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Abstract

Retracted blood clots have been previously recognized to be more resistant to drug-based
thrombolysis methods, even with ultrasound and microbubble enhancements. Microtripsy, a new
histotripsy approach, has been investigated as a non-invasive, drug-free, and image-guided method
that uses ultrasound to break up clots with improved treatment accuracy and a lower risk of vessel
damage when compared to the traditional histotripsy thrombolysis approach. Unlike drug-
mediated thrombolysis, which is dependent on the permeation of the thrombolytic agents into the
clot, microtripsy controls acoustic cavitation to fractionate clots. We hypothesize that microtripsy
thrombolysis is effective on retracted clots and that the treatment efficacy can be enhanced using
strategies incorporating electronic focal steering. To test our hypothesis, retracted clots were
prepared /in vitro and the mechanical properties were quantitatively characterized. Microtripsy
thrombolysis was applied on the retracted clots in an /in vitro flow model using three different
strategies: single-focus, electronically-steered multi-focus, and a dual-pass multi-focus strategy.
Results show that microtripsy was used to successfully generate a flow channel through the
retracted clot and the flow was restored. The multi-focus and the dual-pass treatments
incorporating the electronic focal steering significantly increased the recanalized flow channel size
compared to the single-focus treatments. The dual-pass treatments achieved a restored flow rate up
to 324 mL/min without cavitation contacting the vessel wall. The clot debris particles generated
from microtripsy thrombolysis remained within the safe range. The results in this study show the
potential of microtripsy thrombolysis for retracted clot recanalization with the enhancement of
electronic focal steering.
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Introduction

Thrombosis is the formation of a blood clot in the cardiovascular system that prevents blood
from circulating. Arterial thrombosis in the cerebral vasculature leads to ischemic stroke,
which is a leading cause of disability and death in the United States (Mozaffarian et al.
2015). The most common form of venous thrombosis is deep vein thrombosis (DVT), which
occurs predominantly in the legs and can sometimes lead to lethal pulmonary embolism
(PE). DVT/PE (also called venous thromboembolism) affects over 300,000 people and
causes deaths of 60,000 to 100,000 each year in the United States (Beckman et al. 2010).
Patients with more extensive thrombosis sometimes require thrombolytic treatments. The
current gold standard of thrombolytic treatment involves the infusion of thrombolytic drugs
such as tissue plasminogen activator (tPA) (Adams et al. 1996; Bates and Ginsberg 2004).
Systemic administration of thrombolytic drugs has limited effectiveness with long treatment
time (several hours to days) and is associated with a high risk of major bleeding (Friedman
et al. 1996). Catheter-directed thrombolysis has the advantage over systemic thrombolysis
through local application at the thrombosis site, but it is invasive and carries the risks of
bleeding, vascular damage, and infections (Sharafuddin et al. 2003; Lauw and Biiller 2014).

Ultrasound has been investigated as a tool to enhance or induce thrombolysis for several
decades (Siegel and Luo 2008). Significant efforts have been focused on enhancing the
efficacy of thrombolytic drugs using ultrasound (Larsson et al. 1998; Pfaffenberger et al.
2003; Frenkel et al. 2006; Stone et al. 2007; Holland et al. 2008; Hitchcock et al. 2011), with
several clinical trials showing promising results (Alexandrov et al. 2004; Molina et al. 2009;
Tsivgoulis et al. 2010). In addition, ultrasound combined with microbubbles has been
demonstrated to successfully augment clot dissolution in the presence or absence of
thrombolytic drugs (Datta et al. 2008; Meairs and Culp 2009; Brown et al. 2011; Culp et al.
2011; Laing et al. 2012). Ultrasound has also been studied as a stand-alone thrombolysis
method under approaches utilizing acoustic cavitation (Rosenschein et al. 2000; Maxwell et
al. 2009; Maxwell et al. 2011a; Burgess et al. 2012; Wright et al. 2012; Zhang et al. 2015a;
Zhang et al. 2015c).

Histotripsy is a non-thermal tissue ablation method that mechanically fractionates soft tissue
via well-controlled acoustic cavitation generated by microsecond-long, high-pressure
ultrasound pulses (Xu et al. 2007; Xu et al. 2008; Xu et al. 2010). The potential of using
histotripsy as a non-invasive, drug-free, and image-guided thrombolysis method was
demonstrated both /n vitro and in vivo by Maxwell et al (Maxwell et al. 2009; Maxwell et al.
2011a). Multi-cycle (usually = 5 cycles) ultrasound pulses were used in those studies to
generate cavitation bubble clouds via a shock scattering mechanism (Maxwell et al. 2011b).
A new histotripsy approach, termed microtripsy, has been recently investigated for
thrombolysis application to improve treatment precision and avoid potential vessel damage
(Zhang et al. 2015a; Zhang et al. 2015b; Zhang et al. 2015c). In microtripsy, a cavitation
cloud is initiated via a single-cycle ultrasound pulse with only one high, negative pressure
phase exceeding a very distinct negative pressure intrinsic threshold of the medium
(Maxwell et al. 2013; Lin et al. 2014). The location and size of the cavitation cloud
generated using microtripsy through the intrinsic threshold mechanism is more reproducible
and predictable than the shock scattering mechanism (Maxwell et al. 2013; Lin et al. 2014).
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In those microtripsy thrombolysis studies, cavitation was precisely generated and confined
in the vessel lumen without contacting the vessel wall, allowing for a precise flow channel to
be created within the clot while minimizing the risk of vessel damage (Zhang et al. 2015c).

