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Abstract. First applications of high focused ultrasound as intracranial ablative therapy were firstly described
in early 50’. Since then, the technological innovations have shown an increasingly safe and effective face of
this technique. And in the last few years, Magnetic Resonance (MR) guided Focused Ultrasound (gFUS)
has become a valid minimally invasive technique in the treatment of several diseases, from bone tumors to
symptomatic uterine fibroids or essential tremors. MR guidance, through the tomographic view, offers the
advantage of an accurate target detection and treatment planning. Moreover, real-time monitoring sequences
allow to avoid non-target ablation. An adequate knowledge of FUS is essential to understand its clinical ef-
fectiveness. Therefore, this brief review aims to debate the physical characteristics of US and the main fields
of clinical application.
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Introduction

Over the last decades, the technological innova-
tions applied to both diagnostic and interventional
radiology has reached important milestones (1-14).

A combination in which high diagnostic effective-
ness pairs with early diagnosis, and the development of
new treatment modalities leading to the improvement
of survival and/or quality of life (15-25).

In this relatively new era of minimal invasive-
ness, High-Intensity Focused Ultrasound (HIFU)
Magnetic Resonance (MR) guided, also known
as MRgFUS, has become a valid minimally inva-
sive technique in the treatment of several diseases
(26,27).

Bone tumors, symptomatic uterine fibroids, and
essential tremors are examples in which clinical results

of MRgFUS have reached high effectiveness.

MRgFUS is a non-invasive technique in which a
focus thermal ablation is induced. MR imaging ena-
bles identifying the target lesion, allowing accurate
planning and focus of the treatment.

Moreover, MR offers the advantage of real-time
monitoring, avoiding non-target ablations. This preci-
sion, in the order of few millimeters, has made this
method fascinating for the treatment of numerous
pathologies as an alternative to more invasive surgical
procedures or radiation therapy.

However, the fields of application differ not only
for the wide range of treatable lesions but also for the
different effects deriving from the physical properties
of the US itself. Therefore, an adequate knowledge of
FUS is essential to understand its clinical effectiveness.

This paper aims to provide a brief review of the
physical characteristics of US and the main fields of

clinical application.
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Physical principle

US waves are mechanical waves that propagate as
alternate zones of compression and rarefaction.

US wavefront progression is ensured by the
swinging of each single particle included in the lon-
gitudinal front of the mechanical wave. Each particle
then returns to equilibrium. In this way, the wavefront
progress without moving the medium, and energy is
transmitted from one particle to the other.

US waves can achieve different diagnostic or
therapeutic applications depending mainly on their
physical properties, i.e., different wavelength, velocity,
pressure, power, intensity, and frequency (27).

Intensity and frequency

The intensity represents the energy of a single wave.

A mathematical correlation links US frequency,
penetration depth, sharpness of the lesion, and intensity.

An absorbing medium where the mechanical
wave propagates attenuates the wave with an exponen-
tial correlation. An increasing frequency determines an
increased absorption by the medium. Consequently,
high frequency showed a lower penetration. Therefore,
high intensity is needed to focus on a target point.

Conversely, the low frequency would increase the
wave penetration (28).

Arcoustic impedance

Acoustic impedance is essential in wavefront pro-
gression.

Acoustic impedance is given by the product of
the medium density and the speed of sound into the
medium.

The impedance of two different tissues at the
interface predicts the capability of a wave to get
through the medium itself. The transmission of an
acoustic wave is maximized only when the impedance
is the same on both sides of the interface.

High transmission of the wavefront is necessary
for therapeutic applications of US.

Interaction US-wave/energy

The interaction of single particles within the
medium and wavefront depends on the energy given by

the wave. Each particle is not capable of dissipating the
absorbing energy over a specific threshold. This mech-
anism results in energy storage and increasing kinetic
energy, which results in thermal energy. The transfer of
thermal energy is based on two mechanisms:

1. The first is given by the absorption of the elastic
relaxation force, which returns the particles to
the equilibrium position after their displacement;

2. The second one, called classical absorption, is
given by the friction between particles which
convert the energy into heat (mainly involved in
the FUS treatment).

Application

FUS uses high acoustic intensity.

Currently, US therapy exploits two different effects.

US waves could determine both mechanical/cavi-
tation forces or thermal heating.

