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Image-guided focused ultrasound: state 
of the technology and the challenges 
that lie ahead

Image-guided focused ultrasound (FUS) is a noninvasive therapeutic technology platform that results 
from the marriage of FUS therapy and MR or ultrasound imaging. The thermal and mechanical mechanisms 
of ultrasound interaction with targeted tissue can produce a variety of localized biological effects that 
enable the treatment of a wide range of clinical conditions, from uterine fibroids to prostate and liver 
cancer, to neurological disorders. Coupling FUS therapy with either MR or ultrasound imaging enables 
precise targeting, planning, monitoring and confirmation of the treatment in real time. Future challenges 
remain to enable full clinical adoption of image-guided FUS. These include technical advancements to 
expand the FUS treatment envelope, accumulation of clinical evidence, insurance reimbursement and 
physician adoption.
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Much like a magnifying glass focusing mul-
tiple beams of light onto a single point, focused 
ultrasound (FUS) concentrates converging 
beams of ultrasound energy with extreme pre-
cision onto a target deep in the body that can 
be as small as 1 mm in diameter. As individual 
beams pass through most intervening tissues, 
there is no effect; however, when the beams 
converge, there is a profound effect produced 
by the thermal and/or mechanical mechanisms 
of FUS. Image-guided FUS has the potential 
to provide truly noninvasive surgery, an alter-
native or complement for radiation therapy, 
the means to dissolve blood clots, or a way to 
deliver drugs in high concentration to a precise 
point in the body [1].Treatments can be per-
formed in an outpatient setting without ion-
izing radiation, general anesthesia, incisions or 
scars, therefore resulting in minimal pain and 
discomfort, and recovery with fewer complica-
tions compared with conventional surgery or 
radiation therapy [2,3]. 

Following more than a decade of basic science 
research [4], the first clinical use of FUS was in 
the neurosurgical treatment of movement disor-
ders, neuropathic pain and hypersensitivity in 
1958 [5,6]. These early experimental treatments 
were planned with radiographic imaging of the 
stereotactic-mounted piezoelectric emitters and 
executed without real-time image guidance 
or temperature feedback. The treatment was 
also invasive and required the drilling of burr 
holes through the skull, allowing ultrasound 
transmission into the brain tissue.

The next documented clinical application of 
FUS was in the treatment of glaucoma in the 
1980s [7–9]. These treatments were performed with 
the first US FDA-approved high-intensity FUS 
device, which was coupled with a diagnostic ultra-
sound and fiber optic system for aiming the ther-
apy transducer [10]. The system was not equipped 
with the capability to monitor temperature.

Vallancien et  al. conducted a FUS clinical 
study to treat bladder cancer in five patients in 
1991 [11]. The investigator moved on the fol-
lowing year to treat the prostate, kidneys and 
liver [12]. The system used diagnostic ultrasound 
for planning, but lacked real-time monitoring 
during the therapeutic application. Tempera-
ture was monitored by thermocouples inserted 
under ultrasonic (in the case of the prostate) or 
endoscopic guidance. 

The combined use of therapeutic ultrasound 
and MRI was demonstrated in vitro in the early 
1990s [13–15]. MR provided the ability to moni-
tor FUS-induced temperature change in near 
real time, permitting greater control of FUS 
therapy, while the improved soft tissue contrast 
afforded by MR (compared with the previously 
used diagnostic ultrasound) aided targeting. 

MR-guided FUS was initially applied in vivo 
to breast fibroadenoma [16,17] with moderate 
success. The first CE and FDA approved use of 
MR-guided FUS was for the treatment of uterine 
fibroids, which was first demonstrated clinically 
in 2003 [18,19].

Shortly after its initial use in the treatment 
of uterine fibroids, techniques to correct for 
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skull bone acoustic aberration were formally 
described and proven [20,21]. This rekindled 
clinical interest in the original, neurosurgical 
indications for which FUS saw its first inhu-
man use. Following the publication of this 
method, commercial products incorporated 
the technique and began seeing successful use 
in clinical trials addressing neuropathic pain in 
2009 and other clinical indications in the field 
of functional neurosurgery [22,23].

FUS mechanisms & bioeffects
Today, FUS is a platform technology with 
a variety of biological effects in tissue that 
enable treatment of a wide range of clinical 
conditions. These biological effects range from 
thermal ablation to disruption of blood clots 
to enhanced penetration of drugs through cell 
membranes or the blood–brain barrier. The 
varying bioeffects enable clinical applications 
as diverse as uterine fibroids, prostate and liver 
cancer, and neurological disorders. 

The bioeffects produced by FUS are highly 
localized in a small region of tissue correspond-
ing to the focal size of the ultrasound beam. The 
focal size for current FUS systems in clinical use 
range from 4 to 60 mm in length and 2 to 16 mm 
in diameter; focal spots – sonications – are typi-
cally cylindrical or ellipsoidal in shape. These 
localized bioeffects are produced by either ther-
mal or mechanical mechanisms of ultrasound 
interaction with the targeted tissue. These ther-
mal and mechanical effects and their biologi-
cal outcomes – bioeffects – are determined by 
the type of tissue (e.g., muscle vs bone) and the 
acoustic parameters (power, sonicationduration 
and sonication mode – continuous vs pulsed).

