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Abstract

Histotripsy has been previously shown to treat a wide range of locations through excised

human skulls in vitro. In this paper, a transcranial magnetic resonance (MR)-guided histotripsy
(tctMRgHt) system was developed, characterized, and tested in the in vivo pig brain through an
excised human skull. A 700-kHz, 128-element MR-compatible phased-array ultrasound transducer
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with a focal depth of 15 cm was designed and fabricated in-house. Support structures were also
constructed to facilitate transcranial treatment. The tctMRgHt array was acoustically characterized
with a peak negative pressure up to 137 MPa in free field, 72 MPa through an excised human
skull with aberration correction, and 48.4 MPa without aberration correction. The electronic focal
steering range through the skull was 33.5 mm laterally and 50 mm axially, where peak negative
pressure above the 26 MPa cavitation intrinsic threshold can be achieved. The MR-compatibility
of the tctMRgHt system was assessed quantitatively using SNR, B0 field map, and B1 field

map in a clinical 3T MRI scanner. Transcranial treatment using electronic focal steering was
validated in red blood cell phantoms and in vivo pig brain through an excised human skull. In two
pigs, targeted cerebral tissue was successfully treated through the human skull as confirmed by
MRI. Excessive bleeding or edema was not observed in the peri-target zones by the time of pig
euthanasia. These results demonstrated the feasibility of using this preclinical tctMRgHt system for
in vivo transcranial treatment in a swine model.
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INTRODUCTION

TRANSCRANIAL magnetic resonance-guided focused ultrasound (ttMRgFUS) has been
investigated for non-invasive ablation to treat neurological-disorders and brain tumors [1-9].
Guided by MRI, ultrasound is applied from outside the skull and focused on the target brain
tissue to produce thermal ablation, while the surrounding brain and the skull remain intact.
As a new non-invasive neurosurgical tool, ttMRgFUS has received enthusiastic responses
from the clinical community. Commercial ttMRgFUS thermal ablation systems have been
approved by the U.S. Food and Drug Administration (FDA) to treat essential tremors

by ablating a single focal volume within the central nervous system [2—4]. Laboratory
investigation and clinical trials on using ttMRgFUS to treat Parkinson’s diseases are also
currently ongoing [10],[11]. However, due to overheating of the skull, which is highly
absorptive and reflective of ultrasound, it is challenging for tctMRgFUS to treat locations
within 2 cm from the skull surface, rendering inoperable up to ~90% of the cortex where
brain tumors often reside [8],[9],[12],[13]. Moreover, the peri-target heating due to the
ultrasound absorption in surrounding tissue limits the treatment rate of tctMRgFUS for large
targets [9],[12], resulting in a long treatment time that may be unbearable for patients with
large tumors.

Unlike tctMRgFUS that relies on heating produced by continuous sonication, histotripsy

uses short (several isec), high-pressure ultrasound pulses (>26 MPa) to generate focused
cavitation bubbles, which mechanically fractionate and liquefy the target tissue into acellular
homogenate [14-16]. As the damage generated by histotripsy is confined to only the

regions where the pressure exceeds the intrinsic threshold for nucleation, histotripsy has
shown to be particularly robust even in situations where severe aberrations are introduced

by heterogeneous mediums such as the human skull [17], [18]. With long cooling times
between pulses (ultrasound duty cycle <0.1%), transcranial histotripsy reduces heating of the
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skull and surrounding tissue while effectively ablating the target tissue. Gerhardson et al.
have shown that applied through excised human skulls, histotripsy can liquefy up to 40 ml
of a clot within 20 minutes (corresponding to a treatment rate of 2 cm3/minute) in varying
depth from the skull base to 5 mm from the inner skull surface, keeping the temperature
increase in the skull <4°C [19]. As histotripsy mechanically disrupts the target tissue, there
was a concern that histotripsy may cause excessive hemorrhage or edema in the brain. An
initial /n vivo study by Sukovich et al. showed that cerebral lesions can be generated in the
normal pig brain without excessive bleeding in the acute and subacute phases after treatment
[21]. These preliminary results suggested the potential of using histotripsy for non-invasive
transcranial treatment.

Since histotripsy-generated cavitation can be visualized by ultrasound imaging, histotripsy
treatment is typically guided by ultrasound imaging [22], [23]. However, transcranial
ultrasound imaging remains a challenge without contrast agents. To develop transcranial
histotripsy techniques for non-invasive brain applications, transcranial MR-guided
histotripsy (tcMRgHTt) is necessary to provide MR brain scans for targeting and monitoring
to ensure treatment efficacy and accuracy. Previous studies by Allen et al. have shown

that histotripsy-induced cavitation and tissue fractionation can be visualized on MRI with
specialized MRI sequences [24], [25].

Here, the first preclinical tctMRgHt system is designed and fabricated. Although the
feasibility of transcranial histotripsy [17-20] and MRI guidance [24],[25] have been
shown separately, developing an integrated tctMRgHt system presents a substantial technical
challenge. The design of the tctMRgHt system is different than general histotripsy systems
mainly in three aspects. 1) The system is required to be MR-safe with the minimal mass of
metal, and the cables connecting the transducer elements to the driving electronics should
be long enough to ensure the driving electronics and power supplies are outside the 0.5
mT line, often conveniently in the MR control room separately from the scanner room.

2) Sufficient MR image quality is required with the ttMRgHt system in the MR scanner
for treatment targeting and monitoring [26], [27]. Therefore, noise and artifacts introduced
by the histotripsy system need to be mitigated by appropriate separation and filtering

of the electronics from MRI receive coils and possibly careful synchronization between
the histotripsy pulses and MRI pulse sequences. 3) This tctMRgHt system was designed

to perform preclinical in vivo studies on human-scale pigs through an excised human
skull. Non-metallic mechanical fixtures were thus designed and fabricated specifically for
the geometry of porcine heads. Besides, our design goal includes sufficient headroom of
ultrasound pressure and a large electronic focal steering range to maximize the treatment
efficiency for volume targets in the brain. These features all need to be taken into
consideration and carefully addressed when developing the tcMRgHt system.

