal-

loon to RVD ratio ≥1 defined correct balloon sizing. The IVL balloon

was undersized in 13 subjects. Therapeutic miss was defined as failure

to provide full lithotripsy at an overlap segment or at the proximal or

distal lesion location (Figure 2). Therapeutic miss occurred in 10 sub-

jects. Optimal IVL technique was associated with a significant

improvement in patency. Primary patency by DUS at 12-months was

54.5% (35/55) for intent-to-treat versus 62.9% (22/35) for those with

optimal technique (Figure 3). More importantly, clinically-driven TLR

at 12-months was 20.7% for intent-to-treat versus 8.6% for those

with optimal technique. Oversizing the IVL catheter did not have a

negative impact on primary patency or result in an increased risk for

dissection.

4 | DISCUSSION

This is the first safety and performance report of a stand-alone, novel

intravascular lithotripsy system for modification of calcified

femoropopliteal lesions with mid-term follow-up. We demonstrate in

a highly complex patient population, with severely calcified SFA and

popliteal lesions typically excluded from contemporary peripheral

studies that use of the IVL device: (i) is safe and feasible (ii) achieves

high procedure success using low IVL inflation pressures and minimal

adjunctive PTA and stents, and (iii) optimal technique with at least 1:1

IVL balloon to artery sizing and adequate therapeutic coverage,

improves 12 month primary patency, resulting in a clinically-driven

TLR rate of 8.6%.

The Disrupt PAD II Study enrolled a difficult to treat calcified arte-

rial population. IVL treatment resulted in a high acute luminal gain

(3.0 � 0.8 mm), with a low average balloon inflation pressure of

6.5 atm, despite severe artery calcification in 85.0% of the patients by

the PARC criteria. Vascular complications were minimal with a single

Grade D dissection reported that resulted in the only stent implant. Tra-

ditional PTA of complex peripheral lesions, whether with or without

drug-elution, has historically required a significant number of bail-out

stents (11.0–40.3%) for high-grade residual stenosis or flow-limiting

dissections at the time of procedure.5,20 Key procedural safety compli-

cations including perforation, slow flow, and distal embolization were

reported in the atherectomy studies and did not occur following treat-

ment with IVL.15,21 The 12-month intent-to-treat primary patency

results with stand-alone IVL are comparable to what has been seen in

limited series with drug-coated balloons in calcified patients.4,14

This study provided insights into the mechanism of action of

intravascular lithotripsy in the clinical setting. Lithotripsy improved

vessel compliance, as evidenced by balloon expansion during sonic

pulsing while maintaining low pressure inflations. This result suggests

both intimal and medial calcium are impacted by IVL. A recently pub-

lished sub-study of the Disrupt-CAD utilizing high resolution optical

coherence tomography (OCT) imaging confirmed the mechanisms of

action. Circumferential calcium fractures were identified that resulted

in vessel expansion, including the maximal areas of calcification.22

These findings are further supported by a single center, core lab adju-

dicated, OCT sub-study of Disrupt PAD II in calcified femoropopliteal

arteries.23 The OCT results demonstrated luminal gain and changes in

FIGURE 3 Optimal IVL technique was associated with significant improvement in clinical patency. Primary patency by DUS at 12-months was

54.5% (35/55) for intent-to-treat versus 62.9% (22/35) for those with optimal technique. Clinically-driven TLR at 12-months was 20.7% for
intent-to-treat versus 8.6% for those with optimal technique. Optimal technique was defined as correct balloon sizing and avoidance of
therapeutic miss
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vessel compliance across all levels of calcium thickness via controlled

micro-fractures and micro-dissections. Additionally, distal embolic fil-

ters were used at the discretion of the investigator in only two cases,

and no embolic debris was present. This is consistent with the initial

experience of peripheral IVL,18 suggesting a low risk of distal

embolization.

Optimal technique has long lasting, clear benefit with response to

12-month clinically-driven TLR, improving primary patency to 62.9%

and clinically driven TLR of 8.6%. We identified variability in technical

use with respect to balloon sizing and therapeutic coverage that

impacted primary patency and TLR results. Experience with the tech-

nology highlighted the importance of correct balloon sizing which is

crucial to ensure appropriate long-term primary patency outcomes.

Lithotripsy is delivered through the IVL catheter at a sub-nominal

pressure of 4 atm. Appropriate IVL balloon catheter apposition to the

arterial wall is needed to facilitate lithotripsy from the emitter on the

catheter, through the aqueous solution in the balloon, to the arterial

wall to modify calcified plaques. Sizing the IVL catheter at or above

the reference vessel diameter resulted in a significant improvement in

patency at 12 months compared with those who were undersized.

We also learned that sizing the IVL catheter more than 10% above the

reference diameter did not have a detrimental impact on patency or

dissections. As a result of these findings, the instructions for use have

been revised to instruct physicians to size the IVL catheter 1.1:1 to

the vessel diameter. Given the IVL catheter is supplied in 0.5 mm

diameter increments, a physician should use an IVL catheter that is

0.5 mm larger than the diameter to ensure long term results.

The second technical lesson involved therapeutic coverage of lith-

otripsy both circumferentially and longitudinally within a target lesion.

This peripheral IVL catheter has five lithotripsy emitters enclosed on

an integrated balloon. When activated, the lithotripsy emitters create

sonic pressure waves with a circumferential field effect to disrupt cal-

cified lesions. Since IVL is non-focused lithotripsy the field effect

drops significantly as the distance from the emitter increases. We

learned the field effect drops longitudinally outside the most proximal

and distal emitters. In the event a single IVL catheter is used to treat a

long lesion appropriate balloon overlap between segments is needed

to ensure appropriate therapeutic coverage of lithotripsy within the

target lesion. As a result of these findings, the instructions for use

have also been revised to instruct physicians to overlap the IVL cathe-

ter a minimum of 1 cm in overlapping segments and at the proximal

and distal target lesion to ensure appropriate therapeutic coverage.

See Figure 2.

Those treated with IVL as a stand-alone treatment in calcified dis-

ease experienced similar improvements in clinical outcomes at

12-months as those treated with other endovascular interventions,

such as DCB and atherectomy.4,24 Revascularizations were completed

with simple endovascular procedures, and did not result in a need for

bypass surgery or recurrent occlusions as has been seen following

stenting in TASC C and D lesions.25

4.1 | Limitations

Our study has several limitations. First, the present study is a single-

arm study without a control group which may have an impact on the

reported subjective outcomes. Second, Disrupt PAD II did not allow

concomitant treatment with drug-elution either with a peripheral

DCB or DES. Third, the mechanisms of action learnings were the

result of post hoc analyses based on pre-specified core lab analyses.

Last, there is no consistent definition for calcification, which makes

cross study comparison of results difficult to make.

The Disrupt PAD III study is a currently enrolling randomized con-

trolled study. The objective is to assess the optimal therapy to dilate

heavily calcified lesions with IVL versus PTA. Patients who do not

receive a bail-out stent will be treated with a DCB. Lessons learned

from the Disrupt PAD II Study will be further assessed in PAD III to

understand the mechanism of action of IVL.

5 | CONCLUSION

In conclusion, use of intravascular lithotripsy as a standalone therapy,

is safe and effective in a patient population that has historically been

excluded from studies. Treatment with IVL is associated with minimal

vascular complications, a large acute gain, and minimal use of stent

implants. IVL technique can be optimized to improve patency at

12 months and can be easily adopted by peripheral interventionalists.
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