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Abstract: Aortic valve stenosis has become the most common valvular disease in elderly patients.
Several treatments are available such as surgical aortic valve replacement and transcatheter aortic
valve implantation. To date, however, there is a need to discover alternative treatments that can
delay the disease progression and, therefore, the implant of a prosthetic valve. In this regard, a
decalcification procedure based on the use of ultrasonic waves could represent an innovative solution
in transcatheter cardiovascular therapies. In this article, we describe an innovative transcatheter
debridement device (TDD) that uses low-intensity ultrasound shock waves for calcium ablation
from the native aortic valve and bioprosthetic valve. Mesenchymal stem cells were seeded onto
pericardium-based scaffolds and committed into an osteogenic phenotype. After treatment with
TDD, cell proliferation was analyzed, as well as lactate dehydrogenase release and cell morphology.
The release of calcium and inflammation events were detected. The results confirmed that the TDD
was able to induce a safe decalcification without any adverse inflammatory events.

Keywords: transcatheter debridement device; calcified valve; pericardium

1. Introduction

Aortic valve stenosis has become the most common valvular disease in elderly patients
in Europe and the second most common in the United States. Epidemiological studies have
established that the prevalence of aortic stenosis increases exponentially with age, with
0.2% in the population aged between 50 and 59 years, 1.3% in the 60–69 year cohort, 3.9%
in the 70–79 year group, and 9.8% in the population aged between 80 and 89 years. Aortic
stenosis can remain asymptomatic for a long period of time but quickly progresses after
the onset of the symptoms, and the average survival can be as low as 2–3 years [1].

Stenotic aortic valves are characterized by increased leaflet stiffness and thickening
due to fibrosis and calcifications and, therefore, a decreased valve opening with an in-
creased transvalvular pressure gradient [2]. Aortic stenosis can be classified into three
essential subclasses. Aortic stenosis from primary dystrophic calcification is the result of
the stiffening of the leaflets and is characterized by the absence of commissural fusion to
preserve the three independent leaflets. Aortic stenosis from dystrophic calcification of
the bicuspid valve is characterized by a turbulent flow that is induced by the anomalous
architecture of the valve that traumatizes the leaflets, which undergo sclerosis and calcifica-
tion. The bicuspid aortic valve represents a predisposing factor for dystrophic calcification.
Aortic stenosis from chronic rheumatic valvulitis occurs when the tricuspid architecture
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of the valve is preserved, but the three cusps are fused along the commissures so that the
orifice is reduced to a small round or triangular central opening [3].

The severity of aortic valve dysfunction is determined by the combination of the fol-
lowing hemodynamic factors: peak velocity, effective orifice area, and mean transvalvular
pressure gradient. A peak velocity between 2.5 and 3 m/s with a mean transvalvular pres-
sure gradient of less than 20 mmHg and a valve opening greater than 1.5 cm2 is generally
defined as mild aortic valve stenosis. Moderate aortic valve stenosis is defined by a peak
velocity between 3 and 4 m/s, a mean gradient between 20 and 40 mmHg, and an orifice
area between 1 and 1.5 cm2. Lastly, severe aortic valve stenosis has a peak velocity greater
than 4 m/s, a mean gradient of 40 mmHg or more, and an aortic valve area less than 1 cm2.
Patients with mild and moderate aortic stenosis tend to be asymptomatic [4].

Several treatments are at surgery disposal, such as surgical aortic valve replacement,
which has been the gold standard treatment for aortic stenosis for a long time. It is an
open-heart procedure performed under general anesthesia on a cardiopulmonary bypass
in which an incision is made in the chest to access the heart and replace the native stenotic
valve with a mechanical or bioprosthetic valve [5]. Over the last 17 years, transcatheter
aortic valve implantation (TAVI) has emerged as an alternative therapeutic option for
elderly patients with severe symptomatic aortic stenosis who are at high risk for open-heart
surgery because of comorbid conditions and for inoperable patients. It is a technique based
on a mini-invasive approach that does not require general anesthesia since the prosthetic
valve is positioned inside the native valve through a catheter that, in most cases, is inserted
through the femoral artery. This procedure has better mortality outcomes in one-year
follow-ups and a lower incidence of atrial fibrillation and bleeding after 30 days. On the
other hand, a higher incidence of moderate-to-severe regurgitation, vascular complication
rates, and the need for pacemaker implantation has been found [6,7].

To date, however, there is a need to discover alternative treatments that can delay
the disease progression and, therefore, the implant of a prosthetic valve. In this regard, a
decalcification procedure based on the use of ultrasonic waves could represent an innova-
tive solution in transcatheter cardiovascular therapies. There is already a well-established
technique based on high-intensity focused ultrasound called lithotripsy that has proven
to be highly effective for the treatment of calcific tendonitis and fragmentation of kidney
stones and, recently, has been extended to the treatment of severely calcified lesions in
peripheral and coronary artery diseases [8]. Similar to lithotripsy, ultrasound properly
modulated in intensity, frequency, and waveform can be used to produce fractures and
structural changes in aortic valve calcific deposits. For this application, much less energy
density is required to limit soft tissue injury.

