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Abstract

Transcranial magnetic resonance-guided focused ultrasound (MRgFUS) represents a 
transformative modality in treating neurological disorders and diseases, offering precise, 
minimally invasive interventions for conditions such as essential tremor and Parkinson's 
disease. This paper presents an industry-focused perspective on the current state of MRgFUS, 
highlighting recent advancements, challenges, and emerging opportunities within the field. 
We review key clinical applications and therapeutic mechanisms, focusing on targeted 
ablation, while discussing technological innovations that support new indications. Current 
regulatory frameworks, challenges in device development, and market trends are examined to 
provide an understanding of the industry landscape. Additionally, we indicate some 
limitations in MRgFUS and suggest potential strategies for overcoming these limitations to 
optimize treatment outcomes. We conclude with an outlook on promising developments, 
including AI-enhanced targeting, low and high-field MRI integration, and multimodal 
imaging techniques, that could potentially drive further innovation and adoption of MRgFUS 
in brain therapy.
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1. Introduction

Transcranial MR-guided focused ultrasound (MRgFUS) is a 
minimally invasive technique that utilizes magnetic resonance 
imaging (MRI) combined with precisely targeted ultrasound 
waves to stimulate or ablate specific regions within the brain, 
offering immense potential for therapeutic interventions [1,2]. 
This technology relies on ultrasound wave propagation and 
tissue interaction to deliver brain-targeted therapies, such as 
thermal ablation [3], neuromodulation [4], and drug delivery 
[5]. MRgFUS presents significant advantages over standard 

neurosurgical procedures. Its incisionless nature minimizes 
the risks associated with traditional surgery, leading to shorter 
recovery times and reduced postoperative complications. 
Unlike deep brain stimulation (DBS), MRgFUS eliminates the 
need for implanted devices and lifelong maintenance. 
However, ablation is irreversible, and when unintended tissue 
is lesioned, it may result in long-lasting adverse effects. 
Compared to radiofrequency ablation (RFA), MRgFUS real-
time MRI guidance and temperature monitoring provide 
greater precision, reducing the likelihood of unintended 
damage. Consequently, patients experience faster recovery, 
lower surgical risks, and fewer postoperative issues [6–8].
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The FDA's approval for ablation of the Ventral 
Intermediate Nucleus (Vim) of the thalamus in 2016 
(premarket approval P150038) and globus pallidus interna 
(GPi) in 2021 (premarket approval P150038, S014) has further 
prompted industry enthusiasm, facilitating progress for 
commercialization, insurance coverage [9], and widespread 
adoption in the treatment of Essential Tremor (ET) and 
Parkinson's disease (PD). MRgFUS thalamotomy targeting 
the Vim has demonstrated efficacy in reducing tremors. The 
Vim is a critical relay center within the thalamus that 
integrates and transmits motor signals from the cerebellum 
and basal ganglia to the motor cortex, and it is associated with 
the coordination of voluntary movements. Ablation of the Vim 
interrupts abnormal oscillations and reinstates regular 
thalamocortical relay function in ET [3,10] and tremor-
dominant PD (TDPD) [11]. Systematic reviews and meta-
analyses have comprehensively assessed complications and 
their long-term outcomes [12–16], including gait 
disturbances, paresthesia, and speech difficulties, which vary 
in severity and persistence among patients. The five-year 
follow-up data from unilateral thalamotomy reveals sustained 
and significant tremor relief, alongside an overall 
improvement in quality-of-life measures and the absence of 
any progressive or delayed complications [17,18]. Real-world 
data shows that the treatment is safe and well-tolerated and 
supports the use of MRgFUS-thalamotomy in patients with 
ET [19]. Additionally, staged, bilateral MRgFUS 
thalamotomy, which refers to the second-side treatment after 
at least 9 months interval of the first treatment, has shown a 
significant decrease in tremor severity and improvements in 
functional disability with mostly mild and temporary adverse 
events (AE) affecting speech, swallowing, and balance [20]. 
While Vim remains the primary MRgFUS target for ET, 
recent studies have explored lesioning of the posterior 
subthalamic area (PSA) [21,22] and the cerebellothalamic 
tract (CTT) [23–25] as alternative or adjunctive targets. These 
targets may benefit specific patient populations, particularly 
those with tremor subtypes that do not fully respond to Vim 
ablation.

Patients with PD experiencing dyskinesias demonstrated 
improved motor function after unilateral GPi ablation [26,27]. 
In addition, several other targets have been identified for FUS 
treatment, each with distinct mechanisms of action for 
symptom relief. The Pallidothalamic Tract (PTT) is a key 
component of the cortico-basal ganglia-thalamo-cortical loop 
that plays a crucial role in transmitting signals from the GPi to 
the thalamus, which in turn sends signals back to the cortex. 
This loop is involved in regulating movement. Ablation of 
PTT has been shown to disrupt hyperactive neural activity 
within the loop, addressing motor symptoms such as tremor, 
dystonia, rigidity, and bradykinesia [28–31]. Ablation or 
modulation of the Subthalamic Nucleus (STN) offers another 
avenue, normalizing abnormal firing patterns within the basal 

ganglia-thalamo-cortical circuit and improving motor function 
[32–36]. More recently, dual targeting of Vim and PTT has 
been reported to relieve combined PD symptoms [37,38].  
Additionally, advanced clinical trials and case reports show 
the feasibility of treating a wide array of other brain diseases 
and conditions with MRgFUS ablation, including neuropathic 
pain [39–42], Epilepsy [43–47], status dystonicus [48], 
psychiatric disorders like depression and obsessive-
compulsive disorder (OCD) [49–52], and range of indications 
for pediatric patients [53,54]. Table 1 presents a summary of 
MRgFUS ablation targets, indications, and findings.  

The exponential growth of FUS studies since the 1990s 
[55], accelerating particularly over the past decade, highlights 
the field’s remarkable evolution and its expanding impact 
across ablation, neuromodulation, and controlled passage of 
molecules through the BBB [56] in a wide range of therapeutic 
and diagnostic applications. With an increasing understanding 
of FUS's ability to precisely target and modulate brain regions, 
collaborations between academic institutions and industry 
leaders are exploring novel FUS applications in treating a 
spectrum of brain diseases and disorders, such as drug 
delivery,  neuromodulation [4,57] and sonodynamic therapy 
(SDT) [58] with a great potential to revolutionize neurological 
care.

Here, we present an industry landscape surrounding FUS 
brain therapy, with a specific focus on identifying challenges, 
opportunities, and future directions. Through a review of 
existing literature, regulatory frameworks, and market trends, 
we aim to provide insights into the current state of MRgFUS 
ablation technology and briefly discuss emerging applications 
within the field of neurological care. By evaluating barriers to 
widespread implementation involving technological 
limitations, we also delineate strategic opportunities for 
overcoming these challenges, optimizing FUS's therapeutic 
potential, and exploring evolving research paradigms and 
innovative treatment modalities shaping the future trajectory 
of FUS in brain therapy.

2. Fundamentals of MRgFUS

MRgFUS combines the principles of FUS physics and MRI 
integration to enable minimally invasive neurosurgical 
treatments. Understanding how these elements interact is 
essential to optimizing treatment safety, precision, and clinical 
efficacy. This section provides an overview of MRgFUS 
physics, detailing the mechanisms of ultrasound wave 
propagation, absorption, energy deposition, and imaging 
(subsection 2.1). It then explores the system requirements for 
MRgFUS implementation, including transducer design, MRI 
interface, hardware, and software tools (subsection 2.2). 
Finally, a step-by-step breakdown of a typical MRgFUS brain 
ablation treatment workflow is presented, demonstrating how 
these concepts are applied in clinical practice (subsection 2.3).
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Table 1. Overview of single and dual-target MRgFUS ablation strategies, and their associated neurological and psychiatric indications, and 
notable clinical findings, including efficacy, safety, and emerging research insights.

