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Abstract

Objective. Cavitation dose monitoring plays a key role in ultrasound drug delivery to the brain.
The use of CMUT technology has a great potential for passive cavitation detection (PCD).
Approach. Here, a circular (diameter 7mm) capacitive micromachined ultrasonic transducer
(CMUT) centered at 5MHz was designed to be inserted into a therapeutic transducer (1.5MHz)
used for ultrasound-induced blood-brain barrier (BBB) disruption on mice. CMUT-based real-
time cavitation detection was performed during the ultrasound procedure (50uL intravenous
injection of SonoVue microbubbles, Frequency 1.5MHz, PNP 480kPa, Duty Cycle 10%, PRF
10Hz, Duration 60s). BBB disruption were confirmed by contrast-enhanced 7T-MRI.

Main results. The CMUT device has a fractional bandwidth of 140%, almost twice a
conventional piezocomposite PCD transducer. As expected, the CMUT device was able to
detect the occurrence of harmonic, subharmonic and ultraharmonic frequencies as well as the
increase of broadband signal indicating inertial cavitation in a wide frequency range (from 0.75
to 6 MHz). Signal-to-noise ratio was high enough (> 40 dB) to perform ultrafast monitoring
and follow the subtle intrapulse variations of frequency components at a rate of 10 kHz.
Significance. This first in vivo proof of concept demonstrates the interest of CMUT for PCD and
encourages us to develop devices for PCD in larger animals by integrating an amplifier directly
to the CMUT front-end to considerably increase the signal-to-noise ratio.
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1. Introduction

The primary challenge in delivering drugs and xenobiotics to the brain lies in the selective
permeability of the blood-brain barrier (BBB) which regulates cerebral homeostasis. This
barrier restricts access of large molecules to specific targets for treatment against
neurodegenerative diseases, brain tumors and psychiatric illness. Focused ultrasound (FUS)
combined with the injection of microbubbles has shown to enhance BBB permeability by
inducing transcytosis and drug extravasation (1). At low acoustic pressures, ultrasound
induces stable cavitation resulting in an alternation of expansion and shrinkage (push-pull
mechanism) of microbubbles and microstreaming near the endothelial barrier, which
contributes directly to tight junction disruption. Emission of harmonic components are
associated with stable cavitation and can be exploited as indicators of efficient and safe BBB
disruption. Conversely, high-intensity ultrasound exposure can trigger inertial cavitation,
characterized by violent collapse, fragmentation of microbubbles, micro-jets, and shock
waves, resulting in broadband emissions. The presence and significance of subharmonic and
ultra-harmonic frequency components as indicators of harmful microbubble activity are still a
subject of debate (2). However, it is generally accepted that the inertial cavitation regime
should be avoided as it may cause undesirable vessel damage. Without proper parameters
and precise control of the ultrasound dose, the collapse of microbubbles can lead to
undesirable bioeffects such as neuroinflammation, edema, and hemorrhage (3-5).
Maintaining a constant and efficient cavitation level during the procedure remains challenging
as the dynamic behavior and the concentration of microbubbles vary over time. Acoustic
monitoring of the non-linear backscattered response based on cavitation detection is
currently the only way to control in real-time the ultrasound dose during sonication and
ensure effective and safe disruption of the BBB (6, 7).

Ultrasound propagation through the skull is a major challenge in FUS-induced BBB opening.
For PCD, the skull attenuates and filters the backscattered signal from microbubbles making
its processing difficult. Especially when considering applications to large animal or human
brains, the heterogeneity of the skull leads to great disparity depending on the position of the
ultrasound beam, inducing high attenuation and scattering characterized by focus aberration,
presence of stationary waves, reflections and attenuation of the signal (8, 9).

Recently, we demonstrated that ultrafast cavitation monitoring can be performed to
distinguish potentially harmful to safe ultrasound conditions in the brain with very short
reaction time (2). Briefly, this new indicator is based on the detection of sudden variation in
ultraharmonic activity inside an ultrasound burst. Using this approach, it would be possible to
prevent any damages into brain by controlling the ultrasound dose in less than 100 us. Its
implementation is based on the spectral analysis of relatively short temporal windows and
requires high-sensitivity signal detection.

