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Abstract

This in-vitro study investigated the effects of ultrasound frequency and focal spacing on blood clot
liquefaction via transcranial histotripsy. Histotripsy pulses were delivered using two 256-element
hemispherical transducers of different frequency (250 and 500 kHz) with 30 cm aperture
diameters. A 4 cm diameter spherical volume of /n-vitroblood clot was treated through three
excised human skullcaps by electronically steering the focus with frequency proportional focal
spacing: A/2, 2A/3 and A with 50 pulses per location. The pulse repetition frequency (PRF) across
the volume was 200 Hz, corresponding to a duty cycle of 0.08% (250 kHz) and 0.04% (500 kHz)
for each focal location. Skull heating during treatment was monitored. Liquefied clot was drained
via catheter and syringe in range of 6-59 mL in 0.9-42.4 minutes. The fastest rate was 16.6 mL/
min. The best parameter combination was A spacing at 500 kHz which produced large liquefaction
through three skullcaps (23.1 £ 4.0, 37.1 + 16.9 and 25.4 + 16.9 mL) with the fast rates (3.2 + 0.6,
5.1 £ 2.3 and 3.5 + 0.4 mL/min). The temperature rise through the 3 skullcaps remained below

4 °C.

Keywords
Histotripsy; Intracerebral Hemorrhage; Hemorrhagic Stroke; Electronic Focal Steering; Cavitation

Introduction

Intracerebral hemorrhage (ICH) accounts for 10-15% of all strokes and affects
approximately two million people worldwide (Qureshi et al. 2009; Kulina et al. 2012; Go et
al. 2013). ICH is characterized by blood vessel rupture within the brain that leads to the
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formation of a blood clot therein. Due to its encasement by the skull, the formation of a
blood clot within the brain causes an increase in intracranial pressure that can cause
immediate injury to neurons and axons via mechanical distortion. In addition, the rise in
intracranial pressures (ICP) and brain swelling leads to secondary injuries that can occur as
the cerebral perfusion pressure (CCP) decreases. The extent of the ICP increase is dependent
on the size of the ICH and is a significant factor in patient outcome. Further, delayed
cerebral toxicity is caused by the degradation of remaining blood products. In general,
patients diagnosed with ICH have a 30-day mortality rate of approximately 40% (Flaherty et
al. 2006). Large clots (30 to 60 mL) are even more detrimental to patient outcome
(Broderick et al. 1993; Broderick et al. 1994; Dennis 2003; Flaherty et al. 2006). This
necessitates a fast and effective evacuation procedure for blood clots formed within the
brain. The mainstay treatment for ICH is surgical evacuation via a craniotomy. Craniotomy
provides a quick access to evacuate clots; however, the procedure remains highly invasive as
normal brain tissue may need to be traversed to remove the clots. In fact, craniotomy surgery
leading to removal of ICH has not been shown to improve the functional outcome or reduce
the morbidity and this lack of effectiveness may be related to the injury caused to
surrounding cerebral tissue (Hankey and Hon 1997; Fernandes et al. 2000; Mendelow et al.
2005; Mendelow et al. 2013).

Minimally invasive clot evacuation techniques have been developed to overcome the issues
associated with craniotomy-based surgeries. Specifically, techniques using a catheter
inserted through a small hole in the skull to deliver thrombolytic drugs, such as recombinant
tissue plasminogen activator (rt-PA), to liquefy clots and aspirate the liquefied volume have
been investigated. However, due to the slow perfusion of the thrombolytic drugs into the
clot, the treatment typically takes 3—7 days with the catheter within the ICH for the entire
duration thus requiring a lengthy intensive care unit (ICU) stay. These techniques are
currently undergoing clinical investigation with early results revealing an ability to reduce
clot size as well as ICH related edema (Hattori et al. 2006; Morgan et al. 2008; Wang et al.
2009). However, the functional outcome of ICH survivors has not improved, likely due to
the long treatment time required to liquefy and aspirate the volume. Additionally, although
such techniques have reported up to a 50% reduction in clot size, this may not be sufficient
for large clots, where a greater reduction may be necessary and cause treatment times to
exceed what is clinically feasible (i.e., > 7 days). For smaller clots typical of ischemic
stroke, thrombolytic drugs, such as rt-PA, have been administered with and without contrast
agent microbubbles and clots have been insonated with low-amplitude ultrasound pulses to
increase the efficacy and rate of clot liquefaction (Alexandrov et al. 2004; Datta et al. 2006;
Holland et al. 2008; Hitchcock and Holland 2010; Meairs et al. 2012). The combination of
microbubbles and ultrasound has shown improved penetration of thrombolytic drugs into
clots (Datta et al. 2008). Although such increased penetration may be sufficient for treating
smaller clots found with ischemic stroke, the penetration depth may still be a limiting factor
for larger clots typical of ICH.

High intensity focused ultrasound (HIFU) techniques have been investigated for various
brain applications. Magnetic resonance guided focused ultrasound (MRgFUS) is one
particular technique that uses a thermal mechanism to deliberately kill tissue at a precise
focal point and MR imaging to correct for the acoustic aberration and monitor the efficacy of
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the treatment. MRgFUS has established itself as a transcranial therapy and has had success
in treating single spots in the brain for movement disorders such as essential tremor (Elias et
al. 2013a, Elias et al. 2013b). MRgFUS has also been used to enhance drug delivery through
blood brain barrier for treatment of brain tumors (Hynynen et al. 2006a; O’Reilly and
Hynynen 2012; Nance et al. 2014). In addition, MRgFUS has been shown to thermally lyse
clots through the skull in animal and human cadaver studies by increasing the temperature of
the target clot by approximately 6 °C which is thought to cause mechanical breakdown of
the clot via inertial cavitation (Monteith et al. 2013a; Monteith et al. 2013b). The resulting
liquid can then be aspirated out with a drainage catheter inserted through a bur hole in the
skull. This provides a minimally invasive alternative for ICH treatment that does not use
thrombolytic drugs and provides much faster liquefaction than the current clinical
treatments. However, due to skull overheating caused by the applied ultrasound (=100 ps at
10% duty cycle), MRgFUS has not been able to treat clots greater than 40 mL or regions
within 2 cm of the skull, thus excluding ~80% of the brain cortex region where clots can
form (Monteith et al. 2013a; Monteith et al. 2013c; Wright et al. 2012; Ramanan and
Shankar 2013). Additionally, although MRgFUS has shown the capacity to accelerate clot
reduction time (3 hours to liquefy up to 40 mL), the treatment time is still long relative to
that needed for critical cases (i.e., patients with clots greater than 60 mL).