When transmitting the ultrasonic energy con-
tinuously, high-intensity FUS can raise tissue 
temperature at the focal point. The level and 
duration of this temperature elevation is quan-
tified as the tissue’s ‘thermal dose’. Figure 1 illus-
trates different levels of thermal dose and their 
biological outcomes.

Alternatively, when the acoustic energy is 
administered using high power and very short 
pulses, the low amount of energy deposited into 
the tissue results in a low thermal rise. How-
ever, because ultrasound is a mechanical pressure 
wave that successively increases and decreases 
pressure in the tissue, a high pressure change 
due to the use of high-intensity ultrasound 
can induce various mechanical effects – from 
vibration of the target to cavitation. Cavitation 
describes the interaction of the ultrasonic energy 
with microbubbles in the tissue. Depending on 

the clinical application, microbubbles can either 
be injected into the blood stream or injected 
directly into the tissue. The sharp change in 
local pressure caused by FUS transmission can 
also create microbubbles in the tissue [24].

Most FUS clinical applications currently 
under investigation exploit the thermal mecha-
nism to ablate tissue deep in the body. Deposit-
ing a high level of ultrasonic energy causes an 
intense increase in temperature, thermal coagu-
lation and cell death. Exposing tissue, for even 
1 s, to a temperature of 56°C/130°F is enough 
to induce irreversible thermal damage to cells 
via protein denaturation. Researchers and physi-
cians use FUS thermal ablation to noninvasively 
treat a variety of clinical conditions, including 
symptomatic uterine fibroids, breast [25], liver [26] 
and prostate cancer [27], low back pain [28] and 
neurological disorders [23].

Cavitation can also play a role during FUS 
ablation. The purely thermal and mechanical 
components of a FUS ablation procedure may be 
monitored via MR and ultrasound (US) imag-
ing; however, these imaging modalities are both 
more optimal for monitoring different bioeffects. 

Role of imaging in FUS procedures
Imaging is crucial throughout all stages of FUS 
therapeutic procedures. From precise targeting 
of the region of interest, to optimal planning 
of the FUS sonications (e.g., location, size and 
energy), to real-time treatment monitoring and 
final confirmation of the treatment (e.g., ablated 
volume), imaging is critical to the safety and 
efficacy of the procedure. Both MR and US 
imaging have been implemented into clinical 
image-guided FUS devices. Both modalities 
are effective at guiding and monitoring the 
treatment; however, they each have different 
strengths. Two primary stages of FUS treatment 
procedures where MR and US imaging vary in 
their utility include definition of the region of 
interest during construction of a treatment plan 
and treatment monitoring. Planning and moni-
toring with US imaging is an inexpensive option 
that can achieve real-time imaging (more than 
50 frames per second) and enable the develop-
ment of portable devices. Alternatively, MRI 
offers precise targeting due to its state-of-the-
art contrast and near real-time temperature 
monitoring. 

�� Treatment planning
Ultrasonic planning
Ultrasound-guided FUS devices take advantage 
of a diagnostic probe inserted confocally to the 
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therapeutic probe, most generally in the center 
of the probe [29,30]. The physician defines the 
location of the sonication target based on the 
US, B-mode image (guidance-US as shown in 
Figure 2). Depending on the device, the target is 
adjusted to the appropriate location by trans-
lating the therapeutic probe with step motors 
(if a single element transducer is used) or by 
electronic beam steering (if a multi-element 
transducer is used). 

MR planning
MR-guided FUS devices comprise an MR-com-
patible FUS therapeutic probe, most generally 
inserted inside the MR bed [18]. As an example 
of treatment planning on an MR-guided device, 
the ExAblate system (Insightec, Israel) planning 
is performed on T2-weighted fast spin echo 
images (repetition time: 4000 ms; echo time: 
102  ms; flip angle 90°; bandwidth 31  kHz; 
field of view 20 × 20 cm2; and slice thickness 
4–5 mm with 1–2 mm gap [31]). After manual 
selection of a 3D treatment volume on these 
T2 images, the planning software automatically 
proposes a set of individual sonication locations. 
The user is free to move, add or remove soni-
cation locations. Before each sonication, the 
expected ultrasonic path is superimposed on 
the T2-weighted fast spin echo images in order 
to avoid focusing through air cavities, such as 
the bowels, or being too close to highly absorb-
ing and reflecting bony structures (Figure 2). If 
needed, the user may rotate or translate the 
therapeutic probe until an appropriate beam 
path is found. 

