
Abstract 
Ultrasounds (US) are a non-ionizing mechanical wave, with

less adverse effects than conventional pharmacological or surgical
treatments. Different biological effects are induced in tissues and
cells by ultrasound actuation depending on acoustic parameters,
such as the wave intensity, frequency and treatment dose. This
non-ionizing radiation has considerable applications in
biomedicine including surgery, medical imaging, physical therapy
and cancer therapy. Depending on the wave intensity, US are

applied as high-intensity ultrasounds (HIUS) and low-intensity
pulsed ultrasounds (LIPUS), with different effects on cells and tis-
sues. HIUS produce thermal and mechanical effects, resulting in a
large localized temperature increase, leading to tissue ablation and
even tumor necrosis. This can be achieved by focusing low inten-
sity waves emitted from different electrically shifted transducers,
known as high-intensity focused ultrasounds (HIFU). LIPUS have
been used extensively as a therapeutic, surgical and diagnostic
tool, with diverse biological effects observed in tissues and cul-
tured cells. US represent a non-invasive treatment strategy that
can be applied to selected areas of the body, with limited adverse
effects. In fact, tumor ablation using HIFU has been used as a
curative treatment in patients with an early-stage pancreatic tumor
and is an effective palliative treatment in patients with advanced
stage disease. However, the biological effects, dose standardiza-
tion, benefit-risk ratio and safety are not fully understood. Thus, it
is an emerging field that requires further research in order to reach
its full potential.

Introduction
Ultrasounds (US) are mechanical waves with frequencies

higher than 15kHz, beyond the audible range of the human ear.
Parameters such as the intensity of the acoustic waves or the ultra-
sound dose determine different effects on the treated samples. US
have been used in medicine for therapeutic purposes for many
years and are extensively used as a diagnostic tool. Low-frequen-
cy ultrasounds have been used since the 1950s in physiotherapy to
treat tendinitis or bursitis.1,2 In the 1980s, they were used to treat
kidney stones, and were replaced by the more aggressive tech-
nique of lithotipsy.3,4 Today, this source of energy continues to be
used in the clinic for uterine fibrous ablation,5 cataract removal,6
surgical and hemostasis tissue cutting,7 transdermal drug introduc-
tion,8,9 and bone fractures,10,11 among others.4 US are currently
used as an experimental treatment, either alone or in combination
with drugs, in diseases such as cancer,12,13 diabetes,9 stroke,14 and
thrombosis.15

Biological effects of ultrasounds
Low-intensity pulsed ultrasounds (LIPUS) generally use 1-2

MHz frequency pulses, with a pulse width of 200 μs, repeated at
1 kHz and very low spatial average temporal intensities
(<3W/cm2).16 In particular, LIPUS are used extensively in
medicine as a therapeutic and diagnostic tool.17–19 The application
of LIPUS has minimal thermal effects on tissues and is therefore
considered a non-invasive and safe technique.20–27 Tissue proper-
ties affect the response, so each tissue requires different LIPUS
parameters to achieve a specific stimulation. Therefore, it is
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important to evaluate the biological effects of different intensities,
frequencies or application cycle of LIPUS on each specific cell
type or tissue sample. LIPUS actuation stimulates stem cell growth
and differentiation.20,22,28 Some studies reported mechanical
angiogenesis enhancement.29,30 The effects of low-intensity con-
tinuous ultrasounds (LICUS) were studied in a recent paper31 on
the inflammatory response of mouse pancreatic tumor explants.
The authors found significant upregulation of IFN-γ, IL-1β and
TNF-α in the pancreatic tumor explants. They assessed the LICUS
effects on tumor vasculature and collagen I deposition and demon-
strated that LICUS is minimally invasive to the structure and mor-
phology of the tissue.

