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Abstract
Background: The presence of severe calcific atherosclerosis at the iliofemoral axis may preclude trans-
catheter aortic valve implantation (TAVI) by the transfemoral (TF) approach. Intravascular lithotripsy (IVL) 
is a novel technology that fractures intimal/medial calcium and increases vessel compliance allowing TF 
TAVI in selected patients with peripheral artery disease (PAD). 
Aims: The aim of this study was to report on the safety and efficacy of IVL-assisted TF TAVI in an all-
comers population.
Methods: Clinical, imaging and procedural data on all consecutive patients treated by IVL-assisted TF 
TAVI in six high-volume European centres (2018-2020) were collected in this prospective, real-world, mul-
ticentre registry.
Results: IVL-assisted TF TAVI was performed in 108 patients, increasing from 2.4% to 6.5% of all TAVI 
from 2018 to 2020, respectively. The target lesion was most often localised at the common and/or external 
iliac artery (93.5% of cases; average TL-MLD 4.6±0.9 mm with 318 degrees of calcium arc). Transfemoral 
aortic valve delivery was successful in 100% of cases; final procedural success in 98.2% (two conver-
sions to cardiac open surgery for annular rupture and valve migration). Complications of the IVL-treated 
segments consisted of 1 perforation and 3 major dissections requiring stent implantation (2 covered stents 
and 2 BMS). Access-site-related complications included 3 major bleedings. Three in-hospital deaths were 
recorded (2.8%, 1 failed surgical conversion after annular rupture, 1 cardiac arrest after initial valvuloplasty, 
1 late hyperkalaemia in renal dysfunction). 
Conclusions: IVL-assisted TF TAVI proved to be a safe and effective approach, which helps to expand 
the indications for TF TAVI in patients with severe calcific PAD. However, these patients continue to have 
a higher-than-average incidence of periprocedural complications.
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Abbreviations
BMS bare metal stent
CT computed tomography
IVL intravascular lithotripsy
MLD minimal lumen diameter
PAD peripheral artery disease
PTA percutaneous transluminal angioplasty
SAVR surgical aortic valve replacement
STS surgical risk score
TAVI transcatheter aortic valve implantation
TF transfemoral
THV transcatheter heart valve
TL target lesion

Introduction
The presence of severe calcific atherosclerosis of the iliac and 
femoral arteries may preclude transfemoral (TF) delivery for tran-
scatheter aortic valve implantation (TAVI) in 10-15% of cases1,2.

At the start of the TAVI era surgical transapical procedures were 
used, but only transfemoral TAVI was proved to be equal or supe-
rior to surgical aortic valve replacement (SAVR) in randomised 
trials3. Alternative approaches (i.e., transsubclavian, transaxillary, 
transcaval, transcarotid, direct aortic) have limited evidence of 
safety and efficacy and may require a surgical approach and/or 
general anaesthesia4. Intravascular lithotripsy (IVL) has been used 
increasingly in coronary and peripheral angioplasty5-7. The largest 
IVL balloons (up to 7 mm) allow its application in iliac and com-
mon femoral arteries to facilitate insertion of the TAVI delivery 
system. Since its first description in a case performed in Florence 
in December 20178, only a few case reports9,10 and one multicen-
tric registry of less than 50 patients have been published11. No 
studies have prospectively addressed the advantage conferred by 
a systematic use of this technique in reducing the need of non-
transfemoral approaches.

To confirm the role of IVL in facilitating transfemoral TAVI, 
consecutive data were collected in a prospective registry including 
six high-volume European centres. The aims of this study were: 
first, to report the adoption of IVL in the last five years to pre-treat 
the iliofemoral axis before TAVI, saving/maintaining TF approach; 
second, to investigate the safety and efficacy of IVL in facilitat-
ing TF TAVI.

Editorial, see page 1365

Materials and methods
DATA COLLECTION
We prospectively collected data from all consecutive TAVI pro-
cedures performed between January 2016 and December 2020 at 
six high-volume European TAVI centres using a common database 
focusing on the procedures requiring IVL facilitation.

In particular, all consecutive patients with severe symptomatic 
aortic valve stenosis discussed and approved in the Heart Team 
and with severe calcific peripheral artery disease (PAD) receiving 
IVL were enrolled. Complete demographic and clinical data and 

detailed analysis of the preoperative iliac and femoral computed 
tomography (CT) angiogram were obtained (Figure 1).

Patient selection required the presence of severe symptomatic 
aortic valve stenosis with anatomy compatible with safe implanta-
tion of available transcatheter valves and discussed and approved 
in the Heart Team. Complete demographic, clinical data and 
detailed analysis of the iliac and femoral CT angiogram were 
obtained in patients with severe calcific PAD deemed unsuitable 
for standard transfemoral access.