Cavitation effects result from the capacity of US
waves to form microbubbles in tissues that violently col-
lapse, releasing a high amount of energy; this focalized
energy fragments the tissue, ultimately creating a hole.

Mechanical and cavitation tissue effects of
US waves are used for extracorporeal shock waves
lithotripsy.

The thermal heating effect is mainly a conse-
quence of classical absorption, instead.

An increase in energy storage and friction between
particles determines an increase in temperature.
When a value of 56°C is reached for at least one sec-
ond, coagulative necrosis occurs because of protein
denaturation. Thermal heating effect is used to treat
different tumors and treat essential tremors (29).

Bone lesions

MRgFUS can be used to treat painful bone
lesions with palliative intentions like for bone metas-
tases or for the treatment of benign lesions (30).

In fact, in addition to traditional approaches such
as surgery, radiotherapy, and chemotherapy, MRg-
FUS treatment is recognized as a non-invasive and
radiation-free treatment that, if needed, can also be

repeated (31, 32).
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Compared to soft tissues, lower acoustic powers
are sufficient to cause the periosteal denervation of the
bone (27, 33).

When the cortical bone surface is intact, the high
absorption of heat causes secondary heating of the
adjacent periosteum (34).

As demonstrated by Bitton et al., tissue decay
rates and cooling times near the treated bone are 3.5
times longer than in soft tissues (such as in fibroid
treatment).

Furthermore, the bone’s density directly affects
heating. Whereas sclerotic lesions increase the US
attenuation, osteolytic lesions may not lead to suffi-
cient heating (26)

Because of these reasons, to obtain eflicacy, an
accurate selection of both the patient and the lesion
is needed.

The importance of the targeted lesion’s loca-
tion is also given by the necessity of an adequate
acoustic window and the correct identification
of highly sensitive structure in its proximities.
E.g., an epiphyseal lesion often shows a limited acous-
tic window due to the complexity of the articular
structure. However, different studies have shown the
high effectiveness and feasibility in the treatment of
superficial epiphyseal bone lesions shielding the carti-
laginous or synovial structures and with no signs of the
precocious onset of osteoarthritis (35).

Differently, for spinal lesions, HIFU does not find
a primary indication considering the nearness of the
spinal cord and spinal roots. An abnormal spread of
the US beam could cause a severe injury in these struc-
tures. Moreover, all highly sensitive structures, such as
tendons or nerves, must be protected from the poten-
tial damage given by an erroneous US beam spread.

Furthermore, erratic transmission of thermal
energy could also result from a contiguous area or the
refraction of US waves on perilesional calcifications
induced by the intense inflammatory activity of bone
lesions.

In this regard, however, MR allows obtaining
real-time monitoring on thermal variations of the
target area during the sonication (or ablation). The
proton resonance frequency (PRF) is a sequence that
evaluates the temperature-dependent phase changes
in gradient-recalled echo (GRE) sequences. Temper-
ature-dependent phase changes during the sonication

are subtracted from those acquired before the ablation,
thus providing accurate thermometric maps of the
treated region. The only two exceptions are bone and
fat tissue, which have poor water content.

Patients with bone metastases often have poor
survival due to the primary cancer (36-38).

Since the first study of Catale et al., MRgFUS
has achieved critical goals in bone metastases treat-
ment, with a proved efficacy in the pain palliation
through both the periosteum denervation and lesion
ablation (39).

However, MRgFUS currently finds a limited
indication due to the capacity of other “needle” tech-
niques to achieve excellent results with shorter proce-
dure times and the possibility to perform consolidation
procedures during the same treatment (40).

Conversely, MRgFUS has gained a critical role
in Osteoid Osteoma ablation, and its effectiveness is
widely described in literature, despite the gold stand-
ard remains RF ablation (41, 42)(figure 1).

Moreover, promising results were also derived
by the treatment of Osteoblastomas, nevertheless the
higher biological aggressiveness and a greater tendency
to grow compared to Osteoid Osteomas (43)(figure. 2).