Histotripsy is another FUS technology currently being developed for ICH treatment.
Histotripsy uses short (< 2 cycles or < 4us at 500kHz), high energy pulses at a very low duty
cycle (< 0.1%) to generate cavitation microbubble clouds transcranially using the intrinsic
threshold method. In this method, cavitation is generated with the peak-negative pressure
directly exceeding the threshold intrinsic to the target media to excite the pre-existing nuclei
in the target tissue (Xu et al. 2004; Xu et al. 2005; Roberts et al. 2006; Xu et al. 2010). In
water based tissues such as clots this threshold is about 27 MPa with little change expected
at different frequencies (Vlaisavljevich et al. 2015a). The rapid and energetic bubble
expansion and collapse of cavitation create high stress and strain in the clot at the focus that
fractionates it into an acellular homogenate (Lin et al. 2014). In contrast to other FUS
techniques, the tissue destruction caused by histotripsy has been shown to be purely
mechanical, with negligible thermal effects (Kieran et al. 2007). Histotripsy clot liquefaction
has been demonstrated in deep vein thrombosis model both in-vitro and in-vivo (Maxwell et
al. 2009; Maxwell et al. 2011). Recently, histotripsy and boiling histotripsy have been used
for treatment in an /n-vitro large extravascular hematoma model (Khokhlova et al. 2016).
Additionally, the /n-vitro feasibility of histotripsy as a transcranial therapy for brain tissue
has been investigated (Kim et al. 2014; Sukovich et al. 2016).

Similar to MRgFUS, histotripsy can be used to liquefy clot through the skull, and the
liquefied clot volume can be drained via a catheter inserted into the clot through a small burr
hole. By using extremely short pulses (microsecond duration) and a low duty cycle (<0.1%)
to minimize skull heating, we hypothesize that histotripsy can overcome the limitations of
MRgFUS to accelerate the treatment speed, widen the treatment location range to regions
closer to the skull surface, and liquefy clots larger than 40 mL.

In this paper, the use of histotripsy with electronic focal steering for fast transcranial clot
liquefaction is demonstrated. The specific emphasis was to analyze the effects of transducer

Ultrasound Med Biol. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gerhardson et al.

Methods

Page 4

frequency and focal spacing on treatment efficacy and speed. Frequency is an important
treatment parameter as attenuation through the skull, lesion size and electronic focal steering
range are all factors affected by the frequency of the applied treatment. Likewise, the focal
spacing is another significant treatment parameter as the spacing between individual points
in a given treatment region affects the overall lesion, the number of treatment points and thus
treatment speed. Frequency and focal spacing were chosen as the studied variables as it was
expected that these variables had the largest potential to significantly reduce treatment time
for the treatment of a given volume of clot. By making the focal spacing proportional to
frequency and studying the effects of frequency and focal spacing we were able analyze
treatment across a large range of treatment times. In addition, because the skull is highly
absorbing and skull heating is a major issue limiting transcranial ultrasound therapy, the
temperature rise in the skull during histotripsy treatment was measured.

Phased Array Histotripsy Transducers

Two different 256-element hemispherical ultrasound transducer arrays both with 15 cm focal
distance were used in this study. The center frequencies were 250 kHz and 500 kHz. The
arrays were built in-house according to methods similar to those described in (Kim et al.
2014). The transducer elements populating the array were comprised of two 20 mm diameter
flat, stacked piezo ceramic (PZ36) disc elements. The 256 transducer elements were used to
populate a hemispherical scaffold, filling the entirety of the scaffold except for the most
central region of the scaffold, in which there were no elements. Each transducer array was
positioned into a tank of degassed water at room temperature. A 256-channel high voltage
pulser capable of delivering short bursts was used to drive the elements of each array. The
timing of the pulsers was controlled by a custom digital signal generator programmed
through MATLAB (MathWorks, Natick, MA, USA) allowing independent control of each
element of the array and the generation of complex synchronized pulsing patterns. The
transducer was calibrated using a fiber optic hydrophone (FOPH) built in-house (Parsons et
al. 2006). For measurements above the intrinsic threshold, cavitation exists 100% of the time
and peak-negative pressures near or beyond 27 MPa cannot be measured. However, as the
calibrations were performed in degassed water, there is a low probability of the occurrence
of “incidental cavitation bubbles” in this media at pressures above 20 MPa (Vlaisavljevich et
al. 2015a). Therefore, peak-negative pressure measurements beyond 20 MPa reported
throughout this paper are estimated by linear summation of the peak-negative pressure
amplitudes output by subsets of the individual transducer elements. This linear summation
pressure extrapolation technique is only intended to serve as an indication of the probability
of cavitation activity in the focal region and the potential pressure overhead available during
treatment and not an accurate estimate of pressure /1 situ.

Sample Preparation

Skullcap Preparation—In all experiments, histotripsy was applied to the target blood clot
through an excised human skullcap in a degassed water tank. To analyze the variation in clot
liquefaction across skullcaps, three excised human skullcaps obtained through the University
of Michigan Anatomical Donations Program were used for each transducer frequency and
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focal spacing combination. The skullcaps were defleshed and cleaned after extraction and
continuously kept in either water or a bleach-water solution of up to a 5% concentration
thereafter. The bleach was added to keep algae or bacteria from growing on the surface of
the skullcap and the walls of the storage container. This accumulation of algae was noticed
during storage of skulls during the duration of the 500 kHz treatments and the water required
frequent replacement. The bleach-water storage solution was implemented around the time
which the 250 kHz experiments began. Prior to experiments, the skullcaps were degassed
inside a vacuum chamber for a minimum of one week. The measured dimensions and
acoustic properties of the three skullcaps used in these experiments can be found in Table 1.
The thickness, long and short axis and depth dimensions of the skullcaps were measured
using 3D laser scans (Ultra HD 2020i, NextEngine, Santa Monica, California) of each
skullcap. Attenuation and sound speed measurements were obtained by using a PVDF
capsule hydrophone (HGL200, Onda, Sunnyvale, CA, USA) to measure the pressure and
time of flight from individual elements of each array with and without the skullcap
concentrically placed within the array. Using the 3D laser scans of each skullcap, the
skullcap was mapped into 256 discrete thickness values that corresponded to the region of
skull centered around the ray from each element. The attenuation was calculated using the
decrease in peak negative pressure due to the presence of the skullcap. The speed of sound
was calculated from the change in arrival time due to the presence of the skullcap.

