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‘The management of cancer with alternative approaches is a matter of clinical interest worldwide. High-intensity focused ultrasound
(HIFU) surgery is a noninvasive technique performed under US or MRI guidance. The most studied therapeutic uses of HIFU involve
thermal tissue ablation, demonstrating both palliative and curative potential. However, concurrent mechanical bioeffects also provide
opportunities in terms of augmented drug delivery and immunosensitization. The safety and efficacy of HIFU integration with current
cancer treatment strategies are being actively investigated in managing primary and secondary tumors, including cancers of the breast,
prostate, pancreas, liver, kidney, and bone. Current primary HIFU indications are pain palliation, complete ablation of localized early-
stage tumors, or debulking of unresectable late-stage cancers. This review presents the latest HIFU applications, from investigational to

clinically approved, in the field of tumor ablation.

©RSNA, 2023

ancer is the second leading cause of death worldwide
Cand presents an enormous socioeconomic challenge in
pursuit of more effective integrative treatment strategies (1).

High-intensity focused ultrasound (HIFU) is an
emerging approach to noninvasive therapy combining
precise delivery of focused ultrasound (FUS) with MR
(MRI-guided FUS, MRgFUS) or US (US-guided FUS,
USgFUS) image guidance.

‘The thermal ablation effect of HIFU has been the most
widely explored and is the only mechanism of action that
currently has regulatory approval and is commercially avail-
able for 32 indications (2). HIFU ablation is obtained by
focusing ultrasound energy to induce a local rise in tissue
temperatures greater than 55°C, causing coagulative necro-
sis within seconds of reaching these elevated temperatures.
Such effects are obtained with either short or continuous
ultrasound pulses over seconds to minutes, with delivered
powers ramped up until target temperatures and image-
monitored ablation are obtained. Additional mechanical
(histotripsy, neuromodulation, drug delivery) and thermal
effects (tissue priming to radiation therapy or drug deliv-
ery) are under clinical and preclinical investigation (2,3).

Treatment margins with adjacent healthy tissues are
sharp because of temperature rises limited to focal spot sizes.
Multiple sonications are thus necessary to cover each target
lesion, with focal volumes ranging from 0.2 to 5 mm?, de-
pending on transducer geometry, US frequencies, and tis-
sue homogeneity. FUS devices are generally categorized ac-
cording to their shape and clinical use (2). Extracorporeal
transducers, which are available in compact flat, curved, and
helmet-like designs, are the most versatile and allow for tar-
geting of both superficial and deep structures that are easily
accessible through the skin. Intracorporeal transducers are
typically application-specific; transrectal or transurethral

transducers are used for genitourinary lesions, while inter-
stitial transducers are used for localized long-term therapy
following surgical implantation. Electronic steering allows
coverage of large treatment areas without moving the patient
and is made possible via phased array transducers, with each
element individually adjusted for phase and amplitude.

While image guidance is critical for initial targeting and
patient positioning, real-time intraprocedural monitoring
is necessary for ablation feedback and thermal dose pre-
scription, which ensure safety and effectiveness. USgFUS
transducers incorporate both imaging and therapeutic
elements in a stereotactically controlled or handheld de-
vice. This enables rapid identification of target lesions and
acoustic paths, though with poor quantitative feedback re-
garding temperatures and ablation necrosis, especially with
increasing distances (4).

MRgFUS transducers, which are more expensive and
less readily available, are typically embedded in the MRI
table of 1.5-T or 3.0-T scanners. The advantages of MRg-
FUS include higher spatial and tissue contrast resolution
for treatment planning and proton resonance frequency
shift thermometry for intraprocedural monitoring (5).

FUS surgery is commonly an incisionless outpatient
procedure that can be repeated, if needed, over both short-
and long-term periods. FUS can be integrated with exist-
ing lines of treatment to augment radio- or chemothera-
peutic effects, shrink inaccessible or unresectable lesions,
and even replace surgery in patients with suitable lesions
or those unfit for major interventions (2,6). Regulatory
approval is primarily device manufacturer—specific, with
the widest adoption in Asia, followed by approvals in Eu-
rope and North America, including the recent expansion
of treatment indications from pain palliation to curative

ablation (Table).
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Abbreviations

CTCAE = common terminology criteria for adverse events, EBRT
= external beam radiation therapy, FDA = U.S. Food and Drug
Administration, FUS = focused ultrasound, HIFU = high-intensity
FUS, MRgFUS = MRI-guided FUS, OO = osteoid osteoma, QoL
= quality of life, RFA = radiofrequency ablation, TACE = trans-
arterial chemoembolization, UAE = uterine artery embolization,

USgFUS = US-guided FUS

Summary

High-intensity focused ultrasound is an investigative but promising
technology in the field of oncology, with potential for integration in
current curative and palliative cancer treatment strategies.

Essentials

= High-intensity focused ultrasound (HIFU) is an emerging ap-
proach to incisionless surgery that combines precise delivery of
focused ultrasound (FUS) with MR or US image guidance.

