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Abstract

Histotripsy is a minimally invasive ultrasound therapy that has shown rapid liquefaction of blood
clots through human skullcaps in an in-vitro intracerebral hemorrhage (ICH) model. However, the
efficiency of these treatments can be compromised if the skull induced aberrations are uncorrected.
We have developed a catheter hydrophone which can perform aberration correction and drain the
liquefied clot following histotripsy treatment. Histotripsy pulses were delivered through an excised
human skullcap using a 256-element, 500 kHz hemisphere array transducer with a 15 cm focal
distance. A custom hydrophone was fabricated using a 0.5 x 0.5 x 0.3 mm PZT-5h crystal
interfaced to a coaxial cable and integrated into a drainage catheter. An aberration correction
algorithm was developed to correct the aberrations introduced between histotripsy pulses from
each array element. Increases in focal pressure of up to 60% were achieved at the geometric focus
and 27 — 62% across a range of electronic steering locations. The sagittal and axial -6 dB beam
widths decreased from 4.6 to 2.2 mm in the sagittal direction and 8 to 4.4 mm in the axial
direction, compared to 1.5 mm and 3 mm in the absence of aberration. After performing aberration
correction, lesions with diameters ranging from 0.24 mm to 1.35 mm were generated using
electronic steering over a 10 x 10 mm grid in a tissue mimicking phantom. An average volume of
4.07 £ 0.91 mL was liquefied and drained after using electronic steering to treat a 4.2 mL spherical
volume in in-vitrobovine clots through the skullcap.
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[. Introduction

Hemorrhagic stroke or intracerebral hemorrhage (ICH) accounts for about 15% of all strokes
and affects roughly two million people worldwide [1-3]. ICH is caused by the rupture of
blood vessels within the brain thus leading to the accumulation of blood products within the
brain parenchyma. The initial injury post bleed leads to a mass-occupying lesion and thus
mechanical injury of adjacent neurons, axons and supporting cellular matrix. In addition, the
presence of the ICH leads to a rise in intracranial pressure (ICP) which in turn leads to a
decrease in cerebral perfusion pressure and related ischemia. The secondary injury to the
brain occurs over days and weeks and is caused by the cytotoxicity related to metabolism of
red blood cell components, specifically hemoglobin. This combination of primary and
secondary injuries associated with ICH leads to an approximate 30-day mortality rate of
40% [4-5].

The standard clinical treatments for ICH consist of either medical management to optimize
cerebral blood flow (CBF) while decreasing intracranial pressure (ICP) or a craniotomy
surgery to remove the ICH [6-9]. Medical management may be sufficient for small ICH but
to normalize ICP as well as to prevent secondary injuries, it is essential to remove the clot
burden. Craniotomy surgery provides quick access for clot evacuation, but it is highly
invasive leading to additional damage as normal cerebral tissue must be traversed, and an
evaluation on its effectiveness for a large number of cases remains inconclusive [10-13].

Minimally invasive clot evacuation techniques using thrombolytic drugs and catheters have
been gaining clinical support and are currently undergoing clinical trials [14-16]. The most
common approach utilizes a ventriculostomy catheter placed within the clot and the
administration of thrombolytic drugs, such as recombinant tissue plasminogen activator (rt-
PA), allowing liquefaction and drainage of the clot. Although early patient outcomes have
shown promise in reducing clot size, the functional outcome of ICH survivors has not
improved. While this is a minimally invasive technique, it takes days (3-7) to evacuate the
ICH and there are hemorrhagic complications that are related to the administration of
thrombolytic drugs. For small blood clots in ischemic stroke, these techniques have been
combined with low-amplitude ultrasound pulses with and without contrast agents [17-23].
Although these techniques have an improved treatment rate relative to those used for ICH,
such an approach remains limited for treating the large clots characteristic of ICH by the
lack of perfusion of the microbubbles and drugs into the interior of the clot. In addition, the
drugs used have a high risk of rebleed, adverse localized edema and swelling side effects.

Magnetic resonance guided focused ultrasound (MRgFUS) has recently been developed to
assist minimally invasive clot evacuation techniques used to treat ICH however treatment
times are long and the process leads to overheating the skull. Animal and human cadaver
studies have shown that applying MRgFUS outside the skullcap can liquefy clots without the
need for thrombolytic drugs [24—-25]. The resulting liquid can then be aspirated out with a
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needle. Although MRgFUS has shown the ability to shorten the clot reduction time, the use
of pulses greater than 100 /s at a relatively high duty cycle (10%) limit the treatment range
within the skull and present an issue of the skull overheating [24, 27-29]. Furthermore, the
need for costly MR imaging for the entire MRgFUS treatment is a roadblock for any future
widespread clinical adaption.

Histotripsy is a focused ultrasound technology that controls cavitation to liquefy soft tissue
such as clots. Histotripsy uses short, high energy pulses to generate cavitation microbubble
clouds using the intrinsic nuclei existing in the target tissue [30-33]. High stress and strain is
generated in tissue at the focus due to the rapid bubble expansion and collapse that
fractionates the tissue into an acellular homogenate [34]. The ability to liquefy clots using
histotripsy has been demonstrated in leg vessels both /n-vitro and in-vivo [35-41].
Histotripsy and boiling histotripsy were also reported to treat an /n-vitro model of large
extravascular hematomas in the absence of aberration [42]. Recent work has shown the /n-
vitro feasibility of histotripsy as a transcranial therapy [43-44]. We have also shown the
ability to liquefy clots through excised human skullcaps using histotripsy in an /in-vitro study
[45]. Similar to MRgFUS, histotripsy can be used to liquefy clots through the skull. The
liquefied volume can then be aspirated via a catheter inserted into the clot through a small
bur hole. The purpose of this study was to propose a solution to the problem of skull
aberrations in developing histotripsy as a minimally invasive technology for treating ICH.