Previous studies showed that drug-mediated thrombolysis, including ultrasound-enhanced
thrombolysis, was difficult to achieve with retracted clots (Blinc et al. 1992; Kunitada et al.
1992; Sutton et al. 2013). As a clot is formed, clot retraction initiated by platelets occurs and
changes the structure and composition of the clot remarkably as it ages over time (Fox and
Phillips 1983; Feghhi and Sniadecki 2011). In the clot retraction process, the fibrin network
shrinks and effectively increases fibrin density per unit of clot volume and/or decreasing
plasminogen concentration, and results in lower porosity and reduced permeability (Carr and
Hardin 1987; Blinc et al. 1994; Kirchhof et al. 2003). The high resistance of retracted clots
to drug-mediated thrombolysis is believed to be due to the reduced permeability of the
retracted clot to the thrombolytic agents.

Unlike drug-mediated thrombolysis that depends on the permeation of thrombolytic agents
into the clot, microtripsy fractionates clots by controlled cavitation. In the previous
microtripsy thrombolysis study, a fast lysis rate was achieved with unretracted clots.
Retracted clots are stiffer than unretracted clots and are expected to be more resistant to
histotripsy-induced cavitation and fractionation (Vlaisavljevich et al. 2014; Vlaisavljevich et
al. 2015) We hypothesize that microtripsy is effective to treat retracted clots, but with
reduced treatment efficacy compared to unretracted clots. We further hypothesize that the
treatment efficacy for retracted clots can be enhanced using treatment strategies
incorporating electronic focal steering. By using a phased-array transducer with electronic
focal steering capability, the treatment focus can be steered to enlarge the flow channel
through the retracted clot without additional mechanical movements of the therapy
transducer. These hypotheses are tested in this paper by investigating the treatment efficacy
of microtripsy thrombolysis on retracted clots and exploring efficacies of different
microtripsy thrombolysis strategies incorporating electrical focal steering. Retracted clots
were prepared /n vitro following a protocol described by Sutton et al (Sutton et al. 2013),
and their elasticity was characterized quantitatively. The retracted clots were treated in an /n
vitro flow model using three different strategies: single-focus strategy, electronically-steered
multi-focus strategy and a dual-pass multi-focus strategy. After treatments, the generated
flow channels were 3D-scanned using a 20 MHz ultrasound imaging probe, and the sizes of
the flow channels were quantified. The restored flow and the distribution of generated clot
debris particles were also measured. The treatment results of retracted clots were compared
with those of the unretracted clots from a previous study. The treatment efficacies using
three different microtripsy thrombolysis strategies were also compared side by side.

Materials and Methods

Flow Model

An in vitro flow model, which has been described previously (Zhang et al. 2015a; Zhang et
al. 2015c¢), was deployed in this study. The flow model was designed to mimic the condition
of occlusive venous thrombosis, where blood flow is completely blocked by the thrombus
but blood pressure still applies. A saline reservoir, a pressure sensor, a vessel phantom, a
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filter, and a fluid collector were connected in sequence with silicone tubing (Masterflex L/S
17; Cole-Parmer, Vernon Hills, IL, USA) (Figure 1). The saline reservoir was placed higher
than the rest of the system for perfusion under gravity-driven pressure. With an occlusive
thrombus fixed inside, the vessel phantom was mounted horizontally in a tank filled with
degassed water. The height difference between the saline level in the reservoir and the vessel
phantom was set to apply a constant pressure of 3.7 mm Hg, which was measured by the
pressure sensor (MG-9V; SSI Technologies, Janesville, WI, USA). A pressure of 3.7 mm Hg
was chosen according to reported femoral vein pressure (Negus and Cockett 1967;
Albrechtsson et al. 1981). The femoral vein in the upper leg is where DVT often occurs. The
therapy transducer was positioned inside the tank facing the vessel phantom to conduct the
microtripsy recanalization treatment. When a channel was generated through the clot, the
restored flow, together with clot debris particles generated from the treatment, was passed
through the filter, and the filtered fluid was collected for further small particle analysis.

The vessel phantom was developed in-house to mimic a human femoral vein (Figure 2). It
was made from urethane polymer (Urethane RTV Mold-Making System; Tap Plastics Inc.,
San Leandro, CA, USA), which has acoustic properties similar to human tissue (Browne et
al. 2003). The vessel phantom had an 8 mm outer diameter, a 6.5 mm inner diameter on one
side, and a 4.2 mm inner diameter (35% stenosis) on the other side. The method of making
the vessel phantom has been described previously in detail (Zhang et al. 2015c). The 6.5 mm
inner diameter was chosen according to reported DVT vein diameters (5 to 21.7 mm)
(Hertzberg et al. 1997). The stenosis in this /n vitro setup stabilized the clot and prevented it
from flowing away during the treatment under pressure. The vessel phantom was held by a
3D-printed frame with tube fittings at the two ends to connect the vessel in-line with the rest
of the flow model (Park et al. 2013).

Retracted Clot Formation

Retracted clots were formed following a protocol similar to that described by Sutton (Sutton
et al. 2013). Fresh bovine blood was collected from a local abattoir. A citrate-phosphate-
dextrose (CPD) solution (#C7165; Sigma-Aldrich Co., St. Louis, MO, USA) was
immediately mixed with fresh bovine blood as an anti-coagulant at a ratio of 1 mL CPD per
9 mL blood. All the blood samples were used within the same day as they were collected.
The bovine blood was first warmed up to the normal cow body temperature (38.6 °C). To
stimulate the clotting cascade, calcium chloride (#21107; Sigma-Aldrich Co., St. Louis, MO,
USA) was injected into the blood to a final concentration of 20 mM/L. To form a retracted
clot, the stimulated blood (6.5 mL) was carefully poured into a hydrophilic glass tube
(Borosilicate Glass Tubing, GSC International Inc., Nixa, MO, USA) with an inner diameter
of 8.5 mm. After 3 hours in a water bath at 38.6 °C, the tube with newly formed clot inside
was moved into refrigeration and stored at 4°C for 7 days to allow for retraction.