In this article, we describe an innovative transcatheter debridement device (TDD)
that uses low-intensity ultrasound shock waves for calcium ablation from the native aortic
valve and bioprosthetic valve with the aim of restoring the leaflets pliability and, therefore,
regaining an adequate transvalvular flow and reducing the transvalvular pressure gradient.
In addition, the device could be used to delay the implantation of the TAVI in patients
aged 70–80 years for at least 2–3 years with a life expectancy longer than the TAVI average
duration, thus eliminating the risk of a second operation with a high rate of death, reducing
the risk of adverse events, and saving the cost of disability. The TDD decalcification
capability was tested on in vitro constructs consisting of bovine pericardium-based scaffold
and osteogenic differentiated mesenchymal stem cells (MSCs). Cell viability, morphology,
and calcium release was analyzed, as well as inflammatory response. This study could
solve the huge need for effective in vitro tests capable of testing the decalcifying properties
of innovative devices.

2. Materials and Methods
2.1. Transcatheter Debridement Device (TDD)

The debridement device of this experimental setting consists of an ablation unit based
on a Nitinol structure on which two piezoelectric transducers are fixed. The final version of
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the device included an artificial, temporary valve with a Nitinol support structure intended
to be positioned within the native valve to keep it open during the positioning of the
transducers. The TDD was previously reported by Fermi et al. [9]. Briefly, the device
comprises a pulse wave generator that provides two narrow impulsive electrical signals in
the range of 90–100 V, one at 200 kHz and the other at 3150 kHz, to the ablation unit in an
alternating pattern with a time interval of 6 s. The combination of these different frequencies
improves the disruptive effects on calcium deposits in the aortic valve cusps while avoiding
thermal injury and the breaking of the transducers. The ablation unit was based on two
mechanically bounded piezoceramic transducers produced by PI Ceramics with dimensions
of 2.7 mm × 8 mm × 0.7 mm (Figure 1a). Each transducer was electrically connected to
a Kapton flexible printed circuit and housed in a metal support. The metal support was
engineered to create a backing effect on the ultrasound emitted by the transducer to convey
the waves in the direction of treatment. To obtain this effect, the thickness of the wall where
the transducer was anchored was 3

4 λ (Figure 1b). The transducer needed to be electrically
isolated to work in a biological environment. It was deposited with a thickness of λ

4 to
facilitate the passage of ultrasonic waves and limit the effects of refraction and reflection.
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transducer; (b) the metal support.

2.2. Cell Culture

Human adult MSCs (Sigma-Aldrich, St. Louis, MO, USA) were seeded on squares
(1 cm2) of bovine pericardium membrane at a density of 5 × 104 and maintained in
a bone differentiation medium. The medium consisted of Dulbecco’s modified eagle
medium (EuroClone), 1% penicillin/streptomycin (EuroClone, Pero, Italy), 10% fetal bovine
serum (FBS, EuroClone), 10 nM dexamethasone (Sigma-Aldrich), 10 ng/mL fibroblast
growth factor 2 (ProSpec), and 10 mM beta-glycerophosphate (Sigma-Aldrich) [10]. All
cultures were incubated at 37 ◦C and 5% CO2 up to 21 days, and the culture medium was
changed twice a week. THP-1 monocyte cell line (Resnova, Rome, Italy) was cultured in
RPMI 1640 medium (Life Technologies, Carlsbad, CA, USA) supplemented with 2 mM L-
Glutamine (EuroClone) and 10% FBS. Differentiation of THP-1 monocytes to macrophages
was carried out by adding 100 ng/mL phorbol 12-myristate 13-acetate (PMA, Sigma-
Aldrich) to the medium for 24 h. Subsequently, adhered cells were cultured without PMA
for 72 h.

2.3. Real-Time Polymerase Chain Reaction

Total RNA was extracted with a Total RNA Purification Plus Kit (Norgen Biotek Corpora-
tion, Thorold, ON, Canada). A total of 500 ng of RNA of each sample was reverse transcribed
with SensiFASTTM cDNA Synthesis Kit (Bioline GmbH, Luckenwalde, Germany) following
the manufacture conditions: annealing at 25 ◦C for 10 min, reverse transcription at 42 ◦C
for 45 min, and inactivation at 85 ◦C for 5 min. A real-time polymerase chain reaction was
performed with the SensiFASTTM SYBR No-ROX mix (Bioline GmbH) and 400 nM primers
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using a Rotor-Gene 3000 (Corbett Research, Sydney, Australia). Human primers were
selected by Primer 3 software. Thermal cycling conditions were as follows: denaturation at
95 ◦C for 2 min; followed by 40 cycles of denaturation at 95 ◦C for 5 s; annealing at 60 ◦C
for 10 s; and elongation at 72 ◦C for 20 s. Data analysis was performed using the 2∆∆Ct
method. Ct values of target genes were normalized to that of the housekeeping gene (TFRC,
transferrin receptor 1). The results were reported as fold regulation of target genes in the
3D culture compared with the cells cultured on the tissue culture plate [11].

