A narrative review on the application of high-intensity

‘ W) Check for updates

focused ultrasound for the treatment of occlusive and
thrombotic arterial disease

Anand Brahmandam, MD,> Shin Mei Chan, BS,P Alan Dardik, MD, PhD,>>? Naiem Nassiri, MD,>“ and
Edouard Aboian, MD,? New Haven and West Haven, CT

ABSTRACT

Objectives: High-intensity focused ultrasound (HIFU) is a noninvasive therapeutic modality with a variety of applications.
It is approved for the treatment of essential tremors, ablation of prostate, hepatic, breast, and uterine tumors. Although
not approved for use in the treatment of atherosclerotic arterial disease, there is a growing body of evidence investigating
applications of HIFU. Currently, percutaneous endovascular techniques are predominant for the treatment of arterial
pathology: however, there are no endovascular techniques of HIFU available. This study aims to review the state of current
evidence for the application of HIFU in atherosclerotic arterial disease.

Methods: All English-language articles evaluating the effect of HIFU on arterial occlusive and thrombotic disease until
2021 were reviewed. Both preclinical and human clinical studies were included. Study parameters such as animal or
clinical model and outcomes were reviewed. In addition, details pertaining to settings on the HIFU device used were also
reviewed.

Results: In preclinical models, atherosclerotic plagque progression was inhibited by HIFU, through decreases in oxidized
low-density lipoprotein cholesterol and increases in macrophage apoptosis. Additionally, HIFU promotes angiogenesis in
hindlimb ischemic models by the upregulation of angiogenic and antiapoptotic factors, with increased angiogenesis at
higher line densities of HIFU. HIFU also promotes thrombolysis and conversely induces platelet activation at low fre-
guencies and higher intensities. Various clinical studies have attempted to translate some of these properties and
demonstrated positive clinical outcomes for arterial recanalization after thrombotic stroke, decreased atherosclerotic
plague burden in carotid arteries, increase in tissue perfusion and a decrease in diameter stenosis in patients with
atherosclerotic arterial disease.

Conclusions: In current preclinical and clinical data, the safety and efficacy of HIFU shows great promise in the treatment
of atherosclerotic arterial disease. Future focused studies are warranted to guide the refinement of HIFU settings for more

widespread adoption of this technology. (JVS—Vascular Science 2022;3:292-305.)
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Peripheral arterial disease (PAD) affects more than 200
million people worldwide and 8 to 12 million people in
the United States."* Chronic limb-threatening ischemia
represents an advanced stage of PAD, associated with a
dismal prognosis of approximately 25% mortality and
30% amputation rates at 1 year.>® Moreover, the rates of
reinterventions after revascularization remain high,
ranging from 20% to 60%, owing to various anatomic,
medical, and behavioral factors.”™ Technological ad-
vances have introduced various novel minimally invasive
therapeutic modalities such as atherectomy devices,
drug-eluting stents and balloons, in an attempt to
improve vessel patency and decrease the reintervention

rate.”” However, these therapeutic modalities remain inva-
sive and require intraarterial manipulation.
High-intensity focused ultrasound (HIFU) is a noninva-
sive therapeutic modality, that uses nonionizing ultra-
sonic waves for focused ablation of desired soft tissues,
when acoustic windows are available. The earliest re-
ported use of HIFU was by Lynn et al in 1942, who
designed a focused ultrasound generator, which pro-
duced focused heating in paraffin blocks and liver tissue.
They demonstrated that high-intensity ultrasound waves
could alter the biologic structure of the targeted tissue
and posited that these principles could be applied to
humans. Around the same time, Fry et al''® in the
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Fig 1. Search criteria and methodology.

1950s, used HIFU for thermal ablation of various deep
brain structures in experimental animal models. This
technology, however, did not rapidly develop owing to
the inability to precisely target the desired tissue. Since
then, advances in medical physics, imaging and engi-
neering principles have culminated in US Food and
Drug Administration (FDA) approval of HIFU for use in
the treatment of uterine fibroids, adenomyosis, essential
tremors, neuropathic pain, ablation of bone metastases,
and prostate cancer. Along with approved therapeutic
applications, a growing body of evidence has emerged
for use of HIFU in occlusive and thrombotic arterial dis-
ease. Although endovascular techniques are predomi-
nant for the treatment of arterial pathology, there are
no endovascular techniques of HIFU available. This re-
view aims to clarify the basic principles of HIFU related
to occlusive and thrombotic disease, highlight the cur-
rent translational and clinical data supporting the use
of HIFU, underscore its limitations, and provide a glimpse
into the future directions for HIFU technology in occlu-
sive and thrombotic arterial disease.

METHODS

A literature search of all English language articles in
Medline, EMBASE, Web of Science, and Cochrane data-
bases up till 2021 was conducted. The search terms
used were “high intensity focused ultrasound” and
“atherosclerosis” or “peripheral arterial disease” or “arterial
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thrombosis” and related terms or abbreviations. All ab-
stracts and full text papers were reviewed by two inde-
pendent reviewers (A.B and S.M.C), and all differences
were resolved in consultation with the senior author
(E.A). A total of 313 articles were initially identified. After
reviewing for relevance, 303 articles were excluded
because they did not meet inclusion criteria of being
relevant to HIFU and arterial disease. Sixteen studies
were snowballed into the final number of studies, using
references and additional searching (Fig 1). Thus, 26 total
articles were included in this qualitative review (15 pre-
clinical studies and 11 clinical studies, including 2 that
encompassed both preclinical and clinical data).