= Tumoral thermal ablation is currently the most common applica-
tion of HIFU and is achieved by focusing ultrasound energy to
induce a local rise in tissue temperatures greater than 55°C, caus-
ing coagulative necrosis within seconds of reaching these elevated
temperatures.

= HIFU surgery is commonly an outpatient procedure that can be
repeated, if needed, over the short and long term and can be inte-
grated with existing lines of treatment.

= In the palliative treatment of bone metastases, HIFU can induce
more rapid pain relief compared with radiation therapy, which
may require up to 4 weeks to obtain a treatment response.

= The results of HIFU for the ablation of uterine fibroids are com-
parable with surgery in terms of symptom reduction, resulting in a
substantial improvement in quality of life after 12 months.

Keywords

Ultrasound, Ultrasound—High Intensity Focused (HIFU),
Interventional-MSK, Interventional-Body, Oncology, Technology
Assessment, Tumor Response, MR Imaging

'The following review will focus on the clinical applications of
HIFU for cancer treatments, from early investigational to more
established applications in the field.

HIFU Cancer Ablation

The performance of HIFU cancer ablation generally involves
a diverse team of physicists, nurses, radiologic technologists,
anesthesiologists, radiologists, and surgeons. The type of anes-
thesia, ranging from conscious sedation to peripheral, spinal,
or general anesthesia, is prescribed according to lesion size, lo-
cation (considering proximity to skin and bones and moving
abdominal organs), patient preference, clinical condition, and
procedural experience of the operators (6). Vital signs are mon-
itored throughout the procedure with a stop button available
for the patient and operator in case of mistargeting or unpleas-
ant sensations. After proper positioning and application of US
coupling gel, images are acquired, regions where ultrasound
energy is to be limited (skin, bone, major nerves and vessels,
bowels) are manually contoured, and treatment areas are high-
lighted to cover the lesion and margins. Anatomic fiducials are
placed to estimate movement over time and target coregistra-
tion. A series of low-power exposures are prescribed to cali-
brate transducer focusing, and then high-power sonications are

ramped up until ablation is obtained. Real-time feedback is
monitored by a combination of local tissue thermometry, ana-
tomic changes, and contrast media uptake at MRgFUS, or by
lesion hypoechogenicity, color Doppler, and perfused volume
evaluation at USgFUS.

Focusing ultrasound on the abdominal cavity presents a
challenge in image-guided therapy, as peristaltic, respiratory,
and voluntary movements can cause imaging artifacts or mis-
targeting. To ensure the safety and efficacy of the procedure, a
comprehensive approach is adopted, including urinary cath-
eter, bowel preparation, spinal or general anesthesia, and in-
spiratory phase—gated imaging.

Postablation care comprises neurologic examination and
skin burn inspection while recovering from anesthesia, with
close follow-up for 2 weeks to assess for severe burns, pain,
and out-of-target damage. Pain is treated short term with
medication, if needed.

Bone Metastases
One of the most promising applications of HIFU is pain pal-

liation of bone metastases. Pain induced by bone metastases
is a common complication in patients with cancer, impair-
ing quality of life (QoL). Currently, external beam radiation
therapy (EBRT) represents the standard of care for the pal-
liative and curative treatment of cancer-induced bone pain.
However, local radiation therapy is associated with a non-
negligible risk of delayed adverse effects, and about 45% of
patients undergoing EBRT do not have substantial improve-
ment in pain (7).

In 2012, the U.S. Food and Drug Administration (FDA) ap-
proved MRgFUS for the palliative treatment of bone pain due to
metastatic disease in patients who are unresponsive to standard
radiation therapy, ineligible for radiation, or refuse radiation
therapy. In these patients, MRgFUS is not used with a curative
intent; instead, the overall goal of treatment is to obtain pain
palliation, thus reducing patient dependence on opioids or other
pain medication.

To date, one or more FUS devices to treat painful bone me-
tastases have been approved in Europe, Korea, Asia, Canada,
Israel, India, Latin America, and Russia. Metastases accessible
to the US surgery device (ribs, extremities, pelvis, shoulders, or
posterior aspects of spinal vertebra below L2) can be targeted;
skull and spinal metastases (apart from the posterior elements
below the level of the conus medullaris) are excluded because of
the risk of injury to the brain and spinal cord. A single session
is generally sufficient for treatment, although it can be repeated
(8). In the palliative treatment of cancer-induced bone pain,
MRgFUS takes advantage of the high ultrasound absorption
rate of the bone cortex that causes critical thermal damage to
the adjacent periosteum, the most innervated structure of ma-
ture bone responsible for pain signal conduction. Two different
technical approaches can be used on bone metastases: (2) When
the cortical bone is intact, the focus spot is positioned either on
the cortical bone surface or behind it, with the ultrasound beam
entirely absorbed by the cortex surface on its path toward the
medullary cavity; in this approach (wide-beam approach), the
amount of energy at the intersection between the ultrasound
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Current Approved and Investigational Oncologic Applications of High-Intensity Focused Ultrasound