One significant barrier in developing focused ultrasound technologies for ICH and other
transcranial therapies is the ultrasound distortion induced by the skull. Due to sound speed
and thickness inhomogeneities inherent to the skull, both MRgFUS and histotripsy suffer
from ultrasound defocusing caused by skull-induced acoustic aberration. This causes
significant focal amplitude loss and beam widening, resulting in an overall decrease in
treatment efficacy and precision [46-47]. MRgFUS is capable of correcting for skull
induced acoustic aberrations using MRI guidance and computed tomography (CT) scans
obtained prior to treatment. However, this technique requires a sophisticated algorithm,
significant treatment planning and extensive MRI time required for MRgFUS treatment
leading to a prohibitively high cost. Moreover, these aberration corrections degrade if the
skull moves with respect to the transducer. MR acoustic radiation force imaging (MR-ARFI)
techniques can outperform CT methods and overcome issues of degraded corrections
associated with potential movements of the skull [48]. However, this technique still relies on
MRI making it expensive and potentially difficult to adopt.

Many other approaches have been investigated to overcome the skull-induced acoustic
aberration for transcranial applications of focused ultrasound with varying degrees of
success. Simulation techniques are completely noninvasive and use computed tomography
(CT) images of the skull obtained prior to treatment to derive the thickness and acoustic
properties of the skull to approximate the aberration through the skull and correct for it [49-
53]. These techniques have shown good corrections [54]. However, these techniques require
significant treatment planning and time (i.e., 2 hours to execute the simulation) [55].
Furthermore, the difference in position of a patient’s head between prior scans and treatment
can lead to error. Time reversal techniques involve (1) acquiring a signal transmitted through
the skull to or from a single point within the field (2) time reversing the signals and (3) re-
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emitting the signals by the elements of the array [56—63]. Variations of acoustic sources and
reflectors placed at the focus have been examined /n-vitro including implanted hydrophones
and acoustic stars [64—66]. Hydrophones allow measurement of the waveform timing
information with a high degree of accuracy and are a consistent reference for various
aberration correction techniques, thus aberration correction using a hydrophone as a receiver
remains a near optimal correction technique.

A catheter hydrophone solution for aberration correction in histotripsy treatment of ICH was
devised based on two considerations. First, the mainstay minimally invasive approach to
ICH treatment already requires inserting a catheter through a small bur hole in the skull to
drain the liquefied clot. Second, aberration correction with a hydrophone is considered a
near optimal aberration correction technique. A miniature acoustic hydrophone integrated
into a drainage catheter provides the ability to conduct the aberration correction necessary
for histotripsy treatment while simultaneously providing a means to drain the liquefied clot
volume. Since commercial hydrophones are too large to fit within catheters used in
minimally invasive brain surgery (1.D. ~ 2 mm), we needed to fabricate our own miniature
hydrophone that could fit inside a catheter. The primary goals of this initial study were (1) to
fabricate a hydrophone small enough to fit within a catheter and (2) to show the proof-of-
concept of using a catheter hydrophone aberration correction technique for transcranial
histotripsy ICH treatment.

[l. Materials and Methods

A. Experimental Equipment

Transcranial Phased Array Transducer—A 500 kHz 256-element hemispherical
transcranial histotripsy array with 15 cm focal distance was used in this study. The array was
built in our lab using similar methods as those described in [70]. The individual elements
populating the array were comprised of two 1 MHz 20 mm diameter flat, stacked piezo
ceramic discs (PZ36, Ferroperm, Kvistgaard, Denmark) that produced a combined center
frequency of 500 kHz. The array was placed into a water tank with base dimensions of 60 x
60 cm and height of 40 cm. Degassed water was added to the tank such that the level was
approximately 1 cm from the top of the tank. A 256-channel high voltage pulser, capable of
delivering short (< 2 acoustic cycles) high amplitude ultrasound pulses, was used to drive the
elements of the array. The pulser was connected to a field-programmable gated array
(FPGA) board (Altera DE1, Terasic Technology, Dover, DE, USA) which was used to
independently control each element of the array. The clock speed of the FPGA was100
MHZz, giving the driver a temporal precision of 10 ns. Histotripsy pulse sequence parameters
were defined through a custom MATLAB (MathWorks, Natick, MA, USA) program and
uploaded to the FPGA board.

Catheter Hydrophone Fabrication—A custom, miniature hydrophone integrated with a
silicone rubber drainage catheter capable of performing aberration correction and draining
liquefied clot was fabricated in our lab. The main challenge in fabricating this hydrophone
was keeping the piezoelectric element of the hydrophone small enough to fit within the
catheter (2 mm 1.D.) while maintaining high enough sensitivity to measure acoustic
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waveforms through the skull. Due to its high coupling coefficient and high sensitivity,
PZT-5h was used as the piezoelectric element. A 0.5 x 0.5 mm chip of PZT-5h (Steminc-
Piezo, Miami, FL) was diced from a larger 0.3 mm thick wafer using a razor blade. The
dimensions of the crystal were made as small as possible with respect to the wavelength of
the transducer’s operating frequency in attempt to establish a point-receiver measurement
technique. The PZT chip was interfaced to a coaxial cable by soldering the positive and
ground leads of a 1.77 mm O.D. coaxial cable to the respective silver electrodes on the
opposing 0.5 x 0.5 mm faces of the PZT-5h crystal (Fig. 1). The crystal and its point of
attachment to the cable were coated with epoxy (Loctite E-OONS, Disseldorf, Germany)
such that the epoxy layer was flush with the casing of the coaxial cable and all electrically
conductive components were sealed. Any visible bubbles surrounding the crystal-cable
interface were removed prior to the epoxy curing. After the epoxy cured, the crystal-cable
assembly was inserted fully into the drainage catheter so that the tip of the assembly touched
the end of the catheter. The coaxial cable acted as the guide wire to guide the assembly
through the catheter. With the exception of those presented in the Hydrophone
Characterization — Time-of-flight Measurements and Directivity section, all experiments
using the catheter hydrophone were performed with the miniature hydrophone inserted into
the catheter sheath. In that section, the measurements were done without the sheath because
the catheter hydrophone could not be accurately rotated 180° given our current setup, which
was necessary for characterizing the directivity of the hydrophone.