�� Treatment monitoring
Typical FUS ablation procedures use FUS beams 
with a frequency of 0.5–1.5 mHz, individual 
sonication duration (single shot) from 1 to 20 s, 
and acoustic energy from 300 to 1500 J. Treat-
ment is then achieved by delivering multiple 
sonications (spot by spot) using mechanical 
translation or electronic steering. In an effort to 
reduce the overall treatment time, other strate-
gies have been developed, such as longer soni-
cation time combined with electronic steering 
to enable continuous sonication with spiral or 
concentric patterns. Regardless of the specific 
treatment plan, the biological effects of FUS at 
focus will be the same. As stated previously, the 
primary bioeffects to occur during FUS clinical 
treatments include cavitation and/or thermal 
ablation. Thermal rises are mainly due to viscous 
absorption and typically range from 10 to 60°C. 
Cavitation corresponds to the formation of air 

bubbles in tissue due to two possible ultrasonic 
interactions: 

�� Pre-existing nuclei can be activated and grow 
explosively if the rarefactional pressure 
exceeds a threshold [32];

�� The temperature increase may promote so 
called ‘boiling nucleation’, which corresponds 
to the growth of nuclei by raising the vapor 
pressure or the partial pressure of dissolved 
gas in the medium [33,34].

MR and ultrasound monitoring are based 
on the ability of each technique to detect either 
thermal rise or cavitation effects.

Ultrasonic monitoring
Due to the large impedance difference between 
air and tissue, once the bubbles created by acous-
tic cavitation are large or numerous enough, a 
hyperechogenic region can be observed on the 
B-mode images [24]. The monitoring, US col-
umn in Figure 2 illustrates this: as indicated by 
the red arrow the US image becomes brighter 
than before sonication. Such monitoring has 
been widely used clinically on the prostate [35,36], 
liver [29,37], breast [38], kidney [39,40], pancreas [41] 
and bone metastasis [42].
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Figure 1. Relationship between thermal dose and biological effect in 
tissue. Below the thermal dose threshold, tissue will experience no damage; 
beyond the thermal dose threshold, tissue necrosis will occur. For focused 
ultrasound treatment, the higher the thermal dose, the more quickly necrosis will 
occur. Thermal effects can be used to create either a low-level thermal rise over 
several hours (local hyperthermia) or a short, highly localized, high temperature rise 
that ‘cooks’ the tissue (thermal ablation) [47].
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MR monitoring
On current clinical devices, such as the Son-
alleve system (Philips Medical Systems, The 
Netherlands) or the ExAblate systems, MR 
monitoring is achieved by acquiring tem-
perature elevation maps with dedicated tem-
perature sensitive sequences [43]. Others have 
reviewed different methods used for such MR 
temperature mapping [44,45]. Briefly, all clini-
cal studies currently use temperature-depen-
dent proton resonance frequency (PRF) shift 
to estimate in vivo temperature elevation [15]. 
Temperature elevation induces a phase shift in 
the MR data. A phase image is thus acquired 
prior to the ultrasound exposure followed by 
a series of images during and after the sonica-
tion. By subtracting the phase of each voxel 
from the baseline, a phase-difference image is 
obtained that is proportional to the tempera-
ture elevations. Soft tissues have PRF thermal 
coefficients that are close to that in water 
(0.01 ppm/°C) [46].

Temperature is recorded as a function of time, 
typically every 3 s, and the curve is integrated 

in order to calculate the thermal dose as defined 
by [47]:
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t
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where R = 0.25 if T <43°C or 0.5 if T >43°C. 
CEM

eq,43
 is the cumulative number of equivalent 

minutes at 43°C. The threshold for tissue damage 
is tissue dependent and has been tabulated [48]. 
For example, necrosis is induced in the muscle if 
the CEM

eq,43
 is greater than 240 min [48].

FUS clinical indications
There are currently several clinical indications 
for image-guided FUS that have received regula-
tory approval in at least one region of the world. 
These indications include symptomatic uterine 
fibroids, prostate cancer, liver tumors, thyroid 
nodules, palliative treatment for bone metasta-
ses, breast fibroadenoma and functional neuro-
logical disorders (essential tremor, neuropathic 
pain and tremor-dominant Parkinson’s disease). 
The landscape for FUS treatment of several of 
these conditions is highlighted below. 

�� Uterine fibroids
Uterine fibroids are the most common neoplasms 
of the female pelvis. These benign tumors arise 
from the smooth muscle cells of the uterus and 
occur in up to 50% of women of reproductive 
age. Fibroid symptoms include abnormal bleed-
ing, heavy or painful periods, abdominal dis-
comfort or bloating, urinary frequency or reten-
tion and even infertility. Uterine fibroids can be 
visualized using US or MR imaging. Common 
treatment options include hysterectomy, myo-
mectomy (surgical removal of the fibroid) and 
uterine artery embolization. 

