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Introduction

Magnetic resonance‑guided focused ultrasound  (MRgFUS) 
is a noninvasive treatment modality that uses high‑intensity 
ultrasonic waves to ablate targeted tissue within the body.[1] 
As a noninvasive modality, it may lead to quicker recovery, 
lower infection risks, and overall, to a superior life quality 
compared to standard surgical approaches.[2] Magnetic 
resonance imaging (MRI) guidance is deemed crucial for the 
success of FUS ablation since it provides real‑time magnetic 
resonance (MR) thermometry feedback, thereby allowing for 
the intraprocedural assessment of the therapeutic outcome and 
adjustment of the sonication protocol as necessary.[1] There are 
currently two commercial MRgFUS systems for treating body 
targets, both employing the phased array ultrasonic technology; 
the first one is the ExAblate 2000/2100 system owned by 
Insightec (InSightec Inc., Haifa, Israel)[3] and the second one 

is the Sonalleve system from Profound Medical  (Profound 
Medical Corp., Mississauga, ON, Canada).[4] Both systems 
have been approved by the US Food and Drug Administration 
for the treatment of uterine fibroids and pain palliation of bone 
metastases. They can be integrated into the table of 1.5 and 3 T 
MRI scanners for a bottom‑to‑top ultrasonic delivery in 
prone‑positioned patients.

An efficient treatment workflow is critical to the success of 
MRgFUS procedures since it ensures that patients receive the 
highest quality of care while minimizing discomfort and risk. 
It also contributes to efficient time management by optimizing 
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the use of resources  (equipment, staff, etc.), potentially 
improving patient throughput.[5,6] The workflow steps depend 
on and should be adjusted according to the specifications and 
unique features of each MRgFUS system. As an example, 
the ExAblate system performs point‑by‑point sonications 
leaving a cooling period between them, whereas a volumetric 
ablation technique based on a circular sonication pattern 
progressing from the inside toward the outside is employed 
by the Sonalleve system.[7] Accordingly, the ablation approach 
differentiates the treatment planning and delivery process and 
also affects other factors of the workflow, such as the treatment 
time. In this regard, each system has accompanying software 
platforms designed for its specific functionalities.[7‑9] However, 
in a general overview, the basic steps employed in the treatment 
workflow of external MRgFUS body systems are similar.

Before the actual treatment session, the patient’s medical 
history should be assessed and preliminary computed 
tomography (CT)/MRI scans may be acquired to determine the 
suitability and therapeutic strategy to be followed, as well as 
to outline a draft treatment plan.[5] On the day of treatment, the 
first step in the MRgFUS workflow is patient preparation, with 
skin preparation (e.g., complete removal of hair and air bubbles 
intervening in the beam path) being crucial for achieving 
efficient ultrasonic transmission and avoiding skin burns.

The second step in the process is treatment planning, which 
involves acquiring pretherapy planning images to determine 
the targeted tissue and optimal treatment parameters.[5,10,11] 
At this step, prior planning data may be incorporated into 
pretherapy images. The treatment protocol is adjusted as 
required to minimize the risk of adverse events and ensure the 
best possible outcome for patients. Following segmentation 
of the regions of interest  (ROIs), treatment volumes are 
distributed throughout the delineated area for ablation 
accounting for any sensitive structures that may interfere 
with the ultrasound beam and cause adverse effects.[5,10,11] 
The physician typically uses advanced treatment planning 
software to map out the treatment path by overlaying 
a three‑dimensional  (3D) map of the treatment area on 
anatomical images.

Before treatment delivery, the transducer is aligned with the 
target and low‑power (nonablative) sonications are performed 
for focal spot verification.[6] The treatment is normally 
performed under conscious sedation or general anesthesia, 
depending on the patient’s condition and preferences,[6] with the 
patient lying on the MRI table, typically in the prone position. 
Continuous monitoring, including monitoring of the patient’s 
vital signs and MR thermometry monitoring of the temperature 
evolution, is required to guarantee effectiveness and safety,[5,6] 
also by enabling interim modifications of the plan. Thermal 
dose calculation may be employed complementary to 
temperature measurements to determine coagulative necrosis 
of the targeted tissue and ensure that the surrounding healthy 
tissue is spared. Following treatment delivery, MRI is employed 
for assessing the treatment outcomes. Contrast agents are 

typically administered to identify the coagulated region, which 
is characterized as the nonperfused volume (NPV).[5,6,12]

Anneveldt et  al.[13] conducted a retrospective analysis and 
discussed the strategies, challenges, and outcomes encountered 
during the implementation of MRgFUS as a noninvasive 
treatment option for uterine fibroids. The study covers practical 
aspects of this indication, from the patient selection step to the 
posttreatment follow‑up. Clinical outcomes, such as reduction 
in fibroid volume and relief of symptoms in the treated patients, 
are also examined. The study further underlines that the success 
of the procedure highly relies on a productive collaboration 
between medical specialists. In this context, Payne et al.[6] have 
recently published an informative guide for medical physicists 
regarding proper utilization of MRgFUS body systems based 
on the specifications of the Exablate system. Their study covers 
important technical considerations, safety measures, and 
quality assurance protocols aiming to ensure successful and 
effective implementation of this technology in clinical practice.

