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Abstract—Purpose: Transducer positioning for liver ab-
lation by magnetic resonance-guided high-intensity fo-
cused ultrasound (MRgHIFU) is challenging due to the
presence of air-filled organs or bones on the beam path.
This paper presents a software tool developed to optimize
the positioning of a HIFU transducer dedicated to abdomi-
nal thermal therapy, to maximize the treatment’s efficiency
while minimizing the near-field risk. Methods: A software
tool was developed to determine the theoretical optimal
position (TOP) of the transducer based on the minimization
of a cost function using the particle swarm optimization
(PSO). After an initialization phase and a manual segmenta-
tion of the abdomen of 5 pigs, the program randomly gen-
erates particles with 2 degrees of freedom and iteratively
minimizes the cost function of the particles considering
3 parameters weighted according to their criticality. New
particles are generated around the best position obtained
at the previous step and the process is repeated until the
optimal position of the transducer is reached. MR imaging
data from in vivo HIFU ablation in pig livers was used for
ground truth comparison between the TOP and the experi-
mental position (EP). Results: As compared to the manual
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EP, the rotation difference with the TOP was on average
—3.1 £+ 7.1° and the distance difference was on average
—7.1 £ 5.4 mm. The computational time to suggest the TOP
was 20s. The software tool is modulable and demonstrated
consistency and robustness when repeating the calculation
and changing the initial position of the transducer.

Index Terms—Computer-aided positioning, HIFU trans-
ducer, near-field safety, particle swarm optimization (PSO),
thermal therapy.

Impact Statement— The software tool using the PSO al-
gorithm suggests the optimal positioning of the transducer
for abdominal MRgHIFU ablations. The software tool is con-
sistent, accurate and user friendly.

I. INTRODUCTION

IGH-INTENSITY focused ultrasound (HIFU) is a non-
Hinvasive ablation technique for the treatment of solid
tumors. Magnetic resonance imaging (MRI) is an advanced
tool used for therapeutic ultrasound guidance providing near
real-time temperature monitoring and high-resolution (HR) 3D
anatomical images [1], [2], [3], [4]. Magnetic resonance guided
HIFU ablation (MRgHIFU) in the liver is very promising for the
treatment of primary cancer such as hepatocellular carcinoma,
as well as secondary cancer, which is the most prevalent cancer
in the liver and mainly arises from gastro-intestinal cancer [5],
[6]. Liver ablation could be particularly useful for the treatment
of metastatic colorectal cancers, as one third of the patients with
colorectal cancer will experience hepatic metastatic disease [7]
with more than 80% of the metastatic colorectal cancers are
surgically ineligible [8], [9]. A tumor is considered as treatable
by HIFU if clearly visible under MR or US, and CT, and
if technically and safely reachable by HIFU, considering the
vicinity of adjacent structures (main bile ducts, gallbladder,
bowel, stomach), as well as the specific transducer’s geometry.
A large meta-analysis found the average tumor size treated by
HIFU to be 5.1 cm [10], while the targetable regions are in liver
segments II to VIII. However, HIFU lesioning in the liver is very
challenging due to the presence of critical surrounding organs,
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typically air-filled structures and bones. Ultrasound propagation
through tissues with significant impedance change is subject
to undesirable effects at interfaces, including absorption, re-
flections, standing waves, and focal point shift. The higher
energy absorption rate of the bone, approximately a factor of
12 compared to the soft tissues [11] may induce substantial
heating in the near field (e.g rib cage) and may even propagate
into skin burns or infiltrating thermal lesions [12], [13], [14].
Breathing motion has been addressed by numerous reports, for
instance using two-dimensional ultrasound imaging [15], [16],
[17] or a one-dimensional MR navigator [18]. Accordingly,
motion encoding was used to correct the HIFU ablation for
liver displacement in real-time, either by modulating the emitted
power to uniformly increase the temperature along a linear
pattern (“self-scan”), or by electronically steering the focus to
track-and-lock on the anatomic target.