After the 7-day incubation, the clot shrank and translucent serum was separated from the
clot (Figure 3). The degree of clot retraction was quantified by measuring the serum volume
left after taking out the retracted clot (Macfarlane 1939). To ensure a reasonable consistency
in degree of retraction, a retracted clot was selected to use only if its serum volume was
within a range from 3 to 3.2 mL. The qualified clot usually had a diameter around 6.5 mm
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and a length around 10 cm. The 10-cm long clot was cut into 2-cm length clots for
individual experiments. Prior to each experiment, three steps were followed to place and fix
the clot inside the vessel phantom. First, the clot was warmed up to 38.6 °C in fresh bovine
blood. Second, the bovine blood with the clot inside was stimulated by calcium chloride
with a final concentration of 20 mM/L. Third, the clot with the stimulated blood coating was
inserted into the vessel phantom from the 6.5 mm inner-diameter side all the way to the
stenosis side. The vessel phantom was then placed in a water bath at 38.6 °C, and after 2
hours the blood coating clotted and cross-linked the retracted clot to the interior of the vessel
phantom like glue. The vessel phantom with the clot fixed inside was then connected in-line
with the rest of the flow model and the connecting tubes were refilled with saline.

Therapy System

An integrated, portable, ultrasound image-guided microtripsy thrombolysis system was
developed in our laboratory (Figure 4). It includes three subsystems: a microtripsy therapy
system, an ultrasound imaging system, and a positioning system. The microtripsy therapy
subsystem used a 1-MHz 18-element therapy transducer manufactured by Imasonic S.A.
(Besancon, France) (Figure 4). The transducer had an effective 9.8 cm (lateral) x 8 cm
(elevational) aperture and a 7 cm focal length. It was driven by a pulse amplifier developed
in-house to generate very short (< 2 cycles), high-pressure ultrasound pulses. The focal
beam volume (-6 dB) of the transducer was measured to be 6.5 mm (axial) x 1.3 mm
(lateral) x 1.5 mm (elevational) at a peak negative pressure of 15 MPa using a fiber-optic
probe hydrophone (FOPH) (Parsons et al. 2006). Peak negative pressures larger than 20 MPa
cannot be directly measured and therefore was estimated by linear summation (P(-), ) of the
peak negative pressure outputs from 3 separate groups of the transducer elements (6
elements per group). The imaging subsystem was developed based on an Ultrasonix imaging
machine (SonixTouch; Analogic Ultrasound, Vancouver, Canada). A custom ultrasound
imaging probe with compact rectangular housing (L7.5MHz; Vermon, France) was
embedded into the central hole of the therapy transducer to guide and monitor microtripsy
thrombolysis treatment. The positioning subsystem included a multi-positioning arm and a
compact motorized positioner at the end of the arm. The therapy transducer was mounted on
the compact positioner. With 6 degrees of freedom and a range around 1 meter, the multi-
positioning arm can be manually moved and held using a press/release lock for coarse target
localization. With 3 degrees of freedom and a range of 10 cm x 5 cm x 4 ¢cm, the motorized
positioner was controlled by both software and joy sticks for much finer localization with a
resolution of 0.1 mm. Control software was developed to manage and coordinate the therapy,
imaging, and positioning subsystems.

Pre-treatment Planning

Pre-treatment planning was performed prior to each treatment. First, using the multi-
positioning arm, the therapy transducer was manually placed above the vessel phantom. The
lateral axis of the transducer was oriented perpendicular to the vessel phantom so that the
cross section of vessel and clot were imaged during treatment. Second, cavitation was
generated in water, and the center of the hyperechoic cavitation region on the ultrasound
imaging window was marked as the geometric focus of the transducer. Third, guided by
ultrasound imaging, the therapy transducer was moved using the motorized positioner to
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align the geometric focus at the center of vessel lumen. The transducer was then moved to
scan the focus from one end of the clot (close to the pressure reservoir) to the other end
(close to the stenosis side). Several locations (spaced around 3 mm) along the scan path were
recorded. Fourth, after these locations registered, the control software linearly interpolated
these key locations into a scan path of denser treatment locations with a fixed scan interval

(SI).

Treatment Strategies

For each treatment, the treatment zone was scanned following the preset treatment path. The
therapy system applied a fixed number of microtripsy pulses (doses) at each scan location
before moving automatically to the next location. A 1.5-cycle pulse with only one high
negative pressure phase and an estimated peak negative pressure (P(-).s) of 30 MPa was
used in this study, as this pressure level was shown to create precise flow channels in our
previous microtripsy thrombolysis study (Zhang et al. 2015c¢). An example waveform of
microtripsy pulse is shown in Figure 5. Real-time B-mode ultrasound imaging was used to
monitor microtripsy. The cavitation bubble cloud could be clearly distinguished as a bright
dynamic region with ultrasound imaging. The ultrasound therapy transducer was moved by
step motors to scan the cavitation bubble cloud along the preset treatment path. If the
cavitation cloud was slightly off the center of the vessel lumen during the treatment scan
according to the real-time ultrasound B-mode image, the location of cavitation bubble cloud
was finely adjusted using joysticks to move it back to the center of the vessel lumen. Three
treatment strategies were used: single-focus strategy, electronically-steered multi-focus
strategy and dual-pass multi-focus strategy. In the following text, they are termed “single-
focus”, “multi-focus” and “dual-pass” for short. A pulse repetition frequency (PRF) of 100
Hz was used in all the three strategies, and therefore the energies delivered per second by the
three strategies were the same.