FUS offers a noninvasive method of treat-
ment for fibroids. Using this treatment modality 
in conjunction with MR or US image guidance, 
the physician directs a focused beam of acoustic 
energy through the patient’s skin, superficial fat 
layer and abdominal muscles. This thermally 
coagulates the fibroid tissue, thereby destroying 
it without damaging intervening or adjacent tis-
sues [18,49–51]. Geographical regions where one 
or more FUS devices have received regulatory 
approval to treat symptomatic uterine fibroids to 
date include: FDA, Europe (CE mark), Korea, 
Japan, India and Australia. However, there is 
limited insurance reimbursement for these pro-
cedures. To date, image-guided FUS has been 
used to treat an estimated 20,000  patients 
worldwide with symptomatic uterine fibroids.
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Figure 2. Typical characteristics of MR and ultrasound images, as currently 
implemented on clinical devices for guidance and monitoring. Ultrasonic 
images correspond to the Haifu® Model JC (HAIFU, Chongqing, China) during 
hepatocellular carcinoma treatment. MR images correspond to clinical treatment of 
a uterine fibroid with the ExAblate system (InSightec, Tirat Carmel, Israel).  
(A & B) Reproduced from [113], with permission from Elsevier.  
(C–E) Reproduced with permission from Insightec.
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�� Prostate cancer
Prostate cancer is the most common type of 
cancer in men and the second leading cause of 
death. Common treatment and management 
options for men with localized prostate cancer 
include radical prostatectomy, radiation ther-
apy, cryoablation, watchful waiting and active 
surveillance. 

FUS provides a noninvasive, radiation-free 
option to treat patients with localized prostate 
cancer or those who need salvage therapy. Dur-
ing the FUS treatment procedure, the physi-
cian uses either MR or US imaging to locate 
the patient’s prostate gland and direct the FUS 
beam to part of or the entire prostate gland. 
The FUS energy creates a temperature eleva-
tion at the focal point that thermally coagulates 
the targeted small volume of cancerous cells 
within seconds. This process is repeated until 
the entire selected volume (i.e., tumor) or the 
entire gland is thermally destroyed. Several dif-
ferent systems for image-guided FUS ablation 
of prostate tissue (using MR or US imaging) are 
available as research or commercial platforms in 
various geographical regions [52–56]. Geographi-
cal regions where one or more FUS devices have 
received regulatory approval for the treatment 
of prostate cancer to date, as either a primary or 
salvage treatment, include: Europe (CE mark), 
Canada, Russia, Australia, Korea, Malaysia, 
Indonesia, South America and the Middle East. 
In the USA, no device with FDA approval is cur-
rently available. However, a complete Premarket 
Approval (PMA) application for one device is 
under review with the FDA at this time, there-
fore, FDA approval may be possible for this indi-
cation in the coming year. In the past 15 years, 
image-guided FUS has been used to treat an 
estimated 40,000 patients worldwide with low-
risk prostate cancer or those who require salvage 
therapy [Foley JL et al., Unpublished Data].

�� Bone metastases
Bone is the third most common tissue affected 
by metastatic disease, with breast, lung and pros-
tate cancer as the most frequent primary tumor 
types. Symptoms of bone metastases include 
direct pain, fractures, spinal cord compression 
and high blood calcium levels. Current treat-
ments for patients with bone metastases are 
primarily palliative and attempt to improve 
the patient’s quality of life and functional level. 
Treatment with external beam radiation therapy 
(EBRT) is the standard of care for patients with 
localized bone pain it has a success rate (i.e., pain 
relief) of 70–80%.

Image-guided FUS offers a radiation-free 
noninvasive method to alleviate pain associated 
with bone metastases. Under image guidance, 
the physician targets the FUS beam to the bone 
and bone–tissue interface affected by the pain-
ful metastatic lesion. The FUS-induced tempera-
ture rise then thermally coagulates the periosteal 
membrane surrounding the targeted bone and 
may also damage tumoral tissue in the targeted 
area. The destruction of the periosteum, which 
contains the pain-reporting nerve fibers, provides 
rapid pain palliation. Although it is not suitable 
for all patients, FUS treatment for painful bone 
metastases provides the benefit of fast pain relief 
within a single session using nonionizing radia-
tion [42,57,58]. Geographical regions where one 
or more FUS devices have received regulatory 
approval for treatment of painful bone metas-
tases to date include: FDA, Europe (CE mark), 
Korea, India and Russia. However, there is lim-
ited insurance reimbursement for these proce-
dures. To date, image-guided FUS has been used 
to palliate pain from bone metastases for several 
hundred patients worldwide.

�� Neurological disorders
The potential benefits of FUS, including its non-
invasiveness, lack of ionizing radiation and high 
precision, coupled with tight focus and sharp 
ablation margins make it an especially promising 
modality for brain treatments [59]. FUS is under 
clinical investigation for thalamotomy treatment 
of several functional neurological disorders: 
essential tremor, neuropathic pain and tremor-
dominant Parkinson’s disease. Noninvasive FUS 
treatment of the brain has been particularly chal-
lenging, as the skull presents a significant acous-
tic barrier to the ultrasonic energy. The variation 
in skull thickness, along with its heterogeneous 
internal structure, can defocus the wave propaga-
tion and degrade the focal point. This challenge 
is overcome using 3D CT data of the skull, with 
a projection algorithm [20] or finite differences 
simulations [21,60]. The result of the simulation is 
used as input to calculate the phase shifts that are 
then applied to the array of transducers to refocus 
the beam through the skull [61–63].