In 2014, Anzidei et al. [19] reported a successful non-invasive
treatment of hepatocellular carcinoma by MRgHIFU in one
patient, but they highlighted the limitations induced by the
presence of the rib cage. Several solutions have been proposed
to manage the rib cage issue, such as partial rib resection before
the HIFU intervention [20], [21]. This surgical solution is in
flagrant contradiction with the minimally-invasive nature of the
intervention but offers a solution when no other treatments are
practicable. Another approach was the development of software
method such as de-activation of chosen elements based on
shadowing [22] or algorithms that consider the diffraction and
interferences to maximize the energy deposited at the focus ver-
sus the ribs [23], [24]. Element selection demonstrated benefits
for reduction of side lobes and bone heating, as well as better
focusing despite reasonable loss of energy deposition at the fo-
cus. Salomir et al. [25] inserted anechoic reflective strips in front
of the ribs. Ramaekers et al. [26] designed Voronoi-tessellated
transducers based on Fermat’s spiral. As a matter of principle,
avoiding the need for rib protection would facilitate the workflow
and also eliminate the risk of procedural errors.

Auboiroux et al. [27] divided the full array of transducers
into multiple sub-arrays of different resonance frequencies. The
passive spectral multiplexing combined with the reorientation
of these individual emitters enabled the augmentation of the
steering range by 80% along one preferentially chosen axis.

Very recently, Lorton et al. [11], [28] presented a new concept
of transcostal HIFU transducer able to thermally ablate in vivo
deep-seated targets of pig livers. The feasibility and targeting
accuracy of tumor ablation located in regions considered as
challenging to resect was demonstrated in 6 pig livers. The
study reported 5 thermal ablations with a2.4 4+ 2.0 mm targeting
accuracy. The measured temperature on the target reached 58—
86 °C spatial average, with a safe ratio between the temperature
elevation at the target versus the ribs, in average 7.3. No specific
means of protection were needed for the ribs. The weakness of
that study was the manual adjustment of the transducer position
in front of the abdominal wall, with successive visual check
points and re-acquisition of 3D MR datasets. Besides being
time consuming, this approach does not guarantee the optimal
position of the applicator with respect to the near field safety. To
summarize the problem, the main issue in HIFU liver ablation

is to find the best entry window which minimizes the energy
depletion and heating on the beam pathway, while maximizing
the amount of energy effectively delivered at the target.

Some theoretical considerations can be inferred from the skull
issue which has been already investigated in the context of the
HIFU therapy in brain. A method based on the minimization of
the average reflection coefficient (ARC) was developed to find
the optimal transducer position of a single-element transducer
[29]. Another way is to use the inverse problem to calculate all
the possible positions for the transducer by computing the phase
distribution from a target point [30]. This technique leads to the
best transducer position but requires high computational power.
In 2022, Park et al. [31] reported time-reversal simulations using
the target as ultrasound source. However, the prescribed lesion
shape may significantly impact the optimal position, and the
simulation accuracy may vary when using other frequencies,
leading to spreading of results. Overall, transskull HIFU soni-
cation has the advantage of a near hemispherical entry window,
while transcostal HIFU sonication only exploits a limited solid
angle.

In this paper, we present a novel software tool developed to
automatically optimize the transducer positioning for abdominal
HIFU, first of the kind in a target organ other than the brain.
Based on the segmentation of 3D MR images, it determines the
theoretical optimal positioning (TOP) of the device using the
particle swarm optimization (PSO) [32]. The software was used
on retrospective data of MRgHIFU ablations of in vivo pig livers
to evaluate the applicability and relevance.

Il. MATERIALS AND METHODS
A. Design of the Transducer

The device is a phased-array transducer dedicated to
transcostal liver ablation [11], [28] (Imasonic, Voray-sur-
I’Ognon, France) working at 650 kHz. The 256-element trans-
ducer is populated with elements widely distributed on 5 concen-
tric segments of spheres of different radii (100, 111 and 124 mm)
to increase the contact surface with the skin while guaranteeing a
natural focal point at 10 cm-depth (Fig. 1(a)), see Supplementary
Material for more details. Eight sharp features have been defined
on the computer-aided design (CAD) (Fig. 1(a)) enabling further
registration on the 3D MR images. The lesion size in this paper
is limited to fixed focus ablation, on the order of lcc. Larger
lesion would require electronic beam forming of foci pattern,
which could affect the solution of the optimal positioning. The
eligible target location is restricted to the volume of the liver
reachable by the acoustic focus, meaning the entire liver minus
a 2 cm safety margin in 3D space.