Target(s) Indication Findings References

Ventral 
Intermediate 

Nucleus (Vim)
ET

FDA-approved for ET and TDPD, with postural tremor 
improvement of 73.1% sustained over 5 years. Adverse 
effects, mostly transient, occur in 20–30% of cases. 

Elias et al., 2016 [10],  
Fishman et al., 2018 [12]
Cosgrove et al., 2023 [17]

Vim (bilateral) ET

Approved second-side at least 9 months after treating the 
first side. The mean tremor/motor function scores improved 
by 66% at 3 months and persisted during follow-up. AE at 
6 months included paresthesia (16%), dysarthria (14%), 
ataxia (14%), and dysgeusia (6%).

Kaplitt et al., 2024 [20]

Vim TDPD
Tremor in the on-medication state improved by 62% at 3 
months. Most AE (71%) were transient. Two serious AE 
included one temporary ataxia and one hemiparesis.

Bond et al., 2016 [11],
Bond et al., 2017 [59]

Globus Pallidus 
Internus (GPi) PD

FDA-approved for PD, with a trial showing about 70% of 
patients (n=69) having improved symptoms. AEs were mild 
to moderate and included dysarthria, gait disturbance, and 
loss of taste in two patients each and visual disturbance and 
facial weakness in one patient.

Eisenberg et al., 2021 [26], 
Krishna et al., 2023 [27]

Pallidothalamic 
Tract (PTT) PD

The PTT is explored unilaterally and bilaterally for PD 
(n=56), showing improvements of 84% for tremor, 70% for 
rigidity, and 73% for distal hypobradykinesia. The main AE 
included dysarthria in six patients. 

Magara et al., 2014 [28], 
Gallay et al., 2019 [29], 
Gallay et al., 2020 [30]

Cerebellothalamic 
Tract (CTT) ET

Promising results (n=21) unilaterally and bilaterally, with 
40-92% improvement at different tremor function 
subscores. AE included gait instability in 5 patients.

Gallay et al., 2016 [24]

Subthalamic 
Nucleus (STN) PD

Explored unilaterally and bilaterally with 30-60% 
improvement in tremor, bradykinesia, and rigidity. AE 
included dysarthria, gait disturbance, facial asymmetry, and 
paresthesia, all mild.

Rodriguez-Rojas et al., 2020 [32],
Armengou-Garcia et al., 2024 [33],

Martinez-Fernandez et al., 2024 [34]
Rodriguez-Rojas et al., 2024 [35]
Campins-Romeu et al., 2024 [36]

Anterior Limb of 
the Internal 

Capsule (ALIC)
OCD, MDD 30-60% symptom reduction in patients with OCD and 

MDD.

Davidson et al., 2020 [49], 
Chang et al., 2021 [50], 

Germann et al., 2021 [51], 
Hamani et al., 2024 [52]

Hippocampus Epilepsy

A case report of sonications for mesial temporal lobe 
epilepsy showed a patient almost seizure-free at 12 months 
postoperatively, although no lesion was observed on a 1-
month follow-up MRI.

Monteith et al., 2016 [43]
Abe et al., 2020 [44], 

Hypothalamic 
hamartomas (HH)

Benign 
tumors

Case reports and trials have shown significant to complete 
resolution of Gelastic seizures and improvement of other 
symptoms in adolescents and young adults. 

Yamaguchi et al., 2020 [45],
Tierney et al.,  2022 [46],
Ricciardi et al., 2025 [47]

Central Lateral 
Nucleus of the 
Thalamus (CL)

Neuropathic 
Pain

Explored for chronic and therapy-resistant neuropathic 
pain, lesioning unilaterally and bilaterally, this target results 
in ≥50% pain reduction in 51% of patients (n=63). One 
patient developed a somatosensory deficit in the trigeminal 
area.

Jeanmonod et al., 2012 [39]
Gallay et al., 2023 [40]

GPi (bilateral) Status 
Dystonicus

Simultaneous bilateral GPi lesioning led to a significant 
reduction in dystonic spasms in two patients. AEs included 
facial palsy due to perilesional edema formation.

Levi et al., 2024 [48]

Vim + PTT PD

Stepwise dual-lesion targeting of Vim and PTT showed 72-
83% suppression of resting/postural/kinetic tremors and 
rigidity. AE included transient headache, pain, and 
dizziness. 

Chen et al., 2023 [37], 
Chen et al., 2024 [38]

Vim + PSA ET

Following Vim lesioning, on average, an additional 34% 
improvement in spiral rating was observed after targeting 
the PSA. Long-term AEs included gait disturbance in 35% 
of the cases.

Jameel et al., 2022 [21], 
Kyle et al., 2024 [22] 
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2.1 MRgFUS Physics

FUS uses sound waves, typically in the range of 220-710 kHz, 
for human brain applications. Ultrasound waves propagate 
through biological tissues, creating a sequence of 
compressional and rarefactional phases that shape their 
interactions with surrounding media [60]. During the 
compressional phase, ultrasound waves displace tissue 
particles and fluid molecules, creating an elastic restoring 
force as the tissue and fluids return to their original 
configurations in the rarefaction phase. This propagation 
produces an acoustic radiation force, with part of the 
ultrasound energy stored in tissue as elastic deformation and 
part dissipated as heat due to viscous frictional forces [61,62]. 
As ultrasound waves propagate through biological tissues, 
they encounter changes in acoustic impedance - for example, 
at boundaries between different tissue types (e.g., skin, bone, 
calcifications, brain). These impedance discontinuities result 
in the transmission, reflection, and refraction of parts of the 
ultrasound wave. The scattered waves can be reabsorbed by 
tissue or continue scattering, creating additional thermal 
effects over time. As ultrasound propagates in the tissue, the 
intensity I will decay over a distance z following [63]

𝐼(𝑧) = 𝐼(0)𝑒―2(𝛼𝑠+𝛼𝑎)𝑧 (1)

where I(0) is the initial intensity at z=0, 𝛼𝑠 and 𝛼𝑎 are the 
scattering and absorption amplitude attenuation coefficients, 
respectively. The attenuation is frequency-dependent, with 
higher frequencies causing greater energy loss. A good 
approximation for the frequency dependence of the sum of 
scattering and absorption coefficients amplitude attenuation α 
is given by [63]

𝛼 = 𝛼0𝑓𝑛 (2)

where 𝛼0 is the attenuation factor, f is the ultrasound 
frequency, and n is the power law exponent for the attenuation 
coefficient. Typical n values for skull bone are from 0.9 to 2.1, 
and for adult brain 1.1 [63]. 