RESULTS

Principles of HIFU

The therapeutic effect of HIFU relies on two different
physical mechanisms— thermal and nonthermal (Fig 2).
Both effects are achieved by using a higher intensity,
when compared with diagnostic ultrasound imaging
(<0IW/cm?). The thermal effects of tissue ablation, and
coagulative necrosis, are achieved with an intensity
ranging between 100W/cm? up to 10,000W/cm?'®?
when the ultrasound energy is absorbed by the tissue.
At these intensities, ultrasound energy absorbed by the
desired tissue is converted to heat and results in coagu-
lation necrosis; this process is presumed to be the pri-
mary mechanism of action for the FDA-approved uses
of HIFU ablation for prostate carcinoma, uterine fibroids,
and essential tremor.?>** The nonthermal effects of HIFU
are potentiated by cavitation. At high intensities and low
frequencies, ultrasound energy transmitted to the tissues
leads to the formation of microscopic bubbles, otherwise
known as acoustic cavitation. These bubbles oscillate
and enlarge, thereby transmitting shear stress to sur-
rounding tissues, resulting in stable cavitation.”*> The
vascular effects of acoustic cavitation can be attributed
to several potential mechanisms—microstreaming,
jetting, bubble expansion, and compression.?*?® An
alternate form of cavitation, known as inertial cavitation,
results from unstable bubble expansion followed by
collapse, resulting in damage to the blood vessels and
surrounding tissue.”’® Microstreaming results in shear
stress transmission to endothelial cells from oscillating
bubbles, whereas jetting results from asymmetric
collapse of the bubbles and is potentially responsible
for increased vascular permeability.”®

The generated ultrasound energy can be focused on
the desired tissues through various focusing techniques,
such as geometric focusing, electronic focusing, or
acoustic focusing. Geometric focusing uses a spherical,
concave transducer surface, whereas acoustic focusing
uses an acoustic lens for beam focusing. In contrast,
electronic focusing relies on multiple piezoelectric crys-
tals with varying excitation signals. An important
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Fig 2. Principles of high-intensity focused ultrasound (HIFU) based on the settings of high intensity focused ul-
trasound devices, there are thermal and nonthermal effects on tissues. At intensities ranging between 100 W/cm?
up to 10,000 W/cm?, the absorbed ultrasound energy is converted to heat, resulting in coagulative necrosis. In
contrast, at lower frequencies, ultrasound energy results in acoustic cavitation within the tissues, responsible for
the nonthermal effects. The oscillatory energy from the bubbles transmits shear stress to the surrounding tissues,
also known as microstreaming, resulting in stable cavitation. In contrast, asymmetric rapid bubble expansion and
collapse results in damage to blood vessels and surrounding tissues, known as jetting, results in inertial cavitation.

discrimination is that the latter technique has the ability
to displace the focal point without moving the trans-
ducer by altering the exciting signal; this technique is
known as electronic steering.?®?' This feature of the
HIFU system permits precision in tissue targeting with
minimal to no effect to the surrounding area.?® In addi-
tion to the ability to generate and focus ultrasound
beams, a HIFU device must also concomitantly be
able to monitor the target tissue, under continuous im-
age guidance, with magnetic resonance imaging or ul-
trasound examination. To achieve this goal, a real-time
dual-mode ultrasound array (DMUA) system for simulta-
neous imaging and therapy has been developed and
described %!

Current FDA-approved devices

Currently, there are several FDA-approved HIFU de-
vices for prostate carcinoma, fibroids, and essential
tremor. The recently initiated FDA approved trial of
HIFU for varicose vein ablation (Sonovein, Theraclion,
Malakoff, France) suggests interest from vascular spe-
cialists in this technology.*” At the time of this writing,
however, there are no FDA-approved HIFU devices for
use in the treatment of PAD, although it is evident
that there is a growing body of literature surrounding
its clinical applicability. Although HIFU may benefit
certain patients, the slow uptake for these FDA-
approved devices suggests the need for robust, compar-
ative trials.

