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Abstract

Cavitation activity induced by ultrasound may occur during High Intensity Focused Ultrasound
treatment, due to bubble nucleation under high Peak Negative Pressure, and during Blood-Brain-
Barrier (BBB) disruption, due to injected Ultrasound Contrast Agents (UCAs). Such microbubble activity
has to be monitored to assess the safety and efficiency of ultrasonic brain treatments. In this study,
we aim at assessing whether cavitation occurs within cerebral tissue by binary discriminating cavitation
activity originating from the inside or the outside of the skull. Results were obtained from both in vitro
experiments mimicking BBB opening, by using UCA flow, and in vitro thermal necrosis in calf brain
samples. The sonication was applied using a 1MHz focused transducer and the acoustic response of
the microbubbles was recorded with a wideband Passive Cavitation Detector (PCD). The spectral
content of the recorded signal was used to localize microbubble activity. Since the skull acts as a low
pass filter, the ratio of high harmonics to low harmonics is lower for cavitation events located inside
the skull compared to events outside the skull. Experiments showed that the ratio of the 5/2
ultraharmonic to the 1/2 subharmonic for binary localization cavitation activity achieves 100%
sensitivity and specificity for both monkey and human skulls. The harmonic ratio of the fourth to the
second harmonic provided 100% sensitivity and 96% and 46% specificity on non human primate for
thermal necrosis and BBB opening respectively. Nonetheless, the harmonic ratio remains promising
for human applications, as experiments showed 100% sensitivity and 100% specificity for both thermal
necrosis and BBB opening through the human skull.

Introduction

The skull induces strong aberrations, both in phase and amplitude, when ultrasounds (US) are
transmitted through it. Consequently, a spherical phase profile does not achieve optimal focusing
through the skull. For this reason, the use of ultrasound for brain treatment had only remained possible
via craniotomy for a long time [2, 3]. However, the development of adaptive focusing techniques to
compensate for skull distortions has shed a new light on ultrasonic brain applications [4-6]. Moreover,
previous studies have demonstrated that the phase shift assessment required for performing the
adaptive focusing can be performed non-invasively with numerical simulation based on a Magnetic
Resonance Imaging (MRI) [7-9] or Computed Tomography (CT) [10-13] of the skull. Two major
applications using focused transcranial ultrasound are currently under fundamental and clinical
investigation: Blood-Brain-Barrier (BBB) opening using focused ultrasound combined with Ultrasound
Contrast Agent (UCA) injection and thermal necrosis by High Intensity Focused Ultrasound (HIFU).



BBB opening improves drug delivery in the brain’s parenchyma. Non-localized [14] and/or invasive [15,
16] openings have been carried out, but are poorly effective and potentially highly hazardous for
patients [17, 18]. For these reasons, an alternative method, combining the injection of encapsulated
microbubbles with transcranial focused ultrasound, has been developed to open the BBB [19, 20]. The
microbubbles —commonly commercial UCAs — are injected intravenously and perfused throughout the
body, encompassing the brain’s vascular system. The UCAs are then locally excited by focused
ultrasound (FUS) in the targeted volume. Previous studies have established enhancement of anti-
tumor molecules delivery by BBB opening on small animals [21, 22]. Additionally, the feasibility of
trans-skull BBB opening was demonstrated on non-human primates at lower US frequencies [23, 24].
Despite the successful BBB openings obtained with UCA+FUS, improving the cavitation activity
monitoring remains essential for a safe and efficient clinical translation. Indeed, if stable cavitation is
a desired phenomenon during BBB opening, inertial cavitation is not. McDannold et al. demonstrated
that the acoustic signature of inertial cavitation was correlated with hypointense spots in T2"-weighted
MR image and histological evidence of hemorrhage [1].

Furthermore, FUS can achieve brain tissue ablation by thermal necrosis. This approach has been
extensively tested on animal models [25-29]. Brain tissue ablation is currently used on humans for
treating neurological disorders such as essential tremors [30-33], Parkinson’s diseases [34],
neuropathic pain [35, 36] and drug resistant obsessive-compulsive disorder [37]. The treatment is
achieved with high acoustic intensity (1000W/cm? and above) and long sonication duration (10-20s) to
induce a 55-57°C peak temperature [36] in tissues, resulting in their necrosis. The sonication can
spontaneously nucleate microbubbles, which then oscillate in a stable or inertial cavitation state driven
by the ultrasound beam. The inertial cavitation is known to potentially induce massive hemorrhages
during HIFU procedures[38].