Red Blood Cell (RBC) Phantom Preparation—RBC phantoms were used to analyze
the lesion generation with electronic focal steering through excised human skullcaps.
Phantoms were prepared from an agarose-saline mixture and RBCs according protocols
previously established by our lab (Maxwell et al. 2010). These phantoms consisted of three
layers: a thin (~500 pm) RBC-agarose gel layer between two thicker (~10 mm) transparent
agarose gel layers. As the RBC-agarose gel layer changed from translucent and red to
transparent and colorless following the destruction of the RBC layer that resulted from
cavitation, the phantom provided good contrast for visualizing cavitation damage.

Blood Clot Preparation—In vitro blood clots of 5 cm in diameter were made with
bovine blood harvested from a local abattoir. Upon harvesting, the blood 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. The blood was stored at 4 °C prior to use. All
blood was used within two weeks of harvesting. 78 mL clots were prepared by mixing 75
mL of degassed bovine blood and 3 mL of 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 ~5 cm diameter spheroidal volume.
Once sealed, the condoms 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 allowed to warm to room temperature (i.e., 23 °C).

Aberration Correction

Aberration correction was performed to recover the pressure lost due to the temporal
defocusing through each skullcap. There was less concern in correcting the attenuation
induced amplitude variation across the skullcap as lesion formation with intrinsic threshold

Ultrasound Med Biol. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gerhardson et al.

Page 6

histotripsy relies primarily on the focal region over which the pressure is above the intrinsic
threshold. In fact, precision lesion formation through the skull using histotripsy has been
shown even without any aberration correction (Sukovich et al. 2016). The purpose of
performing aberration correction here was primarily to increase the pressure overhead for
treatment with electronic focal steering. The skullcaps were fixed concentrically within the
array and aligned so that the anterior and posterior, and left and right edges were equidistant
from the interior of the array. The skullcaps were positioned into the array such that the
geometric origin of the array was 10 mm into the skullcap relative to the cut-plane of the
skullcap. A PVDF capsule hydrophone was positioned at the geometric origin of the array.
The 256 array elements were triggered sequentially and the respective waveforms delivered
through the skullcap were measured by the hydrophone. Using the difference in the arrival
time of the peak-negative pressure for each element waveform, the delays required to realign
the arrival of the peak-negative pressure for all 256 element waveforms were calculated and
uploaded to the FPGA boards. The delay measurement performed at the single point was
applied as a constant temporal offset for all phased steering locations within the treatment
volume. These single location aberration correction delays were used for all electronic
steering locations because a similar approach is intended to be used in future /n-vivo and
clinical treatment.

Focal Characterization through the Skullcaps

Following aberration correction, the ultrasound field produced at each frequency through
each skullcap was characterized. This was done by obtaining the one-dimensional (1D)
pressure profile along the 3 axes of the skullcaps and measuring pressure as a function of
electronic focal steering through each skullcap.

Beam Profiles—To characterize the extent of focusing through each skullcap at 250 and
500 kHz, 1D beam profiles around the geometric focus were obtained with the skullcap
positioned in the array. Beam profiles were measured at low pressure (i.e., < 2 MPa) using a
PVDF capsule hydrophone. The hydrophone was positioned to the focus and scanned + 25
mm from the geometric origin in 0.25 mm steps along the sagittal, coronal and axial axes.
As intrinsic threshold histotripsy is dependent on the peak-negative pressure, beam profiles
were constructed in reference to the peak-negative pressure at each hydrophone position. For
each skull and frequency, the —6 dB beam width along each axis was measured.

Pressure vs. Electronic Focal Steering—To understand electronic focal steering
through each skullcap at each frequency, the focal pressure as a function of electronic focal
steering location was measured across a £ 20 mm range of locations centered at the
geometric origin. The array was steered in 1 mm steps in the sagittal, coronal and axial
dimension. For each steering location a PVDF capsule hydrophone was positioned to the
location and used to measure the peak-negative pressure. To ensure the hydrophone was not
damaged, the array was run at a low pressure amplitude for these measurements (i.e., < 2
MPa).

Lesion Generation with Electronic Focal Steering—To show the ability of
histotripsy to precisely generate lesions through the skullcap, a 9 x 9 grid of lesions was
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generated transcranially in an RBC phantom. The RBC-agarose gel layer of the phantom
was positioned in plane with the sagittal-coronal plane of the array. The grid was designed
such that greatest steering distance was £ 10 mm from the geometric origin and individual
focal points were separated by 2.5 mm steps in both the sagittal and coronal direction. Using
the 500 kHz array and electronic focal steering, 81 steering locations were targeted. Lesions
were generated by applying 200 histotripsy pulses to each focal point at an extrapolated
peak-negative pressure of 36 MPa as measured through the skullcap at the geometric origin
of the array. Pulses were applied at a pulse repetition frequency (PRF) of 0.5 Hz. After
generating lesions within the RBC phantom, the phantom was placed on a light table and
imaged with a DSLR camera (Canon, Tokyo, Japan).