MRgFUS could be helpful also in the treatment
of superficial symptomatic “do not touch lesion” such
as pseudo-tumoral or inflammatory lesions that do
not require surgical treatment (44). Sometimes these
lesions could cause severe pain and functional impair-
ments. Undoubtedly, in image-guided therapies, the
well-defined visualization of the lesion is considered
utmost importance, allowing a complete eradication of
the painful bone lesion. Conversely, surgical options
are often inadequate due to the higher recurrence ratio
(figure 3)

The most important selection criteria are:

* 'The quality of the cortical bone’s surface (because
of the difference in the heat absorption depend-
ing on whether it is intact or sclerotic);

* The skeletal location (considering the necessity
of an adequate acoustic window and the correct
identification of highly sensitive structure in its
proximities);

*  Medium acoustic impedance with an adequate
acoustic window.
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Figure 1. Treatment of osteoid osteoma of the tibia (img c). In images a and b, “mobile” transducer allows easy
access to the lesions. Comparison before and after treatment: img d and e show the progressive reduction of
bone edema; img f and g show progressive lesion densification after the ablative treatment.

Figure 2. Intra-articular elbow histologically-confirmed osteoblastoma (img c). In image a and b, accurate
positioning of patient and PFR monitoring with thermometric map indicating effective temperature reached in
the lesion. Comparison before and after treatment: img ¢ and d show the progressive reduction of bone edema
and synovitis; img e and f show a progressive resitutio-ad-integrum.
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Figure 3. Recurrence of chondroblastoma (img a and c¢). In image b, MRgFUS approach. 1y after the treatment img e show
the progressive reduction of bone edema; img f shows the progressive resitutio-ad-integrum of tibial plate.

Main contraindications are:

1. Relative and absolute contraindications to MR;
2. Bone fragility;

3. Skin scars in the area to be treated.

Uterine fibroids

Many studies have confirmed MRgFUS as a safe,
organ-preserving treatment for symptomatic uterine
fibroids (45-51)(figure 4).

MRgFUS finds indication in the treatment of
symptomatic uterine fibroids with an anatomical posi-
tion that can be safely accessed by the US (without
the intestines, the bladder, nerves, or large scars within

the beam path). Treatment should be withdrawn if the
fibroid is larger than 10cm or more than five fibroids.
Apart from fibroids dimensions and the MR
imaging, counseling with the gynecologist consider-
ing the patient’s pregnancy desire is mandatory even
though different studies have reported natural preg-
nancy cases after MRgFUS treatment (52).
Evaluation of T2-weighted MR images is fun-
damental; in fact, the T2 signal intensity of uterine
fibroids is a well-known predictor of the immedi-
ate therapeutic responses to MR-guided HIFU
ablation therapy. Different studies have shown that
fibroids with high T2 signal intensity (also known as
Type III considering Funaki’s fibroids classification)
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Figure 4. Submucos uterine fibroid (img a). T1 weighted images after the treatment show a complete necrosis of the fibroid. After
1y, MR images showed a complete resolution (img c).

are more resistant to heating. Therefore they are typi-
cally excluded from treatment.

Furthermore, the evaluation of the fibroids’ perfu-
sion by Perfusion MR imaging is mandatory; in fact,
degenerated fibroids which do not have any vasculari-
zation are excluded.

In a recent meta-analysis including 1725 pts,
comparing HIFU to other techniques, MRgFUS
showed a pooled efficacy of .94. Despite the over-
all non-significant higher response rate, MRgFUS
resulted superior in safety in terms of pain/discomfort,
fever, transfusion, genital tract, gastrointestinal tract,
and anesthesia-related complications (53, 54).

The main contraindications for MRgFUS treat-
ment of uterine fibroids are:

1. Relative and absolute contraindications to MR;

2. Suspicion of malignancy;

3. Pedunculated subserosal fibroids due to the risk
of detachment.

Brain Disorders

For years, MRgFUS’s application in neurologi-
cal diseases has been limited by the necessity of a cra-
niotomy to allow the intracranial penetration of the
US beam. The introduction of transcranial thalam-

otomy using MRgFUS (tc-MRgFUS) scattering and

refraction corrections of the US penetration at the
skull has raised the feasibility of this treatment.

The main neurological indications are medica-
tion-refractory Essential Tremor (ET) and Parkinson’s
Disease (PD) tremor (55)(figure 5).

Moreover, many clinical and pre-clinical trials
are focusing on MRgFUS application also in tumors,
stroke, epilepsy, and functional disorders (56).

Even though their pathophysiology is differ-
ent, the MR precisely targets the high-intensity US
towards the ventral intermediate nucleus of the thala-
mus (the area appointed with movement control) with
an immediate and durable reduction of the tremor.

