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Abstracit—Histotripsy is a non-thermal focused ultra-
sound therapy in development for the non-invasive ablation
of cancerous tumors. Intracranial histotripsy has been lim-
ited by significant pressure attenuation through the skull,
requiring large, complex array transducers to overcome
this effect. Objective: Recently, a biocompatible, polyolefin-
based cranioplasty device was developed to allow ultra-
sound (US) transmission into the intracranial space with
minimal distortion. In this study, we investigated the in vitro
feasibility of applying US-guided histotripsy procedures
across the prosthesis. Methods: Pressure waveforms and
beam profiles were collected for single- and multi-element
histotripsy transducers. Then, high-speed optical images
of the bubble cloud with and without the prosthesis were
collected in water and tissue-mimicking agarose gel phan-
toms. Finally, red blood cell (RBC) tissue phantom and
excised brain tissue experiments were completed to test
the ablative efficacy across the prosthesis. Results: Single
element tests revealed increased pressure loss with in-
creasing transducer frequency and increasing transducer-
to-prosthesis angle. Array transducer measurements at
1 MHz showed average pressure losses of >50% across
the prosthesis. Aberration correction recovered up to 18%
of the pressure lost, and high-speed optical imaging in
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water, agarose gels, and RBC phantoms demonstrated that
histotripsy bubble clouds could be generated across the
prosthesis at pulse repetition frequencies of 50-500 Hz.
Histologic analysis revealed a complete breakdown of brain
tissue treated across the prosthesis. Conclusion & Signif-
icance: Overall, the results of this study demonstrate that
the cranial prosthesis may be used as an acoustic window
through which intracranial histotripsy can be applied under
US guidance without the need for large transcranial array
transducers.

Index Terms—Brain, cranial window, cranioplasty, his-
totripsy, imaging, prosthesis, ultrasound.

[. INTRODUCTION

LTRASOUND (US) is a versatile technology that is

well-established as a safe and effective real-time bedside
imaging modality. More recently, focused ultrasound (FUS)
has emerged as an effective treatment modality for a multitude
of applications and is under development as an intervention
for various neurologic disorders, including immunomodulation,
neuromodulation, blood-brain barrier opening, tumor ablation,
and targeted drug delivery [1]. While there are many potential
applications for diagnostic and therapeutic US in the intracranial
space, the human skull reflects or absorbs a large amount of
the ultrasonic energy [2], [3], [4]. This decreases the acoustic
transmission between US transducers and the targeted intracra-
nial structures, which in turn limits the effectiveness of US for
brain imaging and FUS therapies for neurological pathologies
when applied through intact cranial bone [3], [5], [6]. Previous
research has been conducted to develop cranial prostheses of
various bioinert and biocompatible materials which can be used
to replace a section of cranial bone and increase US transmission
into intracranial structures [5], [7], [8].

Recently, an implantable, biocompatible, polyolefin-based
cranioplasty device was developed by Intelligenza Traspar-
ente S.R.L. (In.Tra., Milan, Italy) for the purpose of trans-
mitting US into the intracranial space with minimal distortion
for imaging and therapeutic purposes (In.Tra., Milan, Italy,
PCT/EP2014/068837, human biocompatibility ISO-10993). A
preliminary in vitro characterization study measured ultrasonic
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energy transmission across the prosthesis using four single-
element, focused transducers (500 kHz, 1 MHz, 2.5 MHz, and
5 MHz) and one diagnostic ultrasound probe (5.3 MHz) [9].
Considerably higher ultrasonic energy transmission (frequency-
dependent pressure reduction of ~10-40%) was observed across
the prosthesis when compared to intact cranial bone for all
transducers tested [9]. More recently, the cranioplasty device has
been investigated pre-clinically for ultrasonic blood brain barrier
(BBB) opening [10] and clinically for long-term ultrasound
imaging surveillance in a patient with multi-recurrent oligo-
dendroglioma [11]. The feasibility of applying high-intensity
focused ultrasound (HIFU) therapies, such as histotripsy and
thermal HIFU, across the prosthesis has not yet been investi-
gated.

Histotripsy is a non-thermal, non-invasive, and non-ionizing
focused ultrasound ablation technique using an extracorporeal
transducer to generate highly controlled, high pressure ultra-
sound pulses which constructively interfere at the transducer
focus to generate acoustic cavitation [12], [13], [14], [15], [16],
[17]. The resulting cavitation ‘bubble clouds’ mechanically
disintegrate target tissues during histotripsy treatment through
cyclically applied stresses and strains, resulting in complete
cellular lysis within a precisely defined lesional zone [14],
[15], [16], [18]. To date, histotripsy has shown promise for
various clinical applications, including the ablation of solid
malignancies of the prostate [19], kidney [20], pancreas [21],
and liver [22], [23], [24]. Additionally, recent work investigating
histotripsy as a neurological intervention is promising, with
preliminary results demonstrating the ability of histotripsy to
target through the skull [25], [26], [27], [28], [29] as well as
to ablate healthy brain tissue [28], [29], [30] and brain tumors
[31]. These studies, however, have largely required advanced
histotripsy devices capable of overcoming ultrasonic attenuation
by the skull [26], [27], [32], [33] and/or have relied on magnetic
resonance imaging (MRI) for guidance [25], [28]. The develop-
ment of techniques that allow for ultrasound-guided histotripsy
to be applied intracranially could increase the accessibility of
histotripsy ablation for brain tumors, especially in low resource
settings or in patients with recurrent malignancies.

In this study, we investigated the feasibility of applying
histotripsy treatment through a sonolucent cranioplasty device
developed by Intelligenza Trasparente S.R.L. (In.Tra., Milan,
Italy). First, the attenuation (focal pressure loss) and aberration
(distortions to the transducer beam profiles) effects on the his-
totripsy pulses across the prosthesis were measured through a
series of single element and multi-element array transducer tests.
Then, the ability of two prototype histotripsy array transducers to
generate cavitation bubble clouds across the prosthesis with and
without aberration correction was explored in water and tissue-
mimicking agarose gel phantoms. Finally, the capability of the
current histotripsy system to achieve effective ablation across the
prosthesis with real-time ultrasound guidance was characterized
using red blood cells phantoms and excised porcine brain tissue.
Based on the prior studies investigating ultrasound attenuation
across the prosthesis [9], [10], [11], we hypothesized that his-
totripsy bubble clouds could be generated across the prosthesis
at sufficiently high pressures to cause effective ablation in brain
tissue. The results of this study lay the groundwork for further

advancements in real-time, ultrasound-guided histotripsy for
intracranial applications, particularly in settings where MRI-
guidance is not available [34].