Histotripsy Treatment

To evaluate histotripsy for clot liquefaction through the skullcap, clots were mounted within
the skullcap and the center of the clot volume was aligned with the geometric origin of the
array (Fig. 1). This positioning of the clot within the skullcap aligned with the findings that
the majority of ICH cases occur in the central region of the brain (Aguilar and Brott 2011;
Zimmerman et al. 2006). Using electronic focal steering, the focus of the array was steered
through a 4 cm diameter spherical volume. The volume was filled with individual focal
points according to a standard hexagonal-closed-packed (HCP) lattice pattern. Although low
in f-number, the focus of these transducer arrays was not spherical. Instead it was cigar
shaped, with a longer axial dimension than transverse dimensions, although generated based
on spherical foci, the HCP lattice pattern provided the most efficient focal point packing for
volume treatment using histotripsy. This produced to a treatment volume of 33.5 mL, which
corresponded well with the average clot volume for various clinical ICH studies and marked
a volumetric tipping at which patient outcomes begin to correspond to a 50% or greater
probability of death within 30 days of diagnosis (Zuccarello et al. 1999, Brott et al. 1997,
Broderick et al. 1993). For each frequency, the lattice focal point spacing was set to different
fractions of a wavelength, specifically: A/2, 2A/3 and A.. The focal spacing and the total
number of treatment points for each case are shown in Table 2. Each treatment was applied
at an overall pulse repetition frequency (PRF) of 200 Hz with 50 histotripsy pulses applied
to each treatment location, corresponding to a duty cycle of 0.08% for 250kHz and 0.04%
for 500kHz. To ensure intrinsic threshold histotripsy the pulse length was kept short (< 2
acoustic cycles or < 4ps at 500 kHz and < 8 ps at 250 kHz). The intrinsic threshold within
the clots was expected to be consistent between frequencies (i.e., about 27 MPa)
(Vlaisavljevich et al. 2015a). The number of pulses per point was chosen to minimize the
number of total pulses while providing effective lesion generation. Based on previous
studies, using 50 pulses per point provides well-defined lesion formation at pressures in
excess of the intrinsic threshold (Lin et al. 2014). In choosing the PRF, we wanted to choose
the fastest overall repetition rate that kept the PRF for a single location less than 1 Hz to
avoid the cavitation memory effect described previously (Wang et al. 2012). Since the
minimum number of points to fill the treatment volume across parameter combinations was
217 points, an overall PRF of 200 Hz satisfied this requirement. Linear extrapolated peak-
negative pressures applied through the skullcaps of 35 and 70 MPa were used for the 250
and 500 kHz array, respectively. These different pressures were used to achieve
approximately equivalent pressures at the periphery of the treatment region (i.e., furthest
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steering location from the geometric focus) at the two different frequencies. The peak-
negative pressure at the periphery of the treatment region was in the range of 50-83% and
20-64% of the focal peak-negative pressure (i.e., geometric focus) for the 250 and 500 kHz
treatment, respectively. The total clot volume liquefied with histotripsy was measured
posttreatment by inserting the catheter into the clot and drawing off the liquefied volume
using a 10 mL syringe. To ensure the reported drainage volumes corresponded to that
resulting from histotripsy treatment only, 12 control clots, unexposed to histotripsy were
drained using the same technique (control volume). The effective clot volume liquefied by
histotripsy (liquefaction volume) with each frequency and focal spacing combination was
calculated as the volume aspirated via the catheter minus the control volume. For each
frequency and focal spacing combination, 6 clots were treated.

Gross Morphology and MRI

The gross morphology of blood clots was analyzed pre and post treatment by cutting a
control, treated undrained and treated drained clot in half. The clots were imaged using a
DSLR camera. T2-weighted MR images of the clots pre and post treatment were also
obtained using a 7T MRI scanner (Varian, Inc., Palo Alto, CA, USA). The clot images were
captured using a fast spin-echo (FSE) sequence.

Skullcap Temperature Monitoring

To measure the temperature-rise of each skullcap during histotripsy treatment, four
thermocouples (K-094, Physitemp Instruments Inc, Clifton, NJ, USA) were embedded
directly into bone via holes slightly smaller than the thermocouple diameter such that bone
made direct contact with the thermocouples. Thermocouples were positioned throughout
each skullcap such that the locations were of varying thickness and gave a reasonable
temperature distribution across each skullcap. Thermocouples were not positioned at the
most superior portion of the skullcap as there were no elements within the central region of
the array scaffold. Using the 500 kHz array, histotripsy was applied at an equivalent pressure
and PRF as that used during the clot treatment experiments (i.e., 70 MPa and 200 Hz). Prior
to treatment the skullcaps and surrounding water were at room temperature (23 °C). The
temperature of the skullcap at each thermocouple location was measured and recorded for a
total of 60 minutes. For each skullcap, histotripsy treatment was initiated approximately one
minute after temperature monitoring started. Only the 500 kHz array and a 60-minute
timespan were used as this was expected to show the most significant skull heating induced
by histotripsy for the experiments in this paper. To approximate whether the temperature rise
in the skullcaps was something capable of causing thermal damage to the skull and
surrounding tissues, the average cumulative equivalent minutes at 43 °C (CEMy3) for each
skullcap was calculated and compared with those CEMy3 values reported to cause tissue
damage. Since temperature monitoring was performed at room temperature (~ 20 °C) and
not body temperature, the CEMy3 values were calculated by adding a constant 37 °C offset
to the average temperature change through each skullcap and using the equation provided in
(YYarmolenko et al. 2011).
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Post Hoc B-mode Analysis of External Skull Surface During Treatment

To examine how histotripsy affected the external surface of a bleached skullcap during
treatment with both the 250 and 500 kHz array, b-mode imaging of the surface of a bleached
skull during treatment was performed following the initial set of experiments. A linear
ultrasound probe (L-14, Ultrasonix, BK Ultrasound, Peabody, MA, USA) was inserted
coaxially through the opening in the back of each array such that it was outside the sound
field but sufficiently close to image the external surface of the skull. B-mode images were
captured with the array off and on. This was done for both the 250 and 500 kHz array.