A trade-off in frequency selection must be carefully 
managed to optimize targeting accuracy while ensuring 
sufficient energy delivery through the skull. In the context of 
FUS, spatial resolution refers to the size of the focal spot, 
which directly relates to wavelength and f-number (ratio 
between focal length and transducer aperture). Therefore, the 
frequency cannot be inadvertently lowered to allow better 
skull transmission, as the focus size will also increase with the 
wavelength λ (λ =c/f, where c is the speed of sound). 
Typically, 220 kHz is utilized for MRgFUS BBB opening 
[64–66] and neuromodulation [57] protocols, and 650 kHz is 
utilized for transcranial MRgFUS thermal ablation and, 
although less commonly, also for neuromodulation in the 

context of ET [67]. The focus size for a concave transducer 
can be estimated by [63]

𝐿𝑎𝑡𝑒𝑟𝑎𝑙 𝑠𝑖𝑧𝑒 ≈ 1.22𝜆 𝐹𝑜𝑐𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ
𝑇𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑒𝑟 𝐴𝑝𝑒𝑟𝑡𝑢𝑟𝑒 (3)

𝐿𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 𝑠𝑖𝑧𝑒 ≈ 1.22𝜆 𝐹𝑜𝑐𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ
𝑇𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑒𝑟 𝐴𝑝𝑒𝑟𝑡𝑢𝑟𝑒

2
(4)

As explored in several studies, the skull density ratio (SDR) 
represents a crucial metric in MRgFUS. This parameter 
quantifies the ratio of cancellous to cortical bone densities, 
serving as a predictive factor for the attenuation of ultrasound 
energy during transcranial FUS procedures [68]. Unlike 
compact cortical bone, cancellous bone is composed of a 
honeycomb-like structure filled with fat and bone marrow, 
forming a high-attenuation medium for ultrasound. The 
skull’s attenuation varies based on SDR [68], with low SDRs 
(<0.4) indicating a larger trabecular (less dense) bone presence 
and thicker skulls causing greater scattering and absorption 
[69]. In addition, some studies have suggested incorporating 
the information on the skewness measures of the asymmetry 
of the SDR distribution [70] and SDR kurtosis [71], indicating 
that the tail weight can enhance the predictability of 
ultrasound energy transmission through the skull.  

As ultrasound propagates through the skull, a portion of its 
energy is lost in transit, diminishing the thermal effect on the 
targeted brain tissue. In addition to energy loss affecting target 
efficiency, a significant portion of ultrasound energy is 
absorbed by the skull, leading to potential skull heating 
[72,73]. To mitigate this, MRgFUS systems employ active 
cooling mechanisms, such as circulating degassed water 
around the transducer and patient's head, real-time MR 
thermometry to monitor and regulate temperature elevation, 
and “cooling” period between energy delivery, to ensure non-
targeted tissues return to body temperature and do not 
accumulate heat. The use of long sonication durations can 
partially compensate for this energy loss to achieve the desired 
thermal dose, measured in cumulative equivalent minutes at 
43°C (CEM43), necessary for tissue ablation [74–77]. The 
CEM43 is defined as [78,79]

𝐶𝐸𝑀43 = ∫𝑡
0 𝑅(43―𝑇)𝑑𝑡, 𝑅 = 0.25,  𝑇 ≤ 43°𝐶

0.50,  𝑇 > 43°𝐶 (5)

where T is the applied temperature over a time t. However, 
high-intensity ultrasound can alter the skull’s acoustic 
properties, which may affect transmission efficiency over time 
due to skull changes [72,73]. 
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Once passed the skull, the brain tissue partially absorbs the 
ultrasound energy, where the energy is converted to heat. The 
temperature in the brain can be estimated using Pennes’ 
bioheat transfer equation for perfused tissues [80–82]

𝜌𝑏𝑟𝐶𝑏𝑟
∂𝑇(𝒓,𝑡)

∂𝑡
= 𝑘𝑡∇2𝑇(𝒓,𝑡) +𝑉𝜌𝑏𝐶𝑏(𝑇𝑏 ― 𝑇(𝒓,𝑡)) +𝑄(𝒓,𝑡)

    (6)

where 𝜌𝑏𝑟 is the brain tissue density, 𝐶𝑏𝑟 is the specific heat 
of brain tissue, T is the brain temperature at a spatial 
coordinate r and time t, 𝑘𝑏𝑟 is the brain tissue thermal 
conductivity. The perfusion coefficients 𝑉,𝜌𝑏,𝐶𝑏,𝑇𝑏 are, 
respectively, the perfusion rate per unit volume of brain tissue, 
the blood density, the blood-specific heat, and the blood 
temperature. Finally, 𝑄(𝒓,𝑡) = 2𝛼𝐼 is the volume rate of heat 
deposition.

MRgFUS ablation integrates MR imaging to guide and 
monitor the treatment. Real-time MR thermometry is central 
to this process, offering temperature updates every 3 seconds 
to ensure precise thermal control. This process ensures that 

only the targeted tissue within the brain reaches therapeutic 
temperatures while the surrounding tissue remains unaffected 
[83,84]. Proton resonance frequency (PRF) shift is the primary 
MR thermometry method due to its fast acquisition and 
sensitivity. Temperature increase induces changes in the 
shielding constant and magnetic susceptibility of the tissue, 
causing phase changes in MR images and temperature changes 
ΔT that can be estimated as follows [85]

𝛥𝑇 =  𝜙(𝑇) 𝜙(𝑇0)
𝛾𝛼𝐵0𝑇𝐸  (7)

where ϕ(T) is the current phase image, 𝜙(𝑇0) is the baseline 
phase image, γ is the gyromagnetic ratio, α is the temperature-
sensitive coefficient, 𝐵0 is the main magnetic field, and TE is 
the echo time. 

Head motion leads to phase errors in the PRF temperature 
calculation, given that a pixel-by-pixel phase subtraction 
measurement is performed relative to a baseline acquisition. 
Therefore, head stability using a headframe and imaging 
confirmation prior to sonication is not only important to avoid 
off-target sonications but also critical to avoid MR 

Figure 1. Normalized frequency-dependent trade-offs for two ultrasound transducers centered at 220 kHz and 670 kHz. 
Parameters include skull transmission efficiency, cavitation risk (mechanical index), heat conversion (absorption), and 
focus quality. Focus quality, derived from the combined lateral and longitudinal beam dimensions, is modeled with 
Gaussian profiles centered at the respective transducer frequencies, peaking at 1 and decreasing to 50% at the bandwidth 
edges. The plots highlight the relationship between frequency, focus sharpness, and acoustic properties, illustrating the 
balance between skull penetration, heating efficiency, cavitation safety, and beam focusing. This analysis provides insights 
into the optimization of transducer frequencies for targeted ultrasound applications.
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thermometry errors. MRgFUS systems employ movement-
detection algorithms that verify the patient's position before 
each sonication [86]. In addition, real-time anatomical images 
are continuously acquired concurrently with MR thermometry 
during sonications, providing visual feedback to the physician.  
These imaging safeguards ensure that the focal point remains 
aligned and the MR thermometry remains reliable throughout 
the procedure.

The formation of bubbles in tissue during the rarefaction 
phase, also known as cavitation, can lead to uncontrolled 
mechanical stress and tissue damage if not carefully managed. 
MRgFUS systems include a closed-loop control feature to 
monitor for cavitation and prevent unintended effects. 
Acoustic signals emitted from tissue are analyzed in real-time 
with passive acoustic detectors, and if a certain threshold is 
surpassed, the system can adjust the ultrasound intensity (e.g., 
by reducing the energy delivery) or halt the treatment. In 
addition, the user can increase the driving frequency to reduce 
the mechanical index MI, therefore, the likelihood of inducing 
cavitation. MI is defined as

𝑀𝐼 =
𝑃𝑁𝑃

𝑓 (8)

where PNP is the peak-negative-pressure in MPa and f is the 
driving frequency in MHz. Figure 1 illustrates the trade-offs 
associated with frequency-dependent parameters for two 
ultrasound transducers centered at 220 and 670 kHz. The 
normalized parameters, including skull penetration, cavitation 
risk (mechanical index), heat conversion (absorption), and 
focus quality, show the relationship among these factors with 
frequency. The focus size, calculated as a function of 
transducer f-number [63], is also shown, demonstrating how 
beam width varies with frequency. This analysis provides a 
general guide on the optimal frequencies for balancing 
penetration, cavitation risk, heating efficiency, and focus 
sharpness for each transducer. For accurate estimations, 
comprehensive simulations incorporating specific tissue 
properties and multi-physics considerations are required.

