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Abstract

Magnetic resonance-guided focused ultrasound (MRgFUS) is a noninvasive, incisionless, radiation-free technology used to
ablate tissue deep within the body. This technique has gained increased popularity following FDA approval for treatment of
pain related to bone metastases and limited approval for treatment of osteoid osteoma. MRgFUS delivers superior visuali-
zation of soft tissue targets in unlimited imaging planes and precision in targeting and delivery of thermal dose which is all
provided during real-time monitoring using MR thermometry. This paper provides an overview of the common musculo-
skeletal applications of MRgFUS along with updates on clinical outcomes and discussion of future applications.

Keywords Osteoid osteoma - Desmoid tumor - Facet arthropathy - Bone metastases - Magnetic resonance-guided focused
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Introduction

High-intensity focused ultrasound technology works by
focusing ultrasound waves to converge on a specific point
creating a rise in temperature at the target. When used with
magnetic resonance guidance, visualization of the target,
often soft tissue, can be better than traditional computed
tomography or fluoroscopy-guided interventions. Magnetic
resonance-guided focused ultrasound (MRgFUS) facilitates
the creation of 3D models which can be useful for pretreat-
ment planning in ablation of soft tissue and osseous lesions
[1]. The efficacy and safety of the treatment are also bol-
stered by real-time temperature monitoring of the target and
surrounding tissue through magnetic resonance thermom-
etry, which enables real-time ablation energy adjustments to
maximize the desired treatment effect [2]. This innovative
treatment has led to a paradigm shift in the approach to a
variety of diseases across many fields of medicine.
Radiofrequency ablation and cryoablation have long
been a standard treatment in the field of minimally invasive
thermal ablation [2, 3]. These techniques, however, require
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a tiny probe to enter the body which can potentially dam-
age adjacent tissue, even when successful [3, 4]. The ability
to ablate small areas without damaging the adjacent tissue
made MRgFUS ideal in treatment of soft tissue masses for
which radiation therapy and/or surgical intervention could
pose a significant risk of morbidity.

The first musculoskeletal application of MRgFUS to
gain popularity was palliation of persistently painful bone
metastases following radiotherapy, an indication which has
shown favorable outcomes [5, 6]. Now other indications are
being investigated with promising results such as treatment
of osteoid osteoma, facet arthropathy, and desmoid tumors.
The purpose of this paper is to describe the musculoskel-
etal uses for MRgFUS and provide an update on the recent
advancements in the field along with clinical outcomes and
a brief discussion of future musculoskeletal and non-mus-
culoskeletal applications.

MRgFUS techniques

Basic principles

MRgFUS systems use high-energy ultrasound transducers
in phased arrays to convert electric signals into sound waves

with a typical frequency range of 200 kHz to 4 MHz and
acoustic intensity between 100 and 10,000 W/cm?2. These
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devices typically can raise local tissue temperature to 65 to
85 °C in approximately 20 s [7].

Pre-procedure considerations

Pre-procedure coordination with the anesthesia team is
required to ensure the patient’s plan for anesthesia and pain
control after the procedure is fully optimized. Since many
anesthesiologists have not participated in an MRgFUS case
before, early communication is essential to help make sure
they are familiar with challenges unique to MRgFUS cases
such as patient positioning and expectations regarding pain
management. It is difficult to generalize regarding pain man-
agement requirements as these are highly dependent on the
structure being targeted, the size of the target lesion, and the
proximity to nerves. Combinations of monitored care with
sedation, regional anesthesia, and general anesthesia can all
be used with success. At our institution, we perform all treat-
ments under general anesthesia, occasionally supplementing
with regional anesthesia if significant post-operative pain is
anticipated [8].

Treatment devices

The only MRgFUS devices which have received FDA pre-
market approval (PMA) are the ExAblate devices manufac-
tured by Insightec (Insightec Ltd; Haifa, Israel) which cur-
rently works on GE scanners (GE Healthcare; Waukesha,
WI). The Insightec in-table transducer system was approved
for uterine fibroids in 2004 and for bone metastases in 2012.
The Sonalleve device manufactured by Profound Medical
(Mississauga, ON, Canada) works with Philips MRI scan-
ners (Amsterdam, Netherlands) and received a Humanitarian
Device Exemption approval for treatment of osteoid osteo-
mas in 2020. Both devices offer similar functionality and
no further distinction between them will be noted for this
review.

Positioning and safety

After patient preparation, the patient must be transferred
to the treatment table with the in-table transducer located
underneath the area of the body that is being treated and
carefully secured into place with Velcro straps. Additional
padding is essential to prevent pressure injuries and pos-
sible neuropraxias. Careful coordination with available
patient positioning devices from the medical center’s operat-
ing room is helpful to optimize treatment safety as standard
MRI patient tables generally have inadequate padding for
the length of time the patient will be positioned on the table
under anesthesia.

@ Springer

The risk of skin injury can be significant depending on
the proximity of the lesion to the skin and the amount of
energy being used, which is generally higher for soft tis-
sue tumor treatments compared to bone tumor treatments.
The near-field skin, where sound enters the patient, can be
protected with cold-degassed water poured into a shallow
depression at the interface between the patient and the gel
pad. Planning MR images should be carefully examined
for the presence of air bubbles along the skin interface
because sound energy can focally absorb at these inter-
faces. More degassed water can be poured into the near
field in order to displace these air bubbles [9].

