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Abstract Ultrasound (US) has gained widespread use in di-
agnostic cardiovascular applications. At amplitudes and fre-
quencies typical of diagnostic use, its biomechanical effects
on tissue are largely negligible. However, these parameters
can be altered to harness US’s thermal and non-thermal effects
for therapeutic indications. High-intensity focused ultrasound
(HIFU) and extracorporeal shock wave therapy (ECWT) are
two therapeutic US modalities which have been investigated
for treating cardiac arrhythmias and ischemic heart disease,
respectively. Here, we review the biomechanical effects of
HIFU and ECWT, their potential therapeutic mechanisms,
and pre-clinical and clinical studies demonstrating their effi-
cacy and safety limitations. Furthermore, we discuss other
potential clinical applications of therapeutic US and areas in
which future research is needed.

Keywords Ultrasound - Atrial fibrillation - Ablation -
Angiogenesis

1 Introduction

In the 1950s, cardiologist Inge Edler and his physicist colleague,

Carl Hellmuth Hertz, collaborated to apply ultrasound (US) to
visualize the heart and intracardiac structures. This pioneering
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work led to the field of echocardiography [1], and further
sophistication of echocardiography revolutionized the field of
cardiology [2]. Subsequently, the use of diagnostic US spread
into gastroenterology, obstetrics, and gynecology [3]. The use of
US for therapeutic indications preceded these early diagnostic
applications. Lynn et al. demonstrated the use of focused US for
tissue ablation as early as 1942 [4], and the Fry brothers used
US as an ablative approach for the treatment of Parkinson
disease [5]. Further advancement of therapeutic US awaited
the development of improved imaging technologies, and only
recently has it gained acceptance as a promising clinical modal-
ity. Therapeutic US technologies are currently approved by the
United States Food and Drug Administration (FDA) and used
for the treatment of solid tumors, uterine fibroids, glaucoma,
kidney stones, deep venous thrombosis, and musculoskeletal
injuries, and as an adjunct to transdermal drug delivery and
liposuction [6]. More recently, the use of therapeutic US for
cardiac applications has advanced, particularly as an approach
to catheter-based ablation of arrhythmias and to treatment of
ischemic heart disease (IHD). This article summarizes the mech-
anisms, modalities, clinical efficacy, and safety profile of ther-
apeutic US in the treatment of cardiovascular diseases.

2 Biomechanical effects of ultrasound

Both therapeutic and diagnostic US modalities rely on piezoelec-
tric crystals which, when electrically stimulated, release high
frequency sound waves. As these sound waves propagate through
tissue, their energy is partially absorbed and partially reflected by
fluid, cells, and connective tissue. Based on the clinical applica-
tion and tissue characteristics, US parameters (frequency, ampli-
tude, pulse duration) can be optimized to maximize reflection and
minimize absorption (for diagnostic imaging), or to maximize
absorption (for therapeutic applications).
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The effects of US on tissue can generally be divided into
thermal and non-thermal mechanisms (Table 1). Absorption of
the US waves by tissue leads to increased local temperatures.
While diagnostic US leads to low or negligible increases in tissue
temperature [7], increasing the pulse length, or power can lead to
rapid heating, coagulation, liquefactive necrosis, tissue vaporiza-
tion, or some combination of the above. This effect of therapeutic
US is typically hamessed for applications that require tissue
necrosis, such as ablation of soft tissue tumors, and, in cardio-
vascular applications, for treatment of cardiac arrthythmias.

Alternatively, relatively high acoustic amplitude potenti-
ates the non-thermal effects. These effects generally rely on
the process of acoustic cavitation—the creation of small gas
bubbles in the blood via transmission of US energy. Acoustic
cavitation mediates US’s vascular effects through three poten-
tial mechanisms. One of these mechanisms is microstreaming
(Fig. la), the transmission of shear stress from fluid motion
generated by oscillating bubbles to cell membranes and endo-
thelial surfaces (US waves may also directly induce shear
stress onto cell membranes) [8]. Another mechanism is jetting
(Fig. 1b and c) from asymmetric collapse of a bubble. Jetting
of bubbles from vessel lumen into tissue (called poking), or
from tissue into the lumen (leading to invagination of the local
vessel wall), can potentially increase vascular permeability
[9]. Permeability may also be enhanced by expanding and
compressing bubbles, which, in turn, causes distension and
invagination of the vessel wall, respectively (Fig. 1d and e)
[10].