The sensitivity of transducers used for passive cavitation detection (PCD) is hampered by the
limited bandwidth of standard transducers. This limitation makes it difficult to capture a wide
range of frequencies at high sensitivity, as skull-induced attenuation further reduces signal
amplitude, acting as a low-pass filter. The most commonly used PCD technologies are
ferroelectrics, such as lead zirconate titanate (PZT) (10), and polymers like polyvinylidene
fluoride (PVDF) (11). PZT-based PCDs offer good sensitivity but have a relatively narrow
bandwidth (about 60-80%). Although more complex to manufacture, piezocomposite
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materials provide a higher electromechanical coupling coefficient than basic PZT ceramics,
resulting in an improved signal-to-noise ratio and better signal detection but their bandwidth
remains limited. On the other hand, some studies use PVDF-based broadband hydrophones,
which have a wide bandwidth but suffer from a lack of sensitivity. In this context, Capacitive
Micromachined Ultrasonic Transducers (CMUTs) exhibit interesting properties for PCD (12,
13). Capacitive sensors operate on the principle of an ideal plate capacitor. Each CMUT
element is made up of several hundreds of elementary cells acting as a set of interconnected
capacitors in which flexible plates (made typically of silicon or silicon-nitride) are positioned
between two electrodes. When an electrical signal is transmitted to the sensor, the
modulation of the electrostatic force between the two electrodes induces a vibration of the
plate, resulting in the generation of an acoustic wave. Conversely, when a mechanical wave is
applied to the plate, the resulting vibration causes a variation in the cell's intrinsic capacitance,
and hence a receiving current that can be measured (14). The operating principle of a CMUT
is illustrated in Figure 1. Polarization of the CMUT (addition of a biasing voltage) is necessary
to facilitate plate movement and thus increase sensor sensitivity. CMUT technology offers
advantages such as wide bandwidth. Used in receive mode, CMUTs may detect non-linear
components usually not observable with PZT, while offering better sensitivity than PVDF
hydrophones (13). In addition, dedicated amplifiers can be integrated directly into CMUT
circuit boards to improve sensitivity in receive mode. The main drawback of CMUT lies in its
intrinsic non-linear behavior, which can mask the acoustic emissions of microbubbles (15).
However, this non-linearity can be controlled to be as low as acceptable (fundamental-to-
harmonic ratio > 30 dB) by modulating the applied biasing voltage (16). This study aims to
validate the first use of a CMUT-based PCD for ultrafast cavitation monitoring during BBB
opening in vivo.

Front electrode

Mobile membrane
® (C)

o 00o06l
Cavity

© 000006 0006

Figure 1. Diagram of a CMUT illustrating its operating principle. When an ultrasonic wave impinges the mobile
front electrode of the CMUT, it produces variations in electrical charges, which create the receiving electrical
signal.

2. Material and Methods

2.1 CMUT Design

The transducer (Figure 2) was designed to meet specifications from the applications, i.e. a
small footprint (final housing diameter of 3.7 mm) and a central frequency close to 4 MHz with
a frequency bandwidth higher than 100 %. A sketch of the transducer is shown in Figure 2a.
The chip was a square of 2.6 mm width, and the CMUT transducer diameter was fixed to have
a diameter of 2.6 mm. A surface micromachining process was used for CMUT fabrication (17).
The structural and electrode material of the CMUT plate were silicon nitride and aluminum,
respectively (Table 1). The gap thickness was determined to get a collapse voltage value lower



than 100 V. CMUT aligned horizontally are electrically connected to the same electrode, and
the CMUT-to-CMUT kerf was fixed to a minimum value of 8 um. The kerf along the vertical
direction was fixed to 12 um. Finally, the membrane size (32x32 um?) was determined by using
the model from Meynier et al. (18) to comply with specifications. Table 2 summarizes all the
CMUT parameters, and the collapse and resonance frequency (in air) expected. The CMUT
was packaged in a specific housing as shown in Figure 2b, and then covered with a

biocompatible silicon polymer of 300 um thick.