To ensure the safety, efficiency, and repeatability of BBB opening and thermal necrosis, monitoring
the acoustic signature of microbubbles in real time is therefore crucial. Passive cavitation detector is
able to quantify microbubble activity and discriminate between stable and inertial cavitation.
Instantaneous and cumulative levels of cavitation can be computed, such as the stable cavitation dose
(SCD) [39, 40] based on the harmonic level of the acoustic response, or the inertial cavitation dose
(ICD) [39-43] based on the broadband level. However, no accurate and low cost method currently
exists to establish whether the acoustic signal is produced from microbubbles located inside or outside
the skull. Current approaches to spatially localize cavitation activity are based on passive [44-50] or
active [50] multi-element arrays. But the imaging probe, required for cavitation mapping, is difficult to
embed in a brain therapy device and is not used in clinics yet. Consequently, thermal ablations by FUS
are interrupted as soon as the signal recorded by the PCDs exceeds a given threshold, wherever the
signal originates from.

The acoustic response of microbubbles driven by ultrasound excitation at the frequency f; is known
to be highly non-linear[51]. Consequently, the spectral content of the signal comprises harmonics (2,
3fo, 4fo.--), one subharmonic 2f, and ultraharmonics (Zfo, ;fo, >fo -..). Harmonics are not specific to
microbubble activity. They can be induced by the nonlinearities in power amplification or during the
wave propagation in water. By contrast, the half harmonics (1/2, 3/2, 5/2...) are the signature of the
acoustic response of microbubbles [51]. The purpose of this study is to show that the frequency-
dependent attenuation of the signal passing through the skull [52] affects the microbubbles’ acoustic
response, and that it can be used as a low-cost indicator for binary localization of cavitation events
occurring inside or outside the skull. In vitro experiments mimicking cavitation events originating from
either BBB opening or thermal necrosis have been conducted. Human and monkey skull samples were
used to evaluate their respective effects on the acoustic signal recorded by a PCD.



Materials and methods

Experimental setup

An experimental setup (Fig. 2) was designed to mimic cavitation events originating from BBB opening
and thermal necrosis in well-controlled and replicable conditions. The single-element transducer
(Sonic Concept H-101MR, Bothell, WA, USA) used for experiments has a 59mm radius of curvature, a
f-number of 1, and is operated at 914kHz. The focused beam propagated through water only (even in
the configuration with a skull sample placed in front of the PCD: Fig. 2, left). Consequently, the
sonication was independent from the presence, or absence, of the skull sample. Calibration was
performed using an heterodyne laser interferometer [53] to determine the peak negative pressure
(PNP) against the voltage applied to the transducer. The electrical excitation was generated by an
arbitrary function generator (Tektronik AFG3101C, Beaverton, OR, USA) and amplified (Amplifier
Research Model 40AD1, Souderton, PA, USA).

The PCD was a wideband transducer (Imasonic S/N 1505, Besancon, France) with the following
features: 70 mm focal length, 14 mm aperture, 7.6 MHz central frequency and a -6 dB bandwidth from
4.5MHz to 14.4MHz. Figure 1 presents its bandwidth for frequency from 0 to 15MHz. The PCD was
placed confocally and almost orthogonally to the excitation beam. For experiments assessing the
filtering effect of the skull on cavitation signals, a skull sample (monkey or human) was placed between
the PCD and the confocal spot to mimic bubble activity from ‘inside the skull’. When a skull sample
was in place, a low noise amplifier (Olympus 5676, Tokyo, Japan) was added to provide a fixed +40dB
amplification of the PCD signal before digitalization. The signal was then digitized into 14bits at 100
Msamples/s by an oscilloscope (TiePie HS5, Sneek, Netherlands). The transducers and the skull were
immersed in water for acoustic coupling.
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Figure 1: bandwidth (dB scale) of the PCD.

Studies were carried out on one skull sample from macaca fascicularis and six human skulls (#1 to #6).
The PCD was located in the temporal area of the human skulls. The human skulls were provided by the
Institut d’Anatomie (UFR Biomédicale des Saints-Péres Université Paris Descartes, Paris, France) and
tattooed with individual numbers, as approved by the ethics committee of the Centre du Don des Corps
(Université Paris Descartes, Paris, France). The donors provided informed consent before death. The
skull samples were stored and kept dry. 48 hours before the experiments, the samples were immersed
in water and degassed under reduced pressure (P<2mbar).