2.4. Cell Viability Assays

The cell viability and proliferation were detected through methyl thiazolyl-tetrazolium
(MTT) assay before and after the treatment with the device [12]. The samples were incu-
bated for 3 h at 37 ◦C with 1 mL of 0.5 mg/mL MTT solution prepared in phosphate-buffered
saline (PBS) solution after harvesting the culture medium. Subsequently, the MTT solution
was removed, and 0.5 mL of 10% dimethyl sulfoxide in isopropanol was added for 30 min
at 37 ◦C. For each sample, absorbance values at 570 nm in duplicate on 200 µL aliquots
were recorded using a multilabel plate reader (Victor 3 Perkin Elmer).

The cell membrane integrity was detected with the LDH Activity Assay Kit (Sigma-
Aldrich) one and three days after the treatment. Briefly, the intracellular LDH activity was
estimated after cell lysis. Each sample was incubated with a reaction mixture, and the
resulting product was measured at 450 nm using the Victor 3 plate reader [12].

2.5. Decalcification Detection

The morphology of the cells was evaluated by scanning electron microscopy (SEM)
before and after the treatment with the device. The samples were fixed with 2.5% glu-
taraldehyde (Sigma-Aldrich) in 0.1 M of cacodylate buffer (Sigma-Aldrich), dehydrated
in ethanol, critical point dried, and then gold–palladium coated [13]. All images were
obtained using a JEOL 6360LV SEM microscope (JEOL, Tokyo, Japan) at the Centro di
Analisi e Servizi Per la Certificazione (CEASC, University of Padova, Padova, Italy).

2.6. Quantification of Secreted Factors

The Bio-Plex protein assay (Bio-Rad, Hercules, CA, USA) was used for the quantifica-
tion of factors secreted by macrophages cells [14].

2.7. Statistical Analyses

One-way analysis of variance for data analyses was used. In addition, t-tests were
used to ascertain significant differences (p < 0.05). Repeatability was calculated as the
standard deviation of the difference between measurements. All testing was performed
in SPSS 16.0 software (SPSS Inc., Chicago, IL, USA; license of the University of Ferrara,
Ferrara, Italy.

3. Results
3.1. Shock Waves and Their Biophysical Effects

For the design of the TDD piezoelectric transducers, we follow the conclusion of
recent papers [8,9], which have reported that cavitation is a fundamental phenomenon for
the breakdown of calcium inside the leaflets. The variation in the radius of the bubble is
inversely proportional to the frequency described above. The resonant frequency of the
bubble in fluid can be expressed as [9]:

f =
1

2πR
√

ρ

√
3k
(

p0 − pg +
2σ

R

)
− 2σ

R
− 4µ2

ρR2 (1)

where p0 is the environmental pressure, k the polytropic index, R the bubble radius, pg the
gas pressure in the bubble, µ the density of the surrounding medium, σ the surface tension,
and µ the viscosity.

The relationship can be simplified in the following way:
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R ≈ 3
f

(2)

The cavitation threshold is closely related to the initial bubble radius. Cavitation is
induced at frequencies between kHz and MHz. The minimum frequency of a shock wave
source, which induces cavitation phenomena, is given by the definition of the mechanical
index or MI [15]:

MI =
Pneg(MPa)√

f
(3)

At the peak of negative pressure, Pneg corresponds to the maximum refraction of the
acoustic wave. Cavitation occurs when MI > 0.7

√
f .

Another important element for cavitation is represented by the Bjerknes forces, which
intensify the fragmentation of the bubbles due to the interaction of the bubbles with each
other [16].

The following integral provides the estimate of the acoustic pressure given by the sum
of the contributions of a source to r1 towards point r [17]:

p̂(x, y, z) =
iρck
2π

∫
S

ue−ik(r−r1)

(r− r1)
ds (4)

where ρ is the density of the tissue, c the speed of sound, k the wave number, and u is the
complex surface speed.

For two excitation frequencies, the absolute value of ρ becomes [18]:

pmixed(x, y, z) =
∣∣∣ p̂ f 1(x,y,z) + p̂ f 2(x,y,z)

∣∣∣ (5)

where f 1 and f 2 represent two different frequencies of stimulation.
This demonstrates that by combining at least two different frequencies, an amplifica-

tion of the effect of the ultrasound field is obtained. The combination of two frequencies
accelerates bubble collapse, and cavitation bubbles become more unstable and easier to col-
lapse under the pressure of dual-frequency ultrasound. With a dual-frequency ultrasound
field, the pressure inside the bubble is higher than that obtained with a single frequency.
For this reason, the dual-frequency field intensifies the cavitation effect.