Several Systematic Reviews have compared Deep
Brain Stimulation (DBS), which currently is the gold
standard for ET treatment, to MRgFUS. Consider-
ing unilateral treatments (MRgFUS can only treat one
side at a time, typically starting from the dominant
hand), the main results were that even if the tremor
improvement was greater after DBS, the quality-of-
life improvement was significantly greater following
MRgFUS thalamotomy (57).

The main advantage of DBS is that this pro-
cedure is reversible and can be used bilaterally.
On the other hand, with the implant of electrodes
in the thalamus and a pulse generator, DBS includes
surgery’s risks like bleeding, infection, seizure, and the
misplacement of the lead (58).
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b)

Figure 5. Left thalamotomy in patient with essential tremor. During the procedure, simple neurological motor tests are performed to
monitor the effectiveness of the treatment (img a). Img b and d show the high improvement in the ability to write precision the day
after the procedure. Img ¢ shows the millimeter effect of ablation using HIFU

MRgFUS requires an intensity greater than
1000 W/cm? to induce thermal ablation of the tis-
sue of interest. Furthermore, different studies have
shown that around 300W/cm? can also rattle the
synaptic contacts, directly suppressing the neuronal
activity.

The hyperthermia obtained by reaching tempera-
tures above 45°C causes the coagulative tissue’s necrosis.

Meanwhile, intervening tissues such as the
scalp, skull, cerebrospinal fluid, and superficial
structures receive unfocused ultrasonic waves with

intensities lower than the heating threshold of tis-
sues (59-61).

Future FUS applications for motor and non-motor
Parkinson’s disease symptoms include the treatment
of different areas apart from the ventral intermediate
nucleus of the thalamus, for example the treatment of
the ventral posterior nucleus which receives cerebellar
afferents. Furthermore, several studies are evaluating
the unilateral pallidotomy in patients with dyskinesia.

Main contraindications are:

MR contraindication;
Brain tumors;
Cranial implants;

H P

Hemorrhagic risk factors.
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Other application

Considering the advantage of being non-
invasive and thanks to its low complications rate,
MRgFUS treatment has been clinically approved
for several solid malign and benign tumors.
The use in Hepatocellular carcinoma (HCC) has
proven effective in survival rate and quality of life. Dif-
ferent studies have shown an eflicient reduction of the
tumor by causing coagulative necrosis and damaging
the blood vessels. It is often used in association with
other treatments such as chemotherapy and transcath-
eter arterial chemoembolization (TACE) (62, 63).

Regarding breast tumors, the most crucial down-
side of MRgFUS is the inability to obtain the his-
tological specimen and assess the lesion’s margins.
Although this treatment has first been approved for
fibroadenomas, several studies have demonstrated its
effectiveness in grating a breast-sparing therapy for
early-stage localized breast cancer. This evidence has
an essential recognition in patients with a high surgical
risk (64-67).

The focal treatment of prostate cancer with MRg-
FUS has proven effective in significantly reducing the
prostate-specific antigen (PSA), increasing the sur-
vival rate in patients who are not suitable for surgery
(68-70).

Considering the typical late detection of pan-
creatic cancer and its low surgical indication when
diagnosed, MRgFUS is emerging to reduce pain and
as a potential treatment. Pancreatic cancer patients
often show weight loss, fatigue, jaundice, abdomi-
nal pain and nausea. Moreover, a marked peripheral
insulin-resistance could be highlighted and several
complications included heart failure can derived by
many of chemotherapy (71-74).

In this regard, in addition to chemo- and radio-
therapy, high-intensity ultrasound can help control the
local growth of the tumor, improving the quality of life
(75, 76).

Furthermore, although the acoustic beam path
is complicated by respiratory and bowel movements,
several clinical trials have used MRgFUS to treat renal
tumors and esophagus cancer with promising results

(77,78).

Conclusions

HIFU treatment offers a completely non-invasive
approach.

Imaging guidance provides a new interventional
point of view thanks to both temperature monitoring
and lesion visualization. Therefore, MRgFUS allows
the visualization of the real-time effectiveness of the
treatment and all potential adverse reactions, including
the most critical damage to sensitive organs.

Indeed, the desirability of this procedure is pro-
portionate to its complexity. To ensure an efficient and
safe treatment, the careful evaluation of the lesion and
the region to be treated is mandatory. Nonetheless,
specific knowledge and competencies are needed.
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