Figure 2. Schematic representation of the Insightec Exablate Neuro MRgFUS system hardware, illustrating the distribution 
of components across the MRI equipment room, operator’s room, and MRI room. The equipment room (on the left) houses 
the equipment cabinet and cooling system responsible for power management and thermal regulation. The workstation 
console is positioned alongside the MRI workstation in the operator’s room (top right), allowing clinicians to control and 
monitor treatments. The Front End Unit (FE) and helmet transducer system are located in the MRI room (bottom right). 
The helmet transducer, mounted on the MRI table, consists of a half-hemisphere phased-array transducer with 1024 
independently controlled elements, enabling precise beam focusing through phase adjustments. During treatment, the MRI 
table moves into the bore, and real-time MR thermometry and thermal dose estimations guide safe and controlled ablation.

Equipment Room Operator’s Room

MR Room

MRI Scanner

MRI WS

Insightec WS

Equipment 
rack

Cooling
cabinet

Front-end unit

Transducer 
Helmet Head-frame

Coupling membrane
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2.2 MRgFUS Hardware Overview

The MRgFUS systems comprise a FUS transducer, 
cavitation control system, water system, MRI interface 
system, and operation system. (Figure 2). The FUS transducer 
consists of a half-hemisphere phased-array transducer helmet 
with multiple independently controlled elements, allowing for 
phase adjustments of each element to correct for skull 
refraction and focus the energy on the brain. The transducer is 
mounted to the MRI table and includes a fixation system for 
head stabilization and a mechanical positioning system that 
enables transducer movement. The cavitation control system 
includes detectors integrated into the transducer, enabling 
real-time cavitation signal acquisition and monitoring during 
treatment. The passive acoustic detectors capture signals from 
bubble activity and mechanical interactions between the 
ultrasound waves and tissue [87] and use a closed-loop 
modulation to lower power delivery automatically when 
cavitation is detected. A water system circulates, degasses, 
and cools water to ensure acoustic coupling between the 
transducer and the patient’s head and skull heat dissipation. 
The MRI interface system is designed to run the synchronized 
MRI scans required for the treatment (e.g., real-time MR 
thermometry and anatomy images) and collect, analyze, and 
present the imaging information. It works with various MRI 
scanner vendors, accommodating different magnet types (e.g., 
1.5 or 3T) and software configurations. The system operation 
includes the algorithms used for accurate focusing, thermal 
dose calculations, and treatment monitoring. It also serves as 
a user interface, enabling the treating team to define the 
treatment target and parameters. More details on commercial 
systems can be found at [88].

2.3 Typical MRgFUS Brain Treatment Workflow

The thermal ablation treatment workflow involves several key 
stages in MRgFUS brain procedures, as illustrated in Figure 
3. First, patients are screened based on the treatment eligibility 
criteria (such as MR screening, SDR levels (Figure 3a), and 
medical history). Those who qualify need to undergo 
preparation, such as head shave (to avoid energy absorption or 
reflection) and head fixation (to avoid movements during the 
procedure). The treatment begins with fixating the patient’s 
head inside the transducer helmet (Figure 2) using a 
headframe and a membrane to hold water as the propagation 
medium for ultrasound. Once inside the MRI, the treatment 
planning begins with acquisitions of MR planning and 
movement detection baseline scans co-registered with the 
patient’s CT, where acoustic properties are obtained (Figure 
3b,c) [89,90]. The treating physician defines the target 
location to be treated with different targeting methods (Figure 
3d) [91,92]. Indirect targeting registers a stereotactic brain 
atlas to the patient’s brain MRI, while direct targeting methods 

attempt to either visualize the target on the patient’s MRI or 
use anatomic landmarks to generate image-based coordinates 
for the target. Non-pass regions (NPRs) are marked at regions 
where ultrasound is poorly transmitted, such as calcifications 
in the brain (Figure 3d), sinuses, air gaps between the 
transducer and the patient's head, membrane folds, as well as 
at foreign bodies, and craniotomies (Figure 3e). This step 
ensures that transducer elements over these areas are 
suppressed, preventing unwanted ultrasound scattering.

The treatment itself is conducted in three distinct sonication 
stages to ensure precision and patient safety. The first stage, 
known as the "Align" stage, raises the target temperature to 
40-45°C. This initial stage does not produce tremor relief or 
side effects. Instead, it confirms the spot shape and alignment 
with the intended target. If needed, spot adjustments can be 
applied for target refinement. Once the spot location is 
confirmed, the treatment moves to the "Verify" stage, where 
temperatures are increased to 46–50°C. At this point, the 
patient may begin to experience tremor relief. If any side 
effects occur or tremor relief is insufficient, the physician can 
adjust the target location to optimize outcomes. Multiple 
"Verify" sonications may be performed at this temperature 
range, as effects remain transient. Once the target is 
confirmed, the physician proceeds to the "Treat" stage, where 
temperatures are elevated to 54°C or higher, leading to cell 
death via coagulative necrosis and sustained therapeutic 
effects. Temperature monitoring tracks the thermal dose in 
CEM43, which generates thermal maps and dose estimates 
(Figure 3f-h). Throughout the treatment, movement detection 
scans confirm the patient’s position before each sonication, 
and real-time MRI provides continuous anatomical imaging 
(Figure 3d). The treatment workflow also includes passive 
cavitation detection (Figure 3i) to identify any cavitation 
events that might occur, allowing for closed-loop power 
adjustments to maintain a controlled thermal ablation regime. 
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Figure 3. (Top) Thermal ablation treatment workflow. The process of MRgFUS treatment includes: patient fixation with 
a headframe and water coupling on the MRI table, acquisition of MRI planning scans (T1, T2, FIESTA) and baseline 
movement scans, co-registration of preoperative CT (mandatory) and preoperative MRI (optional) with planning images, 
marking of NPR (membrane folds, calcifications, sinuses, skull abnormalities), and targeting. The sonications are 
performed incrementally, starting with low- (40–45°C) and mid-temperature (46–50°C) sonications with patient feedback 
guiding adjustments. Following that lesional sonications (≥54°C) are performed and lesions are confirmed with 
intraoperative MRI. After treatment completion, water is drained, the patient is removed from the table and the the 
headframe removed from the patient’s head. (Bottom) The figure illustrates the process of MRgFUS treatment, beginning 
with a) patient screening including Skull Density Ratio (SDR) to determine eligibility for therapy. b) Patient fixation with 
a headframe and water fill. This picture shows the patient’s CT merged with MRI acquired during planning, highlighting 
active (green) and inactive (red) transducer elements, guided by non-passing regions (NPRs) and incidence angles. Water 
is used as a coupling medium between the transducer helmet and the patient’s head. c) Reference planning and movement 
detection scans. The movement detection scans are later repeated prior to each sonication to confirm patient stability, while 
real-time MRI provides continuous anatomical imaging during treatment. The treatment planning involves marking NPRs 
on d) calcifications in the brain and e) membrane folds to disable transducer elements over these areas and prevent 
ultrasound scattering. f) Real-time thermal maps and g) thermal dose estimates are derated from h) MR thermometry. i) 
Passive cavitation detection identifies potential cavitation events, enabling closed-loop power adjustments to maintain a 
controlled thermal ablation regime.  
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3. Industry Landscape