Comparison of HIFU with other acoustic therapeutic
modalities

Currently available acoustic therapeutic modalities for
intravascular use include EkoSonic (EKOS) system (Bos-
ton Scientific, Malborough, MA) and Shockwave Periph-
eral Lithoplasty System (Shockwave Medical Inc., Santa
Clara, CA). Intravascular delivery of ultrasound has been
assessed in prior in vitro and in vivo studies both for
thrombus and atherosclerotic plaques.®**° The EkoSonic
(EKOS) system, which combines the principles of intra-
vascular deliverance of ultrasound with fibrinolytic phar-
macotherapy, changed treatment of thrombotic
processes. EKOS is based on the longstanding principle
that the mechanical effects of ultrasound allows for
disruption of fibrin strands in thrombus, allowing for
the increased uptake of fibrinolytic agents>® Multiple
large-scale studies such as the Ultrasound Accelerated
Thrombolysis of Pulmonary Embolism (ULTIMA) trial
and the EkoSonic Endovascular System and Activase
for Treatment of Acute Pulmonary Embolism (SEATTLE
I1) trial have demonstrated clinical efficacy of intravas-
cular ultrasonic energy to augment the effect of throm-
bolytic agents.>”*® In arterial thrombosis, a frequency of
2.2 MHz delivered at a low power (2.1 W) has been effec-
tively used in conjunction with thrombolytic agents.>®
Compared with the EKOS catheter system, which is an
invasive modality, HIFU is an extracorporeal, noninvasive
modality that requires higher ultrasonic energy to
compensate for attenuation.*®
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Shockwave therapy is another acoustic modality with
recent applications in occlusive atherosclerotic disease
and intravascular or extracorporeal modes of delivery.
The intravascular application of shockwave therapy was
assessed in the Disrupt studies, using the Shockwave Pe-
ripheral Lithoplasty System (Shockwave Medical Inc.) and
have demonstrated efficacy in treating stenotic, calcified
lesions with a favorable safety profile.*'*? The most
recent Disrupt Ill study assessed lithoplasty treatment
in combination with drug-coated balloons versus stan-
dard balloon angioplasty with drug-coated balloons. In
patients with claudication or chronic limb-threatening
ischemia and moderate or severe calcification, an initial
analysis demonstrated promising results, whereby the
use of intravascular lithotripsy was effective at treating
stenotic lesions with low rates of complications.”® Extra-
corporeal shockwave therapy for PAD is also being inves-
tigated as a noninvasive therapeutic modality, although
data remain limited. The principles of shockwave ther-
apy are multifactorial and may include effects on the
growth and differentiation of vasculature, nitric oxide
synthesis, and macrocirculation.* In murine models,
shockwave therapy can induce vascular endothelial
growth factor receptor 2 and hypoxia-inducible factor-1
alpha, overall allowing for increased angiogenesis.*>“® It
has further been suggested that shockwave therapy
can mobilize endothelial progenitor cells to promote
vasculogenesis.“® In multiple small human cohorts, low-
energy, extracorporeal shockwave therapy has been
shown to decrease arterial stenoses, improve microcircu-
lation in limbs, and improve pain-free walking distance
and pain severity scores.*”*°

Translational data for applications in arterial disease

Owing to promising results from other applications of
HIFU, the impact of HIFU on the progression of athero-
sclerosis, ability to assist targeted drug delivery for ste-
notic arterial lesions and sonothrombolysis for acute
arterial thromboses are being investigated. Several
in vivo and in vitro studies have elucidated the various
potential mechanisms of HIFU in atherosclerotic arterial
disease (Table I).

Molecular effects of HIFU on atherosclerotic plaque.
Intimal retention of lipoproteins, macrophage consump-
tion of lipids, the formation of foam cells and subsequent
cell death are critical processes in the progression of
atherosclerosis. These steps center around the role of
macrophages, thus, intuitively, strategies targeting mac-
rophages can arrest progression or reverse atheroscle-
rotic plaques. To assess the effects of therapeutic
ultrasound on macrophages and atherosclerotic plaque
in an atherosclerotic mouse model, Wang et al*? used
ultrasound beams at a lower intensity (0.4 W/cm?)
administered via a 3.5-cm probe with a 1.0-MHz reso-
nance frequency and a duty factor of 10%. They noted
that administration of sonodynamic therapy significantly
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decreased oxidized low-density lipoprotein cholesterol
induced macrophage impairment through a heme
oxygenase-1. This process resulted in the inhibition of
atherosclerotic plaque progression and increased stabil-
ity of the plaque®® To further this effort, Sun et al®
evaluated the efficacy of sonodynamic therapy on
atherosclerotic burden in atherosclerotic rabbit and
apoE-deficient mouse models. The atherosclerotic rab-
bits were treated with an intensity of 1.5 W/cm?, and the
mice were treated with 0.8 W/cm?. In comparison with
the nontreated animals, there was a significant inhibition
of atherosclerotic progression as evidenced by approxi-
mately 39% increase in fractional flow reserve and a 26%
increase in the mean luminal area. Additionally, in the
animals treated with sonodynamic therapy there was a
decrease in macrophages and lipid content within the
plaque, as well as a decrease in intraplague hemorrhage
and increase in the fibrous cap. Importantly, the authors
demonstrated sonodynamic therapy induced macro-
phage apoptosis through a mitochondrial-caspase
pathway. The effect of sonodynamic therapy on neo-
intimal hyperplasia re-endothelialization in a rabbit
femoral artery balloon denudation model was evaluated
by another group.®® Their histopathological analysis
revealed that sonodynamic therapy inhibited neointima
formation without impacting re-endothelialization,
decreased the content of macrophages, proliferating
smooth muscle cells, and collagen without impacting
elastin. In vitro, they noted that therapeutic ultrasound
induced macrophage apoptosis and decreased
interleukin-6, interleukin-1, and tumor necrosis factor
alpha via the reactive oxygen species-peroxisome pro-
liferator- activated receptor-y-nuclear factor-kB signaling
pathway. These data show that there are various mech-
anisms, such as altering plaque lipid content, stabiliza-
tion of plaque, and induction of macrophage apoptosis,
through which HIFU inhibits the progression of athero-
sclerotic disease.