B. Software Design

The software was designed to optimize the transducer’s po-
sition relative to the patient anatomy and target location, by
minimizing a cost function using the PSO algorithm. HR 3D
MR images (see Supplementary Material for sequence details)
of 5 pigs which received an MRgHIFU liver ablation were retro-
spectively used and imported into free open-source software 3D
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Fig. 1. (a) 3D computer-aided design of the transducer showing the
five concentric parts of sphere. The red dots correspond to the eight
sharp features. (b) Rear view of the 256 individual emitters populating
the phased-array transducer. Segmentation of the different tissues and
structures on high resolution 3D MR images using 3D slicer on the (c)
axial, (d) sagittal and (e) coronal planes. (f) 3D representation of the
segmentation. 1. HIFU transducer, 2. Acoustic coupling, 3. Soft tissues,
4. Liver, 5. Lungs, 6. Vessels, 7. Bones, 8. HIFU lesion.

slicer [33] for manual segmentation of the different structures
(see Fig. 1(a)—(d)). The CAD of the transducer containing the
centre of mass of each individual acoustic element was also
imported into the optimization software for the calculation of the
cost function (Fig. 2(b) and (c)). After setting initial parameters
(detailed in a dedicated section below), the software minimized
the specific cost function using the PSO and displayed the
coordinates of the TOP along the chosen degrees of freedom
(DoF), as well as the 3D representation.

Various DoF can be considered for the mechanical displace-
ment of the HIFU applicator. Here, we identified the most
relevant two DoF as 1) the radial distance from the skin to the ap-
plicator, and 2) the applicator rotation around the cranio-caudal
axis.

The retrospective in vivo MR data and setup were finally used
to compare the experimental position (EP) and the TOP and to
assess the relevance of this tool.

C. Particle Swarm Optimization (PSO)

The PSO algorithm [32] consists in generating a swarm of
potential solutions, called particles, able to move in the coor-
dinate frame defined by the DoF, also called the search space.

Start

|

Initialize particles

|

’ Compute cost

Convergence?
/No Y(les
Update particles ‘ Stop k
da
Fig. 2. (a) Chart of the PSO algorithm used to find the TOP. (b) 3D

volume of the segmentation of the body and of the bones lying on
the CAD of the transducer. The cone-beam targeting is represented
by the white dotted lines. (c) Augmented reality of the transducer on
a T1-weighted MR image of the pig in axial plane merged with the
segmented bones (blue ROIs). The yellow dotted lines indicate the path
from a transducer element to the target and the weight involved in the
calculation of the cost function.

The particles are characterized by a position and velocity and
iteratively move according to their own best-known position,
and the entire swarm’s best-known position, to converge to an
optimized solution. In our specific case, the TOP is the best
achievable, patient-specific, position of the transducer for liver
ablation with minimized risks of bone heating. Fig. 2(a) shows
the PSO applicable to our problematic and the different steps of
the PSO algorithm are described in Supplementary Material.
For each acoustic element (i = /:N, here N = 256), a straight
ray is defined from the center of the element to the target, to check
which tissues are on the path (Fig. 2(b) and (c)). The parameters
of the cost function were chosen considering the most critical
adjustments to find the TOP. As a component inside the body
is inconceivable, the first term "elementlsinsideSurface” was
designed to significantly increase the cost function aiming to
exclude this case. A bone in the ultrasound path is not desired
but not limiting the ablation, so the more elements in front
of the ribs, the higher the cost function via the second term
“isBonelnUltrasoundPath". The third term "distanceToSurface"
is of interest for a convergent beam, because the closer the
transducer to the skin, the lower the local acoustic intensity on
the ribs, and, therefore, the lower the risk of heating. Overall,
the lower the cost function, the more appropriate the position of
transducer. The cost function to minimize is defined as follow:

cost = Z(wl.elementlslnsideSurface(z')

+ wa.isBoneInUltrasoundPath(i)
+ ws.distanceT oSur face(i)) (1)

Each term was weighted by a preset value (wy,ws,ws)
depending on their criticality, as defined below. A schematic
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Heatmaps of each cost component and their balanced combination of weights (%, %, %), as a function of two independent DoF, here

the distance to skin and the rotation angle around the cranio-caudal axis. Darker pixels indicate lower cost, hence better coordinate of the HIFU
applicator. (a) Cost heatmap representing the influence of the ’Inside Body’ component. (b) Cost heatmap detailing the effect of the ‘Bones in Path’
component. (c) Cost heatmap showcasing the impact of the 'Distance from Element to Skin’ component. (d) Heatmap displaying the combined

costs with equal contributions from each component.

example of the weights involved in the calculation of the cost
function is available in Fig. 2(c). As a result, the software
provides the relative transform between the current segmented
transducer’s position and the optimally computed placement.