Table I. Mechanical and dielectric properties of materials

. . Young's . . ,
oot o B
(GPa)
Aluminum 68 2700 0.35 0
Silicon Nitride 7.5 230 3300 0.24 270
Table Il. CMUT cell characteristics
CMUT size 32 um x 32 um
Membrane thickness 450 nm
Gap height (measured) 270 nm
Top electrode size 32 um x 32 um
Top electrode thickness 450 nm
Collapse voltage 89 V (theory) — 85 V (measured)
Resonance frequency in air 8.2 MHz (theory) — 8 MHz (measured)
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CMUT chip

| coated with

2.6 mm
g = PDMS
€ : olymer
£ [ ’ poly
3 ”

g | 3D-printed
£ | housing
€
o
o~

— CMUT chip
£
€
© I Front-end
~ % Circuit board

Common Pads for ,
electrode electrical contact

Figure 2. (a) Sketch of the CMUT chip: representation of the transducer and CMUT layout. (b) Picture of the
CMUT-based PCD showing the transducer housing (Top) and a zoom on the integrated front-end circuit board
connected to the CMUT element (Bottom). A PDMS silicone polymer is used as coating to protect the chip.

2.2 CMUT fabrication tests and acoustical measurements

Multiple characterizations were performed to assess the transducer performances. First,
electrical impedance was measured with 4294A Impedance Analyzer from (Keysight, CA, USA),
from which the low frequency capacitance (Csr) measured at 100 kHz was extracted. The



biasing voltage was increased from 0 to 100 V with a pitch of 10 V, and then, decreased to 0
V.

Then, the impulse response of the CMUT transducer was determined by using a “pitch-
catch”measurement between two similar transducers, fabricated from the same wafer. A
pulser was used (model 5077 PR from Olympus Company, Japan), and the electrical excitation
bandwidth was fixed to 10 MHz with amplitude of 15 Volt. A distance of 45 mm and a gain in
receive of +20 dB were chosen.

Finally, sensitivity of the CMUT-based PCD was measured in receive mode by using an acoustic
pressure source (PVDF transducer, model PA2244, diameter of 27 mm, Precision Acoustics,
UK) calibrated by a hydrophone (model NH4000, Precision Acoustics) placed in the near field
area of the transducer. The distance was chosen at 20 mm to correspond to the focal distance
of the therapeutic transducer used for in vivo experiments. Excitation signal (30 V,p) was a
burst of 3 periods with a varying frequency from 0.5 to 10 MHz with a step of 0.2 MHz. The
sensitivity of the CMUT in receive was obtained by measuring the peak-to-peak amplitude of
the signal divided then by the peak-to-peak incident pressure amplitude. The signal was
amplified by 20 dB using the 5077 PR.

2.3 In vivo protocol

In vivo experiments were performed on mice (n=4, C57BL/6, 17-24 g, Janvier, France). The
experimental protocol was approved by a local ethics committee for animal use (CETEA) and
by the French ministry of agriculture authorization APAFIS#16293-2018072609593031/ethics
committee number 44. The mice were anesthetized with isoflurane (1-1.5%) in a mixture of
air and oxygen.

A circular ultrasonic transducer (center frequency: 1.5 MHz, diameter: 20 mm, focal depth 20
mm; Imasonic, France) was designed with spherical shape and a hole (7 mm) in the center for
the placement of the CMUT-based PCD (Figure 3a). The animal's head was shaved, and the
ultrasound transducer was coupled to the head via a water balloon and ultrasound gel. A bias
voltage (model 9185, B&K Precision, Taiwan) corresponding to 80% of the collapse voltage
was applied to the CMUT-PCD to increase its sensitivity while preserving an acceptable
intrinsic nonlinear level.

First, a baseline sequence at gradually increasing pressure was acquired prior to the injection
of microbubbles to check the ultrasound coupling and define cavitation thresholds. Then,
microbubbles (dose: 2 mL/kg; SonoVue, Bracco Imaging, Italy) and gadolinium MRI contrast
agent (4 mL/kg; Dotarem, Guerbet, France) were administered in the tail vein. A single spot
sonication (sinusoidal burst at 1.5 MHz, peak negative pressure in situ 0.45MPa, pulse
repetition frequency 10 Hz, pulse length 9 ms) was applied at a single point for 1 min. The
transducer was driven by an ultrasound generator (CUBE, Image Guided Therapy, France). To
avoid overshoots and transient behaviors, the amplitude gradually increased until reaching
the target pressure (during 650 us) at the beginning of the pulse and gradually decreased at
the end of the pulse.

