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Abstract

Interstitial Ultrasound-guided High Intensity Focused Ultrasound (USgHIFU) therapy has the potential to
deliver ablative treatments which conform to the target tumor. In this study, a robot-assisted US-navigation
platform has been developed for 3D US guidance and planning of conformal HIFU ablations. The platform was
used to evaluate a conformal therapeutic strategy associated with an interstitial dual-mode USgHIFU catheter
prototype (64 elements linear-array, measured central frequency f = 6.5 MHz), developed for the treatment of
HepatoCellular Carcinoma (HCC). The platform included a 3D navigation environment communicating in real-
time with an open research dual-mode US scanner/HIFU generator and a robotic arm, on which the USgHIFU
catheter was mounted. 3D US-navigation was evaluated in vitro for guiding and planning conformal HIFU
ablations using a tumor-mimic model in porcine liver. Tumor-mimic volumes were then used as targets for
evaluating conformal HIFU treatment planning in simulation. Height tumor-mimics (ovoid- or disc-shaped,
sizes: 3 — 29 cm?) were created and visualized in liver using interstitial 2D US imaging. Robot-assisted spatial
manipulation of these images and real-time 3D navigation allowed reconstructions of 3D B-mode US images for
accurate tumor-mimic volume estimation (relative error: 4 £ 5 %). Sectorial and full-revolution HIFU scanning
(angular sectors: 88—360°) could both result in conformal ablations of the tumor volumes, as soon as their radii
remained < 24 mm. The presented US navigation-guided HIFU procedure demonstrated advantages for
developing conformal interstitial therapies in standard operative rooms. Moreover, the modularity of the

developed platform makes it potentially useful for developing other HIFU approaches.
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1 Introduction

Minimally invasive therapies represent an alternative to open surgery with potential benefits given that
only small incisions are performed, which limits the risk of infection, reduces patient recovery time and pain.
Oncology has benefited from those techniques and minimally invasive ablative procedures have been
developed to treat local tumor. Thermal ablation procedures rely on interstitial probes which are inserted
inside or adjacent to the tumor, and locally modify the temperature of surrounding tissues up to a lethal
threshold. Typical probes used in a clinical context either increase temperature: Radio Frequency Ablation
(RFA)[1], [2], Microwave Ablation (MWA)[3]-[5], Laser Induced Thermal Therapy (LITT)[6], [7] or decrease
temperature (Cryoablation)[8]. However, these technics rely on physical principles that limit their ability to
modify temperature on a precise area. During cryoablation procedure, temperature modifications around the
probe are driven by thermal diffusion[9], which is dependent on tissue thermal properties and cannot be
controlled. For RFA and MWA procedures, thermal diffusion is preponderant in the extension of the thermal
ablation, although the temperature increases also depend on the energy deposited in tissues by absorption of
the electromagnetic energy radiated by the probe[10]-[12]. During LITT procedures, a beam of photons is
carried by an optical fiber and spread by a diffusor directly inside the tumor[13]. Photons are rapidly absorbed
by tissues and the spatial extension of the thermal heating is mostly driven by thermal diffusion, resulting in
thermal ablations having cylindrical to ellipsoidal shapes around the probe[14]. Consequently, these mentioned
interstitial treatment modalities do not allow conformal ablation of target volumes with complex asymmetric
shapes, as can be often observed with solid tumors. Furthermore, large volume of healthy tissues may be
ablated outside the diseased tissues, with potential side effects for the patient. Finally, if critical tissues must
be spared, such as nerves, blood vessel or brain areas for transcranial procedures, the lack of treatment
conformation may also limit the use of previously cited minimally invasive thermal ablation procedures, and

reduce the number of patients eligible for such therapies.

The ability of ultrasound (US) waves to generate thermal ablations in tissues has been investigated since
the early 40s[15] and developed in the 50s especially with the work of Fry[16], [17]. In human soft tissues,
ultrasound waves emitted at several MHz (wavelength: 100s of micrometers) can be focused very precisely in
the body (millimeter-scale focal region) and energy deposition in tissues may be limited to the focal region,

where pressure amplitudes are the highest[18]. Furthermore, by focusing US energy, temperatures above 55°C



are reached within seconds at the focal point, minimizing the perfusion dependency of the treatment.
Ultrasound focusing can be created either by the transducer shape (natural focusing), by adding acoustic lenses
at the front of the transducer to refocus the wavefront, or by driving a multi-element phased-array transducer
with appropriate time delayed electrical signals (electronic focusing). Ultrasound focusing ability has the
potential to overcome some of the challenges faced with current interstitial thermal ablation technics for
achieving conformal treatments. The location of the US energy deposition can be controlled and the shape of
the ablated area can be adapted in accordance with patient specific anatomy. Over the last decades, several
High Intensity Focused Ultrasound (HIFU) devices have been developed and used in a clinical context to ablate
localized tissues (e.g. tumors) in different organs[19]—[28]. Given their size, HIFU devices are generally
extracorporeal or endocavitary. These devices have the advantage of being non- or minimally- invasive.
However, it remains complex to use an extracorporeal device to treat tumor far from skin surface as
heterogeneous media modify ultrasound wave path and reduce significantly the pressure amplitude at the
focal point. For instance, phase aberrations may be induced by fat layers (speed of sound: ~1450 m.s?), which
may need to be taken into account and corrected at the focal point[29]. Also acoustic barrier such as bones (rib
cage, skull) or gas (lung, bowel) may limit the reachable ablation area of extracorporeal HIFU devices[30].
Considering these many challenges, intraoperative HIFU therapies have also showed particular interest during

open procedures, as a complementary tool to surgery [31].

In this context, endovascular or interstitial approaches can exhibit several advantages, by offering
minimally-invasive alternatives where catheter based ultrasound devices are placed close to or directly in
contact with the target tumor to be ablated[32], [33]. Given the mandatory compact design of interstitial
devices, catheter based ultrasound transducers are generally made of a few independent elements, reducing
the focusing capability of those devices[34]-[37]. Recent technological improvements have allowed the
creation of miniaturized dual-mode transducer with a higher number of independent elements capable of both
therapy and imaging[38]-[40]. Those transducers are linear arrays allowing electronic focusing for both imaging
and therapy modes. Hence, dual-mode catheter based ultrasound probe have the potential to create a
conformal thermal ablation of solid tumor that would not be easily reachable by extracorporeal HIFU devices.

In this work, we used an interstitial dual-mode ultrasound prototype intended for studying new strategies for



treating hepatocellular carcinoma (HCC), the main primary cancer of the liver, an organ surrounded by the rib

cage and hence not easily accessible by extracorporeal HIFU devices.