Low-intensity ultrasounds (LIUS) are also useful in the clinic
to stimulate physiological responses or accelerate the transport of
drugs through the skin.32 These waves open pores in the membrane
temporarily, allowing drugs, proteins and genetic material to pass
through, as described in the literature.33,34 Gene therapy and espe-
cially the action of antineoplastic drugs, require the entry of a large
number of molecules into the cell to carry out their action. It has
also been shown that LIUS enhance molecular transport of small
molecules, macromolecules and genetic material through the
membranes of living cells, in a reversible manner. However, a
great heterogeneity of the effects among adjacent cell subpopula-
tions was observed in these studies.35–41

High-intensity ultrasound (HIUS) relies on the same principles
as conventional ultrasound but refer to intensities >5W/cm2, which
produce thermal and mechanical effects, generating a large local-
ized temperature increase in the tissues. The risks of this procedure
are related to non-target specific sonification (when tissue sur-
rounding the area being treated is affected by the ultrasound
waves). Thus, HIFU allows a precise treatment of targeted areas
without injury to the surrounding soft tissue. Therefore, biomedi-
cal applications of these powered ultrasounds always refer to
HIFU. This can be achieved by focusing low intensity waves emit-
ted from different electrically shifted transducers arranged in 1D or
2D arrays, allowing the selection of small areas of the body for
application with limited adverse effects in the surroundings tissues.
The waves emitted from the transducers propagate harmlessly
through living tissue with a low intensity, until reaching the
focused area, where the resulting acoustic energy increases and
causes a local rise in temperature. One application of this tool is
noninvasive ultrasound surgery, in which a HIFU beam is focused
within the body to induce rapid localized heating of tumor tis-
sues.42 Different clinical applications of HIFU have specific
requirements for the pressure levels and degree of non-linear
waveform distortion at the focus. HIFU provides a completely
non-invasive ablation. In contrast to ionizing radiation, HIFU
treatment can be applied more than once, as there is no upper limit
of tissue tolerance to repeated ultrasound exposure. Part of the
energy of an ultrasonic wave travelling through a tissue is trans-
formed into heat, which dissipates very rapidly in normal condi-
tions and low intensities. However, if the rate of heating exceeds
the rate of cooling, the tissue temperature increases as a result of
the ultrasonic actuation. In fact, HIFU actuation is based on this
effect and a temperature of 56°C is reported in the literature as the
threshold of thermal toxicity, with reproductive failure preceding
irreversible cell death through coagulative necrosis.8,43 In the con-
text of HIFU, the temperature at the focus can rise rapidly above
80°C,44 and even short exposures should lead to effective cell
killing.45

During the last decade, many novel therapeutic applications
have been rapidly developed for HIFU. Even though thermal dam-
age is the most reported effect of HIFU, non-thermal mechanical
destruction may play an even more relevant role in HIFU ablation,

particularly regarding the immunomodulated effect.46 Mechanical
ablation rather than thermal ablation seems to result in less damage
to the surrounding tissue, as the mechanical effect is not impacted
by heat perfusion via blood flow, and the treated area is more pre-
cisely defined as it coincides with the ultrasound focal region.47

One of the most important differences in mechanical ablation as
opposed to thermal ablation is the absence of protein coagulation
necrosis. Tissue exposure to repeated short duration pulses with
low duty cycles of HIFU result in mechanical disruption and the
tissue is fractionated in a controlled manner. Another mechanism
associated with mechanical tissue destruction in HIFU ablation is
the acoustic cavitation induced by the HIUS. Cavitation results
from oscillation and subsequent violent collapse and energy dis-
persion of microbubbles in the targeted tissue because of their
interaction with the ultrasonic energy.48 Another important effect
that may be achieved with HIFU is the so-called “histotripsy”,
which is a mechanical fractionation and emulsification of the tis-
sue into liquid-appearing acellular homogenates produced by high
pressure ultrasound pulses.49 The HIFU approach has been already
used to treat tumors in various organs: prostate,50 uterus,51

kidneys,52 liver,53 breast,54,55 pancreas,32 and bone.56 Recently, the
first successful surgeries were performed on the brain for treating
essential tremor using ultrasound irradiation through the skull.57 In
the reported literature, cavitation has sometimes been related to
vascular damage and disruption, which can cause local and poten-
tially systemic effects in tumor treatment.58,59 Some studies have
shown enhanced therapeutic effects when acoustic cavitation is
combined with radiation or chemotherapy.60 The clinical applica-
tions of HIFU are summarized in Table 1 and will be discussed in
detail below.

Effects of ultrasounds on gene expression and apoptosis
Various studies have shown that US have a bilateral effect on

gene expression in living tissues. Firstly, Tabuchi et al. demon-
strated in 2008 that US alter gene expression in vitro in cultures of
differentiated monocytes originating from human lymphoma
(U937 line).61 This study showed a decrease in the expression of
193 genes associated with cell growth, proliferation and develop-
ment, and an increase in the expression of 201 genes related to cell
movement, morphological changes and apoptosis. 

