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Abstract

High Intensity Focused Ultrasound (HIFU) is a promising method for the non-invasive
treatment of liver tumors. However, the presence of ribs in the HIFU beam path remains problematic
since it may lead to adverse effects (skin burns) by absorption and reflection of the incident beam at or
near the bone surface. This paper presents a method based on Magnetic Resonance (MR) Imaging for
identification of the ribs in the HIFU beam, and for selection of the transducer elements to deactivate.
The ribs are visualized on anatomical images acquired prior to heating and manually segmented. The
resulting regions of interest surrounding the ribs are projected onto the transducer surface by ray
tracing from the focal point. The transducer elements in the “shadow” of the ribs are then deactivated.
The method was validated ex vivo and in vivo in pig liver during breathing under multi-slice real-time
MR thermometry, using the proton resonance frequency shift method. Ex vivo and in vivo temperature
data showed that the temperature increase near the ribs was important when HIFU sonications were
performed with all elements active, whereas the temperature was reduced with deactivation of the
transducer elements located in front of the ribs. The temperature at the focal point was similar with and
without deactivation of the transducer elements, indicative of the absence of heat efficacy loss with the
proposed technique. This method is simple, rapid and reliable and enables intercostal HIFU ablation

while sparing ribs and their surrounding tissues.
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Introduction

Non invasive high-intensity focused ultrasound (HIFU) ablation of liver tumors has been
demonstrated to be feasible in a clinical environment'*. However, collateral damage such as skin
burns' has been reported because of poor acoustic coupling or the presence of ribs in the beam path.
This adverse effect is related to large differences in the acoustic impedance of soft tissue and bones’,
resulting in heating of the bones® by absorption of the acoustic energy and reflection of the incident
beam toward the transducer. To overcome this limitation, it has been proposed to perform a partial rib
resection prior to HIFU ablation of hepatocellular carcinoma’, but this procedure severely reduces the
non invasiveness of the HIFU therapy.

Several methods have been proposed to perform intercostal sonications while reducing the
acoustic illumination of the ribs. Botros et al. performed simulations to determine the excitation
function of the HIFU transducer satisfying this condition® °. Civale'® used a linearly segmented
transducer and reported the results from acoustic field simulations and measurements on ex vivo ribs.
Switching off one or several segments of the transducer resulted in a reduced temperature increase at
the bones. Liu ef al'' performed a detailed 3D numerical analysis to investigate the feasibility of trans-
rib focusing. They exploited CT images from patients to provide realistic modeling of the focused
ultrasound propagation in the liver through the rib cage. They compared the simulated acoustic
pressure, specific absorption rate of energy and temperature increase for a HIFU transducer with
uniform excitation and with partial deactivation of a number of elements. Reduction of the energy
deposition at the bones was obtained by deactivating the transducer elements for which the vector
normal to the surface of the element was intercepted one of the ribs.

A more sophisticated approach is the time-reversal focusing'?, based on the concept of the time-
reversal mirror introduced by Thomas and Fink'’, where the phase aberration induced by ultrasound

propagation through a heterogeneous medium can be compensated to retrieve the optimal acoustic
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intensity at the focal point. The method relies on an initial experiment in which the ultrasound wave
front emitted from the focal point by an iserted probe is measured by the HIFU transducer elements.
The phase aberrations introduced by the medium can then be compensated during HIFU sonication by
generating the acoustic fields on each element with the opposite phase. Ex vivo transcostal HIFU based
on this technique was presented by Aubry ef al'*, who performed a comparative analysis of the pressure
field distribution with all the elements active and with the time reversal technique. The quality of the
focusing was improved by the latter technique due to compensation of diffraction effects, but only a
slight increase of 4% in the measured pressure field was reported under these well controlled
conditions. With this technique, the contribution of the ultrasound fields generated by the elements
located in front of the bones to the total acoustic field can be considered negligible since only the
relative phase of the electrical signals applied by each element are compensated, without compensation
of the amplitude. More recently, an adaptive optimization method'> based on the analysis of the
backscattered signals toward the HIFU transducer was proposed to identify the elements to activate, in
order to minimize the reflected HIFU beam without requiring emission from the focal point with an
invasive probe. However, this method was only validated on ribs immersed in a water tank and
selection of the elements from the backscattered ultrasound beam may be more difficult to perform in
vivo in presence of a more complex tissue composition. Moreover, this method requires a pre-
calibration step during which each transducer element sequentially emits a single pulse whose echo is
analyzed by all elements to define the final excitation pattern. All ultrasound based methods require
transmit/receive HIFU technology which is not available in current clinical devices.