According to the State of the Field Report 2024 by the 
Focused Ultrasound Foundation, reporting data from 2023, 
105 FUS companies and 1203 treatment sites were globally, 
representing only 10% of the projected market size [93]. The 
market was valued US$ 223.5 million in 2024 with an 
expected compound annual growth rate of 10.1%, reaching a 
valuation of US$ 585.7 million by 2034 [94]. Recently, 
noteworthy investments from the pharmaceutical sector, 
particularly aimed at advancing FUS in new therapies have 
been observed. Examples of companies receiving significant 
investments include Insightec (Tirat Carmel, Israel), which 
secured $150 million from Fidelity Management & Research 
Company, Nexus Neurotech Ventures, and Ally Bridge Group 
[95]. In addition, Histosonics (Plymouth, MN, USA) reported 
$105 million received from Alpha Wave Ventures, Amzak 
Health, and HealthQuest Capital [96], and CarThera secured 
€42 million in funding in 2023 from VC, Unorthodox 
Ventures, Supernova Invest, Saint-Genys and Bouscas Med 
[97]. While precise figures are elusive, the combined data 
suggests a prosperous investment landscape in FUS research 
and development, marked by increased venture capital 
funding and strategic partnerships, indicating a financially 
robust environment for the development of FUS technology. 
Concurrently, the current landscape of FUS technology and 
applications reflects a dynamic and rapidly evolving field 
marked by significant growth in device adoption, with over 
22,000 MRgFUS treatments performed worldwide and many 
new indications explored in clinical trials, as the Focused 
Ultrasound Foundation reported. Particularly noteworthy is 
the emphasis on neurological applications, exemplified by the 
exploration of FUS for treating conditions such as ET, 
Alzheimer's disease, PD, brain tumors, and other different 
types of neurological disorders. 

3.1 Industry Ecosystem and Regulatory Landscape

In 2022, the average cost to develop a therapeutic complex 
medical device in the U.S. was $54 million, increasing to $522 
million when accounting for failed studies and the cost of 
capital [98]. The development and approval of MRgFUS is a 
multifaceted process, requiring close collaboration between 
industry, regulatory agencies, and academia to ensure both 
safety and efficacy before reaching widespread clinical use. 
Industry investment drives the execution of clinical trials in 
compliance with regulatory requirements to enable regulatory 
approvals to bring the product to market. Academic 
institutions contribute by conducting early-stage and pre-
clinical research, identifying new clinical applications, and 
validating treatment outcomes and product efficacy 
independently. Government and private-sector funding further 

accelerate clinical translation, expanding MRgFUS 
implementation by health care providers.

As a Class III medical device, MRgFUS is subject to the 
Premarket Approval (PMA) process [99], the FDA's most 
stringent regulatory pathway, due to its high-risk nature, 
particularly in neurosurgical applications where precise 
energy delivery is critical to prevent complications. The 
regulatory pathway begins with bench testing, preclinical 
studies, and clinical trials, generating the necessary safety and 
efficacy data. The IDE (Investigational Device Exemption) 
process [100] allows manufacturers to conduct these trials 
under FDA oversight before submitting a comprehensive 
PMA application, which includes technical specifications, 
clinical data, and risk assessments. If prior regulatory 
precedent is unavailable, collaboration with regulatory 
agencies becomes essential to define evaluation criteria and 
safety standards. After approval, post-market surveillance is 
required, including continued long-term follow-up on patients 
from the clinical trials and collection of AE from commercial 
treatments. PMA Supplements and Amendments [101] allow 
manufacturers to introduce improvements, expand 
indications, and refine treatment protocols without requiring a 
full resubmission (but may require additional clinical trials). 
Proactive engagement with key opinion leaders and academic 
stakeholders can help refine treatment protocols, thus 
reducing trial inefficiencies and accelerating data collection.

The clinical trial NCT01827904, which supported 
InSightec's Exablate Neuro system PMA approval (P150038) 
for unilateral thalamotomy in ET took more than 3 years from 
the clinical trial start (05/2013) to PMA approval (07/2016), 
followed by 36 PMA supplements (last approved in 10/2024) 
to include post-market surveillance, hardware improvements, 
and expansion to new indications, highlighting the complexity 
of bringing new neurosurgical devices to market. Typical 
turnover times for supplement approval by the FDA were less 
than 30 days for Process Change (Manufacturer/ Sterilizer/ 
Packager/ Supplier), up to 272 days for Change (Design/ 
Components/ Specifications/ Material), and up to 284 days for 
labeling change. FDA indication expansions included 
unilateral thalamotomy treatment of TDPD (targeting the 
Vim, clinical trial: NCT01772693, PMA: P150038/S006, 
2018), unilateral pallidotomy treatment of PD (targeting the 
GPi, clinical trial: NCT03319485, PMA: P150038/S014, 
2021) [26,27], and bilateral thalamotomy treatment of ET 
(targeting the Vim, clinical trial: NCT04112381, PMA: 
P150038/S022, 2022) [20]. Other notable changes included 
hardware and software modifications for compatibility with 
additional MRI vendors GE, Siemens, and Philips (PMA: 
P150038/S036, 2024), and changes to the prescribers' labeling 
to include the 5-year follow-up post-approval study results 
indicating long-term durability of the treatment clinical trial 
(NCT01827904, PMA: P150038/S015, 2023) [17]. More 
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details on the PMA and supplements are available at 
https://www.accessdata.fda.gov/. 

Following regulatory approval and compliance, the 
successful commercialization of MRgFUS relies on market 
adoption, which can occur with proper collaboration between 
industry, academic, regulatory, and governmental bodies. For 
example, to help the medical community adopt this new 
technology, academia should publish data to show the benefits 
of the technology over alternative solutions and provide a 
comprehensive review of its safety and efficacy. In addition, 
reimbursement is a key factor in patient-wide technology 
adoption, and the technology should show a good cost-benefit 
ratio. Controlled clinical trials comparing MRgFUS with 
established clinical solutions might be required. By 
integrating proactive industry engagement with academia and 
medical institutes (e.g., through scientific conventions and 
medical advisory boards), stakeholders can expand indications 
and drive faster, safer, and more efficient adoption of 
MRgFUS technology in clinical practice.

4. Clinical and Technological Challenges

Despite its numerous advantages, FUS technology encounters 
several limitations in precisely targeting brain regions. One 
significant challenge arises from the heterogeneous skull's 
attenuation and distortion of ultrasound waves, leading to 
reduced energy delivery and suboptimal focusing [60]. 
Current commercial clinical treatment planning based on skull 
data obtained from CT imaging is sensitive to the scan 
parameters (such as the CT vendor and the filter used) and the 
registration accuracy between the CT and MR images. Small 
inconsistencies or inaccuracies may deteriorate focusing 
quality. Robust algorithms are required to retain skull data and 
perform accurate registrations to ensure high focusing quality. 
While pseudo-CT offers a promising alternative to CT-based 
skull correction [102,103], it is not immune to vendor and 
sequence dependencies. Standardization efforts and cross-
vendor validation will be crucial for clinical adoption. 
Alternatively, new studies are exploring the use of ultrasound-
based measurements to directly derate attenuation by scalp 
and acoustic coupling and compensate for these effects prior 
to performing treatment [104].

The transcranial MRgFUS system uses an array of 
transducer elements to generate FUS beams. The algorithm 
calculates the optimal parameters of the ultrasound waves for 
each transducer element (i.e., phase and amplitude) to 
generate constructive interference at the target and destructive 
interference elsewhere, creating a small, high-intensity focal 
point [105,106]. In some cases, the focusing is less efficient 
due to the skull characteristics and may result in 
inhomogeneous, tilted, or elongated thermal heating. 
Designing optimal parameters for each transducer element 
may help assure the generation of uniform heating, enabling 

the high accuracy required for brain procedures. In some 
cases, conformal shaping of the heating may be required based 
on morphological contours or anatomical structures, which 
could perhaps be achieved by optimizing transducer detectors 
[107]. 