The non-thermal effects of therapeutic US, namely in-
creased vascular permeability [11] and shear stress [12], may
be the principal effects by which it has been shown to promote
angiogenesis and improved myocardial contractility in I[HD.

These mechanisms could also lead to soft tissue or
vascular damage, particularly in gas-containing organs
such as lung and bowel, in which gas bubbles readily
cavitate [13]. However, with careful titration of US

Table 1 Biomechanical effects of ultrasound

* Thermal Effects (increased pulse length, power)

o Increases local tissue temperature, can lead to liquefactive
necrosis [7]

* Non-thermal effects (increased pressure/amplitude)

o Microstreaming: increased fluid movements promotes endothelial
shear stress [8]

o Jetting: increases vascular permeability [9]

o Bubble expansion/compression: increases vascular permeability [10]
* Molecular effects (may be due to non-thermal effects)

o Upregulation of angiogenic factors [VEGF and Flt-1] [18]

o Increased nitric oxide synthase activity [19]

o Anti-inflammatory properties [20]

o Increased differentiation of myocytes, endothelial cells,
and vascular smooth muscle cells [21, 22]
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parameters, non-thermal effects can be therapeutically
harnessed to increase vascular permeability without
causing vascular damage [14]. In in vitro experiments,
applying US therapy up to 0.5 mJ/mm® to the aortic
wall did not demonstrate any histologic evidence of
vascular damage [15].

Finally, studies have suggested direct cellular effects of
therapeutic US that may not necessarily act via acoustic cav-
itation (Table 1). Application of US to human umbilical vein
endothelial cells (HUVECs) led to upregulation of vascular
endothelial growth factor (VEGF) and its receptor, Flt-1 [16].
In vitro studies of therapeutic US on C6 rat glioma cells [17]
and on HUVECs [18] showed the therapy to have anti-
inflammatory properties, and to up-regulate nitric oxide syn-
thesis. Another in vitro study applying therapeutic US to
myocardial autopsy and biopsy specimens of patients with
ischemic cardiomyopathy and normal controls showed in-
creased differentiation of stem cells into endothelial cells,
cardiac myocytes, and smooth muscle cells after application
of US [19]. An in vivo study in rats showed therapeutic US to
increase populations of cardiac stem cells [20].

3 Ultrasound modalities

Two main therapeutic US delivery devices have been devel-
oped for cardiac applications based on their predominating
biomechanical effects: extracorporeal shock wave therapy
(ECWT) and high-intensity focused ultrasound (HIFU)
(Table 2). Well-known for its use in lithotripsy of kidney
stones, ECWT transducers send individual waveforms with
approximately 1 ms-long, high-pressure/amplitude positive
pulse (usually 10-100 MPa) followed by a longer (~5 ms),
lower-amplitude negative pressure tail (2-10 MPa) (Fig. 2a).
Numerous (on the order of 100 to 1,000 s) separate pulses are
applied to the area of interest. Given its high amplitude, and
thus ability to potentiate non-thermal biomechanical effects of
US, ECWT has mainly been investigated for the treatment of
IHD.

Unlike ECWT, HIFU applies continuous US waves with a
dedicated frequency (usually 1-10 MHz) and amplitude
(~10 MPa) (Fig. 2b). Whereas ECWT delivers shock waves
in a linear fashion and is absorbed by all tissue between the
transducer-tissue interface and target tissue, HIFU signal gen-
erators are typically mounted on a concave transducer and
focus the US at a fixed focus length. This allows HIFU beams
to converge energy onto a target tissue, at a pre-determined
depth from the tissue surface, with a resolution of a few
millimeters, and minimal effect on tissue between the surface
and the target [6]. This ability to converge higher power at a
higher resolution makes HIFU an ideal technology for clinical
applications requiring the thermal effects of US.
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Fig. 1 Schematic and ex vivo microscopy images of non-thermal vascular
effects of therapeutic ultrasound. 7op row demonstrates microstreaming (a),
jetting (b, ¢), bubble expansion/compression (d, e). Bottom row images
demonstrate interaction of lipid-coated perfluoropropane ultrasound contrast

4 Cardiovascular applications
4.1 Ischemic heart disease

The potential of ECWT to treat IHD by promoting angiogen-
esis was first shown by Nishida and colleagues in a porcine
model of chronic ischemic cardiomyopathy, in which the
therapy was shown to increase ejection fraction, wall thicken-
ing, myocardial blood flow and capillary density [16]. Similar
results were seen in porcine models of acute myocardial
infarction [21] and ischemia—reperfusion injury [22].