3.2. In Vitro Model Decalcification and Integrity

In order to produce a calcific valve model in vitro, 3D constructs were produced by
seeding adult human MSCs on bovine pericardium membranes. In particular, 3D cultures
were maintained in an osteogenic medium for 21 days before the treatment with the TDD.
Gene expression profile, morphology, and enzymatic tests were performed to test the
decalcification ability of the TDD.

The gene expression of the typical bone markers: alkaline phosphatase (ALP), osteo-
calcin (OC), osteopontin (OPN), osterix (OSX), receptor activator of nuclear factor kappa-B
ligand (RANKL), and runt-related transcription factor 2 (RUNX) are reported in Figure 2 in
the samples before the treatment (Figure 2, black bars). These results confirm that MSC
acquired osteoblastic phenotype able to produce a well defined calcified exptracellular ma-
trix. At 21 days after treatment (black bars, Figure 2), the gene expression was re-evaluated,
and an almost complete absence of gene expression of bone differentiation markers was
observed, indicating that the cells co-localizing the pericardium have returned to acquire
the non-osteocytic phenotype.
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Figure 2. Gene expression profile of osteogenic markers: alkaline phosphatase (ALP), osteocalcin
(OC), osteopontin (OPN), osterix (OSX), receptor activator of nuclear factor kappa-B ligand (RANKL),
and run-related transcription factor 2 (RUNX).

Possible treatment-induced cell damage was investigated using the MTT assays to eval-
uate the mitochondrial function and the detection of intracellular and extracellular LDH for
the membrane damage evaluation. The mitochondrial activity detected by the MTT assay
did not undergo any alterations due to the treatment (Figure 3a). Thus, cell proliferation
was guaranteed even in the presence of the treatment. Furthermore, the treatment did not
cause damage to cell membranes as very low extracellular LDH concentrations (Figure 3b)
and very high intracellular LDH contractions (Figure 3c) were simultaneously recorded.
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Figure 3. Cell integrity detection: (a) MTT assay; (b) extracellular LDH; and (c) intracellular LDH.

SEM images showed the presence of a layer of calcified matrix on the osteogenic differ-
entiated cells (yellow circle in Figure 4a). After the treatment, the calcification disappeared,
and the cells on the top of the membrane were evident (Figure 4b). The treatment induced
the release of the calcific component, leaving cells with a typical mesenchymal-endothelial
phenotype. The release of the calcific matrix was assessed by ARS assay (Figure 4c).
The amount of calcium resulting from the calcification process was markedly greater
following treatment.
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treatment; and (c) ARS assay before the treatment (white bar) and after the treatment (black bar).
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3.3. Inflammatory Response

Undifferentiated macrophages (M0) were seeded onto the pericardium membrane and
then treated with the TDD. The change into a M1 inflammatory or M2 anti-inflammatory
phenotype was evaluated by cytokine release quantification and miRNA expression anal-
ysis (Figure 5). The quantification of the cytokines TNF alpha, IL1, and IL10 confirmed
that the treatment induced a reduction in the inflammation process (Figure 5a). The gene
expression profile of miRNA evidenced that the treatment induced an anti-inflammatory
macrophage phenotype predominantly (Figure 5b).
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Figure 5. Macrophage response to the treatment. (a) Inflammatory cytokine release: TNF alpha, IL 1,
and IL10. (b) Gene expression profile of M1 and M2 markers.

4. Discussion

In the literature, the mechanism of action of ultrasound for disrupting calcific concre-
tions is widely described [9,19]. The ultrasound field can be produced in three different
ways: electro-hydraulic generator, electromagnetic generator, or piezoelectric generator [15].
In an electro-hydraulic generator, two electrodes, crossed by current, overheat the water in
which they are immersed. This causes evaporation and consequently the rise in pressure
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that generates the shock wave. In an electromagnetic generator, a coil wrapped in a metal
membrane generates a magnetic field when the current passes, which causes the membrane
to expand, thus causing the formation of shock waves. The piezoelectric generator uses
piezoelectric crystals, or transducers, immersed in water, which undergoes contractions
and expansions of their volume, and produces very small pressure waves in the water.

For the design of the TDD, piezoelectric transducers were used to create low-intensity
energy waves. The piezoelectric effect depends on the ability of a material to generate me-
chanical stress when subjected to a potential difference. The effect is due to the distortions
suffered by the crystal lattice of the material. The transducer is like an RLC circuit; when
injecting a current that has a frequency equal to the resonant frequency of the transducer,
the impedance tends to zero, increasing the mechanical effects of vibration by emitting
ultrasound [20]. A positive pressure pulse of short duration and a negative pressure pulse
characterize the shock wave. The pressure curve that describes the shock wave is character-
ized by an ascending phase in which the rise time (Tr) can vary from a few nanoseconds
(ns) to a few microseconds (µs) and represents the time that the pressure takes to rise from
10% to 90% of its maximum value (Pmax). The wave trend in the descending phase of the
curve is instead slower and more irregular before assuming a negative value.