D. Weighting Factors of the Cost Function

The focus on two DoF to optimize enables us to represent the
cost function as a 2D heatmap for analysis purpose, providing
a visual understanding of each component’s contribution. In the
ensuing analysis, we offer a visual depiction of the unique and
combined effects of various cost function components within our
PSO algorithm. Each part of Fig. 3(a)—(d) represents a different
cost function component for a single pig, illustrating its distinct
contribution to the overall cost calculation. Fig. 3(d) integrates
all three components, demonstrating the collective effect when
all weights are uniformly set to 1/3.

The weighting of each cost component is certainly open to
discussion (Fig. 4(a)-(d). We opted for the combination wy
=3/6, wy =2/6, w3 =1/6 based on the prioritization of the

cost function components. The highest importance was given to
“Inside Body”, ensuring the transducer doesn’t enter the body,
followed by the “Bones in Path” and the “Distance to surface”
components, respectively.

E. Initial Parameters

The inertia, both cognitive and social parameters were fixed to
0.5 by providing a balance between exploration and exploitation
behavior in the search space. To reduce the complexity of the
problem, the applicator was considered symmetrically aligned
on the anatomic axial plan crossing the target. The transducer’s
main z-axis, (Fig. 1(b)), contained in the anatomic axial plane is
crossing the target with pinpoint accuracy. The TOP is defined
in a coordinate system that includes rotation around the cranio-
caudal axis (trigonometric degrees) and radial distance to the
target (mm). The transducer is positioned outside the body at a
default distance of 10 cm from the target, which corresponds to
its natural focal length. Particles are initialized within a search
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Display of the global cost function using various component weights showing the significance of the weighting. w1 represents the "Inside

Body" component, w2 represents the "Bones in Path" component, and w3 represents the "Distance from Element to Skin" component. (a) Heatmap
with weight configuration w; = 2/5, wp=1/5, ws = 2/5. (b) Heatmap with weight configuration w; = 3/6, w,=2/6, w3=1/6. (c) Heatmap with weight
configuration w; = 3/6, we = 1/6, ws = 2/6. (d) Heatmap with weight configuration w; = 2/4, wy = 1/4, ws = 1/4.

area around this initial transducer position, within an acceptable
range in terms of physical implementation defined as [—40, 40]°

The range for varying the distance to the target was set to
[—20, 20] mm as this corresponds to the electronic beam capac-
ities of the transducer along the z-axis. These ranges provide a
comprehensive yet focused search space for the PSO algorithm
to explore and identify the optimal transducer placement. The
number of particles and iterations is a tradeoff between finding
the near overall optimal position and the computation time.
We empirically determined them to be 20, as the algorithm
commonly reached a plateau by the 10th iteration. Increasing
the number of particles would lead to longer computation time.
Further iterations beyond this point yielded only marginal im-
provements to the cost function. To mitigate the risk of con-
verging to local minima due to the non-continuous nature of the
cost function, the algorithm was repeated three times with new
random particle placement.

F. Evaluation

The relevancy of the software was validated by comparing the
TOP to the EP of the transducer during an in vivo MRgHIFU
ablation of 5 pig livers as approved by the ethical approval from
the local animal research committee. A radiofrequency marker
mimicking a target metastasis was created in a location consid-
ered difficult to resect at a 4-6 cm depth from the anterior liver
capsule. The EP was considered as the ground truth as the actual
MRgHIFU interventions in 5 pig livers conducted to thermal
ablation ranging 58-86 °C at the expected target location. The
thermal ablations were confirmed by gross pathology 7 days
post-intervention. During post mortem examination, no skin
lesions were detected on the thoracic and abdominal regions.
A few millimeter-sized rib thermal lesions of grade 1 (6/6)
were assigned, without any evidence found during post-mortem
examination [11]. Here, the target of the EP was the center of
mass of the effective thermal ablation. More details about the
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Fig. 5.
functionalities of the software.