PROCEDURAL TECHNIQUE
The decision to use IVL upfront or as a possible bail-out in 
case of unsuccessful initial delivery was taken by the individual 
operators based on the combination of severity of stenosis, cir-
cumferential and longitudinal extension of calcification and tortu-
osity of the iliac vessels. For each target lesion we measured on 
CT-angiography minimal cross-sectional area, lesion and calcium 
length, diameter and percentage stenosis. Demographic, clinical 
and echocardiographic data at baseline were collected through 
a review of the medical records. Surgical risk was estimated using 
the Society of Thoracic Surgeons (STS) score12. All patients pro-
vided signed informed consent for TAVI, including the possible 
use of IVL for access preparation.

The femoral puncture for TAVI catheter insertion was per-
formed after administration of local anaesthetics using a combi-
nation of ultrasound guidance and contralateral (opposite femoral 
or left radial) angiography. The type of anaesthesia (local, con-
scious sedation or general with deep intubation) was left to the 
best care practices of each participating centre. The combination 
of local anaesthetics and conscious sedation was preferred, when 
possible. Protection from the contralateral artery using a 0.018-
inch ×300 cm long wire was maintained in most cases throughout 
the procedure. Closure of the puncture site with a percutaneous 
system was routinely used, normally with two ProGlide clo sure 
devices (Abbott Laboratories). In most patients, elective pro-
longed low-pressure inflation of a balloon was routinely used in 
some centres to prevent bleeding during tightening of the closure 
device, with further inflation across the punctured segment after 
protamine administration. In case of failures not responsive to 
low-pressure balloon dilatation, covered stents were deployed.

In case of severe calcification or stenosis extending to the com-
mon femoral artery, elective surgical vessel exposure and endar-
terectomy was preferred. Anticoagulation, selection of guidewires 
and catheters and of the transcatheter heart valves were conducted 
according to the standard best care practices of each participating 
institution.

IVL TREATMENT
Predilatation with conventional balloons was left to the operator’s 
choice.

The decision to use elective IVL upfront was taken by the indi-
vidual operators based on the combination of severity of steno-
sis, circumferential and longitudinal extension of calcification and 
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tortuosity of the iliac vessels assessed by CT. For elective cases, 
after insertion of a 0.014-inch guidewire, a dedicated IVL balloon 
was delivered, in the majority of cases preferring the largest avail-
able IVL balloon (Shockwave M5, 7 mm; Shockwave Medical) 
(Figure 2). A short 10 Fr sheath was generally used to advance 
the IVL system from the main access side, after deployment of 
the pre-implanted closure device system, while a 45 cm, 7 Fr 
sheath was preferred in case of a contralateral approach. During 
repeat balloon inflations at low pressure (3-4 atmospheres), mul-
tiple pulses were delivered, completing (in the majority of cases) 
the whole cycle of pulses available (300) for each balloon. Post-
dilatation with a conventional non-compliant (NC) balloon was 
left to the operator’s choice. For bail-out procedures, IVL was 
used after failure to advance the delivery sheath or the valve 
deployment system.

TAVI OUTCOME
We reported the frequency of permanent pacemaker implantation 
and collected data on post-procedural creatinine and troponin in 
order to assess kidney and myocardial injury13-15.

In-hospital death was reported, distinguished between cardio-
vascular or non-cardiovascular death.

Successful valve delivery was defined as the ability to advance 
the TAVI valve delivery system via the femoral route up to the 
aortic annulus facilitated by IVL. Successful valve implantation 
was assessed as optimal valve positioning and without greater 
than moderate aortic valve regurgitation. Valve performance 
was evaluated by considering the post-procedural angiographic 
and echocardiographic severity of aortic regurgitation and valve 
gradient.

IVL-RELATED AND ACCESS-SITE COMPLICATIONS
IVL-related and access-site complications were documented 
with final angiography in all patients and are reported sepa-
rately. Vascular complications were registered and reported 
according to Valve Academic Research Consortium 3 (VARC 3) 
definitions16. Vascular dissections were graded, based upon 
angiographic appearance, as types A to F according to the 
National Heart, Lung and Blood Institute (NHLBI) classifica-
tion17. Vascular closure device failure was defined as failure 
to achieve haemostasis at the access site, resulting in alter-
native treatment (other than manual compression or planned 
adjunctive endovascular balloon inflation). Bleedings were 
graded according the Bleeding Academic Research Consortium 
(BARC) definitions18.