To date, researchers have used transcranial 
MR-guided FUS with encouraging results to 
treat nearly 100 patients with essential tremor, 
neuropathic pain and tremor-dominant Parkin-
son’s disease. These treatments have occurred 
at institutions including: University of Virginia 
(VA, USA), Sunnybrook Health Sciences Cen-
tre (Toronto, Canada), Yonsei University Medi-
cal Center (Seoul, South Korea), University 
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Children’s Hospital (Zurich, Switzerland) and 
the Center for Ultrasound Functional Neuro-
surgery (Solothurn, Switzerland). The ExAb-
late transcranial MR-guided FUS device has 
received regulatory approval in Europe (CE 
mark) for these indications and is undergoing 
FDA-approved clinical trials in the USA. 

�� Liver tumors
Primary and secondary (metastatic) liver tumors 
constitute a major health concern with an unmet 
clinical need. The most common type of primary 
liver cancer, hepatocellular carcinoma, is the fifth 
most common cancer worldwide. Liver is the 
second most common site for metastases, with 
colorectal, breast and lung as common primary 
tumors. 

FUS as a noninvasive treatment option could 
offer patients another choice when no other treat-
ment is available or when they prefer a nonsurgi-
cal approach. However, the technical challenges 
to FUS ablation of liver tissue are significant and 
include organ motion during respiration and 
the inability of ultrasound energy to transmit 
through the ribs. Various approaches to overcome 
these obstacles have been tested in the laboratory, 
in vivo and in clinical studies. Solutions to reduce 
liver motion include endotracheal intubation 
with single lung mechanical ventilation, train-
ing patients to hold their breath during multiple 
short energy delivery periods or combining gen-
eral anesthesia with short induced spells of apnea. 
To overcome the acoustic obstacle presented by 
the ribs, some researchers have targeted only the 
tumors that were accessible below the ribs [64,65]; 
others have sonicated through a large area of the 
chest and abdominal wall to minimize energy 
intensity and heating on the ribs [66,67]. In the 
past 15 years, FUS has been used to treat an esti-
mated 15,000 patients with primary liver tumors; 
most of these treatments were performed China 
using US-guided FUS devices.

Current & future challenges
Image-guided FUS has demonstrated its poten-
tial as a new therapy for a range of clinical indi-
cations; however, there are still challenges that 
lie ahead. Development and adoption of a new 
therapeutic medical device is a complex process 
involving numerous stakeholders with different 
time constraints and interests. The innovation 
pathway for image-guided FUS traverses from 
early-stage research and development – in the 
imaging/FUS technology as well as into new 
potential applications – on to commercialization 
and clinical acceptance of a new noninvasive 

therapy. Figure 3 shows the complicated innova-
tion pathway for image-guided FUS and high-
lights the most prominent barriers and hurdles 
along this pathway from new idea to the patient 
bedside. For the purpose of this review, the focus 
will be on the innovation pathway within the 
USA, viewed by most image-guided FUS device 
manufacturers as a more challenging pathway 
than in other regions of the world.

�� Technical research & development
At the current stage of technology development, 
the safety and efficacy of image-guided FUS 
for several clinical applications has been dem-
onstrated in numerous in vivo preclinical and 
clinical studies. As a noninvasive tool for precise 
ablation, image-guided FUS has demonstrated 
safety and (at least) preliminary efficacy for a 
range of clinical conditions. Researchers con-
tinue to explore ways to expand the treatment 
envelope or therapeutic window for FUS treat-
ment within the body. For example, technical 
advancements are needed to treat tissues that are 
near to bones or blood vessels that could cause 
aberrations in energy delivery. Imaging advance-
ments are also enabling new methods for FUS 
treatment monitoring.

US imaging challenges
As discussed previously, US-guided monitoring is 
currently based on imaging of cavitation clouds 
generated during FUS treatment. The formation 
of such clouds is most likely due to boiling effects 
[27]. The hyperechogenic areas around the focus 
do not appear until long after the thermal dose 
threshold has been reached. Such monitoring 
ensures the efficacy of the treatment, but tissues are 
likely to be overtreated. Recently, novel imaging 
techniques have been developed in order to detect 
the early phase of bubble cloud formation [68,69] 
thanks to the use of novel scanners that are now 
available (Supersonic Imagine [Aix en Provence, 
France]/Verasonics [WA, USA] systems), which 
permit temporal resolution up to 10,000 frames/s. 
Research is also underway to develop US-based 
temperature monitoring methods [70,71]. As FUS 
thermal ablation progresses in tissue, the stiffness 
of the tissue increases. US elastography has been 
able to detect this stiffness change during tissue 
necrosis in vitro [72], as well as the elasticity change 
during the early subnecrosis stage of the heating 
process (in vitro [73]) (Figure 4). 