This technology has since been adapted to humans, and is
delivered in a non-invasive manner with a shock wave gener-
ator gently applied to the chest wall. A diagnostic echocardio-
gram transducer is mounted in-line with the generator to
provide direct echocardiographic guidance to the desired
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bubbles with capillary walls (injected with Green India Ink for contrast) in
ex vivo rat mesentery, during HIFU treatment, under 40x high-speed
microscopy [9, 10]

treatment area. There is no need for sedation or general anes-
thesia. Approximately one tenth the total power of energy
used for lithotripsy is applied to the tissue (0.09 mJ/mm?).
As exogenous stimulation by therapeutic US could promote
atrial or ventricular ectopy—indeed one study showed that
HIFU therapy could cause premature ventricular contractions
[23]—shock waves are electrocardiogram-gated to prevent R-
on-T phenomena.

The first published experience of ECWT in humans was
reported by Fukumoto et al., who described a series of nine
patients with coronary artery disease and stable angina who
were not eligible for percutaneous coronary intervention or
coronary artery bypass graft surgery and underwent ECWT
three times a week, for up to 3 weeks [24]. Decreased angina
was noted, with decrease in Canadian Cardiovascular Society
score and nitroglycerine use, and improvements in myocardial

Table 2 Comparison of ECWT and HIFU: biomechanical effects and clinical applications

Ultrasound parameters
effects

Predominant biomechanical Delivery

Potential cardiovascular
applications

FDA-approved clinical
applications

ECWT High amplitude, Non-thermal (cavitation,

Linear, absorbed by

Lithotripsy, plantar Ischemic heart disease,

separate pulses streaming) tissue between fasciitis, epicondylitis peripheral arterial disease
transducer
and target
HIFU High frequency, Thermal (heating, Focused, minimal Uterine fibroids, AF and VT ablation,

continuous wave liquefactive necrosis)

off-target effects

ASD/VSD creation,
AVN ablation, functional
MR, peripheral vascular
disease,

ischemic heart disease

laparoscopic

tissue ablation,
venous and arterial
thromboses
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Fig.2 Comparison of ECWT (a) a

Shock wave therapy

b HIFU

and HIFU (b) waveforms. Note
the continuous HIFU waveform
with a dedicated frequency,
compared with the higher
pressure/amplitude, single
waveform of ECWT

Pressure (MPa)

Time (ps)

perfusion by thallium scintigraphy. Effects persisted for up to
12 months after therapy. The first randomized, double-blinded
trial of ECWT was performed by the same group; eight
patients were randomized in a cross-over manner to either
ECWT or placebo therapy [25]. Similar improvements in
angina symptoms were seen, as well as improvement in the
6-min walk test and ejection fraction. Other small series
[26, 27], case—control trials [28], and randomized trials [29,
30] of ECWT for this indication have shown similar improve-
ments compared with pre-treatment baseline and placebo
therapy (Table 3). No procedural complications or adverse
effects occurred in these studies, although the degree and
duration of monitoring was variable. There is a theoretical
concern that exposure of epicardial coronary arteries to the
ECWT treatment field could lead to endothelial damage or
plaque rupture. However, serial measurement of cardiac bio-
markers after ECWT showed no difference compared with
untreated placebo patients [30].

To date, there have been no large, randomized clinical trials of
ECWT for this indication, nor have any trials demonstrated a
reduction in clinical outcomes beyond decreased angina. Clinical
trials are ongoing in Japan, China, Pakistan, Netherlands,
Germany, and Israel, but none have enrolled more than 100
patients [31]. An ECWT device (Storz Medical; Tagerwilen,
Switzerland) has received a European Union CE marking in
2003, was approved by the Japanese Ministry of Health, Labor
and Welfare for treatment of refractory angina in 2010, and is
being used clinically in over ten countries [32]. Another ECWT
device (Medispec, Germantown, Maryland, USA) is currently
under development. ECWT has not yet been approved for use in
the USA.