BBB opening mimicking setup

A bolus of UCA (SonoVue, Bracco Research SA, Switzerland) was injected with a syringe and circulated
in a water closed circuit, mimicking intravenous injection and circulation in the vasculature (Fig. 2). A
peristaltic pump (Watson & Marlow 313F, Falmouth, UK) provided a continuous flow (1.4 L/min) of
microbubbles in the focal acoustic volume. This device helped us maintain a steady microbubble
concentration throughout the acquisition (more than 10 seconds). An acoustic window was made
from a latex US probe cover (Richter Rubber Technology, Kedah, Malaysia). The confocal spot of the
transducers was located in this window. An in-house expansion tank was mounted in the circuit to trap
the macrobubbles that could be induced by the water circulation and to adjust water pressure. Three
scenarios were investigated: ‘free propagation’ (no skull sample in front of the PCD), ‘propagation
through the monkey skull’ and ‘propagation through a human skull (#1 to #6)’. An identical protocol
was followed for those three setups. A 914-kHz sinusoidal 30ms-burst was repeated every 2s. The input
voltage of the transducer was set to obtain a 0.6 MPa PNP at the focus. This value was chosen in
consideration of the results reported by McDannold et al. to induce a transient BBB opening [54]. 5
acquisitions were completed before the UCA injection (baseline) and 20 acquisitions afterwards.
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Figure 2. Left: Setup mimicking BBB opening; in red, the power circuit with the ultrasonic emitter; in
green, the signal circuit with the PCD (Rx); and in blue, the hydraulic circuit for UCA circulation. Right:
A 3-dimensionnal representation of the experimental setup.

Thermal necrosis mimicking setup

The goal was to study the acoustic response of microbubbles generated in situ by FUS. A fresh calf
brain sample was employed to mimic thermal necrosis of the brain tissues. The sample was immersed
in a saline solution and degassed for 3 hours under reduced pressure (P<2mbar). Then, it was placed
in a latex US probe cover (Richter Rubber Technology, Kedah, Malaysia) and positioned at the focus of
the transducers with an holder (Fig. 3, left) manufactured in-house.
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Figure 3. Detailed view of the brain sample holder. The brain sample is positioned at the confocal spot
of both emitter (in red) and PCD (in green).

A 914 kHz and 4.5 MPa PNP sinusoidal burst was emitted during 0.7s with a 6s repetition time. 20
acquisitions were performed to test repeatability. Only one human skull (sample #1) was tested for
thermal necrosis.

Data analysis

Power spectra of the PCD recordings were obtained by numerical Fast Fourier Transform (FFT) with
Matlab (Mathworks, Natick, MA, USA). The power spectra were deconvoluted by the bandwidth of the
PCD and then normalized by the maximum value obtained for the fundamental frequency. Therefore,
all the results below are independent of the PCD bandwidth. Levels of subharmonic, harmonics and
ultraharmonics were then computed by integration of the spectrum on an 8kHz-band around the
frequency of interest.

Cavitation threshold

The cavitation threshold was set by computing the Stable Cavitation Dose (SCD) [39, 40]. In this study,
the SCD was defined as the sum of harmonics 2 to 9. Then, the SCD was normalized by a reference SCD
called SCDyt. For experiments mimicking thermal necrosis, the SCDe was assessed from the signal
recorded in the first 50ms of the first sonication, before the appearance of cavitation. For experiments
mimicking BBB opening, the SCDf was computed from the signal recorded before the microbubble
injection. Cavitation was deemed significant for a SCD over 1.5 times the SCDref, corresponding to at
least 2 times the standard deviation of the SCD during the first sonication (50ms). More precisely, it
corresponds to 2 times (respectively 4 times) the standard deviation of the SCD signal during the first
sonication for thermal necrosis (respectively for BBB opening).

Localizing cavitation activity

Once cavitation was detected, its inception point was binary localized (inside or outside the skull) by
computing the ratios between harmonics or ultraharmonics. Firstly, six harmonic ratios were
computed: harmonics 3, 4, 5, 6, 7 and 8 over harmonic 2; and seven ultraharmonic ratios:
ultraharmonics 3/2, 5/2, 7/2, 9/2, 11/2, 13/2 and 15/2 over subharmonic 1/2. These ratios were
computed for BBB opening and thermal necrosis, and for cavitation occurring inside and outside the
skull.