The single-focus strategy has been used in all the previous microtripsy thrombolysis studies
(Zhang et al. 2015a; Zhang et al. 2015c¢). At each scan location, the treatment zone was only
covered by the geometric focus of the therapy transducer (Figure 6). Five groups were
treated using the single-focus strategy: four of them used different doses (100, 200, 600, and
1000 pulses) per scan location with a scan interval of 0.3 mm; the other group used a dose of
500 pulses with a scan interval of 0.15 mm. Four clots were treated in each group. The
treatment time of each group can be calculated based on the PRF, dose, and scan interval
used. The treatment group with the smaller SI (0.15 mm) and the 500-pulse dose was
included in this study to see if a finer scan interval can improve the treatment efficacy
compared to the groups with the same treatment time. Table 1 summarizes the parameters
used for all treatment groups.

Using the multi-focus strategy, the treatment zone at each scan location was covered with
multiple foci by electronically steering the focus of the therapy transducer in the lateral
direction (Figure 6). This multiple foci strategy was expected to widen the generated flow
channel. The steering of the focus alternatively at different treatment foci was also designed
to reduce cavitation memory effects at each treatment focus to increase the clot fractionation
rate per pulse. The previous study shows that residual nuclei from the previous pulse at the
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same or nearby location can last for a few hundred milliseconds (cavitation memory effects)
and may negatively impact the treatment efficacy when the subsequent pulse arrived before
the residual nuclei dissolve (Wang et al. 2012). Two groups were treated using this strategy:
one with 3 treatment foci at each scan location and one with 5 treatment foci. A dose of 200
pulses, a scan interval of 0.3 mm and a separation of 0.5 mm between foci were used for
both groups. The dose was defined as the number of microtripsy pulses applied at each
treatment focus. The treatment times of the 3 foci and 5 foci multi-focus treatments were the
same as those of the single-focus 600-pulse (3.3 min/cm) and 1000-pulse (5.5 min/cm)
treatments, respectively. Four clots were treated in each group.

The dual-pass strategy essentially divided the multi-focus treatment into two treatment
passes. The dual-pass strategy was developed to further address the concern of the cavitation
memory effects. In the first pass, the treatment zone was scanned through the clot and
covered by one focus or two foci at each scan location. In the second pass, the treatment
zone was scanned through the clot again and covered by two or three additional foci,
resulting in effective three or five foci treated at each scan location, respectively (termed
“1+2” or “2+3” patterns) (Figure 6). The foci treated at each scan location within one pass
were separated by 1 mm in the lateral direction without any overlapping of the cavitation
zones between foci. The same treatment path was used for both passes but in the second pass
the scan locations were shifted 0.15 mm along the length of the clot. A dose of 200 pulses, a
scan interval of 0.3 mm, and a separation of 0.5 mm between the closest foci were used for
both 1+2 foci and 2+3 foci dual-pass treatments. Because the motorized movement of the
therapy transducer from one end of the clot to the other was very fast, the treatment times of
the 1+2 foci and 2+3 foci dual-pass treatments were almost the same as the 3 foci (3.3
min/cm) and 5 foci (5.5 min/cm) multi-focus treatments. Four clots were treated in each

group.

Elasticity and Porosity Measurements

The elasticity of the retracted clots was characterized to estimate its equivalent age /n vivo
and to compare with that of unretracted clots. A direct mechanical measurement method,
previously described in detail by Xie (Xie et al. 2005), was adopted in this study to measure
the Young's modulus of retracted and unretracted clots. The measurements were conducted
using a desktop device named MicroElastometer (Artann Laboratories, Lamberville, NJ,
USA), which measures the displacement vs. force while a test sample is subject to
compression, and the Young's modulus of the sample is estimated based on the strain-stress
relationship. The device consists of a step motor, a compression stamp, a sample plate, and a
strain gauge. The step motor controls the compression stamp moving in the direction normal
to the sample plate, and the compression force is measured by the strain gauge under the
sample plate. The minimum travel distance of the stamp is 3 um and the measurable force
range is up to 2 N with a precision of 0.1 mN. Before measurement, the retracted clot was
warmed up to room temperature (25 °C) after it was stored in 4 °C for 7 days and cut into 2
cm cylindrical samples (~ 6.5 mm diameter) for the elastic measurements. The axis of the
cylindrical sample was positioned perpendicularly to the long side of the stamp. During
measurement, the position of the stamp and the force reading was recorded in real-time by
its software, and the Young's modulus was estimated right after the measurement. The
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detailed algorithm and calculation can be found in the paper by Xie (Xie et al. 2005). The
unretracted clots were prepared following the method described previously (Zhang et al.
2015c), and their elasticity were measured using the same protocol as the retracted clots. Ten
samples were measured for each clot type. Qualitative and quantitative histological
evaluations on porosity (4 samples for each clot type) were conducted following the protocol
described by Sutton et al (Sutton et al. 2013).

Flow Channel Measurement

To quantitatively evaluate the flow channels generated using the different microtripsy
strategies, each treated clot was scanned using a 20 MHz high-resolution ultrasound probe.
The probe was separately mounted onto the motorized positioner before scanning. With the
imaging plane perpendicular to the vessel axis, the probe was moved by the positioner from
one end to the other end of the clot with a step size of 0.1 mm. One cross-sectional image of
the clot was taken after waiting for 2 seconds at each location to allow for image
stabilization. 200 scan images were collected in total from each treated clot. Because the
fractionated clot region was hypoechoic (low brightness on image) when the flow was
restored, in comparison to the hyperechoic (high brightness on image) intact clot region, we
applied an intensity threshold to detect the cross section of flow channel on each scan image.
Inside the vessel lumen on each scan image, the area with pixel intensity less than 20 (0-255
overall range) was thresholded out as the cross section of the flow channel. The value of 20
was selected according to the intensity histogram of the scan images. To quantify the size of
flow channel, the cross-sectional area (A¢ross) Of the flow channel region was calculated.

