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The exposure to ultrasound, combined with intravenous injection of microbubbles, is a technique which can be used to temporarily disrupt the blood-brain barrier. Transcranial monitoring of cavitation can be done via one or more passive cavitation detectors (PCDs). However, the positioning of the PCDs relative to the cavitation site, as well as the attenuation of these signals by the skull, constitute two sources of error in the quantification of cavitation activity. The aim of this study is to evaluate in vitro the amplitude variation of cavitation signals that can be expected with an excised porcine skull model. The variation due to the relative positioning of the PCD with respect to the cavitation site was quantified. A position-based correction of the signal amplitude was evaluated. Pig skull samples were used to assess variation in signal amplitude due to bone. The overall coefficient of variation of the signals due to these measurement biases was estimated at 30.8%.

Introduction

The blood-brain barrier (BBB) is an obstacle to most drug therapies for pathologies of the central nervous system (CNS) [START_REF] Pardridge | The blood-brain barrier: Bottleneck in brain drug development[END_REF]). In the 1950s, it was discovered that exposure to high intensity focused ultrasound (HIFU) in cat brain tissue favored the deposition of trypan blue in damaged tissue, suggesting an opening of the BBB [START_REF] Bakay | Ultrasonically Produced Changes in the Blood-Brain Barrier[END_REF]). These openings were initially not repeatable, and likely to cause significant lesions in brain tissue. Since then, much progress has been made in understanding the BBB disruption (BBBD) by exposure to ultrasound, and in improving this technique. Notably, it was discovered that these BBBDs were temporary, were unlikely to produce lesions [START_REF] Ballantine | Progress and Problems in the Neurological Applications of Focused Ultrasound[END_REF], and that the physical phenomenon mainly responsible for these permeabilizations was cavitation [START_REF] Vykhodtseva | Histologic effects of high intensity pulsed ultrasound exposure with subharmonic emission in rabbit brain in vivo[END_REF].

Cavitation corresponds to the dynamics of gas bubbles subjected to an ultrasonic field at a frequency . It is typically differentiated into two regimes. Stable cavitation corresponds to non-linear oscillations of the bubble radius. It is characterized by the emission of harmonic (2 , 3 , etc.), subharmonic ( /2) and associated ultra-harmonic frequencies (3 /2, 5 /2, etc.) Inertial cavitation corresponds to a violent implosion of the bubbles and is characterized by broadband noise.

In the early 2000s, it was shown that the ultrasonic power necessary for BBBD could be greatly reduced by the simultaneous injection of microbubbles (MBs) in the bloodstream [START_REF] Hynynen | Noninvasive MR Imaging-guided Focal Opening of the Blood-Brain Barrier in Rabbits[END_REF]). These MBs, originally marketed as contrast agents for ultrasound imaging, allow better control of cavitation activity, while reducing the harmful mechanical and thermal effects of high power ultrasound.

The first BBBDs in humans were performed in a phase I/IIa clinical study, using an unfocused ultrasound implant [START_REF] Carpentier | Clinical trial of blood-brain barrier disruption by pulsed ultrasound[END_REF][START_REF] Idbaih | Safety and feasibility of temporary blood-brain barrier disruption with the SonoCloud-1/3 implantable ultrasound device in recurrent glioblastoma[END_REF]. A method for automatic quantification of BBBD volumes using MRI images of these treatments has also been published [START_REF] Asquier | Bloodbrain barrier disruption in humans using an implantable ultrasound device: quantification with MR images and correlation with local acoustic pressure[END_REF]. Clinical trials using focused and transcranial systems were carried out concurrently [START_REF] Lipsman | Blood-brain barrier opening in Alzheimer's disease using MR-guided focused ultrasound[END_REF][START_REF] Mainprize | Blood-Brain Barrier Opening in Primary Brain Tumors with Non-invasive MR-Guided Focused Ultrasound: A Clinical Safety and Feasibility Study[END_REF].