From these different studies, it appears that the selective deactivation of transducer elements
located in front of the ribs, despite being suboptimal as compared to the time reversal technique,
provides a practical strategy for intercostal HIFU in the liver with an acceptable loss in heating

efficiency at the focal point. The monitoring of the local temperature changes during intercostal liver
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HIFU ablation should ideally provide quantitative information about the local temperature distribution
around the focal point and near the bones. Magnetic Resonance (MR) temperature imaging with the

118 method can provide such information in soft tissues.

Proton Resonance Frequency (PRF)
Kopelman et al have already reported MRgHIFU results obtained in the liver of healthy pigs'® and in a
dog model”® under apnea. Daum et al*' used MR-thermometry to demonstrate that the temperature
increase near the skin was important for transcostal HIFU sonications performed in pig cadavers.
However, no practical solution was proposed to overcome this problem. Respiratory motion can alter
the precision of the thermometry in the liver due to motion related susceptibility changes. Correction
strategies have been proposed®” to compensate for this effect allowing for real-time MR thermometry in
mobile organs.

This paper presents a method for selection of the transducer elements to deactivate based on the
relative location of the focal point and the ribs as identified from anatomical MR images. The local
temperature changes at the focal point and near the ribs were monitored in real-time during HIFU

sonications performed ex vivo and in vivo in pig liver during breathing, with and without deactivation

of the transducer elements located in front of the ribs.
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Material and Methods

Ex vivo sample preparation

The ex vivo samples consisted of a portion of thoracic cage of a pig, including ribs and muscle,
on top of which a piece of a pig liver was positioned. Two solid gel pads were put under the ribs and on
top of the liver to ensure continuous ultrasound wave propagation in the near field and the far field of
the HIFU beam path. The tissues used in these experiments were not degassed. A thin layer of a liquid
mixture of water and ultrasound gel was inserted between the different parts of the sample to ensure

continuous ultrasound coupling.

Animal preparation for in vivo experiments

In vivo experiments were performed on three pigs weighing approximately 50 kg and under
general anesthesia, following the protocol described in**. The animals were sedated by intramuscular
injection of 0.1 mg/kg of acepromazine (calmivet) (Vetoquinol, Lure, France) and anesthetized by IV
injection of 0.1 mL/kg of pentobarbital (CEVA santé animale, Libourne, France). The anesthesia and
analgesia were maintained with continuous IV injection of pentobarbital at a rate of 6 mg/kg/h and
ketamine (Imalgene 1000, Merial, Lyon, France) at a rate of 7.2 mg/kg/h through two different ear
veins. The right side of the abdomen was shaved and depilatory cream was applied in order to remove
the hairs and ensure good acoustic coupling. The animals were positioned right decubitus on the MR
compatible HIFU platform (see below for details), and maintained under assisted ventilation (respirator
paraPac, ResMed SA, France) during the procedure, using a volume of 400mL (45% O2) at a
frequency of 20 bpm. The cardiac frequency and the rectal temperature were monitored during the
procedure. After completion of the MRgHIFU experiments the animals were euthanized by intravenous

injection of Dolethal (Vetoquinol, Lure, France). The experimental protocol was approved by the
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ethical committee of the institution (agreement #AP02092009).

MR compatible HIFU platform

The thermal ablation experiments were performed with a MR compatible HIFU platform
(Philips Healthcare, Finland) designed for the treatment of uterine fibroid, integrated into the 1.5T
Achieva-Intera MRI (Philips Healthcare, The Netherlands). The HIFU transducer (256 elements, 12 cm
focal length and 13 cm aperture) can be mechanically positioned inside a degassed water tank and the
voltage amplitude and phase applied to each element can be adjusted independently. Acoustic
propagation was achieve through a thin circular membrane located on top of the platform. MR images

were acquired with the receiver coil integrated into the HIFU platform.