Restored Flow Measurement

Restored flow rate was measured to evaluate the recanalization effectiveness using the
different treatment strategies. After the flow channel was created, the volume of downstream
saline in the fluid collector within 1 minute was measured. When the flow was very slow, the
restored saline was collected for 5 minutes. The restored volume flow rate was then
calculated as the volume of the saline collected divided by the time. Due to the brevity of the
time period and the small change in reservoir volume, the pressure was assumed to be
constant over this time period. A control measurement with no blockage in the flow system
was also conducted to compare with the restored flow rate.

Debris Measurement

A method combining macroscopic inspection and Coulter counter analysis was utilized to
measure clot debris particle size distribution generated during the treatments. When flow
was restored, clot debris was flushed by the restored flow and filtered by a filter sheet with a
pore size of 300 um. Macroscopic inspection was conducted to check for debris particles
that may have been trapped on the 300 um filter. Optical images with a resolution of 20 pm
were taken of the filter sheet. The number of distinguishable particles larger than 300 pm
was counted and the sizes of individual large debris particles were measured. The filtered
fluid with suspended debris particles smaller than 300 pm was then analyzed using a Coulter
counter (Multisizer 3; Beckman Coulter, Brea, CA, USA). The measurable range of particles
was from 3 to 60 um using a 100-um aperture tube and from 60 to 300 um using a 560-um
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aperture tube (Coulter 2000). The measurements using these two aperture tubes were
combined to generate a distribution of debris particles from 3 to 300 um.

Results

Elasticity and Porosity of Retracted and Unretracted Clot

One representative retracted clot after the 7-day incubation is shown in Figure 7. The
unretracted clots and the retracted clots were measured to have Young's moduli of 2.31 £+
2.05 kPa (N = 10) and 11.12 + 1.41 kPa (N = 10), respectively. The retracted clots had a
much higher stiffness than the unretracted ones. The Young's moduli of clots at different
ages in a rat model were measured ex vivo using the same mechanical method by Xie (Xie et
al. 2005). According to their results, the Young's modulus of the retracted clots measured in
this study fell between those of the 3-day-old /n vivo clots (9.46 £ 0.87 kPa) and the 6-day-
old /in vivoclots (17.40 £ 5.77 kPa) in the rats, which is when it was expected for the clots to
transition from acute phase to chronic phase. This is similar to human clots of 2 weeks of
age (Xie et al. 2005). Histology sections showed consistent difference in porosity between
the two clot types, similar to those reported by Sutton (Figure 8). Intracellular spacing in
retracted clots and unretracted clots were measured to be 0.23 + 0.20 % and 3.31 + 1.06 %,
respectively. Significant difference was shown by one-sided t-test (P<0.01). The porosity of
the retracted clots in this study was lower than what was reported by Sutton et a/,, indicating
that these clots were even more retracted.

Comparison with Unretracted Clot

Microtripsy was effective in treating retracted clots, but the flow channel generated using a
single-focus method was significantly smaller than the flow channel formed through
unretracted clots. A flow channel was generated through the retracted clot using the single-
focus strategy even with a 100-pulse dose. Figure 9 shows the representative cross-sectional
ultrasound images of a treated, retracted clot in this study on the left and a treated,
unretracted clot from a previous study on the right (Zhang et al. 2015a). The unretracted
clots were treated using exactly the same treatment parameters as the 100-pulse single-focus
treatment used on the retracted clots. The channels generated in the retracted clots were very
small and hard to see from the high-resolution ultrasound scan images, whereas the channels
in unretracted clots were large and clear. The mean Acyqss Of the channels generated in the
retracted clots was 0.0232 + 0.0506 mm?2 (N = 4 x 200), which was about 200 times smaller
than that in the unretracted clots (4.6532 + 0.7761 mm2, N = 6 x 67).

Single-focus Treatments

Using the single-focus strategy, a flow channel was successfully generated through retracted
clots with all the microtripsy parameters tested. The size of the flow channel increased with
increasing dose. The representative scan images of the channels generated by the five
treatment groups using the single-focus strategy are shown in Figure 10. As the dose
increased from 100 to 1000 pulses, the channels generated using the same 0.3-mm Sl
became larger (first four images), and the mean A.qss Of the channels increased from 0.02 to
1.11 mm? (Figure 11). The shape and boundary of the channels became clearer and sharper
with the higher doses. The last image of Figure 10 shows a representative channel generated
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using the smaller 0.15-mm Sl and the 500-pulse dose. The channels generated using the
1000-pulse dose and 0.3-mm Sl were the largest among the single-focus treatments but the
size was still small (1.1099 + 0.2721 mm?2) compared to the 6.5-mm inner-diameter vessel
lumen. The Agoss OF channels using the 0.15-mm Sl and the 500-pulse dose (0.5269 +
0.2391 mm?) were only half of those using the 0.3-mm Sl and the 1000-pulse dose. This
indicates that reducing SI does not improve the treatment efficacy under the same treatment
time.

of Three Strategies

A flow channel was generated through retracted clots using all three strategies tested (Figure
12). Under the same treatment time, microtripsy thrombolysis generated the largest flow
channels using the dual-pass strategy and the smallest channels using the single-focus
strategy. When comparing the single-focus strategy to the multi-focus strategy, the channel
size was increased by 30% under the same 3.3 min/cm treatment time from 0.63 + 0.21 mm?
to 0.82 + 0.41 mm2, and the increase was 44% under the same 5.5 min/cm treatment time
from 1.11 + 0.27 mm? to 1.60 + 0.75 mm? (Figure 13). When comparing the multi-focus
strategy to the dual-pass strategy, the channel size was increased by 90% under the same 3.3
min/cm treatment time from 0.82 + 0.41 mm? to 1.55 + 0.50 mm?, and under the same 5.5
min/cm treatment time the channel size increased by 160% from 1.60 + 0.75 mm? to 4.13 +
1.09 mm2. Statistical analyses (one-sided Student's t-test) also supported these significant
increases of channel size generated using the multi-focus vs. single-focus (P < 0.01) and
dual-pass vs. multi-focus strategy (P < 0.001).