Two configurations were investigated, corresponding to two true conditions (see Table 1): cavitation
occurring inside the skull corresponded to the setup described in Fig 2 (left) with the skull bone in place
(Fig. 2 left, in brown color) and cavitation occurring outside the skull corresponded to the setup
described in Fig 2 (left) with the skull bone removed.

For a given cavitation event, when the harmonic or ultraharmonic ratio was lower than a given value
(that is calculated in the result section) it was classified as detected inside the skull. When the ratio
was higher than the threshold it was classified as detected outside the skull.

To assess the repeatability of the method, a statistical study was performed. For each configuration
(for example ‘BBB opening with propagation through a monkey skull’ or ‘thermal necrosis with free
propagation’), the PCD signals were divided into 50ms subsections with a 50% overlap. The power
spectra were computed for each 50ms time window to obtain the harmonics and ultraharmonics ratios
against time. BBB openings were carried out on six human skulls (#1 to #6).

Finally, we restricted a more thorough analysis to the 4 to 2 harmonic ratios and the 5/2 to 1/2
ultraharmonic ratios. Receiver operating characteristic (ROC) curves were calculated for the binary
classifier ‘cavitation inside or outside the skull’. Table 1 details all the possibilities for the binary
localization test. For example, a ‘true positive’ case is defined as ‘cavitation occurs inside the skull and
detected as such’, whereas a ‘false positive’ is described as ‘cavitation occurs outside the skull but
detected as cavitation inside the skull’. The ROC curves were exploited to identify the most appropriate
threshold for the harmonic and ultraharmonic ratios for each scenario and to assess the safety (high
sensitivity) and the efficacy (high specificity) related to our binary localization technique.

true conditions

cavitation inside the | cavitation outside
skull the skull
- cavitation located as being inside the skull, i.e. . -,
@ . 8 true positive false positive
s . ratios lower than a given threshold
g cavitation located as being outside the skull, i.e. . .
a . . . false negative true negative
ratios higher than a given threshold

Table 1: Outcomes for the binary classifier ‘cavitation inside/outside the skull’ depending on the true
(actual) and predicted (obtained with binary localization technique) conditions.

Results

Spectrum modification due to cavitation activity

Spectra obtained during thermal necrosis experiments are presented in Figure 4 for three different
scenarios: (a) ‘free propagation’, (b) ‘propagation through the monkey skull’ and (c) ‘propagation
through human skull #1’. All the spectra presented in Figure 4 were obtained for 4.5MPa PNP
sonications. Spectra in grey are examples with no cavitation evidences (SCD<1.5xSCDy.f). Harmonics
are seen in the spectra in the absence of cavitation activity. These harmonics can be induced by
electronic nonlinearities in the power amplifier and by nonlinear propagation in water. Subharmonic
and ultraharmonics, which are the signature of cavitation activity, are not detectable. Compared to
the ‘no cavitation evidence’ cases, the cases which are deemed ‘with cavitation” (SCD>1.5xSCDyef)



present the following spectra features: (i) the harmonic level increases slightly, (ii) the subharmonic
and ultraharmonics appear and (iii) the broadband level emerges. The increase in broadband noise is
particularly visible in the ‘free propagation’ case. This phenomenon likely occurs when a skull is in front
of the PCD, but, because our PCD is not sensitive enough, the acoustic broadband is lost in the
electronic noise. While low frequency harmonics remain easily discernible with or without skull in front
of the PCD, the level of high frequency harmonics decreases significantly when skulls are in place.

Figure 5 presents the spectra obtained during BBB opening at 0.6MPa PNP. Figure 5(a-c) present
outcomes obtained for: (a) free propagation with no skull in place, (b) propagation through the monkey
skull flap affixed in front of the PCD, (c) propagation through human skull #1. Spectra before UCA
injection (no microbubble, 0.6MPa PNP) and after the UCA injection (microbubbles, 0.6MPa PNP) are
superimposed in gray and black lines, respectively. In any case, the harmonic level significantly
increases when microbubbles circulated in vasculature. Table 2 summarizes some harmonic and
ultraharmonic ratios extracted from these spectra.
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Figure 4: Spectra in decibels obtained from data recorded during thermal necrosis. The grey line is the

baseline (4.5MPa PNP sonication, SCD<1.5xSCD..s) and the black one is the cavitation signal (4.5MPa