MR imaging and data processing for transducer positioning and selection of the elements to deactivate
A 3D proton-density weighted fast gradient echo sequence was acquired prior to sonications,
with an echo time (TE) of 4.6 ms, a repetition time (TR) of 8.57 ms, a 15° water selective binomial
pulse, a 350x350x180 mm Field Of View (FOV), a 192x192x60 matrix (1.82x1.82x3 mm resolution)
zero filled to 256x256x60 (1.36x1.36x3 mm reconstructed resolution). For the in vivo experiments, the
sequence was triggered on the respiratory signal, leading to a 2 min 16 s acquisition duration. The
reconstructed volume was transferred (Figure 1) to a home made software written in IDL (RSI, ITT,
Visual Information Solutions) which allowed for visualization of the images in the transverse, sagittal
and coronal orientations. The x, y and z coordinates of the transducer position were imported to allow
for superimposition of the propagation cone on the displayed images. After selection of the desired
sonication location in the liver, the actual transducer position was updated on the HIFU control console.
Horizontal slices located in the HIFU near field were visualized sequentially to identify the images

containing the bones (Figure 1b). For each selected slice, a region of interest (ROI) surrounding each
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bone was manually drawn (Figure 1c¢). Then, each ROI was projected onto the transducer surface by
oblique ray tracing from the selected focal point (see Figure 1d) and each point included in the ROIs.
For this purpose, a mask corresponding to the active surface of a virtual flat transducer array
was constructed. The projection of each transducer element apparent surface viewed from the focal
point was performed in a horizontal plane located at the top part (20 mm) of the transducer (1.6 s
processing time for a 140 mm square FOV and a 204x204 pixels resolution) after importing the
coordinates and size of each transducer element. The analytical equations of the lines crossing the focal
point and each of the 15372 pixels included into the active surface were iteratively computed. For each
line, the pixel of the virtual transducer was considered to be in the shadow of the rib if the line
intercepted the user defined ROI surrounding the ribs (Figure le). The transducer elements whose
surface was covered by at least 50% of this shadow were included in the list of elements to deactivate.
For each of the elements to be deactivated, the electrical output of the corresponding channel on the
HIFU generator was turned off by including specific command lines in the header of file describing the
sonication characteristics (acoustic power, sonication location and duration) executed on the HIFU

command console. The computation time for the whole process was less than 10 s.

MR thermometry acquisition and processing

MR thermometry was performed before, during, and after HIFU sonication with the Proton
Resonance Frequency shift method. For ex vivo experiments, the acquisition sequence was a gradient
recalled segmented Echo-Planar Imaging (EPI) with 5 k-space lines acquired per repetition time (TR),
with and effective echo time of 15 ms, a TR of 66 ms, a 20° water selective binomial pulse to avoid the
signals of the lipids, a 208x260 mm FOV, a 100x128 Matrix (2.08x2.03 mm in plane resolution) zero
filled to 128x128 (reconstructed in plane resolution of 2.03x2.03 mm) and a 6 mm slice thickness. Two

slices were acquired each 1.3 s, the first one in the vertical orientation for visualization of the
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temperature in the propagation cone of the HIFU and the second one in the horizontal plane below the
ribs for visualization of the temperature evolution in the near field of the ultrasound beam.

For in vivo experiments, a similar approach was used but with a faster acquisition sequence to
reduce intra-scan motion associated with the breathing. For this purpose, a gradient recalled single shot
EPI was performed with 59 k-space lines acquired per TR, an effective echo time of 23 ms, a TR of 200
ms, a water selective binomial pulse with a flip angle of 60°, a 160x300 mm FOV, and 59x112 matrix
(2.72x2.68 mm in plane resolution) zero filled to 128x128 (reconstructed in plane resolution of
2.34x2.34 mm) and a 6 mm slice thickness. Two slices were acquired in the horizontal plane, one
located at the focal point and one near the ribs. A third slice was positioned perpendicular to the two
other slices to visualize the propagation of the HIFU beam in the liver. For each slice, the readout
direction was aligned with the superior/inferior direction. Two saturation slabs were also added to avoid
fold over artifacts. The three temperature images were continuously updated each 600 ms.

Magnitude and phase images were reconstructed by the MRI system and streamed in real time
to a separate workstation (dual processor Intel 3.1GHz Penryn, four cores, 8GB RAM). Temperature
images were calculated and displayed on the fly from in house developed software (“RealTT”) written
in C++ and IDL (ITT, Visual Information Solutions). A small ROI of 5x5 pixels was selected outside
the heated region on each slice to correct for the temporal field drift. For the in vivo experiments,
magnitude and phase images were processed to compensate for motion artifacts in the temperature
maps with the multi-baseline correction technique (see®” for details). The maximal temperature increase
at the focal spot was reported. A square ROI of 40x40 pixels was positioned around the heated area in
the MR temperature slice located in the near field. The mean temperature increase over a 100 s post-
sonication period starting 30 s after the end of the sonication was computed for each pixel included in
the selected ROI. The number of pixels having reached a mean temperature increase of 3°C, 5°C, 7°C

and 10°C was reported for each experimental condition. The regions showing hypointense signal in the
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magnitude images were masked out on the temperature images and excluded from the ROI since the
precision of the phase estimate, and therefore the subsequent temperature estimate, is inversely

proportional to the signal-to-noise ratio (SNR) of the magnitude images™*..