Kruse et al. demonstrated in 2008 that increased apoptosis was
reflected by an increase in mRNA expression of HSP-70 (heat-
shock protein 70) in vivo.62 Subsequent studies performed in vitro
and in vivo, have shown that US at specific wave amplitudes and
dose conditions induce cell death in different types of tumors,
including leukemia, squamous cell carcinoma and sarcoma under
certain acoustic conditions.27–34 After exposure to US, cells show
more classic morphological and molecular features of apoptosis,
such as condensation of the nucleus, changes in chromatin position
and increased expression of membrane phosphatidylserine.
Furthermore, there are changes in the expression of apoptotic
BCL-2, such as BAX, BAD and Bak, which promotes the activa-
tion of the mitochondrial intrinsic apoptotic pathway releasing
cytochrome C to the cytosol, resulting in the activation of caspases
3 and 9.63-71

Activation of gaseous bodies are closely related mechanisms
that depend on the amplitude of the waves. They can cause bleed-
ing in blood vessels and cell death due to different types of damage
to the cell membrane, inducing the formation of surface pores.4
The application of LIUS to human cells opens pores in the mem-
brane temporarily, allowing drugs, proteins and genetic material to
pass through, as described in the literature.33,34 Gene therapy and
especially the action of antineoplastic drugs, require the entry of a
large number of molecules into the cell to carry out their action. It
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has been shown that LIUS enhance molecular transport of small
molecules, macromolecules and genetic material through the
membranes of living cells, in a reversible manner. However, a
great heterogeneity of the effects among adjacent cell subpopula-
tions was observed in these studies.35–41 Other relevant effects
have been reported in the literature during the last decades.

The effect of ultrasounds on ABC receptors and mul-
tidrug resistance (MDR)

Overexpression of the so-called ABC channels (ATP-binding
cassette) is a problem in cancer treatment patients in general. These
channels actively transport a variety of drugs (most of them amphi-
pathic) from inside of the cell to the outside, leading to the appear-
ance of multidrug resistance (MDR), which leads to a significant
decrease in the effectiveness of chemotherapeutic treatments. MDR
is a phenomenon that occurs when cancer cells develop resistance
to chemotherapeutic agents, whose structure is very different from
one another.72–75 The development of resistance to chemotherapy is
the main cause of treatment failure, affecting several types of solid
tumours.76 ABC transporters are membrane proteins that possess
both transmembrane domains (TMDs) and nucleotide-binding
domains (NBDs). The latter generate energy obtained from ATP
hydrolysis to achieve active counter-gradient transport across the
membrane.72,76 Within this family, different members are distin-
guished according to small variations in the domains that make up
the protein, with some members in cancer cells being particularly
noteworthy, such as ABCB1 (P-glycoprotein), ABCC1 (MRP1,
multidrug resistance-associated protein 1) and ABCG2 (MXR,
BCRP). All of them can transport a wide range of substrates, such
as ions, sugars, amino acids, lipids, toxins and chemotherapeutic
drugs.77,78 After exposure of hepatocarcinoma cells to US, MDR
cells became more sensitive to anti-tumor drugs.79 However, the
mechanism of action of the US (such as heat, cavitation, etc.) to
modulate the ABC transporters in the membrane in not clear.
Therefore, further studies are needed in this area, which could be an
important therapeutic improvement in the clinic. 

The use of high-intensity focused ultrasounds in pan-
creatic cancer 

Pancreatic ductal cell adenocarcinoma (PDAC) is the most
common form of pancreatic cancer, with around 367,000 new
cases diagnosed each year worldwide and approximately 359,000
deaths each year.80 PDAC is associated with an extremely poor
prognosis and has a mortality rate of 98%.81 A study showed that
PDAC treated with HIFU resulted in fibrosis and necrosis in the
treated area due to the rapid increase in temperature produced by
the HIFU. Furthermore, apoptosis was induced in other damaged
cells, activating the degradation of their DNA by endonuclease.82

Tumor ablation using HIFU has been shown to be curative in
patients with an early-stage tumor and is also an effective palliative
treatment in patients with advanced stage disease (TNM II-IV).
This technique has been used and obtained good results in Asian
countries such as China, Japan and South Korea, as well as in some
European countries since the 1990s, although it has not been
approved by the FDA in the United States.83 However, there is a
varying response to this type of treatment, as some patients with
wounds or scars (whether cutaneous or subcutaneous) absorb the
acoustic energy to a greater extent, resulting in severe burns.84

Furthermore, there is no standardized dose of HIFU and the treat-
ment is modified based on the empirical experience of each
patient. Thus, more research is needed in this field to define the
most effective application parameters that minimize adverse
effects. 