Select Regional

Tumor Type Existing Approaches Application ~ Approval Approved Devices Challenges and Limitations
General oncology Skin proximity, target
distance from trans-
ducer, patient or organ
movement, fat or bone
interfaces
Bone metastases External beam radia- Painful bone  USA, Europe,  Aceso (Shende Medical Equip-  Localization: spine and
tion therapy metastases Korea, Asia, ment Technology), Sonalleve skull metastasis
Canada, (Profound Medical), Exablate
Israel, Body (Insightec)
India, Latin
America, and
Russia
(0]0) Surgery, RFA, CA, OO of the USA, Europe,  JC (Chongging Haifu Medi- Localization: spinal
core drill excision, extremities Russia, cal Technology), Sonalleve OO, no possibility to
laser photocoagu- not requir- China (Profound Medical), Exablate ~ combine treatment with
lation ing biopsy Body (Insightec) biopsy
Liver Surgery, REA, MWA, Late-stage Asia, Europe JC (Chongqing Haifu Medical Bowel and respiratory
CA, TACE lesion pal- Technology) movements, costodia-
liation and phragmatic recess, beam
control aberrations from com-
Unresectable plex tissue heterogeneity
primary or
secondary
liver masses
TACE +
HIFU com-
bination
Pancreas Surgery, radiation Unresectable ~ Asia, Europe  JC (Chongging Haifu Medical =~ Target identification and
therapy lesion pal- Technology) treatment, nearby vital
liation and structures
control
Kidney Nephron-sparing Early-stage Asia, Europe  JC (Chonggqing Haifu Medical ~ Perinephric fat
surgery, RFA, CA lesion < 3 Technology)
cm
Posttrans-
plant renal
allograft
cancer
Prostate Active surveillance,  Localized PCa Asia, Europe, ~ Ablatherm Fusion and Focal Prostate volume > 40 mL,
radical prostatec-  Radiorecur- USA One (EDAP TMS), Exablate beam aberration from
tomy, radiation rent PCa Body and Exablate Prostate calcifications, urethral
therapy, brachy- (Insightec), Sonablate HIFU or bladder neck abnor-
therapy, cryo- and Sonatherm (Sonablate), mality
therapy TULSA-PRO (Profound
Medical)
Breast Breast cancer: mas-  Localized Asia, Europe  JC (Chongqing Haifu Medical ~Respiratory movements
tectomy, adjuvant breast Technology)
radiation therapy cancer
or chemotherapy, Symptomatic
quadrantectomy, fibroad-
RFA, LITT, CA enoma

Breast fibroadenoma:
CA, local excision

(Table continues)
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(continued) Current Approved and Investigational Oncologic Applications of High-Intensity Focused Ultrasound

Select Regional

Tumor Type Existing Approaches Application ~ Approval Approved Devices Challenges and Limitations
Uterine fibroids Hysterectomy, myo- Pre- or peri- ~ USA, Canada,  Alpius 900 (Alpion Medical Excluding imaging fea-
mectomy, uterine menopausal  China, Systems), Exablate Body tures: calcified, pedun-
artery emboliza- women Europe, (Insightec), JC (Chongqing culated, nonenhancing
tion with India, Japan, Haifu Medical Technol- fibroids
symptom- Korea, the ogy), Shanghai A&S Science
aticuterine ~ Middle East, ~ Technology Development,
fibroids Oceania, Shenzhen PRO_HITU Medi-
desiring Russia, South  cal Tech, Sonalleve (Profound
uterine- America, and  Medical)
sparing Taiwan
procedure
Desmoid tumor Surgery, radiation Primary or Asia, Europe  JC (Chongging Haifu Medical = Proximity to small intes-
therapy, systemic salvage Technology) tine, nerve, superior

therapy (hormonal mesenteric artery, skin
therapy, NSAIDs,

chemotherapy, and

tyrosine kinase

inhibitor), CA

therapy

Note.—The column “Approved devices” highlights currently available treatment systems in the U.S. Food and Drug Administration and/
or Conformité Européenne marketplaces. CA = cryoablation, HIFU = high-intensity focused ultrasound, LITT = laser interstitial thermo-
therapy, MWA = microwave ablation, NSAID = nonsteroidal anti-inflammatory drug, OO = osteoid osteoma, PCa = prostate cancer, RFA

= radiofrequency ablation, TACE = transarterial chemoembolization.

beam and the bone is not enough to create ablation in any other
tissue—a limited amount of energy in bone is sufficient to create
a wide area of temperature rise given its high acoustic absorp-
tion; or (b) when a bone metastasis features transcortical growth,
the ultrasound beam is directly focused on the solid part of the
tumor, as with the other soft-tissue targets (9).