TABLE |
DIFFERENCES BETWEEN THE TOP AND THE EP USING Two DoF

Differences Difference between

TOP vs EP ratio the costs of the TOP
Pi betw;et;ll t}gPTE)P of the bone and the EP,

e tap N " ( component of the normalized to the

figonometric, cost function maximum cost in

mm) the search space
1 10.2°/-7.3 mm 0.97 0.06
2 -12.0°/-7.0mm 0.79 0.11
3 -0.2°/-15.8mm 0.97 0.08
4 -4.4°/-8.0mm 0.88 0.09
5 -9.1°/2.8mm 0.83 0.04

iterative and manual process for the transducer positioning are
in the Supplementary Material. The software computed the cost
functions of the theoretical and the experimental positions and
displayed the two positions in the graphical user interface (GUI)
(Fig. 5). It also indicated the difference of the TOP compared
to the EP using two DoF: along the depth axis of the transducer
(abbreviated as “dist”’), meaning a compression or a distance to
the skin, and a rotation around the anatomic cranio-caudal direc-
tion (angle denoted as «). For evaluation purpose, an exhaustive
heatmap of the cost function for the TOP was computed every
1 mm of depth and every 1° of rotation for each of the 5 pigs.
The minimum TOP and EP cost functions were calculated and
compared in Table I. The difference between the TOP and the
EP was assessed by comparing the convergence point on the
heatmaps. The robustness and consistency of the software was
evaluated by repeating 50 times the PSO algorithm on each of
the 5 pigs to conclude on the precision.

To explore the potential of the method, another DoF, namely
a rotation around the long eigen axis of the transducer (angle
denoted as 3), was added and compared to the TOP given by 2

Colors Legend

O Transducer predicted
B Transducer segmented
B Target

B Segmented Lungs
O Segmented vessels
O Segmented bones

v/ Show full transducer | | Show body origin v' Show segmented origin

v/ Show experimental position v/ Show predicted position

Start optimization Reset convergence

Plot Cost Plot Space Convergence

PSO Starting pararameters= | 168.8532,7.4463

Costweights= 3,2,1 | Parameters ranges= 40,20

transducer needs to be rotated by 3.546[deg] in HF body axis,
then translated by 10.684[mm] in transducer HF body axis

Graphical user interface of the software showing the 3D reconstruction of the segmented body lying on the transducer and the

DoF. Adding a DoF is theoretical and could not be validated by
the ground truth experimental data acquired with 2 DoF.

lll. RESULTS

During the validation process conducted on five pigs, the
mapping of the cost function with two DoF, across 80 rotations
and 40 distances took a constant time of 115s and the computing
time for the TOP using the PSO algorithm lasted 20s. This result
is promising for real-time application intra-operatory.

The cost mapping, as illustrated in Fig. 4, revealed a
monomodal form of the graph for the weight combination (1/2,
1/3, 1/6) leading to a unique optimal position or nearly optimal
position. While these convergence points are not identical, their
close proximity to each other — evidenced by a standard de-
viation of 1.5 degrees and 0.4 mm, and a maximum spread of
5.5 degrees and 2.2 mm — indicates a high degree of similarity
in position. This reflects the robustness of the algorithm in con-
sistently identifying near-optimal solutions within the defined
search space.

Compared to the EP, the TOP optimized the rib cage and the
software computed the mismatch of the TOP compared to the
EP. The differences in the 5 pigs are presented in Table I.

The theoretical approach angles were similar to the experi-
mental ones; however, the transducer during experiments was
more distant to the skin compared to the computed one. The
rotation difference was on average —3.1 = 7.1° (—12.0to 10.2°)
and the distance difference was on average —7.1 £ 5.4 mm
(—15.8 to 2.8 mm).

When considering only physically possible solutions, the cost
function for the bones is the most relevant parameter to analyze.
Table I indicated that the cost function for the TOP was always
lower than for the EP.

As demonstrated in Fig. 6(c) the consistent convergence of
the algorithm to a similar region after 50 repetitions, even when
initiated from significantly different starting points, underscores
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(a) Displayed result after minimizing the cost function. The 3D representation of the segmented body lying on the CAD drawing of the

transducer in the EOP (deep blue) is superimposed with the TOP (light blue). (b) lllustration of algorithm’s precision overlapped on the exhaustive
heatmapping of the cost function for Pig 4: note the final best positions obtained from 50 repeated runs of the PSO algorithm to evaluate the
algorithm’s consistency and precision. (c) Robustness of convergence: This panel illustrates the results of 50 repeated runs of the PSO algorithm,
within an expanded search space deliberately centered far from the optimal position. (d) Single PSO run analysis: This figure presents the best
solutions for individual particles as well as the overall best solution found in a single PSO run.

the robustness of our method and reliability of our approach in
various scenarios.