MRI challenges
MRI has proven effective to measure the temper-
ature increase during FUS treatment. Currently 
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available FUS systems monitor temperature on 
a single or small number of 2D slices through 
the target volume. The acquisition of MR ther-
mometry over 3D volumes is an active topic of 
research and has important clinical safety and 
workflow implications [74,75]. However, the use 
of MR to detect mechanical effects in tissue has 
been challenging. No MR detection of acoustic 
nucleation-based cavitation has been reported so 
far, but Khokhlova et al. have reported in vitro 
MR detection of boiling cavitation activity [33]. 
FUS emitted for a few microseconds is known 
to induce a micrometric tissue displacement 
by acoustic radiation force, without significant 
thermal heating. Imaging such a displacement 
would thus provide the location of the focal 
spot without heating [76]. Such displacements 
have been imaged in vivo with US for decades 
[77–79]. MR acoustic radiation force imaging 
(MR ARFI) has recently been introduced as a 
promising method to plan and monitor thera-
peutic applications of MR-guided FUS (Figure 4). 
MR ARFI has been performed using custom-
ary MR pulse sequences, such as linescan [80], 
2D gradient-echo [81] or spin-echo [82]. Moreo-
ver, the technique has recently been used in the 

development of single-shot, echo-planar imag-
ing (EPI) versions in vitro [83] and in vivo [84]. 
Quantitative displacements obtained with MR 
ARFI also give an indirect estimation of the FUS 
intensity at the target, and are thus used as an 
optimization parameter in MR-guided adaptive 
focusing procedures [82,84–86]. The clinical setup 
for various clinical indications can pose chal-
lenges for the design of effective MR ARFI coils 
because of the relative positions of transducers, 
acoustic coupling medium and patient anatomy. 
Research toward indication-specific coil design is 
underway for a variety of devices and indications, 
including breast and brain [87].

FUS challenges
Bone, such as the skull, has a higher ultrasonic 
absorption coefficient than soft tissue, and thus 
can heat significantly during FUS treatment 
[88]. Thermal conduction can put adjacent tis-
sue, such as the surface of the brain, at risk from 
damage. To alleviate this risk, transcranial FUS 
systems are designed to evenly distribute the 
energy over a large surface of the skull to lower 
the power density on the skull (and the heat) 
compared with the focus. The thalamus is an 
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Figure 3. Focused ultrasound innovation pathway. The innovation pathway for focused 
ultrasound is complex with significant hurdles including adequate funding of translational research, 
regulatory approval, insurance reimbursement and clinical adoption (physician and patient 
acceptance).  
R&D: Research and development; IP: Intellectual property. 
Marketing sales and support device image reproduced with permission from Theraclion (Malakoff, 
France).
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ideal target for current transcranial FUS systems 
because of its central location in the brain. It is 
the best case scenario for optimizing the ratio 
between the acoustic energy at the target com-
pared with energy deposition in the skull bone. 
However, clinicians are eager to target tissues 
beyond the thalamus to enable treatment of 
other clinical conditions. The goal is to extend 
the treatment envelope to promising sites, such as 
the anterior cingulate cortex, the amygdala, the 
hippocampus, the trigeminal nerve and super-
ficial areas of the brain. Simulation-based [89,90] 
or experimental based phantom approaches are 
being developed to investigate the possibility of 
targeting these challenging targets [91].

As described previously, the liver is shad-
owed by the ribs. It was first suggested in the 
late 1990s to use phased arrays to sonicate in 
between the ribs, but experimental testing was 
not feasible at that time [92,93]. Multi-element 
phased arrays with hundreds of elements have 
since been developed [94–96]. Temperature ele-
vation on the surface of the ribs can then be 

reduced by turning off the elements located in 
front of rib bones, as shown numerically by Liu 
et al. [97] and Bobkova et al. [98], and as dem-
onstrated in vivo by Quesson et al. [99]. Aubry 
et al. implemented a time-reversal based tech-
nique in vitro with a 300 element semirandom 
array to decrease the temperature elevation on 
the rib surface to a negligible level (a mean of 
0.3°C) [100]. This can be achieved automatically 
and noninvasively by computing the decomposi-
tion of the time reversal operator based on the 
backscattered echoes, as demonstrated in vitro 
[101,102]. To date, such approaches have not been 
implemented on clinical devices.

For US-guided FUS, US-based techniques 
have been able to track the 3D motion of bio-
logical tissues locally [103–105]. Such an approach 
is based on tracking temporal shifts in the back-
scattered US signals, resulting from the displace-
ments of the tissues. The main advantage of the 
US-based method is the high penetration rate of 
US in the human body and its real-time capabili-
ties. Hence, the natural ultrasonic scatterers in 
biological tissue can be used as markers to track 
the local motion of tissues located deep within 
organs. Once the 3D movement of the organ 
is measured, the FUS beam can be electroni-
cally steered in order to compensate for this tis-
sue motion in real time. Marquet et al. achieved 
motion compensation ten-times per second by 
interleaving ultrasonic motion detection dur-
ing the first 20 ms, followed by electronic beam 
steering calculation and hardware phase adjust-
ment (10 ms) and 70 ms FUS sonication, allow-
ing a 70% duty cycle while tracking pig liver 
motion in vivo [106]. Several MR-based motion 
detection techniques have also been proposed 
[107,108]. Motion detection and beam-tracking are 
not currently available on clinical devices.