Results

Figure 2 compares the results obtained on ex vivo tissue samples. Two sonications were
performed at the same location at 5 cm depth in the liver, without (left) and with (right) deactivation of
the elements located in front of the ribs. The ribs were seen as a hypo-intense region on the four slices
and three ROIs were drawn (see Figure 1c) delineating the ribs. After projection of these ribs onto the
transducer surface, 126 eclements were identified as being located in the shadow of the ribs. The
acoustic power delivered per element (0.47 Wacc, corresponding to a total acoustic power of 120 W
when all elements were active and 60 W when deactivating 50% of the elements, respectively) was
identical for both conditions. Moreover, in order to avoid potential changes in acoustic properties due
to temperature increases close to the bones in the near field, the experiment with all elements active
was performed last. Figure 2a and 2b show temperature images acquired at the end of the 30 s HIFU
sonication. In the vertical slice (Figure 2a), a hot spot (black arrow) is observed at the focal point and in
tissue surrounding the bones (see white arrow). In the horizontal slice located below the ribs (Figure
2b), a spatially inhomogeneous heating is observed in the soft tissue surrounding the ribs. In the
experiment performed with deactivation of the elements (right column in Figure 2), a similar
temperature distribution is observed around the focal spot (Figure 2¢) whereas the temperature increase
near the bones is reduced (see images ¢ and image d). The temperature images obtained after 120
seconds of cooling (second row of images) show a residual temperature elevation near the ribs (images
e and f) and an absence of significant temperature increase when the elements were deactivated. The

analysis of the temporal evolution of the temperature at the focal point (Figure 2i) for both conditions
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show very similar curves with maximal temperature increases of 7°C, indicating an absence of
significant acoustic intensity loss with the proposed method. In contrast, the temperature evolution in a
single pixel (white arrow in Figure 2a) located near a rib shows a substantial difference (Figure 2j). The
maximal near-field temperature increase reached at the end of the sonication was 15°C when all the
elements were used whereas it remained below 4°C when the selected elements were deactivated. A
slow temperature decrease to 9°C was observed after 2 minutes of cooling in the experiment performed
with all the elements active, higher than the maximal temperature observed at the focal point.

Figure 3 shows anatomical images obtained in vivo of a pig under ventilation. In this example,
the selected sonication point was located 4.5 cm inside the liver (see Figures 3a and 3b). Image analisys
identified two ribs within the HIFU beam (Figure 3¢) and the projection of the ROI onto the transducer
surface resulted in deactivation of 124 elements (Figure 3d). Two sonications were performed
consecutively at the same location, separated by a cooling delay of 20 minutes. The first sonication was
performed with deactivation of the elements located in front of the ribs and the second experiment was
performed with all the elements active. For both experiments, 1 acoustic watt (Wac) per transducer
element was applied during 20 s.

Figure 4 compares the temperature data when all elements are active and when the selected
elements are deactivated. Similar distributions of the temperature were observed on temperature images
acquired at the end of HIFU deposition in the sagittal slice containing the HIFU beam path (Figures 4a
and 4b), with a focal point heating inside the liver and residual heating in the subcutaneous tissues. The
temperature evolution at the focal point is shown in Figure 4c. A similar temperature increase of 17°C
is observed for both experimental conditions, indicating an absence of acoustic loss at the focal point
when the elements are deactivated. After application of HIFU, the temperature rapidly returned toward
its initial value due to perfusion and heat diffusion, with nearly identical evolution for both

experimental conditions. Note that after 30 seconds of cooling (time = 100 s on Figure 4c), the residual
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temperature increase was 4°C. The temperature data in the orthogonal horizontal slice located at the
focal spot (data not shown) also show similar results for both conditions.