Statistical Analysis

Results

In order to understand the relationship between the histotripsy clot liquefaction results
obtained from the different treatment parameters and skullcaps used in this study, statistical
analysis was performed. Three sets of independent, two-tailed, two-sample Student’s t-tests
(o = 0.05) were performed on the two main sets of data: volume drained due to histotripsy
and the histotripsy clot liquefaction rate. The first set of t-tests analyzed the variation in
results obtained between different focal spacing, holding the skullcap and frequency
constant. The second set analyzed results obtained between different skullcaps holding focal
spacing and frequency constant. The third set of t-tests analyzed the variation in results
between different frequencies holding focal spacing and skullcap constant. By performing
this set of multiple t-tests, we were able to analyze the volume liquefaction and rate effects
of focal spacing for a given frequency, frequency for a given focal spacing and the variation
across different skullcaps. Although comparisons between other parameter combinations
was possible, the preceding analysis exhausted those comparisons pertaining to the design of
the study. Any other comparisons made were post-hoc and performed after looking at the
data. All comparisons made throughout this paper were considered statistically significant
for p-value < 0.05.

Focal Characterization through the Skullcaps

Beam Profiles—To characterize the extent of focusing through each skullcap using the
250 and 500 kHz arrays, 3-axis 1D beam profiles around the geometric focus were obtained
with the skullcaps positioned in the array. Figure 2 shows the beam profiles at 250 and 500
kHz through skull 1. For a given frequency, the general shape of the profile was consistent
through each skullcap. Along each axis, profiles at 250 kHz were more spatially spread than
those at 500 kHz. The —6-dB beam widths along each axis for each skullcap and frequency
are shown in Table 2.

Pressure vs. Electronic Focal Steering—To understand electronic focal steering
through each skullcap with the 250 and 500 kHz array, the focal pressure as a function of
electronic focal steering location was measured. Figure 3 shows the normalized peak-
negative pressure as a function of electronic steering location for each skullcap at each
frequency. For a given frequency the steering pressure profiles were similar for each
skullcap. Along each axis, the pressure for the 500 kHz frequency decreased more rapidly
than at 250 kHz, with the greatest differences in pressure occurring at the furthest steering

Ultrasound Med Biol. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gerhardson et al.

Page 10

locations from the geometric focus (i.e., £ 20 mm). The percentages for the average pressure
decrease, across the three skullcaps, at —20 and +20 mm for each axis relative to the
geometric focal pressure are show in Table 3. In general, at 500 kHz, the pressure decrease
at the steering locations furthest from the geometric focus was approximately double that at
250 kHz.

Lesion Generation with Electronic Focal Steering—To show the ability of
histotripsy to precisely generate lesions through the skullcap with electronic focal steering,
lesions were generated transcranially in an RBC phantom at a range of steering locations.
Figure 4 shows a 9 x 9 grid of lesions generated through a skullcap using electronic focal
steering with the 500 kHz array. The distance between the center of each lesion was
approximately 2.5 mm, which matched that specified with the applied electronic focal
steering. Larger and distinct lesions were generated closer to the geometric origin while
smaller, indistinct lesions were generated toward the corners of the grid beyond 10 mm from
the geometric focus.

Histotripsy Treatment

For each frequency, the focus of the array was steered through a 4 cm diameter sphere
corresponding to 33.5 mL. The gross morphology and MRI (Fig. 5 and 6) of a clot treated
through a skullcap at 500 kHz with A/2 focal spacing show the region of the clot liquefied
with histotripsy. For each parameter combination, a total of 6 clots was treated through each
skullcap. The liquefaction volume was reported as the average volume drained from
treatment clots after subtracting the average volume drained from 12 control clots. In all
experiments, effective clot liquefaction was achieved and drained with a catheter, in range of
6 — 59 mL in 0.9 — 42.4 minutes. The average liquefaction volume and rate with standard
deviation for each combination of treatment parameters are shown in Figure 7 and Figure 8,
respectively. The fastest liquefaction rate was 16.6 mL/min (15 mL in 0.9 min). The average
control volume subtracted from the liquefaction volume of treated clots was 2.9 + 1.8 mL (n
= 12). The p-values for the multiple t-tests performed between the parameter combinations
are shown in Tables 4 and 5.

Effects of Frequency

Across all skullcaps and focal spacing combinations, treatment with the 500 kHz array
resulted in greater liquefaction volumes than the 250 kHz array. For example, after treatment
through skull 2 at A spacing, the average liquefaction volume was 37.1 = 16.9 mL for 500
kHz and 8.5 + 2.9 mL for 250 kHz. In contrast to the liquefaction volume, the 250 kHz array
produced greater liquefaction rates than the 500 kHz array across all skullcap and focal
spacing combinations. For example, treatment through skull 1 at A/2 spacing had a
liquefaction rate of 2.9 + 0.4 mL/min for 250 kHz and 0.6 £+ 0.1 mL/min for 500 kHz.

During the 250 kHz treatment, small white particulate was observed to fall off the back of
the skullcaps during treatment. This was not observed during 500 kHz treatments. As
skullcaps were stored in a bleach-water solution to prevent algae from growing and gassing
up the skullcaps, the exterior surface of the skull eventually turned white and chalky from
the bleach. During the 250 kHz treatments, this white particulate fell off the back of the
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skull, most likely because pre-focal cavitation eroded away the white, chalky layer caused
by the bleach. Approximately halfway through treatments through skull 1, this effect seemed
stopped. Analysis of the skull after treatment indicated that the white-chalky layer had been
almost entirely removed with the true skull surface exposed. Skulls 1 — 3 after treatment
with the 250 kHz array can be seen in Figure 9.

Effects of Focal Spacing

Three different focal spacing values, A/2, 2A/3 and A, were used to apply identical treatment
sets for a given frequency and skullcap. For the 250 kHz array, the liquefaction volume
decreased as the focal spacing increased. In contrast, in all cases but one (2A./3 vs. A through
skull 1), the liquefaction rate increased as the focal spacing increased. For treatment at 500
kHz through a given skullcap, focal spacing had no effect on the liquefaction volume aside
from treatment through skull 3, where the A focal spacing treatment drained significantly
less volume than the A/2 and 2A/3 through the same skull. In contrast, the liquefaction rate
increased with focal point spacing in all cases.