B. Hydrophone Characterization

Noise Characterization—To perform aberration correction it was important that the
catheter hydrophone had sufficient signal-to-noise ratio (SNR) as to distinguish
characteristic features (e.g., peak negative pressure) from the waveform of each individual
element. Such features were used as reference points to obtain the corrective delays among
the 256 individual element waveforms transmitted through the skull. An average signal-to-
noise ratio (SNR) was obtained by averaging the SNR for each of the 256 single element
waveforms measured with the catheter hydrophone. SNR calculations were performed by
measuring the ultrasound pulse signal from each of 256 individual elements while operating
the array at pressure conditions comparable to those used in transcranial treatment. A signal
with the array powered off was obtained as the pure noise reference. To understand the
attenuation effects of the catheter sheath, the average insertion loss (i.e., pressure decrease
with the catheter sheath surrounding the miniature hydrophone relative to the miniature
hydrophone without the sheath) from all 256 waveforms was measured.

Time-of-flight Measurements and Directivity—Since intrinsic threshold histotripsy
relies on the amplitude of the peak-negative pressure, the efficacy of aberration correction
using our catheter hydrophone was dependent on its ability to temporally align the peak-
negative pressure from the individual element waveforms. To understand our hydrophone’s
ability to align these signals, it was important to quantify any variation in the peak-negative
pressure time-of-flight as a function of the angle of ultrasound propagation from the array
with respect to the catheter hydrophone. Due to the hemispherical shape of the array, the
angle of the pulse received by the hydrophone from the elements varied from 0 — 360
degrees. Time-of-flight measurements acquired with the catheter hydrophone (without the
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catheter sheath) were compared to those made with a PVDF capsule hydrophone (HGL200,
Onda, Sunnyvale, CA, USA), which has minimal variability in the time-of-flight as a
function of angle of ultrasound propagation. The catheter sheath was excluded from these
measurements because the catheter hydrophone could not be accurately rotated 180° in the
catheter sheath with our current setup. Any directivity shown in this measurement was
therefore inherent to the custom hydrophone in the absence of the sheath. Each hydrophone
was positioned to the geometric origin of the array by performing 3-axis beam scans of the
pressure field and moving the hydrophone to the location of the peak-negative pressure. The
256 individual elements of the array were then fired individually, one-at-a-time and the time-
of-flight of each pulse from the array to the geometric focus was measured. This experiment
was repeated using our catheter hydrophone. To ensure that the catheter hydrophone was
“finding” the same focus as the capsule hydrophone during the preliminary scans and that
variations in the time-of-flight measurements were not a result of discrepancies in position
between the hydrophones within the array, the catheter hydrophone was rotated 180° with
respect to the array and measurements were repeated. A set of angular dependent delays was
calculated by subtracting the catheter hydrophone measured peak-negative pressure time-of-
flight from that of the capsule hydrophone.

C. Sample Preparation

Skullcap Preparation—As the presence of extracranial tissue (i.e., skin and brain) was
expected to be a minor source of aberration relative to the skull, experiments were conducted
using an excised human skullcap. The skullcap obtained through the University of Michigan
Anatomical Donations Program. The skullcap was defleshed and cleaned after extraction
and continuously kept in water thereafter. Prior to experiments the skullcap was degassed
inside a vacuum chamber for a minimum of a week. A 3D laser scan (Ultra HD 2020i,
NextEngine, Santa Monica, California) of the skullcap was used to map the skullcap into
256 discrete thickness values that corresponded to the region of skullcap centered around the
ray from each element based on concentric positioning of the skullcap within the array.

Red Blood Cell (RBC) Phantom Preparation—RBC phantoms were used to analyze
the size of lesions generated through the skull using histotripsy pulses. RBC phantoms were
prepared from an agarose-saline mixture and RBCs following previously established
protocols [67]. These phantoms consisted of three layers: a very thin (~500 gm) RBC-
agarose gel layer sandwiched between two transparent agarose gel layers (~10 mm thick).
The RBC-agarose gel layer provided contrast for indicating cavitation damage. That is, the
RBC-agarose gel layer changed from translucent and red to transparent and colorless
following the RBC lysis that resulted from cavitation-induced lysis of RBCs.

Blood Clot Preparation—The capability of the catheter hydrophone aberration
correction for transcranial histotripsy clot liquefaction was evaluated through /n-vitro
experiments using bovine blood clots. Bovine blood was harvested from a local abaittor and
mixed with citrate phosphate dextrose (CPD) (Boston Bioproducts, Ashland, MA, USA)
with a CPD-to-blood ratio of 1:9 (v:v) to prevent it from clotting during transport and
storage. The blood was stored at 4 °C prior to usage and used within two weeks of
harvesting. Clots were prepared by mixing 75 mL of degassed bovine blood and 3 mL of
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calcium chloride (#21107, Sigma-Aldrich Co., St. Louis MO, USA) for a final concentration
of 20 mM/L. The 78 mL blood/CaCl, mixture was poured into a latex condom and tied off
to form a 50 mm diameter sphere shaped volume. The clots were placed into a water bath
kept at 38.6 °C for 6 hours to solidify. Solidified clots were transferred to a refrigerator at

4 °C for 12 hours prior to treatment. Before treatment clots were brought to room
temperature (~23 °C).