To monitor cavitation activity during an ultrasound treatment, passive cavitation monitoring can be performed using one or several PCDs (Passive Cavitation Detectors) placed on the head. The signal emitted by the bubbles is recovered by the PCD and its spectrum is then calculated. Indices of stable cavitation activity (harmonics, sub-harmonics and ultra-harmonics of the excitation frequency of the bubbles) and inertial cavitation activity (broadband noise) can be defined in order to compare with the disruption and the undesirable effects obtained. Numerous preclinical studies have demonstrated the link between cavitation activity, BBBD efficacy and related side-effects [START_REF] O'reilly | A PVDF receiver for ultrasound monitoring of transcranial focused ultrasound therapy[END_REF][START_REF] Tsai | Real-time monitoring of focused ultrasound blood-brain barrier opening via subharmonic acoustic emission detection: Implementation of confocal dual-frequency piezoelectric transducers[END_REF][START_REF] Tung | In vivo transcranial cavitation threshold detection during ultrasound-induced blood-brain barrier opening in mice[END_REF]. PCD feedback has been used to set ultrasound excitation amplitudes [START_REF] Mcdannold | Targeted disruption of the blood-brain barrier with focused ultrasound: association with cavitation activity[END_REF][START_REF] O'reilly | Blood-Brain Barrier: Real-time Feedback-controlled Focused Ultrasound Disruption by Using an Acoustic Emissions-based Controller[END_REF].

Treatment feedback with passive monitoring of cavitation is typically used in a transcranial configuration since the ultrasonic waves are attenuated and aberrated by the bone. The treatment amplitudes are adjusted based on detection of the different cavitation indices. In treatments using an implantable unfocused ultrasonic device, uncertainty about the acoustic pressure in situ is much lower. In this case, which infers no skull aberration, a free-field propagation assumption can reasonably be made. The calculation of free field wave propagation in homogeneous tissue is possible by taking viscosity into account in the Rayleigh integral (Strutt 1877).

However, the correlation between the efficacy of BBBD and the intensity of cavitation activity has not yet been proven in humans. Passive monitoring of cavitation for exploratory purposes may be useful for better understanding the BBBD phenomenon and improving the efficacy of future clinical treatments safely. This article addresses the quantification of the cavitation activity induced during treatment performed with an unfocused ultrasonic transducer. The aim is to evaluate the uncertainty that exists concerning the amplitudes of the subharmonic perceived when monitoring with a single-element sensor, simply placed against the temple of patients. The measurement biases evaluated are the position and orientation of the PCD with respect to the cavitation source, and the influence of the skull on the amplitudes. The uncertainties related to these two parameters were initially evaluated in vitro, and a correction of the amplitudes based on a prior knowledge of the positioning of the PCD with respect to the cavitation source was proposed and validated.

Materials and Methods

Experimental setup

The experimental set-up is illustrated in Fig. 1. The experiments were performed in a tank filled with degassed water at ambient temperature. A homemade 10-mm diameter planar piezoceramic transducer, was held vertically by a 3D support designed and printed for the experiment. The transducer fired on a polyimide tube (external diameter 1.9 mm, internal diameter 1.8 mm; IM307190, Goodfellow, Huntingdon, UK) held perpendicular to the acoustic axis at 2.5 cm from the surface of the transducer.

A solution containing a concentration of phospholipid MBs (2-6 μm in diameter) at a concentration of 10 5 bubbles/mL was prepared immediately prior to the start of the experiment. The flow rate was controlled by a syringe pump (PHD Ultra, Harvard Apparatus, Holliston, Massachusetts, USA). The solution circulated at a speed of 1.2 cm/sec through the tube, thus ensuring bubble renewal in front of the transducer at each burst. The stable cavitation threshold (clear emergence of subharmonic and ultra-harmonic frequencies) was measured around 0.15 MPa in this experimental setup. Before each experiment, a sonication was performed in saline without bubbles, to confirm the absence of spontaneous cavitation and to evaluate background noise.

A homemade PCD (PVDF, 10-mm diameter), serving as a reference PCD, was maintained horizontally at 10.5 mm from the cavitation focal point. A robotic arm (LBR iiwa, Kuka Robotics, Augsburg, Germany) held, oriented and moved a PCD similar to the reference PCD. The robot was controlled by software developed in Matlab. The position of the PCD was defined by two parameters: the distance from its center to the cavitation focal point (i.e., the projection of the center of the transducer on the tube); and the orientation defined by the acoustic axis with respect to the cavitation focal point.

The chosen positions of the PCD are representative of the multiple monitoring configurations during BBBD in humans with an implantable unfocused device (distance to the focal length of the transducer varying from 10 to 15 cm, and maximum angular error of 10°). They were estimated by observation of MR images from clinical trials [START_REF] Asquier | Bloodbrain barrier disruption in humans using an implantable ultrasound device: quantification with MR images and correlation with local acoustic pressure[END_REF].