More in detail, the shock waves, constituted at least by two components, namely
direct compression and negative tension, act on the calcific deposits with a combination of
multiple effects [21]. (1) Spallation occurs when the shock wave crosses the calcification and
is reflected on the back wall. The reflection of the impulse results in a mechanical tension
that is more effective than the compression force (incident impulse). (2) Shear forces that
result from a combination of compressive and transverse waves. This effect can be very
effective on the calcific deposits since the stratified and fragile conformation of calcium
concretions have a low resistance to transverse shear forces. (3) Reflection of refracted
waves that are generated from the reflection of the pressure waves during the crossing
of the concretion. (4) Cavitation of the bubbles consists of the nucleation of bubbles near
the calcific deposits in the blood and subsequent dynamics involving growth, oscillation,
and collapse with the formation of microjets. (5) Fatigue that can cause the breakage of
calcific deposits when subjected to mechanical stimuli. This usually occurs where there are
imperfections in which the effects of shock waves are concentrated. (6) Superfocusing is
created by the geometry of the calcification as a combination of reflections and refractions
of the waves that are focused within it.

As already reported by Fermi et al. [9], cavitation is a fundamental phenomenon for the
breakdown of calcium that forms inside the leaflets. In fact, the TDD is based on histotripsy,
an experimental cavitation-based therapy in which ultrasound “breaks” the fluid they pass
through, forming bubbles of dissolved gas. The gas bubbles, subjected to the ultrasonic
field, undergo compression and decompression forces, transforming the bubble into an
oscillating system that can explode. The explosion of the bubble causes mechanical erosion
due to the concentrated release of energy. The bubble oscillates elastically according to the
gas inside it and according to the liquid surrounding it: this means the bubble has its own
oscillation frequency. The cavitation threshold is closely related to the initial bubble radius.
When the frequency of the ultrasound field comes close to the proper bubble frequency,
resonant phenomena occur: the bubble dilates during the negative phase of the pressure
wave and collapses very quickly and violently upon the arrival of the positive pressure.

The combination of multiple frequencies affects the formation of bubbles leading to the
formation of a larger number of bubbles with different rays: the high frequency generates
small bubbles locally, while the low-frequency stimulation generates large bubbles, and the
combination of the two frequencies increases the generation rate of cavitation bubbles. The
lower frequency must be approximately thirty times lower than the high frequency. This
effect forms a number of bubbles that are up to five times larger compared to the use of
a single frequency. Furthermore, the non-linear effects, together with the combination of
the two frequencies, reduce the threshold to generate cavitation effects. Another important
element for cavitation is represented by the Bjerknes forces, which intensify the fragmen-
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tation of the bubbles due to the interaction between the bubbles themselves [16]. The
combination of the two frequencies accelerates bubble collapse: cavitation bubbles become
more unstable and easier to collapse under the pressure of dual-frequency ultrasound.
With a dual-frequency ultrasound field, the pressure inside the bubble is higher than that
obtained with a single frequency. For this reason, the dual-frequency field intensifies the
cavitation effect. To prevent procedure-related strokes and avoid the passage of blood
clots and thrombi generated during the procedure, an anti-embolic device can be used
in combination with the transcatheter debridement device (TDD). An anti-embolic filter
such as Flower™ can be deployed and positioned in the ascending aorta, covering all three
main branches of the aortic arch (brachiocephalic trunk, left common carotid artery, and
left subclavian artery) and the systemic circulation. The filter is able to capture and remove
debris during the TDD treatment, protecting patients from cerebral embolic injuries and
embolism of peripheral organs.

In light of such considerations, the TDD was produced to induce an in vivo decalcifi-
cation of valves. Prior to in vivo testing the device, here, we reported an in vitro system
simulating calcified valves to analyze the ability of the device to induce calcification with-
out affecting cell viability and inflammation. The system was composed of MSCs with
osteogenic phenotype seeded onto bovine pericardium membrane. The ability of the
MSCs to differentiate into different commitments has already been widely documented
elsewhere [22–24]. They can differentiate toward the osteogenic phenotype in the presence
of osteogenic differentiative medium [25–27] and several biomaterials [28–33]. Moreover,
MSCs are considered a useful tool for tissue regeneration as they can release growth factors
and vesicles [34]. Meanwhile, bovine pericardium membrane is widely used for tissue
scaffolding [35,36] and the fabrication of artificial heart valves [37]. The current results
demonstrated that the MSCs were rightly osteogenic committed and, after the treatment,
cell viability was not affected. No cell membrane damage was detected after the treatment.
Indeed, the high level of lactate dehydrogenase enzyme inside the cells, together with the
low level on the outside, was a clear sign of an absence of damage to the plasma membranes.
By contrast, a significant release of calcium from cells was observed, confirming the decalci-
fication process. Lastly, macrophage cultures were performed to assess the inflammatory
response due to the decalcification treatment. The extent of differentiation into M1 or M2
macrophages showed no onset of inflammation after the treatment.