Meng et  al.[10] outline the technical considerations of 
transcranial MRgFUS while presenting a range of neurological 
disorders where MRgFUS has shown promising results. 
A  comprehensive overview of the technical principles and 
clinical workflow of transcranial MRgFUS is provided. 
Authors not only outline the different stages involved in the 
process but also discuss specific patient selection criteria and 
common ultrasonic and MRI monitoring protocols employed in 
the treatment depending on the specific neurological indication. 
Follow‑up MRI techniques for assessing tissue response 
and safety measures, such as cooling techniques to prevent 
off‑target heating, are also discussed. The importance of having 
a multidisciplinary team approach involving radiologists, 
neurologists, and neurosurgeons to ensure safe and effective 
implementation of the procedure is emphasized as well.[10]

There have been proposed numerous algorithms aiming 
to advance and optimize different aspects of the MRgFUS 
treatment workflow, ultimately improving the safety, efficacy, 
and outcome of the procedure. For instance, there are 
algorithms dedicated to precise segmentation and sonication 
path planning for full coverage of the ROIs.[11,14] In this context, 
the impact of different ROI coverage algorithms on critical 
factors of the MRgFUS workflow, such as time management 
and near‑field heating, has been examined.[15,16] Other proposed 
algorithms aim to address the challenge of treating moving 
abdominal organs.[17,18] Indicatively, Schwenke et al.[18] have 
proposed a software tool that combines patient‑specific 
simulation models of respiratory motion and motion tracking 
techniques to predict and compensate for organ motion 
intraprocedurally. Another noteworthy study by Zhang et al.[19] 
concerns the development of a flexible software architecture 
that can be used across different MRgFUS and MRI systems 
to guide the operator through the entire process, from the 
planning of treatment volumes to MRI‑guided therapy under 
regular motion monitoring, and posttreatment assessment 
of NPVs. Interestingly, treatment execution is a three‑phase 
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process involving the delivery of low and medium energy to, 
respectively, calibrate the beam position and dose, followed by 
sequential sonications using ablative energy levels.[19]

Although numerous studies offer insights into the MRgFUS 
workflow for treating specific indications by sharing clinical 
experiences, only a few have comprehensively outlined every 
step in the process to address practical considerations and 
provide specific guidelines on the proper clinical utilization 
of MRgFUS body systems by end users; albeit only based on 
the specific features of well‑established commercial systems. 
Therefore, researchers in the preclinical field need more 
dedicated studies to openly exchange insights and experiences 
in a combined effort to address current limitations and 
challenges in implementing robotic‑assisted FUS procedures 
under MRI guidance safely and effectively. This, in turn, 
can accelerate the adoption of this emerging technology in 
the treatment of a wider range of medical conditions and 
the clinical translation of newly developed systems and 
applications. The development of advanced MRgFUS software 
tools undeniably constitutes an integral part of this process.

The current study aimed to contribute to this effort by 
establishing a detailed workflow for preclinical MRgFUS 
studies through a series of ablation experiments in excised 
porcine tissue using a customized MRgFUS robotic device and 
accompanying software. The employed system[20] comprises 
a single‑element spherically focused transducer of 2.6 MHz 
that can be moved along four PC‑controlled axes (X, Y, Z, Θ). 
The study provides a comprehensive description of essential 
software functionalities and its integration with a 3T Siemens 
MRI scanner through the Access‑I software, which allows for 
remote control of the scanner and direct storage and processing 
of MR images. Overall, an overview of the principles and 
workflow of a robotic MRgFUS body system is provided to 
the reader, which may serve as a baseline for other researchers 
in the preclinical field.

Materials and Methods

The present study was carried out in excised porcine tissue. 
No human or animal participants were involved. Therefore, no 
informed consent or ethical approval was necessary.

Key features of the magnetic resonance‑guided focused 
ultrasound system
The device employed in the study consists of a mechanism 
enclosure hosting all the mechatronic components and a 
water enclosure, wherein a single‑element spherically  –
focused ultrasonic transducer is actuated.[20] The positioning 
mechanism was designed with three linear and one angular 
piezoelectrically actuated degrees of freedom for steering the 
FUS beam into the subject. The water container includes a 
rectangular acoustic opening above the transducer’s working 
space that is sealed with a coupling membrane, upon which 
the tissue of interest is placed. Degassed water is used as the 
coupling medium.

The system was designed to meet the specific requirements and 
challenges associated with robotic operation in an MRI setting. 
The robotic device was manufactured with MR‑compatible 
materials having dimensions compatible with the bore size 
of conventional MRI scanners. A  custom‑made electronic 
driving system is externally wired to the device enabling 
the initiation and control of robotic movements through 
electronic signals. During motion, optical encoders  (US 
Digital Corporation, Vancouver, WA 98684, USA) provide 
motion feedback to ensure accurate positioning of the 
ultrasonic source relevant to the target. The FUS system is 
supplied by an RF amplifier (AG1016, AG Series Amplifier, 
T and C Power Conversion, Inc., Rochester, USA) that is also 
located in the operator’s room. Electronic signals are transferred 
by shielded cables passing through a penetration hole with 
integrated waveguides on the wall that separates the two 
rooms. Furthermore, the signals undergo filtering to ensure that 
interference frequencies are not transmitted into the MRI suite. 
The system further includes a water circulation system with 
integrated vacuum degassing pumps (DP‑521, Baoding Shenchen 
Precision pump Co., Ltd, Baoding, China) and an MR‑compatible 
camera (12M, MRC Systems GmbH, Heidelberg, Germany) for 
the direct visualization of acute tissue effects. Remote control 
of both the MRI and MRgFUS systems is available through 
advanced dedicated software with treatment planning and 
monitoring features. The diagram of Figure 1 illustrates the 
communication between the MRgFUS and MRI systems.

The robotic system has undergone extensive evaluation in 
prior preclinical studies utilizing tissue‑mimicking phantoms 
and animal tissue and has been validated for the accuracy and 
repeatability of motion, MRI compatibility, and beam targeting 
accuracy.[21‑23]

Magnetic resonance‑guided focused ultrasound software
Main functionalities
The software’s main programming language is C# (Microsoft 
Corporation, Washington, USA), whereas Python 
scripts  (Python Software Foundation, Delaware, USA) 
were also incorporated to enhance its capabilities in parallel 
processing. It was built on the Windows Presentation 
Foundation platform, which allowed creating an advanced 
user‑friendly graphical user interface  (GUI), offering swift 
execution of commands and adaptability for future additions.