In this paper, we present the design and construction of the first preclinical ttMRgHt
system, which includes a 700-kHz, 128-element MR-compatible ultrasound phased array.
The tcMRgHt system is acoustically characterized by focal pressure output, beam profiles,
and electronic steering profiles. We also quantitatively assess the MR-compatibility of the
tcMRgHt system by the signal-to-noise ratio (SNR), BO field map, and B1 field map
acquired using gradient echo sequences with the ttMRgHt system in a clinical 3T MRI
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scanner. Finally, the feasibility of using ttMRgHt to treat a volume target using electronic
focal steering was tested in a red blood cell agarose phantom, and the feasibility of using
tcMRgHIt for in vivo transcranial treatment was demonstrated in the brain of two pigs
through an excised human skull.

[I. MetHobs

A. Histotripsy system design and fabrication

1) Array design: The structural design of the MR-compatible transcranial transducer
was based on previously developed hemispherical arrays in house and commercial
tcMRgFUS arrays, both with a radius of 150 mm. The center frequency of 700 kHz was
chosen based on a thorough study taking into account the skull transmission, aberration,
focal gain, electronic steerability, cost, and electrical component limitations [28]. The full
hemispherical array consists of 360 17-mm square modules, resulting in a surface area
packing density of 74% compared to 57% for a prior 500 kHz 256-element design [18]. The
increased frequency and packing density of this new design enabled a significantly higher
power output and electronic steering range above the intrinsic cavitation threshold through
the human skull.

The initial motivation for this ttMRgHt system is to enable preclinical studies in the in vivo
porcine brain through an excised human skull, which was a previously used model for the
preclinical tctMRgFUS studies [6], [29]-[31]. As the pig skull is much thicker and flatter
compared to the human and leads to excessive attenuation, a craniotomy was first performed
to create a 60 mm diameter opening through the pig skull to access the pig brain. An excised
human calvarium was then placed over this acoustic window. With this experimental setup,
approximately 2/3 outer portion of the 360-element array aperture would be blocked by the
remaining pig skull. The 360-element hemispherical array was initially designed for human
use. Thus, for the porcine study, we used the 360-element array scaffold but only populated
the inner 1/3 portion of the full array scaffold for this tcMRgHt system, resulting in an
effective aperture of the array truncated to the inner 128-elements with an effective f-number
(focal distance/ aperture diameter) of 0.74 as demonstrated in Fig. 1.

2) Transducer fabrication: The 128-element array was fabricated by mounting 128
individual transducer modules to a plastic scaffold. Each module was constructed from

a porous PZT material (PZ36, Meggitt A/S, Denmark) in a 3D-printed housing. Fig. 2
shows the cross-section of the transducer module design and a photo of a single unit. Two
matching layers, Somos PerFORM (5 MRayl) and laser-sintered polyacrylamide (2 MRayl),
with the thickness of a quarter-wavelength, were used to provide a smoother gradient for
acoustic impedance than a single matching layer so that acoustic energy transmits more
efficiently from the PZT to the medium. The backing end of the module was filled with
epoxy (314 Resin & 143 Hardener, TAP Plastics Inc., San Leandro, CA, USA) to ensure

a water-tight seal around the PZT element and allowed the module to be fully submerged.
O-ring retaining grooves on the outside of the housing allowed the modules to be secured
to the sockets on the array scaffold via an easily removable O-ring and to be easily replaced
individually if any module is damaged, thus keeping maintenance costs low. Electrical
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connections from driving circuits to the individual modules were made via micro-coaxial
cable (9432 WHO033, Alpha Wire, USA) and high-density connectors (DL2-96, ITT Cannon
LLC, Irvine, CA, USA). The coaxial cables were rigidly soldered to the transducer element
on one end and remained connected to the tcMRgHTt array for all experiments. 3D-printed
strain reliefs were attached around the electrical connection to provide tension relief for the
cables.

3) Driving electronics: Driving electronics were built in-house to produce 3.5 kV peak
amplitude and 20 A to drive each transducer element with microsecond length (1-cycle

at 700 kHz) ultrasound pulses at a very high focal pressure for histotripsy (Fig. 2c). A
field-programmable gate array (FPGA) controlled via USB by MATLAB (The MathWorks
Inc., Natick, MA, USA) interface allowed arbitrary pulsing of modules with 10 ns timing
precision. Programmable trigger signals can be fed from the MR scanner or sent to

the scanner to synchronize the histotripsy pulse with imaging sequences. 1-cycle pulse
length was used to generate cavitation, as the short pulse length has been demonstrated

to successfully eliminate the formation of standing waves in the brain [32]. Driven by the
1-cycle pulse with 3.5 kV peak amplitude, a single transducer element produced a peak
negative pressure (P-) of 1.36 MPa at 150 mm in the free field, as shown in Fig. 2d.

4) Compatibility with MRI system: The new array adhered to standards for an

MR conditional device to ensure patient safety and good imaging quality. All metallic
components (fasteners, cables, etc.) consisted of non-ferrous materials. With sintered silver
electrode PZT crystals, nylon scaffold, and 3D printed housing and matching layers, this
design minimized the mass of metal to maintain good MR image quality. The modular
construction technique inherently resulted in a segmented ground plane, which has been
shown to yield better MR image quality compared to continuous plane design [33], as it
allows radiofrequency (RF) magnetic field penetration through spaces between the ground
plane segments. The driving electronics were placed in an adjacent control room outside of
the MR scanner room, and the coaxial cables were fed through the waveguide penetrations
of the panel between the control room and scanner room for shielding. All experiments were
conducted with a clinical 3T MRI scanner (Discovery MR750, GE Healthcare, Milwaukee,
WI, USA). The evaluation of MR image quality with the tctMRgHt system in the scanner is
described in Section I1.C and 111.B.