Variation across Skulls

250 kHz Array—*For a given focal spacing, the 250 kHz array produced low variation in
results across the three skullcaps. The only significant difference occurred in skull 2 at the
AJ2 spacing. The volume liquefaction range for the 250 kHz array was 6 to 33 mL. The
minimum liquefaction volume occurred through skull 3 with the A focal spacing. The
maximum occurred through skull 1 with the A/2 focal spacing. The liquefaction rate range
was 2.5 to 16.6 mL/min. The minimum rate occurred through skull 3 at a focal spacing of
A/2. The maximum occurred through skull 2 at a focal spacing of A..

500 kHz Array—There was a greater variation in results across the three skullcaps for the
500 kHz treatment. Treatment through skull 1 with the 500 kHz array drained less volume
for the A/2 and 2A/3 than the same treatments through skull 2 or 3. The volume liquefaction
range for the 500 kHz array was 18 to 59 mL. Both the minimum and maximum liquefaction
volume occurred through skull 2 with A focal spacing. The liquefaction rate range was 0.6 to
8.1 mL/min. The minimum liquefaction rate occurred through skull 1 at the A/2 focal
spacing. The maximum occurred through skull 2 at the A focal point spacing.

Skull Temperature Monitoring

Each skullcap showed a similar trend with respect to the temperature-rise over time (Fig.
10). That is, within the first 10 minutes, there was a steep increase in temperature followed
by a more gradual increase in temperature for the remainder of the time. This gradual
temperature increase is likely attributed to a gradual increase in temperature in the
surrounding water, which was not accounted for. For each skullcap, the maximum
temperature rise remained less than 4 °C. The temperature rise measured by different probes
in the skullcaps showed a variation in temperature based on the location of the probe. For
skullcaps 1 — 3, the probe measurements varied between 1.9 and 3.5, 2.5 and 3.6 and 2.1 and
2.8 °C, respectively. Average values for the CEMy3 for skullcaps 1 — 3 calculated according
to (Yarmolenko et al. 2011) were 0.32 £ 0.11, 0.66 £ 0.19 and 0.22 £ 0.08 minutes,
respectively. These were roughly two orders of magnitude less than those thermal dose
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thresholds reported to cause damage to bone and bone marrow (CEMy3 > 16 minutes)
(YYarmolenko et al. 2011).

Post Hoc B-mode Imaging of External Skull Surface During Treatment

To examine how histotripsy affected the external surface of a bleach skullcap during
treatment, B-mode imaging of the surface of a bleached skull was performed following the
initial set of experiments. Figure 11 shows the B-mode images of the external skull surface
with the array off, on at 250 kHz and on at 500 kHz. There was a noticeable cloud of
particulate that formed with the 250 kHz array on that was not present with the array off.
This was not observed with the 500 kHz array.

Discussion

The results demonstrate the use of histotripsy with electronic focal steering for fast
transcranial clot liquefaction. Using electronic focal steering, it was possible to generate
precise lesions through the excised human skullcaps and ultimately liquefy a 4 cm spherical
volume within clots. By examining combinations of frequency and focal point spacing for
electronically steered transcranial histotripsy treatment, volumes as large as 59 mL were
liquefied within maximum treatment times (42.4 minutes) well below those of other
minimally invasive techniques used to treat ICH. The concerns of skull heating associated
with histotripsy were minimal with the average CEM3 values through three different
skullcaps approximately two orders of magnitude lower than those reported to cause damage
to bone and bone marrow.

As the success of transcranial histotripsy ICH treatment is dependent upon removing the
majority of the region of clot insonated in the minimum amount of time, the optimal
parameter combination consists of a balance between the liquefaction volume and rate.
Overall, the 250 kHz treatments produced much faster liquefaction rates than those at 500
kHz. However, the volumes drained at these large liquefaction rates produced with the 250
kHz array were much lower than those produced with the 500 kHz array (e.g., for skull 3,
250 kHz with A spacing produced 6.63 mL while that at 500 kHz produced 25.38 mL).
Based on the results shown here, the optimal treatment parameter combination among the
ones tested was either the A focal spacing applied at 500 kHz or the A/2 focal spacing
applied at 250 kHz. A post-hoc two-tailed t-test (a. = 0.05) showed no difference between
the two parameter combinations with both producing large volume liquefaction at fast rates.
However, the erosion of the external surface of the skullcap observed at 250 kHz was a
significant concern. As this was not observed at 500 kHz, the A focal spacing applied at 500
kHz is suggested as the optimal treatment parameter combination among the ones tested, as
it was able to produce sufficiently large liquefaction volumes through skullcaps 1 - 3 (23.1
+4.0,37.1£16.9 and 25.4 + 3.2 mL) with fast liquefaction rates (3.2 £ 0.6, 5.1 £ 2.3 and
3.5 £ 0.4 mL/min). Based on the bovine clot model used in this study, this presents an 11 —
33-fold increase in treatment rate when compared with current studies using MRgFUS, the
fastest of the current minimally invasive ICH treatments under investigation (Monteith et al.
2013a; Monteith et al. 2013b; Monteith et al. 2013c; Ramanan and Shankar 2013). However,
it should be noted that our clot model differed slightly from those used in the
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aforementioned MRgFUS studies which used either fresh porcine or human blood clotted at
room temperature and could present discrepancies in the reported improvement. In regards
to the current clinical minimally invasive treatments with rt-PA, the liquefaction volumes
reported here are of a similar order as those shown in the literature (Morgan et. al. 2008).
However, the treatment time with rt-PA remains orders of magnitude greater than the
treatment times reported in this study.