High-intensity focused ultrasounds and magnetic reso-
nance-guided focused ultrasound in the treatment of
prostate cancer 

Prostate cancer is the most common non-cutaneous cancer in
males, with nearly 1,600,000 cases and 366,000 deaths a year. In
spite of the medical advances in the last years, prostate cancer
remains a clinical challenge, as treatment for metastatic disease are
inadequate and inefficient in many cases.85 The most important
and treatment options for clinically localized prostate cancer
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accepted worldwide include radical prostatectomy, external beam
radiation and brachytherapy. A recently discovered novel treatment
option for localized prostate cancer is the use of transrectal HIFU.
This therapeutic option has been optimized using a magnetic reso-
nance imaging approach, magnetic resonance-guided focused
ultrasound (MRgFUS) instead of ultrasound guidance.86 Many
studies that compared conventional techniques such as whole-
prostate gland surgical ablation and HIFU-mediated gland abla-
tion, have concluded that HIFU may be a safe and effective treat-
ment for localized prostate cancer in patients of an advanced age.
In fact, the life expectancy in 97% of these individuals is around
10 years. On the other hand, MRgFUS-mediated gland ablation
has some adverse effects, such as bladder outlet obstruction, uri-
nary incontinence of diverse grades, urethral stricture, epididymitis
and rectourethral fistula.50,87,88 The application of HIFU in the
treatment of clinically localized prostate cancer is promising, with
good survival rates and safety profiles. The majority of studies
conclude further research is needed to understand this technology
and to perfect the technique in this disease.

High-frequency focused ultrasounds-based treatment of
hepatocellular carcinoma and liver metastases 

Hepatocellular carcinoma is the most frequent primary liver
cancer and has been an important medical problem with limited
progress in the prevention, detection, diagnosis and treatment for
the last 20 years. There are 782,000 cases diagnosed and 746,000
deaths each year and this pathology is ranked as the sixth most
common neoplasm and the third leading cause of cancer death.
Due to the good accessibility of the liver compared with other
organs, US (in this case HIFU) are a versatile tool that can be used
for the treatment of both unresectable advanced hepatocellular car-
cinoma and liver metastases (mainly from colorectal and pancreat-
ic tumors). Patients that received this treatment had an improved
overall condition, with excellent safety and tolerance outcomes,
even those with advanced cirrhosis and high-grade Child-Pugh
score.89 Cheung et al. reported an interesting study in which 100
cirrhotic patients were treated with HIFU ablation, which aimed to
identify predictive factors for HIFU intolerance. This study found
that 13% of the patients reported complications, mainly skin burn
of various grades,89 and the results suggested that age was the only
predictive factor for complications. Furthermore, they concluded
that HIFU might represent a well-tolerated new alternative treat-
ment, even for high Child-Pugh score patients. In addition, HIFU
are safe and effective in the treatment of tumors adjacent to major
vessels, which suppose a high-risk surgery in most cases.
However, the application of HIFU to the liver also has to overcome
some physical obstacles such as the ribs, interposed lung parenchy-
ma and respiratory motion of the liver itself.90 This therapy has
produced some rare complications such as rib fractures, pneumoth-
orax, pleural effusion, biliary obstruction and fistula formation.91

Although, some recent studies demonstrate the possibility to use
HIFU with trans-arterial chemoembolization in the treatment of
hepatocellular carcinoma, with very promising results.92

Immunomodulation effects of thermal therapies and
high-intensity focused ultrasounds ablation 