5) Support structures: To facilitate the in-vivo transcranial pig treatment, support
structures were required to 1) stably mount the transducer array onto the MR scanner bed,

2) firmly fix an excised human calvarium at a set location and orientation, and 3) position
pig heads of a range of sizes at a desired location and orientation. The assembly of the
transducer and all its support structures is illustrated in Fig. 3. The bottom of the array frame
was contoured to mate with the scanner to keep the array stable on the MR bed. The whole
assembly was placed in a cylindrical waterproof canvas bag and immersed in the coupling
medium (water for acoustic characterization, saline solution for MR-compatibility testing
and in vivo treatment) during the experiments.

The calvarium holder was designed to be mounted to the unpopulated spaces on the scaffold
and was shaped to avoid interfering with the ultrasound propagation path from any of the
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populated transducer elements at the bottom of the scaffold. To accommodate a variety of
calvarium sizes and shapes, adjustable screws and clamps were used to fix the skull around
its perimeter. Fiducial markers were also attached to the skull holder to quickly identify the
geometric focus of the transducer array from an MR image and assist in targeting.

Neck and snout holders were designed based on empirical measurements from two pigs

of representative size (27 kgs and 32 kgs juveniles) for in vivo histotripsy treatment. The
heights of these holders were arranged to hold the pig head level and at an optimal angle to
provide the best acoustic window through the craniotomy opening. Adjustable Velcro straps
fitted to the holders were used to secure the pig’s neck and snout during the experiments.
These straps also provided some level of vertical adjustment for pig head positioning.
Additionally, the neck and snout holders were fixed to a series of slots on a top plate that
was fabricated using acetal plastic. These slots allowed adjustment to accommaodate different
pig head lengths as well as forward-to-rear and left-to-right positioning of the pig head. The
plates also provided support for the MR surface coil pads, reducing any chances for them to
shift or tilt during the image acquisition. A spirit level was mounted on top of the histotripsy
array to check the horizontal level.

B. Transcranial acoustic characterization

The fully assembled MR-compatible histotripsy array was acoustically characterized using
the focal pressure, the size of the focal zone, and the capability of electronic focal steering.
For transcranial ultrasound therapy, the skull in the ultrasound pathway causes significant
attenuation and aberration to the ultrasound beam due to its non-uniform thickness and
composition [34], [35]. The high attenuation and strong phase aberrations introduced by
the calvarium can distort the shape of the pressure field and decrease its amplitude at the
target location, thereby limiting the treatment’s effectiveness. Therefore, to quantify the
pressure loss due to the skull and how much of this loss can be recovered by refocusing
the beam, measurements were obtained in three experimental settings: (a) in the free field;
(b) through an excised human calvarium without aberration correction; (c) through the
calvarium with aberration correction. All measurements were obtained in degassed water at
room temperature.

1) Skull preparation: An excised human calvarium was obtained from the University of
Michigan Anatomical Donations Program and used for the phantom treatment and in vivo
pig treatment. The calvarium was de-fleshed and cleaned after extraction and kept in either
water or a 5% bleach-water solution thereafter. The bleach was added to prevent the growth
of algae or bacteria on the surface of the calvarium and the walls of the storage container.
Before experiments, the calvarium was degassed in water inside a vacuum chamber for a
minimum of 6 hours. During the experiments, the calvarium was held by the skull holder
and fixed at a set location and orientation throughout all experiments including acoustic
characterization, MRI testing, and pig treatment. The major dimensions of the calvarium
were 158 mm on the long axis (maximum front-to-back length on the exterior surface), 139
mm on the short axis (maximum end-to-end length on the exterior surface), and 56 mm

in depth (maximum distance from the interior surface to the cut plane of the skull). The
minimal and maximal thicknesses of the calvarium were 2.5 mm and 8.5 mm, respectively.
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2) Focal pressure: To characterize the focal pressure of the tctMRgHTt transducer
array, the P- at the geometric focus was directly measured in free field and through

the calvarium using a fiber-optic hydrophone built in-house [36] up to 15 MPa with all
elements pulsed simultaneously. At P- higher than 15 MPa, the pressure could not be
measured directly due to instantaneous cavitation generation at the fiber tip. In this case,
the focal pressure was estimated by linear summation of the measured pressure using a
calibrated bullet hydrophone (HGL-0085, Onda, Sunnyvale, CA, USA) from individual
transducer elements, each driven at the highest driving voltage of 3.5 kV. This method
of estimating pressures has been shown to agree well with direct pressure measurements
at pressures up to and beyond the intrinsic threshold [37]. To compensate for the phase
aberration induced by the skull, the waveforms from individual elements were aligned
and the P- were summed to estimate the focal pressure through the skull with aberration
correction, Prcyac. In comparison, the focal pressure through the skull without aberration
correction, Prq, was estimated by P- of the directly summed waveform from individual
elements without alignment. The transmission rate through the skull was calculated as

P . . .
Diransmission = % x 100%, where Prris the focal pressure in the free field. The percent

of pressure recovered by aberration correction, Pracoveres; Was calculated by dividing the
pressure difference between Prer acand Pre by the pressure difference between Prrand

Prc, QIVeN bY, precovered = (Prc + Ac — Prc)/(PrF — Prc) X 100%.