Figure 1. Preprocedural computed tomography (CT) scan to assess iliac and femoral calcification in order to evaluate TAVI access. Case 
example (part 1). Central panel: CT image of the iliac bifurcation showing severe tortuosity and calcification of both iliac arteries. 
CT longitudinal image of the severely calcified right common, external iliac and right common femoral artery (CFA) (panel A) and left 
common external iliac artery (panel B). In each panel, multiple cross-sections with diameters, area of near circumferential calcification and 
thick protruding nodules are shown. The right common femoral artery was the access artery selected for this patient, who underwent IVL 
treatment as shown in Figure 2. CSA: cross-sectional area; IVL: intravascular lithotripsy; TAVI; transcatheter aortic valve implantation
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STATISTICAL ANALYSIS
Statistical analysis was performed with SPSS statistical software, 
Version 27.0 (IBM Corp.). Continuous data were expressed as 
mean±standard deviation whereas median and interquartile ranges 
(IQR) were used if a non-normal distribution was present. Fisher’s 
exact test was performed to examine the relationship between pre-
dilation before IVL and the rate of post-procedural dissections.

Results
The baseline patient characteristics of the 108 patients treated with 
IVL facilitated TAVI are reported in Table 1. Reference vessel 
diameter was 9.1 mm (IQR 8.3-10.0), target lesion minimum diam-
eter 4.6±0.8 mm with an average diameter stenosis of 50.0±10.7%. 
Mean calcification length was 50.5 mm (IQR 32.7-74.1), with an 
average maximum circumferential calcium angle of 317.5 degrees 
(IQR 282.0-360.0).

Femoral access was obtained percutaneously in 93.5% of 
patients, while 7 patients (6.5%) required elective surgical cutdown. 
Procedural details are summarised in Table 2. Predilatation with 
5-6 mm compliant and semi-compliant peripheral balloons (e.g., 
Armada [Abbott Laboratories]) before IVL was used in 17.6% of 
lesions. Immediate elective IVL was performed in the most severely 

calcified and narrowed lesions, while in 33 procedures (30.6%) IVL 
was kept as a standby and used only after failure to advance the 
TAVI delivery system. A 7 mm Shockwave M5 IVL catheter was 
employed in 85.7% of cases with the maximum available cycle of 
impulses (300) delivered. In 4 lesions, 2 IVL balloons were required.

Post-dilatation with 7 and 8 mm high-pressure and non-compli-
ant balloons ((Mustang [Boston Scientific], Z-MED II [B. Braun], 
and Charger [Boston Scientific]) was performed in 51.8% of 
cases. Other details are reported in Table 2.

Thirty-four (31.5%) balloon-expandable SAPIEN 3 (S3) and 
SAPIEN Ultra valves (Edwards Lifesciences) were implanted, while 
a variety of self-expanding valves were used (most frequently Evolut 
R or Evolut R PRO [Medtronic] and Portico [Abbott Laboratories]; 
38.9% and 22.2%, respectively) (Supplementary Table 1). On the 
control echocardiogram at the end of the procedure mean gradient 
decreased to 7.0 mmHg (IQR 4.0-10.0). In 50.0% of aortic valve 
implantations, aortic regurgitation was absent or minimal with mild 
regurgitation in 44.4%.

Valve delivery through the femoral route was successfully 
achieved in all (100%) of the cases, followed by successful valve 
implantation in 98.2% of procedures. Other post-TAVI outcomes 
are reported in Table 3.

Figure 2. IVL predilatation to allow transfemoral TAVI. Case example (part 2). A) & B) 7 mm IVL balloon on left common iliac artery (4 atm) 
with evident dog-boning effect. C) & D) Peripheral angiography showing occluded superficial femoral artery, critical calcific stenosis, and 
tortuosity of the common femoral artery extending to the deep femoral artery (C) that were treated with a 5 mm IVL balloon (4 atm) (D). 
E) Right common femoral artery puncture. F) & G) Peripheral lithotripsy with 7 mm Shockwave IVL balloon on right common iliac artery 
(4 atm), main TAVI access. H) Final aortogram with no dissection or extravasation. IVL: intravascular lithotripsy; TAVI; transcatheter aortic 
valve implantation
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Vascular haemostasis was achieved with closure devices (dou-
ble ProGlide or Prostar XL [Abbott Laboratories] or occasionally 
MANTA® [Teleflex Medical]) in all of the non-surgical cases with 
closure device failure (5.9% of procedures). In these patients, hae-
mostasis was achieved with prolonged balloon dilatation and/or 
covered stent placement (Table 4). Major vascular complications 
involving the segment undergoing IVL occurred in 3.7% of cases 
and included one perforation of the external iliac artery and three 
type F dissections (2 involving the external iliac artery and 1 the 
common femoral artery). They were detected by angiography imme-
diately after the IVL dilatation and required endovascular treatment 
with bare metal or covered stents. Overall, IVL-related complica-
tions of the treated lesion required 2 covered stents and 3 bare metal 
stents implanted in the external and common femoral and common 
iliac arteries. Notably, out of the 7 dissections which occurred with 
IVL (3 major and 4 minor), 4 (21.1%) dissections were reported in 
patients who underwent predilatation compared to 3 (3.4%) patients 
who did not undergo predilatation prior to IVL, with a significative 
statistical difference (p-value <0.0001).