Overall, liquefaction volumes produced at 500 kHz were larger across all skullcap and focal
point spacing combinations relative to those produced at 250 kHz. In addition, the 500 kHz
liquefaction volumes were largely independent of focal spacing, something that was not
observed at 250 kHz. An understanding of the reasons for this can be approached by
considering the pressure steering profiles and the geometric focal pressure for the 250 and
500 kHz array. As the lesion size correlates well with the dimensions of the focus above the
intrinsic threshold (Vlaisavljevich et al. 2017) and the 1D beam profiles (Fig. 2) show a
much larger focal region at 250 kHz, the focal spacing was made proportional to the
frequency of the array. This doubled the size of the absolute focal spacing at 250 kHz
compared to that at 500 kHz. With identical peak-negative pressures across the entire
treatment region, we would expect similar liquefaction results between the two frequencies
for each focal spacing. However, due to the difference in the pressure steering profiles
between the two frequencies (Fig. 3), there was an inherent challenge in comparing
treatment between two different frequencies with electronic focal steering. To sustain either
uniform pressure profiles or equivalent pressure profiles between frequencies, the pressure
output from the array would need to be modulated across a large range quickly enough to
keep up with the PRF of the applied treatment. Although this is a possibility with the current
driving system, this technique of sustaining consistent pressures across an electronic focal
steering volume has not yet been thoroughly investigated. However, by keeping pressures at
the largest steering radii (£ 20 mm from the geometric focus) approximately equal between
the two frequencies (Table 3), we ensured some degree of comparability between the
treatments. Nonetheless, the higher focal gain in the 500 kHz treatments resulted in a larger
peak-negative pressures applied to regions close to the geometric focus than those for the
250 kHz treatments. The effects of these field property differences between the two
frequencies were likely manifested in the differences observed between liquefaction volume
for a given focal spacing at each frequency.

One effect that was observed during the 250 kHz and not during 500 kHz treatment was the
small amount of micron-sized particulate falling off the back of the skullcaps. Literature
shows that the primary component of household bleach, sodium hypochlorite, can
deproteinize the surface layer of cortical bone without disrupting the mineral composition
(Boyde and Hobdell 1969; Broz et al. 1997; Kerbl et al. 2012; Otter et al. 1988). As
skullcaps were stored in a bleach-water solution to prevent algae from growing prior to
treatment with the 250 kHz array but not the 500 kHz array, the initial thought was that this
particulate formation during the 250 kHz experiments was primarily due to the bleach-
induced fragile, chalky mineral layer on the external surface of the skull that precipitated off
during histotripsy treatment. However, post hoc B-mode imaging of the external surface of a
bleached skullcap treated with 250 kHz and 500 kHz, showed particulate formation at 250
kHz but not 500 kHz. Therefore, the erosion of the skull surface was particular to treatment
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with the 250 kHz array. Based on the B-mode images alone, it is difficult to point directly to
prefocal cavitation as the cause. However, this is likely the only mechanism that would cause
such an effect. If prefocal cavitation, it is possible that this occurred due to the larger beam
size at 250 kHz than at 500 kHz and an increased chance of the beam interfering with the
skullcap. However, the portion of the beam interfering with the skull was likely well below
the intrinsic threshold and preliminary studies show the 500 kHz focus can be positioned
close (within 5 mm) to the skullcap without causing the effects seen here at 250 kHz,
suggesting that something else is causing the prefocal cavitation at 250 kHz. One thought is
that the likelihood of prefocal cavitation increases at lower frequency, which is based on the
observation that the probability of producing “incidental cavitation bubbles” (occurring at
pressures below intrinsic threshold) is greater at lower frequencies than at higher frequencies
(Vlaisavljevich et al. 2015a). The increased likelihood of initiating incidental bubbles in
combination with a high PRF to sustain the “incidental bubbles” might have resulted in the
presence of prefocal cavitation at 250 kHz and not at 500 kHz. Future cavitation detection
experiments with time windowing at the skull surface should be able to validate prefocal
cavitation as the cause.

The concern for histotripsy induced skull heating was minimal in that the average CEMy3
values for each skullcap were about two orders of magnitude lower than those reported to
cause damage in bone and bone marrow (Yarmolenko et al. 2011). Due to the in-vitro nature
of these experiments, the heat sink effects into skin and brain tissue were not examined in
this study and remain a concern requiring further analysis. However, based on the CEMy3
values reported to cause damage in skin and brain tissue, these initial skull heating results
are promising. Skin damage has not been reported for CEMy3 values less than 20 minutes.
Although the CEMy3 threshold for brain damage is lower and a bit more complicated than
that of skin and bone with a range of values depending on the region, any concerns of the
skull heat sink effects overheating brain tissue could be mitigated by reducing PRF if
necessary. Skull heating has been a major issue for MRgFUS, limiting the treatment location
profile and treatment rate. In certain /n-vivo and in-vitro MRgFUS studies, to reduce the
heating, cool water was continuously circulated over the skull (McDannold et al. 2010;
Hynynen et al. 2006b). The clot liquefaction and skull heating results presented in this study
show the ability of histotripsy to perform rapid clot liquefaction while suggesting the
potential of keeping the skull and surrounding tissue within a safe temperature range.
However, although these experiments provided a good starting point to analyze the potential
of unwanted heating effects caused by histotripsy, it is difficult to claim how they will
translate to in-vivo or clinical cases where surrounding tissues and perfusion may contribute
to histotripsy induced temperature changes.

As the majority of ICH cases occur in the central region of the brain (Aguilar and Brott
2011; Zimmerman et al. 2006). The central position of the clots within the skullcaps in this
study was a reasonable starting point for analyzing the potential of histotripsy to liquefy
clots representative of ICH. However, the remaining ICH cases occur in off center brain
regions such as the cortical lobes, cerebellum and brainstem. In this study, we chose to limit
our investigation to the liquefaction of a clot volume located in what would be the central
region of the brain and the potential to treat volumes off-center was not examined. By
mechanically repositioning the skull or the array, these regions can be reached. However,
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this mechanical repositioning may cause changes to skull heating and thus requires further
investigation.

The results throughout this paper have been reported as “liquefaction volumes” drained from
treated clots with a catheter and 10 mL syringe. This drainage technique was used as it is
expected that a similar technique will be used to remove the volume of clot liquefied with
histotripsy in a clinical setting and one we are currently working to integrate with a
miniature acoustic hydrophone to enable aberration correction. Histotripsy treatments
targeting other organs have often attempted to completely liquefy the entire treatment region
into an acellular homogenate (e.g., tumor ablation). However, in the context of ICH
treatment and this study, complete liquefaction of the clot is not necessary and liquefaction
needs only to be performed to the extent where the treated volume can be drained from the
clot using the catheter and syringe. This can be observed in the gross morphology of the
treated clot (Fig. 7), where the broken down slurry remains after treatment and is removed
after drainage with the catheter. This is likely the reason it was possible to generate
consistent liquefaction volumes across different focal spacing at 500 kHz. Therefore, to
optimize histotripsy for ICH treatment, the goal should be to fractionate the clot sufficiently
to drain from the catheter for clot removal, and small clot pieces remaining may be
acceptable as long as they are small enough to drain via catheter.