Il. METHODS
A. Study Design

This study was divided into three components to determine
the feasibility of applying histotripsy therapy through an im-
plantable, biocompatible, polyolefin-based cranioplasty device.
First, the effects of the prosthesis on single element histotripsy
pulses were measured under a range of frequencies and angles.
Then, these findings were expanded to larger, multi-element
histotripsy array transducers to determine the pressure loss and
focal distortion effects of the prosthesis under clinically-relevant
test conditions. Finally, the capacity of the current histotripsy
system to achieve effective ablation across the prosthesis was
characterized by optically imaging the cavitation bubble cloud
and resulting ablation in agarose gel, red blood cell phan-
toms, and excised porcine brain tissues. Additionally, coaxial
ultrasound imaging was implemented for all histotripsy array
transducer tests to demonstrate the ability to visualize the bubble
cloud across the prosthesis for ultrasound-guided procedures.

B. Cranial Prosthesis Properties

All experiments were performed using a flat, sterilizable,
4 mm thick, 3 cm x 6 cm (single element tests) or 6 cm X 6 cm
(histotripsy array experiments) polyolefin-based cranioplasty
device produced by Intelligenza Trasparente S.R.L. (Milan,
Italy). The density and porosity of the prosthesis are 0.93 g/cm?
and 0.44 g/cm?, respectively [9].

C. Histotripsy System

Custom single element histotripsy transducers with funda-
mental frequencies of 500 kHz, 1 MHz, and 3 MHz were used
to determine the attenuation (focal pressure loss) and aberration
(distortions to the transducer beam profiles) effects on his-
totripsy pulses across the prosthesis. Single element transducers
were produced in-house and composed of 20 mm diameter
piezoelectric discs, ABS-like lenses focused to 78 mm and
produced by stereolithography (SLA) (Proto Labs, Inc., Maple
Plain, MN, USA), and custom matching layers to reduce the
acoustic impedance between the piezoelectric disc and the poly-
mer lens.

Two multi-element histotripsy array transducers were also
utilized to determine the effects of the prosthesis on aggregate
pulse behaviors relevant to histotripsy therapy. First, an 8 ele-
ment, | MHz transducer designed to deliver treatment through
an open cranial window in a porcine intracerebral hemorrhage
model was used [35]. Then, a larger, 16 element, 1 MHz trans-
ducer capable of generating higher focal pressures was tested to
highlight potential aberration and attenuation differences across
the prosthesis for different therapy transducers. Additionally, a
phased array ultrasound imaging probe with a frequency range
of 3-8 MHz (P8-3L10SI-6, Telemed, Vilnius, Lithuania) was
coaxially aligned within the 16 element transducer to examine
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TABLE |
HISTOTRIPSY ARRAY TRANSDUCER DETAILS

Histotripsy System | Depth to Focus (mm) Aperture Size (mm) F-number (mm) FWHM (mm)
Transverse 1.25
1 MHz, 8 elements 45.5 72.5 0.63 Elevational 1.25
Axial 52
Transverse 66.7 Transverse 0.87 Transverse 12
1 MHz, 16 elements 58.0 Elevational 1.0
Elevational 82.7 Elevational 0.70 Uxial 425

The differences between the two multi-element histotripsy systems tested are highlighted using a breakdown of their critical characteristics (frequency,

number of elements, aperture, f-number, and full-width half-maximum (FWHM)).

whether the bubble cloud could be visualized across the prosthe-
sis using real-time ultrasound. Both transducers were populated
using 1 MHz elements, as described above. A frequency of
1 MHz was chosen for all histotripsy array tests based on past
work demonstrating the high precision of the 1 MHz bubble
cloud [36] as well as the intermediate pressure loss previously
measured across the prosthesis using a 1 MHz single element
transducer [9]. Transducer details are summarized in Table I,
and all transducers (single and multi-element) were driven using
single cycle histotripsy pulses.

Prior to prosthesis tests, both array transducers were charac-
terized as previously described [37], [38]. Briefly, free-field focal
pressure waveforms were measured in degassed water using a
high-sensitivity reference rod hydrophone (HNR-0500, Onda
Corp., Sunnyvale, CA, USA) and a cross-calibrated custom-built
fiber optic probe hydrophone (FOPH) aligned at the trans-
ducer’s focus. The rod hydrophone was used to measure the
lateral, elevational, and axial 1-D beam profiles of the § element
and 16 element transducers at peak negative pressures (p-) of
~2.2 MPaand ~1.5 MPa, respectively. The measured full-width
half-maximum (FWHM) dimensions for each transducer are
given in Table I. Next, focal pressures were measured directly
with the FOPH up to a peak negative pressure of ~20 MPa.
At peak negative pressures greater than 20 MPa, the focal
pressure was estimated by summing measurements from half
and quarter subsets of the elements to prevent cavitation from
forming on the fiber [39]. All waveforms were measured using
a Tektronix TBS2000 series oscilloscope at a sample rate of
500 MS/s, averaged over 512 pulses, and recorded in MATLAB
(The MathWorks, Natick, MA, USA).

All histotripsy transducers (single and multi-element) were
driven using a custom high-voltage pulser designed to generate
single cycle histotripsy pulses, powered by a high voltage DC
power supply (GENH750W, TDK-Lambda, National City, CA,
USA), and controlled by a preprogrammed field-programmable
gate array (FPGA) board (Altera DEO-Nano Terasic Technology,
Dover, DE, USA) and a custom MATLAB script (The Math-
Works, Natick, MA, USA).