As with extracorporeal HIFU devices, focal points generated by interstitial HIFU devices must be
juxtaposed with each other to treat an entire tumor volume. Thus, to generate a conformal treatment, it is
mandatory to know precisely the shape of the tumor in order to plan the position of the focal points
accordingly. During treatment, the evolution of thermal lesion must also be monitored to ensure that the
target volume is correctly ablated and that there is no damage to healthy tissues. The same imaging modality is
generally used for both treatment planning imaging and treatment monitoring. The two imaging modalities
mainly used for HIFU guidance are Magnetic Resonance (MR) Imaging and US imaging[41], [42]. MR imaging
has the advantage of providing 3D volumes of the anatomical structures which can be used directly for the
treatment planning phase[43]. During HIFU treatment execution, MR imaging can also provide real time tissue
temperature feedback which allows precise control of the treatment evolution in 3D[44], [45]. However, in
order to work in this specific strong magnetic environment and not generate artifacts on the MR images, MR-
compatible HIFU devices must be designed with additional constraints on the magnetic properties (magnetic
susceptibility) of the components used. Also, MR imaging is expensive and not easily accessible, which limits
the use of MR-guided HIFU (MRgHIFU) protocols. Ultrasound-guided HIFU (USgHIFU) represent an alternative
to MRgHIFU. Yet conventional US imaging probes can only reconstruct 2D images. In order to allow 3D
conformal treatment planning, the US imaging probe must be displaced so that the 2D images may scan the
whole targeted volume[25]. US imaging can also be used to monitor the treatment in real-time, as tissue
echogenicity changes may appear where the energy is concentrated[28], [46]. Other ultrasound based method
for treatment monitoring have been investigated such as ultrasound thermometry, change in backscatter
energy or elastography[47]-[49]. To date, even though these methods are not as established as MRI
thermometry, they show promise in providing real-time assessment of thermal ablation treatment, with spatial

resolution on a submillimetric scale, in a standard non-magnetic operative room, and at a lower cost.

In the context of interstitial USgHIFU conformal therapies, the development of dual-mode ultrasound
catheters, i.e. capable of therapy and imaging, may help address some of the challenges identified above and
especially the capacity of an interstitial device to deliver a conformal treatment. Such probes can focus the

ultrasound in 2D while providing in-situ US images usable for both 2D treatment planning and monitoring[50],



[51]. To date, however, the performance of conformal USgHIFU ablation involving complex 3D treatment
planning is not available in clinic, since it would require imaging and treating the target tissues in 3D. In this
work, we present the initial evaluation of a robot-assisted US navigation platform for allowing the 3D
treatment planning of interstitial USgHIFU conformal therapies of HCC. The interest of combining dual-mode
interstitial ultrasound technologies with robotics and virtual navigation for medicine has been studied, in order
to demonstrate the technical feasibility of precisely guiding conformal HIFU therapies using 3D US navigation

imaging.

2 Materials and Methods

2.1 Ultrasound Navigation for interstitial HIFU planning: principle

In conventional interstitial procedures (Radiofrequency, Microwave, Cryotherapy) for thermal ablation
of localized tumors, a probe (e.g. needle, catheter) is inserted inside the tumor under image guidance. For the
treatment of HCC, the interstitial device insertion is guided in real-time using extracorporeal US imaging. Once
the probe is in position, the ablation starts and extends omni-directionally at a rate depending on the nature of
the tissue and probe performances. The treatment lasts until the thermal ablation has covered the entire
tumor volume with additional security margins. These techniques do not allow directing the ablation toward
specific preselected tissue regions. HIFU alternative procedures use directional energy absorption phenomenon
in order to extend the ablation volume (along the ultrasound propagation direction), while allowing spatial
tissue selection. These procedures require defining a HIFU treatment planning, in order to determine precisely
a set of HIFU focal points (position, ultrasound energy disposition) prior to the actual treatment. Once inserted
in the tumor, the HIFU catheter is driven to focus the ultrasound beam on each focal point predefined in the 3D

treatment planning.

In order to achieve a conformal HIFU treatment, these focal points must be predefined to generate an
ablation fitting to the target volumetric shape. It is thus mandatory to know precisely the 3D shape of the
tumor, its relative position with respect to the probe and to be able to manipulate these data in real-time for
guiding the HIFU treatment execution. In the presented study, 3 specific steps have been identified to deliver a
conformal interstitial HIFU treatment: i) to determine the 3D shape of the target volume to be ablated using 3D
US imaging reconstructions. The probe was displaced by the robot while 2D US images were generated by an

US scanner. Both information were stored and reused by the volume reconstruction algorithm ii) to compute



automatically a conformal HIFU treatment planning based on the previously determined target volume.
Manual segmentation of the targeted volume was performed using the 3D navigation interface and used as the
target volume by the treatment planning software iii) to execute and monitor the corresponding conformal
HIFU treatment as defined at step ii). The probe was displaced by the robot and HIFU sequences were
generated using a power amplifier driving system (Fig. 1). To execute each of these 3 steps and study the
interest of US-image based Navigation guidance for HIFU therapy, a robot-assisted, dual-mode ultrasound
platform (the US scanner and power amplifier functions are merged in a single system) has been developed. In
the presented work, the first 2 steps have been evaluated experimentally, while the last step has been

investigated in simulation in order to validate the concept.

2.2 Robot-assisted US-navigation guided HIFU platform

The platform was made of 5 components (Fig. 2). The 1%t component was an open research ultrasound
scanner (Vantage 256, Verasonics, United States) with 256 independent emission/reception channels. The
scanner was a dual-mode US scanner/HIFU driving system platform which allowed piloting dual-mode
ultrasound devices both in US imaging modes (e.g. standard B-mode) using transient wave (TW) regimes, and
HIFU therapy modes using continuous wave (CW) regimes. In this work, an USgHIFU interstitial approach was
studied using a prototype (2" component) developed for conformal ablations of liver tumors. The 3
component of the platform was an US-image based navigation station developed using open source programs
providing tools and algorithms for visualization, reconstruction and treatment execution[52], [53]. The station
was embedded on a laptop computer and included a data communication and reconstruction tool, PlusToolKit

(https://plustoolkit.github.io/), natively compatible with the 3D virtual environment tool 3DSlicer

(http://www.slicer.org), and a HIFU treatment planning tool. This station allowed 3D US image reconstruction

from 2D US image series, real-time fusion between US images, the interstitial prototype CAD (Computer Aided
Design) model, target volume segmentations (e.g. tumor) and automatic HIFU treatment planning. The 4t
component of the platform was a 7 axis robot (LBR IIWA, KUKA, Germany) on which the USgHIFU prototype
was mounted. The robot assured a dual role by providing the prototype position in real-time, while displacing it
to the commanded positions. Finally, the last component was a HIFU modeling environment (CIVA medical,

recent evolution of in-house created modeling software ABLASIM[54], CEA/LabTAU, France) embedded on a



separated desktop computer. GPU were used for parallel calculations and fast simulations of realistic HIFU

sequence strategies (planning) provided by the navigation platform.

2.3 Real-time US navigation: data communication
The US scanner, robotic arm and navigation station were all connected on the Local Area Network (LAN)
and used TCP/IP protocol for communication and data exchange. Data transferred complied with the

OpenlGTLink (http://openigtlink.org/) data structure[55]. 2D US images were provided by the dual-mode

prototype and transferred in real-time from the US scanner to the navigation station. In order to provide the
US scanner with data exportation functionality, a 1 implementation of the OpenlGTLink protocol was
developed (in Matlab). Series of 2D US images (data stream #1) were sent in real-time on the local network
using TCP/IP protocol. In parallel, the positions of the 2D US images in the 3D space were updated in real-time
on the navigation station, by converting the robot position (matrix of transformation) and considering solid
connection between the robot, the prototype and the US image. A 2" implementation of the OpenlGTLink
protocol was written (in Java) to program the robot with a background task running a TCP/IP server. This server
sent the robot flange position in real-time (data stream #2) to the navigation station. The PlusToolKit
reconstruction algorithm embedded in the navigation station allowed receiving these 2 data streams in real-
time: the series of 2D B-mode US images (data stream #1) and their positions in the 3D space (data stream #2,
transformed from robotic arm position) (Fig. 2). A configuration file (xml format) was written so the US-
navigation station (PlusToolKit) could know the TCP/IP addresses of the US scanner and the robot, and
differentiate the type of data exported by each component of the platform. Based on the 2 data streams
received in real-time, a 3D volume reconstruction was performed (PlusToolKit algorithm) and the resulting data
was transferred to the 3D virtual environment tool (3DSlicer). The reconstructed 3D US-image was then

displayed in the virtual environment for further analyzes.