PNP sonication, SCD>1.5xSCDre¢). From top to bottom : (a) free propagation, (b) propagation through
the monkey skull and (c) propagation through human skull #1.
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Figure 5: Spectra in decibels obtained from data recorded during BBB openings. The grey line is the
baseline (0.6MPa PNP, before UCA injection, SCD<1.5xSCDy.f) and the black one is the cavitation
signal (0.6MPa PNP, after UCA injection, SCD>1.5xSCDv.f). From top to bottom : (a) free propagation,
(b) propagation through the monkey skull and (c) propagation through human skull #1.

Free Propagation through | Propagation through

propagation the monkey skull the human skull #1
harmonic ratio -13 -16 -39
ultraharmonic ratio -7 -31 -43

Table 2: Harmonic (harmonics 4 over 2) and ultraharmonic (ultraharmonic 5/2 over subharmonic 1/2)
ratios in dB for BBB opening.

Harmonic and ultraharmonic ratio

The harmonic and ultraharmonic ratios were assessed to quantify the modification of the cavitation-
based acoustic signal after passing through the skull. Figure 6(a-b) illustrate outcomes from
experiments mimicking thermal necrosis. The ratios of ultraharmonics (3/2, 5/2, 7/2...) to the 1/2
subharmonic are displayed in Figure 6(a). The ratios of harmonics (3, 4, 5...) to the harmonic 2 are
plotted in Figure 6(b). Three scenarios are displayed: ‘free propagation’ (red), ‘propagation through
the monkey skull’ (dark blue) and ‘propagation through human skull #1’ (light blue).

During BBB opening experiments, similar results were obtained for ultraharmonic (Fig. 6(c)) and
harmonic ratios (Fig. 6(d)). Four setups are compared: ‘free propagation with no skull in place’ (red),
‘propagation through the monkey skull sample affixed in front of the PCD’ (dark blue) and ‘propagation
through human skull sample #1’ (light blue). Figure 7 compiles the outcomes from BBB openings on
the six human skulls (from #1 to #6). These results are compared with the propagation in free water.
Throughout our experiments, harmonics and ultraharmonics ratios decrease when ultrasound crosses



skulls. Consequently, these ratios prove effective to localize cavitation activity inside or outside the
skull.
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Figure 7: Ultraharmonics (a) and harmonics (b) ratios for BBB openings on six human skulls from #1 to
#6 (light blue). The ‘free propagation in water’ case is displayed in red for comparison.

Repeatability test

In this section, the study is restricted to the harmonic 4 to harmonic 2 ratio and ultraharmonic 5/2 to
1/2 ratio.

Figure 8 presents these ratios against time for thermal necrosis. For each case (free propagation,
propagation through human skull #1 and propagation through the monkey skull), 233 measurements
of cavitation signal were recorded (within a total of 6 seconds of recording time, 1 measure every
25ms). The solid lines depict the associated means and the dashed lines the standard deviation.
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Figure 8: Harmonic 4 to 2 and ultraharmonic 5/2 to 1/2 ratios during thermal experiment in calf brain
(with 4.5MPa PNP at focus). Mean (solid line) and standard deviation (dashed lines) are shown.
‘Cavitation outside the skull’ case is plotted in red, ‘cavitation inside the monkey skull’ in blue and
‘cavitation inside human skull #1’ in green.

Basically, Figure 8 highlights that these ratios are separated into several distinct bands. Namely, the
ratios are higher when no skull intercepts the cavitation signal. In order to identify a threshold that
could discriminate between one case and another, we computed the ROC curves: the true positive rate
was plotted against the false positive rate at various threshold settings. Figure 9 presents the ROC
curve associated with the binary localization of microbubbles inside or outside the skull for both
thermal necrosis (above) and BBB opening (below). These curves are plotted for the harmonic 4 to 2
ratio (left) and for the ultraharmonic 5/2 to 1/2 ratio (right). The blue line corresponds to ‘propagation
through the monkey skull compared to free propagation’ and the dashed red line to the ‘propagation
through human skull #1 compared to free propagation’ case.
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Figure 9: ROC curves of the inside/outside binary localization method for thermal necrosis (top row)
and BBB opening (bottom row). Curves are plotted for the harmonic ratio 4 to 2 ratio (left) and for
ultraharmonic 5/2 to 1/2 ratio (right). Three cases are plotted: ‘propagation through the human skull
#1 compared to free propagation’ (dashed red line) and ‘propagation through the monkey skull
compared to free propagation’ (blue line).