D. Single Element Experiments

1) Beam Profile and Pressure Waveform Characteriza-
tion: Single element histotripsy transducers of frequencies

Test
element

Hydrophone

(b)

Fig. 1. Single element experimental set-up. (a) Schematic showing
the single element test set-up. Three element frequencies were tested
(500 kHz, 1 MHz, 3 MHz) with the prosthesis aligned at either 90°, 120°,
or 135° relative to the test element. (b) Photograph of the test set-up
showing the prosthesis aligned at 120° with a single histotripsy element.

500 kHz, 1 MHz, and 3 MHz were aligned perpendicularly
to the prosthesis opposite a high-sensitivity rod hydrophone
(HNR-0500, Onda Corp., Sunnyvale, CA, USA) in degassed
water (<30% dissolved Os) and tested to validate the results
detailed in [9] with our experimental set-up. Then, the prosthesis
was realigned at angles of 120° and 135° relative to the test
element using a custom 3D printed holder and tested to mimic the
various element angles in a histotripsy array transducer [Fig. 1].

Under each test condition (free-field versus prosthesis, various
angles and frequencies), the rod hydrophone was affixed to a
computer-guided 3D robotic positioner and used to measure the
transverse and elevational 1D beam profiles of the single element
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Fig. 2. Multi-element histotripsy array testing experimental set-up. (a), (c) 8 element, 1 MHz transducer (c, insert) aligned orthogonally to the

prosthesis fixed in a 3D printed mock skull (grey) and the rod hydrophone. (b), (d) 16 element, 1 MHz transducer (d, insert) aligned orthogonally to
the prosthesis fixed in the mock skull (grey) and the fiber optic probe hydrophone (FOPH). (e) Photograph of the test set-up for high speed imaging
experiments using the 16 element transducer. The camera was aligned across from a constant light source and used to collect bubble cloud images
for a range of pulse repetition frequencies (PRFs). An optically-translucent agarose gel phantom is aligned with the transducer focus.

transducer at the transducer’s geometric focus by sweeping the
hydrophone across each plane using 0.1 mm increments. Axial
beam profiles were not collected for the single element transduc-
ers. At each location, pressure waveforms were measured using
a Tektronix TBS2000 series oscilloscope at a sample rate of
500 MS/s, averaged over 128 pulses, and recorded in MATLAB.
All beam profile tests were completed at the same transducer
driving voltage.

Then, the rod hydrophone was realigned to the transducer
focus and used to collect focal pressure waveforms under each
test condition across a range of driving voltages (0 V to 90 V).
At each voltage, the pressure waveform was measured using
a Tektronix TBS2000 series oscilloscope at a sample rate of
500 MS/s, averaged over 128 pulses, and recorded in MATLAB.
Next, peak negative pressures (p-) were calculated from each
waveform, averaged within conditions, and compared between
conditions. Individual data points were excluded from analysis if
the p- was not clearly distinguishable from noise in the recorded
waveform.

E. Histotripsy Array Transducer Experiments

1) Beam Profile and Pressure Waveform Characteriza-
tion: Following single element characterization, multi-element
histotripsy array transducers were also tested to determine the
pressure loss and focal distortion effects of the prosthesis un-
der therapy-relevant conditions. First, rod hydrophone mea-
surements were completed in free-field and through prosthesis
conditions as described above. Briefly, the rod hydrophone was
secured to the computer-guided 3D robotic positioner and used
to measure the lateral, elevational, and axial 1D beam profiles

of each array transducer by incrementally repositioning the
hydrophone in each direction using 0.1 mm spacing [Fig. 2(a),
(c)]. Ateach location, pressure waveforms were measured using
a Tektronix TBS2000 series oscilloscope at a sample rate of
500 MS/s, averaged over 128 pulses, and recorded in MATLAB.
Beam profiles were measured at the same driving voltage for
prosthesis and no prosthesis tests (15 V, 8 element transducer;
10 V, 16 element transducer).

After realigning the rod hydrophone to the transducer focus,
focal pressure waveforms for each transducer without and with
the prosthesis (aligned perpendicularly) were recorded across
a range of driving voltages until the maximum measurable
pressure with the rod hydrophone was reached (~2.5 MPa p-).
Tested driving voltages ranged from 0 V to 16.5 V without the
prosthesis and 0 V to 31 V with the prosthesis for the 8 element
transducer. For the 16 element transducer, voltages ranged from
0V to 13 V (no prosthesis) and O V to 39.5 V (with prosthesis).
Again, pressure waveforms were measured using a Tektronix
TBS2000 series oscilloscope at a sample rate of 500 MS/s,
averaged over 128 pulses, and recorded in MATLAB.

To characterize the effects of the prosthesis at treatment-
relevant pressures, high-pressure waveforms were also collected
using a custom-built fiber optic probe hydrophone (FOPH)
cross-calibrated against the rod hydrophone [Fig. 2(b), (d)]. A
similar experimental approach was used. First, the FOPH was
aligned to the transducer focus in free-field. Then, focal pressure
waveforms were measured for each transducer with and without
the prosthesis using a Tektronix TBS2000 series oscilloscope at
a sample rate of 500 MS/s and recorded in MATLAB. A range
of driving voltages were tested until an estimated p- of ~20 MPa
or the maximum transducer voltage (250 V) was reached. Tested
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driving voltages in free-field ranged from 0 V to 100 V for
the 8 element transducer and 0 V to 70 V for the 16 element
transducer. Across the prosthesis, driving voltages of 0 V to
250 V were tested for both transducers. Due to the decreased
signal-to-noise ratio expected for waveforms recorded using the
FOPH, waveform averaging was increased to 512 pulses for all
FOPH measurements.

For all prosthesis tests, the prosthesis was mounted within
a 3D-printed “mock skull” to mimic any potential shielding
effects caused by the skull at the periphery of the prosthesis
in an in vivo setting [Fig. 2]. P- were calculated from each
waveform, averaged, and compared between conditions. As with
single element tests, individual data points were excluded from
analysis if the p- was not clearly distinguishable from noise in
the recorded waveform. Within each condition, p- measurements
were averaged using separate rod hydrophone and FOPH data
sets, as well as combined rod and fiber data, to distinguish any
pressure loss differences at high and low pressures.