2.4 Dual-mode interstitial USgHIFU prototype

The dual-mode USgHIFU prototype (Vermon, France) was made of a 3-mm diameter stainless steel
catheter with a 64-elements linear array ultrasound transducer, 13.1 mm x 2.0 mm (element pitch: 205 um),
mounted at its tip (Fig. 3a). The catheter was 20 cm long. The theoretical specifications for the dual-mode
ultrasound transducer were a central frequency of 6.0 MHz (£10%) and a maximum acoustic intensity (lac) < 20

W.cm2. The central frequency measured on the prototype involved in the experimental study was 6.5 MHz. In



therapy mode (CW), the reachable acoustic intensity was of 20 W/cm? (manufacturer data). A compromise
between imaging and therapy performances was made by not covering the dual-mode transducer with any
acoustic lens in order to maximize the output acoustic power transfer and reduce self-heating of the device in
HIFU mode. The prototype could dynamically focus ultrasound over distances ranging 6-20 mm (ultrasound
propagation direction, r-axis) and over steering distances ranging + 6 mm (z-axis). In imaging mode (TW), the
impulse response duration was given at 250 ns at -6 dB and 700 ns at -20 dB (manufacturer data). The
frequency bandwidth at -6 dB (from the Fourier transform of the impulse response) was of 60% (frequency
range: 4.6 — 8.5 MHz). In order to keep optimal imaging and therapeutic capabilities of dual-mode USgHIFU
prototypes, some studies had previously proposed to switch electronically between 2 driving circuits, dedicated
either to imaging or therapy (matching circuit) modes[50], [51]. In the current study, given the low level of
active electrical power needed on each channel (~0.2 W) to produce high intensity ultrasound with one

element, no electrical impedance matching circuit has been added to the prototype.

2.5 In-vitro liver tumor-mimic model

A tumor-mimic model was used to study the performances of the US-navigation guided HIFU platform.
This model implanted in liver tissues was previously shown to be visible on US images (both in-vitro an in-vivo)
as a well delimited hyperechoic region, while exhibiting an ultrasound attenuation similar to those of tissues
around 3-MHz HIFU therapeutic frequencies[56], [57]. Tumor-mimics were composed of agarose (Agarose for
routine use®, Sigma-Aldrich, Steinheim, Germany), cellulose (Fibrous, medium cellulose®, Sigma-Aldrich
Steinheim, Germany), glycerol (Anhydrous glycerol®, Fluka, Buchs, Switzerland), methylene blue (Methylene
blue hydrate®, Sigma-Aldrich, Steinheim, Germany) and sterile water. The mixture, prepared as described in
the study of Scott et al. (2000)[58] was liquid at 65°C and solid at 37°C. Therefore, the tumor-mimic can be
injected in warm liquid phase directly in liver tissues at 65°C and then polymerized when cooling down to liver
tissue temperature (< 37°C). The injectable approach, however, limited the tumor-mimic diameter to ~1 cm
due to the liver compressibility, which was sufficient for studying liver metastases HIFU treatments[57]. In the
current study, an alternative solution was proposed to reach higher tumor-mimic diameters and evaluate the
USgHIFU platform in the context of hepatocellular carcinoma (HCC) interstitial ablations. It consisted in creating
soft molds (modeling clay) of various shapes, and in injecting the warm solution through the molds. After

cooling down and polymerization, tumor-mimics of several centimeters in diameter were released from their



molds. For each experimental trial, a tissue piece was extracted from an in-vitro heifer liver sample and
replaced by inserting the solid tumor-mimic model. Eight tumor-mimics were made. The USgHIFU prototype
was inserted either inside or adjacent to the tumor-mimic volume (Fig. 3). Then, the 3 steps of the treatment
procedure were evaluated: i) the determination of the tumor-mimic 3D shape, ii) the definition of a conformal

HIFU treatment planning and iii) the execution in simulation of the corresponding HIFU treatment.

2.6 3D geometry of the target tumor

The 1% step of the procedure was the determination of the target geometry. The navigation platform
was used to reconstruct a 3D US volume containing the HCC tumor-mimic models and surrounding in-vitro liver
tissues. Real-time 2D B-mode US imaging was performed with the interstitial prototype working in imaging
mode, delivering pulses (TW) with a central frequency of 6.3 MHz (Fig. 3c). This was the closest frequency to
the measured central frequency of the transducer (6.5 MHz), which could be generated by the ultrasound
scanner. Sectorial 2D images (angular aperture a = * 30°, imaging depths: 40-50 mm, depending on the tumor-
mimic distance to the probe axis) were reconstructed using plane-waves compounding sequences (11 multi-
angle plane waves, angular increment da = 6.8°, frame rate: 10 images/s). B-mode US volumes were
reconstructed from series of 2D B-mode US images acquired in-situ in multiple positions in order to scan
surrounding tissues in the 3D space (Plus Toolkit reconstruction algorithm). The procedure was performed by
moving the interstitial prototype with the robotic arm while recording its position in space. A robot application
was written to command precisely rotations and translations of the prototype, respectively around and along
the elevational z-axis. The scanning process was divided in separate stages. The prototype was translated to the
most distal part of the tumor-mimic and a rotation of 8 < 360° was performed. After a 1! rotational scan, if
the whole extent of the tumor-mimic was not imaged in the elevational dimension, the prototype was
translated of a step Az = 18mm in its proximal direction and a 2" rotational scan was performed. The process
was repeated until the whole tumor-mimic volume was scanned and enclosed in the reconstructed 3D US
image volume. Then, manual segmentations of the tumor-mimic 3D shapes were performed plan by plan, using
the segmentation tools provided by the navigation station. Tumor-mimic segmentations could be uploaded in

post-processing from the navigation station to the HIFU simulation environment.



2.7  Conformal HIFU treatment planning

The 2" step of the procedure was the conformal treatment planning. The HIFU parameters were
automatically determined according to the 3D shape of the HCC tumor-mimic model (provided by the previous
segmentation step), the location of the USgHIFU prototype insertion (positioning matrix) and HIFU simulations.
A dedicated algorithm (written in Matlab) embedded on the US-navigation platform had 2 main parts. The 1
part allowed determining automatically the number (n), and positions (r, 8, z) of the HIFU focal points to
entirely scan the surface of the tumor. The 2™ part assigned a HIFU exposure duration (ton / torr) for each focal
point based on preliminary tuning (HIFU simulations), in order to achieve a conformal thermal ablation of the

target tumor.