D. Catheter Hydrophone Measurements and Aberration Correction

Catheter Hydrophone Measurements—The skullcap was positioned concentrically
within the array and aligned such that the plane along which it was cut lie 10 mm beyond the
plane of the outermost elements of the array. This positioning, with the geometric focus near
the center of the skull, corresponds to one which will potentially be used to treat the majority
of ICH cases in future /n-vivo and clinical applications [72—73]. The catheter hydrophone
was then positioned to the geometric origin of the array by performing 3-axis beam scans of
the pressure field and moving the hydrophone to the location of the peak-negative pressure
(Fig. 2). The 256 individual elements of the array were then triggered one-at-a-time to emit
histotripsy pulses which were measured with the catheter hydrophone. A total of 50
waveforms were acquired from each of the 256 elements of the array and averaged together
to generate a single waveform for each element. The entire acquisition took about 10
minutes. The 256 waveforms were then loaded into the aberration correction algorithm used
to perform aberration correction.

Aberration Correction—An aberration correction algorithm was designed to calculate
the delays required to align the peak-negative pressure of the 256 waveforms acquired
through the skull to geometric origin of the array. The aberration correction algorithm
consisted of 4 steps. 1) A first order bandpass filter with a passband between 100 and 850
kHz was used to reduce the noise in the waveforms. 2) The time points of the peak negative
values of the pressure were then found for each of the 256 elements of the array. 3) The
requisite delays for aberration correction (i.e., how long the firing times of each element
must be delayed with respect to one another in order to ensure their concurrent arrival at the
focus) were then calculated with respect to the time point at which the peak negative value
from an arbitrary reference element was recorded from step 2. This was done by subtracting
each of the 256 measured delays from the reference value. 4) To ensure that the calculated
delays were within a reasonable time window given the known characteristics of the
skullcap (thickness and sound speed) and histotripsy waveforms, a windowing function was
used to exclude delays that fell outside of a 4 us window centered about the mean of the
calculated delays. This 4 15 window is currently based on a calculation of the largest
expected delay based on the maximum and minimum thickness (11.1 and 2.6 mm,
respectively) of the specific skullcap used and an average sound speed (2300 m/s) taken
from the literature [77]. As the sound speed is not specific to the skullcap and also various
throughout the skullcap, we expect some degree of error in the exclusion of waveforms.
Such delays were expected to be calculated from signals with low SNR where variability in
noise peaks could alter the true delay calculation. Delays excluded by the windowing
function were set equal to that of their nearest neighboring element. Due to restrictions on
the minimum (0 xs) and maximum (68 /s) relative delays between the firing times of
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individual elements imposed by the FPGA, a fixed offset was then applied to the delay set
such that the minimum delay was 0 /5. The final delay set was then uploaded to the FPGA
boards and set as a fixed temporal offset to the triggering times of each element.

E. Evaluation of Catheter Hydrophone Aberration Correction

Focal Pressure Measurements—To characterize the alignment of the waveforms at the
focus and ultimately the peak-negative pressure recovered due to aberration correction, the
transcranial focal pressure was measured under conditions where the array was operated
with and without aberration correction. For the transcranial case without aberration
correction, the 256 elements of the array were triggered in unison. For the transcranial case
with aberration correction, each element was delayed by its respective delay calculated using
the aberration correction algorithm and catheter hydrophone measurements. Focal pressure
waveforms with aberration correction were obtained using measurements made with both
the catheter hydrophone and PVVDF capsule hydrophone. To ensure cavitation did not disrupt
measurements, pressure measurements were obtained below 20 MPa using a fiber optic
hydrophone (FOPH) built in-house [71]. For measurements above the intrinsic threshold,
cavitation exists 100% of the time, thus rarefactional pressures beyond 26-30 MPa are
unlikely to be generated or measured. Due to this, precise measurements of peak-negative
pressures nearing or beyond the intrinsic threshold cannot be made and as such, those peak-
negative pressures beyond 20 MPa stated throughout this paper are estimated by linear
summation of the measured peak-negative pressure amplitudes of the individual transducer
elements. These pressure extrapolations are intended only as indications of the likelihood of
cavitation in the focal region and pressure overhead during treatment. For peak-negative
pressures below 20 MPa, the focal pressure obtained from the linear summation method
matches well with the direct FOPH measurements.

Beam Profiles—To further characterize the extent to which aberration correction realigned
the waveforms at the focus, one-dimensional (1D) beam profiles in the absence of aberration
and through the skullcap with and without aberration correction were obtained. Beam
profiles were measured at low pressure (i.e., < 2 MPa) using a PVDF capsule hydrophone
(HGL200, Onda, Sunnyvale, CA, USA). For the case where aberration was absent and
transcranial case without aberration correction, the 256 elements of the array were triggered
in unison. For the transcranial case with aberration correction, each element was delayed by
its respective delay calculated using the aberration correction algorithm and the catheter
hydrophone measurements. The hydrophone was positioned to the focus and scanned + 25
mm from the geometric origin in 0.25 mm steps in the sagittal, coronal and axial directions.
For each case, the —6 dB beam width was measured.