MRgFUS can induce more rapid pain relief compared with
radiation therapy, which may require up to 4 weeks to obtain
a treatment response. In 2014, Hurwitz et al (10) reported the
results of a multicenter randomized placebo-controlled trial of
individuals with painful bone metastases nonresponsive to, un-
suitable for, or refusing radiation therapy. A pain response was
obtained in about two-thirds of patients within a few days after
treatment. A more recent prospective nonrandomized phase 2
trial of 198 individuals compared the safety and effectiveness of
MRgFUS with EBRT, with a reported response rate (pain reduc-
tion equal to or greater than two points from baseline on a nu-
merical rating scale) at 1 month of 91% and 67%, respectively,
and complete remission in 43% and 16% of individuals. The
pain response was durable at 12 months in 92% of individuals
treated with MRgFUS but in only 35% following EBRT (11).

One advantage of MRgFUS in the palliative treatment of
bone metastasis is the low potential risk of adverse events. A re-
cent meta-analysis of 799 patients from 26 studies showed over-
all rates of 0.9% for major adverse events (grade > 3 according to
the common terminology criteria for adverse events [CTCAE])
and 5.9% for adverse events with CTCAE grade of 2 or less (12).

Combined treatment with EBRT and MRgFUS is feasible

and could have the advantage of obtaining a rapid pain response

with MRgFUS while also achieving locoregional tumor control
with EBRT. Only one feasibility study assessed the safety of the
combined treatment in patients with bone metastases (13).

Unfortunately, there is still a lack of high-quality evidence
regarding the role of MRgFUS as a first-line treatment in pa-
tients with pain due to bone metastases. An ongoing phase 3
multicenter three-armed randomized controlled trial compar-
ing EBRT, MRgFUS only, or combined EBRT and MRgFUS
aims to provide evidence to support the use of MRgFUS as a
first-line treatment option, either alone or in combination with
EBRT, in clinical guidelines for the treatment of pain due to
bone metastases (7).

Bone Tumors
The benefit of MRgFUS in benign bone tumors relies mostly

on its noninvasive nature. One of the most promising appli-
cations is for the treatment of osteoid osteoma (OQO), which
accounts for 11% of benign bone tumors. OO usually affects
children, adolescents, and young adults. Traditionally, surgical
resection has represented the therapeutic standard in patients
with OO. Nevertheless, in the last decades, surgery has been
largely replaced by image-guided procedures. Among these,
radiofrequency ablation (RFA) has achieved excellent results
in terms of efficacy and safety (14) and currently represents
the reference standard therapeutic technique for OO. RFA
treatment requires CT guidance and is burdened with risk of
complications, including bleeding, infection, skin and muscle
burns, nerve injury, and material failure. MRgFUS represents
a valuable alternative option to RFA in cases of typical OO
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that do not require biopsy and was approved by the FDA in
2020 for treating OO of the extremities. MRgFUS for OO
was also approved in Europe, Russia, and China. As a noninva-
sive approach, MRgFUS offers clear advantages in this setting,
considering the benign nature of the tumor. Beyond accurate
temperature monitoring and the absence of mechanical pen-
etration, another major advantage of MRgFUS in comparison
with RFA is the absence of radiation exposure, considering that
most patients with OO are children and young adults. The
main drawback of MRgFUS is that it cannot be used on all le-
sion sites. Specifically, it has not received approval for the treat-
ment of spinal lesions, which represent 10% of all cases, be-
cause of the theoretical risk of thermal damage to nerve roots.
Moreover, in contrast to RFA, MRgFUS treatment cannot be
combined with biopsy; however, this represents only a minor
limitation considering that in many cases clinical presenta-
tion and radiologic features alone are highly suggestive, thus
making histologic examination unnecessary before therapy. In
the literature, the clinical success rate of MRgFUS for treat-
ing OO lies between 87% and 100% (14). One prospective
two-center developmental trial reported results at 3 years of
50 participants treated with MRgFUS for nonspinal OO. At
final follow-up, a complete clinical response (visual analog scale
score 0) was observed in 87% of participants (15). A propen-
sity score—matched study of 116 patients reported compara-
ble efficacy between those treated with RFA versus MRgFUS
(16). Considering these promising results and the advantages
of MRgFUS over RFA, a comparative study with the actual
therapeutic standard is needed to support the clinical use of
this technique. In this regard, an ongoing phase 3 trial at the
University of California San Francisco and Stanford University
was designed to compare the effectiveness of RFA and MRg-
FUS techniques for OO (17).