Talking about the possibility to perform in vivo tests, we have to take into account that
in vivo tests on animal models have already been performed to evaluate the navigability
and usability of the transcatheter version of the device. This TDD version comprises a
delivery module based on multi-lumen catheters (to carry electric signals and electrical
power to the ablation units that emit ultrasound field) and an artificial, temporary valve to
provide the valve function during the fragmentation treatment of the calcium deposited on
the leaflets. In particular, as reported in “Lithotripsy of Calcified Aortic Valve Leaflets by a
Novel Ultrasound Transcatheter-Based Device”, (1) an experimental treatment was carried
out in two adult pigs in a fully equipped operating room with a portable angiographic C-
arm. Under general anesthesia, the animals were fully heparinized, and the femoral artery
was exposed to perform the treatment with TDD using a minimally invasive procedure.
The animals were kept anesthetized for the whole duration of the treatments and were
immediately euthanized after the procedure to recover the heart and dissect the treated
valves. The mean arterial pressure was stable during the entire procedure (mean arterial
pressure of 80 mmHg with a heart rate of ~130 beats per min). No moderate to severe aortic
regurgitation was ever detected by echocardiographic monitoring during and after the TDD
treatment. No pacing or rapid pacing was needed for the treatment. Efficacy tests were
also performed on ex vivo models, measuring the variation of the transvalvular pressure
gradient before and after treatment. The heart affected by aortic valve stenosis, explanted
from a cadaver at the École de Chirurgie in Lyon, was connected to the simulation device
developed by the Politecnico di Milano. (2) The device was capable of simulating the
pumping function of the heart through the external pressurization of the ventricle, either
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in pulsatile or steady flow conditions, while measuring the transvalvular pressure drop
and the flow. Pressure and flow measurements were carried out pre- and post-treatment
with TDD. All the tests showed reductions in the transvalvular pressure gradient and an
increase in the effective orifice area between 10% and 26% [38,39].

5. Conclusions

In light of such considerations, we can conclude that the TDD was able to induce a
complete decalcification of the valve without affecting cell viability. Moreover, the treatment
did not induce any inflammatory events able to drive a worse prognosis.

Author Contributions: Conceptualization, B.Z. and E.F.; methodology, F.Z., L.F., I.Z., and E.T.
(Elena Tiengo); software, M.T.; S.L.; G.S. formal analysis, B.Z.; investigation, F.Z., I.Z., E.P.; M.C.P.
and E.T. (Elena Tiengo); resources, B.Z.; data curation, E.T. (Elena Tremoli); B.Z.; writing—original
draft preparation, E.F.; writing—review and editing, L.F. and B.Z.; visualization, E.F.; supervision,
B.Z.; project administration, B.Z.; funding acquisition, B.Z. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by FAR, grant number zavan 2020.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: TThe authors acknowledge MDE (IT), BGM Elettronica (IT), Spin Electronics
(IT), Admedes (DE) for technical support in prototype assembly.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Grave, C.; Juillière, Y.; Tuppin, P.; Weill, A.; Gabet, A.; Tribouilloy, C.; Olié, V. Epidemiological Features of Aortic Stenosis in a

French Nationwide Study: 10-Year Trends and New Challenges. J. Am. Heart Assoc. 2020, 9, e017588. [CrossRef]
2. Kruithof, B.P.T.; van Wijngaarden, A.L.; Mousavi Gourabi, B.; Hjortnaes, J.; Palmen, M.; Ajmone Marsan, N. Superimposed Tissue

Formation in Human Aortic Valve Disease: Differences between Regurgitant and Stenotic Valves. J. Cardiovasc. Dev. Dis. 2021,
8, 79. [CrossRef] [PubMed]

3. Lindman, B.R.; Clavel, M.A.; Mathieu, P.; Iung, B.; Lancellotti, P.; Otto, C.M.; Pibarot, P. Calcific aortic stenosis. Nat. Rev. Dis.
Primers 2016, 2, 16006. [CrossRef] [PubMed]

4. Messika-Zeitoun, D.; Lloyd, G. Aortic valve stenosis: Evaluation and management of patients with discordant grading. Eur. Soc.
Cardiol. 2018, 15, 32.