2.7.1 HIFU exposure time tuning

Preliminary tuning in simulation allowed anticipating elementary HIFU ablation performances when
driving the USgHIFU prototype in CW mode. These tuning considered the standard strategies adopted to avoid
transducer damage due to self-heating in CW mode: i) the presence of a water-cooling system around the
transducer (water temperature: 20°C); ii) the driving of the transducer at its resonance frequency (close to the
central frequency for the presented prototype) to ensure the best electro-acoustic efficiency. The driving
frequency of the USgHIFU prototype was kept constant in simulation, regardless of the focusing depth, to
further preserve the transducer integrity during future HIFU experiments. Preliminary simulations of the
theoretical HIFU performances were conducted using the mean theoretical specifications of the USgHIFU
catheter design: f = 6.0 MHz, lac = 20 W.cm™. In these conditions, pre-tuning simulations showed that heat
deposition rates in liver tissues were acceptable up to a focusing depth of 20 mm. Elementary ablations were
simulated by applying single and continuous HIFU exposures at a given focal distance. All combinations of
dynamic ultrasound focusing over distances ranging 6-20 mm (ultrasound propagation direction, r-axis) and
steering distance of + 6 mm (z-axis) were simulated. The maximum acoustic intensity achievable at the surface
of the transducer was 20 W.cm?2 in CW mode (manufacturer specifications). To minimize the duration of the
overall treatment procedure, all HIFU performances were simulated in the most favorable conditions of
maximum acoustic intensity (20 W.cm™). The exposure time of each single exposure was set during pre-tuning
simulations, such that the maximum temperature in tissues did not reach 100°C. Above this temperature limit,

additional boiling effects modify the ultrasound propagation in a way which is not accounted by the model



used. The resulting elementary ablation, tissue area exhibiting an equivalent time at 43°C (or thermal dose) ta3
> 240 CEM (Cumulative Equivalent Minutes), was a homogenous triangle started from the transducer and
ending at the focal point (Fig. 4). Therefore, planning homogenous 3D conformal ablations with this prototype
was done by determining a distribution of HIFU focal points located only on the 3D surface of the target
volume (e.g. tumor-mimic). An abacus was created, ts3 (r, z, t), to determine the minimum exposure duration
ton required to achieve similar homogenous elementary ablations for all configuration of HIFU targeting

involved in the 3D conformal treatment planning of a tumor-mimic.

2.7.2 HIFU focusing positions and trajectories

The focal point positioning strategy was driven by the idea that each HIFU exposure should benefit
equally from the thermal diffusion arising from the previous exposure. The objective was to anticipate thermal
diffusion effects in order to smooth the ablated volume shape and avoid overheated areas. Focal points
positions were then calculated to follow a zig-zag trajectory on the 3D surface of the tumor-mimic. The shape
of this trajectory was driven by the tumor geometry and the HIFU focusing capability of the interstitial
prototype. The tumor volume was first divided in several stages along its elevation (prototype insertion z-axis).
Given the HIFU beam steering capabilities of the prototype (+ 6 mm in elevation, z-axis), 1 tumor stage was
sized with a 10-mm elevation. Each tumor stage was split in tumor angular sectors (angular step: 15°). To treat
a given angular sector, a 3D zig-zag HIFU trajectory was defined to scan the 3D boundary facing the prototype.
This 3D zig-zag trajectory was achieved with 2D dynamic focusing (r- and z- axis) and prototype back-and-forth
mechanical rotations. The algorithm calculated the HIFU focal distances by considering the distances between
the interstitial prototype and the most distant part of the tumor along the rOz plan. This approach allowed
managing both cases of prototype insertions: inside and beside the tumor. The HIFU exposure durations were
determined according to the pre-calculated abacus. The abacus covered distances from 6 to 20 mm. Therefore,
focal points < 6 mm and > 20 mm were assigned exposure durations identical to the 6-mm and 20-mm cases
respectively. This procedure was repeated for each angular sector of a given tumor stage, and for each stage,
starting from the lowest (distal part, along the insertion z-axis). One tumor stage was then treated by avoiding
mechanical translations of the prototype along its insertion axis, which could cause tumor cells dissemination.
The next tumor stage treatment started once the previous one was entirely treated. Finally, a full treatment

planning could be achieved by limiting the number of mechanical translations of the prototype.



2.8 HIFU treatment execution

The final step of the procedure was the execution of the corresponding conformal HIFU treatment. The
presented platform and developed architecture allowed executing a conformal HIFU treatment planning both
in simulation and experimentally. In this paper, conformal HIFU tumor ablation was evaluated in simulation
only. The algorithm managing the conformal HIFU treatment planning made a correspondence between the set
of HIFU focal points and their associated exposure durations (ton / torr) based on their positions (r, 6, z) and the
thermal dose abacus, tas (r, z, t), determined earlier. The full treatment planning was then re-imported from
the navigation platform to the HIFU modeling environment for simulating the performance of a full conformal
tumor ablation (Fig. 4). As a 1%t approximation, the time of displacement of the robot, as encountered in a real
experiment, was neglected and all torr between single exposures were set to 0 s. As a 2" approximation, the 3D
conformal HIFU planning was designed while considering the performances of independent single HIFU
exposure, the cumulative heat deposition effect arising in series of successive HIFU exposures was thus
neglected. This approximation was considered acceptable with the HIFU exposure zig-zag trajectory which was
expected to homogenize spatially any potential overtreatments. After the end of the simulation, 3D
temperature and thermal dose maps were re-exported from the HIFU modeling environment to the virtual
navigation environment and fused with target tumor segmentations for further analyses of the treatment

conformation.

2.9 HIFU simulation model

HIFU simulations were used at 2 key moments in the presented study (HIFU pre-tuning and conformal
HIFU treatments). In both cases, the same theoretical models, simulating tools and parameters were used. The
ultrasound pressure fields were first computed using the Rayleigh surface integral for dynamic focusing depths
ranging from 6 to 20 mm. The HIFU elements were simulated as homogeneous surfaces with piston like
vibrations. The nonlinear propagation and cavitation effects were neglected in the calculations. Then,
simulations were performed including attenuating tissues. The temperature increases induced by HIFU
exposures in liver tissues were calculated using the Bio Heat Transfer Equation (BHTE)[59], and the resulting
thermal ablations were estimated using the thermal dose model of equivalent time at 43 °C[60]. It is generally
admitted that a thermal dose > 240 CEM induces a complete cell death in liver tissue[61]-[63]. The

environment around the interstitial HIFU prototype was simplified to 2 media (water for the cooling system at



the front of the transducer and homogenous liver tissues). The tissue physiological and physical parameters
used for HIFU simulations are described in Table 1[64]. First, a sufficiently large attenuating medium > 100 mm
was defined to mimic the presence of liver tissue (no ultrasound reflections considered). Second, a 3-mm in
diameter cylindrical hole inserted at the center of the liver and filled with water mimicked the prototype
cooling system placed at the front of the ultrasound transducer. Such system is commonly used experimentally
to ensure the acoustic coupling between the HIFU transducer and the liver tissues, and to cool down the
transducer during HIFU exposures. The ultrasound surface intensity output was adjusted to the maximum

reachable with the dual-mode prototype, lac = 20 W.cm™ (manufacturer data).