Liver

Liver cancer is a major cause of cancer death worldwide, with
incidence rates and associated socioeconomic burden predicted
to rise in the next decades. At diagnosis, 5-year survival is
around 21%, decreasing to 14% and 3.5% in cases of regional
and distant spread, respectively, representing half of all cases.
While surgery, transarterial chemoembolization (TACE), and
liver transplantation constitute current standards of therapy,
minimally invasive treatments can be used for palliation, cu-
rative intent, or downgrading lesions in preparation for more
aggressive approaches. HIFU is an emerging technique in the
field, comparable in principle to more established approaches
like microwave ablation, RFA, and radioembolization for small
lesion focal therapy, but further investigation is needed on the
premise of safety and integration with existing strategies (18).
A known limitation of RFA is the heat sink effect of thermal
ablation because of the cooling effect of blood flow on adja-
cent cancer tissues; however, HIFU-related heating relies less
on thermal conduction, enabling coagulative necrosis and
cauterization of adjacent capillaries that yield sharper margins
with lower risks of bleeding (18). Challenging aspects of HIFU

ablation in liver tissues are bowel and respiratory movement,

Radiology: Imaging Cancer Volume 6: Number 1—-2024 = radiology-ic.rsna.org

De Maio et al

tissue heterogeneity (transitioning from fatty or fibrous to
solid tumor), and beam obstruction from the ribs and costo-
diaphragmatic recess. Reported HIFU complications include
self-resolving skin burns and abdominal pain, while severe
adverse events include biliary obstruction, pleural effusion,
pneumothorax, fistula formation, diaphragmatic rupture, and
rib fracture. Although seldom encountered, such events were
described mainly in surgically unresectable late-stage tumors
with vascular and biliary invasion (18,19).

Currently, HIFU ablation is approved in Asia and Europe
primarily for late-stage lesion palliation and control, indicated
for unresectable primary and secondary liver masses. A retro-
spective analysis of 80 unresectable primary and 195 metastatic
liver cancers reported objective response rates (comprising com-
plete and partial ablation responses) of 71.8% and 63.7%, re-
spectively, with significant decreases in o-fetoprotein level and
pain from baseline (19). In complex cases, small colorectal can-
cer liver metastases, even if present in high numbers, may be
unsuitable even for RFA because of their highly vascularized
profile. A phase 1 trial of 13 patients (20) investigated USgFUS
in such a population, documenting safe targeting with no severe
adverse events, a complete response in 10 patients (absence of
intratumoral arterial enhancement), and a partial response in the
remaining three. Overall 2-year survival was 77.8%, with nine
patients developing new metastases at follow-up with potential
for repeated HIFU sessions. A meta-analysis of six randomized
controlled trials (total sample size: 488) on the integration of
HIFU following TACE treatments found improvements in ef-
ficacy and 2-year survival rates (odds ratio 3.38 [95% CI: 1.71,
6.66]) compared with TACE alone, presumably because of the
synergistic effects of controlled tumoral blood supply and facili-
tated margin identification with thermal damage (21). Last, a pi-
lot study of individuals with hepatocellular carcinoma waitlisted
for liver transplantation employed HIFU as a bridging therapy
compared with TACE and best medical treatment (22). Safety
and tumor necrosis rates were comparable with TACE, with
broader lesion indications for HIFU (including Child-Pugh C),
increasing the percentage of patients eligible for bridging therapy
from 39.2% to 80.4%.

Pancreas

Despite advances in therapy and early-stage detection, more
than 80% of pancreatic cancers are unresectable at diagnosis,
with average 5-year survival decreasing from 44% in localized
stages to less than 3.5% in advanced stages (23). Available
treatment lines comprise partial excision, irreversible electro-
poration, radiation therapy, chemotherapy, or combinations of
these, but all treatments are limited by patient performance
status. In patients with unresectable pancreatic cancer, HIFU is
an investigational approach, although it has been approved in
Asia and Europe for tumor ablation or pain palliation via mass
control (24). A meta-analysis evaluating 19 studies (one ran-
domized controlled study) with a total of 939 patients for the
integration of HIFU with existing treatment protocols (25,26)
demonstrated improvements in overall survival (odds ratio at

6 months, 2.31 [95% CI: 1.62, 3.30] and 12 months, 1.76
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[95% CI: 1.08, 2.88]) and chronic pain relief (>80% respond-
ers), low risk of minor adverse events (skin burns, fever, vomit-
ing, abdominal pain) that resolved in 6 weeks, and rare occur-
rence of major adverse events requiring hospitalization (portal
vein thrombosis, fistulization).

The HIFU procedure acts as a thermal knife for partial or
total mass ablation, facilitating systemic or intra-arterial chemo-
therapy administration, radiotherapeutic targeting in cases of re-
gional spread, or surgical reintervention following FUS debulk-
ing. Pain control is complementary following mass reduction;
however, palliation in late-stage cancer is achieved by partial ab-
lation, presumably through a mechanism of abdominal pressure
relief and thermal damage to nerve endings inactivating celiac
plexus fibers.

Combination approaches of HIFU and chemotherapy have
been shown to improve survival and QoL compared with che-
motherapy alone (25), with US dose escalation to be further
investigated for optimizing bulk ablation or, with lower intensi-
ties, for drug delivery and tumor immunization (27). Current
evidence is limited by small prospective or retrospective studies,
although data seem favorable for large randomized clinical trials
integrating HIFU for unresectable pancreatic cancers.