The software acts as the central control hub, facilitating 
communication, and synchronization among the different 
system components. Figure 2a shows a schematic diagram of 
the software connection with the various peripheral devices. 
Figure 2b is a screenshot of the main software window that 
includes the treatment planning window and main toolbar 
(left side) with the various other functionality GUI buttons 
available. The software interfaces with the MRI system through 
Access‑I for directly transferring imaging data and retrieving 
Digital Imaging and Communications in Medicine (DICOM) 
images from the scanner for both treatment planning and 
monitoring purposes.
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Treatment planning is performed on preoperative DICOM 
images, where the ablation pattern is determined by the user 
using one of the three manual design options available in the 
drawing tool panel:  (1) distribution of random sonication 

points, (2) selection of a rectangular area and specific motion 
resolution  (grid sonication pattern), or  (3) semiautomatic 
selection of a nonuniform area (irregular sonication pattern). 
In the latter case, the sonication pathway for full coverage of 

Figure 1: Wiring diagram indicating the connection among components of the magnetic resonance imaging and magnetic resonance‑guided focused 
ultrasound systems. MRI: Magnetic resonance imaging

Figure 2: (a) Schematic diagram of software connection and communication with peripheral devices. (b) Screenshot of the initial main software window 
with the treatment planning window and the various functionality graphical user interface buttons: (1) Drawing tool panel, (2) Sorting type menu, (3) 
Amplifier setup menu, (4) Manual motion control, (5) “Homing” process, (6) Layer creation, (7) Access‑I control, (8) Thermometry monitoring, (9) 
Pump activation, and (10) camera monitoring. MRI: Magnetic resonance imaging, MR: Magnetic resonance

b

a
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the segmented region is automatically generated by a dedicated 
algorithm utilizing a zigzag pattern.[14] Otherwise, the user can 
select the desired sorting type among sequential, spiral, or 
zigzag, determining the order in which the various sonication 
points will be visited (sorting type menu). The extracted motion 
commands are then sent by the software to the motors through 
a Universal Serial Bus (USB) port to dynamically adjust the 
ultrasonic beam according to the planned sonication protocol. 
There is also a GUI panel dedicated to controlling the power 
output of the amplifier  (amplifier setup menu), which also 
connects with the software through USB interfaces.

Moreover, communication with an external water degassing 
system was successfully attained, enabling control of water 
inlet and circulation within the water container of the robotic 
device to ensure degassing of the water surrounding the 
transducer. In addition, the same system ensures transducer 
cooling and cooling of the skin surface in future clinical 
use  (pump activation). Real‑time visual inspection of the 
in‑bore procedure is available on the software utilizing the 
MRI‑compatible camera (camera monitoring).

Access‑I
A major functionality added to the software is the Access‑I 
that enables remote control of MAGNETOM MRI scanners 
manufactured by Siemens Healthineers (Erlangen, Germany). 
Specifically, the MRgFUS software was interfaced with a 3T 
Magnetom Vida scanner to establish a complete and efficient 
workflow. The Access‑I software package was initially 
installed on the relevant scanner, acting as a middleware layer 
facilitating the communication between the scanner and the 
MRgFUS software. The existing software was then adapted by 
incorporating two Access‑I functionalities utilizing dedicated 
software development kits provided by Siemens and according 
to the specific guidelines provided in the Access‑I Developer 
Guide document.

The first functionality establishes a passive connection with 
the Access‑I server of the scanner based on a Python script 
that allows for real‑time image storage and processing. The 
second functionality establishes an interactive connection with 
the scanner enabling remote overall control and triggering of 
the MRI system. This interactive functionality can be simply 
activated by double‑clicking on the “Access‑I” button on the 
toolbar of the main window [Figure 2]. The relevant panel 
includes the three main subpanels as shown in Figure 3. The 
user should initially request access to the Access‑I functionality 
and then control the MRI scanner. Note that planning of 
imaging sequences was not employed under this functionality. 
The sequences are planned as normally on the MRI console 
and collected in a list at the “available programs” subpanel, 
provided that they were previously made available to the 
software by attaching the Access‑I Dot‑AddIn within the Dot 
Cockpit interface of the scanner. The sequences of interest 
are then moved by the user to the “templates in the queue” 
subpanel. The ones to be executed are finally transferred to 
the “executed templates” subpanel, from which they can be 

manually started. Furthermore, the user can select from this list 
the desired sequence to be used for thermometry by clicking the 
“use for thermometry” button [Figure 3] and then initiate online 
thermometry through the relevant thermometry monitoring 
panel of the main window toolbar [Figure 2].

As a result, the software allows interactive remote control 
of the MRI scanner and access to imaging data. The scanner 
can be remotely triggered to initiate imaging, whereas the 
acquired images are directly transferred to and processed by 
the software in near real time for monitoring purposes. The 
user can terminate a sequence at any time if necessary.

Magnetic resonance thermometry and thermal dose 
calculation
The real‑time acquisition and transfer of MR images through 
Access‑I allowed the integration of MR thermometry tools 
in the software. The main treatment planning software runs 
in parallel to a separate MR thermometry script written in 
Python for dynamically generating and displaying temperature 
and thermal dose maps during the execution of the planned 
sonication protocol.

During ultrasonic heating, the software determines the 
temperature changes within the ROI by employing the proton 
resonance frequency  (PRF) shift method.[24] This method 
involves comparing the phase between an initial baseline image 
acquired at a reference temperature (φ0) and subsequent images 
taken at different time points intra‑ and postprocedurally (φ). 
These phase changes arise from the temperature‑dependent PRF 
changes in the ROI and can be converted into the respective 
temperature changes (ΔT) by applying the following relation:
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where γ is the gyromagnetic ratio, α is the PRF change 
coefficient, B0is the magnetic field strength (3T), and TE is 
the echo time. The maps are typically constructed using a 
two‑dimensional (2D) fast low‑angle shot (FLASH) sequence.