3) Beam profiles: To characterize the dimensions of the focal zone, 1-D beam profiles
along 3 axes were measured using a needle hydrophone (HNR-0500, Onda, Sunnyvale,

CA, USA) at low pressure (i.e., <2 MPa) with a fixed driving voltage. The hydrophone

was affixed to a motorized 3-D positioning system, centered at the geometric focus, and
scanned = 20 mm in 0.25-mm steps along the sagittal, coronal, and axial axes of the
calvarium. To obtain beam profiles through the skull with aberration correction, waveforms
from individual transducer elements were acquired and cross-correlated to a single reference
channel. The associated correlation delays were then applied as offsets to the elements firing
time to align the pulses at the focus. As the tcMRgHt system delivers 1-cycle pulses for
intrinsic threshold histotripsy, beam profiles were all acquired in reference to P- at each
hydrophone position. The focal size was determined as full width half maximum (FWHM)

of the focal beam profile on three axes. It should be noted that we used dB = ZOIoglo(PL)
max

for all acoustic measurements in this paper, where P, is the maximum P- that was
measured in the field and Pis the P- at other locations. Thus, —6 dB refers to merely half of
the P2 and the FWHM corresponded to the distance between two locations where —6 dB
was achieved on the profile.

4) Electronic focal steering range: To characterize the electronic focal steering
range, the focal pressure as a function of electronic focal steering location was measured

in free-field and through the calvarium. The array was steered in 0.25-mm steps across a

+ 25-mm range of locations centered at the geometric focus in the sagittal, coronal and
axial dimensions with a fixed driving voltage. For each electronic focal steering location,
the 3-D positioner moved the needle hydrophone (HNR-0500, Onda, Sunnyvale, CA, USA)
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to the steering location to record the pressure. The measurements were obtained at low
pressure (<2 MPa) to avoid damaging the hydrophone. The steering profiles in the free field
and through the calvarium without aberration correction were directly measured with all
transducer elements pulsed simultaneously. For transcranial steering range with aberration
correction, we measured waveforms from each element individually at the steering locations,
calculated the phase difference between elements, corrected for the phase difference, and
then summed the waveforms together to characterize the beam profile at each steered
location, which effectively compensated for the aberration at the steering locations. Steering
profiles on 3 axes were scaled to the focal pressure at a driving voltage of 3.5 kV (measured
or estimated in the Focal pressure section) in each case correspondingly. The electronic
steering range was characterized by the —6 dB range and the effective therapeutic range
where >26 MPa can be generated, as the cavitation intrinsic threshold in brain tissue is 26
MPa [37], [38].

5) Lesion generation with electronic focal steering: To demonstrate transcranial
histotripsy using electronic focal steering only, lesions were generated in a red blood

cell (RBC) phantom through the human calvarium. The RBC phantom consisted of 2

layers of transparent agarose gel and a thin layer of gel with 5% bovine red blood cells
in-between, as previously described by Maxwell et a/[39]. As the RBC-gel layer changed
from translucent and red to colorless after the destruction of the RBC due to cavitation,

the phantom provided a good contrast for visualizing cavitation damage. Lesions were
generated in a sparse grid pattern (Fig. 8a) to show the precision of histotripsy ablation and
in a continuous grid (Fig. 8b) to demonstrate volume treatment. The sparse grid treatment
was applied through the calvarium without aberration correction. For the volume treatment,
aberration correction was achieved by cross-correlating the individually acquired pressure
waveforms from the hydrophone measurements to a single reference signal and applying the
associated correlation delays as offsets to the elements’ firing times to align the pulses at the
focus. Two hundred histotripsy pulses were delivered to each steering location through the
calvarium at a pulse repetition frequency (PRF) of 20 to 50 Hz. The tctMRgHTt system was
fired at a fixed acoustic power which provides P- of 48 MPa at the geometric focus of the
array for both experiments.

C. MRI with histotripsy system

The MR-compatibility of the tctMRgHt system was evaluated by noise and artifacts induced
by the experimental setup. The body coil of the MRI scanner was used for both transmission
and receiving for studies in this section. Deionized water and degassed saline were used as
the acoustic coupling medium from the histotripsy transcranial array through the excised
human skull, for SNR measurement and field maps, respectively.

1) Signal-to-noise ratio (SNR): SNR has traditionally been presented as an important
index of image quality in MR scans, which compares the level of the desired signal to

the level of background noise. To understand the main source of noise in the ttMRgHt
experimental configuration, we measured the SNR in the following five cases. For all five
cases, one end of the cables was connected to the tcMRgHTt array placed in the MR scanner,
and the driving electronics were in the control room. (1) The cables were entirely left in
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the scanner room, disconnected from the driving electronics in the control room. (2) The
cables were passed through the waveguide penetration from the scanner room to the control
room and remained unconnected to the driving electronics. (3) The cables were passed
through the waveguide and connected to the driving electronics via high-density connectors
and the electronics were powered up, but no ultrasound pulses were delivered. (4) The
cables were passed through the waveguide and connected to the driving electronics via
high-density connectors, and the ultrasound array was pulsed at 10 MPa below the cavitation
intrinsic threshold at a PRF of 10 Hz. (5) The cables were passed through the waveguide and
connected to the driving electronics, and the ultrasound array was pulsed at 48.4 MPa above
the cavitation intrinsic threshold at a PRF of 10 Hz. A 2D spoiled gradient echo sequence
was used for imaging with the following imaging parameters: TE = 10 ms, TR =500 ms,
flip angle = 30°, NEX = 2, grid size = 256 x 256 (re-sampled to 512 x 512), FOV=38 x

38 cm?, slice thickness = 3 mm. The SNR for each case was calculated as SNR = o,
where g was the mean of 100 x 70 voxels in focal region of the transducer and o was the
standard deviation of the 400 x 80 background voxels in the air above the tctMRgHt system,
as labeled in Fig. 4.

2) BO homogeneity: Field homogeneity refers to the uniformity of the magnetic field
in the center of the scanner when no patient or phantom is present. The main magnetic
field (BO) homogeneity is critical for MR image quality, as poor field homogeneity

causes artifacts such as image distortions, blurring, and signal loss. Ideally, BO should

be homogeneous within a specified tolerance, and the remaining off-resonance effects can
be mitigated by a shimming operation before the scan. However, the field may be further
distorted by any wires, metal, or fringe fields in the immediate environment of the scanner.