Table 1. Baseline patient demographic characteristics and lesion 
angio-CT assessment.

Baseline characteristics n=108
Male, n (%) 61 (56.5%)

Female, n (%) 47 (43.5%)

Age at the time of procedure, years 80.5±6.2

BMI, kg/m² 25.5 (23.2-27.6)

Tricuspid aortic valve, n (%) 103 (95.4%)

Bicuspid aortic valve (type 1 L-R), n (%) 3 (2.8%)

Valve-in-valve, n (%) 2 (1.8%)

Baseline valve area, mm2 0.7±0.2  

Baseline EF (%) 54.5 (40.0-60.0)

Baseline mean gradient, mmHg 42.0 (35.0-50.0)

STS 3.35 (2.1-5.3)

Lesion characteristics n=108
Target lesion 
location, n (%)

Common iliac artery 35 (32.4%)

External iliac artery 17 (15.7%)

Common and external 
iliac arteries 49 (45.4%)

Common femoral artery 7 (6.5%)

RVD, mm 9.1 (8.3-10.0)

Target lesion diameter, mm 4.6±0.9  

Diameter stenosis % 50.0+10.7   

Target lesion length*, mm 20.0 (12.0-30.0)

Calcification max arc, degrees 317.5 (282.5-360)

Calcification min CSA, mm2 18.1 (14.4-25.8)

Calcification length*, mm 50.5 (32.7-74.1)

Values are % (n) or mean±SD or median + interquartile range. 
* Calcification length refers to the length of the entire calcified segment, 
while target lesion length refers to the stenotic calcific segment. 
BMI: body mass index; CSA: cross-section area; CT: computed 
tomography; EF: ejection fraction; RVD: reference vessel diameter; 
STS: surgical risk score

Table 2. Procedural characteristics and IVL-related details.

Procedural details n=108

Site access, n 
(%)

Percutaneous 101 (93.5%)

Cutdown 7 (6.5%)

Protection 
crossover wire 
in place, n (%)

Yes 71 (65.7%)

No 37 (34.3%)

Conscious sedation, n (%) 83 (76.9%)

General anaesthesia, n (%) 25 (23.1%)

Predilatation 
with conven-
tional balloon, 
n (%)

Yes 19 (17.6%)

No 89 (82.4%)

Elective IVL, n (%) 75 (69.4%)

Bail-out IVL, n (%) 33 (30.6%)

Number of IVL 
balloons per 
lesion, n (%)

1 IVL balloon per lesion 104 (96.3%)

2 IVL balloons per lesion 4 (3.7%)

IVL catheter 
size, n (%) 
(112)

5×60 mm 1 (0.9%)

5.5×60 mm 1 (0.9%)

6×60 mm 8 (7.1%)

6.5×60 mm 6 (5.4%)

7×60 mm 96 (85.7%)

Number of IVL pulses per lesion 300.0 (270.0-300.0)

Residual stenosis post-IVL, %§ 25.0 (20.0-30.0)

Conventional 
balloon 
post-dilatation 
after IVL

Yes, n (%) 56 (51.8%)

No, n (%) 52 (48.2%)

Balloon size, n 
(%)

6 mm 3 (5.4%)

7 mm 14 (25%)

8 mm 39 (69.6%)

Balloon pressure, atm 6.0 (6.0-6.0)

IVL balloon vs 
NC/high-pres-
sure (HP), 
n (%)

IVL 7 mm >NC/HP 8 mm 38 (67.8%)

IVL 6 mm >NC/HP 8 mm 1 (1.8%)

IVL 6 mm >NC/HP 7 mm 2 (3.6%)

IVL 7 mm >NC/HP 7 mm 12 (21.4%)

IVL 7 mm >NC 6 mm 3 (5.4%)

Size of sheet, 
n (%)