4.2 Arrhythmias

HIFU has been used in the treatment of arrhythmias, most
commonly AF (Table 4). HIFU was used to treat AF in a series
of 103 patients undergoing cardiac surgery [33]. A linear HIFU
catheter was used epicardially during cardiac surgery to electri-
cally isolate the pulmonary veins and to create a linear ablation
line between the left lower pulmonary vein and mitral valve
annulus using the UltraCinch and UltraWand devices (St. Jude
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Medical, St. Paul, MN). This study showed excellent safety
results, and 80 % of patients were free of AF after six months;
other trials [34, 35] had similar results. This device was also
used in a minimally invasive approach with video-associated
thoracoscopic surgery, albeit with only 40 % freedom of AF
after 6 months and increased complications in one series [36].
However, the UltraCinch and UltraWand devices entered a
surgical AF treatment market largely ingrained in the traditional
“cut-and-sew” technique, and with recent competition from
epicardial radiofrequency and cryoenergy technologies. Thus,
there has been difficulty in marketing and training surgeons to
use this device, and St. Jude Medical has ceased production of
these devices.

Further advances led to an endocardial, balloon catheter-
based approach. The first ultrasound catheter used an ultra-
sound crystal mounted on a liquid CO,-filled balloon
(Atrionix, Palo Alto, CA, USA). The advantage of this ap-
proach, compared to standard RF, catheter-based pulmonary
vein isolation was that the entire circumference of each pul-
monary vein could be treated all at once, as opposed to the
“connect-the-dots” strategy of RF ablation. This was antici-
pated to lead to a much more rapid, safe, and effective proce-
dure with fewer gaps around the pulmonary vein. However,
because the balloon needed to be seated inside the pulmonary
vein, the lesions were typically too distal to completely treat
the arrhythmia. This and other technical problems led to
abandonment of this technology. However, another company
developed a similar balloon based approach, but directed the
HIFU energy forward and took advantage of the interface
between H,O and CO, to reflect the energy more proximally
around the pulmonary vein (HIFU-BC; ProRhythm,
Ronkonkoma, NY, USA; Fig. 3). In an initial study of 27
patients, 87 % of pulmonary vein ostia were successfully
isolated, and 59 % of patients were free of AF at 12 months
[37]. Longer-term follow-up of a cohort of 32 patients showed
56 % freedom of AF at approximately 4 years [38]. Third-
generation, steerable catheters decreased procedure time (to
166 min) and left atrial dwelling time (58 min), with 71 % of
patients free of AF at approximately 1 year follow-up [39].
However, the major downfall of this technology was the
complication of atrio-esophageal fistula [40]. Because of the
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Table 4 Comparison of clinical and pre-clinical therapeutic ultrasound devices

Application Delivery device Frequency Acoustic Delivery protocol
energy/power
ECWT for ischemic heart Extracorporeal shock wave N/A (individual 0.9 mJ/mm? 200 shock waves
disease [27] generator mounted in-line shock waves) per spot, 40—60 spots
with trans-thoracic per session, three sessions per
echocardiogram week for three months
HIFU epicardial pulmonary vein UltraCinch and UltraWand 3.8-6.4 MHz 15-130 W Three sequential stages of ablation
isolation for AF [35-37] devices secured epicardially corresponding to different depths:

around pulmonary veins

HIFU endocardial pulmonary vein 12 French balloon-tipped
isolation for AF [41] endocardial catheter

HIFU epicardial VT ablation [46]* 14 French epicardial catheter

endocardial to epicardial. Ten
minutes total for UltraCinch,
one minute for UltraWand

9 MHz 45 W Circumferential ablations, 40-90
s per vein, multiple ablations
may be required

6.4 MHz 6W 60 s per ablation point, multiple
points per animal

# Animal studies only

uniformity and depth of the HIFU lesion, this complication
could not be avoided, leading to several deaths and eventual
termination of the pivotal US trial and dissolution of the
company developing this technology. Unfortunately, this has
impeded the development of HIFU for catheter ablation appli-
cations despite the promise of uniform deep lesions. It may be
that use of lower or variable HIFU energy could have avoided
the development of atrio-esophageal fistulae, however after the
failure of the clinical trial development of this promising
technology was abandoned.