There is also the possibility for sound energy to propa-
gate to the far-field skin, even if there is significant absorp-
tion at the target. Sound energy reaching this location will
reflect at the air-skin interface and can lead to significant
thermal injury. A coupling device in this location such as a
cold-water bag or gel pad can help to dispel sound energy
and directly cool the skin.

Treatment planning and monitoring

Planning sequences are obtained in the axial, coronal,
and sagittal orientations. T1-weighted or T2-weighted
fat-saturated imaging may be preferred depending on how
well the target lesion is seen on a given sequence. These
sequences are then transferred to a dedicated workstation
with software tools that allow the delineation of the skin,
critical structures, bone, and the target lesion/region of
treatment (Fig. 1).

Next, test sonications are performed that allow the
system to calibrate geometry and thermal dose. After
this step, the software proposes a set of sonications to
thermally ablate the target and multiple parameters can
be adjusted and optimized including energy level, beam
angle, transducer frequency, and sonication density, along
with the number of sonications. Treatment monitoring is
performed using MR thermometry sequences which dem-
onstrate the change in temperature from the beginning
to the end of the sonication. The total time for the cycle
through each individual sonication lasts approximately
60 to 90 s. The size of the ablation per sonication can
typically be as small as a sphere approximately 0.5 cm in
diameter or as large as a cylinder 4-5 cm in length and
1.5 cm in diameter. Calculating ideal sonication morpho-
metry is an ongoing area of active research.

After all planned sonications are completed, a
T2-weighted fat-saturated sequence can demonstrate
post-procedure edema which can be helpful in anticipating
the patient’s pain management needs. Pre- and post-con-
trast T1-weighted fat-saturated imaging is also typically
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Fig. 1 Osseous metastasis. A Axial fused pre-treatment FDG PET/
CT of the left iliac bone in a patient with metastatic clear cell sar-
coma demonstrating hypermetabolism (white arrows) within the

obtained to evaluate nonperfused volume which approxi-
mates the percentage of tumor ablated.

Painful bone metastases
Overview

Because of decreasing cancer mortality rates due to
improved cancer diagnosis, treatment, and management,
there is an increasing population of patients who live with
cancer comorbidities [10, 11]. For many types of malig-
nancy, especially breast and prostate cancer, the bone is
the most frequent site of metastasis. Symptomatic bone
metastases are a substantial contributor to cancer-related
pain with up to 67% of affected patients experiencing mod-
erate to severe pain [12, 13]. Bone metastases typically
indicate disseminated disease and short-term prognosis
with a median survival of up to 48 months [14]. As such,
patients with painful bone metastases are often treated
with palliative intent with a focus on improving quality of
life, including management of cancer-related pain. Cur-
rently, the standard palliative treatment for painful bone
metastases includes analgesics, including opioid medi-
cations, and noninvasive procedures like external beam
radiation therapy (EBRT) [15]. However, opioid analge-
sics are limited by medication side effects and EBRT only
achieves approximately 60—70% treatment response rate
[16]. EBRT is also limited by radiation dose limits and
various adverse effects such as insufficiency fractures.
As a result, patients with painful bone metastases may be
globally undertreated for their pain [17]. To help bridge
this gap, MRgFUS has gained recognition in recent years
as a safe and effective noninvasive treatment method for
symptomatic bone metastases [18-20].

bone and adjacent soft tissue. B Post-treatment axial T1 post-contrast
images demonstrate relative hypoenhancement within the ablation
area with minimal rim enhancement

Safety and efficacy

In the last two decades, numerous clinical studies have
showcased substantial efficacy of MRgFUS in treating
painful bone metastases. A recent meta-analysis of over 30
studies with over 1000 patients with painful bone metas-
tases treated with MRgFUS demonstrated complete or
partial pain relief in approximately 79% of patients while
achieving rates of low-grade and high-grade treatment-
related adverse events at less than 6% and 1%, respectively
[18]. Moreover, pain scores progressively decreased up to
several months following treatment, suggestive of favora-
ble long-term pain palliation. Another meta-analysis dem-
onstrated decreased usage of pain medication from base-
line and follow-up following MRgFUS treatment, another
important index of pain relief [19].

MRgFUS treatment response rates are similar to those
seen with EBRT (ranging 60-80%). In a matched-pair
study comparing MRgFUS and radiation therapy, MRg-
FUS was found to provide pain palliation within 1 week,
and no significant difference in overall pain scores was
observed after 1-2 months [21]. However, unlike radiation
therapy, radiation dose limits do not impose restrictions
on the number of MRgFUS treatment sessions a patient
can undergo. Therefore, MRgFUS serves as a viable treat-
ment alternative to provide pain relief in patients who are
refractory to prior radiation therapy and to overcome chal-
lenges with cancers exhibiting radioresistance [5, 22, 23].
Currently, the synergistic effect of combined radiation and
high-intensity focused ultrasound therapy on painful bone
metastasis is not well understood and remains an area of
ongoing research [24].
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Technical considerations

The hypothesized mechanism of pain palliation from MRg-
FUS is from thermal denervation of periosteum, which was
previously demonstrated in preclinical histologic analyses
[25]. Since bone has the propensity to absorb nearly 50 times
more acoustic energy than soft tissue, lower energy levels
may suffice to achieve efficient thermal ablation for bone
lesions [26]. A recent study found that higher energy den-
sity applied to the bone surface is predictive of pain relief
following MRgFUS treatment [27]. Intra-operative monitor-
ing of the amount of applied energy density may facilitate
optimal treatment efficacy. Current treatment protocols can
also employ MR-based proton resonance frequency (PRF)
thermometry of surrounding soft tissues to provide near real-
time temperature information which can be used to predict
treatment efficacy [28].