To investigate the BO homogeneity with the presence of the ttMRgHt system in the MR
scanner, we measured the off-resonance in Hz as a BO map from two scans with different
echo times using a standard method [40], [41]. The mean and standard deviation of 60 x

25 voxels in the focal region of the histotripsy array were used as metrics for off-resonance
induced by the tctMRgHt system. A 2D spoiled gradient echo sequence was used for imaging
with the following imaging parameters: TE; = 10 ms, TEo = 12 ms, TR = 500 ms, flip angle
=30°, NEX = 1, grid size = 192 x 192 (re-sampled to 512 x 512), FOV=38 x 38 cm?,

slice thickness = 3 mm. An intensity-based binary mask shown as Fig. 9a was applied to the
reconstructed BO and B1 data to mask out the air-filled areas, as we are most interested in
the field homogeneity within the transducer focal region.

3) B1 homogeneity: The RF field (B1) is applied perpendicular to the BO. For in vivo
MRI at high field (>= 3 T), it is essential to consider the homogeneity of the B1 field. When
exciting a large collection of spins, inhomogeneity in B1 results in non-uniform tipping of
spins, leading to spatially varying image contrast and artifacts. The B1 field experienced by
spins within the object is influenced by several factors including the distance from the RF
transmit coil to the object, dielectric properties of the object, and factors related to the object
size and RF wavelength.

To investigate the B1 homogeneity with the presence of the ttMRgHt system in the MR
scanner, we measured the actual tip angle using the double angle method [42]. Since the
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actual tip angle is proportional to the B1 magnitude, the mean and standard deviation of

60 x 25 voxels in the focal region were used as metrics for B1 inhomogeneity induced by
the tcMRgHTt system. A 2D spoiled gradient echo sequence was used for imaging with the
following imaging parameters: TE =10 ms, TR =6 s, a; = 60°, ap = 120°, NEX =1, grid
size = 192 x 192 (re-sampled to 512 x 512), FOV=38 x 38 cm?, slice thickness = 3 mm.
Like BO mapping, the intensity-based binary mask shown in Fig. 9a was also applied here to
mask out the air-filled areas.

In vivo treatment: Pilot study on transcranial pig brain ablation

The feasibility of the tctMRgHt system was demonstrated in the in-vivo porcine brain
through the excised human skull in two 27-37 kgs juvenile pigs. This study was approved
by the Institutional Animal Care and Use Committee at the University of Michigan. The
anesthetization and craniotomy procedures were performed at the University of Michigan
animal surgery and operating room. For each pig, a 60 mm diameter circular region of the
calvarium was surgically removed with the dura kept intact. After the craniotomy, the skin
was sutured and sterile phosphate-buffered saline solution (0.9% sodium chloride, Hospira,
Lake Forest, IL, USA) was injected under the skin flap to fill the vacant space. Pigs were
recovered for two days before histotripsy treatment to allow the dissolution of any air
trapped in the incision.

On the treatment day, the pigs were anesthetized and transferred to the Functional MRI

lab. Vital signs were monitored through all procedures. The experimental setup in the MR
scanner is shown in Fig.5. The tctMRgHt system was placed on the MRI bed and imaged by
MRI before the treatment. The pig was placed supine on a v-tray with its head supported
by the snout and neck holders. The pig head was positioned to the appropriate location

and orientation to ensure the desired target in the brain lay within the electronic steering
range for optimal treatment efficacy. The sound was coupled with degassed saline from the
histotripsy transcranial array through the excised human skull, sutured skin, and dura into
the pig brain.

Before the treatment, T2 and T2* images were taken as a reference for treatment outcome
evaluation and used to locate the target via fiducial markers. Based on the fiducial markers
on the array scaffold, the location of the array geometric focus was identified on the MR
image, and the pig was moved to place the geometric focus of the array within the target
volume. Then, an electronic focal steering pattern was created to cover a volume of target
locations. For the first pig, a 3 x 3 x 3 mm volume was targeted by applying histotripsy to
a grid of focal positions with a spacing of 1. mm on all 3 axes. A 6 x 6 x 3 mm volume
was targeted in the second porcine brain, with a spacing of 1 mm on the x- and y-axis and
a spacing of 1.5 mm on the z-axis. A previous intracranial study by Sukovich et a/. [20]
has shown that the degree of damage within the focal volumes was observed to increase
with dose, with 10 pulses resulting in damage to 60% of the tissue within the focal volume
and 50+ pulses resulting in damage = 90% [21]. Therefore, with focal spacing smaller than
the focal width resulting in some overlapping foci, we delivered 50 pulses to each focal
location at a pulse repetition frequency of 10 Hz at a £y,,, 0f 48.4 MPa. Since it has been
shown that compact targeted lesions can be generated through calvariums using histotripsy
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without aberration correction when the pressure above the intrinsic threshold (P- = 26 MPa)
is delivered to the target, and the goal of this section is just to demonstrate the feasibility

of tctMRgHt, no aberration correction was applied for in vivo treatment to simplify the
experimental procedure.

We used 10 cm DuoFLEX receive array coils (MR Instruments, Minneapolis, MN) to
improve SNR over the pig brain. When the treatment was done, T2 and T2* images were
acquired immediately after the treatment and 2~4 hours post-treatment before euthanizing
the pig. T2-weighted MR images were chosen to show homogenized tissue and brain edema,
whereas T2* images, as a measure of iron and hemosiderin in the brain, can demonstrate
bleeding. The pig brain was then fixed in a 10% buffered formalin solution for 7 days and
embedded in paraffin for histological analysis.

[1l. ResuLts

A. Acoustic Characterization

1) Focal pressure: The maximal focal peak-negative pressure P- was estimated to be
137 MPa in the free field and 48.4 MPa through the skull without aberration correction, with
a transmission rate Pransmission Of 35% through the skull. Estimated by the linear summation,
the focal pressure through the skull with aberration correction was 72 MPa, recovering 27%
of the pressure loss induced by the skull. Compared to the previously reported intrinsic
cavitation threshold of 26 MPa in the brain tissue [37], [38], the achieved focal pressure
provided sufficient acoustic power for transcranial treatment.