Skull characteristics are also crucial in their correlation 
with the acoustic energy required to achieve a temperature 
increase. This measure provides insights into the efficiency of 
ultrasound transmission through the skull, ultimately leading 
to different treatment strategies for optimum results [108–
113]. Although SDR is currently considered the best 
predictive variable for temperature in the target (and therefore 
plays a role in patient selection), it is imperative to consider 
other skull parameters, such as skull thickness, incidence 
angles, and skull shape, as they also influence ultrasound 
propagation and treatment outcomes. Skull shape and 
incidence angle variations impact the spatial distribution and 
focal intensity of ultrasound energy within the brain. 
Moreover, skull thickness can alter the degree of skull heating 
and energy deposition, necessitating precise treatment 
planning and optimization to ensure safe and effective 
therapy. 

For ET thalamotomy, studies and comprehensive safety 
analysis show it as an acceptable approach to medically 
refractory patients with ET, with most AEs rated as mild or 
moderate in severity and transient [12]. However, 
neurological deficits, such as gait disturbances, ataxia, 
weakness, speech or language disturbances, may arise from 
damage to critical structures surrounding the Vim. The Vim is 
a specific region within the thalamus associated with motor 
control, particularly in conditions like ET and TDPD. 
Referring to the homunculus map, which illustrates the 
somatotopic organization of motor and sensory functions in 
the brain, the Vim is situated adjacent to regions representing 
the hand, arm, legs, and face. Therefore, structures such as the 
internal capsule, which contains motor fibers projecting to and 
from the hand, arm, and face regions, must be carefully 
monitored to prevent damage that could lead to motor deficits. 
Additionally, the surrounding white matter tracts, including 
the corticospinal tract, should be avoided to minimize the risk 
of sensory disturbances. Accurate targeting is critical in 
MRgFUS procedures to mitigate potential AE and optimize 
treatment outcomes. A diverse array of targeting techniques is 
under investigation, ranging from atlas-based targeting to 
direct targeting and diffusion tensor imaging tractography 
[114–121]. This multiplicity highlights the nuanced nature of 
MRgFUS applications, suggesting that the optimal targeting 
approach may vary depending on the specific clinical context. 

In addition, real-time imaging monitoring of temperature 
changes and head movements is essential for ensuring the 
safety and efficacy of MRgFUS therapy while preserving 
neighboring neurological functions. Real-time monitoring 
enables clinicians to dynamically assess the effects of 
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ultrasound energy delivery on target tissues and surrounding 
structures, allowing for adjustments to treatment parameters 
to optimize therapeutic outcomes and minimize AE. MRI 
thermometry enables the identification of the heating location 
and shape in real-time. Currently, thermometry is limited to a 
single orientation, with a temporal resolution of about 3 
seconds. Volumetric thermometry could help in understanding 
the 3-dimensional shape of the heating, assuring it is confined 
to the targeted region and has adequate safety margins from 
sensitive areas. However, volumetric MR thermometry faces 
increased temporal constraints due to the need for acquiring 
multiple imaging planes (acquisitions spaced more than 3 
seconds apart), depending on the number of slices, spatial 
resolution, and MR sequence optimizations. Parallel imaging 
and model-based reconstruction techniques may improve 
speed. Advancements in image quality can also help, such as 
improving the signal-to-noise ratio (e.g., development of 
improved head MRI coils) or reducing the noise and artifacts 
that FUS may induce.

Advanced imaging modalities, such as MRI or ultrasound, 
coupled with real-time feedback systems, can provide 
invaluable insights into tissue temperature changes, cavitation 
dynamics, and acoustic energy distribution during treatment. 
This enables clinicians to precisely control and tailor the 
therapy in response to dynamic tissue responses. Additionally, 
improved treatment planning tools are essential for developing 
patient-specific treatment strategies that account for 
anatomical variations and treatment goals. Sophisticated 
treatment planning software incorporating patient imaging 
data, computational modeling algorithms, and predictive 
analytics can facilitate the optimization of treatment 
parameters, dosage, and spatial targeting, thereby maximizing 
treatment efficacy while minimizing the risk of collateral 
tissue damage [122]. 

The cavitation detection mechanism helps maintain 
ablation treatments within a thermal regime. However, 
cavitation signals may also originate from outside the brain, 
for example, within the coupling water between the transducer 
and the patient’s head. Typically, cavitation in the water does 
not represent a risk to the patient, but unnecessary power 
reduction may hinder the continuation of treatment. Precise 
cavitation localization can help to reduce potential false 
detection (cavitation not in the brain) by accurately identifying 
the source and location of cavitation during procedures.

Finally, vertigo and nausea sometimes experienced during 
MRgFUS could be partially attributed to the direct effects of 
either ultrasound vibrations [123–125] and/or magnetic field 
[126,127] on otolithic receptors that are structures associated 
with balance. Some patients report the sensation of turning 
backward, indicating the stimulation of structures within the 
vestibular system [128]. The phenomenon is thought to 
involve the cerebellothalamic and vestibulothalamic 
pathways, particularly when higher sonication power and 

more inferior targets are used. These findings are consistent 
with previous reports in DBS research, where stimulation of 
similar thalamic and vestibulothalamic pathways also 
produced vestibular illusions [129]. In addition, FUS can 
generate heat in the scalp and other tissues through the 
absorption of ultrasound energy, activating sensory nerves, 
including branches of the trigeminal nerve responsible for 
transmitting sensory information from the face and scalp to the 
brain. These sensations are more likely to occur when higher 
energy levels are required to reach adequate temperatures. 
Patient cooperation is crucial for a successful treatment. In 
more challenging scenarios, it is ultimately the patient's choice 
to continue with the treatment since sedation is not advised as 
tremor assessment is highly affected by anesthesia. Further 
research integrating neuroimaging, physiological 
measurements, and patient-reported outcomes is needed to 
understand the underlying mechanisms better and optimize 
treatment protocols for patient comfort.

Overcoming these technical challenges can help advance 
FUS technology. First, there is a need to accelerate MRgFUS 
treatment times to improve patient comfort and enhance 
clinical workflow. Shaveless treatment options would also 
increase patient convenience. Moreover, frameless treatments 
using acoustic feedback for registration could potentially offer 
a promising route to simplify setup and reduce the burden on 
patients. Achieving full-brain coverage, particularly in deep or 
sensitive areas, also presents a hurdle in thermal ablation 
applications. To expand treatment capabilities, bubble-
enhanced therapies and histotripsy can be explored for their 
potential to safely target regions beyond thermal ablation, 
offering controlled mechanical disruption for a wider array of 
brain targets. Addressing these challenges through ongoing 
innovation and collaboration will be critical to enhancing FUS 
treatment safety, effectiveness, and accessibility.

5. Opportunities

5.1 Artificial Intelligence 
Big tech companies are collectively investing staggering sums 
into artificial intelligence (AI) development. According to 
recent estimates by Goldman Sachs, the top players, including 
Microsoft, Alphabet (Google), Meta, and Amazon, are 
projected to spend over $1 trillion on AI over the next five 
years [130]. Similarly, the healthcare industry is increasingly 
adopting AI in predictive analytics and patient care. AI holds 
immense promise in FUS therapy, especially when big data 
plays a role. More than 22,000 MRgFUS procedures have 
been done globally. AI can help enhance targeting accuracy, 
treatment planning prediction, and real-time monitoring by 
utilizing the technical data from these treatments. By 
integrating machine learning techniques with anatomical 
atlases and patient-specific MRI and CT, AI can assist 
clinicians in delineating optimal treatment targets while 
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avoiding adjacent sensitive areas, thereby improving targeting 
accuracy and reducing the risk of unintended damage. 
Moreover, AI-driven algorithms can help predict optimal 
treatment parameters for accurate temperature response or 
develop measures for predicting patient suitability for 
treatment. Such measures could utilize multiple characteristics 
of the skull, brain, and etiology, resulting in higher sensitivity 
and specificity than the current SDR parameter for patient 
screening. In addition, more robust AI-driven measures could 
potentially be less sensitive to factors such as the CT vendor 
and filter or even rely solely on MRI data. Furthermore, during 
FUS therapy, AI-powered monitoring tools could analyze 
real-time feedback data and automatically adjust treatment 
parameters in response to thermal dose, providing on-the-fly 
treatment optimization and enhanced treatment safety and 
efficacy. 