Typically, MRgFUS is most suited for localized bone
metastasis in the non-articular appendicular skeleton and the
posterior aspects of the sacral, lumbar, and thoracic spine.
For optimal safety, targeted lesions should be at least 1 cm
from nerve bundles, joint spaces, vasculature, and the skin

Fig.2 Osteoid osteoma. A
Axial CT image in a patient
who developed recurrent night
pain relieved with NSAIDS
approximately 10 months after
initially successful CTgRFA
for osteoid osteoma. The

circle demonstrates an area of
persistent subcortical lucency
consistent with recurrent or
residual nidus. B Pre-treatment
axial T1-weighted FSPGR
image demonstrates slight
hyperintensity at the location
of the nidus, highlighted by the
circle. C Pre-treatment axial T2
FS image demonstrates subtle
bone marrow edema pattern and
overlying soft tissue edema at
the site of the nidus, highlighted
by the circle. D Post-treatment
axial T1-weighted FSPGR
post-contrast image demon-
strates mild hypoenhancement
at the treated nidus and mild
hyperenhancement of the over-
lying soft tissues, highlighted
by the circle. The patient’s pain
completely resolved the day
following the treatment
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surface [29]. Fracture risk should be assessed (e.g., Mirels’
Classification) during the patient selection process [30]. In
terms of treatment planning, a “direct” approach places the
center of sonication at the bone-soft tissue interface, which
allows for maximal energy deposition and a more focused
area of ablation [31, 32]. Alternatively, positioning the
center of the sonication deep to the bone surface allows for
a larger ablation area but with decreased energy density [33].

Osteoid osteomas

Overview

Osteoid osteomas are painful benign bone tumors that typi-
cally occur in the cortices of the long bones of children and
adolescents, most frequently involving the femur and the
tibia, accounting for 10% of all benign bone tumors [34].
Percutaneous computed tomography-guided radiofrequency
ablation (CTgRFA) has replaced surgery as the standard of
care because of a>90% efficacy and favorable side effect
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profile. In recent years, MRgFUS has emerged as a safe and
effective approach for ablation of osteoid osteomas (Fig. 2).

Efficacy and technique

Several clinical trials have demonstrated similar efficacy of
MRgFUS when compared to CTgRFA for osteoid osteoma
treatment. A prospective multi-institutional trial of MRg-
FUS treatment of 29 patients with osteoid osteoma found the
treatment to have a 90% response rate [35]. More recently,
a small non-randomized retrospective study involving 30
patients also found a similar response rate compared to
CTgRFA [4]. Additionally, a recent meta-analysis of 113
studies published between 2012 and 2022 with a total sam-
ple size of 353 patients found a success rate of 92.8% (95%
CI, 89.8-95.7%) and the incidence of minor complications
(thermal injury at the ablation site) to be 0.85% [36].

Pearls and pitfalls

Patient selection is critical as MRgFUS, unlike CTgRFA,
does not offer the opportunity to obtain a biopsy sample to
confirm the diagnosis. Common mimics of osteoid osteo-
mas include subacute osteomyelitis (Brodie’s abscess) and
musculoskeletal injuries where tendons or muscles are con-
necting directly to the bone, for example, adductor insertion
avulsion syndrome.

It can be difficult to visualize the nidus during treat-
ment secondary to its small size, particularly depending on
slice thickness, slice spacing, and volume averaging. 3D
T1-weighted fast spoiled gradient echo sequences with fat
saturation are commonly used at our institution to improve
visualization of the nidus (which is typically hyperintense on
this sequence) with thin slices and relatively shorter acquisi-
tion times.

At our institution, we most commonly use approximately
six sonications for ablation of the osteoid osteoma nidus.
There are techniques that can be used to improve penetra-
tion of sound energy beyond the cortical surface, including
repetition of a sonication or lengthening of the individual
sonication duration. However, less commonly some oste-
oid osteomas with markedly thick periosteal reaction or an
intramedullary location may prevent sound energy from
reaching the nidus. These patients may be less amenable to
treatment with MRgFUS.

Facet arthropathy
Overview

Chronic low back pain (LBP) is a common cause of dis-
ability which can have a lifetime prevalence as high as 84%

[37]. Facet (zygapophyseal) osteoarthritis represents a siz-
able segment of the population suffering with LBP with
15-45% of LBP patients attributing the pain to the facets
[38—40]. If conservative treatments, including activity modi-
fication, oral analgesics, and physical therapy, fail, the next
step may be intra-articular injection of local anesthetics and/
or corticosteroids. In addition to providing pain relief, injec-
tions can be diagnostic, confirming the anatomic location
within the spine and the vertebral level. While studies have
proven injections to be effective, like many other joint or
nerve injections, they often only provide temporary relief
and may need to be repeated periodically in 3- to 4-month
intervals [41, 42].