Effects of HIFU on hindlimb ischemia models. The
various potential molecular responses to therapeutic ul-
trasound in inhibiting pathways of atherosclerosis, pro-
moting angiogenesis, and limb perfusion are not
completely established. Lu et al®' studied the effect of
ultrasound therapy in a murine hindlimb ischemia
model. After surgical induction of hindlimb ischemia,
skeletal muscle groups in the mice were treated with
lower intensity ultrasound beams of 0.3 W/cm?, through
a 2-cm transducer, with a 1.0-MHz resonance frequency
for 9 minutes per day for 14 days. Based on thermal
infrared imaging analysis, they noted that therapeutic
ultrasound normalized lower limb blood flow in diabetic
mice with hindlimb ischemia. Immunofluorescence
staining showed that capillary density was augmented in
these mice. Importantly, they demonstrated that thera-
peutic ultrasound upregulated angiogenic factors and
antiapoptotic factors, while downregulating apoptotic
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Table I. Overview of Preclinical data of high-intensity focused ultrasound (HIFU) in occlusive and thrombotic arterial disease

Shehata et al*® 2013  Swine Imasonic Dual- Thermal Frequency: 3.5 MHz,  Disruption of
Mode US Array 64-element phased  atherosclerosis in
(Voray sur array transducer swine PAD model,
I'Ognon, France) with fenestrations, accompanied by
through which aggregates of lipid
10 MHz transducer laden
is applied macrophages
Intensity: 4100- with necrosis. No
5600 W/cm? endothelial
Pulse length: 250- damage was
2000 ms noted

Lu et al” 2016  Diabetic Custom Biomechanical Frequency: 1 MHz Increased perfusion

C57BL./6] transducer Intensity: 0.3 W/cm? in hindlimb

mice (Institute of ischemia model
Acoustics of for PAD
Tongji accompanied by
University, increased
Shanghai, angiogenic
China) factors,

antiapoptotic
factors, capillary
density

Sun et al®® 2019 New Zealand  Custom Biomechanical Frequency: 1 MHz Decrease in
white transducer Intensity: 1.5 W/cm? atherosclerosis in
rabbits, (Harbin Institute (rabbits), 0.8 W/cm?  femoral arteries
ApoE 7~ of Technology, (mice) through decrease
mice Harbin, China) in macrophages
and lipids

Mason et al®® 2020 C57BL/6 mice EPIQ 7 (Philips Biomechanical Frequency: 13 MHz  Increased perfusion

Healthcare, in hindlimb

Andover, MA) ischemia model
for PAD via
microcavitation-
dependent

mechanism
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Effect on
thrombolysis

Poliachik 1999 Blood samples Sonic Concepts Biomechanical
et al®’ from adult (Sonic Concepts
humans Inc., Bothell,
WA)

Frequency: 1.1 MHz
Intensity: 560-
2360 W/cm?

Cavitation and

hemolysis is
greater in samples
with contrast
agent treated with
ultrasound, versus
without

Holscher et al®® 2012 ExAblate 4000
(Insightec Inc.,
Tirat Carmel,

Israel)

New Zealand Biomechanical

white rabbits

Frequency 220 kHz

Intensity: 66-200 W
(arterial thrombus
model), 100-500 W
(venous thrombus
model)

Pulse length: 100-
200 ms (arterial
thrombus model),
0.1-100.0 ms
(venous thrombus
model)

Mild recanalization

in carotid artery
stroke thrombosis
model,
dependent on
platelet-activation
and cavitation

(Continued on next page)
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Miscellaneous
effects

Vaezy et al®® 1999 Swine Sonic Concepts

(Sonic Concepts
Inc., Woodinville,

WA)

Thermal

Control of arterial
hemorrhage

Frequency: 3.5 MHz
Intensity: 2500-
3100 W/cm?

Lei et al®® 2021 N/A

model)

factors. In addition, in an in vitro evaluation of human
umbilical vein endothelial cells, therapeutic ultrasound
inhibited apoptosis and increased angiogenic factors.
Importantly, these effects were blocked by phosphoino-
sitide 3-kinase (PI13K) or endothelial nitric oxide synthase
(eNOS) inhibitors, suggesting that therapeutic ultra-
sound restores angiogenesis through a PI3K-Akt-eNOS
pathway. In a similar study, the acoustic effects of

N/A (mathematical Thermal

Mathematical
model to predict
damage of plague
ablation based on
wall thickness;
thermal effects
depend on
frequency and
power

Frequency: 1.1 MHz
Power: 15 W at 20 s

shockwave therapy were used and compared with HIFU
in an ischemic hindlimb rat model, to evaluate angio-
genic effects.®® Therapeutic ultrasound was adminis-
tered three times a week for 2 weeks to the ischemic
limbs, at an intensity of 0.1 mJ/mm?, with a resonance
frequency of 1.05 MHz through a transducer focused to
63 mm. At the 2-week mark, approximately 60%
improvement was noted in the ischemic limbs, and this
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was comparable between the shockwave and thera-
peutic ultrasound groups. Additionally, they noted an
increase in microvascular density with therapeutic
ultrasound and shockwave therapy. Interestingly, a
three-fold increase in tissue vascular endothelial growth
factor was observed only in the HIFU group. These data
highlight the angiogenic potential of HIFU paving the
way for clinical translation in PAD.