Theoretically adding a DoF did not significantly impact the
cost function and minimally impacted the TOP while keeping
the computation time constant.

IV. DIScussSION

The design of our super-convergent transducer [11], [28],
spreading the incident energy over a large aperture and mini-
mizing the secondary acoustic lobes, is the first key of its safe
performance. As an additional layer, we describe the current
optimization software. It was designed user-friendly with real-
time and interactive visualization of the 3D segmentations and
the CAD drawing of the transducer. The iterative process for
the position calculation was fast, with a computing duration

not exceeding 20s, and could be significantly speed-up with
parallel computing, which is compatible with intra-operatory ex-
ecution. Nevertheless, the manual segmentation time of around
40 minutes should be considered in the total procedure time.
The use of the software could drastically reduce the proce-
dure duration for an MRgHIFU ablation, because an iterative
and manual positioning necessitates 1-2h per session. Future
improvements will focus on developing tools to automate this
segmentation process, further reducing the time required for
optimal transducer placement and enabling its prospective use
intra-operatory.

For the establishment of heatmaps, the range for the distance
to the target was set to =20 mm to stay within the steering
capacities of the transducer. Wherever the TOP is in the autho-
rized range, the focal point should be electronically adjusted to
shoot the target, and during positioning, the volume under the
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membrane needs to be tuned up to compensate for the transducer
moving closer or further away, without losing acoustic coupling.

A tumor that is too superficial or too profound is intrinsically
inaccessible with this transducer anyway. The target should be
located at least 2cm depth into the liver, which corresponds
approximately to 4 cm from the skin in an average population.

The differences between the TOP and EP, using the data
from the prior in vivo study and implementing two DoF, were
comparable to the precision of convergence of the PSO (data not
shown). The similarity between the TOP and the EP is a strong
argument of the algorithm’s efficacy, robustness and reliability.
Lower cost functions in TOP even suggest that the EP could
have been slightly optimized. The exhaustive heatmap, which
represents the dense mapping of the cost function, was primarily
included in the article for illustrative and validation purposes.
This visualization provides insights into how each component
of the cost function influences the overall calculation.

The mapping of the cost function was useful during the
validation process to confirm the unique TOP, and analyze the
evolution of the cost function with various weights, however
the software does not intend to compute this mapping for daily
use. The only output for the clinician is the coordinates of the
TOP based on the PSO algorithm. Mapping the cost function
with additional DoF in a higher dimension space would multi-
ply the computation time by the number of samples in others
dimensions.

The software demonstrated consistency and precision, sup-
ported by the suggestion of similar TOP when repeating the
algorithm (Fig. 6(b)). The random generation of particles by the
PSO algorithm may explain the small differences in the TOP.
The probability of staying in a local minimum is drastically
lowered by the attribution of high speed and inertia of each
particle but may still occur. Repetition of the algorithm further
helped avoiding this issue.

The program is modulable and easily adjustable to other con-
straints and tissue features. The starting point and initialization
settings can be changed to fit other transducers, widening the
indications and the targeted organs. For liver ablation, the soft-
ware may also be used for the positioning of the reflective patch
to avoid thermal effects, as described by Lorton et al. [11], [28].
The use may be extended to other purposes, such as proposing
a personalized virtual planning before the intervention to assess
the feasibility or the compliance with inclusion criteria. The
software may be able to calculate an eligibility score based on
anatomical criteria to help the clinician in the inclusion process.
It could be applied to other applications including intraluminal
[34] and transperineal targeting [35].

The EP distance to the skin mostly exceeded the retrospec-
tively TOP calculated one. This could be explained by the
experimental learning curve. The closer the transducer to the
skin, the lower the risk of inducing thermal effects on the ribs,
but the realization of the physical setup becomes more difficult.
The distance is a trade-off between the rib thermal effects and
the need for a cooling layer.