Signal acquisition and processing

A 25,000-cycle monochromatic burst delivered every second by a function generator (33120A, Agilent Technologies, Santa Clara, California, USA), was amplified (LA200H, Kalmus Engineering, Bothell, Washington, USA) and was used to excite the transducer in the tank. The sonication frequency was set to the resonance frequency of the transducer used for the experiment (1 MHz). The acoustic signals detected were preamplified (MVA 10, Müller Instruments, Oberursel, Germany) and filtered with a low pass filter (2.5 MHz cutoff frequency, BLP-2.5 +, Mini-Circuits, Brooklyn, New-York, USA). Analog-digital conversion was ensured by an oscilloscope (PicoScope 4824, Pico Technology, St Neots, UK) controlled by software developed in Matlab (Version 8.3, MathWorks, Natick, Massachusetts, USA). Signal acquisition was triggered by the excitation signal of the transducer, lasted 26 ms, and the signals were sampled at 10 MHz.

The subharmonic is considered as the most reliable cavitation index. It corresponds to the lowest frequency representative of cavitation activity, and consequently the monochromatic wave most likely to traverse the skull with minimal variability.

The Fourier transforms of all acquired signals were calculated. The amplitude of the subharmonic as well as the average amplitude of the noise on a 10-kHz band around it were measured. A signal was considered valid if the subharmonic level is 10 dB above the average noise. Invalid signals were excluded from the results. The amplitude of the subharmonic averaged over all valid measurements was then calculated for each position of the PCD. In the following, denotes the mean amplitude of the subharmonic at the position .

In order to quantify the uncertainty of due to the distance and the orientation of the sensor with respect to the cavitation focal point, the coefficient of variation of these variables was calculated in percentages:

= 100 × (1) 
Where and correspond to the standard deviation and the mean of the , respectively. The coefficient of variation Cv characterized the uncertainty of cavitation measurements for the positions tested in the tank.

Position-based correction

In order to compare the signals with each other, the distance and orientation information of the PCD relative to the cavitation focal point was used. The objective was to try to reduce the coefficients of variation of each of the experiments using this information.

The PCD was considered as a plane piston vibrating at a frequency and at an amplitude . Let , be the center of the piston surface and its radius. Pressure ( , ) radiated to the point located in the far field at a distance from such that the axis forms an angle with the axis of the piston, is defined by the following relationship [START_REF] Sherman | Acoustic Radiation from Transducers[END_REF]):

( , ) = - . "( ) (2) 
Where :

• = 2$ , the pulsation • % = & '
, the wave number
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•

, the density of the tissue

The quantity "( ) corresponds to the directivity of the piston and is calculated as follows:

"( ) = 2) * (% + ,( )) % + ,( ) (3) 
Where ) * is a first order Bessel function of the first kind.

The principle of electroacoustic reciprocity (MacLean 1940) stipulates that the emission sensitivity of the piston is considered in all points proportional to its reception sensitivity. The reception directivity of a PCD therefore increases with the dimensionless product % .

Thus, the terms and "( ) can be used to correct the recorded by the PCD and reduce the value of . For each position of the PCD (distance , angle ), the corrected was calculated as follows:

,'. = . "( )

A new coefficient of variation ,'. can then be calculated and compared to that without correction.

Estimation of acoustic transmission

The signal reduction due to the temporal bone was characterized by the value of its pressure transmission /. It is the ratio between the amplitude of a pressure wave at the exit point of the bone and the amplitude of this same wave at the same point without the bone.

A Monte-Carlo simulation was carried out to determine the distribution of transmission of human temporal bones. The wave propagation model that was used was that published by Folds and Loggins [START_REF] Folds | Transmission and reflection of ultrasonic waves in layered media[END_REF]. For the sake of simplicity, the temporal bone was treated as a single layer with homogeneous properties over its entire thickness. The shear wave was neglected. The transmission was studied for a wave of 0.5 MHz (frequency of the subharmonic) and of normal incidence. It is therefore a function of the thickness and density of the skull, and of the speed and attenuation of the longitudinal waves passing through it.