Facetogenic pain is thought to be mediated by the pain in
the joint capsule, supplied by the medial branch nerve aris-
ing from the dorsal ramus. Some interventions are therefore
designed to disrupt the nerve supply by either directly tar-
geting the median branch of the dorsal ramus or the nerve
endings of the posterior facet capsule. Traditionally, this has
been done by focusing thermal ablation on the medial branch
nerve minimally invasively with CTgRFA. The technique
for CTgRFA, in which the probe is directed to the junction
of the transverse process and the superior articular facet,
has been proven moderately effective for long- and short-
term pain relief [41, 43]. The noninvasive and radiation-free
MRgFUS ablation of the facets has also shown promising
results [44-46].

Efficacy and technique

Due to the slightly different targets, the use of CTgRFA and
MRgFUS for facetogenic pain has the potential to be com-
plementary. Phantom studies have shown that the area can
be appropriately targeted with FUS [47]. Animal studies
have also proven safety and the ability to achieve thermal
necrosis [48]. In 2022, Perez et al. published a small pilot
study of noninvasive fluoroscopy-guided FUS with 10 par-
ticipants using the same landmarks as CT, reporting treat-
ment success of 90%, 50%, 60%, and 40% at 1, 3, 6, and
12 months, respectively, which demonstrated overall results
resembling those of CTgRFA [49]. A recent retrospective
study by Tiegs-Heiden et al. on safety and tolerability of
MR-guided FUS in 20 patients (26 treatments) who failed
CTgRFA showed that 57.1% reported pain relief for more
than 3 months and 80% of patients with previous improve-
ment with CT reported improvement with MR [45].

Pearls and pitfalls
The main drawbacks of MRgFUS are primarily related to
the MR component of the procedure. There are limitations in

patient size due to MR bore restrictions and treatment table
weight limits as low as 250 1lbs [45]. The high cost, limited
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insurance coverage, and the onerous safety checks surround-
ing MR-guided procedures are also barriers. Furthermore,
patients who have non-conditional implanted devices may
not be candidates for the procedure. While an MRgFUS
has been successfully used to treat facetogenic LBP in at
least one patient with a non-conditional cardiac device, this
requires additional personnel including cardiac nurse and
an MR physicist to be present during the procedures [50].

MR is better than CT at depicting spinal anatomy and
allows a greater number of imaging planes [51]. While the
treatment planning is more complex in MRgFUS and more
time-consuming compared to CTgRFA, this planning is cru-
cial to maintaining the safety of the procedure.

Desmoid tumors
Overview

Desmoid tumors are rare soft tissue tumors resulting from
myofibroblastic tissue proliferation with an annual incidence
of approximately 2—4 per one million people [52]. While
histologically benign, desmoid tumors tend to be locally
aggressive with an infiltrative growth pattern and propen-
sity for recurrence after treatment [53]. Associated symp-
toms may be debilitating and can vary based on the affected
organs and adjacent structures. The first-line treatment for
desmoid tumors is surgical resection, which has recurrence
rates ranging up to 50% even when negative margins are
achieved [54]. Adjuvant radiation therapy can achieve more
favorable local tumor control ranging between 70 and 80%
but is limited by radiation-induced morbidity observed in

up to 30% of patients, which includes pathologic fractures
and development of secondary malignancies, particularly
among younger patient populations [55]. Adjuvant systemic
chemotherapy, namely tyrosine kinase inhibitors such as
sorafenib, has an overall treatment response rate of 33% but
is associated with moderate to severe complications in up
to 47%, which are predominantly skin disorders [56]. Given
the less than favorable safety profile of surgery and adjuvant
chemoradiotherapy, as well as the potential need for repeated
treatments, the approach to managing symptomatic desmoid
tumors has expanded in recent years to include noninvasive
treatments like MRgFUS as a primary, adjuvant, or salvage
treatment of desmoid tumors [57] (Fig. 3).

Efficacy and safety

In a recent multi-center study involving 105 patients, sub-
total treatment of extra-abdominal desmoid tumors resulted
in approximately 34% decrease in total tumor volume and
64% decrease in viable tumor volume following MRgFUS
treatment. About 86% of treated patients were found to have
either stable or decreased disease burden at follow-up with
a median progression-free survival of 17 months [3]. The
overall side effect rate was 36% and was predominantly
mild skin burns. The relatively favorable safety profile of
MRgFUS allows for repeated treatments without the added
concern of radiation dose limits or risk of secondary malig-
nancy [58]. To minimize the risk of skin burns, a shallow
cool water bath can be applied to the near-field skin and cool
water bags and gel pads can be placed along the far-field skin
[9, 59]. A fiberoptic temperature probe may also be used
for real-time temperature monitoring and feedback during

Fig.3 Desmoid tumor. A Pre-treatment axial T1-weighted fat-satu-
rated post-contrast sequence obtained prior to MRgFUS demonstrates
a homogeneously enhancing mass in the lateral hip superior to the
greater trochanter, compatible with a biopsy-proven desmoid tumor
(white arrow). B Post-treatment axial T1-weighted fat-saturated post-
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contrast sequence performed immediately following MRgFUS exhib-
its 85% ablation area with minimal residual rim enhancement (white
arrows). Water bags (asterisks) are positioned anterior and lateral to
the right hip to minimize the risk of skin injury
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treatments [58]. Periodic skin inspection and intermittent
ice cooling strategy throughout the treatment period should
be considered especially along the far-field skin where there
is limited evaluation for heating with MR thermometry in
certain extra-abdominal regions [9].