The shapes of the generated flow channels using the three strategies varied. Elliptical-shaped
channels were generated using the single-focus strategy. The channels generated using the
multi-focus strategy appeared to have two separate lesions with a horizontal orientation, as
shown in Figure 12. When using the dual-pass treatment strategy, the channels had a more
circular shape than those generated using the other two treatment strategies. With the 1+2
foci dual-pass treatment, one small tail appeared at one side of the circular channel. With the
2+3 foci dual-pass treatment, two tails appeared.

Restored Flow

Prior to any treatment, no flow was observed. After each treatment, flow was successfully
restored even with the smallest channel created. Figure 14 shows the mean flow rate restored
for the treatment groups presented in Figure 12. With constant pressure (3.7 mm Hg)
applied, a larger channel would be expected to permit higher flow rate, which is confirmed
by the restored channel cross-sectional area and flow rate results shown in Figures 13 and
14. The restored flow rate was highest when using the dual-pass strategy, while the lowest
restored flow rate was generated using the single-focus strategy. The mean flow rate
generated by the 2+3 foci treatments was 193.2 £ 47.5 mL/min (maximum at 324 mL/min),
which was much higher than the other treatment groups. As a reference, the flow model with
no blockage had a flow rate of 640 mL/min under the same 3.7-mmHg pressure.
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The clot debris distribution was measured in the 600-pulse treatments, the 1000-pulse
single-focus treatments, and the 1+2 foci and 2+3 foci dual-pass treatments. The debris size
measurement was performed for four selected treatment groups instead of all groups due to
the time-consuming nature of the measurement. The dual-pass treatment groups were
selected because this strategy achieved the largest flow channel under the same treatment
time (i.e., the highest treatment efficacy) among the three strategies. As a comparison and
reference, the debris from the single-focus treatments under the same treatment time was
measured. Theoretically, the debris generated from the single-focus treatments should be
smaller than those using the other two strategies because the single-focus strategy used a
three- or five-times higher dose at each treatment focus than the other two strategies, which
was expected to break up the clot into smaller particles. For all measured treatments, over
99.9% of the debris particles were less than 10 um, and the number of debris particles
became orders of magnitude less as the size increased from 10 pm to 100 um. Figure 15
shows the normalized mean distributions of clot debris from the four treatment groups. They
all had a similar distributions centered at 4.2 um, and the only difference was the number of
debris particles. The debris particles larger than 100 pm generated using the two different
treatment strategies were calculated and summarized in Table 2. In more than half of the
treatments, no debris particles greater than 100 pm were observed. Only one debris particle
(453 um) was trapped on the 300-um filter sheet in the total 24 measured treatments, and it
was generated using the dual-pass strategy. In the treatments when particles between 100
and 300 um were observed, only one or two such particles were observed for each treatment.
Other than the single 453 um particle mentioned above, the largest particle observed was
222.85 um when using the single-focus strategy and 189.75 um when using the dual-pass
strategy.

Discussion

Drug-based thrombolysis methods, including ultrasound-enhanced thrombolysis, have low
efficacy for retracted clots or aged clots with low permeability (Carr and Hardin 1987; Blinc
et al. 1992; Kunitada et al. 1992; Blinc et al. 1994; Kirchhof et al. 2003; Sutton et al. 2013).
The 7-day retracted clots used in this study have Young's moduli similar to the /n vivo 3-6
day old rat clots, which were believed to turn from acute phase to chronic phase, similar to
human clots of 2 weeks of age (Xie et al. 2005). The results from this study support our
hypothesis that microtripsy thrombolysis remains effective for retracted clots, although the
treatment efficacy is reduced. Flow channels were generated through all retracted clots when
treated using microtripsy and restored flows were consistently observed. The reduced
treatment efficacy of microtripsy thrombolysis matched the observations of a previous study
by Vlaisavljevich et al, which showed decreased or no histotripsy fractionation for tissues of
increased mechanical strength (Vlaisavljevich et al. 2014). Vlaisavljevich's study also
showed that increasing tissue stiffness results in a significant decrease in cavitation bubble
expansion, leading to reduced strain to tissue and increased resistance to histotripsy-induced
tissue damage (Vlaisavljevich et al. 2015). Our elasticity measurement indicates a 5-times
higher Young's modulus for retracted clots compared to unretracted clots. In addition, the
retracted clots have a denser fibrin structure and less water, which increases the time needed
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for microtripsy to completely fractionate the increased number of fibrin fibers per unit
volume.