The thermal dose is used as the main metric for assessing 
whether tissue necrosis has been successfully achieved. 
The software calculates the thermal dose according to the 
method proposed by Sapareto and Dewey using the following 
equation:[25]
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where CEM43°C is the cumulative number of equivalent 
minutes at 43°C, T is the average temperature during the 
elapsed time Δt, and R is the temperature‑dependent rate of cell 
death (a constant of 0.25 is used for temperatures smaller than 
43°C and 0.5 for temperatures higher than 43°C). In general, a 
thermal dose equal to 240 CEM43°C is considered sufficient 
for achieving coagulative necrosis of tissue  (i.e.,  the tissue 
needs to be exposed to a cumulative equivalent of 240 min 
at 43°C).[26,27]
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The treatment monitoring tools are available in the thermometry 
monitoring panel  [Figure  2], which is divided into several 
subpanels enabling the user to set essential parameters 
required for MR thermometry  (e.g.,  number of reference 
images, T tolerance, and thermal dose threshold) and visualize 
dynamic temperature maps, thermal dose maps, necrosis 
maps, and time‑series temperature data in parallel. The 
estimated temperatures and accumulated thermal dose are 
represented as color‑coded maps, which can be overlaid on 
anatomical images to provide a comprehensive visualization 
of the treatment area. Notably, the thermal dose values are 
expressed in a color‑coded  (blue‑to‑red) logarithmic scale. 
The simulated area of tissue necrosis is also overlaid on the 
corresponding magnitude image of the subject as a red region. 
Quantitative information on the necrotic region  (i.e.,  the 
extent of necrosis in mm2) is also extracted automatically and 
displayed on the relevant monitoring panel and updated for 
each individual sonication and timepoint during treatment. 
In addition, the software identifies and indicates to the user 
the regions that did not receive ablative thermal dose during 
the initial sonication and should be re‑exposed. This process 
may require adjusting the FUS parameters (e.g., the acoustic 
intensity and duration) to deliver sufficient thermal dose for 
tissue necrosis in the relevant regions.

Treatment workflow
The main steps followed for performing an MRgFUS procedure 
with the proposed preclinical robotic system are summarized 
in the workflow diagram of Figure  4. The first step in the 
MRgFUS workflow concerns the positioning and registration 
of the robot in the MRI coordinates. Localizer images are 
initially acquired to assess successful subject‑transducer 
setup and determine the appropriate FOV for subsequent 
sequences. For instance, air bubbles may be identified in the 
treatment pathway and removed using the degassing pumps, 
thus optimizing the acoustic coupling. Transducer tracking in 
the MRI coordinates and identification of the ROI in relation to 

the transducer home position is simply achieved by acquiring 
parallel slices at the level of the transducer (located at the axes 
origin) and targeted tissue. Fast spin echo (FSE) sequences 

Figure 3: Screenshot of the Access‑I panel with three main subpanels: (1) Available programs, (2) Templates in the queue, and (3) Executed templates

Figure 4: Schematic diagram of the treatment workflow with the proposed 
magnetic resonance‑guided focused ultrasound software. FSE: Fast spin 
echo, FLASH: Fast low angle shot
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are typically employed for this purpose, or the localizer 
images may be used alternatively. Once the user specifies the 
transducer location, a marker appears at its center, which is 
subsequently superimposed onto the DICOM images utilized 
for treatment planning.

The treatment planning process begins with the creation of a 
layer on a specific DICOM image of the subject, which includes 
an overlay of the transducer position and available working 
area, as defined by the motion range limits of the robot. The 
user specifies the Z‑position of this specific layer, which is 
then translated into the corresponding height along the Z‑axis 
of the device so that ultrasonic energy can be delivered to the 
particular layer.

The next planning step involves defining the region for ablation 
and motion parameters (step size and sorting type), followed by 
the automatic prescription of sonication foci to cover the ROI. 
The amplifier parameters (power, frequency, and sonication 
duration) and time delay between successive sonications are 
then defined by the user. Notably, for treatment in a 3D space, 
the planning procedure should be repeated for multiple layers 
at different heights (Z‑axis).

Before initiating sonication, the user should select the desired 
sequence for thermometry from the Access‑I panel and 
initiate the process through the MR thermometry monitoring 
panel. After the acquisition of at least three reference images, 
the sonication protocol can be activated. A  test low‑power 
sonication may be carried out once the transducer is moved 
to the first point of sonication to verify the accurate location 
of the focal point before proceeding to full‑power sonication.

During execution of the planned sonication, a multifold 
monitoring approach is available combining FLASH‑based 
temperature, thermal dose, and necrotic area mapping. The 
latest thermometry data are displayed on‑screen at time 
intervals equal to the image acquisition time of the employed 
MR imaging sequence. The necrosis map is overlaid on 
anatomical images of the ROI revealing potential “viable” 
regions where sonication should be repeated. The software 
returns a true or false value for each sonicated point indicating 
the presence or absence of necrosis, respectively. Thereby, the 
user can repeat unsuccessful sonications following adjustment 
of the sonication protocol if required.

By the end of the sonication, T1‑weighted  (T1‑W) or 
T2‑weighted (T2‑W) FSE imaging is employed for assessing 
the treatment effects, including lesion formation and potential 
off‑target tissue effects.