Another pathway impacted by therapeutic ultrasound
through inertial cavitation, is thought to be mediated
through adenosine triphosphate-related purinergic
signaling. Mason et al®® used a matrix array transducer
with a mechanical index of 13, at 1.3 MHz, generating 5-
cycle or 40-cycle sinusoidal pulses, or a power Doppler
cycle comprising eight 5-cycle pulses with a PRF of
10 kHz. In addition to a variable pulse duration, they
also modified the line density, producing sectors of 17,
33, or 65 lines. Lipid microbubbles were injected into 50
mice, after which the mice hindlimbs were exposed to
10 minutes of HIFU. Spatial assessments in this study
demonstrated that the higher line densities produced a
more rapid and larger areas of inertial cavitation.
Contrast enhanced ultrasound revealed a three- to
four-fold increase in limb perfusion at higher line den-
sities, and optical imaging showed that both high line
density and longer pulse durations resulted in the most
adenosine triphosphate release.

Transcutaneous applications of HIFU on atheroscle-
rotic plaque. The role of therapeutic ultrasound in tar-
geting atherosclerotic plaques for treatment by using
the thermal effects of HIFU, has also been studied. She-
hata et al’° targeted swine femoral arterial atheroscle-
rotic plaques with a DMUA system. The DMUA system
included a 10-MHz diagnostic transducer and a 3.5-MHz,
64-element phased-array transducer with a focal length
of 40 mm. They subjected four swine to HIFU intensities
ranging between 4100 and 5600 W/cm? for durations
ranging between 250 and 2000ms. Histopathological
evaluation revealed that the areas of HIFU treatment
contained aggregates of lipid-laden macrophages, with
condensed basophilic nuclei, suggesting coagulative
necrosis. Importantly, the corresponding endothelial lin-
ing was preserved, and no arterial rupture, dissection, or
perforation was noted. Of note, one animal among the
four was noted to have minimal mural thrombus
without disruption of the endothelium at a nontreated
segment and thrombosis of normal vasa vasora of the
treated segment. In contrast with other systems, the
DMUA system provides the inherent ability to seamlessly
transition between the diagnostic imaging system and
therapeutic mode. The presence of a real-time imaging
mode, known as single-transmit focus, provides the
ability to monitor tissue response before, during, and
after HIFU shots. In a similar preclinical study, the effects
of robot assisted DMUA HIFU on healthy femoral arteries
of 18 swine was studied.>* At 3 and 14 days, there was no
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endothelial damage, and no significant decrease in
arterial diameter. Histopathological evaluation at 14 days
showed accumulation of activated fibroblasts and
collagen deposition, suggesting scar formation. One an-
imal, intentionally exposed to more than 100 HIFU shots
was nhoted to have heat-induced skin blistering corre-
sponding with the site of application of the HIFU probe.
The in vivo safety profile was evaluated in study by
Rosenschein et al*® where histologic findings demon-
strated selective disruption of ultrasound-sensitive pla-
qgues and thrombi, with minimal damage to healthy
arterial wall. These data highlight the importance of
combined high-resolution imaging and treatment ul-
trasound systems such as DMUA probes, to observe and
evaluate the effects of therapy in real time.
Transcutaneous application of HIFU on arterial
thrombus. An additional effect of therapeutic ultra-
sound is potentiating thrombolysis, in conjunction with
pharmacologic agents, or as a stand-alone modality.
The effect of HIFU (1.51-MHz transducer, acoustic power =
300W, pulse length = 0.1-10.0 ms) was evaluated in a
rabbit femoral artery thrombus in vivo model and found
that 1-ms HIFU pulses resulted in partial flow restoration.
Interestingly 10-ms HIFU pulses resulted in substantial
bleeding from the femoral arteries.?® The thrombolytic
effects of HIFU were evaluated in an in vivo model of
rabbit carotid arteries by using the ExAblate 4000 sys-
tem (InSightec Inc,, Tirat Carmel, Israel).>° For the arterial
model of thrombus, the authors used acoustic powers
ranging between 66 and 200 W, at a 5% duty cycle and a
pulse width of 100 to 200 ms. In contrast, the venous
thrombus model was subject to acoustic powers be-
tween 100 and 500 W and a pulse width of 0.1 to
100.0 ms. In this study, only 9% recanalization was ach-
ieved. One possible explanation of this effect is platelet
activation induced by HIFU. Williams et al®? showed that
the lower therapeutic intensities of HIFU induced
platelet activation, as evidenced by release of platelet-
specific beta-thromboglobulin. In addition, they also
noted increasing levels of beta-thromboglobulin with
increasing intensity of HIFU. Interestingly, it has also been
reported that lower frequencies (0.75-1.50 MHz) and
higher intensities (3.4-4.5 W/cm?) counterbalance the
thrombolytic potential, by induction of platelet-
activation through inertial cavitation.*>%°® Interestingly,
when human clot was subjected in vitro to therapeutic
ultrasound and nongas microparticles, there was a
significantly higher percent reduction of the clot>® In a
similar in vitro model, human whole blood samples with
and without microbubble contrast agents were sub-
jected to 1.1-MHz ultrasound, at intensities ranging be-
tween 560 and 2360 W/cm?, resulting in a significant rate
of hemolysis.>” The authors reported a 6- to 10-fold in-
crease in cavitation and hemolysis with increasing
quantities of microbubbles and increasing intensity of
HIFU. This finding suggests a mechanical effect related
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Table Il. Overview of clinical data of HIFU in patients with atherosclerotic occlusive arterial disease