5. Kirmani, B.H.; Jones, S.G.; Malaisrie, S.C.; Chung, D.A.; Williams, R.J. Limited versus full sternotomy for aortic valve replacement.
Cochrane Database Syst. Rev. 2017, 4, CD011793. [CrossRef] [PubMed]

6. Khosravi, A.; Wendler, O. TAVI 2018: From guidelines to practice. Eur. Soc. Cardiol. 2018, 15.
7. Sarmento-Leite, R.; Junior, G.E.d.O. Transcatheter Aortic Valve Implantation: Where are we in 2020? Int. J. Cardiovasc. Sci. 2020,

33, 537–549. [CrossRef]
8. Bernava, G.; Fermi, E.; Gelpi, G.; Rizzi, S.; Benettin, D.; Barbuto, M.; Romagnoni, C.; Ventrella, D.; Palmieri, M.C.; Agrifoglio, M.;

et al. Lithotripsy of Calcified Aortic Valve Leaflets by a Novel Ultrasound Transcatheter-Based Device. Front. Cardiovasc. Med.
2022, 9, 850393. [CrossRef]

9. Fermi, E.; Benettin, D.; Bernava, G.; Pesce, M.; Pasquino, E. Trans-Catheter Double-Frequency Ultrasound Ablator for The
Treatment of Aortic Valve Leaflets Calcification. Biomed. J. Sci. Tech. Res. 2021, 33, 25952–25957. [CrossRef]

10. Gardin, C.; Bosco, G.; Ferroni, L.; Quartesan, S.; Rizzato, A.; Tatullo, M.; Zavan, B. Hyperbaric Oxygen Therapy Improves the
Osteogenic and Vasculogenic Properties of Mesenchymal Stem Cells in the Presence of Inflammation In Vitro. Int. J. Mol. Sci.
2020, 21, 1452. [CrossRef] [PubMed]

11. Azzena, B.; Mazzoleni, F.; Abatangelo, G.; Zavan, B.; Vindigni, V. Autologous platelet-rich plasma as an adipocyte in vivo delivery
system: Case report. Aesthet. Plast. Surg. 2008, 32, 155–158; discussion 159–161. [CrossRef] [PubMed]

12. Fiocco, L.; Elsayed, H.; Ferroni, L.; Gardin, C.; Zavan, B.; Bernardo, E. Bioactive Wollastonite-Diopside Foams from Preceramic
Polymers and Reactive Oxide Fillers. Materials 2015, 8, 2480–2494. [CrossRef]

13. Sivolella, S.; Stellini, E.; Brunello, G.; Gardin, C.; Ferroni, L.; Bressan, E.; Zavan, B. Silver Nanoparticles in Alveolar Bone Surgery
Devices. J. Nanomater. 2012, 2012, 975842. [CrossRef]

14. Romano, M.; De Francesco, F.; Pirozzi, G.; Gringeri, E.; Boetto, R.; Di Domenico, M.; Zavan, B.; Ferraro, G.A.; Cillo, U. Expression
of cancer stem cell biomarkers as a tool for a correct therapeutic approach to hepatocellular carcinoma. Oncoscience 2015,
2, 443–456. [CrossRef] [PubMed]

15. Leong, T.S.H.; Ashokkumar, M.; Kentish, S.E. The fundamentals of power ultrasound—A review. Acoust. Aust. 2011, 39, 54.

http://doi.org/10.1161/JAHA.120.017588
http://doi.org/10.3390/jcdd8070079
http://www.ncbi.nlm.nih.gov/pubmed/34357322
http://doi.org/10.1038/nrdp.2016.6
http://www.ncbi.nlm.nih.gov/pubmed/27188578
http://doi.org/10.1002/14651858.CD011793.pub2
http://www.ncbi.nlm.nih.gov/pubmed/28394022
http://doi.org/10.36660/ijcs.20200089
http://doi.org/10.3389/fcvm.2022.850393
http://doi.org/10.26717/BJSTR.2021.33.005429
http://doi.org/10.3390/ijms21041452
http://www.ncbi.nlm.nih.gov/pubmed/32093391
http://doi.org/10.1007/s00266-007-9022-9
http://www.ncbi.nlm.nih.gov/pubmed/17805922
http://doi.org/10.3390/ma8052480
http://doi.org/10.1155/2012/975842
http://doi.org/10.18632/oncoscience.163
http://www.ncbi.nlm.nih.gov/pubmed/26097877


Biomedicines 2022, 10, 2352 12 of 12

16. Dong, H.; Zou, X.; Qian, S. Simulation Study on the Influence of Multifrequency Ultrasound on Transient Cavitation Threshold in
Different Media. Appl. Sci. 2020, 10, 4778. [CrossRef]

17. Iernetti, G.; Ciuti, P.; Dezhkunov, N.V.; Reali, M.; Francescutto, A.; Johri, G.K. Enhancement of high-frequency acoustic cavitation
effects by a low-frequency stimulation. Ultrason. Sonochem. 1997, 4, 263–268. [CrossRef]

18. Liu, H.-L.; Hsieh, C.-M. Single-transducer dual-frequency ultrasound generation to enhance acoustic cavitation. Ultrason.
Sonochem. 2009, 16, 431–438. [CrossRef]

19. Kereiakes, D.J.; Virmani, R.; Hokama, J.Y.; Illindala, U.; Mena-Hurtado, C.; Holden, A.; Hill, J.M.; Lyden, S.P.; Ali, Z.A. Principles
of Intravascular Lithotripsy for Calcific Plaque Modification. JACC Cardiovasc. Interv. 2021, 14, 1275–1292. [CrossRef]

20. Jaffe, H. Piezoelectric Ceramics. J. Am. Ceram. Soc. 1958, 41, 494–498. [CrossRef]
21. Ogden, J.A.; Tóth-Kischkat, A.; Schultheiss, R. Principles of shock wave therapy. Clin. Orthop. Relat. Res. 2001, 387, 8–17.