MRI T1lw images were acquired 5 min after US exposure to validate BBB disruption after MR
contrast agent administration (Figure 3b). MRI acquisitions (TR: 300ms, TE: 8ms, 8 averages,
128/128 resolution, 14 coronal slices, slice thickness 0.6mm) were performed in a 7-T
preclinical scanner (Pharmascan, Bruker, Germany).



2.4 Ultrafast cavitation detection

The signal detected by the CMUT was amplified (20 dB, Pulser/Receiver DPR300, JSR
Ultrasonics, France), and acquired by the Digital to-Analog Converter of an FPGA module
(Field-Programmable Gate Array, NI PXle-7971R board, Austin, TX, 16-bit, 25 MHz sampling
frequency, NI-5783 module, USA). The FPGA process was controlled by a software developed
in Python and raw acoustic signals were saved on the host computer (Figure 3c). Briefly, for
real-time analysis, these data were sliced into successive Hann windows on the pulse (2048
values corresponding to 82 us) that overlapped every 41 ps. A Fast Fourier Transform was
then applied on each window. As displayed in Figure 3d, cavitation indexes based on
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Figure 3. (a) Picture of the CMUT-based PCD inserted into the therapeutic transducer. (b) 7T-MRI of a mouse

brain after FUS-induced BBB disruption. (c) Scheme of the ultrafast PCD. (d) Example of a spectral response
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ultraharmonics (UHD at 1.5fp, 2.5fp and 3.5fo) and harmonics (SCD at 3fo, 4fo and 5fp) contents
were determined by calculating the area under curve around the considered frequency
component f, as described by the formula:

kmax

UC(f)_m

k=kmin

with |P[k]| the magnitude of the discrete Fourier transform, N(k) the number of points in the
considered frequency band, and kmin and kmax the minimum and maximum indices
corresponding to the discrete frequency range of interest (band of 61 kHz) for each harmonic
and ultraharmonic components. The 2fo component was excluded from the calculation
because the signal was polluted by nonlinear reflection. The inertial cavitation dose (ICD) was
calculated as the area under the broadband spectral noise curve over four 195 kHz-wide
frequency bands chosen between harmonic and ultraharmonics peaks (see Figure 3d). Each
of the SCD, UHD and ICD indices were normalized by the area under curve of a reference
window (AUCf) corresponding to the electronic noise. This reference window is acquired on
328 ps, just before emission of the ultrasound pulse. SCD, UHD and ICD were then converted
in dB. Finally, all indices were smoothed with a moving average over 4 consecutive windows.



3. Results

3.1 CMUT performances

Figure 4a shows Cgr variations according to the biasing voltage. A collapse voltage
(corresponding to drop in the capacitance variations) close to 85 V was measured while 89 V
was expected based on our model (Table 2). The biasing voltage for using CMUT was fixed, for
all experiments to 70V, i.e. 80% Vc to optimize the tradeoff between sensitivity versus non-
linearity (for a biasing voltage of 70V, the harmonic to fundamental ratio was measured at -
36dB, data not shown).

The impulse response is shown in Figure 4b. The corresponding spectrum shows a central
frequency of 3.8MHz and a -6dB fractional bandwidth of almost 140% (from 1.2MHz to
6.5MHz) as displayed in Figure 4c.

The sensitivity (in dBV/MPa) of the CMUT device in receive mode is shown in Figure 4d. The
maximum sensitivity was reached at 2 MHz (5.5 V/MPa) and then decreases slowly for higher
frequency. The shape of the reception sensitivity curve strongly depends on the type of
preamplifier circuit used, voltage or transimpedance(19).
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Figure 4. Characterization of the CMUT. (a) Low frequency capacitance of the CMUT transducer, measured at
100 kHz, according to the biasing voltage (solid line in blue from 0V to 100 V, dashed line in red from 100 V to
0V). (b) Impulse response of the transducer. (c) Frequency response, dashed line corresponds to the excitation
spectrum. (d) Experimental reception sensitivity of the CMUT transducer. The maximum sensitivity is 5.5
V/MPa.