Figure 5 displays the results of the temperature evolution near the ribs for the same experiment.
The comparative analysis of the temperature evolution in a single pixel (Figure 5a) shows a reduction
by a factor of 2 (56% reduction) in the temperature increase when the elements were deactivated (6.2°C
average temperature increase), as compared to the experiment performed with all elements active
(14.3°C average temperature increase). Note that the temperature evolution is different with respect to
that at the focal point, since the temperature reaches a plateau 30 seconds after the end of the sonication
and remains nearly constant over the observation period (2 min 30 s post-sonication). A reduction of
70% of the mean temperature increase was found in a single pixel located in the cartilage (Figure 5b),
with a mean temperature increase of 7.2°C when all the elements were active and 2.1°C when the 124
elements were deactivated, respectively. The average temperature maps (Figures 5S¢ and 5d) calculated
over 100 seconds during the cooling period showed, as expected, that the temperature increase was
higher in the vicinity of the ribs when no elements were deactivated (Figure 5c), whereas the
temperature increase was lower and more spatially homogeneous when the 124 elements were
deactivated.

Table 1 presents the in vivo results obtained on each animal, with and without deactivation of
the transducer elements located in front of the ribs. For the three animals, approximately half of the
elements were deactivated. The temperature increase at the focal point ranged between 15°C and 17°C
with or without deactivation of the elements. The maximal temperature increase in the selected ROI in
near field was below 10°C for the three experiments performed with partial deactivation of the
transducer elements, whereas it reached 15°C and 19°C on the first and third animals, respectively. On
the second animal, the sonication performed with all the elements active resulted in an emergency stop

of the sonication after 10 seconds due to overheating of the transducer itself. This overheating was
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attributed to the reflection of the acoustic beam from the ribs toward the transducer surface, onto a
thermal sensor embedded in the transducer active surface. The number of pixels having reached the
different average temperature threshold values (3°C, 5°C, 7°C and 10°C) in the near field was
systematically lower with deactivation of the transducer elements. No pixels reached a 10°C
temperature increase under these conditions, whereas more than 20 pixels displayed an average

temperature increase higher or equal to this threshold for animals 1 and 3.

Discussion
This paper presents a simple and practical solution based on anatomical MR images for

selection of the transducer elements to deactivate in order to reduce the deposition of acoustic energy at
the ribs. The method proposed in the present work is based on the identification of the obstacles within
the beam path from MR images and their projection onto the transducer surface with an oblique ray
tracing from the HIFU target. The acquisition sequence allowed for a clear visualization of the bones,
cartilages and soft tissues. In principle, this method may be used with any MR sequence, with the
condition that sufficient contrast between the obstacle and the surrounding tissues exists. Therefore, it
could be applied for identification of any problematic structure (bowels, scars, bladder, etc...) taking
advantage of the excellent image quality and contrast provided by MRI. Such an approach may be
more difficult with ultrasound based imaging because the presence of these reflecting media
complicates the visualization of both the obstacles and the targeted point located behind these
obstacles. The small increase in duration related to the acquisition and processing of the 3D anatomical
images will not impair the overall therapeutic procedure.

The proposed algorithm allows deactivation of the elements of the transducer based on a
geometric projection of the shadow of the ribs. This simple method was suggested by Liu ef a/'! in their

simulations. The method was here applied in order to provide a proof of concept of the method based
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on the analysis of anatomical MRI data and to evaluate its effect on actual temperature distribution both
ex vivo and in vivo, with the help of real-time MR thermometry. Alternatively, the MR images could be
exploited in a more sophisticated manner to provide input data to already proposed algorithms for
optimization of energy deposition® '* > 2. However, since the temperature evolutions at the target
location was found nearly identical with or without deactivation of the elements in front of the ribs in
both ex vivo and in vivo experiments, no substantial loss in acoustic intensity at the target location is
apparent with this simple method. This is in good agreement with the ex vivo results reported by Aubry
et al (see table 2 in'*) who measured a 4% difference in acoustic intensity at the focal point when all
the elements were active as compared to the theoretically optimal solution offered by the time reversal
method.

In the present work, the transducer elements were deactivated when the surface covered by the
shadow of the bones exceeded 50% of the element surface. Despite the fact that the resulting
temperature evolution at the focal point was equivalent with and without deactivation of the elements,
there is no proof that this choice is optimal for minimizing the acoustic field produced at the bones.
However, setting more restrictive conditions, such as for example excluding any element even partially
covered by the shadow, would have resulted in 12 and 10 additional elements to deactivate for the ex
vivo and in vivo experiments, respectively. Since these elements were located all around the border of
the shadow, the resulting acoustic energy was spread in different locations on the ribs which did not
result in a important increase of the acoustic field illuminating the bones. More sophisticated
approaches could be proposed, such as modulation of the power delivered to these elements as a
function of the partial coverage and/or phase compensation of the diffracting obstacles (similar to the
time reversal technique), but this was out of the scope of the present work.