A review of the literature was carried out to obtain the mean values and standard deviations of these parameters for the human temporal bone (see Table 1). It is considered that each of these parameters follows a normal law. The transmission of 10,000 randomly generated temporal bones was then calculated.

Selection of skull samples

Three skull samples from domestic pigs aged 11 to 16 weeks were used as substitutes for a human skull. These samples did not come from animals specifically dedicated to this study but from dead animals, which were included in studies conducted at the Institute of Experimental Surgery (ICE), Centre Léon Bérard, Lyon, France. The accommodation was performed in accordance with European Directive 2010/63/UE and all animal experiments were approved by the ethics committee of the ICE and received authorization from the Ministry of Higher Education, of Research and Innovation.

The three samples were selected because their transmission values represented the variability that could be expected in the human temporal bone (statistically evaluated in the previous section). The inner cortical layer of the skulls was sanded down with sandpaper to control these transmission values. The thicknesses obtained were homogeneous: 2 mm (skull2), 4 mm (skull4) and 6 mm (skull6).

In order to validate the use of these samples, power measurements with an acoustic balance (RFB-2000, Onda) were conducted in degassed water. A focused ceramic transducer (diameter 50 mm, focal distance 48.2 mm, Ferroperm) was used, operating at a frequency of 500 kHz.

Design of experiments Influence of the position

A combination of 3 distances (10, 12.5 and 15 cm) and 3 angles (0°, 5° and 10°) for a total of 9 positions of the moving PCD was used for each solution of bubbles. At each position, a signal was recorded every second over a period of 1 minute. The experiment therefore lasted approximatively 9 minutes and was performed for 3 different pressures of the cavitation focal point (0.34, 0.39 and 0.46 MPa). The positions were randomly ordered to minimize the bias due to the drift of bubble concentration in the circuit.

Influence of the skull

A separate set of experiments were carried out at a nominal pressure of 0.5 MPa to quantify the variability caused by bone inhomogeneities. The same experimental device was used. The reference PCD was removed in order to minimize the wave reflections on the support parts as much as possible.

The previously characterized pig skull samples were degassed and held in full contact with the moving PCD by an elastic band.

The angle formed by the PCD acoustic axis and the surface of the skull in clinical configuration, due to the presence of the skin, was therefore neglected.

A 6.25-mm PCD with an integrated preamplifier (Precision Acoustics) was initially maintained in a fixed position ( = 10 cm and = 0°). The same MBs solution was used for a series of measurements on three different skull samples. For each of the samples, 60 signals were recorded. The experiment was repeated ten times. The and the of the ten measurements series were calculated.

Next, the validity of the correction based on the position and orientation of the PCD with respect to the cavitation focal point (introduced during the previous experiment) was evaluated in the presence of the skull samples. The same microbubble solution was used for one skull and 12 positions ( = 10, 12.5 and 15 cm and = 0°, 5°, 10° and 15°). For each position, 60 signals were recorded. The experiment was repeated four times for each sample, and these samples were interchanged between each repetition, so that the contact with the PCD was different for each series of measurements. The amplitudes of the subharmonic from valid signals of a same position and skull sample were then averaged. The coefficients of variation and ,'. of all positions were then calculated for each skull sample.

Results

Influence of the position and validation of the correction

The results are illustrated in Fig. 2. The coefficients of variation obtained with the reference PCD were 5.8%, 4.8% and 4.5% for 0.34, 0.39 and 0.46 MPa, respectively. They represent the minimum uncertainty of cavitation measurements under ideal conditions (single cavitation source, a priori knowledge of relative distance and orientation of the PCD with respect to the focal point, and no skull to traverse).

For the moving PCD, the coefficients of variation were 29.2%, 29.1% and 34.1% before correction and 11.4%, 12.0%, 10.0% after correction with equation ( 4).

Influence of the skull

The mean and standard deviation values of the different acoustic parameters noted during the literature review were used to calculate the theoretical transmission of 10,000 temporal bones, with properties generated pseudo-randomly using a normal distribution. This makes possible to plot the theoretical distribution function of the human temporal bone transmission at 500 kHz with a normal incidence. This function is illustrated in Fig. 3. The mean and standard deviation of the transmission were calculated to be 0.67 ± 0.10, which corresponds to a coefficient of variation of 14.9%.