Conclusion

This study investigated the effects of ultrasound frequency and focal spacing on the
treatment efficacy and treatment speed alongside the temperature rise in the skull during
transcranial histotripsy clot liquefaction. The specific emphasis of the study was to analyze
the effects of transducer frequency and focal spacing on treatment efficacy and speed and
show histotripsy’s feasibility for rapid, minimally invasive ICH treatment. The fastest
liquefaction rate across all clot treatments was 16.6 mL/min (15 mL in 0.9 min). The A focal
spacing applied at 500 kHz is suggested as the best treatment parameter combination among
those tested, as it was able to produce large liquefaction volumes through skullcaps 1 — 3
(23.1+4.0,37.1 £16.9 and 25.4 + 16.9 mL) with the fast liquefaction rates (3.2 £ 0.6, 5.1
+ 2.3 and 3.5 £ 0.4 mL/min), presenting an 11 — 33-fold increase in treatment rate when
compared with treatments using MRgFUS and orders of magnitude faster than clinical
minimally invasive techniques using rt-PA. In addition, the skull heating effects of
transcranial histotripsy at the parameter combinations examined in this study indicated
minimal concern with average CEM,3 values about two orders of magnitude lower than
those reported to cause thermal damage in bone and bone marrow. Future work will focus on
applying the results of this study to /n-vivo clot treatment in a porcine model.
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Figure 1. Experimental Setup
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The experimental schematic of the setup used to perform the transcranial histotripsy clot

treatments through the excised human skullcaps (left) and a photograph of the actual

experimental setup (right). The blood clots were mounted within the skullcap and the center

of the clot volume was aligned with the geometric origin of the array.
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Figure 2. 1D Beam Profiles

The 3-axis 1D beam profiles around the geometric focus through skull 1 positioned into the
array obtained at 250 and 500 kHz.
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Figure 3. Pressure vs. Electronic Focal Steering
The peak-negative focal pressure as a function of electronic focal steering location was

measured across a £ 20 mm range of locations centered at the geometric origin. Pressure
steering profiles were obtained along the sagittal, coronal and axial dimension. Profile A-C
correspond to the normalized pressure profile through skull 1 — 3, respectively, at 250 kHz.
Profile D — F correspond to the normalized pressure through skulls 1 — 3, respectively, at 500
kHz.
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Figure 4. Lesion Generation with Electronic Focal Steering
A 9 x 9 grid of lesions generated through a skullcap with electronic focal steering at 500

kHz. The distance between the center of each lesion was approximately 2.5 mm, which
matched the focal location spacing specified with the applied electronic focal steering.
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Figure 5. Clot Gross Morphology
The gross morphology of a (A) control clot, (B) treated, undrained clot and (C) treated,

drained clot. For the treated, undrained clot, the majority of the liquefied clot spilled out
after removing it from the condom and cutting it in half, leaving a broken down slurry region
approximately 4 cm in diameter. The treated, drained clot showed a 4 cm diameter cavity
indicating the region left after removing the broken down slurry.
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Figure 6. Pre- and Posttreatment Clot MRI
T2-weighted MR images of pre- and posttreatment clots for treatment with the 500 kHz

array with lattice focal point spacing of A/2. In the pretreatment images, the clot appeared
uniformly dark. The posttreatment image showed a bright region approximately 4 cm in
diameter that corresponded to the lysed blood cells in the liquefied clot. The bright region
was densest in the center portion and became less so toward the periphery of the clot.
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Figure 7. Clot Liquefaction Volume
The average clot volume liquefied with histotripsy through each skullcap (n = 6) after

subtracting the average control volume (n =12). Transcranial histotripsy treatment was
applied using 250 and 500 kHz arrays with lattice focal point spacing of A/2, 2A/3 and A..
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Figure 8. Clot Liquefaction Rate
The average liquefaction rate for each frequency and focal spacing achieved through each

skullcap.
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Figure 9. Skullcaps after 250 kHz Treatment
The external, superior portion of each skullcap after all treatments with the 250 kHz array.

As skullcaps were stored in a bleach-water solution to prevent algae from growing and
gassing up the skullcaps, the exterior surface of the skull eventually turned white and chalky.
During the 250 kHz treatments, this white particulate fell off the back of the skull, most
likely because the pre-focal cavitation eroded away the white, chalky layer caused by the
bleach. Approximately halfway through treatments through skull 1, this effect stopped.
Analysis of the skull after treatment indicated that the white-chalky layer had been almost
entirely removed with the true skull surface exposed.
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Figure 10. Skullcap Temperature Monitoring
The change in temperature in each skullcap monitored at different locations while applying

treatment with the 500 kHz array at a PRF of 200 Hz. For each skullcap, the maximum
temperature rise remained less than 4 °C. The temperature rise measured by different probes
in the skullcaps showed a variation in temperature based on the location of the probe. For
skullcaps 1 — 3, the probe measurements varied between 1.9 and 3.5, 2.5 and 3.6 and 2.1 and
2.8 °C, respectively.
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Figure 11.
B-mode ultrasound images of external surface of a bleached skullcap during treatment with

the 250 and 500 kHz array.
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Table 5
P-values for Frequency Comparisons

The p-values from the two-sample, two-tailed t-tests (a. = 0.05) performed on the liquefaction volumes (L.V.)
and liquefaction rates (L.R.) between 250 and 500 kHz for each focal spacing treated through each skullcap.

Spacing: A2 2\/3 A

Skull1 | L.V. | 2.7E-02 | 2.3E-03 | 3.4E-06

L.R. | 2.9E-08 | 6.8E-06 | 4.2E-03

Skull2 | L.V. | 1.5E-03 | 3.9E-07 | 1.3E-02

L.R. | 8.9E-08 | 1.9E-05 | 2.6E-02

Skull 3 | L.V. | 1.0E-06 | 4.1E-07 | 1.2E-07

L.R. | 2.7E-05 | 5.3E-06 | 7.3E-03
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