One of the limiting factors of the proposed method is that the deactivated elements of the HIFU

transducer depend on the ROIs drawn by the user, who may either exclude very large regions and
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decrease the efficacy of the acoustic emission or include too many problematic structures and increase
the risk of creating collateral damage. To overcome this limitation, semi-automatic or automatic
segmentation techniques could be implemented. .

The closest focalization distance behind the center of the obstacle is restricted by the relative
dimension of the obstacles in the direction orthogonal to the propagation axis and the transducer
aperture and focal length. Taking into account the transducer characteristics used in this study and a
typical bone dimension of 13 mm in vivo as measured on 3D anatomical images, the minimal distance
of focalization behind the center of the bone leading to total deactivation of the transducer surface was
10 mm. Another important aspect concerns the modification of the spatial distribution of the acoustic
intensity in case of partial activation of the transducer emitting surface, with possible increase of the
the focal spot length and appearance of side lobes. As a consequence, intecostal HIFU ablation may
require to take into account sonication location, size of the obstacle, transducer characteristics, resulting
acoustic intensity pattern and tissue thermal parameters (specific heat, thermal diffusivity and
perfusion).

The online monitoring of the temperature evolution in multiple orientations and locations offer
the advantage of providing a direct feedback to the physician. Therefore, this information may be
included in automatic control algorithms® in order to increase the patient safety in clinical practice.
Our results provide a quantitative estimate of the influence of tissue overheating around the ribs when
sonications are performed without any precaution. Despite the fact that thermometry based on the PRF
technique does not provide quantitative information of the actual temperature changes inside the bones,
the important and localized heating in the surrounding soft tissues can be attributed to rib heating. The
observed delayed heating after the end of the sonication can be related to thermal diffusion from the
bones to the adjacent soft tissues. For ex vivo tissue samples, the maximal temperature increase was

higher near the bone than at the focal point and slowly decreased after the end of the sonication. This is

15



340

345

350

355

360

in good agreement with the important absorption of acoustic energy by the bones as compared to soft
tissue at the used ultrasound frequency™ '"*%’. For the in vivo experiments, the maximal temperature rise
was similar (15°C) near the rib and at the focal point when all the elements were active, but the
temperature increase near the ribs was reduced by deactivation of the elements. However, for both ex
vivo and in vivo conditions, the near-field temperature reached a plateau and no temperature decrease
was observed during the 2 minutes 30 seconds of cooling time. In contrast to the near field, the
temperature at the focal point returned rapidly toward its initial value due to tissue perfusion and rapid
thermal diffusion caused by strong temperature gradients. The lack of temperature decrease near the
ribs may be attributed to the lower perfusion as compared to the liver and to thermal insulation
provided by the fat layer in the subcutaneous tissues. Our results are in good agreement with the MR
temperature data presented by Daum ef al.?! for sonications performed on cadavers of pigs with all the
elements active, who also showed slow temperature evolution after the end of the sonication. In our in

vivo results, the accumulated thermal dose®® %

, assuming a homogeneous baseline temperature of
36.5°C (taken from the rectal temperature), reached the threshold of 240 equivalent minutes at 43°C in
the soft tissue surrounding the ribs, when all elements are activated. This thermal dose threshold has
previously been reported to be a relevant indicator of the induced thermal lesions®™ *'. The analysis of
the slice located near the ribs did not reveal motion associated with the respiratory activity. In case of
motion of the ribs during sonication, the list of the transducer elements to deactivate could be
dynamically updated based on analysis of the magnitude images acquired with the thermometry
sequence. Alternatively, the combined footprint of the ribs over the complete respiratory cycle could
also be analyzed prior to sonication to deactivate the required elements, at the cost of a reduced
acoustic intensity at the focal point.