While the cost function may show slight improvements with
additional iterations, the corresponding changes in rotation and
translation are so minute that they are practically irrelevant,

TABLE Il
INFLUENCE OF ADDING A DOF ON THE OPTIMAL POSITION, THE COST
FUNCTION, AND THE COMPUTING TIME

Pig number DoF o B Dist [ mm]  Cost Time [s]
Pig 06 2 164.1 0.0 19.0 1.52 60
Pig 06 3 168.0 4.8 13.1 1.44 60
Pig 07 2 1409 4.7 -5.7 22 60
Pig 07 3 1413 3.7 -5.7 2.26 59
Pig 08 2 1651 0.0 5.1 1.65 76
Pig 08 3 1647 5.0 -3.7 1.44 75
Pig 09 2 169.0 0.0 7.5 1.22 71
Pig 09 3 169.0 1.6 9.6 1.17 60
Pig 10 2 158.6 0.0 -15.0 1.44 60
Pig 10 3 1638 4.5 -14.0 1.25 60

that is, the numerical precision of the algorithm exceeds the
physical accuracy achievable for the transducer positioning in a
therapeutic scenario.

We made the approximation that the transducer was sym-
metrically aligned with the axial anatomical plane as our setup
was designed to fit the pig morphology and the transducer
orientation. We estimate the residual rotation less than 2°, which
will be even lower in patients using a mechanized holder.

This study lacks data on the potential clinical improvement
between the EP versus the TOP positioning, for instance in
term of the thermal heating ratio at the target versus the ribs.
This is a retrospective analysis from in vivo data, meaning that
further evaluation in a prospective in vivo study is required
to fully validate the approach. Furthermore, this paper does
not report any simulation of the acoustic field and thermal
profile, such as shadowing, rib heating, or acoustic interferences.
Nonetheless, we used effective experimental data in vivo to
confirm the relevance of the PSO algorithm. On the top of our
element-wise ray tracing approach, cross-sectional calculations
could be implemented by discretizing the acoustic hexagonal
elements of the transducer. This will however linearly scale up
with the computing time.

Another improvement would be the addition of more DoF
for the transducer positioning. This study validated the algo-
rithm considering rotation around the cranio-caudal axis (Ox in
Fig. 1(b)) and the distance to the skin, while rotations around the
Oy and Oz axes, or translation along the cranio-caudal direction
(Ox) could further be included. The DoF were restricted to
those with the greatest influence on the solution, since the focal
point position can be anisotropically corrected in a volume of
+ 14 mm, £ 23 mm and + 25 mm by electronic beam forming
along the short axis (Ox), the long axis (Oy) and the depth axis
(Oz) of our transducer respectively. In addition, our experimental
setup only afforded the two mentioned DoF. For multiple DoF
the transducer holder needs to be modified. However, theoreti-
cally adding a rotation around Oy would minimally impact the
suggested position as presented in Table II, but this was not
validated by this retrospective study.
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Furthermore, the precision of the positioning could be im-
proved by computing a more elaborated cost function with ad-
ditional terms in (1) that would be assigned with lower weights.
Here, the PSO algorithm was validated by comparison with
expert experimental positions that avoided air-filled structures
such as empty stomach, lungs or bowels, not considered in (1).
The structure of the cost function could be refined in future
studies to cover the strong acoustic impedance discontinuities,
subject to beam reflection and localized heating. For instance, the
distance to lung or stomach, or an angulation to avoid focusing
through a major blood vessel, could be considered.

The computation time of the PSO algorithm in humans should
be in the same order of magnitude as the pig, provided the
similar anatomy. However, the search space could be wider in
humans depending on the patient size, as more particles may
be required for a same ratio number of particles / numbers of
possible positions.

V. CONCLUSION

The developed software tool is suggested to significantly
support the optimization of transducer placement for abdominal
HIFU treatments. By automating a previously manual and time-
consuming process, it has the potential to significantly reduce
treatment time and increase patient comfort while maximizing
the ratio of energy deposited versus energy emitted. The sug-
gested software is modulable, and the research of the optimal
position is consistent. Future improvements would be focused
on further automating the process of segmentation to provide
better care for patients.

SUPPLEMENTARY MATERIALS

In Supplementary Materials, we detail the materials and meth-
ods section, including the design of the transducer, the steps
completed by the software, the parameters of the MR sequence
and the process for the manual positioning of the transducer.
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