2) Aberration Correction: To correct for possible aberra-
tion distortions to the histotripsy therapy pulse caused by the
prosthesis, a hydrophone-based aberration correction (AC) tech-
nique was applied to realign the arrival times of the p- from
individual transducer elements for each of the array transducers.
First, the FOPH was aligned to the transducer focus in degassed
water under free-field. Then, the cranial prosthesis was placed
perpendicularly between the transducer and the hydrophone.
Next, each element of the transducer was fired individually
at subthreshold p-, with the resulting waveform recorded in
MATLAB and averaged over 512 pulses. A custom MATLAB
script was then used to realign the arrival times of the pressure
waveforms by correcting the phase delay of each element. These
corrections were sent to the FPGA signal generator driving
the histotripsy transducer, and FOPH tests were repeated with
aberration correction applied for both the 8 element and 16
element transducers as described above. Driving voltages of 0
V10250V and O V to 215 V were tested for the 8 element and
16 element transducers, respectively.

3) Optical Imaging of Cavitation Bubble Clouds: Optical
imaging was used to characterize the bubble clouds generated
by the 8 element and 16 element transducers in degassed wa-
ter with and without the prosthesis in the pressure field as
well as with and without aberration correction. To accomplish
this, a Photron high-speed camera (Nova S12 monochrome,
Proprietary Design Advanced CMOS, Photron USA, Inc., San
Diego, CA, USA) attached to an 85 mm f/2.81-5x super-macro
lens (Creator, Mitakon Zhongyi, Liaoning Province, CHN) was
aligned across from a continuous LED light source (Multi-LED
QT Light, MultiLED G8 controller, 320 W power supply, GS
Vitec Soden-Salmiinster, Germany) [Fig. 2(e)]. After centering
the histotripsy bubble cloud within the camera’s field of view,
100 pulses were delivered at pulse repetition frequencies (PRFs)
of 1 Hz, 5 Hz, 10 Hz, 50 Hz, 100 Hz, 500 Hz, and 1000 Hz,
and resulting bubble clouds were imaged. For each pulse, the
Photron camera was triggered by the histotripsy system’s FPGA
controller board at either 36.5 ps (8 element) or 46.5 ps (16
element) after pulse firing to collect an image of the bubble
cloud mid-expansion (5.8 ps and 7.3 ps after the expected pulse

arrival at the focus for the 8 element and 16 element transducers,
respectively). Finally, images were qualitatively analyzed and
compared between conditions (no prosthesis, prosthesis no AC,
prosthesis with AC). For water tests, the camera frame rate was
set to 12800 frames per second with an image resolution of
1024 x 1024.

4) Agarose Gel Phantom Experiments: To determine
whether histotripsy bubble clouds could be generated across the
prosthesis, 1% weight/volume (w/v) agarose gel phantoms were
prepared to mimic the viscoelastic properties of soft tissue as pre-
viously described [36], [40]. To create the agarose gel phantom,
0.5% agarose powder (Type VII-A, Sigma Aldrich Corporation,
St. Louis, MO, USA) was stirred into 99.5% deionized water at
room temperature until thoroughly mixed. Then, the mixture was
heated to boiling using a microwave oven and stirred to induce
flash boiling, releasing dissolved gas from the mixture. This
boiling and stirring process was repeated until approximately
50% of the solution volume remained, giving a degassed 1%
w/v agarose gel mixture. Next, the gel mixture was placed in
a vacuum desiccator and maintained under pressure until the
temperature of the agarose solution cooled to <40 °C. After
cooling, 100 mL of the solution was pipetted into a rectangu-
lar silicon mold fitted with a custom-designed poly-lactic acid
(PLA) phantom mount and placed in a refrigerator for one hour
to solidify.

After securing the agarose phantom to the computer-guided
3D robotic positioner, the gel was steered into the focus of the
transducer (either 8 element or 16 element) so that the bubble
cloud was fully contained within the gel [Fig. 2(e)]. Then, 100
pulses were delivered to the gel at PRFs of 1 Hz, 5 Hz, 10 Hz,
50Hz, 100 Hz, 500 Hz, and 1000 Hz at a driving voltage of 250 V
(estimated free-field p- of ~29 MPa (8 element) or ~47 MPa
(16 element)), and resulting bubble clouds were imaged using
the high-speed camera set-up described above. Images were
again qualitatively analyzed and compared between conditions
(no prosthesis, prosthesis no AC, prosthesis with AC). For all
agarose tests, the camera frame rate was set to 12800 frames per
second with an image resolution of 1024 x 1024.

5) Red Blood Cell Phantom Ablation: To test the ablative
potential of the histotripsy bubble clouds generated across the
prosthesis, red blood cell (RBC) phantoms were fabricated as
previously described and used for ablation experiments [36],
[41], [42], [43], [44]. To create the RBC phantoms, a 1% w/v
agarose mixture was produced using the methods described
above, substituting 0.9% saline in place of deionized water.
An initial layer of agarose was poured into the silicone mold
and refrigerated to create the base layer of the RBC phantom.
For the second layer, fresh porcine blood was obtained from a
local abattoir and added to an anticoagulant solution of Citrate
Phosphate Dextrose Anticoagulant (CPD, Sigma Aldrich Cor-
poration, St. Louis, MO, USA) at a ratio of 1 mL. CPD: 9 mL
blood. To separate the RBCs from unneeded blood components,
whole blood was centrifuged at 3000 RCF for 15 minutes; then,
0.5 mL of RBCs were isolated and combined with 9.5 mL of
the agarose solution. Next, the liquid RBC-agarose solution was
poured onto the base layer and tilted to thoroughly coat the
entire gel surface. Excess solution was immediately discarded
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via inversion, leaving behind a thin layer of the RBC-agarose
solution. After placing the middle layer and refrigerating for 3
minutes, the remaining agarose without RBCs was poured on top
of the bottom two layers to fill the silicone mold and allowed to
solidify in the refrigerator for one hour before use.