Pressure vs. Electronic Focal Steering—To understand the extent to which aberration
correction performed at a single position (i.e., the geometric origin) improved the electronic
focal steering of the array transcranially, the focal pressure as a function of electronic focal
steering position was measured with and without aberration correction across a range of
steering locations. For the case without aberration correction, the 256 elements of the array
were triggered in unison. For the case with aberration correction, the individual element
delays calculated using the catheter hydrophone measurements performed only at the
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geometric origin of the array were added to the delays for each steered location. The array
was steered + 20 mm from the geometric origin in 1 mm steps in the sagittal, coronal and
axial dimension. For each driving condition at each steering position a PVDF capsule
hydrophone was positioned to the steering location and used to measure the peak-negative
pressure.

Lesion Generation using Electronic Focal Steering—To further evaluate single
point aberration correction with the catheter hydrophone, lesions were generated
transcranially in an RBC phantom at a range of steering locations. The individual element
delays calculated using the catheter hydrophone measurements performed only at the
geometric origin of the array were again added to the steering delays for each steered
location. An RBC phantom was positioned into the skullcap with the RBC-agarose gel layer
in plane with the sagittal-coronal plane of the array. Using electronic focal steering, the
focus was steered through a 9 x 9 grid of steering positions: + 10 mm from the geometric
origin in 2.5 mm steps in the sagittal and coronal direction. 200 histotripsy pulses were
applied to each point at a linearly extrapolated peak-negative pressure of 36 MPa as
measured through the skullcap at the geometric origin of the array. Pulses were delivered to
each point at a pulse repetition frequency (PRF) of 0.5 Hz. Following lesion generation, the
RBC phantoms and corresponding lesions were placed on a light table and imaged. Post-
processing of optical images was done using MATLAB in a method similar to that described
in previous papers [68-69]. Images were grey-scaled and lesions were circled. The area and
diameter of lesions was determined by calibrating the pixel size and counting the number of
white pixels.

In-vitro Clot Treatment using Electronic Focal Steering—To show the effects of
transcranial histotripsy with catheter hydrophone aberration correction in treating ICH an /n-
vitrobovine clot ICH model was developed and treated using transcranial histotripsy.
Following aberration correction with the catheter hydrophone, clots were mounted centrally
within the skullcap such that geometric focus was approximately within the center of the
clot. Using phased steering, the focus of the array was steered through a 20 mm diameter
spherical, hexagonal-closed-packed (HCP) lattice pattern. The lattice focal point spacing
was set to 1.5 mm (A/2). This corresponded to 1,749 discrete treatment points. A total of
200 pulses at a peak-negative pressure of 36 MPa were applied to each focal point at an
overall PRF of 200 Hz and local PRF of ~0.5 Hz. The total clot volume liquefied with
histotripsy was drained by inserting the catheter hydrophone into the clot, removing the
hydrophone and aspirating the liquefied volume using a 10 mL syringe. To ensure the
reported drainage volumes corresponded to that resulting from histotripsy treatment, 3
control clots, unexposed to histotripsy were drained using the same technique. The lesions of
undrained clots treated with histotripsy were analyzed using B-mode ultrasound and T2-
weighted MRI. Drained clots were fixed in 10% phosphate buffered formalin (Sigma-
Aldrich, St. Louis, MO, USA) and imaged using a DSLR camera (Canon, Tokyo, Japan).
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[ll. Results

A. Hydrophone Characterization

Noise Characterization—An average SNR was obtained by averaging the SNR for each
of the 256 single element waveforms measured with the catheter hydrophone. The mean
SNR was 36.9 + 12.7 dB. Fig. 3 shows the noise floor and an unfiltered single element
waveform measured using the catheter hydrophone. The key features of the waveform,
including the peak-negative signal, were well above the noise floor and able to be
distinguished. The average insertion loss of the catheter across all 256 waveforms was -14.0
+4.2 dB.

Time-of-flight Measurements and Directivity—To understand how the time-of-flight
of the peak-negative pressure measured by our catheter hydrophone varied with the direction
of ultrasound propagation from the array, the peak-negative pressure time-of-flight measured
by the catheter hydrophone (without the catheter sheath) was compared to that measured
with a PVDF capsule hydrophone (Fig. 4). The catheter sheath was excluded from these
measurements because the catheter hydrophone could not be accurately rotated 180° in the
catheter sheath with our current setup. The reported angular dependent delays were inherent
the custom hydrophone in the absence of the sheath. The capsule hydrophone measured a
flat time-of-flight around 110.5 /s across all angular positions of ultrasound propagation
from the array. In contrast, the catheter hydrophone showed a deviation from this in that the
time-of-flight varied with the angular position. The time-of-flight between 100° and 300°
gradually increased from 110.5 /s at 100°, peaked around 112.5 /s at 200° and gradually
decreased back to 110.5 zs at 300°. A set of angular dependent delays was calculated by
subtracting the catheter hydrophone measured peak-negative pressure time-of-flight from
that of the capsule hydrophone (Fig. 4c). To ensure this variation in time-of-flight was not a
result of a discrepancy in position relative to the capsule hydrophone but rather a
characteristic inherent to the catheter hydrophone, the catheter hydrophone was rotated 180°
with respect to the array and measurements were repeated. The result was an approximate
180° shift in the angular position at which the peak offset occurred (Fig. 4d).