Siegel et al”® 1993 Prospective single-center

cohort

Arterial lesions treated with 45

ultrasound angioplasty

Mason et al*® 2020

Cohort study

Healthy human subjects and PAD
patients treated with either
ultrasound and intravenous
microbubble contrast infusion
vs ultrasound alone

20 (patients with PAD =10,
healthy control = 10)

Cerebrovascular
disease

Cintas et al’® 2002  Observational

All patients presenting with acute 6

MCA main stem occlusion
exposed to ultrasound

2008 Case series

Rubiera et al®®

to ultrasound-induced microstreaming resulting in a
shear stress that augments clot disruption, related to
inertial cavitation. In an in vitro model, a group of in-
vestigators studied the effect of therapeutic insonation
on distribution of tissue plasminogen activator (tPA) us-
ing a 1-MHz therapeutic ultrasound at 1 W/cm?2>¢ They
determined that the rate of tPA uptake was significantly
faster when subjected to insonation. In addition, the use
of radiolabeled tPA demonstrated significantly deeper
penetration of tPA, upon exposure to ultrasound. Dam-
ianou et al®' evaluated the combined effect of magnetic
resonance imaging-guided focused ultrasound

Patients with acute MCA 138

occlusion treated with
transcranial
ultrasound + tPA

(MRgFUS) and recombinant tPA on thrombolysis in a
rabbit carotid model using a 5-cm spherical transducer,
capable of focusing at 10 cm, operating at a frequency of
1 MHz and at intensities ranging from 10 to 40 W/cm?.
They noted a decrease in time to carotid artery recana-
lization with increasing MRgFUS intensity and noted
that, beyond an intensity of 20 W/cm?, there was signif-
icant heating of the focused tissue. These data suggest a
clear augmentation of the pharmacologic effects of tPA
in clot disruption. Conversely, HIFU has been evaluated
as a tool for hemorrhage control in animal models.®” In a
porcine model, Vaezy et al®®* used a 3.5-MHz HIFU
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Table Il. Continued.
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Ultrasound Angioplasty Ablation
System (Baxter Edwards LIS
Healthcare Corporation, Bentley
Laboratories, Europe BV)

Invasive; biomechanical Frequency: 19.5kHz

Intensity: 115-V electrical

86% lesions recanalized with
ultrasound
generator

Sonos 5500 (Philips, Bothell, WA) Noninvasive;

biomechanical

Frequency: 1.3 MHz

In healthy subjects, continuous
ultrasound did not affect perfusion in
limbs, but ultrasound + microbubble
cavitation produced a 2.5-fold
increase in perfusion. In PAD
patients, ultrasound and
microbubble cavitation increased
perfusion by 2-fold.

ATL Ultramark 9 HDI (Philips,
Amsterdam, Netherlands)

Noninvasive;
biomechanical

Frequency: 2 MHz
Intensity: 415 mW/cm?

Partial recanalization achieved in 5 of 6
patients with ultrasound

TCD 100M (Spencer Technologies,
Seattle, WA)

Noninvasive;
biomechanical

transducer with a focal length of 55 cm, diameter of
35 cm and intensity of 2500 to 3100 W/cm? in femoral
and carotid arteries, achieving hemostasis in 46 =
15 seconds and 31 = 15 seconds, respectively. Another
group used a HIFU applicator of 9.6 MHz with a focal
length of 2.5 cm and diameter of 1.9 cm in New Zealand
White rabbits for hemostasis in femoral arteries.®* These
animals were studied for 60 days after HIFU exposure.
The intensity of this HIFU system was 3000 * 100 W/cm?
requiring a mean HIFU-exposure time of 47 + 41 seconds.
These data support the safety and feasibility of acoustic
technology to aid in control of hemorrhage. However,

Frequency: 2 MHz
Intensity: 385 mMW/cm?