As with other conditions treated with MRgFUS, the
potential for thermal damage to neighboring vital soft tissue
structures, such as blood vessels and nerves, plays a signifi-
cant role in determining treatment intent and feasibility. If a
desmoid tumor is sufficiently distant from vital soft tissues,
MRgFUS may be utilized with curative intent to completely
ablate tumor volume. When the tumor closely approximates
vital structures, MRgFUS can be used for subtotal treatment
with the intent of controlling tumor growth. However, in
a paper on early clinical experiences with desmoid tumor,
investigators demonstrated that a successful ablation can
be achieved even when a vital structure such as the sciatic
nerve courses through the lesion, which would be difficult to
accomplish with other ablation techniques [58].

Overall, MRgFUS seems to be a moderately effective
therapy for symptomatic desmoid tumors that can achieve
considerable local tumor control even with subtotal treat-
ments and is a viable treatment option to supplement chemo-
radiation [3, 58, 60].

Other indications/future uses

MRgFUS is increasing in use in the musculoskeletal field
and has been investigated for treating pain related to knee
osteoarthritis and vascular malformations [59, 61]. An inter-
national multicenter randomized controlled trial known as
the Focused Ultrasound and Radiotherapy for noninvasive
palliative treatment of bone metastasis (FURTHER) study is
an ongoing project which aims to evaluate the effectiveness
and cost-effectiveness for MRgFUS with and without exter-
nal beam radiotherapy for the treatment of cancer-related
bone pain [24]. MRgFUS has been investigated as a treat-
ment for soft tissue sarcomas [62] and may have an effect on
primary bone malignancy [63] in addition to the palliative
effect. Promising growth has been demonstrated in treatment
of a variety of neurologic conditions [64, 65], especially for
essential tremor [66, 67]. Some additional non-musculoskel-
etal lesions MRgFUS may be useful for include pancreatic
cancer [68], prostate cancer [69], and thyroid nodules [70].

Conclusions

MRgFUS is a useful tool for treating a variety of muscu-
loskeletal ailments. By focusing ultrasound waves, this
technology can be used noninvasively to ablate osseous
and soft tissue structures to treat both benign and malignant

conditions. The most common musculoskeletal indications
for MRgFUS are painful bone metastases, osteoid osteoma,
facet arthropathy, and desmoid tumor. Non-musculoskeletal
uses are also advancing primarily for treatment of neurologic
conditions with the most promising clinical results in the
management of essential tremor and Parkinson’s disease.
The ability of MRgFUS to alter permeability of the BBB
generates more potential for development of both adjuvant
and novel treatments for intracranial pathology. MRgFUS is
a promising emerging technology which continues to expand
its utility throughout the field of medicine.

Funding J.D.B. is supported by a National Institute of Biomedical
Imaging and Bioengineering T32 Training Grant (T32EB001631-19).

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Antoniou A, Evripidou N, Georgiou L, Chrysanthou A, Ioannides
C, Damianou C. Tumor phantom model for MRI-guided focused
ultrasound ablation studies. Med Phys. 2023;50(10):5956-68.

2. Bazzocchi A, Aparisi Gomez MP, TaninokuchiTomassoni M,
Napoli A, Filippiadis D, Guglielmi G. Musculoskeletal oncology
and thermal ablation: the current and emerging role of interven-
tional radiology. Skeletal Radiol. 2023;52(3):447-59.

3. Dux DM, Baal JD, Bitton R, Chen J, Brunsing RL, Sheth VR,
et al. MR-guided focused ultrasound therapy of extra-abdominal
desmoid tumors: a multicenter retrospective study of 105 patients.
Eur Radiol. 2023

4. Masciocchi C, Zugaro L, Arrigoni F, Gravina GL, Mariani S, La
Marra A, et al. Radiofrequency ablation versus magnetic reso-
nance guided focused ultrasound surgery for minimally invasive
treatment of osteoid osteoma: a propensity score matching study.
Eur Radiol. 2016;26(8):2472-81.

5. Catane R, Beck A, Inbar Y, Rabin T, Shabshin N, Hengst S, et al.
MR-guided focused ultrasound surgery (MRgFUS) for the pallia-
tion of pain in patients with bone metastases—preliminary clinical
experience. Ann Oncol. 2007;18(1):163-7.

6. Liberman B, Gianfelice D, Inbar Y, Beck A, Rabin T, Shabshin
N, et al. Pain palliation in patients with bone metastases using
MR-guided focused ultrasound surgery: a multicenter study. Ann
Surg Oncol. 2009;16(1):140-6.

7. Jolesz FA, McDannold N. Current status and future potential of
MRI-guided focused ultrasound surgery. ] Magn Reson Imaging.
2008;27(2):391-9.

8. Yao CL, Trinh T, Wong GT, Irwin MG. Anaesthesia for high
intensity focused ultrasound (HIFU) therapy. Anaesthesia.
2008;63(8):865-72.

@ Springer


http://creativecommons.org/licenses/by/4.0/

1876

Skeletal Radiology (2024) 53:1869-1877

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

Fang L, Hu X, Xu Y, Sun H, Shen H. Intermittent ice-cooling to
prevent skin heat injury caused by high-intensity focused ultra-
sound therapy targeting desmoid-type fibromatosis: a case report.
Int J Nurs Sci. 2021;8(1):136-40.