In the last decade, there has been a huge interest in the role of
the immune system in the treatment of cancer.93 In fact, one of the
most relevant and revolutionary findings is that there is a systemic
response after local ablative surgery, meaning that there is a global
immuno-stimulation effect from local ablative techniques, which
has a huge potential in the clinic.94,95 The immune response
observed after HIFU local ablation treatment is very interesting

due to the effects of cavitation, which does not produce thermal
destruction of the tissue and denaturation of the proteins and could
be a mechanism of systemic immunostimulation.96 One theory is
that the application of HIFU produces cancer cell debris after treat-
ment that remains at the original tumor site as a source of antigens
for the immune system. These antigens act as an in situ vaccine
that stimulate the systemic immune response of T-cells and
cytokines.97 Phagocytic cells from the cytotoxic immune system
that normally reside in the damaged tissue, will capture these
tumor antigens from damaged or dead cells after the local ablation.
Subsequently, these cells migrate through the tumor-draining
lymph nodes and passively enter the systemic circulation, where
they can be taken up by lymph-node-resident phagocytic cells.
This type of mechanism is essential for tumor specific immune
responses,46 and different studies have shown that T-cells that rec-
ognize clonal neoantigens were detected in patients with good clin-
ical outcomes. 

This type of global immune-response (in another or similar tis-
sue remote from the treated site) from a local treatment or ablation
of a tumor tissue is called the “abscopal effect”, which was first
described in 1953,98 and has since been widely reported in the lit-
erature. This “abscopal effect” plays an important role in tumor
control,99–101 increasing the presence of MHC I on the tumor cell
surface and the production of specific cytokines that facilitates the
migration and function of effector CD8 +T cells.93,98 Furthermore,
the development of antibodies aid in local tumor eradication, the
control of metastases establishment and the development of an
immunologic memory against cancer cells.99 Wang and Sun report-
ed a study based on the use of HIFU treatment of 15 patients with
late-stage pancreatic cancer. Changes in natural killer NK cell
activity and T lymphocyte and subsets were observed in 10 cases.
Furthermore, the average values of NK cell, CD3, CD4 and
CD4/CD8 ratios in peripheral blood were increased after HIFU
application.102 In a study conducted by Wu et al.96,103, 48 females
with biopsy-proven breast cancer were randomized to receive only
radical mastectomy or radical mastectomy with HIFU adjuvant
treatment. The results were very promising, with a significantly
higher expression of DC, macrophages and B lymphocytes (mea-
sured in the primary breast tumor and also in the axillary lymph
nodes) in the HIFU group. However, the immune-stimulation
effects of local ablative treatments (especially with HIFU) are not
fully understood and further studies on the technique are needed.
Still, HIFU ablation might represent the ideal ablative technique,
as it achieves mechanical ablation through different mechanisms.

High-intensity focused ultrasounds and magnetic reso-
nance-guided focused ultrasound for the treatment of
uterine fibroids 

Uterine fibroids are benign smooth muscle cell tumor of the
uterus and are most commonly found in female pelvic tumours104.
Uterine fibroids may cause personal, social and financial problems
for some women. HIFU have been used in the treatment of uterine
fibroids during the last years, resulting in a reduction in pain and
pressure, frequent urination and/or constipation and excessive
menstrual bleeding. This treatment has fewer complications in
comparison to surgery, with faster recovery times.105,106 MRgFUS
is a non-invasive and relatively new therapy for the treatment of
uterine fibroids based on the HIFU. In fact, this treatment has been
approved by the US Food and Drug Administration in 2004 and the
Therapeutics Goods Administration in 2007.107 MRgFUS is espe-
cially effective in selected patients with symptomatic uterine
fibroids,106 and is carried out with conscious intravenous sedation.
A focused ultrasound wave passes through the anterior abdominal
wall and adjacent tissue, to focus on and deliver energy to the uter-
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ine fibroid(s),108 and ablate the uterine fibroid with multiple soni-
cations that target different parts of the fibroid. The duration of
treatment is thus dependent on the volume of the fibroid and treat-
ment times vary with the size of the target fibroid. However, this
technique has rare but well-defined complications, such as hema-
turia due to bladder heating, skin burns or pain after the procedure.