Magnetic resonance‑guided focused ultrasound ablation 
in ex vivo porcine tissue
The robotic device was placed on the table of the 3T Magnetom 
Vida scanner as shown in Figure 5. A piece of freshly excised 
porcine tissue was securely positioned on the acoustic opening. 
Degassed water was used to completely fill the space between 
the membrane and tissue to allow for efficient ultrasound 
transmission. A  plastic structure was attached on the MRI 

table to support the imaging coil at a small distance above the 
ROI. Notably, isolation of the coil from the sonicated sample 
is considered essential to prevent the transfer of vibrations to 
the coil.[21]

A single‑element spherical focused transducer  (Piezohannas, 
Wuhan, China) with a frequency of 2.6 MHz, diameter of 
50 mm, radius of curvature of 65 mm, and efficiency of 30% 
was employed in all the experiments. The tissue sample was 
sonicated in different grid patterns with varying spatial steps and 
a 60‑s delay between sequential sonications. Each grid spot was 
exposed at an acoustic power of 75–90 W for 20–30 s, with the 
focal depth set at 35 mm. The tissue effects were monitored using 
MR thermometry according to equation[1], where the magnitude 
of α was set at 0.0094 ppm/°C.[28] The temperature and thermal 
dose distribution were mapped on a pixel‑by‑pixel basis by the 
dynamic acquisition of 2D FLASH images with repetition time 
(TR) =25 ms, echo time (TE) =10 ms, flip angle (FA) =30°, 
echo train length (ETL) =1, pixel bandwidth = 250 Hz/pixel, 
field of view (FOV) =280 mm × 280 mm × 3 mm, acquisition 
matrix size = 96 × 96, and acquisition time/slice = 2.4 s, using 
the multichannel Spine 72 RS coil (Siemens). It is important to 
note that before executing each planned sonication protocol, a 
preliminary low‑power sonication was performed to confirm 
precise beam focusing at the desired tissue depth, as well as 
proper communication between the MRI and robotic systems 
and the functioning of all monitoring tools.

Postsonication assessment of lesion formation included 
T2‑W imaging followed by tissue dissection to determine 
the actual size of lesions. T2‑W FSE images were acquired 
with a multichannel body coil  (Body18, Siemens) using 
TR  =  4000 ms, TE  =  52 ms, FA  =  110°, ETL  =  20, pixel 
bandwidth = 250 Hz/pixel, FOV = 245 mm × 261 mm × 3 mm, 
matrix size = 256 × 240, and slice thickness = 3 mm.

Figure 5: The experimental setup for magnetic resonance‑guided focused 
ultrasound ablation of ex vivo porcine tissue in the 3T Siemens magnetic 
resonance imaging scanner
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The efficacy and reliability of the proposed MRI‑based 
monitoring tools were examined by cross‑referencing the data 
extracted by the software with the observed tissue damage in 
postdissection analysis. Similar approaches are adopted in 
both preclinical and clinical settings to assess the effectiveness 
of MRI‑based monitoring methods of FUS‑induced tissue 
effects by comparing the MRI output with the actual degree 
of tissue damage as observed postsonication by histological 
examination.[29‑31]

Results

MRgFUS ablation of ex vivo porcine tissue was successfully 
performed without any identified FUS‑related off‑target effects, 
thus demonstrating an efficient procedural workflow. Indicative 
results of the MRgFUS procedure from treatment planning 
to postsonication assessment are presented in Figures 6–11.

The first example concerns a 6 × 6 rhomboid grid, where each 
spot was exposed at 75 W acoustic power for 30 s, using a 60‑s 
delay between adjacent sonications. The spatial step was set 
at 10 mm in both the X‑ and Y‑axes. Figure 6 is a screenshot 
of the software acquired during the execution of the planned 
sonication. As shown, the software interface allowed the user 
to visualize in real time the temperature, thermal dose, and 
necrosis evolution in the relevant monitoring subpanels. Note 
that the treatment planning window appears at the right side of 
this window showing the planned sonication pattern overlaid 
on the relevant reference image of the tissue.

Figure 7 is a collection of thermal maps acquired during the 
6  ×  6 sonication, providing a visual representation of the 
temperature distribution within the imaged region over time, 
with the color scale ranging from yellow to red representing 
temperatures from the lowest to the highest value. The 
temperature profiles recorded at the various focal spots 
during the sequential sonications are combined in the graph 
of Figure 8, where the various peaks indicate the maximum 

temperature achieved in each sonication spot. The maximum 
recorded temperatures (i.e., at the focal point) varied from a 
minimum value of 67°C to a maximum value of 93°C. This 
graph illustrates the development of ablative temperatures at 
each of the 36 sonicated points. This graph further reveals a 
clear increase in the baseline temperature with time owing to 
heat dissipation from previously sonicated areas.

Figure 9 provides a visual representation of the accuracy and 
effectiveness of the sonication. The planned sonication foci 
can be seen in the software screenshot of Figure 9a. Tissue 
necrosis was successfully monitored interprocedurally by 
dynamic thermal dose and necrotic area mapping, resulting 
in the final maps of Figures 9b and c, respectively, following 
the completion of the sonication. The tissue effects were 
directly examined by T2‑W FSE imaging and then by visual 
examination. An indicative MR image and a photo of the 
sonicated tissue are, respectively, shown in Figure 9d and e. 
Note that the mean lesion diameter as measured on the T2‑W 
image of 6.6 ± 0.8 mm was smaller than the actual lesion size 
of 7.6 ± 0.9 mm measured with a caliper (0.1 mm resolution). 
Note also that the thermal dose and necrosis maps, as well as the 
actual coagulative lesions revealed on tissue dissection, were 
in excellent agreement with the planned sonication pattern. 
All inflicted lesions were located at the desired tissue depth 
of 3.5 cm corresponding to the transducer’s focal depth (as 
defined during the planning process). The average lesion 
diameter extracted from the software based on the simulated 
thermal dose is 7.59 ± 0.57 mm, almost matching the mean 
value estimated by digital caliper measurements [Figure 9e].

The overlapping lesion shown in Figure  10 was created 
by sonication in an irregular pattern  [Figure  10a] using 
similar acoustic power applied for 20 s, a smaller cooling 
time of 60 s, and a smaller spatial step of 3 mm. The T2‑W 
image of the sonicated tissue revealed an oval lesion area of 
13.6 cm2 [Figure 10b] compared to the actual area of 17.5 cm2 

Figure 6: Screenshot of the software with the magnetic resonance thermometry monitoring panel activated, indicating the 4 main subpanels: (1) thermal 
maps, (2) thermal dose maps, (3) a time‑series temperature graph, and (4) thermal necrosis area overlaid on magnitude image
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measured on the tissue slice [Figure 10c]. On the contrary, a 
good match was found between the simulated lesion size, as 
determined by thermal dose accumulation, and the measured 
lesion size (⁓17 cm2).