Hashim D, Boffetta P, La Vecchia C, Rota M, Bertuccio P,
Malvezzi M, et al. The global decrease in cancer mortality: trends
and disparities. Ann Oncol. 2016;27(5):926-33.

Santucci C, Carioli G, Bertuccio P, Malvezzi M, Pastorino U, Bof-
fetta P, et al. Progress in cancer mortality, incidence, and survival:
a global overview. Eur J Cancer Prev. 2020;29(5):367-81.
Cleeland CS, Gonin R, Hatfield AK, Edmonson JH, Blum RH,
Stewart JA, et al. Pain and its treatment in outpatients with meta-
static cancer. N Engl J Med. 1994;330(9):592-6.

Coleman RE, Croucher PI, Padhani AR, Clezardin P, Chow E, Fal-
lon M, et al. Bone metastases Nat Rev Dis Primers. 2020;6(1):83.
Selvaggi G, Scagliotti GV. Management of bone metastases in
cancer: a review. Crit Rev Oncol Hematol. 2005;56(3):365-78.
Fallon M, Giusti R, Aielli F, Hoskin P, Rolke R, Sharma M, et al.
Management of cancer pain in adult patients: ESMO Clinical
Practice Guidelines. Ann Oncol. 2018;29(Suppl 4):iv166-iv191
Chow E, Hoskin P, Mitera G, Zeng L, Lutz S, Roos D, et al.
Update of the international consensus on palliative radiotherapy
endpoints for future clinical trials in bone metastases. Int J Radiat
Oncol Biol Phys. 2012;82(5):1730-7.

Colosia A, Njue A, Bajwa Z, Dragon E, Robinson RL, Sheffield
KM, et al. The burden of metastatic cancer-induced bone pain: a
narrative review. J Pain Res. 2022;15:3399-412.

Baal JD, Chen WC, Baal U, Wagle S, Baal JH, Link TM, et al.
Efficacy and safety of magnetic resonance-guided focused ultra-
sound for the treatment of painful bone metastases: a systematic
review and meta-analysis. Skeletal Radiol. 2021;50(12):2459-69.
Han X, Huang R, Meng T, Yin H, Song D. The roles of magnetic
resonance-guided focused ultrasound in pain relief in patients
with bone metastases: a systemic review and meta-analysis. Front
Oncol. 2021;11:617295.

Yeo SY, Bratke G, Grull H. High intensity focused ultrasound
for treatment of bone malignancies-20 years of history. Cancers
(Basel). 2022; 15(1)

Lee HL, Kuo CC, Tsai JT, Chen CY, Wu MH, Chiou JF. Magnetic
resonance-guided focused ultrasound versus conventional radia-
tion therapy for painful bone metastasis: a matched-pair study. J
Bone Joint Surg Am. 2017;99(18):1572-8.

Hurwitz MD, Ghanouni P, Kanaev SV, Iozeffi D, Gianfelice D,
Fennessy FM, et al. Magnetic resonance-guided focused ultra-
sound for patients with painful bone metastases: phase III trial
results. J Natl Cancer Inst. 2014; 106(5)

Napoli A, Anzidei M, Marincola BC, Brachetti G, Noce V, Boni
F, et al. MR imaging-guided focused ultrasound for treatment of
bone metastasis. Radiographics. 2013;33(6):1555-68.

Slotman DJ, Bartels M, Ferrer CJ, Bos C, Bartels LW, Boomsma
MF, et al. Focused Ultrasound and RadioTHERapy for non-inva-
sive palliative pain treatment in patients with bone metastasis: a
study protocol for the three armed randomized controlled FUR-
THER trial. Trials. 2022;23(1):1061.

Yeo SY, Elevelt A, Donato K, van Rietbergen B, Ter Hoeve
ND, van Diest PJ, et al. Bone metastasis treatment using mag-
netic resonance-guided high intensity focused ultrasound. Bone.
2015;81:513-23.

ten Eikelder HM, Bosnacki D, Elevelt A, Donato K, Di Tul-
lio A, Breuer BJ, et al. Modelling the temperature evolution of
bone under high intensity focused ultrasound. Phys Med Biol.
2016;61(4):1810-28.

Bitton RR, Rosenberg J, LeBlang S, Napoli A, Meyer J, Butts
Pauly K, et al. MRI-guided focused ultrasound of osseous metas-
tases: treatment parameters associated with successful pain reduc-
tion. Invest Radiol. 2021;56(3):141-6.

Springer

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Rieke V, Butts PK. MR thermometry. ] Magn Reson Imaging.
2008;27(2):376-90.

Scipione R, Anzidei M, Bazzocchi A, Gagliardo C, Catalano C,
Napoli A. HIFU for bone metastases and other musculoskeletal
applications. Semin Intervent Radiol. 2018;35(4):261-7.

Jawad MU, Scully SP. In brief: classifications in brief: Mirels’
classification: metastatic disease in long bones and impending
pathologic fracture. Clin Orthop Relat Res. 2010;468(10):2825-7.
Bertrand AS, Iannessi A, Natale R, Beaumont H, Patriti S, Xiong-
Ying J, et al. Focused ultrasound for the treatment of bone metas-
tases: effectiveness and feasibility. J Ther Ultrasound. 2018;6:8.
Huisman M, Lam MK, Bartels LW, Nijenhuis RJ, Moonen CT,
Knuttel FM, et al. Feasibility of volumetric MRI-guided high
intensity focused ultrasound (MR-HIFU) for painful bone metas-
tases. J Ther Ultrasound. 2014;2:16.