14 Fr 55 (50.9%)

16 Fr 42 (38.9%)

>18 Fr 11 (10.2%)

Degree of 
aortic 
regurgitation 
post-TAVI, n 
(%)

None or trace 54 (50.0%)

Mild 48 (44.4%)

Moderate 3 (2.8%)

Severe 1 (0.9%)

Unknown 2 (1.8%)

Access-site 
closure 
method, n (%)

Device 101 (93.5%)

Surgical 7 (6.5%)

Values are n (%) or mean±SD or median + interquartile range. §Residual 
stenosis post-IVL was assessed by visual estimation with iliac and 
femoral angiography after IVL dilatation. IVL: intravascular lithotripsy; 
TAVI: transcatheter aortic valve implantation
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Conversely, the most frequently reported access-site complica-
tions were closure device failure (5.9%), dissection (1.8%), and 
major bleedings (2.8%), requiring unplanned endovascular inter-
ventions in 12% of cases. In particular, 10 covered stent and 
1 bare metal stent were implanted (Table 4).

Three (3%) major bleedings (BARC type ≥ 3B) occurred. Other 
access-site complications are also reported in Table 4.

We observed one case of annulus rupture after valve implanta-
tion with subsequent patient death despite immediate surgery, a sec-
ond emergency surgical conversion after valve embolisation into 
the left ventricular cavity, and one new pericardial effusion result-
ing in cardiac tamponade requiring pericardiocentesis (likely due 
to right ventricle perforation by a temporary pacemaker electrode).

One patient developed cardiac arrest after sedation at the begin-
ning of the procedure and, after unsuccessful cardiopulmonary 
resuscitation manoeuvres and emergency aortic balloon valvulo-
plasty, required mechanical support with arteriovenous extracor-
poreal membrane oxygenation (ECMO). After IVL preparation of 
the opposite iliac artery, TAVI was successfully completed with 
initial patient stabilisation but subsequent death due to sepsis after 
eight transfusions and prolonged intubation. The other two deaths 
were caused by a failed surgical repair post annular rupture and 
a malignant arrhythmia due to hyperkalaemia in a patient under 
chronic haemodialysis.

Between 2016 and 2020, 3,705 TAVI procedures were per-
formed in the six participating centres that started IVL in 2018: 
in 3,469 patients (93.6%) TAVI was performed via a transfemoral 
route, while the remaining 6.4% required alternative approaches, 
mainly transsubclavian and transapical. IVL-assisted TAVI pro-
gressively increased from 16 (2.4%) in 2018 to 33 (3.6%) in 
2019 and 59 (6.5%) in 2020 (Central illustration). In parallel to 
the increase IVL-assisted transfemoral procedures, we observed 
a decrease in the use of alternative approaches (from 8.7% in 
January 2018 to 3.0% in 2020).

Discussion
This manuscript reports on the largest TAVI series of iliofemoral 
IVL to facilitate transfemoral valve delivery. In 108 consecutive 

patients, crossing of the TAVI delivery catheter was always suc-
cessful despite the presence on CT of severe circumferential iliac 
of femoral calcifications and narrowings.

The transfemoral approach for TAVI offers multiple advan-
tages4. It is a percutaneous route and is almost painless if gener-
ous local anaesthesia is delivered under intravascular ultrasound 
(IVUS) guidance. It benefits from the availability of multiple 
percutaneous closure devices with a high success rate, from 

Table 3. Procedural and in-hospital TAVI outcomes.

n=108

Successful delivery of THV, n (%) 108 (100.0%)

Successful valve implantation, n (%) 106 (98.2%)

TAVI performed at the same time as IVL, n (%) 108 (100.0%)

In hospital all-cause death, n (%) 3 (2.8%)

Stroke, n (%) 0 (0.0%)

New permanent pacemaker, n (%) 8 (7.4%)

Acute kidney injury, n (%) 7 (6.5%)

Periprocedural acute MI, n (%) 0 (0.0%)

Values are n (%) or mean±SD or median + interquartile range. 
MI: myocardial infarction; TAVI: transcatheter aortic valve implantation; 
THV: transcatheter heart valve

Table 4. IVL-related, access-site- and cardiac structural- and 
technical valve-related complications

IVL-related vascular complications

Perforation, n (%) 1 (0.9%)

Rupture, n (%) 0 (0.0%)

Minor dissection (type A-B-C), n (%) 4 (3.7%)

Major dissection (type D-E-F), n (%) 3 (2.8%)

Covered stent, n (%) 2 (1.8%)

Bare metal stent, n (%) 3 (2.8%)

Access-site-related complications

Vessel perforation, n (%) 0 (0.0%)