Finally, Figure  11 presents the results of a test conducted 
to evaluate the software’s capability to accurately identify 
regions where incomplete necrosis occurred. For this purpose, 
the amplifier was intentionally deactivated at two random 
points (No. 6 and No. 10) of a 4 × 4 grid pattern, simulating a 
particular scenario where sonication at these specific points was 
unsuccessful, potentially due to obstacles obstructing the beam 
pathway or an amplifier malfunctioning. In that case, each spot 
was exposed at 90 W acoustic power for 30 s using a step of 
15 mm and leaving a 60‑s delay between them. As shown in 
Figure  11a, the accumulated thermal dose remained below 
the set threshold for necrosis (240 CEM43°C), indicating that 
tissue necrosis was not achieved in these specific regions. The 
software successfully generated the corresponding necrosis 
map as shown in Figure 11b, which coincides perfectly with 
the thermal dose map, indicating the regions of tissue that are 
spared and should be re‑sonicated. Figure 11c shows the list of 
the sonication status returned to the user. Note that the relevant 
points (No. 6 and No. 10) have a “false” status, whereas the 
remaining points are flagged as “true,” proving the software’s 

Figure 7: Coronal thermal maps acquired at the focal spot level using fast low‑angle shot sequence showing the temperature evolution during the 
6 × 6 sonication

Figure 8: Time series plot of the focal temperature evolution during the 
30‑s of sonication and 60‑s time delay at each of the 36 sonicated points
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ability to accurately identify and indicate to the user which 
specific grid points should be revisited.

Discussion

The current study outlines the various steps involved in the 
MRgFUS workflow utilizing a preclinical MRgFUS body 
system and accompanied software. A thorough description 
of essential software features and how these were enhanced 

by incorporating Access‑I functionalities to allow remote 
triggering of Siemens Magnetom scanners and real‑time access 
to imaging data is provided. The effectiveness of the employed 
MRgFUS system is demonstrated by providing indicative 
results of MRgFUS ablations in ex vivo animal tissue. In this 
context, an efficient procedural workflow, from treatment 
planning to intraprocedural MR thermometry‑based monitoring 
and postsonication MRI assessment of acute tissue effects, 
is established. Remarkably, the creation of a comprehensive 
MRgFUS preclinical workflow could serve as the basis for the 
protocol optimization of MRI‑compatible FUS robots.[20,32,33]

In commercially available MRgFUS body systems, electronic 
steering is used to scan the beam throughout the target 
volume and is sometimes performed complementary to 
the mechanical positioning of the source depending on the 
ROI size.[3,4] The application of single‑element ultrasonic 
sources has been so far limited to commercial systems for 
US‑guided interventions,[34,35]  also extending to preclinical 
MRgFUS research. In fact, a wide spectrum of preclinical 
MRI‑compatible FUS systems employing single‑element 
transducers exist in the scientific literature.[20,36‑40] In both 
preclinical and clinical settings, mechanical scanning of 
single‑element FUS sources is a common practice to ablate 
adjacent locations within the target. Consequently, outlining 
the steps of an effective procedural workflow in preclinical 
MRgFUS studies could streamline the evaluation process 
of newly developed systems and emerging applications, 
potentially facilitating their translation into clinical practice 
and the beginning of new eras in clinical MRgFUS practice.

Figure 9: (a) The 6 × 6 sonication pattern as planned on the Digital Imaging and Communications in Medicine image of the sample tissue. (b) Thermal 
dose map after the end of sonication expressed in log scale. The black bar corresponds to a thermal dose of 240 CEM43°C. (c) The necrosis map 
after the end of sonication. (d) Postsonication T2‑weighted Fast Spin Echo coronal image of tissue showing the 36 formed lesions and axial image 
showing the lesions formed in a random grid row. (e) Photo of the tissue following dissection revealing the actual formed lesions
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Figure 10: (a) Irregular sonication pattern (overlapping) as planned on 
the Digital Imaging and Communications in Medicine reference image of 
the porcine tissue sample. (b) Postsonication T2‑weighted Fast Spin Echo 
coronal image of the tissue. (c) Photo of the tissue following dissection 
revealing the actual formed lesion
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The main innovation of the MRgFUS system employed in 
this study lies in its unique design featuring a single‑element 
transducer and a simplified robotic mechanism, which not 
only enhances cost‑effectiveness but also ensures operational 
simplicity. The system’s universal and compact design is 
expected to allow its seamless integration into any conventional 
MRI scanner. In commercial MRgFUS systems, the need to 
control each array element individually results in the need 
for advanced signal processing algorithms,[41] unavoidably 
complicating and prolonging the procedure. Contrarily, the 
proposed system simplifies the overall treatment workflow 
remarkably. Simplifying the workflow of an MRgFUS 
procedure can offer multiple benefits. First, it can lead to 
increased efficiency while also reducing the overall time 
required for the procedure. This not only benefits the patient by 
minimizing their time spent in the scanner but also optimizes 
resource utilization in the MRI setting, potentially lowering the 
treatment costs. A streamlined process can also enhance safety 
by minimizing the potential for errors and complications. In 
addition, a simplified medical device with a well‑established 
operation workflow will require less specialized training, 
thereby being accessible to a broader range of medical 
professionals. It may also facilitate the wider adoption of the 
technology by medical facilities since it will be easier to be 
integrated into their existing clinical workflow.