5.2 From portable systems to ultra-high field MRI
The potential advantages of portable MRI [131] over regular 
MRI for facilitating FUS procedures and treatment monitoring 
are significant and address several critical challenges 
conventional MRI systems face. Recent advancements in AI-
powered image reconstruction have also enabled the 
development of cost-effective low-field MRI systems, such as 
0.55T scanners, which deliver performance comparable to 
1.5T or 3T systems. Integrating a portable MRI with a FUS 
device could offer flexibility and accessibility, allowing 
clinicians to perform treatments in remote healthcare 
facilities. This approach could eliminate the need for patient 
transportation to centralized imaging centers, reducing 
logistical challenges, improving accessibility for elderly or 
critically ill patients, and streamlining workflows for 
MRgFUS procedures. The compact size and mobility of 
portable MRI units make them well-suited for use in settings 
with limited space or infrastructure, such as rural clinics, field 
hospitals, and low-resource areas in developing countries 
[132–134]. These low-field MRIs provide a viable and 
affordable platform for integrating FUS systems, making the 
technology more accessible while addressing scheduling 
constraints and limited access to conventional MRI facilities. 
This innovation can potentially drive the global expansion of 
MRgFUS and improve access to care in underserved regions.

On the other side, high-field MRI, such as 7T systems, 
offers enhanced anatomical and functional imaging 
capabilities that could improve MRgFUS by providing finer 
detail in targeting and monitoring, especially in areas with 
small or complex brain structures, as suggested by recent 
advances in high-field MRI research [135]. Ultra-high field 
MRI (UHF MRI), such as 11.7T scanners [136], offers an 
opportunity to advance MRgFUS research by deepening our 
understanding of brain mechanisms and diseases. With its 
superior spatial resolution and sensitivity, UHF MRI can 
reveal intricate brain structures and microvascular details, 

aiding in understanding the cellular and circuit-level effects of 
FUS and potentially identifying biomarkers for treatment 
efficacy and safety. While current costs remain prohibitive for 
widespread clinical adoption, UHF MRI could serve in 
research settings, pushing the field forward and enabling 
advances in low-field MRI. 

5.3 Emerging FUS Systems: Portable, Implantable, 
and Conformal Arrays
Portable FUS systems can integrate optical tracking to co-
register MRI with CT scans, providing offline guidance for 
ultrasound beam targeting [137–139] with several advantages 
in convenience and affordability. Reduced precision 
compared to MRgFUS is a limiting factor that poses 
challenges for procedures requiring highly accurate targeting, 
such as thermal ablation. However, portable FUS systems can 
be well-suited for applications like neuromodulation and BBB 
disruption, where target precision requirements are less 
stringent, particularly for larger brain volumes in 
neurogenerative diseases and brain tumors. 

Similarly, implantable solutions provide distinct 
advantages over MRgFUS, especially for repeated and diffuse 
BBB opening, which can facilitate drug delivery in conditions 
such as glioblastoma [140]. Because the ultrasound transducer 
is implanted within the skull, skull distortion and energy 
absorption issues are minimized, leading to a more efficient 
and consistent BBB opening. Though, this invasive approach 
carries an increased risk of complications associated with 
craniotomy and less flexibility in target adjustments, such as 
in portable FUS or MRgFUS. 

In addition, skull-conformal phased arrays represent an 
innovative approach to transcranial FUS therapy [141]. These 
arrays are designed using patient-specific CT and MRI data to 
create a customized helmet-like structure that optimally 
positions reusable transducer modules. This technique aims to 
enhance treatment efficiency and patient comfort, particularly 
for applications such as BBB opening and neuromodulation, 
where precise yet flexible targeting is beneficial.

Finally, integrating scalp-mounted sensors into the 10–20 
EEG system enables simultaneous recording of acoustic 
emissions and EEG during transcranial FUS. This solution 
may provide spatially consistent monitoring of ultrasound 
bioeffects and neural activity to enhance treatment guidance 
for neuromodulation, BBB opening, and epilepsy therapy 
[142].

These FUS innovations present promising and cost-
effective alternatives for a variety of brain indications. While 
they may not match the precision and real-time monitoring 
capabilities of MRgFUS, their affordability, accessibility, and 
flexibility make them valuable tools for neuromodulation and 
BBB disruption.

Page 12 of 21AUTHOR SUBMITTED MANUSCRIPT - JNE-108396.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



J. Neural Eng. XX (XXXX) XXXXXX HAS Kamimura & A Sokolov 

5.4 Portable accessories for patient evaluation 
Inertial sensors, such as gyroscopes and accelerometers, 
integrated into devices like smartwatches and wristbands have 
been studied for assessing tremor. Post-procedure patient 
monitoring using these devices in daily activities can also 
overcome the examination bias and help collect data from 
thousands of patients, which could be used to understand 
additional factors for treatment success and generate data 
registries for the long-term durability of the treatment. These 
devices measure tremor frequency, amplitude, and patterns, 
providing real-time data [143,144] with automatic 
quantification of tremor severity. If integrated inside the MRI 
during the treatment, these tools may provide physicians with 
standardized and continuous feedback on treatment efficacy, 
reducing the subjective tremor evaluation between 
sonications. In addition, if monitored during sonications, they 
can serve as real-time feedback, which the system can 
automatically use to optimize its parameters for efficiency, in 
addition to safety measurements such as temperature and 
cavitation.   

5.5 Advanced imaging
MR spectroscopy (MRS) of the brain [145] has the potential 
to significantly enhance real-time monitoring and assessment 
during FUS therapy, particularly in detecting lesion formation. 
MRS in stroke research has enabled the examination of the 
dynamic metabolism within brain cells during cerebral 
ischemia [146]. However, in clinical settings, MRS scans 
often take several minutes to acquire spectra from a single 
region of interest. Conversely, advancements in MRI 
hardware, pulse sequence design, and AI-based data 
processing techniques have enabled faster spectroscopy 
acquisitions in research settings [147]. With hardware and 
processing advancements, MRS could potentially assess the 
presence or absence of a lesion formation in a single location 
within a short timeframe. By focusing on specific metabolites 
or markers associated with lesion formation, it may be 
possible to rapidly assess whether a lesion has formed in a 
particular region of interest. This approach requires careful 
consideration of factors like signal-to-noise ratio and spectral 
interpretation to ensure accuracy and reliability, especially 
since the coupling water used with the FUS transducer has a 
high proton density that may produce strong MR signals, 
potentially saturating the signals of interest. Although 
technical limitations currently restrict this idea, the prospect 
of employing it could potentially replace MR thermometry as 
an index for lesion development or allow a two-channel 
closed-loop control for lesion confirmation in parallel with 
MR thermometry.

Another potential idea involving cavitation mapping with 
MRI was recently described in a proof-of-concept study using 
phantoms [148]. By synchronizing FUS pulses with an 

accelerated Half-Fourier Acquisition Single Shot Turbo Spin-
Echo (HASTE) sequence, the researchers achieved a 1-Hz 
refresh rate, allowing a precise mapping of cavitation on MR 
images. The technique relies on the principle that the 
proportion of gas-filled space in a region exposed to FUS 
alters the magnetic susceptibility of the surrounding area, 
which affects MR signal intensity. Essentially, as the bubbles 
grow larger with higher pressure, the MR signal drops due to 
these susceptibility effects. This idea is particularly valuable 
because cavitation control is important for the efficacy and 
safety of several FUS-based therapies.