In conclusion, this paper presents a method for selecting the transducer elements to deactivate

for a given patient position in order to avoid unnecessary deposition of acoustic energy on the ribs, by
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taking into account the HIFU transducer characteristics (focal length, location of each element) and
sonication location. Our results confirm that deactivation of the elements in front of the ribs is
mandatory to reduce the risks of excessive near-field heating and skin burns. The proposed method can
therefore increase the patient safety by offering a fully controlled HIFU ablation of the liver while
protecting the ribs and surrounding healthy tissues, by combining MR compatible multi-elements

transducer technology, MR anatomical imaging and real-time MR thermometry.
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Table 1: Summary of the results of the three in vivo experiments performed with and without
deactivation of the transducer elements located in front of the ribs. For ecach condition,
380 1 Wac/element was emitted during 20 s. The reported temperature are rounded to the closest integer
values. The maximal temperature increase at the focal point and in the near field ROI are reported
in the third and fourth columns, respectively. The last four columns indicate the number of pixels in
this ROI having reached an average temperature increase higher or equal to 3°C, 5°C, 7°C and
10°C, respectively. * : the maximal temperature increase is not reported since the sonication
385  automatically halted after 10 s sonication due to internal security check of the HIFU system (see

text for details).

Focal point Near field

# of pixels with T higher than

Animal#  #ofelements | T max [°C] T max[°C] 3°C 5°C 7°C  10°C

1 132 17 7 115 41 0 0
256 16 15 183 111 61 21
2 134 16 8 120 43 5 0
256 na - - - - -
3 126 15 7 88 19 0 0

256 15 19 167 123 80 22
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Figure captions

Figure 1 : Schematic diagram (a) of the proposed method for selecting the transducer elements to
deactivate. Anatomical images are imported into the graphical user interface for : selection (b) of
the target point (the red lines show the HIFU propagation cone on a transverse slice and the white
dashed line shows the horizontal slice displayed in c¢), manual segmentation (¢) of the bones (yellow
ROIs) within the beam path (red circle), projection (d) of the shadow (yellow) of the ROIs onto the
transducer surface (white bars on the transducer surface) by ray tracing from the targeted point
(white dashed lines), and visualization (e) of the shadow of the ROIs on the 256 transducer

elements distributed on the transducer surface and determination of the elements to deactivate.

Figure 2 : MR temperature data obtained during HIFU sonications performed on ex vivo samples.
Images (a-b) and (c-d) show color coded vertical and horizontal temperature images (temperature
scale is indicated on top right of image (a)) superimposed on magnitude images obtained at the end
of the HIFU sonication with all elements active (a, b) and after deactivation of the 126 elements (c,
d). Images (e, f) and (g, h) show temperature images acquired 120 sec after the end of HIFU
sonication for both conditions. The graph in (i) compares the temperature evolution in the pixel
located at the focal point (black arrow head in a) with all elements active (red) and after
deactivation of the 126 elements (black). The graph in (j) compares the temperature evolution in a

pixel located near a rib (white arrow head in image a) within the HIFU beam.

Figure 3 : Images showing the experimental configuration of the MRgHIFU experiments
performed in vivo in the liver of a pig. Coronal (a), transverse (b) and sagittal (c) views of the
animal positioned on top of the MRgHIFU platform. The red lines indicate the borders of the HIFU
propagation cone and the white dashed lines indicate the position of the MR-thermometry slices.

The yellow contours in (c¢) show the two ROIs surrounding the ribs and the image displayed in (d)
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shows the result of the projection of these ROIs onto the transducer surface.

Figure 4 : Comparison of temperature data during HIFU sonications performed in pig liver in vivo,
without and with deactivation of the transducer elements. Images on the top show temperature
images (color scale is provided on the right) in the sagittal orientation, with all the elements active
(a) and after deactivation of the 124 elements (b). The graph displayed in (¢) compares temperature
evolution at the focal point (white arrow head on (a)) without (red curve) and with (black curve)

deactivation of the elements. The HIFU sonication duration is represented by the gray rectangle.

Figure 5 : Comparison of temperature data near the ribs during HIFU sonications performed in pig
liver in vivo, without and with deactivation of the transducer elements. The graphs show the
temperature evolution in a single pixel located (a) near the rib and (b) in the cartilage (see white
points for exact location in each insert). The red curves show the temperature evolution when all the
HIFU elements are active and the black curves show the temperature evolution when 124 elements
were deactivated. The HIFU sonication duration (20 s) is represented by the gray rectangles. The
horizontal bars show the average values of temperature between 100 and 200 seconds. Images (c)
and (d) are maps of the average temperature values (the color scale is indicated on the right) in each

pixel between 100 and 200 s (vertical dashed blue lines in a and b).
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