Various MRgFUS protocols were planned and executed 
by the employed MRgFUS system with high precision and 
accuracy. Successful communication between the MRgFUS 
and MRI systems was established through dedicated Access‑I 
functionalities, enabling the software to directly retrieve 
DICOM images of the porcine tissue sample and remotely 
trigger the MRI for the acquisition and display of MR images in 
actual time. MR thermometry monitoring of tissue ablation was 
successfully performed with a quite fast pulse sequence. The 
monitoring panel allowed the user to monitor the FUS‑induced 
tissue effects through a dynamic display of temperature maps, 
thermal dose maps, and the simulated necrotic region overlaid 
on magnitude images of the subject [Figure 6]. The software 
was also proven efficient in determining whether tissue 
necrosis was successfully achieved and indicating to the user 
the specific grid points that should be re‑sonicated [Figure 11].

The positioning mechanism precisely navigated the ultrasonic 
beam aligning it with the desired treatment locations 
within the porcine tissue sample. The selected ultrasonic 
parameters resulted in tissue necrosis (accumulated thermal 
dose  >240  CEM43°C), also confirming that an efficient 
coupling with the target was achieved. In general, it was 
previously demonstrated that maintaining tissue temperature 
above 55°C for 1 s or longer causes instantaneous tissue 
death by thermal coagulation.[42] In the case of the 6 × 6 grid 
where the various sonication points were exposed at a focal 
intensity of about 17440 W/cm2 for 30 s, the recorded focal 
temperatures reached 67–93°C, depending on the specific tissue 
characteristics (e.g., the presence of fat and inhomogeneities) 
and prefocal heat accumulation. The thermal dose distribution 
and simulated necrotic regions were highly consistent with the 
intended sonication pattern [Figure 9].

Postsonication T2‑W images showed a decrease in the signal 
intensity of the treated points, which served as an additional 
indication of successful sonication. The pattern of inflicted 
lesions as visualized on the T2‑W images agreed well with 
the planned sonication pattern, thermal dose distribution, and 
simulated regions of necrosis [Figure 9]. Being in agreement 
with prior literature, the present findings reveal that MRI 
imaging may underestimate the size of FUS lesions,[43] 
potentially owning to limitations in spatial resolution or 
inability to precisely delineate the lesion borders. Consequently, 
it is crucial for researchers to consider increasing the imaging 
resolution or possibly using other pulse sequences to ensure 
an accurate assessment of the extent of tissue necrosis 
following MRgFUS procedures. Notably, T1‑W imaging may 
be preferable for lesion assessment in live tissue owing to the 
utilization of contrast agents. In general, high‑resolution FSE 
imaging of the formed lesions is not considered the method 
of choice for determining the lesion size, but it can though 
provide valuable information on successful ablation and lesion 
formation.

Finally, a visual examination of the sonicated tissue confirmed 
that the formed lesions were precisely inflicted in tissue in 
the desired arrangement [Figure 9]. The agreement between 
planned and delivered sonications, as well as between 

Figure 11: Example of unsuccessful sonication: (a) The thermal dose map after a 4 × 4 grid sonication where the amplifier was deactivated at points 
No. 6 and No. 10. The black bar corresponds to a thermal dose of 240 CEM43℃. (b) The corresponding necrosis map; the necrotic regions appear in 
red and planned sonication points in blue. (c) The sonication status list returned to the user indicating the two points that were not successfully sonicated

cba
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MR‑based thermal dose mapping and postsonication caliper 
measurements in terms of the lesions’ depth, size, and spacing, 
constitutes sufficient evidence of the accuracy of ultrasonic 
delivery, reliability of the treatment monitoring algorithms, 
and robust interoperability between hardware and software. 
Note that the slight deviation in diameter among lesions is 
reasonable and anticipated due to the inhomogeneities of 
porcine tissue. Remarkably, none of the assessment methods 
revealed FUS‑related off‑target effects.

In this study, a cooling time of 60 s between consecutive 
sonications was considered sufficient to mitigate prefocal 
heating phenomena.[16] However, the time‑series plot of 
recorded temperatures  [Figure  8] reveals clear evidence of 
heat dissipation among neighboring grid points (6 × 6 grid). 
Note that following the completion of each sonication, the 
subsequent sonication point could not return to the baseline 
temperature within the 60‑s cooling time, thus resulting in a 
progression increase in the baseline temperature over time. This 
unavoidably led to an increasing heat accumulation [Figure 9b] 
and extends of tissue necrosis as the sonication pattern 
progressed toward its final points. Consequently, the discrete 
lesions gradually increased in diameter, ultimately merging 
into overlapping lesions within the final two (top) rows of the 
sonication grid [Figure 9e]. It is thus crucial that during the 
planning process, the prefocal thermal dose accumulation is 
accounted to avoid damage to healthy tissue. In this context, 
cooling of the skin surface is also required to avoid skin 
burns, which constitute the most common FUS‑induced 
complications, with the typically reported rates being up to 
10%.[44,45]

Successful implementation of the planned sonication protocols 
further demonstrates the system’s compatibility with the 
MRI. In this context, optimization of the coil position is 
deemed essential in achieving satisfactory signal‑to‑noise 
ratio values for high‑quality imaging and thermometry.[21] A 
specific measure employed in this study is the isolation of 
the coil from the subject so that during sonication potential 
subject vibrations are not transferred to the coil. In addition, 
the mechatronic parts of the robot were not included within the 
coil imaging area to minimize the possibilities for susceptibility 
artifacts. In general, the operator should select the coil position 
carefully to ensure adequate proximity to the region of interest 
but not direct contact with the subject and the absence of 
any interference with the beam. Notably, in clinical systems 
employing the phased array technology, MR thermometry is 
typically performed during electronic beam steering and not, 
whereas the transducer is moving to avoid the introduction of 
susceptibility artifacts in thermal maps.[6]

A potential limitation of these experiments is that sonications 
were limited to a single layer for the sake of simplicity, and 
thus, only the horizontal motion stages were activated. The 
described planning procedure could be repeated for multiple 
layers to enable treatment in the 3D space. Motion along the 
Z‑axis will be required in the case of sonicating different 
Z‑layers. Furthermore, in the case of in  vivo application, 

beam angulation will most likely be necessary to prevent 
beam interference with critical structures such as bones and 
air regions.