In addition, innovations in real-time imaging techniques, 
such as functional magnetic resonance imaging (fMRI), 
present a promising avenue for enhancing the precision and 
efficacy of FUS procedures. Drawing from studies based on 
real-time fMRI to guide the placement of DBS electrodes 
[149] and laser interstitial thermal therapy (LITT) [150], FUS 
procedures could also benefit from real-time fMRI guidance. 
Similarly, functional ultrasound imaging (fUS) offers real-
time visualization of cerebral blood flow dynamics and 
functional connectivity patterns within the brain [151–153]. 
By integrating real-time fMRI and/or fUS feedback with FUS 
procedures, clinicians could potentially optimize targeting 
accuracy, tailor treatment parameters based on dynamic neural 
responses, and ensure the safe and effective delivery of FUS 
therapy for various neurological conditions, for example, 
during FUS neuromodulation or targeting verification stage 
prior to MRgFUS ablation. 

Finally, combining EEG, fMRI, and ultrasonic 
neuromodulation opens new avenues for localizing epileptic 
foci within an MRI environment [4]. This multimodal 
approach enables real-time monitoring and precise targeting 
within the brain, potentially allowing clinicians to identify 
seizure-prone regions more effectively and tailor 
interventions. 

5.6 Ultrasound neuromodulation
Ultrasound neuromodulation is a technique that uses FUS 
waves to non-invasively modulate neuronal activity in 
targeted nerve and brain regions [4,154,155]. It is 
hypothesized to work through either a mechanical mechanism, 
where acoustic pressure waves alter ion channel states and 
thus membrane potentials [156,157], or a thermal mechanism, 
where minimal temperature changes affect cellular behavior 
[82,158,159]. Another hypothesis suggests that ultrasound 
may directly activate ion channels and synaptic transmission 
by promoting neurotransmitter release [160]. Clinically, 
ultrasound neuromodulation has been shown to create 
transient tremor relief in ET treatments [67] and holds promise 
for treating a range of neurological disorders, such as PD 
[161], epilepsy [162], chronic pain [163], major depressive 
disorder [164,165], and substance use disorder [57] given its 
ability to selectively stimulate [166–168] or inhibit neuronal 
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activity [169] with high spatial precision. However, a major 
barrier to its clinical and commercial application is the limited 
understanding of its long-term results. Additionally, achieving 
consistent and controlled outcomes in patients, especially 
regarding dosage and targeting, remains challenging, and 
further research is essential to address these uncertainties and 
translate ultrasound neuromodulation into routine therapeutic 
practice.

5.7 BBB Disruption
FUS has also been demonstrated to open the BBB temporarily, 
thereby facilitating the delivery of therapeutic agents to the 
brain. By utilizing targeted sound waves, FUS can induce 
microbubble cavitation and acoustic streaming, which 
temporarily disrupt the BBB structure, allowing drugs to pass 
through. This approach offers several advantages, including 
its minimal invasiveness, targeted nature, and transient 
effects, minimizing risks and unwanted substance entry into 
the brain. Studies have demonstrated improved targeting via 
neuronavigation [137,138,170,171], real-time safety 
monitoring [87,172], advancements in cavitation control 
[173], advancements in microbubble design [174], and 
applications in targeted drug delivery [175,176].  Recent 
studies have shown feasibility with promising safety results in 
patients with Alzheimer's disease [66,177]. FUS-BBB 
opening enabled targeted delivery of anti-amyloid antibody 
aducanumab, reducing cerebral amyloid-beta (Aβ) load in a 
specific brain side. Additionally, systematic reviews of 
clinical trials highlight ongoing efforts to optimize MRgFUS 
for brain tumor therapy through BBB permeability 
enhancement and targeted drug delivery strategies [178]. 
However, challenges such as optimizing FUS parameters, the 
impact the procedure on large brain volumes, and 
understanding long-term effects remain. 

Furthermore, FUS with BBB disruption offers a promising 
approach for both therapeutic and diagnostic applications in 
brain tumors. Therapeutically, FUS can deliver medications 
directly to the tumor site. Studies have shown the potential of 
FUS to deliver chemotherapeutics, gene therapies, and 
nanoparticles directly to brain tumors, potentially improving 
treatment efficacy and reducing systemic AE [64]. 
Diagnostically, FUS-mediated BBB disruption can facilitate 
liquid biopsy by allowing tumor-derived biomarkers, such as 
circulating tumor DNA (ctDNA) or proteins, to enter the 
bloodstream [179–183]. These biomarkers can then be 
detected in a simple blood draw, providing valuable 
information about the tumor's biology and potentially enabling 
earlier diagnosis, treatment monitoring, and personalized 
medicine approaches.

5.8 Sonodynamic Therapy (SDT)

SDT presents a novel approach to treating brain tumors, 
leveraging the principles of sonosensitization and FUS 
technology [184]. In this therapeutic strategy, a 
sonosensitizer, potentially delivered via minimally invasive 
methods such as convection-enhanced delivery or 
intratumoral injection, is targeted directly to the tumor cells 
within the brain [185]. Once the sonosensitizer reaches the 
tumor, low-intensity ultrasound waves are directed at the 
targeted brain tumor. Upon exposure to ultrasound, the 
sonosensitizer activates within the tumor cells, generating 
reactive oxygen species that induce cellular damage and 
subsequent cell death. This approach offers several potential 
advantages for brain tumor treatment, including its minimally 
invasive nature, targeted therapy that minimizes damage to 
healthy brain tissue, and the possibility of transiently 
disrupting the BBB to enhance therapeutic agent penetration. 
However, challenges such as the specificity of sonosensitizers, 
and treatment optimization remain areas of active research. 
Despite these challenges, SDT shows promise as a 
complementary or synergistic treatment modality for brain 
tumors, with ongoing efforts focused on refining protocols, 
improving sonosensitizers, and validating safety and efficacy 
through further research.

6. Closing remarks

As highlighted by recent studies, the field of FUS for 
movement disorders is gaining traction, though challenges 
remain in both treatment efficacy and awareness of broader 
applications beyond tremor control. MRgFUS has proven the 
ability to target the Vim in the thalamus and provide 
significant symptom relief. However, while Vim targeting is 
well-established for tremor, broader applications for 
addressing other Parkinsonian symptoms via GPi, PTT, and 
STN targeting face limited regulatory approval in different 
regions of the globe.

Advanced therapies like BBB modulation via FUS also 
hold promise for managing neurodegenerative indications, 
such as Alzheimer’s and Parkinson's, and neurooncology 
indications, such as glioblastomas, potentially allowing for 
targeted drug delivery. There are many additional fields of 
interest, such as liquid biopsies to monitor glioma biomarkers. 
Collectively, these innovations reflect a growing interest in 
expanding FUS’s therapeutic applications and aligning the 
technique with personalized medicine approaches. 

The evolving landscape of FUS therapy presents both 
challenges and opportunities. Future directions for FUS in 
movement disorders include integrating AI and wearable 
technologies to enhance symptom monitoring, refine 
treatment planning, and increase precision in real-time 
assessments during treatment. Advancements such as AI 
could also be used for targeting, and sophisticated imaging 
techniques offer promising avenues to address skull 
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attenuation and targeting challenges. Additionally, integrating 
novel technologies like drug design and theranostic agents 
combined with FUS-induced BBB opening and SDT signals a 
shift towards personalized medicine, expanding clinical 
indications. Collaboration among industry, academia, 
healthcare providers, and regulators is important for utilizing 
these opportunities. Collaborative efforts can drive 
advancements that may redefine medical imaging and therapy, 
accelerate innovation, ensure regulatory compliance, and 
deliver transformative solutions to meet the evolving needs of 
patients worldwide.
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