Rupture, n (%) 1 (0.9%)

Dissection type, n (%) 2 (1.8%)

Stenosis, n (%) 3 (2.8%)

Ischaemia, n (%) 0 (0.0%)

Arteriovenous thrombosis, n (%) 0 (0.0%)

Arteriovenous fistula, n (%) 1 (0.9%)

Pseudoaneurysm, n (%) 0 (0.0%)

Retroperitoneal haematoma, n (%) 1 (0.9%)

Infection, n (%) 0 (0.0%)

Distal embolisation, n (%) 0 (0.0%)

Closure device failure, n (%) 6 (5.9%)

Bleeding <BARC3a, n (%) 21 (19.4%)

Bleeding >BARC type 3b, n (%) 3 (2.8%)

Unplanned endovascular intervention (balloon 
dilatation or covered stent implantation), n (%) 13 (12.0%)

Balloon dilatation, n (%) 4 (3.7%)

Covered stent, n (%) 10 (9.3%)

Bare metal stent, n (%) 1 (0.9%)

Acute procedural and technical valve-related complications

Conversion to open-surgery, n (%) 2 (1.8%)

Unplanned use of mechanical circulatory support, 
n (%) 1 (0.9%)

Valve embolisation, n (%) 1 (0.9%)

Valve migration, n (%) 0 (0.0%)

Ectopic valve deployment, n (%) 0 (0.0%)

Cardiac structural complications

Cardiac structures perforation, injury, n (%) 1 (0.9%)

Pericardial effusion resulting in tamponade, n (%) 1 (0.9%)

Coronary obstruction, n (%) 0 (0.0%)

Values are n (%) or mean±SD or median + interquartile range
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the preclosure with the suture-based ProGlide and Prostar to 
the delivery after the procedure of large collagen-based plugs 
(MANTA). It allows rapid ambulation, with a risk of bleeding 
and vascular complications progressively decreasing with opera-
tor experience, and shorter hospital stays with a lower need for 
intensive care19. All these aspects are always desirable but espe-
cially valuable in the COVID-19 era and in geriatric patients 
who may require prolonged rehabilitation if kept on bed rest too 
long. Randomised trials and registries consistently indicate that 
the best outcome and lowest complication rate is achieved using 
the transfemoral access20. Guidelines endorse this evidence, rec-
ommending TAVI as a superior or equal treatment to SAVR in 
elderly (>65 years) low-risk patients21, but stress, among the key 
decision elements, the possibility of treating the patient with 
a transfemoral approach22.

IVL, a balloon-based system designed to deliver sonic pressure 
waves to the arterial wall, has been successfully used in coronary 
arteries with safety and efficacy. This has recently been confirmed 
in a pooled analysis of 628 patients in four controlled regis-
tries23. For peripheral arteries the evidence is equally strong, sup-
ported by a recent randomised trial in superficial femoral arteries 
showing greater lumen gain, fewer flow-limiting dissections and 
a lesser need for stent implantation when compared with conven-
tional percutaneous transluminal angioplasty (PTA)24. Our experi-
ence replicates these results in iliac arteries where IVL obtained 
sufficient lumen expansion and increased compliance to allow 
crossing with modern transcatheter heart valve (THV) delivery 
systems. Consequently, IVL allowed a further expansion of the 
group of patients suitable for transfemoral TAVI. Our most recent 
large multicentre experience suggests that with IVL a transfemoral 
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Central illustration. Cumulative data from Careggi University Hospital (Italy), Rigshospitalet Copenhagen University Hospital (Denmark), 
CNR Cardiovascular Centre (Italy) and Policlinico San Orsola, University of Bologna (Italy). Istituto Clinico Sant'Ambrogio (Italy) and 
Institut Cœur Poumon, CHU de Lille (France) introduced lithotripsy in their clinical practice in 2020, therefore data from these centres are 
not included in this figure. Data are reported as percentage (histograms A-C) and as total number of cases (histogram B). Transfemoral TAVI 
is displayed in blue, non-transfemoral in red and IVL-assisted in green. Between 2016 and 2020, a total of 3,705 TAVI procedures were 
performed at the four participating centres, with 3,469 (93.6%) performed via a transfemoral route while the remaining 6.4% required 
alternative approaches mainly represented by trans-subclavian and transapical accesses (B & C). In the period from 2018-2020, a total of 
108 cases of IVL-assisted TAVI were performed, increasing from 16 (2.4%) in 2018 to 59 (6.5%) in 2020 (C). The use of alternative 
approaches progressively decreased from 10% in 2016 to 3% in 2020. IVL: intravascular lithotripsy; TAVI; transcatheter aortic valve 
implantation; TF: transfemoral
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approach is feasible in up to 95 to 97% of patients selected for 
TAVI (Central illustration).