2.10 Assessment of results

For evaluating the 3D US image reconstruction, the image resolution was assessed by imaging a 70-um
in width copper wire and by measuring the width of its spatial impulse response at -6 dB (full-width at half
maximum). Given that 3D US images were obtained by rotating the prototype around its insertion axis, a
cylindrical coordinate system was used with its longitudinal axis coincident with the probe insertion axis. The
image resolution was measured at a radial depth of 30 mm (r-axis). Since the prototype had a maximal
treatment radius of 20 mm (preliminary HIFU simulations), this provided a 1-cm margin for imaging beyond the

ablated tissues. The quality of the tumor-mimic visualization was quantified by measuring the contrast C =

S -5y - . L . .
tumor”liver hetween the tumor-mimic mean signal Stumor and the surrounding liver tissue mean signal Siver.

Stiver

The accuracy of tumor volume estimation was evaluated by comparing 3D US-image based tumor-mimic
segmentation volumes, Vus, to a reference volume, Vrer, measured by the water displacement method. For
evaluating the 3D US-navigation guidance, all HIFU modeling investigations were analyzed as follows. The
resulting ablated tissue volumes was defined using the 3D thermal dose field, ta3 (x,y,z), obtained after the
completion of the last HIFU exposure, and by considering all voxels with a thermal dose > 240 CEM. The treated
volume (HIFU ablation) was overlaid and compared to the targeted volume (tumor-mimic). A Dice Similarity

Coefficient (DSC) for volumetric comparisons was used as an indicator of the treatment conformation[65]. This
coefficient was calculated as follows: (V,V") =2 X% , with respectively, V and V' the targeted volume

(tumor-mimic) and the HIFU ablation volume (treatment). A DSC coefficient of 0 indicated that the 2 volumes
were disjoint, while a coefficient of 1 indicated they were equals. DSC is particularly well suited for evaluating

the accuracy of conformal thermal therapy because it not only penalizes volume differences between the



targeted and ablated regions, but also accounts for the presence of under- and over-treated regions[66].
Treatment time and targeting accuracy were analyzed with the following parameters: treatment time (min),

treatment rate (cm3.min™?), ablated volume (cm3), volumetric over- and under-treatment (cm? and %).

3 Results

3.1 Real-time data transfer for US navigation in tissues

The US-navigation station received a 2D US image of the in-vitro tissues every 100 ms (data stream #1),
and a matrix representing the robot flange position in space every 50 ms (data stream #2). These
communication rates allowed real-time 2D visualization of the tumor-mimic and surrounding liver tissues, as
well as smooth real-time US navigation within the 3D virtual environment, as the prototype was moved by the
robot. 3D US image reconstructions were then successfully obtained in the virtual space after robot-assisted

scanning with 2D US images.

3.2 3D interstitial US imaging of tumor-mimics

Large tumor-mimics of various shapes were successfully created in vitro, especially ovoid- and disc-
shaped tumors (Fig. 5). Overall, 8 in-vitro HCC tumor-mimic models were created. Their major diameters
ranged from 42 to 23 mm, while their minor diameters ranged from 35 to 12 mm. The resolution of the 3D US
image at a distance of 3 cm from the probe was 0.7 mm along r-axis, 5.8 mm along ue-axis and 1.7 mm along z-
axis. Despite the resolution of several millimeters along ue-axis, 3D US images were successfully reconstructed
interstitially and in situ. The obtained US image volumes allowed clear visualization of the 3D tumor-mimic
shapes within liver tissues (Fig. 6). The virtual environment allowed successful 3D navigation within the US
image volume. The operator had access to several useful information for further HIFU treatment guidance and
planning, such as: i) real-time 2D B-mode images (Fig. 6a); ii) multi-planar and volumetric views of the 3D US
imaging reconstruction allowing the operator to navigate through the US image volume, visualize the entire
tumor site in 3D or in any 2D cross-sectional plans (Fig. 6b-d). All the trials summarized in Table 2. Depending
on the tumor height (z-axis) and prototype insertion strategy (inside or beside the tumor), various sizes of US
volumes were reconstructed to cover the entire tumor-mimic volumes. The minimum and maximum heights of
the reconstructed US image volumes ranged 13-33 mm and 52-69 mm respectively. In case of insertion inside
the tumor, a full 360°-rotation of the prototype was always performed for imaging and further HIFU treatment

planning. However, in case of insertion beside the tumor, the prototype rotation could be significantly reduced



while achieving full tumor coverage, with imaging angular sector ranging, here, from 88 to 179°. Each tumor-
mimic appeared as a homogenous region, hyperechoic when compared to the echogenicity of the surrounding
liver tissues. The contrast measured between the 2 tissues, C = 1.7 + 0.4 (range 2.3 - 1.1), allowed accurate
manual segmentations of tumor-mimic volumes, plan by plan, using the reconstructed azimuthal 2D US images
(xOy plan) (Fig. 7a). A 3D surface representing the 3D tumor boundaries was then automatically created by
interpolations over all 2D azimuthal segmentations (Fig. 7b-d). The tumor-mimic volumes, Vus = 12 = 9 cm?
(range 3 - 30 cm?), were accurately estimated from 3D US-image-based segmentations, when compared to the

reference tumor volumes Vrer = 12 + 9 cm3 (range 3 - 29 cm3).

3.3 Automatic conformal HIFU planning

Conformal HIFU treatment planning was automatically created by distributing focal points on the 3D
tumor surface and by associating optimal HIFU exposure durations (pre-tuning simulation). Over all trials, the
number of focal points necessary to cover a tumor-mimic entirely ranged from 93 to 1118, which corresponded
on average to a density of focal points per unit tumor surface of 13 + 5 focal points/cm?. Given the tumor-
mimic geometries studied, HIFU treatment planning included from 2 to 4 stages with angular apertures ranging
from 67° to 360° in case of insertion inside the tumor-mimic mass. Minimum and maximum HIFU target
distances were respectively of dmin = 10 £ 5 (range 5 - 20 mm) and dmax = 29 * 7 (range 22 - 41 mm). Figure 8a
shows an example of automatic focal point computation for a small segmented target adjacent to the probe
(case #8). In this case, only 2 stages and 93 focal points were needed to treat the whole volume. In figure 8b,
the probe was inserted inside the tumor (case #6). In this case, the probe had to perform a 360° rotation to

treat the whole target. Four stages and 1118 focal points were then needed to treat this volume.

3.4  US-navigation guided HIFU ablations

The last module embedded in the HIFU treatment planning platform allowed estimating the final
performances of a HIFU prototype in achieving successfully a given conformal treatment planning. All HIFU
simulation results are reported in details in Table 3. In the 4 cases (1 to 4) where the treatment planning
included target distances far beyond the prototype focusing capacities (dmax £ 41 mm), non-negligible
undertreated volumes were quantitatively assessed for further re-evaluation of the treatment strategy. In all
other cases, where the maximum target distances remained < 25 mm, a full conformal ablation of the tumor

could be performed either from the inside or from the outside of the tumor (Table 3, see cases 5 to 8). In these



cases, the ablation volumes conformed precisely to the target tumor-mimic volumes with DSC ranging 0.6-0.9.
Under- and over-treatments remained respectively < 0.1 cm? and < 9.5 cm®. The total treatment time ranged
from 14 to 124 min, for a treatment rate ranging from 0.3 to 0.4 cm3/min. Figure 9 shows the simulated
thermal dose > 240 CEM obtained after the completion of the last HIFU exposure as seen in the visualization
software. Figure 9d illustrates the case where the target volume was too far from the probe axis, with the
consequence that some tumor tissues were not treated. In all cases, the 3D navigation platform enabled to
overlay different data types (thermal dose and reconstructed 3D US volume) and to navigate in 3D between the

different slices to assess the treatment result.