[CrossRef] [PubMed]
22. Zavan, B.; Michelotto, L.; Lancerotto, L.; Della Puppa, A.; D’Avella, D.; Abatangelo, G.; Vindigni, V.; Cortivo, R. Neural potential

of a stem cell population in the adipose and cutaneous tissues. Neurol. Res. 2010, 32, 47–54. [CrossRef] [PubMed]
23. Zavan, B.; Vindigni, V.; Gardin, C.; D’Avella, D.; Della Puppa, A.; Abatangelo, G.; Cortivo, R. Neural potential of adipose stem

cells. Discov. Med. 2010, 10, 37–43.
24. Zavan, B.; Giorgi, C.; Bagnara, G.P.; Vindigni, V.; Abatangelo, G.; Cortivo, R. Osteogenic and chondrogenic differentiation:

Comparison of human and rat bone marrow mesenchymal stem cells cultured into polymeric scaffolds. Eur. J. Histochem. 2007, 51
(Suppl. 1), 1–8.

25. Ferroni, L.; Gardin, C.; Dolkart, O.; Salai, M.; Barak, S.; Piattelli, A.; Amir-Barak, H.; Zavan, B. Pulsed electromagnetic fields
increase osteogenetic commitment of MSCs via the mTOR pathway in TNF-alpha mediated inflammatory conditions: An in-vitro
study. Sci. Rep. 2018, 8, 5108. [CrossRef] [PubMed]

26. Ferroni, L.; Tocco, I.; De Pieri, A.; Menarin, M.; Fermi, E.; Piattelli, A.; Gardin, C.; Zavan, B. Pulsed magnetic therapy increases
osteogenic differentiation of mesenchymal stem cells only if they are pre-committed. Life Sci. 2016, 152, 44–51. [CrossRef]

27. Gardin, C.; Bressan, E.; Ferroni, L.; Nalesso, E.; Vindigni, V.; Stellini, E.; Pinton, P.; Sivolella, S.; Zavan, B. In vitro concurrent
endothelial and osteogenic commitment of adipose-derived stem cells and their genomical analyses through comparative genomic
hybridization array: Novel strategies to increase the successful engraftment of tissue-engineered bone grafts. Stem Cells Dev. 2012,
21, 767–777. [CrossRef]

28. Ferroni, L.; Gardin, C.; Sivolella, S.; Brunello, G.; Berengo, M.; Piattelli, A.; Bressan, E.; Zavan, B. A hyaluronan-based scaffold for
the in vitro construction of dental pulp-like tissue. Int. J. Mol. Sci. 2015, 16, 4666–4681. [CrossRef]

29. Ettorre, V.; De Marco, P.; Zara, S.; Perrotti, V.; Scarano, A.; Di Crescenzo, A.; Petrini, M.; Hadad, C.; Bosco, D.; Zavan, B.; et al.
In vitro and in vivo characterization of graphene oxide coated porcine bone granules. Carbon 2016, 103, 291–298. [CrossRef]

30. Bressan, E.; Favero, V.; Gardin, C.; Ferroni, L.; Iacobellis, L.; Favero, L.; Vindigni, V.; Berengo, M.; Sivolella, S.; Zavan, B.
Biopolymers for Hard and Soft Engineered Tissues: Application in Odontoiatric and Plastic Surgery Field. Polymers 2011,
3, 509–526. [CrossRef]

31. Bressan, E.; Carraro, A.; Ferroni, L.; Gardin, C.; Sbricoli, L.; Guazzo, R.; Stellini, E.; Roman, M.; Pinton, P.; Sivolella, S.; et al.
Nanotechnology to drive stem cell commitment. Nanomedicine 2013, 8, 469–486. [CrossRef]

32. Elsayed, H.; Rebesan, P.; Giacomello, G.; Pasetto, M.; Gardin, C.; Ferroni, L.; Zavan, B.; Biasetto, L. Direct ink writing of porous
titanium (Ti6Al4V) lattice structures. Mater. Sci. Eng. C Mater. Biol. Appl. 2019, 103, 109794. [CrossRef] [PubMed]

33. Gardin, C.; Vindigni, V.; Bressan, E.; Ferroni, L.; Nalesso, E.; Della Puppa, A.; D’Avella, D.; Lops, D.; Pinton, P.; Zavan, B.
Hyaluronan and Fibrin Biomaterial as Scaffolds for Neuronal Differentiation of Adult Stem Cells Derived from Adipose Tissue
and Skin. Int. J. Mol. Sci. 2011, 12, 6749–6764. [CrossRef] [PubMed]
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