For ablation efficacy experiments, only the 16 element his-
totripsy transducer was used due to its ability to generate compar-
atively higher p- across the prosthesis. First, the RBC phantom
was mounted onto the 3D robotic positioner and steered into
the focus of the transducer, and the RBC layer was aligned with
the center of the bubble cloud. Then, histotripsy pulses were
delivered to the gel at therapy-relevant PRFs of 100 Hz and
500 Hz at the transducer’s maximum driving voltage (250 V)
across the prosthesis with and without aberration correction
(corresponding to estimated p- of ~22 MPa and ~13.5 MPa,
respectively). To generate effective ablation of the RBCs, 2000
histotripsy pulses were applied for all tests with and without the
prosthesis. N =4 RBC phantoms were tested for each condition.

RBC experiments were imaged using the high-speed camera
set-up described above with a frame rate of 22500 frames per
second and an image resolution of 512 x 1024. Two images
were collected for each histotripsy pulse to characterize both
the bubble cloud and resulting RBC ablation.

6) Excised Porcine Brain Ablation: To mimic an in vivo
histotripsy ablation, additional experiments were completed
targeting excised porcine brain tissues with histotripsy across
the prosthesis. First, a whole pig brain was obtained from a
local abattoir and degassed inside of a saline solution in a
vacuum chamber for >2 hours. Then, the brain was sectioned
into four pieces, and each section was embedded in a 7.5%
gelatin in degassed saline (Gelatin from porcine skin, Sigma
Aldrich, St. Louis, MO, USA) tissue phantom for treatment.
After solidifying the gel via refrigeration, phantoms containing
brain sections were mounted onto the 3D robotic positioner and
steered into the focus of the transducer. Next, histotripsy abla-
tions were applied across the prosthesis to S mm x 5 mm x 5 mm
cubes fully contained within each tissue using the 16 element
transducer, a PRF of 500 Hz, and an estimated peak negative
pressure of ~22 MPa (across the prosthesis; corresponds to
250V, the transducer’s maximum driving voltage). To maximize
the ablative potential of the treatment, all tissues were treated
with aberration correction at 2000 pulses per treatment location.
Treatment points were spaced by 1.25 mm in the axial direction
and 0.5 mm in the lateral and elevational directions to allow
overlap between the bubble clouds at each location. All samples
were treated within 36 hours of harvest and within 24 hours of
phantom preparation.

After treatment, treated tissues were visually inspected and
fixed in 10% formalin for a minimum of 24 hours post-treatment
before sectioning and staining. To assess the microscopic dam-
age caused by the histotripsy treatment across the prosthesis, a
standard hematoxylin and eosin (H&E) stain was used for all
tissues.

7) Ultrasound Imaging of Cavitation Bubble Clouds: To
determine whether the histotripsy bubble cloud could be visual-
ized across the prosthesis using ultrasound, real-time ultrasound

TABLE Il
SINGLE ELEMENT PRESSURE LOSS (MEAN + STANDARD DEVIATION)
THROUGH THE PROSTHESIS SORTED BY FREQUENCY AND ANGLE

Average Pressure Loss Through Prosthesis
Frequency
90° 120° 135°
500 kHz 9.09 +0.49% 18.63 +1.02% 38.10+0.93%
1 MHz 1543 £1.31% 25.51 £ 1.65% 56.70 + 1.34%
3 MHz 23.46 +3.50% 39.88+3.31% 85.91 +1.35%

images were also collected using the coaxially aligned ultra-
sound imaging probe fixed within the 16 element transducer
during all experiments.

lll. RESULTS
A. Single Element Findings

1) Beam Profile and Pressure Waveform Characteriza-
tion: Under perpendicular conditions (90°), average pressure
losses of 9.09 £ 0.49%, 15.43 + 1.31%, and 23.46 + 3.50%
were calculated across the prosthesis for 500 kHz, 1 MHz, and
3 MHz transducers, respectively. Interestingly, large differences
in pressure loss were identified at increasing prosthesis angles
relative to the transducer for all frequencies. The findings for
each of the single element transducers are summarized in Table II
and plotted in Fig. 3(d). At 500 kHz, average pressure losses of
18.63 £ 1.02% and 38.10 = 0.93% were measured at angles
of 120° and 135° relative to the prosthesis, respectively. For the
1 MHz transducer, an average pressure loss of 25.51 4+ 1.65%
was observed at 120°; at 135°, 56.70 £ 1.34%. Tests using
the 3 MHz transducer yielded an average pressure loss of
39.88 £3.31% at 120° and 85.91 £ 1.35% at 135°. Additionally,
a pre-focal shift in the waveform arrival time was observed for
all pressure waveforms collected across the prosthesis relative to
free-field, with no clear differences observed between test angles
[Fig. 3(a)—(c)]. The speed of sound through the prosthesis was
calculated using the pre-focal shift in the waveform arrival time
for all three frequencies, giving estimated sound speeds of 2472
m/s, 2234 m/s, and 2082 m/s for the 500 kHz, 1 MHz, and 3 MHz
transducers, respectively.

As expected, all beam profiles reflected notable peak positive
and peak negative pressure reductions at the focus across the
prosthesis [Supplementary Fig. 1]. While transverse beam
profiles remained relatively unchanged in space at all frequen-
cies and angles, elevational beam profiles were affected by
prosthesis angle across all frequencies, shifting post-focally
relative to the geometric focus of the transducer with increasing
angle. Elevational beam profiles experienced greater post-focal
shifting for higher frequencies. Taken together, these findings
demonstrate that ultrasonic transmission across the prosthesis
is angle-dependent as well as frequency-dependent and suggest
clinically-relevant histotripsy array transducers with multiple
elements may experience increased pressure loss and beam
distortions across the prosthesis.
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(d)

Single element findings. (a)—(c) Representative pressure waveforms collected in free field and test conditions for 500 kHz, 1 MHz, and

3 MHz single element transducers, respectively. (d) Average single element pressure loss through the prosthesis plotted by frequency and angle.