The transmission values of the pig skull samples, measured with the acoustic balance, were 0.82 ± 0.08, 0.68 ± 0.07 and 0.56 ± 0.03 for skull2, skull4 and skull6, respectively. These measured values fall within the transmission distribution curve generated for the human temporal bone and thus provide a good representation of the variability of this parameter, as shown in Fig. 3.

The coefficients of variation for the same pressure and the same position of the PCD were measured at 11.7%, 9.6% and 14.6% for skull2, skull4 and skull6, respectively (Fig. 4). The overall coefficient of variation (all measurements combined) was 16.0%.

The correction as a function of the position and orientation of the transducer was evaluated in the presence of the skull samples. The results obtained are illustrated in Fig. 5. The coefficients of variation were calculated to be 37.2%, 27.3% and 25.2% before correction and 30.6%, 16.1% and 24.3% after correction for skull2, skull4 and skull6, respectively. The coefficient of variation for all skull samples and all positions combined was 30.8% before correction and 25.0% after correction.

Discussion

The main objective of this study was to quantify the uncertainties due to the position of the PCD with respect to a unique cavitation source, and to the variability of patient's skull properties. The secondary objective was to propose measurement or treatment methods to be implemented in order to have the signals recorded by the PCD quantitatively comparable.

Signal correction as a function of sensor position was proposed. It allows for a better quantitative comparison of the amplitudes received. It was observed that in the absence of bone, the coefficients of variation of all positions tested averaged to 30.8%. The values of these coefficients were lowered to 11.1% after application of the correction. These results show that a correction based on prior knowledge of the relative position and orientation of the PCD with respect to the MBs activity area makes it possible to significantly reduce measurement uncertainty. However, they must be considered with caution, because the correction applied is derived from a theoretical formulation assuming free field propagation of the waves in a homogeneous medium, and a precise knowledge of the distance and the angle. In a clinical configuration, ultrasound propagates through a skull, which can be considered as a reverberating cavity, and through inhomogeneous and attenuating tissues.

Since cavitation is a stochastic phenomenon, there is an intrinsic variability in the amplitude of the measured subharmonic. The coefficients of variation of a reference PCD have been measured at approximately 5%. This value represents the minimum uncertainty in this experiment.

A Monte-Carlo simulation was carried out using various data from literature in order to evaluate the distribution function of the acoustic pressure transmission through the human temporal bone at 0.5 MHz. The mean value was estimated at 0.67 ( = 14.9 %). Most values (occurrence greater than 10%) were between 0.55 and 0.80. It can therefore be considered that the signal measured by the PCD was attenuated by 20% to 45% by the skull. It represents a significant source of uncertainty for the quantitative comparison of the amplitudes of the received signals. These values must be considered with caution since the model used considers the skull as a flat layer, of homogeneous thickness and composition. Additional variation can be induced by heterogeneity of bone properties and its irregular shape. In these simulations, only normal incidence was evaluated:

preliminary simulations showed that incidence angles lower than 15°, which can be expected in a clinical setting, cause less than 5% variation in transmission.

Three pig skull samples were selected according to their transmission in order to represent the variability of the temporal bone transmission of the human skull. The coefficients of variation of the subharmonic amplitudes were then calculated for the three skulls at a constant position and pressure. They werecalculated to be between 10% and 15%. The coefficient of variation of the reference PCD, measured during the experiment without the skull, was 5%. These results show that a slight displacement of the PCD on the skull can vary the amplitude of the received signal significantly. Inhomogeneities in thickness and composition, even locally, can have a significant impact on the measurement. The overall coefficient of variation of these measurements was calculated to be 16%, which is comparable to the theoretical variation of 14.9% obtained through Monte-Carlo simulations, thus showing that the skull samples used in these experiments properly illustrate the variations that can be expected in the clinic.

The signal corrections, validated during the previous experiment, were then applied in the presence of the skull samples.

This method reduced the average coefficient of variation from 30.8% to approximately 24% (compared to 11.1% without a skull). This means that the correction of skull transmission aberrations deserves a more complex model than that of the simple plane piston used in free field.