2) Beam profiles: 1-D beam profiles around the geometric focus were shown in Fig.

6 and summarized in Table 1. Phase distortion from the nonuniform thickness of the skull
affected the beam profiles on all three axes, particularly in axial coordinates (X-axis), where
the FWHM values increased 21% compared to the focal size in the free field from 1.9 mm
to 2.3 mm. The focal beam was also found to be spatially shifted by 0.25 mm in X and

Y coordinates. The aberration correction refocused the beam to produce smaller FWHM
compared to the original beam in the free field on the Y and Z axes, but it only had a slight
impact on the beam spatial distribution on X-axis.

3) Electronic focal steering range: The normalized peak-negative pressure as a
function of electronic focal steering location along each axis was summarized in Table 1. As
shown in Fig. 7, the —6 dB range in three cases remained similar with a range of 1.75 mm on
the transverse plane, but the effective therapeutic range (where P->26 MPa can be achieved)
decreased significantly through the skull than that in the free field, because the attenuation
and aberration induced by the calvarium became prominent as the steering locations move
further from the geometric focus. With aberration correction, such effects were mitigated,
leading to a 47% increase and a 37% increase of the effective therapeutic range on the X
and Y axes, respectively. As the aberration correction also focused the pressures on Z-axis
and the effective therapeutic range without aberration correction was measured to be larger
than 50 mm already, the steering profile with aberration correction was not shown in Fig.7.
Besides, the steering range was found to be spatially shifted by 2 mm in the Y coordinate
and 3 mm in the Z coordinate.
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4) Lesion generation with electronic focal steering: The transcranial treatment
using electronic focal steering was visualized using the RBC phantoms in Fig. 8. The size
of lesions on the sparse circular pattern (Fig.8a) ranged from 0.6 mm to 2.3 mm due to
the aberration and attenuation through the excised human skull, indicating the precision
limits for transcranial histotripsy treatment. The 10-mm continuous square lesion in Fig.
8b demonstrated that the ttMRgHTt system can treat volume targets using electronic focal
steering through the excised human skull.

B. MRI with histotripsy system

C.

1) SNR: The SNR from 5 experimental configurations was measured to be 143, 52, 50,
48, and 47, respectively. A factor of 2.75 drop in SNR was observed when the cables were
passed through the waveguide penetration (comparing case 1 and case 2). Connecting the
cables to the driving electronics (comparing case 2 and case 3) and applying the ultrasound
pulses (comparing case 3 and case 4) led to a slight SNR decrease. When the ultrasound
was applied, the acoustic pressure at the focus (above or below the cavitation threshold,
comparing case 4 and case 5) had a negligible impact on SNR. These results indicated that
the power status, the electrical excitation, and the acoustic pressure of the histotripsy array
interfered negligibly with the MR scanner, thus enabling operating the MRI while delivering
histotripsy treatment and offering good SNR for treatment evaluation.

2) BOhomogeneity: Fig. 9b shows the measured BO map. Artifacts occurred locally at
the ultrasound transducer elements and did not extend into surrounding areas. In the focal
region of the histotripsy array, the mean and standard deviation of off-resonance were 16.3
Hz and 23.4 Hz respectively. Overall, the mean and standard deviation of off-resonance on
the BO map was —7.0 Hz and 44.8 Hz respectively, suggesting a sufficient BO homogeneity
with the tcMRgHTt system in the scanner.

3) B1 homogeneity: Fig. 9c shows the measured tip angle map. Like the BO map,
artifacts occurred around the transducer elements but well-confined within the elements and
array scaffold. Compared to the prescribed tip angle of 60°, over-tipping was shown in the
central region of the image, coinciding with the effects previously seen in clinical human
scans with the center being brighter than the edges [42]. In the focal region of the histotripsy
array, the mean and standard deviation of tip angle were 69.1° and 16.0°, respectively.
Overall, the mean and standard deviation on the B1 map with the mask was 58.9° and 12.9°
separately, suggesting a sufficient B1 homogeneity with the ttMRgHt system in the scanner.

In vivo treatment

The tcMRgHt system was used to successfully generate ablation in the brain of two pigs
through the excised human calvarium. T2-weighted MR images showed hyper-intense
histotripsy ablation zones compared to the surrounding untreated tissue, as the cavitation
generated by histotripsy liquefied the tissue (Fig. 10). These hyper-intense regions were
confined within the targeted volume and did not demonstrate significant brain edema. T2*
images, as a measure of iron and hemosiderin in the brain, demonstrated no excessive
bleeding in peri-target zones post-treatment. Ablation zones in both pigs were identified
in the deep brain region adjacent to the ventricles. The effective ablation zones were also
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confirmed by histology, which revealed complete cellular disruption within the ablation
zones and great correlation to the identified treatment zones on MRI.

IV. Discussion

The 128-element tctMRgHt system used in this study was specifically optimized for
preclinical in vivo pig treatment. For human cadaver treatment or in real clinical cases, no
craniotomy is needed as the ultrasound can propagate through the human skull. Therefore,
to improve the treatment efficiency, a fully populated 360-element hemispherical histotripsy
array will be used for cadaver and human studies. Such modification will also improve the
precision of histotripsy treatment, as some of the off-target damage observed in the RBC
phantom treatment might be attributable to the low F-number of the 128-element array.

One major improvement on this ttMRgHt array compared to previous histotripsy arrays was
the use of the high-density connectors for connections from the array elements to the driving
electronics. Getting rid of hundreds of separate connectors, this design was space-efficient
and simplified the setup procedure for treatment in the MR scanner. Initially, the authors

had concerns that the tight packing of the pins in the connector, coupled with the high
driving voltages of the system, might result in electrical cross-talks between elements, which
may lead to power loss when applying electronic focal steering. However, the amplitude of
cross-talks at 700 kHz was quantified to be less than =54 dB compared to the actual driving
amplitude, demonstrating the efficiency and robustness of this design.