4 Discussion

4.1 A modular platform for studying conformal USgHIFU therapies

Conformal high intensity ultrasound therapies have already shown promise up to the clinical level for
the minimally-invasive treatment of localized tumors[67]. To date however, the development of these
emerging strategies always requires advanced systems (MRI) in order to deliver and guide the treatment. Few
HIFU systems have been proposed so far to control conformal treatments in 3D in a standard MRI-free
operative room. In the presented work, an advanced USgHIFU platform has been developed, which couples
dual-mode US/HIFU technologies with emerging robotic and navigation techniques in medicine[68]—[71]. The
platform allowed driving an interstitial dual-mode probe for in-situ volume imaging and 3D treatment planning,
by combining together several research tools such as a Verasonics US scanner and a KUKA robotic arm. It is
important to note that the architecture of this open research platform has been thought to be modular, and
allows integrating any devices compliant with the OpenlGTLink data structure. This modularity makes it
possible to use the tools developed (treatment planning and execution) for other research projects, with a
minimum need for refactoring. For instance, in an ongoing work (unpublished yet), the robot-assisted US
navigation platform is currently used with little modifications to drive an extracorporeal HIFU device, with
different US scanner and power generator. This illustrates the flexibility offered by such research platforms for
studying various US-guided HIFU approaches (not only interstitial). This modularity is especially due to the
architecture of the visualization interfaces (3DSlicer and Plus Toolkit software). This architecture also allows the
integration of other modalities which are interesting for image-guided treatment planning. For instance, optical

or magnetic tracking methods are directly compatible for tracking the position in space of the probe, which



could be useful for applications where few focal points are needed and the use of a robotic arm is not relevant.
Other types of image data can also be mixed in the 3D visualization environment. Here, only B-mode US images
were involved, but other types of US-based images could be used, especially for the treatment monitoring
phase. Although current US-based monitoring methods are not as consistent as MR thermometry, US
elastography methods are promising and could be associated to measure tissues stiffness variation over time

and assess the extent of the thermal lesion.

4.2 Developing interstitial 3D conformal USgHIFU therapies

In this study, 3 steps have been highlighted to achieve full conformal HIFU ablations using the proposed
interstitial approach. The first 2 steps, including 3D US imaging reconstructions of target tumor volumes and
conformal HIFU treatment planning strategies, were validated experimentally in vitro. Despite the small size of
the prototype, the series of 2D B-mode images acquired enabled the reconstruction of 3D US image volumes
which had sufficient quality to segment properly tumor-mimic inclusions. However, these in-vitro experiments
were conducted in favorable conditions without tissue movement, as those due to respiratory activity during
interstitial procedures in real clinical conditions. In case of tissue motion relative to the interstitial prototype
during the reconstruction process, the reconstructed image volume would not be accurate anymore. To avoid
this, High Frequency Jet Ventilation (HFJV) techniques can be used to properly ventilate patients without
substantial movements of the rib cage[72] (residual movement: ~ 5 mm[73]). An alternative solution could
consist in using the moment sensors of the robot, which theoretically allows computing and minimizing the
mechanical load on the prototype after displacing it accordingly. US-image-based motion tracking method
could also be proposed to estimate the global liver tissue displacement in real-time for mechanical motion
compensation with the robot[74], [75]. This could be done, for instance, with the abdominal US imaging probe

used conventionally in clinical procedures to guide the interstitial punctures.

The last step, related to treatment execution, has been validated in modeling with useful results for
guiding future interstitial HIFU strategies. It has been confirmed that one major interest of using interstitial
ultrasound compared to standard interstitial modalities was the ability to orientate the thermal ablation in
specific directions and to preserve critical anatomical or functional structures. Such US navigation platform
allowed planning this energy deposition conformally in 3D. The estimated treatment durations and ablation

rates was then useful to highlight on which tumor shapes or locations a specific USgHIFU catheter should be



preferentially used, in terms of efficacy, accuracy and safety. In the procedure studied here, an automatic
conformal HIFU treatment planning was proposed with encouraging results, while several aspects in the focal
point determination could be further studied using the developed platform, especially to optimize the number
and distribution of the focal points on the tumor 3D surface. For simulating conformal HIFU ablations, the
spacing between focal points was adjusted to be of the order of magnitude of the HIFU focal region dimension,
to ensure homogeneous thermal ablations within tumors. However, there is a tradeoff between the number of
focal points required to ablate the entire tumor volume properly and the total treatment duration. Optimizing
the HIFU energy deposition over the tumor 3D surface (focal point number, positions) is challenging but is

crucial to ensure homogenous ablations while achieving reasonable treatment times.

For a 3-cm-diameter ovoid-shape tumor, the treatment durations reported here for conformal ablations
with this 1%t version of interstitial USgHIFU prototype (> 1 h), were rather long compared to current non-
conformal Radio Frequency Ablation procedures in liver (~ 20-30 min)[76]. This suggests that this specific
prototype design might not be optimal for treating these tumor geometries, unless the conformality of the
ablation is mandatory in the case studied (e.g. a critical region to protect for the patient safety). In fact,
treatment duration was drastically increased by the need to divide a treatment in several stages requiring
device translations and repeating rotations. As a consequence, when only 1 treatment stage was needed, full
conformal HIFU ablations were achievable much more rapidly, within 30-45 min. This specific prototype design
then appeared to be optimal for treating disc-shape tumors with diameters > 30 mm, as soon as their height
remained < 13 mm (transducer height). Theoretically, modulating acoustic frequency may allow to efficiently
deposit heat at different depths. Yet in CW mode, to avoid transducer damage due to overheating, transducer
are standardly driven at their mechanical resonance frequencies, regardless of the tissue depth or type. Few
studies have proposed to use either the third harmonic resonance frequency [77] or high impedance front layer
[78], in order to drive transducers at several discrete frequencies optimized for different treatment depths. In
both strategies, however, the electro-acoustic efficiency must remain high enough which depends on the
transducer technologies. Otherwise, the advantages in heat deposition provided by the frequency modulation
could be limited by the obligation to reduce the acoustic intensity in order to preserve the transducer integrity.
Modulation of the acoustic intensity at the surface of the transducer is also interesting, especially to avoid

boiling effects. However, given the transducer acoustic intensity limit (20 W.cm™) and its miniature surface



area (0.26 cm2), pre-tuning simulations have shown that temperature over 100°C should not be reached in the
presented treatment configuration. Conformal HIFU treatment simulations also allowed estimating
guantitatively the role of thermal diffusion in this particular interstitial configuration which, for the cases
studied, helped reaching larger ablation radii. Homogenous thermal ablations were achieved over 24-mm radii
despite application of HIFU for a shorter amount of time compare to single shot tuning simulations. Then,
considering thermal diffusion effects in the treatment planning algorithm could also help reducing the total
treatment duration. Instead of using a thermal dose abacus based on single independent HIFU exposures, pre-
tuning simulations based on multiple HIFU exposures would contribute accounting for thermal diffusions from

previous HIFU exposure contributions.