Dobrotwir et al. showed that HIFU were safe and effective
with no significant complications reported during treatment or fol-
low-up in a study of 100 patients with uterine fibroids.106 Stewart
et al. performed a similar study, which assessed outcomes at 6 and
12 months after MRgFUS treatment for symptomatic uterine
fibroids.109 In this study, 71% of females undergoing MRgFUS
reached the targeted symptom reduction at 6 months and 51% at 12
months. The magnitude of improvement in the quality of life was
greater than predicted in both studies. Furthermore, the incidence
of adverse events was also low.109 MRgFUS treatment results in
short-term symptom reduction and an improved quality of life in
women with symptomatic uterine fibroids, with an excellent safety
profile.

Clinical trials using ultrasound technologies
According to the ClinicalTrials.gov website (https://clinicaltri-

als.gov/, last access 09/06/2021), there are 145 clinical trials based
on ultrasounds in diverse tumor types and pathologies, with 142
studies related with HIFU treatment (Supplementary Table 1) and
3 related to LIPUS (Supplementary Table 2). Among the clinical
trials using HIFU treatment, 44 are completed studies, accounting
for almost 31% (Supplementary Table 1). These trials are mainly
based on prostate and breast cancer, thyroid nodules, bone metas-
tasis and uterine fibroids. Currently, only 5 of the 44 completed
studies have reported results (Table 2), representing only 11% of

the completed studies and 3% of the total clinical trials using this
technology. The clinical trials based on LIPU include patients with
primary brain tumors and brain metastasis and no results have been
reported yet. Interestingly, two trials are testing the use of the low
intensity ultrasound implant device, SONOCLOUD, in glioblas-
toma and brain metastasis. 

The future of ultrasounds in cancer therapy
Ultrasounds appear to be a very promising novel technology

for the non-invasive treatment of cancer. The HIFU variant of US
could be the most effective ablative technique in order to achieve
an immune-stimulation effect against cancer cells and the induc-
tion of a long-term immunity against cancer. Treatments based on
HIFU developed against hepatocellular carcinoma, pancreatic can-
cer and uterine fibroids have proved to be safe and effective,
although they need optimization to exploit its therapeutic potential.
However, there is still a deficiency in the knowledge of the biolog-
ical and biodynamical effects that LIUS generates in human tissues
and its effects on organs and the whole body. Results obtained up
to now are very promising and there could be a revolution in the
clinical field over the next years. The biological effects and mech-
anisms of action of the LIUS on tissues and cells are not well
known and need to be investigated, although it has been proven
that they can be very different depending on the acoustic parame-
ters of actuation, the dose and type of tissues on which the US are
applied.

In particular, LIUS may have an important role in the cancer
treatment by targeting the stroma or enhancing the effect of anti-
neoplastic drugs,110 and they offer a non-invasive treatment
approach that can be applied in selected areas. The tumor stroma is
composed of extracellular matrix (ECM) proteins such as colla-
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gens, fibronectin, laminin, glycoproteins, proteoglycans and gly-
cosaminoglycans and cell types such as immune cells, cancer asso-
ciated fibroblasts, endothelial cells and neuronal cells. Further
studies are needed to decipher the effects of LIUS on parameters
such as tumor growth and progression, cell migration and cell sig-
naling pathways and the effects on the associated stroma cells such
as cancer-associated fibroblasts, macrophages and endothelial
cells. Several tumors such as breast, pancreas and colorectal cancer
have a dense tumor stroma, which leads to a high resistance to the
most conventional treatment options, including chemotherapy or
molecular treatments such as immunotherapy. Targeting the stroma
as a treatment strategy in solid aggressive tumors has gained a lot
of attention recently as novel strategies are urgently required that
complement the effect of chemotherapy agents by targeting tumor
cells and the stroma at the same time. 

Ultrasounds have shown to be a potential therapy for aggres-
sive solid tumors, although the adverse effects produced by HIFU
need to be minimized, such as skin burns, pain, hemorrhage and
abdominal discomfort. Theoretically, there would be no limitation
to the number of sessions that a patient can undergo as it does not
produce ionizing radiation. Furthermore, US could be combined
with chemotherapy agents, as cavitation of the cell membrane may
enhance drug uptake and improve treatment response. US are
being increasingly used in clinical trials, with many focused on the
safety and feasibility of this technology as a treatment strategy.
However, it still remains an emerging and incompletely unex-
plored field that could give provide clinicians with a new tool for
the treatment of patients. The published studies demonstrate the
great potential of this energy source in the clinical setting, although
further research in this field is required to develop this technology
for use in cancer therapy.
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