The results from the multi-focus and dual-pass treatments support the hypothesis that the
microtripsy thrombolysis treatment efficacy for retracted clot can be enhanced by electronic
focal steering. The multi-focus treatments showed a statistically significant improvement in
channel size from the single-focus treatments. With the electronic focal steering, the
treatment zone was covered by multiple cavitation foci. A wider flow channel and less
required dose per focus were achieved by using the multi-foci strategy. From Table 3, we
can see that the actual widths of channels generated by the multi-focus treatments matched
closely with what we expected for both 3 foci and 5 foci cases. For example, with 5 foci
side-by-side separated by 0.5 mm and each focus treated with 200 pulses, the flow channel
generated by the multi-focus strategy was expected to be 2.45 mm in width (channel width
of the 200-pulse single-focus strategy plus 4 times 0.5 mm separation, see Reference in
Table 3). The actual width of the flow channels generated by the 5 foci multi-focus
treatments was 2.41 mm, similar to the expected channel width. In comparison, the flow
channel generated by the 1000-pulse single-focus strategy was only 1.11 mm wide. The
height of the channel generated by multi-focus strategy was 2.00 mm, compared to 1.83 mm
channel height generated by the 1000-pulse single-focus strategy. However in some
treatments, two separate lesions were generated by the multi-focus strategy. The efficacy of
the multi-focus strategy was lowered by this two-lesion pattern. Cavitation memory effects
may be associated with the two-lesion pattern. As microtripsy pulses were applied with a
100 Hz PRF, a subsequent pulse arrived before the complete dissolution of the residual
bubble nuclei from the previous cavitation. The cavitation bubble cloud generated at the
proximal side of the focal region might prevent the incident acoustic energy from delivering
to the zone right below the proximal cavitation site, forming two discontinuous cavitation
clouds separated by a “dead” zone resulting in two separate lesions.

To further reduce the cavitation memory effects and eliminate the two-lesion pattern
encountered in the multi-focus strategy, a dual-pass multi-focus strategy was investigated.
With a larger effective separation (1 mm vs. 0.5 mm in the multi-focus strategy) between the
steered foci within one treatment pass, the influence of the residual nuclei from the previous
focus on the subsequent steered focus was reduced, which, in turn, helps fractionate the dead
zone between the two lesions observed in the multi-focus treatments. In addition to reducing
the cavitation memory effects, we hypothesize that the key to the dual-pass strategy is that
the first treatment pass created “pilot” holes for the second pass. The pilot holes provided
empty space and tissue-fluid interfaces for the cavitation in the second pass, and, therefore,
resulted in more active cavitation bubble expansions, complete fractionation of the dead
zone, and higher fractionation efficacy. The results show that the dual-pass treatments
achieved the best thrombolysis outcomes among the three strategies under the same
treatment time. The actual widths of channels generated by the dual-pass treatments were
even larger than the expected channel width based on the focal separation and size of the
lesion generated by the single-focus strategy and those generated by the multi-focus
treatments. The mean Agqss OF flow channel generated by the 2+3 foci dual-pass strategy
was over two times larger than that by the 5 foci multi-focus strategy, and over three times
larger than that by the 1000-pulse single-focus strategy.
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The results in this study suggest that the dual-pass microtripsy thrombolysis could be an
effective treatment option for /n vivo chronic, retracted clots and possibly for other dense
tissues, as the retracted clot is a good model for the chronic clot. Using this advanced
treatment strategy, the /in vitroretracted clots were recanalized successfully with a larger
opening. Compared with the other two treatment strategies, the dual-pass treatments
achieved much larger openings with the same treatment time. The treatment speed of our
noninvasive microtripsy approach is faster compared to current thrombolysis approaches.
The current clinical thrombolysis approaches include systemic thrombolytic drug infusion,
catheter-directed thrombolysis (CDT), and percutaneous mechanical thrombectomy (PMT).
The thrombolytic drug infusion and CDT treatments take from 24 to 56 hours (Goldhaber et
al. 1990; Kim et al. 2006) and some PMT treatments can be done within 1 to 3 hours (Popuri
and Vedantham 2011). For our approach, a retracted clot (chronic >14 days) with a length of
10 cm (Lip et al.) can be treated within 55 min. The treatment can be faster for unretracted
clots (acute < 14days) (Zhang et al. 2015c¢) and with parameter optimization for retracted
clots.

The debris particles generated from the dual-pass treatments were within the safe range and
showed no significant difference from those of the single-focus treatments. The largest
particle observed overall was 453 um. In mechanical thrombectomy procedures, clot
particles up to 1000 um are generated and no severe embolism has been reported from
human studies (Yasui et al. 1993; Uflacker et al. 1996; MULLER-HULSBECK et al. 2001).
In addition, according to the morphometry of the pulmonary arterial system reported by
Singhal et al. (Singhal et al. 1973), 500-um-level particles may only obstruct one arteriole of
order 9 which supplies only 0.016% of total capillary beds. The total number of debris
particles larger than 100 um from one dual-pass treatment was less than 20, which would not
be expected to cause massive pulmonary embolism.

This study shows that microtripsy is effective for retracted clots and that electrical steering
can enhance the treatment efficacy. Exploration of the effects of changing acoustic
parameters, particularly PRF and pressure, is needed to further improve microtripsy
thrombolysis. These parameters were not tested in this paper because our current setup
limits the range of PRF and pressure for testing. Future work will be conducted in this
direction to further improve the treatment efficacy. For example, increasing the treatment
PRF has the potential to further shorten the treatment time under the same treatment dose if
the cavitation memory effects can be reduced. Cavitation residual nuclei can be consolidated
to reduce cavitation memory effects by interweaving low pressure ultrasound pulses with
histotripsy pulses (Duryea et al. 2015). Another possible investigation to further reduce
cavitation memory effects would be to divide the treatment into more than two treatment
passes. Increasing the peak negative pressure can enlarge the lesion size (Lin et al. 2014;
Vlaisavljevich et al. 2015; Zhang et al. 2015c¢) and will be investigated with microtripsy.