Table 3 compiles the sensitivity and specificity obtained from the ROC curves. For each case, we
evaluated the threshold providing the best specificity (the largest proportion of true negatives, i.e. the
largest proportion of outside cavitation observed as such) for a given sensitivity of 100% and 99%. The
sensitivity corresponds to the proportion of true positives, i.e. the proportion of internal cavitation
detected as such.

sensitivity threshold (dB) | specificity (%) || threshold (dB) [ specificity (%)

100% monkey skull -17 96 -29 100
’ human skull #1 24 100 34 100
monkey skull -18 99 -30 100

99%

human skull #1 -25 100 100

monkey skull

human skulls #1 to #6 -36 100
monkey skull -22 100
human skulls #1 to #6 -37 100

Table 3: Synoptic view of the specificity obtained for a sensitivity of 100% and 99%, and the
corresponding thresholds. Results are obtained for BBB opening and thermal necrosis for the
harmonic 4 and the subharmonic 5/2 ratio.



Discussion

Spectra acquired during thermal necrosis at 4.5MPa PNP (Fig. 4) confirm that the microbubble
nucleation in the calf brain sample is associated with a distinctive acoustic signature containing an
increase in harmonic and broadband levels, as well as the emergence of the sub and the
ultraharmonics [51]. These results indicate that cavitation occurred in the sample. As hypothesized in
our study, the skull was shown to preferentially filter high frequencies: when crossing a human skull,
the acoustic signal was attenuated by -3dB for the 1/2 subharmonic —corresponding to 457kHz —
compared to -19dB for the 5/2 ultraharmonic — corresponding to 2.3MHz —. The signal even falls below
the electronic noise level beyond the 7™ harmonic (i.e for frequencies higher than 6.4MHz). The
acoustic signals recorded with BBB opening setup after microbubble injection present similar features
(Fig. 5): a rise in the harmonic levels and the emergence of the sub and ultraharmonics.

Cavitation is known to be a random phenomenon [51]. The robustness of the method thus needs to
be tested. Figures 7 and 8 provide such assessment. The transcranial plots significantly differ from the
free water plots, especially for human skull. The monkey BBB data only partially overlap with the free
water, and for the harmonic ratio only.

We have demonstrated the possibility to binary discriminate the location of cavitation events, based
on the passive recording of harmonic and subharmonic ratios of the cavitation signals. The ROC curves
(Fig. 9) showed 100% sensitivity and 100% specificity, obtained for all tests carried out with human
skulls. The sensitivity and specificity remain equally high when using harmonic or ultraharmonic ratios
(Table 3). The method developed here is thus particularly suited for transcranial applications on
humans.

For monkey skulls, 100% sensitivity can be obtained, together with 96% specificity for the harmonic
ratio and 100% specificity for the ultraharmonic ratio, during thermal necrosis. For BBB opening,
results show that the ultraharmonic ratio is more effective than the harmonic ratio: it can achieve
100% sensitivity and 100% specificity (100% sensitivity and 46% specificity for the harmonic ratio). Such
a result does not necessarily jeopardize the translation of the harmonic ratio based technique to
clinical BBB opening: as mentioned earlier, the harmonic ratio provided 100% sensitivity and 100%
specificity for BBB openings on humans (as opposed to 100% sensitivity and 46% specificity in the BBB
monkey setup). This is likely due to the fact that the human skull is thicker than the monkey skull.
Consequently, its filtering effect is also stronger. Further investigations are required to assess the
efficacy of this binary localization in vivo.

To conclude, despite the random nature of cavitation, the technique is efficient and reliable. Our
outcomes indicate that the localization threshold is hardly dependent on the subject. Indeed, the same
threshold allowed an effective discrimination (both 100% sensitivity and specificity) of the cavitation
location during thermal necrosis and BBB openings on all the human skulls tested (#1 to #6).