HIFU catheters have also been developed for ablation of
ventricular tachycardia (VT), and HIFU may be of particular
use for ablation of epicardial VT [41]. Application of RF energy
in the epicardium is often limited by epicardial fat, or proximity

Focal Zone:
Area of Circumferential Ablation

Fluid-filled

balloon

Gas/Fluid
interface acts

CO; filled balloon as a parabolic
reflector

Fig. 3 HIFU-BC (balloon catheter) developed by ProRhythm
(Ronkonkoma, NY, USA) for circumferential pulmonary vein isolation
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to the phrenic nerve or coronary arteries [42]. Epicardial fat
impedes delivery of RF energy to the underlying myocardium,
and ablation near epicardial coronary vessels may lead to acute
or chronic vessel thrombosis and acute myocardial infarction
[43]. Thus far, one study has assessed the feasibility of HIFU
ablation in an open-chest swine model, demonstrating deep
(16 mm) necrotic lesions up to 8 weeks after ablation [44].
Given its ability to focus energy at a specific tissue depth,
HIFU may also be useful for VTs that originate deep in the wall
between the right and left lower chambers (septum), which is
difficult to reach with standard radiofrequency energy.

4.3 Other cardiovascular applications

The thermal effects of HIFU have also been investigated for
non-invasive ligation of mitral chordae (for treatment of func-
tional mitral regurgitation) [45], atrial septostomy [46, 47],
creation of ventricular septal defects (for palliation of cyanotic
congenital heart disease) [48], and atrio-ventricular nodal
ablation [49] in dog and ex vivo models.

Intravascular therapeutic US has also been used in a
catheter-based approach for thrombolysis of venous and arterial
clots (EKOS Corporation, Bothell, WA, USA), with promising
results. This catheter-based approach can be used alone, or as
an adjunct to enhance the effects of pharmacologic thrombo-
lytics [50]. While US-accelerated thrombolysis has been ap-
proved by the FDA, it has yet to gain widespread clinical use.

Ultrasound has been used in combination with contrast
agent microbubbles to mediate localized drug or gene delivery,
either by increasing local vascular permeability, or by releasing
drugs or plasmids from within the microbubbles upon cavita-
tion. In the recent CELLWAVE study [51], adjunctive ECWT
was shown to modestly potentiate the effects of autologous
bone marrow-derived mononuclear cells in patients with
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chronic ischemic cardiomyopathy, leading to mild improve-
ments in ejection fraction (+3.5 %) compared with placebo
ECWT (+0.8 %).

Finally, ECWT has been investigated in animal models
[52] of and patients [53] with peripheral arterial disease in
order to promote angiogenesis. Initial findings were promis-
ing, but future studies are needed. The mechanisms underly-
ing this benefit include the cavitation effects leading to in-
creased vascular permeability and thus angiogenesis, as well
as the VEGF- and stem cell-mediated effects discussed above,
but need to be clearly demonstrated.

5 Conclusions

US technology has progressed from a predominantly diagnos-
tic technology to a promising therapeutic modality for many
cardiovascular applications. Its thermal effects have been in-
vestigated to develop HIFU as an ablative treatment for car-
diac arrhythmias. Its non-thermal properties, with possible
effects on stem cell differentiation, angiogenesis and inflam-
mation, have been utilized to develop ECWT as a treatment of
IHD. Further proliferation and FDA approval of ECWT for
IHD will require large, randomized, blinded, placebo-
controlled trials with long-term clinical endpoints, as well as
close peri-procedural and long-term safety monitoring. It is
also important to elucidate further the cellular and molecular
mechanisms by which US leads to improvements in [HD. The
use of HIFU for AF ablation has been hampered by safety
concerns, notably atrio-esophageal fistulas. Other cardiac uses
of HIFU are under development. Finally, therapeutic US may
also be a treatment for ventricular tachycardia, peripheral
arterial disease, and congenital/structural heart disease, but
these indications require further investigation.
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