A single element sensor simply placed on the temple of patients, without any prior information, makes it possible to account for cavitation activity. It is nevertheless insufficient for a quantitative study of the correlation between the intensity of the phenomenon and the efficacy of the BBBD produced. The skull greatly increases the uncertainty of the measured cavitation amplitudes, so it is important to take it into account. To do this, computed tomography images are generally used since they give access to the physical properties of the skull [START_REF] Aubry | Experimental demonstration of noninvasive transskull adaptive focusing based on prior computed tomography scans[END_REF][START_REF] Clement | A non-invasive method for focusing ultrasound through the human skull[END_REF]. This information can then be used for simulation of the behavior of ultrasonic waves passing through the skull. The research groups studying BBBD with focused devices also use these images in order to correctly plan the focalization of the ultrasonic treatment [START_REF] Hynynen | Pre-clinical testing of a phased array ultrasound system for MRI-guided noninvasive surgery of the brain-A primate study[END_REF].

Furthermore, the PCD must not move during treatment, since a slight variation in the position can cause significant variations in the perceived levels. To do this, a stereotactic frame, or real-time optical or magnetic tracking must be considered.

In the case of an implantable device, an effective way to remove the quantification biases would be to directly include a PCD in the implant. In doing so, the position of the PCD relative to the acoustic fields of the transducers would always be the same between each treatment, and the presence of the skull would no longer be a source of uncertainty. A focused ultrasound device consisting of a treatment transducer surrounded by a ring-shaped PCD has already been developed [START_REF] Tsai | Real-time monitoring of focused ultrasound blood-brain barrier opening via subharmonic acoustic emission detection: Implementation of confocal dual-frequency piezoelectric transducers[END_REF]. It was proven effective in detecting subharmonic emissions.

The use of an unfocused device makes it possible to ensure a greater volume of treatment in minimal time. The wide acoustic field nevertheless presents an additional difficulty concerning the quantification of cavitation. Indeed, the cavitating sources can be distributed over a large volume, and not in a small one as considered here. Consequently, a single treatment is expected to have multiple cavitation sources, relatively distant from each other, and are likely to interfere with each other, either constructively or destructively. [START_REF] Clement | Scattering from microbubble clouds: A fast multipole model with experimental validation[END_REF]. It is therefore plausible that a simple correction of the PCD signals, as a function of a distance, angle, or skull constitution, is not sufficient to reduce the bias of the cavitation level measurement for a precise quantitative analysis of results. In order to locate and differentiate the sources, passive cavitation imaging is possible [START_REF] Salgaonkar | Passive cavitation imaging with ultrasound arrays[END_REF]). It can be performed using a more complex monitoring system consisting of several PCDs. The research groups using transcranial BBBD devices use them to check the correct focal point of ultrasonic waves traversing the skull [START_REF] Jones | Three-dimensional transcranial microbubble imaging for guiding volumetric ultrasound-mediated blood-brain barrier opening[END_REF][START_REF] Wu | Efficient blood-brain barrier opening in primates with neuronavigation-guided ultrasound and real-time acoustic mapping[END_REF]. This technique ensures that the acoustic energy is deposited in sufficient quantity in the area to be treated.

Reverberation of the waves in the skull is also a potential problem in interpreting the data. The burst used in this study lasts approximately 25 ms. The speed of sound in biological tissues being approximately 1500 m.s-1, the wave has time to travel 37.5 m in the skull before its emission ends. This means that the reverberated waves interfere with the direct waves and distort the measurements. To avoid the reflections, a simple method is to use a shorter but more frequent burst, so as to not lose treatment efficacy. This would also allow more precise passive cavitation imaging and possibly differentiation of the different cavitation sources [START_REF] Gateau | Combined passive detection and ultrafast active imaging of cavitation events induced by short pulses of high-intensity ultrasound[END_REF][START_REF] Vignon | Microbubble cavitation imaging[END_REF]). The research groups using focused BBBD devices are moving towards these methods in order to be able to monitor the quality of their focalization in real-time. [START_REF] Burgess | Power cavitation-guided blood-brain barrier opening with focused ultrasound and microbubbles[END_REF]. A tradeoff must nevertheless be made between the duration and the frequency resolution of the acquired signal.

Conclusion

In our set-up, the overall coefficient of variation of the amplitude of the subharmonic emitted by a single cavitation source, taking into account the positioning variability of the PCD in clinical conditions, as well as the measurement bias induced by the temporal bone, was evaluated at 30.8%.

A method for reducing measurement uncertainty, based on prior knowledge of the position of the PCD with respect to the cavitation source, was evaluated and validated in the absence of bone.

The variability of the results due to the presence of bone is nevertheless too important for this reduction in uncertainty to be significant. 
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