3.2. In vivo ultrafast cavitation detection

Figure 5a shows an example of a spectrogram obtained with conventional pulse-to-pulse
analysis. The figure shows the evolution of the spectral response over the 600 pulses making
up the ultrasonic sequence, repeated every 10Hz for 1 min. In this figure, only the fundamental
component at fo and the harmonics at 2fp and 3fo, as well as a weak 4fo, are visible. The benefits
of intrapulse detection and the sensitivity of the CMUT sensor are demonstrated in Figure 5b.



This curve shows the evolution of UHD and ICD indexes by conventional (black) and intrapulse
(gray) analysis during the FUS sequence. It is clear that intrapulse analysis enables a far greater
number of events to be detected. Figures 6a and 6d show examples of spectrograms of
backscattered signals captured for pulses located at the beginning of FUS exposure (Pulse #21)
and at the end of FUS exposure (Pulse #407), respectively. Contrary to conventional analysis
(Figure 5a), these spectrograms show the evolution of frequency content within a single 10
ms pulse of the FUS sequence. First, intrapulse sliding-window analysis enables the detection
of ultraharmonic (2.5fo and 3.5fg) and broadband (mainly from 0.5fy to 2fp) content
unobservable with conventional analysis. In fact, the events detected are transient and
generally last only a few hundred of us, making them extremely difficult to observe with
whole-pulse analysis. Secondly, intrapulse analysis reveals 2 types of ultraharmonic
signatures: either they appear suddenly during the pulse and are maintained until the end of
the pulse (Figure 6a), or they occur right from the start and disappear within a few us (Figure
6d). In the latter case, these ultraharmonic events are often associated with the detection of
broadband noise. Interestingly, CMUT technology is sensitive enough to detect these brief and
weak events and extract the signal from the noise. Examples of frequency spectra calculated
during intrapulse analysis at different time windows are given in Figure 6 (b-c, e-f). The sudden
appearance of the ultraharmonic at 1.5 fo in the spectral content can be easily observed by
comparing the spectra obtained for the same pulse (#21) at different time windows (b-c).
Conversely, the sudden disappearance of the ultraharmonic component at 1.5 fo can be seen
in the spectral representations of pulse #407 at different time windows (e-f). Furthermore,
one can note the presence of substantial broadband noise in spectrum (e), which diminishes
over time (f).
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Figure 5. (a) Spectrogram calculated from conventional analysis of data acquired by CMUT-based PCD during
FUS sequence. (b) PCD analysis for UHD and ICD using conventional and intrapulse methods.
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For harmonic components and SCD calculations, 2fo, 3fo, and 4fy show the same sensitivity
(about +14 dB compared to baseline), as shown in Table Ill. As expected, the 2fo component
is heavily polluted by nonlinear propagation of the ultrasound wave through the skull and
multiple signal reflections at interfaces. The intrinsic nonlinearity of the CMUT also interferes
with this measurement, adding an undesirable harmonic signal. For ultraharmonic
components and UHD calculation, the 1.5fo component (+22 dB vs. baseline) is far more
sensitive than the others. Even without a dedicated amplifier, the bubble signal is detectable
down to 4fo. The bandwidth of our CMUT sensor means that the contributions of these
different components can be added together to calculate cavitation indices, thereby
increasing the sensitivity of our detection method.

Table Ill. Typical dynamic range of AUC (dB) for harmonics, ultraharmonics and broadband
signal measured with the CMUT device.

Frequency 1.5f 2f, 2.5 3f, 3.5fy 4f Broadband
component

Baseline 779 3220 563 807 567 807 131
(no bubbles)
FUS sequence

(BBB 29.69 46.64 2253 3644 11.39 22.13 6.23

opening)

Figure 7a presents the comparison between the UHD (including 1.5fo, 2.5fo, 3.5fo) and the ICD
index. The scatter plots consist of two overlapping sets: (1) the baseline shot, prior
microbubble injection, depicted in grey, and (2) the indexes during the FUS-induced BBB
disruption, illustrated in black. Results effectively discriminate between the presence and
absence of microbubbles. The black lines represent the threshold values used to differentiate