From our multicentre experience, IVL was effective in treat-
ing vascular stenosis with large circumferential and longitudinal 
extension of calcification. The concomitant presence of circumfer-
ential calcification and luminal narrowing represents an obstacle 
to advancing large TAVI delivery systems. Non-calcified arteries 
may be stretched, and successful insertion can be achieved with 
a lumen as small as 0.75% of the TAVI sheath’s outer diameter. 
For calcified tortuous arteries it is recommended that the lumen 
is at least 1.25% of the sheath’s outer diameter for safe insertion 
because calcific vessels are unexpandable. The 14 or 16 Fr inner 
diameter sheaths of contemporary miniaturised delivery systems 
have external diameters that may exceed 8 mm, making circumfer-
ential calcifications with a narrow lumen an insurmountable obsta-
cle to valve delivery25.

Peripheral IVL balloons may appear inadequate to treat large 
iliac arteries. However, 6-7 mm peripheral IVL balloons intended to 
be used in superficial femoral arteries appear large enough to con-
vey energy to the arterial wall in vessels with severe calcified sten-
oses. The energy delivered via five electrodes by the Shockwave 
M5 40 mm long IVL balloon inflated at low pressure modifies the 
vessel rigidity with the creation of multiple longitudinal and trans-
versal cracks, as shown by optical coherence tomography in coro-
nary arteries26 and by histology and micro-CT in peripheral arteries.

The impression given by the repeat angiogram was that occa-
sionally only a minimal gain was observed limited to the sten-
otic segments with greater luminal narrowing possibly due to the 
use of undersized IVL balloons. Anyway, the lumen enlargement 
obtained was always adequate to allow the insertion of the valve 
delivery system that was the primary aim of our study.

The various centres participating in this registry used slightly dif-
ferent practices, one of them consistently using larger non-compli-
ant balloons at higher pressures and the others mainly relying on the 
IVL treatment. It is difficult to recommend one or the other strategy 
considering their universal success with a low rate of complications.

IVL was not only effective but also safe, with a low rate of 
major VARC 3 vascular complications (3.7%), including easily 
treatable vascular perforations and dissections at the treated sites. 
These percentages compare favourably with historical TAVI series27. 
Furthermore, in most cases the IVL balloon could be inserted with-
out the need of predilatation. When predilatation was performed, 
often in an attempt to spare the use of IVL, a higher number of 
dissections were observed post procedure. Heavy calcifications and 
stenoses extending to the femoral puncture site remain a contraindi-
cation to transfemoral TAVI. Seven cases of combined surgical fem-
oral preparation followed by iliac IVL were performed, suggesting 
that IVL also offers opportunities in these extreme cases. However, 
based on this limited series, and taking into account the occurrence 
of bleedings and transfusions, we cannot recommend this as a rou-
tine strategy in preference to alternative established routes.

Although transfemoral valve delivery was successful in all 
cases (100%), the rate of adequate valve implantation without 

complications was lower, with one annulus rupture and one valve 
embolisation that required immediate conversion to open cardiac 
surgery and a third post-operative death after a complicated pro-
cedure requiring ECMO. In the past, PAD was reported to be 
a negative prognostic predictor of events in TAVI patients but this 
finding was confused by the concomitant need of non-transfemo-
ral access. Our paper suggests that safely solving the access prob-
lem in PAD patients is not sufficient to equalise their risk with the 
risk of the general TAVI population.

Recommendations shared by most of the operators in this regis-
try include the importance of accurate preprocedural CT-imaging 
planning to evaluate the extension of iliofemoral calcification 
and to assess the complexity of the vascular anatomy, facili-
tated by three-dimensional CT reconstruction. IVL was used both 
electively and, in case of delivery failure, as a bail-out, in both 
instances with high success and a low rate of complications. Other 
recommendations include an adequate endovascular bail-out plan 
in case of vascular complication, especially related to the access 
site, i.e., use of endovascular treatment with balloon or covered/
bare stent implantation.

The use of a protective wire from the contralateral femoral or, 
more recently, from the left radial artery has been almost aban-
doned as a routine procedure. However, most of the operators in 
this registry feel that the presence of this additional protection 
has proved very helpful in these severely diseased iliac arteries 
for rapid treatment of complications at the IVL sites or, more 
frequently, at the puncture site. The presence of an additional 
wire may also have helped in the achievement of a successful 
crossing, acting as a buddy wire in parallel with the very stiff 
primary wire.