Kopelman D, Inbar Y, Hanannel A, Pfeffer RM, Dogadkin O,
Freundlich D, et al. Magnetic resonance guided focused ultra-
sound surgery. Ablation of soft tissue at bone-muscle interface in
a porcine model Eur J Clin Invest. 2008;38(4):268-75.

Sharma KV, Yarmolenko PS, Celik H, Eranki A, Partanen A,
Smitthimedhin A, et al. Comparison of noninvasive high-inten-
sity focused ultrasound with radiofrequency ablation of osteoid
osteoma. J Pediatr. 2017;190:222-228.e221.

Geiger D, Napoli A, Conchiglia A, Gregori LM, Arrigoni F, Baz-
zocchi A, et al. MR-guided focused ultrasound (MRgFUS) abla-
tion for the treatment of nonspinal osteoid osteoma: a prospective
multicenter evaluation. J Bone Joint Surg Am. 2014;96(9):743-51.
Hu R, He P, Tian X, Guan H. Efficacy and safety of magnetic
resonance-guided focused ultrasound for the treatment of osteoid
osteoma: a systematic review and meta-analysis. Eur J Radiol.
2023;166:111006.

Cassidy JD, Carroll LJ, Cote P. The Saskatchewan health and
back pain survey. The prevalence of low back pain and related
disability in Saskatchewan adults. Spine (Phila Pa 1976). 1998,
23(17):1860-1866. discussion 1867

Gellhorn AC, Katz JN, Suri P. Osteoarthritis of the spine: the facet
joints. Nat Rev Rheumatol. 2013;9(4):216-24.

Hooten WM, Cohen SP. Evaluation and treatment of low back
pain: a clinically focused review for primary care specialists.
Mayo Clin Proc. 2015;90(12):1699-718.

Schwarzer AC, Aprill CN, Derby R, Fortin J, Kine G, Bogduk N.
Clinical features of patients with pain stemming from the lum-
bar zygapophysial joints Is the lumbar facet syndrome a clinical
entity?. Spine (Phila Pa 1976) 1994; 19(10):1132-1137

Boswell MV, Colson JD, Sehgal N, Dunbar EE, Epter R. A sys-
tematic review of therapeutic facet joint interventions in chronic
spinal pain. Pain Physician. 2007;10(1):229-53.

Cohen SP, Raja SN. Pathogenesis, diagnosis, and treatment
of lumbar zygapophysial (facet) joint pain. Anesthesiology.
2007;106(3):591-614.

Manchikanti L, Kaye AD, Boswell MV, Bakshi S, Gharibo CG,
Grami V, et al. A systematic review and best evidence synthesis of
the effectiveness of therapeutic facet joint interventions in manag-
ing chronic spinal pain. Pain Physician. 2015;18(4):E535-582.
Namba H, Kawasaki M, Izumi M, Ushida T, Takemasa R, Ikeuchi
M. Effects of MRgFUS treatment on musculoskeletal pain: com-
parison between bone metastasis and chronic knee/lumbar osteo-
arthritis. Pain Res Manag. 2019;2019:4867904.

Tiegs-Heiden CA, Hesley GK, Long Z, Lu A, Lamer TJ, Gorny
KR, et al. MRI-guided focused ultrasound ablation of painful
lumbar facet joints: a retrospective assessment of safety and tol-
erability in human subjects. Pain Med. 2023;24(11):1219-23.
Weeks EM, Platt MW, Gedroyc W. MRI-guided focused ultra-
sound (MRgFUS) to treat facet joint osteoarthritis low back
pain—case series of an innovative new technique. Eur Radiol.
2012;22(12):2822-35.



Skeletal Radiology (2024) 53:1869-1877

1877

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Zhang W, Trivedi H, Adams M, Losey AD, Diederich CJ, Ozhin-
sky E, et al. Anatomic thermochromic tissue-mimicking phan-
tom of the lumbar spine for pre-clinical evaluation of MR-guided
focused ultrasound (MRgFUS) ablation of the facet joint. Int J
Hyperthermia. 2021;38(1):130-5.

Harnof S, Zibly Z, Shay L, Dogadkin O, Hanannel A, Inbar Y,
et al. Magnetic resonance-guided focused ultrasound treatment of
facet joint pain: summary of preclinical phase. J Ther Ultrasound.
2014;2:9.

Perez J, Gofeld M, Leblang S, Hananel A, Aginsky R, Chen J,
et al. Fluoroscopy-guided high-intensity focused ultrasound neu-
rotomy of the lumbar zygapophyseal joints: a clinical pilot study.
Pain Med. 2022;23(1):67-75.

Browne JE, Tiegs-Heiden CA, Lehman VT, Long Z, Hangian-
dreou NJ, Watson RE, et al Magnetic resonance imaging-guided
focused ultrasound ablation of lumbar facet joints of a patient with
a magnetic resonance image non-conditional pacemaker at 1.5.T.
Mayo Clin Proc Innov Qual Outcomes. 2020; 4(4):464-468
Stojanovic MP, Sethee J, Mohiuddin M, Cheng J, Barker A,
Wang J, et al. MRI analysis of the lumbar spine: can it predict
response to diagnostic and therapeutic facet procedures? Clin J
Pain. 2010;26(2):110-5.