Type of microbubbles did not affect
recanalization rates, clinical
improvement, bleeding, in-hospital
mortality, or long-term outcome

ambiguity regarding the exact HIFU settings, the ability
to precisely focus the acoustic beams and the lack of
data regarding the long-term molecular effects on
endothelial homeostasis of this modality currently limit
its use for hemorrhage control.

In total, there is robust preclinical data elucidating the
various mechanisms of HIFU in atherosclerotic arterial
disease. Notably, HIFU stabilizes atherosclerotic plaque
and inhibits plaque progression through macrophage
apoptosis potentially mediated through a reactive oxy-
gen species-peroxisome proliferator- activated receptor-
yY-nuclear factor-kB pathway. Interestingly, HIFU inhibits
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neointimal  hyperplasia  without impacting re-
endothelialization. In hindlimb ischemic models, HIFU
upregulates angiogenic factors and antiapoptotic fac-
tors, thus promoting angiogenesis. These effects are
potentially mediated by a PI3K-Akt-eNOS pathway. In
addition, the angiogenic potential is more dramatic
with increasing HIFU line density. HIFU also potentiates
thrombolysis, both in conjunction with pharmacologic
agents and as a stand-alone modality. Based on the fre-
qguency and intensity of HIFU, thrombolytic or throm-
botic effects are seen, with the latter potentiating
platelet activation through inertial cavitation. However,
the precise HIFU settings required to counter-balance
these two effects remain unclear. Importantly, while
the application of HIFU for hemorrhage control is
feasible in animal models, long-term molecular effects
on endothelial cell homeostasis is not clearly known.

Human clinical studies

The cardiovascular application of HIFU in humans was
implemented initially in the treatment of acute stroke
for augmenting thrombolysis. Based on the promising
preclinical data, the applications of HIFU have also
been attempted in carotid artery disease for reduction
of plague burden and in peripheral atherosclerotic dis-
ease to evaluate limb perfusion, and the degree of steno-
sis (Table Il). The landmark Combined Lysis of Thrombus
with Ultrasound and Systemic tPA for acute ischemic
stroke (CLOTBUST) trial assessed the effects of sono-
thrombolysis, whereby patients with ischemic stroke to
the middle cerebral artery were treated with transcranial
ultrasound (delivered via a 2-MHz transducer) in addition
to intravenous tPA (treatment group, 63 patients; control
group, 63 patients).’® The mechanisms behind sono-
thrombolysis is presumably multifold, and include ef-
fects owing to improved drug delivery, thermal and
mechanical effects, and molecular changes owing to so-
nography.'®*>¢%¢°  patients in the treatment group
achieved higher rates of recanalization or dramatic clin-
ical recovery within 2 hours compared with those in
the control group (49.0% vs 30%; P < .05). Further sub-
group analysis supported long-term functional out-
comes at 90 days among those with severe ischemic
stroke with National Institutes of Health Stroke Scale
scores of 10 or more points treated with sonothromboly-
sis, in this cohort.”® The Combined Lysis of Thrombus
with Ultrasound and Systemic tPA for Emergent Revas-
cularization of acute ischemic stroke (CLOTBUST-ER)
trial, implemented a novel operator-independent thera-
peutic device capable of 2 MHz ultrasound (intensity =
207 mW/cm?, pulse repetition frequency 8 x 3 kHz).
This trial did not show significant clinical benefits among
those treated with ultrasound (n = 317 patients)
compared with those treated with standard stroke pro-
tocol (n = 329 patients) and was halted early.”®7? Howev-
er, preliminary findings corroborated the safety features
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of sonothrombolysis found in previous CLOTBUST trials
and analyses, and the study design using this novel de-
vice has since been reassessed to use vascular imaging
for assessing pretreatment baseline, instead of clinical
stroke severity.®%7?

The applications of HIFU have also expanded to treat-
ing atherosclerosis of the lower extremities. Early clinical
experience with this technology has been reported in
1990s. Siegel et al” reported results of percutaneous pe-
ripheral ultrasound angioplasty. In that study, intravascu-
larly applied ultrasound was successful in 86% of
patients and resulted in luminal stenosis reduction. In
2016, Gandini et al”* conducted Ultrasound to Enhance
Paclitaxel Uptake in Critical Limb Ischemia (PACUS) ran-
domized trial in 56 patients (28 in the control group, 28 in
the study group) using the CardioProlific Genesis System
(CardioProlific, Hayward, CA) to assess ultrasound energy
in conjunction with paclitaxel delivery for treatment of
chronic limb-threatening ischemia of femoral popliteal
segment.”* The treatment group reported no adverse ef-
fects related to the procedure at all follow-up points (6
and 12 months). Angiography demonstrated a higher
patency rate among the study group compared with
the control group at 6 months of follow-up (96.4% vs
78.5%; P = .04) as well as 12 months of follow-up (96.2%
Vs 68%; P =.008). This study was followed by the ongoing
Ultrasound Plasty to Improve Outcome of Percutaneous
Angioplasty in Below-the-Knee Lesions (ULYSSE) trial,
which has so far suggested effectiveness of high-
intensity ultrasonography preceding angioplasty among
patients undergoing below-the-knee angioplasty.”® Also
recently, Mason et al*®* demonstrated that 1.3 MHz ultra-
sound exposure using the Sonos 550 (Philips Ultrasound)
could increase perfusion among human subjects with
PAD, assessed via cavitation of perflutren lipid microbub-
bles, offering another mechanism by which ultrasound
may be used for PAD treatment.*® In addition to lower
extremity treatment, HIFU has further been shown to
effectively treat carotid atherosclerosis. In a single center,
prospective, nonrandomized cohort of 309 carotid pla-
ques treated with ultrasonography using an LHZ.B-100
ultrasound therapy device (intensity = 0.75 to 1 W/cm?,
frequency = 800 KHz, pulse repetition of 1 H/0.5 seconds),
247 plaques demonstrated decreases in plaque thick-
ness and area compared with those treated with stan-
dard medical treatment over 30 days (P < .0001). In
this study, the plaque area was evaluated by ultrasound
only and the ultrasound technicians were blinded to
the treatment groups. Despite this, the study is limited
by its design and the potential for interobserver bias.
Concordant with other literature, the authors suggested
that these results were due to the mechanical effects
of ultrasound, cavitation-induced molecular changes,
and increased uptake of thrombolytics.””