Although the focus of this work was to propose an efficient 
procedural workflow tailored to preclinical FUS systems 
operating within an MRI scanner, the key steps and concepts 
outlined herein are applicable to the clinical setting as well. In 
the case of clinical phased array systems, visiting successive 
sonication points could have been achieved by beam steering 
instead of transducer displacement. While in the general sense, 
the presented workflow applies also in the clinical scenario, 
there exist additional considerations regarding applications 
in human subjects and complementary strategies should be 
adopted to account for clinically relevant factors. The present 
study was carried out in excised porcine tissue, which is 
considered an adequately representative preclinical model 
owing to the anatomical and physiological characteristics 
it shares with human tissue. It thus provides a controlled 
environment to establish proof of concept and optimize 
emerging systems and applications before in  vivo studies. 
Nevertheless, when it comes to clinical usefulness, this model 
has critical limitations, including the absence of blood flow 
and movement. Patient motion, far‑field protection, and skin 
preparation are some of the safety considerations that should be 
taken into account within the clinical workflow.[6] In addition, 
continuous monitoring of patient’s physiological parameters 
is mandatory in the clinical practice and immediate response 
actions should be in place to mitigate potential risks.

Regarding motion management strategies, there are already 
established methods, such as immobilization and gating 
techniques that could be used.[46] There is also the possibility 
to incorporate motion compensation algorithms in the 
software to account for involuntary patient movements during 
the procedure and ensure accurate targeting, especially for 
abdominal targets. Accordingly, the next step in advancing 
the presented software is to incorporate motion compensation 
functionality.

Another essential safety measure considered critical for in vivo 
applications but not discussed in this study is the employment 
of a thermal dose verification sonication within the treatment 
planning process.[6] Such verification sonication is conducted 
to assess whether the predicted power levels for achieving 
the desired thermal dose accumulation are either excessive or 
insufficient, given that the temperature elevation is influenced 
not only by the energy applied but also by the intricate heat 
transfer mechanisms within tissues. Thereby, thermal dose 
testing is crucial to determining if any protocol calibration 
is required. Furthermore, the present study does not concern 
pretreatment planning imaging, neither short‑  or long‑term 
follow‑up.[5]

The treatment duration constitutes an additional consideration 
not addressed herein. MRgFUS is a relatively time‑consuming 
procedure, especially when it comes to ablating large and 
challenging tumors. The long duration of such procedures 
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may pose significant challenges in efficient MRI resource 
utilization since it can limit the availability of MRI machines 
for other diagnostic and interventional procedures. Although 
more crucial for clinical applications, the procedure duration 
is an important factor in preclinical MRgFUS studies as 
well. Optimization of the procedural workflow is crucial 
in improving the time efficiency of MRgFUS. Researchers 
should thus carefully plan and optimize experimental protocols 
to make efficient use of the limited MRI time available. As 
previously discussed, multiple sonications are required to cover 
the entire region of interest and a certain cooling time should 
be left between them to avoid damaging off‑target regions. 
Optimized scanning algorithms can be employed to reduce the 
required cooling time and speed up the treatment process.[16] 
Other potential measures that could be considered include 
the implementation of fast motion algorithms and high‑speed 
robotics, comprehensive planning to prevent complications 
and the necessity to repeat sonications during the procedure, 
continuous upgrade of software/hardware features and imaging 
systems, and the establishment of standardized protocols for 
commonly performed procedures.

Regarding the robotic device utilized in the present study, 
its translation into the clinical environment would entail 
relatively simple modifications, these being scaling up to 
expand the motion range and adjusting the transducer’s 
frequency depending on the target’s nature and depth. The latter 
adjustment necessitates the use of exchangeable transducers.

While commercial systems come equipped with sophisticated 
software, only their basic features are disclosed to the scientific 
community without adequate details. A more transparent and 
comprehensive description of dedicated treatment planning 
and monitoring software tools can provide a practical guidance 
for other researchers in the field. Advantageously, this 
study provides a comprehensive description of the Access‑I 
functionalities incorporated in the software to allow remote 
control of the scanner and the direct storage and processing 
of acquired images. To the best of the authors’ knowledge, 
there is a lack of prior documentation on this topic. The 
absence of relevant documentation constitutes a significant 
challenge for the researchers, who encounter difficulties in 
establishing an efficient workflow in MRgFUS studies and 
waste valuable time to uncover insights that could have been 
extracted from the existing literature. Therefore, this study 
holds the potential to benefit other researchers in the field and 
accelerate future studies by enabling a basic understanding of 
the Access‑I functionality. However, it is important to highlight 
that integration of any software in the Access‑I MR Scanner 
Interface should be performed following the specific guidelines 
provided in the Access‑I Developer Guide of Siemens and 
according to the unique features and intended application of 
the software.

Conclusions

Overall, the study outcomes prove the effectiveness of the 
employed MRgFUS system in accurately planning and 

executing MRgFUS protocols. The employed software 
integrates all the key functionalities required for establishing an 
efficient MRgFUS workflow, including the direct acquisition 
of MRI images, transducer localization, treatment planning, 
and automatic execution of the planned sonication protocol 
under continuous software‑based monitoring of the thermal 
dose accumulation and tissue necrosis in near real time. 
While these functionalities are satisfactory for preclinical 
applications, they should be potentially enhanced  (e.g.,  to 
allow for motion compensation) to enable clinical translation. 
Through this paper, a comprehensive overview of the MRgFUS 
workflow of a preclinical body system is provided to the reader, 
highlighting critical aspects and potential matters of concern 
in establishing a successful workflow and maintaining optimal 
conditions for the delivery of MRgFUS. Therefore, it could 
be of benefit to researchers in the field aiming to implement 
similar preclinical studies, simultaneously contributing to 
advancing the understanding of how to develop MRgFUS 
applications that could be more easily translated to the clinic.
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