B. Aberration Correction

An aberration correction algorithm was designed to calculate the delays necessary to realign
the peak-negative pressure of the 256 waveforms delivered through the skull. Fig. 5 shows 3
waveforms delivered through the skullcap measured with the catheter hydrophone. There
was a noticeable variation in the peak-negative signal time-of-flight among the elements.
The waveform delivered from element A had a peak-negative signal that arrived 0.5 /5
earlier than that of the reference element. Whereas, the waveform delivered from element B
arrived 1.2 /s later than that of the reference element. 10% of the waveforms fell outside the
4 15 window and were readjusted. The relative differences in the time-of-flight among the
256 elements were extracted as the aberration correction delays and uploaded to the FPGA
boards.
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C. Evaluation of Catheter Hydrophone Aberration Correction

Focal Pressure Measurements—There was a noticeable similarity in plotting the
delays calculated with the aberration correction algorithm versus those expected based on
the thickness and sound speed of the specific skullcap used in this study (Fig. 6a). Uploading
the delays obtained with the catheter hydrophone corresponded to a 60% increase in the
peak-negative pressure at the point where aberration correction was performed relative to the
no aberration correction case (Fig. 6b). A comparison between focal waveforms after
aberration correction performed with a commercial PVDF capsule hydrophone and catheter
hydrophone (Fig. 7) showed a 95% increase in the peak-negative pressure by the commercial
hydrophone over the case without aberration correction and a 35% increase over the case
with the catheter hydrophone aberration correction.

Beam Profiles—To characterize the refocusing effects of catheter hydrophone aberration
correction, sagittal, coronal and axial beam profiles were obtained in the absence of
aberration and through the skullcap with and without aberration correction (Fig. 8). For all
three axes, catheter hydrophone aberration correction sharpened the main lobe of the beam
profiles relative to those obtained without aberration correction. Aberration correction also
reduced the amplitude of the largest side lobes present without aberration correction. This
lead to a reduction in the -6 dB beam width along the sagittal and axial axes to values closer
to that obtained with the absence of aberration (Tab. 1). After aberration correction, the —6
dB beam widths in each dimension were within 1.5 mm of their respective width with the
absence of aberration compared to 5 mm without aberration correction.

Pressure vs. Electronic Focal Steering—ATfter performing aberration correction at
only the geometric origin of the array, the focus was steered to a range of positions along the
sagittal, coronal and axial axes within the skullcap using phased steering. The peak-negative
pressure at each steering location was measured. The normalized peak-negative pressure as a
function of transcranial steering position with no aberration and with and without aberration
correction is shown in Fig. 9. The increase at the point where aberration correction was
performed (i.e., geometric focus) was 60%. Table 2 shows percentage change in the peak-
negative pressure for each steering direction. For the coronal and axial axes, the peak-
negative pressure measured with aberration correction remained greater than or equal to that
measured without aberration correction across the entire steering range examined. In the
coronal direction the largest peak-negative pressure increase (62%) was observed +1 mm
from the point where aberration correction was performed. For the sagittal axis, the peak-
negative pressure measured with aberration correction remained greater than or equal to that
measured without aberration correction across a range of —18 to 14 mm. Beyond this range
(=19 to —20 mm and 15 to 20 mm), the peak-negative pressure measured with aberration
correction was less than that measured without aberration correction. The no aberration case
showed pressure losses to a lesser degree at far steering radii than either case with
aberration.

Lesion Generation using Electronic Focal Steering—Catheter hydrophone
aberration correction was performed at a single point and lesions were generated at discrete
electronic steering locations in an RBC phantom positioned within the skullcap. Fig. 10a
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shows a 10 x 10 mm grid of transcranial lesions generated after single point aberration
correction. Lesions were generated at nearly each point within the 9 x 9 grid with larger and
distinct lesions closer to the center and smaller, indistinct lesions toward the corners of the
grid beyond 10 mm from the geometric focus. The legion diameter was largest at the
geometric origin of the array, where aberration correction was performed, and decreased as
the steering distance increased. The diameter of the lesion generated at the geometric focus
and the aberration correction point was 1.3 mm. Along the sagittal axis, the lesion diameter
decreased to 0.84 and 0.74 mm at the respective negative and positive extremes of the grid
(10 and 10 mm) (Fig. 10b). Along the coronal axis, the lesion diameter decreased to 0.40
and 0.24 mm at the respective positive and negative extremes of the grid (=10 and 10 mm)
(Fig. 10c).

In-vitro Clot Treatment using Electronic Focal Steering—Catheter hydrophone
aberration correction was performed at a single point and transcranial histotripsy was
applied with electronic focal steering. Posttreatment B-mode ultrasound and T2-weighted
MR images of the sagittal-coronal plane showed a well-defined lesion in the center of the
clot (Fig. 11). The ultrasound image showed a dark, circular contiguous lesion that measured
approximately 12 mm in diameter. Similarly, the MR image showed a dense bright
contiguous core lesion that was similar in diameter. However, the MR image also showed
bright, partially treated blotches of lysed clot beyond this dense core that filled the entirety
of the treatment region (i.e., 20 mm diameter). Following treatment, the miniature
hydrophone was removed from the catheter and used to drain the liquefied volume. Fig. 12
shows the gross morphology of a treated clot after draining the liquefied volume. A total of
six clots were treated and drained within about 30 minutes. The average volume drained
from 6 clots after histotripsy treatment was 4.07 + 0.91 mL. This corresponded well to the
20 mm diameter scanned volume of 4.19 mL. The treatment rate was 0.13 mL/min.