TABLE IlI
AVERAGE PRESSURE LOSSES AND MAXIMUM ACHIEVABLE PEAK NEGATIVE PRESSURES FOR THE 8 ELEMENT AND 16 ELEMENT HISTOTRIPSY ARRAY
TRANSDUCERS THROUGH THE PROSTHESIS

Average Pressure Loss Maximum Achievable P-
Transducer - - - -
. . . With Prosthesis With Prosthesis
Without AC With AC No Prosthesis Without AC With AC
8 element 59.12 £ 1.87% 46.69 +2.14% 28.85 MPa 13.42 MPa 18.96 MPa
16 element 77.97 = 1.68% 59.68 +4.74% 47.29 MPa 13.42 MPa 22.15 MPa

Average pressure losses are reported for the entire range of voltages tested for each transducer (mean + standard deviation). Maximum achievable p- were
calculated using either extrapolation (> 20 MPa) or pressure waveforms recorded with the FOPH at 250 V (< 20 MPa). AC = aberration correction.

B. Multi-Element Array Transducer Findings

1) Beam Profile and Pressure Waveform Characteriza-
tion: For the 8 element transducer, average pressure losses
across the prosthesis were measured to be 59.81 & 0.92% and
58.62 + 1.59% using the rod hydrophone and FOPH, respec-
tively, while the 16 element transducer experienced average
pressure losses of 77.81 & 1.83% (rod) and 78.09 4+ 1.57%
(FOPH). No differences were measured between average low-
and high-pressure loss values for either transducer, yielding an
average pressure loss of 59.12 + 1.87% and 77.97 £+ 1.68%
across the entire range of voltages tested for the 8 and 16 element
transducers, respectively.

Aberration correction for the 8 element transducer resulted in
an average pressure recovery of 11.94 £ 1.11%, reducing the
average pressure loss across the prosthesis to 46.69 £ 2.14%.
For the 16 element transducer, an average pressure recovery of

18.29 £ 4.21% was achieved with aberration correction, result-
ing in an average loss of 59.68 £ 4.74% across the prosthesis.
Consistent with the single element tests, a pre-focal shift in the
waveform arrival time was observed for pressure waveforms
collected across the prosthesis relative to free-field for both array
transducers, with and without AC [Fig. 4(a), (d)]. Maximum
peak negative pressures achievable across the prosthesis with
and without AC for the 8 and 16 element transducers are given
in Table III.

Beam profile collection using the 8 element transducer re-
vealed aberrations to the pressure field across the prosthesis in all
three planes. While the axial beam profile was shifted pre-focally
[Supplementary Fig. 2], the transverse and elevational profiles
were shifted in the post-focal direction [Fig. 4(b)—(c)]. Trans-
verse and elevational profiles also demonstrated a widening in
the beam profile across the prosthesis, corresponding to an in-
crease in the full-width half-maximum (FWHM) measurements
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Fig. 4. Multi-element array transducer beam profile and pressure waveform collection. (a), (d) Representative pressure waveforms collected under

free field and test conditions for the 8 and 16 element transducers, respectively. (b)—(c), (e)—(f) Beam profiles collected across test conditions for
the 8 and 16 element transducers in the (b), (e) transverse, and (c), (f) elevational directions.

TABLE IV
FULL-WIDTH HALF-MAXIMUM (FWHM) VALUES CALCULATED USING PEAK NEGATIVE PRESSURE BEAM PROFILES COLLECTED FOR THE 8 AND 16 ELEMENT
TRANSDUCERS WITH AND WITHOUT THE PROSTHESIS

Transverse Elevational
Transducer No Prosthesi With Prosthesis With Prosthesis No Prosthesi With Prosthesis With Prosthesis
0 rrosthests Without AC With AC 0 rrosthests Without AC With AC
8 element 1.24 mm 1.95 mm 1.67 mm 1.26 mm 1.94 mm 1.68 mm
16 element 1.21 mm 2.18 mm 1.53 mm 0.96 mm 1.71 mm 1.32 mm

calculated using the peak negative pressure profiles for each
condition.

Aberrations to the pressure field were also observed in all three
planes for the 16 element transducer. Like the 8 element trans-
ducer, the axial beam profile of the 16 element transducer was
shifted pre-focally across the prosthesis [Supplementary Fig.
2], and the transverse and elevational profiles were shifted post-
focally [Fig. 4(e)—(f)]. Additionally, beam profiles in the trans-
verse and elevational directions experienced widening across the
prosthesis and had increased FWHM measurements [Table IV].
The application of aberration correction was able to overcome
some of these effects for both transducers, narrowing the beam
profiles, reducing FWHM [Table IV], and returning the profile
minimum to a point closer to the transducer’s geometric focus
[Fig. 4(b) and (c), (e) and (f); Supplementary Fig. 2].

2) Bubble Cloud Generation: Using the 8 element trans-
ducer fired across the prosthesis without AC, bubble clouds were
generated in water at PRFs > 100 Hz after several histotripsy
pulses; by 100 pulses, robust bubble clouds had formed at 500 Hz

and 1000 Hz. Comparatively, when fired across the prosthesis
without AC in agarose, bubble clouds were observed at PRFs
> 50 Hz. For both water and gel conditions, bubble clouds
were shifted pre-focally, were notably reduced in size, and grew
more robust after several histotripsy pulses. After applying AC,
bubble clouds were generated in water only at PRFs > 500 Hz,
but formed more quickly on average (by 10 pulses) and were
noticeably denser. In gels with AC, bubble clouds were also
observed at PRFs > 500 Hz.