�� Financial investment
There is clearly a need for funding at all stages 
along the pathway in Figure 3. FUS funding has 
historically been provided by government agen-
cies including NIH and DOD and by private 
investors through their funding of the device 
manufacturers. However, federal agencies are 
more likely to target investments into basic and 
discovery stage research, a stage that most FUS 
applications have moved beyond. FUS research 
requires targeted investments in the translational 
preclinical and early clinical stage, a funding 
regime typically filled by industry and ven-
ture capitalists. However, given the economic 
climate, many venture capitalists and industry 
are more hesitant to invest in potentially risky 
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Figure 4. Typical characteristics of new MRI and ultrasound imaging 
modalities, as currently under development, for better guidance and 
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ARFI: Acoustic radiation force imaging; MRgFUS: MR-guided focused ultrasound 
surgery. 
(A) Reproduced from [110], with permission from the Radiological Society of North 
America. (B) Reproduced from [111], with permission from IOP Publishing. 
(C) Reproduced from [112], with permission from Elsevier. (D) Coil developed by the 
authors, at University of Virginia (VA, USA); construction of the coil was 
subcontracted by the authors to High Field LLC. Reproduced with permission from 
HighField LLC. (E) Reproduced from [84], with permission from the American 
Association of Physicists in Medicine.
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medical research. The FUS Foundation (FUSF) 
has also provided seed funding for many transla-
tional technical, preclinical and clinical projects 
to de-risk the technology for other investors. For 
the future advancement of image-guided FUS 
technology in the broad range of potential clini-
cal applications, more public and private invest-
ment, particularly in translational research, will 
be necessary. The FUSF is dedicated to devel-
oping and fostering unique partnerships with 
government agencies and other private organiza-
tions, including disease-specific foundations, in 
order to drive the field forward. 

�� Regulatory approval
The FDA approval process for image-guided 
FUS devices and treatment procedures can 
be lengthy, costly and uncertain. The average 
time it takes for new medical device approv-
als through the PMA pathway (the pathway 
taken by most image-guided FUS devices) is 
54 months from first communication with the 
FDA to device approval [109]. The average total 
cost from new concept to product approval is 
US$94 million, with approximately US$75 mil-
lion due to costs associated with FDA approval 
[109]. Such cost and duration can be prohibitive 
for many device manufacturers, primarily small 
businesses with limited resources. Furthermore, 
the pathway for approval of image-guided FUS 
therapies is often uncertain and not consistent 
across device platforms and clinical indications. 
New PMA applications are required for each 
image-guided FUS device and for each clinical 
indication. These factors associated with FDA 
approval often deter investment by the ven-
ture capital community as they deem medical 
devices to have a lower return on investment 
than other potential investments. Despite these 
challenges, many image-guided FUS device 
manufacturers have found the regulatory pro-
cess to be improving and that this is not the 
greatest of their challenges. 

�� Insurance reimbursement
Rather, perhaps the most significant challenge 
to image-guided FUS adoption in clinical prac-
tice has been that of insurance reimbursement. 
In part, this is due to lack of the appropriate 
clinical evidence. The evidence required for 
regulatory approval is not always sufficient for 
positive payer decisions. Therefore, extensive 
postmarket surveillance studies may be needed 
for new image-guided FUS clinical indications 
to receive widespread reimbursement. This issue 
is also clearly tied with physician and patient 

acceptance of this new technology. Physician 
acceptance and support by medical societies is 
critical for payer decisions on reimbursement; 
however, physicians are less likely to support 
new treatments if reimbursement is not avail-
able. Patients are often drivers in payer accep-
tance of new treatments; however, it is difficult 
to accumulate a large patient population if lack 
of insurance coverage requires patients to pay 
out of their own pocket. 

With recent developments in healthcare, 
payment models are also changing. Payers are 
moving towards global payments and bundled 
payments, rather than the traditional fee-for-
service payment structure. This could impact 
the way that the noninvasive treatment option of 
image-guided FUS is viewed by payers. Nonin-
vasive outpatient treatment could reduce overall 
treatment cost for the patient and be desirable to 
include in a bundled payment for uterine fibroids 
for example. 

�� Clinical adoption
Another challenge for image-guided FUS for 
treating uterine fibroids and many cancers is 
its nature as a disruptive technology. For exam-
ple, who should be the treating physician for a 
patient with uterine fibroids? Should it be the 
gynecologist or the interventional radiologist? 
Alternatively, for prostate cancer, the interven-
tional radiologist, urologist or radiation oncolo-
gist could all potentially treat the patient with 
image-guided FUS. It is possible that disagree-
ments over which specialty department should 
perform image-guided FUS treatments result in 
less physician acceptance of this new treatment. 
A potential solution to this issue is the devel-
opment of training and credentialing programs 
incorporated into resident programs so that the 
new generation of clinicians, regardless of their 
chosen specialty, is capable of performing these 
procedures. 