Kidney

Incidence of renal cancers has increased over the last 20
years, due in part to behavioral risk factors, but also to ear-
lier (mainly incidental) diagnosis of smaller asymptomatic
lesions (28). Two-thirds of tumors at diagnosis are localized,
with an expected 93% 5-year survival rate. Treatments are
therefore transitioning toward nephron-sparing approaches
involving surgery, RFA or microwave ablation, cryoablation,
and HIFU (29). Currently, HIFU is an investigational ap-
proach but has been approved in Asia and Europe for treat-
ments with ablative and palliative intent via extracorporeal
MRgFUS and USgFUS or laparoscopic devices. Early-stage
cancers less than 3 cm in diameter are selected for total le-
sion ablation, as experience suggests comparable safety and
efficacy profiles with RFA and cryoablation; however, more
comparison studies are needed (29). In cases of tumor recur-
rence or familial cancers, and to accommodate repeatable
therapies despite patient performance status, FUS is a vi-
able noninvasive option for salvage therapy. Additionally,
as adapted for late-stage cancers, FUS may also be used for
tumor debulking aimed at improving QoL via symptom
palliation (flank and back pain, hematuria).

Initial studies using USgFUS demonstrated feasibility of tu-
mor ablation in 17 patients, with loss of postcontrast enhance-
ment and central mass involution in eight cases (30); however,
further experience is needed for margin targeting, considering
the effects of perinephric fat on attenuation and defocusing fol-
lowing extracorporeal targeting. To overcome these limitations
as well as lack of a safe passage for ultrasound waves because of
the surrounding rib cage, minimally invasive laparoscopic HIFU
devices have been used. The devices achieved homogeneous ther-
mal ablation with low morbidity and ample safety margins from
adjacent vital structures (31).

Post—renal transplant patients are three times more likely
to develop malignancy because of their inherent clinical con-
dition and immunosuppressed state. Focal therapy is a prom-
ising tool for such patients, with localized HIFU treatments
performed both in posttransplant kidney and nonkidney can-
cers (32). The iliac positioning of the renal allograft enables
casier and safer targeting, with reduced ultrasound beam
aberration because of lower fat interface and skin proxim-
ity. A case study (32) investigated the use of US-guided RFA
and HIFU in one and two patients, respectively, reporting
improvements in the patients’ clinical condition and QoL,
no procedural complications, and no lesion recurrence over
more than 40 months of follow-up.

Prostate

The current standard of care for localized prostate cancer in-
cludes active surveillance, radical prostatectomy, or radiation.
While surgery or radiation have the best cancer control out-
comes, they are associated with high rates of adverse effects,
such as urinary incontinence and erectile dysfunction.

The aim of focal therapy is to achieve local tumor control
while minimizing adverse effects (33). HIFU is approved by the
FDA and European and Asian regulatory agencies for prostate
tissue ablation in patients with prostate cancer who are ineligible
for surgery or prefer an alternative option. Another application
of HIFU is for the treatment of residual or recurrent prostate
cancer after radiation therapy.

Multiparametric MRI is the reference standard for the de-
tection, localization, and staging of prostate cancer. Regarding
lesion targeting, transurethral and transrectal HIFU, under ei-
ther MRI or US guidance, demonstrated more promising results
compared with extracorporeal HIFU (33). The transurethral ap-
proach has several advantages over the transrectal approach, as
no thermal energy passes through the rectal wall, thus preserving
patient function; transurethral HIFU has been approved for the
treatment of the whole and partial gland, not just focal ablation.

The first multicenter phase 2 study conducted by Ehdaie et
al (34), including 101 men with prostate adenocarcinoma grade
group 2 or 3 visible at MRI treated with transrectal MRgFUS,
revealed no evidence of grade group 2 or greater prostate cancer
in the treated area in 78 of 89 men at 24-month biopsy and no
serious treatment-related adverse events. International Index of
Erectile Function-15 (ie, IIEF-15) scores were slightly worse at
24 months than at baseline. By 24 months, no patient had re-
ported urinary incontinence requiring pad use. Another system-
atic review including 20 case series of 4209 patients with prostate
cancer treated with HIFU reported complication rates ranging
from 13% to 40%, most of which were classified as minor (Cla-
vien-Dindo grade I-1I). Clinically significant in-field recurrence
and out-of-field progression were detected in 22% and 29% of
patients, respectively. Six months after focal HIFU therapy, 98%
of patients were totally continent, and 80% of patients retained
sufficient erections for sexual intercourse (35). A propensity
score—matched analysis comparing HIFU (7 = 188) or cryoab-
lation (7 = 48) with robot-assisted radical prostatectomy (7 =
472) demonstrated that robot-assisted radical prostatectomy was
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associated with less continence recovery and lower potency rate
2, 6, and 12 months after surgery (36).

As a salvage therapy in radiorecurrent prostate cancer, HIFU
showed 5-year overall and cancer-specific survival rates of 88%
and 94.4%, respectively (37).