The steering profiles suggested that the acoustic power decreased with the distance between
the steering locations and the geometric focus. Applying aberration correction can increase
the effective therapeutic steering range, as shown in Table 1 and Fig.7. However, for
maximal acoustic efficiency, it is important to set the target tissue as close to the geometric
focus of the histotripsy array as possible, which in reality often remains a major challenge
when positioning the head, as observed during the in vivo pig treatment. Alternatively, a
potential method to solve this issue would be to move the histotripsy array using an MR-
conditional motorized positioner, with the location and orientation of the target tissue fixed
during the treatment. To ensure the ultrasound beam strikes the skull with normal incidence,
treatment planning software will be required along with the positioner to coregister the
array with the subject’s head in real-time and visualize the beam so that we can deactivate
the elements where the incident angles are greater than the critical angle, calculate the
transmission efficiency, and then choose the optimal location and orientation.

For the in-vivo porcine treatment, hydrophone-based aberration correction was implemented
to compensate for the phase variance introduced by the calvarium before the treatment

to improve the efficiency of histotripsy treatment. This method did not take account

of the aberration induced by the skin and brain tissue on the beam path. Besides, the
invasiveness of inserting the hydrophone would also make it less favorable in clinical cases.
To non-invasively compensate for the aberration in vivo, in-situ aberration correction can

be implemented via simulation [43], [44], MR-ARFI [45]-[47], or analytical CT-based
methods [44], [48], [52]. Besides, although this system only included the electronic driving
circuits as our goal for this study was to demonstrate the feasibility of transcranial
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MR-guided histotripsy, the receive circuitry can be incorporated into the electronics to
enable aberration correction using acquired shockwave signals from acoustic cavitation [49]
without dependency on any prior knowledge from CT scans or simulations.

For all measurements and treatments herein, 1-cycle pulses were used to generate cavitation
close to the inner skull surface without forming standing waves in the brain. There have been
concerns that the pre-focal cavitation at the skull surface may occur when treating close to
the skull surface, thus leading to peripheral damage outside of the target volume [32]. With
no passive cavitation detector included in the current tcMRgHTt system, such concerns were
not in the scope of this paper and will be carefully addressed in future investigations.

The tctMRgHt system has demonstrated the capability of generating effective treatment

at volume target through the human calvarium and maintaining good MR image quality
at the same time. As mentioned in section 111.B.1, the cable location had the most
significant impact on SNR. The waveguide was originally designed to attenuate the
frequency components below its cut-off frequency to prevent external RF interference.
When conductors such as cables were introduced in the waveguide, the waveguide became
a coaxial cable with no cut-off frequency and allowed noise to enter the scanner room.
Conceptually the waveguide should only be used for passing non-metallic accessories like
optical fibers, gas hoses, and fluid pipes, whereas any electrical cables should pass the
penetration panel via filtered BNC, DB-25, and other connectors on the penetration panel.
However, the common commercially available filters only have at most 50 pins, and even
if hundreds of pins are available, connecting all channels of the histotripsy system via the
filters would be very time-consuming.

We further decomposed the source of noise by calculating the ratio of external interference
from the cables through the wall to object noise. When cables were left in the scanner room,

the variance a% was induced only by the inherent thermal noise. In comparison, when cables

were fed through the waveguide, the variance included both inherent thermal noise and the

shielding noise through the wall, i.e., 6% = 67 + 02, Therefore, 224 = \[53/62 — 1 ~ 2.6,

ol

which implies that the noise due to RF shielding through the wall was 2.6 times the inherent
thermal noise. Although the standard deviation of pixels was measured in air, which was

not the same as that in tissue, the results indicated that improved filtering of the conductors
can potentially lead to better image SNR. Once the cables were fed through the waveguide
penetration, the SNR was only influenced slightly by the power status, electrical excitation,
and acoustic pressure of the tctMRgHt system. We also noted that the operation of the
histotripsy array did not produce obvious streaking or other image artifacts. These match
well with our intuition, as the resonance frequency of the transducers on the histotripsy array
is much lower than the resonance frequency of the 3T scanner (700 kHz compared to 128
MHz), and histotripsy treatment is performed at even lower PRF in a range of 1-200 Hz.

The non-uniformity of BO and B1 maps measured in this study turned out to be comparable
with the non-uniformity that is usually observed in human scans. For B0, Stockmann et al.
reported an average standard deviation of 31.8 Hz over the head with 2nd order shimming
[50], which is better than the standard deviation of 44.8 Hz over the entire map but less than
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the standard deviation of 23.4 Hz in ROI in our work, both with first-order shimming only.
For B1, the coefficient of variation C,, is typically defined as standard deviation over mean
and reported to be 0.2 to 0.27 over larger FOVs for human scans [51], which is on par with
the C,, of 0.22 (i.e., 12.9/58.9) on the whole map and 0.23 (i.e., 16/69.1) in ROI in our work.

In general, the image quality achieved in this study was sufficient to demonstrate that
ablation was successfully generated during histotripsy treatment. To further demonstrate
the treatment outcome and evaluate the treatment safety, the imaging protocols could be
optimized to achieve better resolution and SNR by using a larger number of averages,
thinner slices, and a smaller FOV, etc. However, changing these parameters will also lead
to longer acquisition time and risks of aliasing. More investigation will be done to realize a
better trade-off between image quality and other concerns.