16 element findings closely resembled those of the 8 element
transducer [Fig. 5(a) and (b)]. Without AC, bubble clouds were
generated in water after 10 or more pulses at PRFs > 50 Hz. At
50 Hz and 100 Hz, bubble clouds were sparse and ill-defined; at
500 Hz and 1000 Hz, bubble clouds were characterized by along,
dense core surrounded by sparse peripheral cavitation [Fig. 5(a),
left]. In gels without AC, bubble clouds were consistently ob-
served at PRFs > 100 Hz [Fig. 5(a), right]. As observed using
the 8 element transducer, bubble clouds without AC were shifted
pre-focally, so a second set of cloud images were collected in
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Fig. 5. Bubble cloud formation across the prosthesis. (a) and (b) Opti-
cal images of the bubble cloud generated through the prosthesis using
the 16 element transducer with and without aberration correction (AC) at
250 V and 500 Hz. Due to a pre-focal shift in the bubble cloud location,
the camera was manually repositioned to image bubble clouds through
the prosthesis without AC. Blockage of the light source caused by the
mock skull can be seen in the right image of (a).

gel by manually shifting the field of view of the camera. In repo-
sitioned gel images collected using the 16 element transducer,
clearly visible, well-defined bubble clouds were generated by the
tenth pulse for PRFs > 100 Hz [Fig. 5(a), right]. Bubble clouds
were notably reduced in size compared to free-field clouds,
corresponding to the measured pressure reduction across the
prosthesis. After applying AC, bubble clouds were generated
in water at PRFs > 500 Hz, but were noticeably denser and
appeared to have less peripheral cavitation [Fig. 5(b), left]. In
gels with AC, bubble clouds were sometimes observed at PRFs
of 50 Hz and 100 Hz, but were consistently recorded at PRFs
> 500 Hz [Fig. 5(b), right]. Bubble clouds were comparable
in size to non-AC clouds in gel and formed by the tenth pulse,
growing into a fully formed cloud by 100 pulses. Bubble clouds
in gel after AC were shifted closer to the geometric focus of
the transducer, and manual repositioning of the camera was not
required for image collection.

3) Ablation Feasibility: RBC Phantoms: Without apply-
ing AC, ablative damage to the RBCs was observed by 2000
pulses at 100 Hz and 500 Hz using the 16 element transducer
[Fig. 6, row 1]. At both PRFs, lesions were elongated and linear
in shape. The core of the lesion was ablated first and most
completely, with peripheral damage increasing with the number
of pulses applied. As expected from agarose gel tests, RBC
lesions without AC were shifted pre-focally, and the camera
was repositioned for the image acquisition.

After applying AC, ablative damage to the RBCs was notable
by 2000 pulses at 100 Hz and 500 Hz [Fig. 6, row 2]. Markedly
different bubble cloud behavior was observed between the two
PRFs, however. For 100 Hz, early sparse cavitation condensed

into a well-defined bubble cloud by 2000 pulses [Fig. 6, row 2,
left]. At 500 Hz, sparse cavitation was observed from 0 to 2000
pulses. At 2000 pulses, a dense bubble core formed as the RBC
layer was ablated, but peripheral cavitation persisted [Fig. 6, row
2, right].

4) Ablation Feasibility: Excised Brain: Histotripsy bubble
clouds were generated in all excised brain tissues and clearly
visualized on ultrasound imaging as oscillating hyperechoic
regions [Fig. 7(b)]. Additionally, mild-to-moderate pre-focal
cavitation was observed at the gel-tissue interface on ultrasound
imaging for two of four samples at superficial treatment points.
After histotripsy treatment, ablated portions of the tissue were
characterized by a complete destruction of targeted cells and
surrounding extracellular matrix and replacement by acellular
debris [Fig. 7(c)—(e)]. Clear boundaries were observed between
treated and untreated tissue regions [Fig. 7(c)].

[V. DiSCcUSSION

This study investigated the feasibility of applying US-guided
intracranial histotripsy procedures through a newly developed,
biocompatible, polyolefin-based cranioplasty device. While pre-
vious studies have demonstrated the use of the prosthesis pre-
clinically for ultrasound imaging [9], ultrasonic blood brain
barrier (BBB) opening [10], and clinically for patient follow-up
and long-term ultrasound surveillance for tumor recurrence [11],
this is the first study to investigate the application of histotripsy
across the prosthesis for tumor ablation. Through a series of
single and multi-element histotripsy transducer tests, the feasi-
bility of applying histotripsy across the prosthesis was demon-
strated despite significant pressure attenuation. Histotripsy bub-
ble clouds were generated across the prosthesis in water and
tissue-mimicking agarose gels at high pulse repetition frequen-
cies (PRFs), and red blood cells were successfully ablated
over thousands of pulses in an agarose-based phantom. Then,
excised porcine brain tissues were targeted across the prosthesis
to demonstrate clinical feasibility, with complete cellular and
matrix breakdown observed histologically following histotripsy.
During all treatments, bubble clouds could be visualized in real-
time across the prosthesis using ultrasound, further suggesting
that the cranioplasty device may be used as an acoustic window
through which intracranial ultrasound-guided histotripsy thera-
pies can be applied.

Single element findings from this study closely matched re-
sults from previous work characterizing ultrasonic energy trans-
mission across the prosthesis when the transducer was aligned
perpendicularly to the prosthesis [9]. Both studies identified
considerably higher energy transmission across the prosthe-
sis (~76%—-90%) compared to intact cranial bone (<1%-31%
depending on skull thickness [45], [46]), with transducers of
increasing frequency experiencing higher pressure loss. The
current study expanded upon these initial observations by testing
single element transducers at different angles relative to the
prosthesis, mimicking the various element angles in a multi-
element histotripsy array transducer. Interestingly, a significant
increase in pressure loss was measured across the prosthesis
at increasing angles for the first time using the single element
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Fig. 6. Optical images of the red blood cell ablation achieved through the prosthesis at 250 V and 2000 pulses using the 16 element transducer.

Through the prosthesis without aberration correction (AC), ablative damage to the RBCs was observed by 2000 pulses at 100 Hz and 500 Hz, but
was sparse and varied between gels. With AC, more predictable cavitation was observed at 100 Hz, but significant peripheral cavitation was still

seen at 500 Hz PRF.

Fig. 7.

(e)

Excised brain ablation through the prosthesis using the 16 element transducer at 250 V, 500 Hz, and 2000 pulses per treatment location.