Breast

HIFU is approved for the treatment of benign and localized
malignant breast tumors in Europe and Asia. In both cases,
the treatment can be conducted under US or MRI guidance.
An advantage of US guidance is that treatment is performed
with the patient freely breathing in a comfortable position.
MRI guidance has two main advantages over US guidance:
(a) better visualization of tumor localization, size, and mar-
gins and (4) the possibility to assess temperature increases
within the focal point thanks to proton resonance frequency
thermometry, although possibly biased by the surrounding
fat tissue (38). HIFU can be considered an option to treat
symptomatic fibroadenoma in an outpatient setting. A multi-
centric prospective study conducted by Kovatcheva et al (39)
demonstrated a mean volume reduction of 59.2% + 18.2
[SD] and 72.5% + 16.7 at 6 and 12 months, respectively,
after whole-lesion ablation treatment with HIFU. Similarly,
Cavallo Marincola et al (38) revealed a 50% reduction of
the maximum diameter of fibroadenoma at 6 months after
HIFU. A study conducted by Peek et al (40) investigated the
effects of circumferential HIFU treatment around the fibro-
adenoma, ablating only its circumference and deselecting the
center. The aim of circumferential HIFU surgery is to isolate
the fibroadenoma from its blood supply, eventually resulting
in necrosis of the tumor. Such a strategy led to a volume re-
duction of 43.2% 12 months after treatment.

As for malignant breast tumors, HIFU could be an op-
tion to obtain complete or partial tumor ablation, with the
advantage of better cosmetic results, considering the absence
of scarring, and less morbidity than traditional surgery. It may
be used to treat any residual tumor after chemotherapy or as
salvage therapy in case of recurrence after breast conservation
therapy. In a systematic review of HIFU for breast cancer treat-
ment, Peck et al (41) performed a histopathologic comparison
based on specimens obtained from lumpectomy or mastec-
tomy after HIFU ablative treatment, core-needle biopsy, or a
combination of both. The studies showed no residual tumor
in 46.2% of patients who underwent surgical treatment after
HIFU. However, residual tumor less than 10% of the original
lesion volume was found in 29.4% of patients, and residual
tumor between 10% and 90% was found in 22.7%. USgFUS,
although less commonly reported, revealed better results than
MRgFUS; this is possibly due to wider treatment margins, ap-
proximated to 1.5-2 c¢m with USgFUS compared with more
narrow margins of 0—1.5 cm as generally followed with MRg-
FUS. Regarding coagulative necrosis, 31 of 38 patients showed
absence of contrast at the index tumor nodule and a thin rim of
enhancement at the periphery after HIFU treatment. Only mi-
nor complications, such as regional edema and tenderness, skin
burn, hyperpigmentation, and swelling or hardness of the area,
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were reported in a few patients. Cosmetic results were good
to excellent in 25 of 27 patients and acceptable in the other
two. However, the cosmetic outcome could not be evaluated
in most of the studies because HIFU treatment was mostly fol-
lowed by surgical resection (41).

For HIFU therapy to be comparable to surgical resection,
HIFU should achieve complete tumor necrosis. Recent studies
showed that complete tumor necrosis is achieved in 20% to
100% of patients. One of the main problems is the evalua-
tion of proper ablation margins, which is key for long-term
survival and local recurrence. However, neither MRI nor diag-
nostic US has satisfactory sensitivity for such precise visualiza-
tion, although MRI yields more reproducible results. Another
limitation is the need to proceed with axillary lymph node dis-
section in the case of positive findings from sentinel lymph
node biopsy, contrasting with the noninvasiveness of HIFU
therapy (42). HIFU may additionally serve as a nonablative
treatment for breast cancer to induce systemic effects. Recent
clinical trials revealed the potential of HIFU as an adjuvant to
elicit proinflammatory immune responses in combination with
immunotherapy and chemotherapy (43).

Uterine Fibroids

The treatment of uterine fibroids is the most widely approved
application of HIFU in gynecology. Uterine fibroids are the
most common gynecologic benign tumor in women of repro-
ductive age and occur in about 70% of the female population.
MRgFUS was approved by the FDA in 2004 for the treatment
of symptomatic uterine fibroids in pre- or perimenopausal
women who desire to preserve the uterus (44).

A recently published meta-analysis (45) demonstrated that
the results of MRgFUS are comparable to surgery in terms of
symptom reduction, resulting in a significant improvement of
QoL after 12 months (mean difference, 2.25 [95% CI: 1.15,
3.35]). While uterine artery embolization (UAE) has advantages
in reducing symptoms and improving QoL in comparison with
MRgFUS, it is associated with a longer hospital stay after treat-
ment and a higher risk of major complications. MRgFUS also
appears to be associated with a higher postoperative pregnancy
rate and shorter pregnancy interval after treatment compared
with UAE, with little effect on endometrial receptivity and ovar-
ian function. On the contrary, the desire for future pregnancy
is a relative contraindication to UAE in professional society
guidelines (45). One limitation of MRgFUS is the relatively
high reintervention rate as compared with surgery and UAE;
a retrospective study with long follow-up periods (mean 63.5
months) reported an overall reintervention rate of 33.3% after
MRgFUS. Interestingly, the risk of reintervention was negatively
associated with the percentage of nonperfused volume ratio after
treatment; hence, selecting fibroids in which complete ablation
is achievable could decrease the risk of reintervention (46).