As the goal of this study was to develop the first preclinical tctMRgHTt system, characterize
its performance, and demonstrate the feasibility of MR-guided histotripsy, histopathological
analysis on treatment outcomes was not presented here. Potential safety concerns on

the in vivo transcranial treatment will be addressed in a different paper. Though the
tcMRgHt system presented here was specifically oriented to the preclinical investigation,

it provided a realistic prototype for a human-scale tcMRgHt system and shed light on
potential improvements for future system design. For clinical translation, we envision a

full hemispherical transducer array to be integrated with an acoustic coupler, a stereotactic
frame, and an MR-conditional motorized positioner to facilitate the treatment. More details
on the development of the clinical ttMRgHt system will be investigated in future studies.

V. ConcLusion

This study developed the first preclinical ttMRgHt system for in vivo treatment. A 700-kHz,
128-element MR-compatible phased array was designed and fabricated. Support structures
were also designed and constructed to facilitate transcranial treatment. The tcMRgHt array
was acoustically characterized with an estimated peak negative pressure up to 137 MPa in
free field, 72 MPa through an excised human calvarium with phase aberration correction,
and 48.4 MPa through the calvarium without aberration correction. The transcranial focal
size of the tctMRgHTt array was measured to be slightly larger than that in the free field due
to the presence of calvarium. Lesion generation using electronic focal steering only was
visualized in a red blood cell agarose phantom, demonstrating a millimeter-level precision
of transcranial histotripsy. The electronic focal steering range through the calvarium was
33.5 mm laterally and 50 mm axially, where peak negative pressure above the 26 MPa
cavitation intrinsic threshold can be achieved. The MR-compatibility of the tctMRgHt system
was assessed quantitatively using SNR, BO field map, and B1 field map in a clinical

3T MRI scanner. The feasibility of ttMRgHt treatment was demonstrated by successfully
generating ablation in the brain of two pigs through the human calvarium with no excessive
hemorrhage or edema observed. These results demonstrated the feasibility of using this
tcMRgHt system for in vivo transcranial treatment and enabled further investigation on
MR-guided histotripsy.
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Fig. 1.
The schematic drawing (a) and photo (b) of the 128-element MR-compatible histotripsy

array. The coordinate system in b is defined according to directions in the MR scanner.
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Fig. 2.
Single transducer module for the tctMRgHt array. a): Cross-section of the transducer module

design. The PZ36 crystal is labeled in the figure. Two matching layers were placed in front
of the crystal for impedance matching. Dimensions are in the unit of mm. b): Photo of a
single transducer module with 11-meter coaxial cable. ¢): Schematic of the driving circuitry
for a single transducer module. d): The pressure waveform produced from a single module
at 150 mm in the free field with a drive voltage of 3.5 kV. The peak negative pressure was
measured to be 1.36 MPa.
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Fig. 3.
Exploded view (a) and photo (b) of the ttMRgHTt array and accessories.
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Fig. 4.
An example of magnitude images from SNR measurement. The signal region (yellow) and

background region (blue) used for SNR measurement are shown in the image. The excised
calvarium and ultrasound transducers are labeled as orange and red, respectively.
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Fig. 5.

Di%\gram (a) and photo (b) of the experimental setup for in vivo pig treatment. With the
tcMRgHt system placed on the MR bed, the pig was placed supine on a v-tray with its

head supported by the snout and neck holder on the ttMRgHt system. An MR image on the
transverse plane (c) demonstrated the locations of transducer elements, the human skull, and
the pig brain.
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Fig. 6.

Ngrmalized beam profiles of the tctMRgHt array. FF: free field (light gray); TC: through
the human skull (black); TC+AC: through the human skull with phase aberration correction
(dark gray). The dotted horizontal line at -6 dB indicated half of the maximum pressure, so
the FWHM was the distance between the two locations where —6 dB was achieved on each
profile.
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Fig. 7.

Stgering profiles of the tctMRgHt array. FF: free field (light gray); TC: through the human
skull (black); TC+AC: through the human skull with phase aberration correction (dark gray).
Top row: Normalized steering profiles scaled to dB relative to the maximum pressure in each
case, where the —6 dB line was labeled to indicate the —6 dB steering range. Bottom row:
The steering profiles in absolute P- values, where the 26 MPa cavitation intrinsic threshold
was labeled to indicate the effective therapeutic range.
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Fig. 8.
Histotripsy ablation generated by electronic focal steering in the RBC phantom. a): Sparse

circular pattern centered at the geometric focus. b): A 10-mm continuous square lesion
representing a volume ablation zone in the transverse plane.
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Fig. 9.

B0 and B1 field maps for tctMRgHt experiments. a): The binary mask applied to
reconstructed field maps. b): BO field map for off-resonance in Hz. ¢): B1 field map for
actual tip angle.
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Fig. 10.
MR images and histology slice from one treated pig brain. T2-weighted scans (a-c) showed

a hyperintense ablation zone immediately after treatment (b) and 2 hours post-treatment (c),
compared to the pre-treatment image (a). T2*-weighted scans (d-f) showed hypointense
ablation zone on the immediately after treatment (e) and 2 hours post-treatment (f),
compared to pre-treatment image (d). A Hematoxylin and Eosin (H&E) stained slice (g)
showed an ablation zone adjacent to the ventricles corresponding to the MR images. The
hemorrhage on the base of the brain was because the RBCs from the treated zone flowed
through the longitudinal fissure and was not associated with histotripsy damage.
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TABLE |

MEASURED PRESSURE, FocAL Size, AND STEERING RANGE.

Electronic Steering Range

Maximal Focal Pressure (MPa)  Focal Size(mm3)  Steering Range Metric

X (mm) Y (mm) Z(mm)

-6 dB 26.5 26.5 >50

FF 137 1.9x2x7.6
>26 MPa 475 50 >50
-6 dB 28 27 >50

TC+AC 72 2.2x1.7x7
>26 MPa 37 335 >50
-6 dB 27 28.25 >50

TC 48.4 2.3x2.2x7.9

>26 MPa 25.25 24.5 >50

FF: free field; TC+AC: through the skull with aberration correction; TC: through the skull without aberration correction.
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