Bektas M, Bell T, Khan S, Tumminello B, Fernandez MM, Heyes
C, et al. Desmoid tumors: a comprehensive review. Adv Ther.
2023;40(9):3697-722.

Bonvalot S, Desai A, Coppola S, Le Pechoux C, Terrier P, Domont
J, et al. The treatment of desmoid tumors: a stepwise clinical
approach. Ann Oncol. 2012;23(Suppl 10):x158-166.

Melis M, Zager JS, Sondak VK. Multimodality management of
desmoid tumors: how important is a negative surgical margin? J
Surg Oncol. 2008;98(8):594-602.

Rutenberg MS, Indelicato DJ, Knapik JA, Lagmay JP, Mor-
ris C, Zlotecki RA, et al. External-beam radiotherapy for pedi-
atric and young adult desmoid tumors. Pediatr Blood Cancer.
2011;57(3):435-42.

Gounder MM, Mahoney MR, Van Tine BA, Ravi V, Attia S, Desh-
pande HA, et al. Sorafenib for advanced and refractory desmoid
tumors. N Engl ] Med. 2018;379(25):2417-28.

Zhou MY, Bui NQ, Charville GW, Ghanouni P, Ganjoo KN. Cur-
rent management and recent progress in desmoid tumors. Cancer
Treat Res Commun. 2022;31:100562.

Bucknor MD, Rieke V. MRgFUS for desmoid tumors within the
thigh: early clinical experiences. J Ther Ultrasound. 2017;5:4.
Ghanouni P, Kishore S, Lungren MP, Bitton R, Chan L, Ave-
dian R, et al. Treatment of low-flow vascular malformations
of the extremities using MR-guided high intensity focused
ultrasound: preliminary experience. J Vasc Interv Radiol.
2017;28(12):1739-44.

Ghanouni P, Dobrotwir A, Bazzocchi A, Bucknor M, Bitton R,
Rosenberg J, et al. Magnetic resonance-guided focused ultrasound

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

treatment of extra-abdominal desmoid tumors: a retrospective
multicenter study. Eur Radiol. 2017;27(2):732-40.

Izumi M, Ikeuchi M, Kawasaki M, Ushida T, Morio K, Namba
H, et al. MR-guided focused ultrasound for the novel and innova-
tive management of osteoarthritic knee pain. BMC Musculoskelet
Disord. 2013;14:267.

Shim J, Staruch RM, Koral K, Xie XJ, Chopra R, Laetsch TW.
Pediatric sarcomas are targetable by MR-guided high inten-
sity focused ultrasound (MR-HIFU): anatomical distribu-
tion and radiological characteristics. Pediatr Blood Cancer.
2016;63(10):1753-60.

Chen W, Zhu H, Zhang L, Li K, Su H, Jin C, et al. Primary bone
malignancy: effective treatment with high-intensity focused ultra-
sound ablation. Radiology. 2010;255(3):967-78.

Gallay MN, Magara AE, Moser D, Kowalski M, Kaeser M, Jean-
monod D. Magnetic resonance-guided focused ultrasound central
lateral thalamotomy against chronic and therapy-resistant neu-
ropathic pain: retrospective long-term follow-up analysis of 63
interventions. J Neurosurg. 2023;139(3):615-24.

Maamary J, Peters J, Kyle K, Ruge D, Jonker B, Barnett Y, et al.
Evaluation of the efficacy and safety of MRI-guided focused
ultrasound (MRgFUS) for focal hand dystonia: study protocol for
an open-label non-randomised clinical trial. BMJ Neurol Open.
2023;5(2):e000522.

Miller WK, Becker KN, Caras AJ, Mansour TR, Mays MT, Rashid
M, et al. Magnetic resonance-guided focused ultrasound treatment
for essential tremor shows sustained efficacy: a meta-analysis.
Neurosurg Rev. 2022;45(1):533-44.

Mohammed N, Patra D, Nanda A. Erratum A meta-analysis of out-
comes and complications of magnetic resonance-guided focused
ultrasound in the treatment of essential tremor. Neurosurg Focus.
2018;45(1):E16.

Dababou S, Marrocchio C, Rosenberg J, Bitton R, Pauly KB,
Napoli A, et al. A meta-analysis of palliative treatment of pancre-
atic cancer with high intensity focused ultrasound. J Ther Ultra-
sound. 2017;5:9.

Alabousi M, Ghai S. Magnetic resonance imaging-guided ultra-
sound ablation for prostate cancer - a contemporary review of
performance. Front Oncol. 2022;12:1069518.

Filippou A, Evripidou N, Damianou C. Robotic system for mag-
netic resonance imaging-guided focused ultrasound treatment of
thyroid nodules. Int J Med Robot. 2023;19(5):e2525.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Update on musculoskeletal applications of magnetic resonance-guided focused ultrasound
	Abstract
	Introduction
	MRgFUS techniques
	Basic principles
	Pre-procedure considerations
	Treatment devices
	Positioning and safety
	Treatment planning and monitoring

	Painful bone metastases
	Overview
	Safety and efficacy
	Technical considerations

	Osteoid osteomas
	Overview
	Efficacy and technique
	Pearls and pitfalls

	Facet arthropathy
	Overview
	Efficacy and technique
	Pearls and pitfalls

	Desmoid tumors
	Overview
	Efficacy and safety

	Other indicationsfuture uses
	Conclusions
	References