After considering the 3D guidance and planning, one remaining major challenge of interstitial conformal
HIFU therapies may be related to the HIFU technology itself, and its ability to provide sufficient ultrasound
energy. In the meantime, catheter miniaturization is a key point to compete with other techniques (RF, Cryo,
Microwave ablations) and to provide the advantages associated to minimally-invasive procedures. Here,
thermal lesions were obtained by assuming the ability to deliver robustly an acoustic intensity of 20 W/cm? at
the surface of the transducers during several dozens of minutes in CW regime. In the literature, several studies
have reported the ability to reach surface intensities ranging 10-40 W/cm? [34], [39], [79]. However, all these
presented systems were larger than the dual-mode prototype involved in this study, and the literature is
lacking data on the robustness of HIFU devices. Piezo technologies are associated with some thermal and
mechanical damages which can be prevented in certain conditions (e.g. using cooling systems for reducing
transducer self-heating). The design of the presented interstitial dual-mode prototype thus remains to be fully
validated in HIFU mode, before achieving thermal ablations experimentally. In parallel to the standard in
ultrasound transduction, recent works have also suggested the potential of emerging technologies coming
from the MEMs domain, such as Capacitive Micromachined Ultrasound Transducers (CMUTs), to provide an
alternative in the development of miniaturized image-guided HIFU systems [80]-[82]. All these aspects are
critical to transfer new conformal therapeutic strategies into clinic. The presented US-navigation platform and

conformal planning methodology are fully compatible with these emerging ultrasound technologies.



4.3 Computer-assisted HIFU modeling during USgHIFU interventions

In the presented work, simulations were only intended to validate that the developed automatic
treatment planning strategy can effectively generate a conformal lesion. But simulations could also be useful
intraoperatively, at the time of the HIFU treatment procedure, to help anticipating the treatment outcome.
Improving HIFU simulation platforms would provide new tools to assist the interventional radiologist with
predicting, in an early stage of the treatment, the possible thermal lesion shape. To date however, several
challenges remain to be addressed for bringing HIFU simulation in an operative room. Such HIFU treatment
simulations take several hours to complete, therefore they currently are too time consuming to be usable

during an interventional procedure.

In its current state, computer simulations suffer not only from calculation duration limitation, but also
from the limited accuracy of the physical models used. According to the literature, HIFU simulations often
modeled liver tissues as a homogeneous and isotropic medium associated to constant thermal and acoustical
characteristics. Although these standard approximations are commonly accepted to make decisions in the
developments of HIFU devices and exposure strategies, these models may not be sufficiently precise to
influence decisions at the time of interventions. Actual tissues are indeed much more complex as they have
spatially heterogeneous physical parameters, which also evolve over time as the HIFU treatment modifies
tissues properties. Non-linear effects, acoustic reflections, boiling and cavitation were not modeled neither,
although some efforts have been made to avoid these phenomenon with appropriate choices in the ultrasound
parameters. A homogeneous medium also means that the heat sink effect around large blood vessel was not
modeled. The water cooling of the prototype was also modeled with several approximations, and did not
consider water circulation, convection effects and the finite size of the water cooling window actually in
contact with liver tissues, as the prototype was moved. These specificities were not considered since the main
objective was to observe the thermal lesion extent, especially at the border of the tumor, to confirm the ability
of the automatic treatment planning algorithm to create conformal thermal ablations. To date, HIFU computer
simulations help considering order of magnitudes of the physical phenomena and highlighting trends while
studying the effect of varying some treatment or tissue parameters. However, using simulations to assist a
radiologist in the interventional decisions could require a higher level of precision of the physical models used.

Especially, it is critical not to reach undesirable 100°C-temperatures associated with the appearance of boiling,



which creates acoustic barrier and diffusion affecting the dynamic of the temperature evolution in tissues. But
to date, the knowledge of the precise thermal and acoustical tissue parameters remain challenging, since these
parameters vary significantly from one individual to another, and their accurate measurements are either not

trivial or simply not possible in realistic conditions.

In the presented study, the abacus built and used as a reference to determine HIFU exposure durations
is based on mean physical parameters. Hence, the HIFU exposure durations selected for the conformal
treatment planning may not be accurate for every tumor environment. Thus the conformation accuracy of the
final ablated volume cannot yet be guaranteed for a given patient by using this abacus method only. To do so,
new measurement methods will have to be available at the clinical level, in order to access personalized
acoustic and physiological parameters in vivo and to refine the predictions of thermal ablations according to
the individual characteristics of each patient. Hence, the development of novel real-time monitoring
techniques remains critical to achieve efficient, accurate and safe conformal treatment. The platform
developed in this work also perfectly aims to provide a common environment of communication between the

modeling and monitoring tools, so that they can feed each other and better assist the intervention.

5 Conclusion

An original open research platform has been developed to promote the interest of US-image based
navigation techniques coupled to robotic, in the development of interstitial 3D USgHIFU conformal therapies of
localized tumors. The technical and methodological feasibilities have been demonstrated experimentally by
validating, with a dual-mode USgHIFU catheter, the ability to perform US image volume reconstruction, 3D
treatment planning of in-vitro liver tumor-mimics and conformal ablation predictions in a standard operative
room. The platform also allowed confirming satisfying theoretical HIFU treatment performances for the
conformal ablations of solid disc-shape tumors with the same catheter prototype. The architectural modularity
of this US-navigation platform, making it compatible with various research medical devices, has the potential to
provide a powerful research tool to study a broad range of image-guided HIFU procedures, and accelerate the

development of conformal USgHIFU strategies at the preclinical and clinical level.
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Fig. 1. 3D US-guided Navigation for interstitial conformal HIFU treatment planning: principle. (a) In-situ 3D US image
reconstruction. A robot-assisted dual-mode USgHIFU interstitial prototype providing 2D sectorial B-mode US images was
rotated and translated to image the entire volume of a target region in situ (e.g. from the inside of a tumor). (b) Target
region segmentation and automatic determination of the focal points for covering the target region. (c) Conformal HIFU
treatment. The dual-mode USgHIFU interstitial prototype provides 2D HIFU exposures with dynamic focusing capability.
Robotic assistance allowed rotating and translating the prototype to ablate the entire volume of the target region

interstitially.
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Fig. 2. Robot-assisted US-image based Navigation Platform for USgHIFU therapy. (a) Schematic diagram of the

communication logic between each component of the platform. (b) Picture of the open research experimental platform.
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Fig. 3. In-situ interstitial 3D US imaging of tumor-mimic volumes in in-vitro liver tissues. (a) Interstitial USgHIFU prototype.

(b) Picture of the experimental set-up: the robot-assisted USgHIFU prototype is inserted in a tumor-mimic agarose-based
gel phantom, surrounded by in-vitro heifer liver. The ability of the reconstruction algorithm to generate 3D US image
volumes of tissues has been tested on those phantoms. (c) Schematic view of the experimental US imaging set-up: zoom in

on the mixed phantom/liver tissue sample.
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Fig. 4. Preliminary tuning in simulation of single HIFU exposures for 3D conformal HIFU treatment planning. (a) Simulated
ablated area after a 15-s HIFU exposure dynamically focused (20-mm distance; 0-mm steering) to target a tumor boundary.
The triangle-shaped ablation (t43 > 240 CEM) allowed treating homogenously the whole tumor radius. (b) tass (r, z, t) abacus
were created to determine the minimum exposure duration t required to achieve homogenous ablations in all
configurations of HIFU targeting determined for the 3D conformal treatment planning of a tumor. The exposure duration
parameter was added to the spatial parameters obtained from the 3D tumor surface segmentation and the known relative

position of the interstitial device. (c) HIFU trajectory: zig —zag strategy to optimize the heat deposition distribution.