(a) Excised brain tissue encased in gelatin and aligned to the focus of the transducer with the prosthesis in the pressure field. (b) Real-time
ultrasound image collected through the prosthesis during an excised tissue ablation. Minimal distortion was observed through the prosthesis, and
the histotripsy bubble cloud was clearly visualized. (c)—(e) Hematoxylin & eosin staining of the treatment boundary (¢ — magnification: 20x) and
corresponding untreated (d) — magnification: 40x) and treated ((e)— magnification: 40x) tissue regions for one brain sample. A complete loss of
cellular and extracellular matrix structures is observed in the treated tissues (e).

transducers, suggesting that clinically-relevant multi-element
histotripsy array transducers, which typically have a subset of
their elements aligned at steep angles, may experience greater
pressure loss across the prosthesis than previously expected [9].

To further investigate this hypothesis, US transmission across
the prosthesis was tested using an 8 element, 1 MHz histotripsy
transducer. For this transducer, an average pressure loss of >50%
was measured, greater than the reduction measured for a single,
perpendicularly-aligned 1 MHz element, but falling within the
range predicted by the 1 MHz single element angle measure-
ments. Beam profiles collected with the 8 element transducer

showed a widening of transverse and elevational profiles and an
increase in their full-width half-maximum (FWHM), likely due
to an prosthesis-generated dephasing in the arrival time of pres-
sure waveforms from elements positioned at different angles.
Additionally, there was a repeatable pre-focal shift in the axial
profile. Using a hydrophone-based aberration correction (AC)
technique, some of the pressure lost for the 8 element transducer
was restored, with a corresponding decrease in the transverse and
elevational profile FWHM:s and a reduction of the pre-focal axial
shiftin the focal location. Even with AC, the maximum estimated
peak negative pressure (p-) achievable across the prosthesis with
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the 8 element transducer was ~19 MPa, lower than the pre-
viously measured intrinsic histotripsy threshold in water-based
soft tissues and blood, which ranges from 26-30 MPa [14], [47].
To reach a higher p- across the prosthesis, tests were repeated
with a 16 element transducer. For the 16 element transducer, an
average pressure loss >75% was measured before aberration
correction, likely due to the increased number of elements
positioned at steep angles relative to the prosthesis within the
transducer. After applying AC, some pressure recovery was
observed, resulting in a maximum estimated p- of ~22 MPa
across the prosthesis for the 16 element transducer. AC also
reduced transverse and elevational FWHM values for this trans-
ducer, reflecting a refocusing of the respective beam profiles, and
reduced the axial pre-focal shift. Notably, increased ultrasonic
pressure transmission was measured across the prosthesis for
both transducers (up to 54% with AC) than previously reported
for the skull (<1%-3%) [46], [48].

Despite high pressure attenuation and sub-intrinsic threshold
p- achievable with the current devices, results from cavitation
and ablation experiments revealed that histotripsy bubble clouds
were capable of achieving effective ablation across the prosthesis
at clinically-relevant PRFs (> 50 Hz). Bubble clouds across the
prosthesis, however, were notably reduced in size compared to
free-field for all conditions (as expected given the comparatively
lower p-) and took multiple histotripsy pulses to fully develop,
mimicking recent findings which describe the behavior of his-
totripsy bubble clouds generated using single cycle pulses at
PRFs > 100 Hz [49]. In the referenced study, dense bubble
clouds were generated by the tenth pulse at p- as low as 20 MPa
for PRFs of 100 Hz and 1000 Hz [49].

Further studies are warranted investigating histotripsy across
the prosthesis. First, histotripsy device improvements are
needed, increasing the maximum p- possible across the prosthe-
sis to generate more efficient, predictable ablation. Alternatively,
techniques to reduce the cavitation threshold of the target tissue
could be investigated, such as injecting nanoparticles into the
tumor prior to treatment. Past studies have demonstrated that
nanoparticle-mediated histotripsy (NMH) can generate bubble
clouds at pressures significantly below the intrinsic threshold of
water (>10 MPa) and can create precise ablation zones [40],
[50]. Using NMH in conjunction with the prosthesis may allow
more predictable, robust bubble clouds to be formed across
the prosthesis during histotripsy therapies. This NMH approach
could also be combined with tumor-trapping hydrogels that have
recently been developed by our team for use after brain tumor
surgery, allowing for an attract-and-treat histotripsy approach
for the ablation of recurrent brain tumors [51]. Finally, improved
histotripsy devices or NMH should be used to investigate the in
vivo safety and feasibility of applying histotripsy for brain tumor
ablation across the prosthesis.

Other factors to consider prior to clinical translation of this
approach include potential heating of the prosthesis, the contri-
bution of shear mode conversion to the measured pressure loss,
and the observed axial pre-focal shift in bubble cloud formation.
While unlikely at the low duty cycles used for histotripsy, heating
of the prosthesis during therapy is possible, particularly for
techniques which utilize longer pulse durations such as thermal

high intensity focused ultrasound, and could lead to off-target
injury. The conversion of the applied ultrasound to shear waves at
the prosthesis interface may contribute to this effect and should
be quantified in future work. Likewise, shear mode conversion
may also be partially responsible for the pressures losses and
other focal changes observed across the prosthesis in this study,
especially at steep angles. The pre-focal shift in the bubble cloud
along the transducer’s axis observed in this study could lead to
mistargeting if not corrected for and should be accounted for in
the pre-treatment planning process.

V. CONCLUSION

This study investigated the in vitro feasibility of applying
US-guided intracranial histotripsy procedures through a newly
developed, biocompatible, polyolefin-based cranioplasty device
using single and multi-element histotripsy transducers. Single
element results revealed an angle- and frequency-dependent
effect of the prosthesis on ultrasound transmission, and multi-
element histotripsy array findings demonstrated reduced pres-
sure transmission across the prosthesis, albeit higher than
through the skull, and a widening of beam profiles. High speed
imaging in gel phantoms and ultrasound imaging in excised
brain tissues showed that histotripsy bubble clouds capable of
ablation could be generated across the prosthesis at high pulse
repetition frequencies, and a complete breakdown of targeted
cells and matrix was observed histologically in all treated tissues.
Overall, the results of this study lay the groundwork for fu-
ture advancements in ultrasound-guided histotripsy for intracra-
nial applications, particularly in settings where MRI access is
limited.
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