This approach is complementary to existing techniques (or others under development) to localize
cavitation by active and/or passive mapping in water and gels [44-47, 50]. The efficiency of cavitation
mapping was also demonstrated in vitro [49], and in vivo during BBB opening [48] on non human
primates, but the integration of imaging array probes remains challenging in clinics. The method
introduced in this article provides only binary information about cavitation location, but it is based on
a single element PCD. The device is thus inexpensive, compact and easy to install. In addition, existing
brain therapy devices already feature individual PCDs[36]. Therefore, upgrading existing devices with
this approach implies only a low-cost software modification, and regulatory approval. For clinical use,
the PCD could be embedded on the HIFU array to limit its bulk.



Phase 1 transcranial neurosurgery trials with the Exablate Neuro® system use 8 passive cavitation
sensors to detect cavitation and halt the treatment if cavitation is detected [55]. In general, during
transcranial thermal ablation, cavitation can occur either inside the brain or in the coupling medium
between the skin and the transducer. Different courses of action could be taken to avoid cavitation
during the next sonication, depending on whether the microbubbles appeared inside or outside the
brain. On the one hand, if cavitation appeared inside the brain, the acoustic power can be lowered and
the sonication time increased. On the other hand, if cavitation occurs in the coupling water, the
medical staff has the opportunity to perform a more advanced degassing of the coupling water before
attempting sonication again, with the same acoustic parameters. The Exablate Neuro® system does
not provide information about the inside/outside localization of the cavitation events. Nevertheless, it
comprises an efficient degazing system and the aperture of the transducer has been set to the largest
possible (a hemisphere) in order to distribute the energy over a large surface of the skin and provide a
high antenna gain at focus. Cavitation, if any, is thus very likely to take place in the brain and not in the
coupling medium. Cavitation is more likely to occur in the coupling water, as well as in the brain, in
devices with a lower aperture like the 512-element 1MHz prototype developed at Institut Langevin
[12, 56]. A direct extension of the proof of concept introduced in this paper would be to test this
approach with such a preclinical setup [12].

One particular type of disambiguation was not investigated here but could potentially have a major
clinical interest: ultrasound induced cavitation in the brain (with or without contrast agents) as
opposed to cavitation signal originating from existing bubbles trapped in the coupling medium during
the filling procedure, outside the head. Microscopic as well as macroscopic bubbles can indeed be
trapped in the coupling medium either during BBB opening or during thermal ablation. The acoustic
signatures of such trapped bubbles would need to be recorded and compared to the harmonic content
of ultrasound induced cavitation inside the brain. This is beyond the scope of the proof of concept
introduced in this paper but could be tested, preferably with a more clinically realistic setup, such as
the 1MHz prototype [12] or the Exablate Neuro® [31-33, 57] with a head phantom [58].

In a clinical setup, microbubbles could potentially appear both inside and outside the skull, making the
method inoperative. However, if the detection device reacts to the first occurrence of cavitation, the
method could remain efficient clinically. Indeed, cavitation is very unlikely to occur simultaneously in
two different locations. To be efficient, the system has to react as soon as the first bubbles appear. All
data were processed offline in this study. The hardware could be upgraded to perform real time
measurements and computation. A 10ms reaction time would be the goal, since sonication has to be
halted before large bubbles form and can induce potentially serious side effects [59, 60]. FFTs of the
cavitation signal could be computed fast to obtain the harmonic and ultraharmonic ratios, as
demonstrated by Chettab et al. [61], who assessed a cavitation index every 10ms for real-time control
of cavitation by computing such FFTs.

Conclusion

By taking advantage of the low-pass filtering effect induced by the skull, this study demonstrates that
a binary localization of microbubble activity inside (i.e. in the brain) or outside (i.e. in the coupling
water or in the scalp) the head can be achieved with a single PCD transducer. The ratio between high-
frequency harmonics and low-frequency harmonics computed from the acoustic response of
microbubbles is indeed significantly modified when crossing a skull (human or monkey). The statistical
study of our binary localization tests shows that this approach is relevant for both BBB opening and
thermal necrosis. The sensitivity and specificity of these tests were evaluated and provided satisfactory



outcomes, especially for the ultraharmonic ratio, for which both aforementioned parameters are equal
to 100% in human and monkey. A similar assessment was performed for the harmonic ratio. Results
remain perfect for human (100% sensitivity and specificity) but providing mixed outcomes for monkeys
due to the lower attenuation compared to a human skull. Further developments are needed to assess
this localization’s method in vivo and in vitro using a clinical setup such as the Exablate Neuro®
(Insightec, Israel). Nevertheless, these results are already promising to offer a reliable and real-time
localization of cavitation activity during transcranial focused ultrasound operations.
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