Model component Thermal conductivity Specific heat Temperature (°C) Perfusion Density Acoustic attenuation Speed of sound
(W/m/°C) (/kg/°C) (kg/m3/s) (kg/m?) A =a-f* (dB/cm/MHz) (m/s)
Water
0.627 4188 20 - 1000 a=0 1483

(HIFU prototype
cooling system)

1050 a=04;b=1.14 1578

Liver 0.512 3600 37 18

Table 1: Tissue physiological and physical parameters used during numerical modeling of HIFU treatment in liver.
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Fig. 5. In-vitro hepatocellular carcinoma tumor-mimic models obtained using soft molds. (a, ¢) Ovoid-shaped tumor-mimic
gel, 41-mm in diameter and 35-mm in elevation. (tumor-mimic #6) (b, d) Disc-shaped tumor-mimic gel, 42-mm in diameter

and 22-mm in elevation. (tumor-mimic #7)
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Fig. 6. In-situ 3D US imaging reconstruction, visualization and navigation in a tumor-mimic volume inserted in in-vitro liver
tissues. Example where the USgHIFU prototype was inserted inside the tumor-mimic model (case #6). Two 360°-rotations
were necessary to scan the whole tumor. (a) Real-time 2D B-mode image generated by the US scanner. (b) Multi-planar
view of the 3D US imaging reconstruction after translation and rotation of the USgHIFU prototype. (c) Azimutal view
reconstructed after rotation of the prototype (6 = 360°). (d) Elevational view reconstructed after 1 translation of the

prototype (2 positions: Az = 18 mm). The overlap between the 2 stages of sectorial images could be distinguished.



Interstitial

Tlfm.or- prototype Reconstructed 3D US image Tumor analysis on the 3D US image Refere.nce values (water
mimic # ) A displacement)
insertion
. Volume relative
Angular Height, hmin/hmax Tumor- . )
sector/ Radius (mm), (Number of HIFU target Prototype to mimic Tumor-mimic difference
rototype (mm) stage/prototype distance, tumor angular volume, Vus volume, Vret [Vus—Vrerl
pro R . drmin/dmax (mm) aperture (°) ¢ (cm3) Vref
rotation, 6 (°) translation) (cm3) (mean = 0.04)
1 Beside the 167 50 13/61 (1) 8.2/29.8 154.1 9.6 9.6 0
tumor
2 v 119 50 13/61 (1) 11.3/36.1 89 8.6 8.5 0.01
3 i 88 50 13/61 (1) 19.4/40.7 67 8.4 7.8 0.08
a4 i 118 50 13/61 (1) 13.5/32.1 94 7.6 6.6 0.15
5 Inside the 360 40 33/69 (2) 50/226 360 206 213 0.03
tumor
6 i 360 40 33/69 (2) 6.2/24.3 360 29.7 28.5 0.04
7 i 360 40 13/52 (1) 5.0/21.9 360 10.2 10.1 0.01
8 Beside the 179 40 13/52 (1) 7.6 /216 117 2.6 2.6 0
tumor

Table 2: Interstitial 3D US image reconstruction of tumor-mimic volumes in various configurations of device insertion:

beside or inside the tumors. Summary of the image reconstruction parameters and comparisons of the US-image based

tumor-mimic volume estimations with reference tumor-mimic volumes (water displacement method).
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Fig. 7. Tumor-mimic model segmentation from the reconstructed 3D US image volume. Example where the USgHIFU

prototype was inserted inside the tumor-mimic model (case #6). (a) Manual plan-by-plan tumor segmentation on the
reconstructed azimuthal 2D US images (xOy plan). (b) 3D surface representing the 3D tumor boundaries, automatically
created by interpolation over all 2D azimuthal segmentations. (c) View of the 2D elevational xOz plan. (d) View of the 2D

elevational yOz plan.



Fig. 8. Automatic HIFU treament planning using the tumor-mimic model segmentations from the reconstructed 3D US
image volume. (a) The USgHIFU prototype was inserted beside the tumor (Tumor-mimic #8). (b) The prototype was inserted
inside the tumor (Tumor-mimic #6). In both cases, the left column shows the 3D view in the visualization software (3DSlicer)
with the focal points (blue dots) mapping the tumor surface (red). Center column indicates the geometrical parameters
defining a focal point: i) the ultrasound probe (grey) position is defined by two parameters, the device angle and
translation; ii) the ultrasound focusing is also defined by to parameters, the beam steering and the focal distance. Left

column illustrates that once a stage is treated the probe translate to treat the upper stage.



Tumor-mimic # 1 2 3 4 5 6 7 8
Interstitial prototype insertion Beside the “ “ “ Inside “ “ Beside
tumor the the
tumor tumor
Tumor-mimic shape Ovoid “ “ “ “ “ Disc “
Tumor-mimic volume, Vus (cm3) 9.6 8.5 8.4 7.6 20.6 29.7 10.2 2.6
HIFU treatment volume (cm3) 14.5 10.8 9.7 10.8 27.9 39.0 15.9 5.9
Under-treated volume (cm?3) 1.1 2.8 5.6 2.2 0.1 0.1 <0.1 <0.1
Under-treated volume (% of tumor volume) 11 33 67 30 <0.5 <0.5 <0.5 2
Over-treated volume (cm?) 6.0 5.1 7.0 5.4 7.3 9.4 5.7 3.4
Over-treated volume (% of tumor volume) 63 60 83 72 36 32 56 131
DSC 0.7 0.6 0.3 0.6 0.9 0.9 0.8 0.6
Treatment time (min) 44 35 34 32 78 124 40 14
Treatment rate (cm3/min) 0.3 0.3 0.3 0.3 0.4 0.3 0.4 0.4
Number of treatment stage 3 3 3 3 4 4 2 2
Number of HIFU focal points 274 215 175 184 875 1118 497 93

Table 3: Interstitial conformal HIFU treatments of tumor-mimics in simulations. Summary of the metrics.



(s vOT)¥¥7 2.1 (svoT)¥2 2.£¥ (s vOoT)¥¥2 0.1 (s vOT)¥¥2 2.1
1B aw} Jusjeainby 1e aw} jJuajeAinby 1e aw} Jua|eAinby 1B 3w} Jusjeainby

Fig. 9. Simulations of the HIFU treatment performances achieved with the dual-mode USgHIFU platform for conformal

interstitial HIFU tumor ablation. The final thermal dose is overlaid on top of the US reconstructed 3D volume. Various HIFU
treatment planning were obtained automatically using the US-image-based navigation guiding method presented in this
study. (a-b) Cases of an interstitial device inserted inside the tumor. (a) Complete conformal treatment obtained in a disc-
shaped tumor (diameter >> height) (tumor-mimic #7). (b) Complete conformal treatment obtained in an ovoid-shaped
tumor requiring 4 stages of treatments (tumor-mimic #6). (c-d) Cases of an interstitial device inserted beside the tumor. (c)
Complete conformal sectorial treatment obtained in a tumor £ 24 mm in diameter (tumor-mimic #8). (d) Incomplete

conformal sectorial treatment obtained in a tumor > 24 mm in diameter (tumor-mimic #2).