cavitation states. The figure demonstrates a prominent UHD cavitation regime with a limited
number of inertial cavitation events. In Figure 7b, the appearance of both inertial and
ultraharmonic events inside a pulse is illustrated. Using our FUS parameters, ultraharmonic
events exhibit a greater prevalence compared to inertial events. While most ICD events
exclusively occur at the beginning of the pulse, UH events are also observable later in the pulse
(between 1ms and 5ms). The two modes (named “transient” and “sustained”) are
differentiated according to the duration of the detected event (< or > 1 ms). The average
duration of transient and sustained events is 0.50 £ 0.21 ms and 4.16 + 2.80 ms, respectively.
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Figure 7. (a) Representation of the intrapulse ultraharmonic dose (UHD) and the intrapulse inertial cavitation
dose (ICD) during the FUS sequence. (b) Intrapulse detection of ultraharmonic and broadband events during
the FUS sequence. UHD events are separate between transient and sustained.

4. Discussion and conclusion

The efficient monitoring of cavitation activity has been confirmed using CMUT PCD having a
wider bandwidth compared to traditional PZT transducers. To detect intrapulse events, the
spectral analysis was performed on narrow temporal windows of approximately 80 us.
Processing the data analysis on short temporal windows significantly reduces the signal to
noise ratio and makes the detection of nonlinear content challenging. CMUT PCD has shown
promising results, demonstrating its ability to effectively detect inertial cavitation events and
very brief variations on ultraharmonic content with a high sensitivity.

Most existing control strategies for real-time cavitation monitoring employ a pulse-to-pulse
approach, where decisions regarding modulating the ultrasound beam amplitude (5, 20-22)
and/or ending sonication once the threshold is reached (23-26) are made based on cavitation
doses processed over the entire pulse. Our results reveal two important findings. Firstly,
punctual cavitation events (UHD and ICD, shown in Figure 6d) occur at the beginning of the
pulse. The next step will be to correlate the detection of these brief UHD and ICD events with
the effects observed (presence of edema, petechiae) to define the threshold of dangerousness
of these signatures and design a feedback control algorithm. Novell et al. (2) have proposed
the hypothesis that ultraharmonic events occurring later in the pulse (after 1ms) could be
associated with destabilization preceding stronger inertial cavitation events, which are linked
to edema and hemorrhages. Our intrapulse monitoring (Figure 7b) does show the presence of
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some of these events. A control strategy based on real-time monitoring combined with the
advantageous bandwidth of CMUT-based PCD could enhance the detection of the
destabilization regime of microbubbles through the skull. Thus, the ultrafast FPGA
measurement developed in our study (every 80 ps) can be used to detect the acoustic
signature of undesirable events as quickly as possible and then adjust inside the pulse the
acoustic pressure emitted. In this respect, FPGA-assisted control strategies applied in vitro (27,
28) have already demonstrated that it is possible to implement feedback loop control within
pulses. Secondly, notable differences are observed between doses processed using the entire
pulse signal and those based on maximum instantaneous values, particularly for
ultraharmonics as shown in Figures 5 and 6. Therefore, processing cavitation dose over the
entire pulse duration may conceal brief yet intense bursts of cavitation.

Finally, the presence of the fundamental component fo and harmonic 2fs does not provide any
specific information regarding bubble-induced non-linearities due to the nonlinear
propagation and the reflection induced by the presence of the skull. The nonlinearity of the
CMUT will also pollute the signal from 2fo, even in receive mode. Therefore, harmonics at 3fo
and above must be considered for the calculation of stable cavitation index, hence the interest
to consider a larger broadband than conventional PCD. To increase even more the measured
dynamics, techniques such as pulse inversion(29, 30) and phase keying strategies (31) are
employed to strongly reduce the fundamental component. To apply these techniques with a
high-quality input quantification dynamic (such as 16 bits in our system) could fully unleash
the potential of CMUT-based PCD by effectively exploiting its bandwidth. Moreover, by
integrating a pre-amplifier directly into the CMUT device, we anticipate a significant
improvement in the signal-to-noise ratio. Very recently, Zangabad et al. has designed a new
electronic device composed of a 16-channel analog front-end electronics with a low-noise
transimpedance amplifier, a band-gap reference circuit, and an output buffer stage, that
connected to a commercial CMUT array for passive cavitation detection. This has been
validated in vitro for the detection of microbubble acoustic emission (32). This huge advantage
compared to conventional PZT technology will help to overcome challenges encountered with
thicker skulls, particularly in large animals and for clinical applications.
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