In summary, the outcomes from various clinical studies
have demonstrated positive outcomes with adjunctive
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HIFU for arterial recanalization after thrombotic stroke,
decreased atherosclerotic plaque burden in carotid ar-
teries, a decrease in diameter stenosis in patients with
PAD and increase in tissue perfusion. These current
studies serve as a foundation to further optimize HIFU
therapy by refining settings (frequency, intensity and
treatment duration) to achieve more precise focusing
and target lesion effect. Better designed probes with
closed-loop real-time feedback systems could optimize
therapy for various applications in arterial disease.
Although these data are currently limited by their small
sample sizes and, single-center or nonrandomized studies
and the lack of multicenter randomized trials, they are
promising to warrant investigation at a larger scale.

Limitations of HIFU

Although HIFU has been successfully incorporated into
clinical practice, there are several factors limiting the wide-
spread incorporation of this technology. Importantly, arti-
facts inherent to use of diagnostic ultrasound technology
are applicable to HIFU as well. Factors such as acoustic
shadowing or reverberation by gas or bony structures
contribute to inability to penetrate these tissues, particu-
larly forintrabdominal tissue such asthe aortaortheiliac ar-
teries?’ Because these ultrasound waves would be
reflected toward the HIFU transducer, there is a high likeli-
hood of soft tissue injury or burns. Next, the exact HIFU set-
tings required for thrombolytic versus hemorrhage control
applications remain unclear. Importantly, long-term mo-
lecular effects on vessel endothelial cell homeostasis from
HIFU is not clearly known. Next, the ability to adequately
image, focus, target, and monitor tissues with real-time im-
aging is a significant limitation of currently available HIFU
devices. Importantly, although there is a robust body of ev-
idence supporting HIFU in atherosclerotic arterial disease,
data supporting the use of HIFU in specific settings corre-
lating to an outcome benefit are lacking. In current itera-
tions, this has been circumvented by using DMUA
ultrasound probes or the aid of magnetic resonance imag-
ing (MRgFUS). The use of MRgFUS provides the added
benefit of real-time temperature monitoring as well, at a
higher cost and being resource intensive. In contrast,
although ultrasound-guided monitoring is less resource
intensive and has shorter treatment times, reliable tissue
temperature monitoring is not available. Multiple efforts
to develop sonographic probes capable of temperature
monitoring with closed-loop feedback system are under-
way.”?®" Next, device size remains a limitation with the ma-
jority of FDA-approved HIFU devices. The Exablate systems
(Tirat Carmel, Israel) are based on HIFU focused by mag-
netic resonance imaging, requiring dedicated suites to
accommodate the HIFU equipment. Similarly, the Abla-
therm system (EDAP TMS, Lyon, France) and the Sonablate
system (SonaCare Medical, Charlotte, NC) comprise a large
treatment and control module that are difficult to trans-
port. In addition, the probe requires constant cooling with
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degassed water that makes it cumbersome to use for arte-
rial application. Last, as pertaining to arterial disease, the
current evidence and heterogeneity of clinical data, the
ideal configurations, and settings of HIFU devices are not
established. Importantly, there is a paucity of consistent
methodology for assessing and grading the histologic,
radiographic and clinical effects of HIFU.>° Future research
is needed to consolidate device parameters, as well as
outcomes.

CONCLUSIONS

HIFU is an established and exciting noninvasive thera-
peutic modality with a potential to revolutionize the
treatment of atherosclerotic arterial disease. HIFU shows
great promise in decreasing the progression of athero-
sclerotic plague and stabilizing the plaque. As an adjunct
to medical therapy, HIFU could be applied to various
arterial beds to aid in decreasing plaque thickness and
increasing vessel lumen, without the potential issues of
neointimal hyperplasia plaguing current endovascular
therapeutics. Future focused studies are warranted to
guide the refinement of HIFU settings and provide capa-
bility to precisely focus HIFU with image guidance to
safely achieve the desired biologic effect.
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