Good procedural planning with measurements of the femoral 
and iliac vessels with angio CT and the smaller diameter of the 
most recent valve delivery systems contributed to a steady reduc-
tion of adverse events and resulted in an increased adoption of 
transfemoral TAVI, thereby reducing the need for alternative 
approaches28. We have probably reached a ceiling in the process 
of valve miniaturisation of delivery devices and the proposed new 
percutaneous approaches (transcaval, fully percutaneous transsub-
clavian and transaxillary) have not become standard of care out-
side selected centres29.

Limitations
This was not a randomised trial and it might be argued that some 
THVs may have crossed the iliofemoral axis with a conven-
tional balloon PTA without the use of this expensive additional 
tool19. This is unlikely to be true, at least in a substantial number 
of these patients, because IVL was primarily used only for the 
most severely narrowed PAD lesions shown with CT while in 
less severe lesions and calcifications, IVL was kept as a standby 
and used only as bail-out after delivery failure. One may also 
argue that using non-compliant balloons or dedicated inflata-
ble sheaths at high pressure can offer a cheaper alternative. The 
initial experience when aggressive PTA was used to force the 
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passage of the TAVI delivery system showed catastrophic com-
plications, suggesting a low threshold for alternative approaches. 
Confirmation of that was provided by the higher number of dis-
sections observed post procedure when predilatation before IVL 
was performed.

The high number of procedures performed under general anaes-
thesia is different from the established practice and justified by 
the decision of one of the participating centres to proceed with 
initial patient intubation in order to have the possibility to convert 
to alternative approaches rapidly in case of delivery failure via 
a transfemoral route. We believe that this unusually high adoption 
of general anaesthesia will fall with increased operator experience 
and confidence with this novel technique.

Finally, caution must be exercised based on the incidence of 
non-IVL-related events, including a 2.8% rate of in-hospital mor-
tality. This percentage is far from the <1% mortality observed in 
recent trials and also in the real-world experience of many high-
volume centres, including those participating in this registry. IVL 
is very efficient in allowing valve delivery but does not eliminate 
the inherent increased risk of frail patients with PAD and multiple 
other comorbidities, often showing extreme calcifications extend-
ing to the aortic valve leaflets, ascending aorta and left ventricular 
(LV) outflow tract.

Conclusions
IVL safely and effectively expands the indications to transfemo-
ral TAVI in patients with severe peripheral artery calcifications, 
allowing the use of a TF approach in >95% of an all-comers 
TAVI population and a reduction of alternative approaches to less 
than 3% when a liberal use of IVL is adopted in clinical practice. 
However, these patients continue to have a higher than average 
incidence of periprocedural complication.

Impact on daily practice
Modification of arterial compliance by peripheral IVL allows 
crossing heavily calcified iliofemoral axes with various TAVI 
delivery systems. This reduces the need for alternative, non-
transfemoral TAVI approaches in patients with peripheral 
artery disease (PAD) and expands the indications for TF TAVI. 
Importantly, patients with severe calcific PAD have a high risk 
of non-IVL-related adverse events, including complications 
during valve deployment prompted by the severe calcifica-
tion of aortic leaflets and periannular structures and access-site 
bleeding with failure of percutaneous closure devices.
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Supplementary Table 1. Valve-related characteristics. 

 

Size of valve 

- 20 mm 

- 23 mm 

- 25 mm 

- 26 mm 

- 27 mm 

- 29 mm 

- 34 mm 

- n/a 

 

4 (4%) 

18 (17%) 

6 (5%) 

17 (16%) 

15 (14%) 

33 (30%) 

14 (13%) 

1 (1%) 

Type of valve, n (%)  

- SAPIEN 3 (Edwards) 

- SAPIEN 3 Ultra (Edwards) 

- Evolut R (Medtronic) 

- Evolut PRO (Medtronic) 

- ACURATE neo (Boston Scientific) 

- ACURATE (Boston) 

- Portico (Abbott) 

- Myval (Meril) 

 

11 (10.2%) 

23 (21.3%) 

40 (37.0%) 

2 (1.8%) 

2 (1.8%) 

5 (4.6%) 

24 (22.2%) 

1 (0.9%) 

Balloon aortic valvuloplasty, n (%) 55 (50.9%) 

Valve post dilatation, n (%) 33 (30.6%) 

Post TAVI mean gradient, mmHg 7.0 (4.0-10.0) 

Mean valve area, mm2 1.8 (1.7-2.1) 

 

Values are % (n) or mean+SD or median+interquartile range. 

 