IV. Discussion

The catheter hydrophone used to correct the skull-induced aberration for transcranial
histotripsy represents a fast (~10-minute correction time) and minimally invasive
mechanism of correcting aberrations for future /n-vivo application. Particularly for ICH
treatment, a drainage catheter is needed to drain the liquefied clot. A miniature hydrophone
incorporated within the catheter can overcome the need for MRI-based aberration correction,
which MRgFUS currently relies on, and has the potential to significantly simplify the
process of aberration correction for transcranial histotripsy treatment of ICH. The results in
this paper demonstrate the proof-of-concept and feasibility of catheter hydrophone
aberration correction for transcranial histotripsy treatment of ICH. Using the catheter
hydrophone, aberration correction was performed at a single point to increase the peak-
negative pressure by 60% and sharpen main lobe of the beam. The feasibility for precise
histotripsy treatment after single point aberration correction with the catheter hydrophone
was demonstrated by the increased peak-negative pressure and discrete lesion formation
across a range of electronic steering locations, with no significant damage outside the focal
zone. The in-vitro clot experiments performed in this study showed the ability to perform
catheter hydrophone aberration correction, apply transcranial histotripsy treatment to a
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volume of clot, and then drain the liquefied volume with the catheter. This can be achieved
an order magnitude faster than the current minimally invasive catheter techniques using
thrombolytic drugs [15]. However, it is slightly less than the treatment rate reported with
MRgFUS (~0.2 mL/min) [24-26]. This is primarily because the array was driven with a low-
pressure overhead (i.e., 36 MPa, 10 MPa over the intrinsic threshold) and enough pulses to
completely liquefy the treatment region. This is not entirely necessary in order to drain the
treated region with a catheter. In a study recently accepted for publication, we show
liquefaction rates of about 3.5 mL/min using greater pressure (70 MPa) and fewer pulses
(50) [45].

Low SNR was an issue with early iterations of the catheter hydrophone prototypes that made
distinguishing the ultrasound waveforms measured through the skull difficult. This caused
calculation errors when using the peak-negative signal of the measurements to deduce the
relative delays among the 256 single element waveforms. However, this issue was
significantly improved by incorporating a shielded coaxial cable. The version of the custom
hydrophone used in this study had sufficient SNR to distinguish the peak-negative pressure
from the waveform of each individual element and thus provided a reference point by which
to calculate the relative delays. One concern is that using a full human skull will cause a
multiplicity of echoes and may disrupt aberration correction. However, proper windowing of
the acquisition time will allow such echoes to be excluded from consideration. Assuming the
hydrophone tip is sufficiently far from any portion of the skull surface, the time of arrival
versus the echo time should be sufficiently far apart for minimal measurement issues.

As the range of clot sizes for ICH varies, histotripsy volume treatment is an important aspect
of successful ICH treatment. By performing catheter hydrophone aberration correction at a
single point, it was possible to increase the peak-negative pressure across a range of steered
locations away from the point at which the aberration correction measurements were
acquired, allowing treatment using electronic focal steering. The overall pressure loss as the
focus is steered to greater distances is an inherent quality of electronic focal steering and
was observed even in the case with no aberration. However, the absence of the skullcap
showed losses to a lesser degree. Single point aberration correction may be sufficient for
treating ICH cases where the clot boundaries are within the steering range at which
pressures are above the intrinsic threshold. This range is a function of pressure applied to the
geometric focus. Still, while aberration correction with the catheter hydrophone at a single
point led to increased pressures in the bulk of the steered-through volume compared to the
no aberration correction case, at steering locations far from the aberration correction point,
there was a decreased peak-negative pressure compared to the no aberration correction case.
Similar effects to these were seen by Vignon et al. where the improvement in corrective
delays acquired from a single point became worse than the uncorrected case at steering
angles greater than 30° [74]. However, these effects were attributed to a conversion to shear
waves at incidence angles greater than 30°, which the correction did not account for [76].
Due to the hemispherical shape of the array used here, the max incidence angle was on the
order of about 8° and shear wave conversion at larger steering angles was likely not a factor.
Instead, two factors likely accounted for this: (1) refractive effects and (2) the change in
skull thickness through which each pulse propagates en route to the steered-to location. In
regards to the first, while refractive deviations to the pulse trajectories are not expected to
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significantly contribute to aberration of pulses steered near the origin, this may not be the
case at larger steering radii. This is because as the steering radius is increased, the incidence
angles of the pulses with the skull’s surface can change significantly enough to affect their
post-skull trajectories and thus the potential for misalignment at large steering radii. It
should be noted, however, that due to the short pulse duration and the necessity of
constructive interference to reach the intrinsic threshold, this effect is unlikely to generate
off target damage as the tendency toward deconstructive interference would drop the
pressure below the intrinsic threshold. We are currently developing an aberration correction
algorithm that uses measurements at multiple points along the axis of insertion (i.e., the axis
along which the catheter is inserted) to account for refraction effects, which may increase
the pressure at a farther steering locations.

In regards to the second factor, as the trajectories of the pulses within the skull change, the
path lengths through bone which each pulse must travel also changes, which causes
additional misalignment between the pulses as the steering angle increases away from the
measurement location. As pulses are aligned at the geometric origin after initial aberration
correction, such misalignment can only result in deconstructive interference between the
pulses as the focus is steered, and thus lower the pressure. However, in the no aberration
correction case, the innate, uncorrected aberration can reduce the magnitude of the losses
generated by the additional misalignment due to steering and result in higher pressure
amplitudes than with aberration correction. A similar discussion regarding differing
propagation paths is proposed by Lindsey and Smith, where steering a 2D imaging probe
15° through skull bone showed decreased correlation of the steered wavefront arrival
between adjacent elements on the imaging array [75]. We are currently investigating 1) how
much this effect contributes to the observed results, 2) the farthest limit of steering locations
beyond which aberration correction reduces the pressure even with multi-location
measurements, and 3) methods of correcting for potential losses due to it.