As image-guided FUS is still not a widespread 
technology, many physicians and patients are 
unaware of its potential to treat a wide vari-
ety of conditions. As more clinical indications 
are investigated, the extent of this challenge 
becomes even greater. Education opportunities 
are important for the future clinical acceptance 
of FUS. Patient access to FUS is limited owing 
to low awareness and reimbursement challenges. 
Many patients who are aware of this noninvasive 
treatment alternative and are interested in seek-
ing it out for themselves or their loved ones find 
that their doctors do not offer the treatment or 
their insurance provider does not cover it. 
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�� Role of FUSF 
The FUSF has a mission to advance the devel-
opment and clinical adoption of image-guided 
FUS as a technology platform for the treatment 
of a variety of clinical conditions. FUSF seeks to 
identify and address the barriers or choke points 
along the innovation pathway as described above. 
In this way, FUSF is able to catalyze this path-
way by emphasizing activities that complement 
or supplement, such as fostering collaborations, 
funding translational research and influencing 
the direction of the field. In doing so, FUSF 
identifies and eliminates rate-limiting steps 
such as technology shortfalls, gaps in the current 
funding landscape, lack of evidence, regulatory 
approval hurdles, and acceptance from patients, 
physicians and insurers. This 360° perspective 
is essential to drive the adoption of FUS as a 
new therapy.

Conclusion
Although image-guided FUS remains an early-
stage technology, significant progress has been 
made in advancing this medical therapy plat-
form towards clinical adoption for the treat-
ment of a wide range of conditions. Current 
FUS clinical indications throughout the world 

include uterine fibroids, pain palliation for bone 
metastases, prostate cancer, essential tremor, 
neuropathic pain and tremor-dominant Parkin-
son’s disease. MR and US imaging are critical 
to enable this noninvasive therapy, particularly 
for guidance to the region of interest and real-
time treatment monitoring. However, there are 
still significant challenges that remain along the 
complex FUS innovation pathway. Technical 
advancements are required to expand the thera-
peutic window for FUS therapy and to improve 
treatment monitoring. This would enable safe 
and effective treatment of conditions, such as 
brain tumors, epilepsy and liver tumors. Barriers 
to full clinical adoption of image-guided FUS, 
including adequate funding of translational 
research, regulatory approval, insurance reim-
bursement and physician and patient awareness 
and acceptance, must also be overcome.

Future perspective
The last several years have shown tremendous 
progress in the field of image-guided FUS. Since 
2006 and the founding of the FUSF, there has 
been a 70% increase in the number of diseases 
and conditions being treated or in clinical stud-
ies; 220% growth in the number of FUS articles 

Executive summary

Focused ultrasound mechanisms & bioeffects
�� Focused ultrasound (FUS) is a platform technology with a variety of biological effects in tissue that enable the treatment of a wide range 

of clinical conditions.
�� These localized bioeffects are produced by either thermal or mechanical mechanisms of ultrasound (US) interaction with the targeted 

tissue.
�� Thermal and mechanical components of a FUS ablation procedure may be monitored via MR (thermal) or US (mechanical) imaging. 

Role of imaging in FUS procedures
�� From precise targeting of the region of interest, to optimal planning of the FUS sonications (e.g., location, size and energy), to real-time 

treatment monitoring and final confirmation of the treatment (e.g., ablated volume), imaging is critical to the safety and efficacy of the 
procedure.

�� Planning and monitoring with US imaging is an inexpensive option that can achieve real-time imaging (more than 50 frames/s), enabling 
the development of portable devices.

�� MRI offers precise targeting due to its state-of-the-art contrast and near real-time temperature monitoring.
�� US imaging is more effective at monitoring cavitation, while MRI is more effective for temperature monitoring.

FUS clinical indications
�� To date, several clinical indications for image-guided FUS have received regulatory approval in at least one region of the world. These 

indications include uterine fibroids, prostate cancer, liver tumors, thyroid nodules, palliative treatment for bone metastases, breast 
fibroadenoma and functional neurological disorders (essential tremor, neuropathic pain and tremor-dominant Parkinson’s disease).

Current & future challenges
�� The innovation pathway for image-guided FUS traverses from early-stage research and development – in the imaging/FUS technology as 

well as into new potential applications – on to commercialization and clinical acceptance of a new noninvasive therapy.
�� Technical advancements in imaging techniques and FUS technology will enable expansion of the treatment envelope or therapeutic 

window for FUS treatment within the body, and improve treatment monitoring capabilities.
�� Prominent challenges ahead for FUS include: adequate funding of translational research, regulatory approval, insurance reimbursement 

and clinical adoption (physician and patient acceptance).
�� The Focused Ultrasound Foundation aims to catalyze the FUS innovation pathway by targeting the rate-limiting steps such as technology 

shortfalls, gaps in the current funding landscape, lack of evidence, regulatory approval hurdles, and acceptance from patients, physicians 
and insurers.
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published in professional medical journals; more 
than a dozen new device manufacturers enter-
ing the field; and a tripling of FUS research 
funding from the NIH, from US$6.5 million 
in 2006 to US$20.2 million in 2012. FUSF has 
been critical to this rapid advancement towards 
clinical adoption, through targeted investments 
in research, education, advocacy and collabora-
tive efforts. Further public and private invest-
ments in image-guided FUS, from a range of 
stakeholders, should further catalyze the field 
over the next 5–10 years. In 10 years, several 
image-guided FUS clinical applications – uter-
ine fibroids, neurological disorders and onco-
logical diseases – should be FDA approved and 
fully reimbursed. Widespread clinical adoption 

of image-guided FUS for the treatment of these 
various clinical disorders will give thousands of 
patients a noninvasive and radiation-free treat-
ment alternative to improve their health and 
quality of life. 
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