Currently, no data are available from comparative random-
ized trials with a long follow-up period. For this purpose, an on-
going national multicenter randomized trial in the Netherlands
is enrolling premenopausal women, with the aim to evaluate
the long-term outcomes and cost-effectiveness of MRgFUS in
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comparison with other treatment options for fibroids (hysterec-
tomy, myomectomy, or UAE) (47).

Soft Tissue

Among soft-tissue tumors, desmoid fibromatosis has been
most extensively investigated clinically. Desmoid tumors are
benign, locally aggressive mesenchymal neoplasms with a high
rate of recurrence even after surgical resection with negative
margins. HIFU is approved in Asia and Europe for the ablation
of desmoid tumors. One of the largest studies was conducted
by Zhang et al (48), which included 111 patients with 145
desmoid tumors treated with USgFUS. The median nonper-
fused volume ratio was 84.9%, and the tumor volume reduc-
tion rate was 36.1% + 4.2 at 3 months after treatment. The
incidence rate of adverse events (CTCAE grade 1, 2, or 3) was
30.9%. No CTCAE grade 4-5 adverse events occurred. The
most commonly reported events were first- or second-degree
skin burns and mild pain in the region of treatment or in the
innervation region. One patient reported a brachial plexus in-
jury with a permanent deficit (48). In a study by Ghanouni
et al (49), 15 patients with extra-abdominal desmoid tumors
treated with MRgFUS showed a median reduction of 63% of
the viable targeted tumor volume and a median reduction of
58% of the viable total tumor volume immediately after the
initial MRgFUS treatment. In another study by Yang et al (50),
15 patients with unresectable and recurrent symptomatic intra-
abdominal desmoid tumors treated with HIFU showed a mean
nonperfused volume ratio of 71.7% after treatment. Moreover,
three patients followed up for more than 4 years showed no
tumor progression, while before HIFU treatment, they had
undergone one to three radical surgeries in the prior 3 years.
The other 12 patients had no evidence of tumor progression
or recurrence during a follow-up of 32 months, with a mean
tumor recurrence time of 14 months before HIFU treatment.

Brain Tumors

In the last decades, one of the most promising applications of
FUS has been for pathologic brain conditions. With technologi-
cal developments, the hemispheric distribution of phased arrays
and concave focusing has resolved the issue of ultrasound wave
distortion at the skull interface, allowing for the application of
MRgFUS for the treatment of brain tumors without the need
of craniotomy (2,3). The first neurosurgical trial using noninva-
sive transcranial MRI-guided HIFU occurred in 2010. Although
thermal ablation of brain tumors using high-intensity MRgFUS
showed initial promise, it was abandoned because of the lim-
ited treatment envelope and the long time required to ablate a
substantial tumor volume (51). Low-intensity FUS, in conjunc-
tion with intravenously administered microbubbles, has recently
emerged as an effective approach to reversibly disrupt the blood-
brain barrier, favoring the delivery of chemotherapeutic agents
in targeted brain areas. As a matter of fact, due to the heteroge-
neous blood-brain barrier permeability of tumors, the penetra-
tion of these agents is largely unpredictable. Several preclinical
and a few clinical trials have investigated the safety and efficacy
of low-intensity FUS with microbubbles for blood-brain bar-
rier disruption in glioma and cerebral metastases. Several efforts,

however, remain in establishing the parameters for safe FUS for
blood-brain barrier disruption (52).

Conclusion and Future Directions

In oncology, HIFU for either thermal or mechanical effects is
still widely considered an investigative technology with prom-
ising potential for integration in current cancer treatment
strategies, both curative and palliative. Few stage-specific abla-
tive applications are globally approved, while a rising number
of tailored approaches are being studied that aim to improve
symptoms, control benign and malignant tumor growth, de-
crease lesion bulk to meet surgical eligibility, and augment the
efficacy of parallel treatments for radiosensitization, immuniza-
tion, and drug delivery. Most organs appear amenable to HIFU
thermal ablation; however, noninvasive brain tumor targeting
remains a challenge. To address such limitations (2,3), low-in-
tensity FUS is being investigated in both preclinical and clini-
cal settings for localized drug delivery, immunomodulation,
and neuromodulation to the brain and spinal cord. Encourag-
ing oncologic applications of HIFU bioeffects are liquid biopsy
(to promote the release of cancer biomarkers), clot lysis, and
targeted vascular occlusion. As safety and efficacy studies are
performed worldwide, routine adoption of HIFU treatments
must continue to be closely monitored for clinical outcomes,
niche stage- and patient-specific applications, and integration
with concurrent therapies, while continuing to improve and

expand FUS-mediated biologic applications.
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