Although the catheter hydrophone used in this study was sufficient to measure the
waveforms through the skull, fit within a catheter, and improve the focusing through the
skull, there was some deviation in its performance when compared to the PVDF capsule
hydrophone. Using the capsule hydrophone with the same correction algorithm showed a
95% increase in the peak-negative pressure at the geometric origin through the skullcap used
in this study (a 35% greater increase over the catheter hydrophone). Since this measurement
is a metric on how well the individual waveforms were temporally aligned using time-of-
flight measurements made with each hydrophone, it is likely that the deviation in
performance in relation to the capsule hydrophone was likely due to the angular dependent
delay in the time-of-flight measurements of individual waveforms made with the catheter
hydrophone.

One additional comment is that as this study used an excised human skullcap instead of a
full human skull, it was possible to insert the catheter hydrophone into the open end of the
skullcap. Although this orientation sufficed for showing the proof-of-concept, this insertion
trajectory is not likely in a clinical setting where catheters are often inserted through small
holes drilled through the skullcap. An ideal catheter hydrophone insertion strategy would
involve removing an element from the array overlying the hole drilled for access to the clot
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and guiding the catheter hydrophone through the hole in the array into the skull. This flipped
insertion strategy is likely to affect the quality of signal acquisition as it the flips the
orientation of the device such that the coaxial cable and catheter interfere with the
propagation path from a number of elements. However, any amplitude or phase distortion
can likely be overcome using an edge detection correction technique. As our histotripsy
array is made with each element as a removable module, we plan to build a catheter holder
that can be easily fitted through each element module opening. This would allow a large
range of possible entrance points into the skull for a large range of clot locations. Future in-
vitro experiments will use full human skulls with a small hole drilled into the skullcap for
inserting the catheter hydrophone.

V. Conclusion

The purpose of this study was to establish the proof-of-concept for using catheter
hydrophone aberration correction as an aberration correction technique in the development
of histotripsy as a minimally invasive technology for treating ICH. A custom miniature
hydrophone was integrated with a drainage catheter. A time delay based aberration
correction algorithm was developed to allow aberration correction using the catheter
hydrophone measurements at a single location. The catheter hydrophone was characterized
and the functionality of using catheter hydrophone measurements to perform aberration
correction was measured. Finally, an /n-vitro study was conducted to demonstrate the proof-
of-concept of using the catheter hydrophone for clot liquefaction and drainage through an
excised human skullcap. This study exemplified the potential of such a device to be used for
future /n-vivo studies and clinical applications of minimally invasive treatment for ICH
using transcranial histotripsy. Future work includes examining the potential for angular
dependence in time-of-flight measurements, establishing a catheter insertion strategy, and
developing a catheter array with associated aberration correction algorithm that uses
measurements at multiple points to potentially increase the electronic focal steering range.
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Fig. 1.
Images of the fabrication steps of a custom catheter hydrophone. (A) indicates a 0.5 x 0.5 x

0.3 mm PZT-5 crystal soldered between the leads of a (B) 1.77 mm OD coaxial cable. (C)
shows the crystal-cable assembly after coating the tip with epoxy (D) shows the clinical
drainage catheter. (E) displays the final assembly of the catheter hydrophone.
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256-élerfient

The experimental schematic of the setup used to perform the transcranial histotripsy clot
treatments through the excised human skullcaps (left) a photograph of the actual
experimental setup (right). The 256 individual elements of the array were triggered one-at-a-
time, to emit histotripsy pulses. Waveforms were measured by the catheter hydrophone (CH)
uploaded to an aberration correction algorithm. The 256 element delays were obtained

uploaded to the FPGA boards.
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Fig. 3.
(a) The catheter hydrophone noise floor (b) an unfiltered single element waveform measured

using the catheter hydrophone.
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Fig. 4.
The peak-negative pressure time-of-flight measured by the catheter hydrophone (Cath. Hyd.)

compared to that measured with a PVDF capsule hydrophone (Cap. Hyd.). (a) shows the
position of each hydrophone within the array used to measure the (b) time-of-flight of each
waveform. (c) Delays in the catheter hydrophone measurement relative to the capsule
hydrophone were calculated by subtracting those measured with the capsule hydrophone. (d)
The measurement was repeated after flipping the catheter hydrophone 180° with respect to
the array.
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Three single element waveforms delivered through the skullcap measured with the catheter
hydrophone.
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Fig. 6.

(a) Delays obtained via catheter hydrophone aberration correction plotted with those delays
expected based on the sound speed thickness of the skullcap used in this study. (b) The focal
waveform obtained after implementing aberration correction compared to that without.
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Fig. 7.

Focal waveforms after aberration correction performed with catheter hydrophone (Cath.
Hyd.) PVDF capsule hydrophone (Cap. Hyd.) measurements compared to that with no
aberration correction.
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Fig. 8.
The (a) sagittal, (b) coronal (c) axial beam profile measured through the skull with without
catheter hydrophone aberration correction (AC).
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The normalized pressure as a function of steering position with no aberration with without
aberration correction measured along the (a) sagittal, (b) coronal (c) axial axis.
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Fig. 10.
(a) Discrete lesions generated in an RBC phantom with electronically steered transcranial

histotripsy after single point catheter hydrophone aberration correction. The lesion diameter
plotted as a function of position along the (b) sagittal axis coronal axis.
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Fig. 11.
Posttreatment (a) ultrasound (b) T2-weighted MR images of the sagittal-coronal plane a clot

after electronically steered histotripsy treatment with catheter hydrophone aberration
correction.
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Fig. 12.
The gross morphology of posttreatment clot after draining liquefied volume.
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Table |
-6 dB beam widths obtained by operating the array without catheter hydrophone AC, with AC in the absence

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

of aberration.

Sagittal | Coronal | Axial
Without AC 46mm | 2.2mm 8 mm
With AC 22mm | 22mm 4.4 mm
No Aberration | 1.5mm | 1.5mm 3mm
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