Conclusion

After each treatment, regardless of the treatment strategy, a flow channel was successfully
generated through the retracted clot and flow was restored. Although the treatment efficacy
of the single-focus treatment on retracted clot was reduced, both the multi-focus and the
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dual-pass treatments incorporating the electronic focal steering showed significant
improvements in recanalized channel size when compared to the single-focus treatments.
Under the 5.5 min/cm treatment time, the channels generated by the single-focus, multi-
focus, and dual-pass treatment had cross-sectional areas of 1.11 + 0.27 mm?, 1.60 + 0.75
mm?, and 4.13 + 1.09 mm?, respectively. The restored flow rate for the dual-pass treatment
was 193.25 + 47.51 mL/min (max 324 mL/min). The debris generated during the dual-pass
treatments remained within a safe range. The results in this study show the potential of
microtripsy thrombolysis for retracted clot recanalization with the enhancement of electronic
focal steering and dual-pass strategy. Due to the much larger flow channels generated with
no extra treatment time, the dual-pass treatments were shown to be the most clinically
practical and effective among the three strategies.
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Figure 1.
Schematic diagram of the /n vitro flow model.
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Figure 2.
The vessel phantom was held by a 3D-printed frame and could be easily connected in line

with the flow model using tubing fittings. A 35% stenosis in the vessel phantom was used to
stabilize the clot so that it did not slip under pressure. The inner diameter was 4.2 mm on the
downstream side of the stenosis and 6.5 mm on the upstream side. A clot was inserted to the
upstream side of the stenosis as shown in the figure.
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Figure 3.
A clot was retracted in a hydrophilic glass tube after 7 days in 4°C incubation. The serum

extruded from the clot can be clearly distinguished.
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Figure 4.
The integrated microtripsy thrombolysis system is shown in the left picture. It consists of an

ultrasound imaging system, a microtripsy therapy system, and a motorized positioning
system. The ultrasound therapy transducer is shown in the middle. A linear imaging probe
was embedded at the center of the therapy transducer. The arrangement of the 18 elements in
the therapy transducer is illustrated in the right picture. (A = Axial, L = Lateral and E =
Elevational)
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Figure 5.
Pressure waveform of a microtripsy pulse. Because peak negative pressure larger than 20

MPa cannot be directly measured, this waveform was estimated by linearly summing the
directly-measured waveforms from 6 separate element groups (3 adjacent elements per

group).
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Figure 6.

Schematic diagrams of the three treatment strategies in the vessel phantom, with the solid
lines outlined the inner vessel lumen. The ellipses in the vessel lumen represent the
treatment foci. A illustrates the single-focus strategy. B and C illustrate the 3 foci and 5 foci
multi-focus strategies, respectively. D and E illustrate the 1+2 foci and 2+3 foci dual-pass
strategies, respectively. In D and E, the gray foci were treated in the first treatment pass and
the white foci were treated in the second treatment pass. (SI = Scan Interval, Sp = Separation
between foci).
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Figure 7.
One long retracted clot separated from the serum before being cut into 2-cm segments.
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Figure 8.
Representative histology sections of retracted (left) and unretracted (right) clots showing a

cross section (a, b) and 4x magnification (c, d). Stain: Hematoxylin and Eosin.
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Figure 9.
Representative ultrasound images of the cross sections of the flow channels generated using

the single-focus strategy in one unretracted clot (left) and one retracted clot (right). The
exact same treatment parameters (30 MPa P(-)_ s, 0.3 mm Scan Interval and 100 pulses per
treatment location) were used in both cases. The generated flow channels show as the
hypoechoic zones inside clots (indicated by the block arrow in the left image). Therapeutic
ultrasound propagated from the top to the bottom of the images.
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Figure 10.
Representative ultrasound images of the cross sections of the flow channels generated using

the single-focus strategy with different doses. The last image shows the flow channel
generated with a reduced scan interval (0.15 mm). The generated flow channels show as the
hypoechoic zones inside clots (block arrows). Therapeutic ultrasound propagated from the
top to the bottom of the images.
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Figure 11.
The mean cross-sectional area (A¢ross) Of the flow channels generated using the single-focus

strategy with different doses. The last bar shows the flow channel generated with a reduced
scan interval (SI =0.15 mm). (N =4 x 200).
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Figure 12.
Representative ultrasound images of the cross sections of the flow channels generated using

the single-focus strategy (left column), the multi-focus strategy (middle column) and the
dual-pass strategy (right column). The treatment times were 3.3 min/cm in the upper row
and 5.5 min/cm in the lower row. The generated flow channels show as the hypoechoic
zones inside the clot. Therapeutic ultrasound propagated from the top to the bottom of the
images.
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Figure 13.
The mean cross-sectional area (Across) Of the flow channels generated using the three

strategies under the two treatment times (3.3 min/cm and 5.5 min/cm). (N = 4 x 200).
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Restored flow rates of the three strategies under the two treatment times (3.3 min/cm and 5.5

min/cm). (N = 4).
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Figure 15.

The mean distributions of debris particles (3 to 10 pm) generated using the single-focus and
dual-pass strategies (N = 4 x 9). The volumes of the fluids collected from the restored flows
were recorded in all the treatments. And the volumes used for Coulter Counter
measurements were recorded as well. With this information, the number of the debris
particles was first converted to unit volume (mL) for each treatment. Then the mean
distributions for each treatment strategy were calculated and normalized by the maximal
peak among the mean distributions.
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Summary of the generated debris larger than 100 um using the single-focus and dual-pass

strategies

Table 2

Single-focus Treatments

Dual-pass Treatments

Treatments with particles >100 um 3outof8 4 outof8
Average No. of particles >100 um 1.67 11

Average Size of particles between 100 and 300 pm 117.57 ym 125.72 ym

Maximal Particle Size <300 pm 222.85 pym 189.75 pm

Particles >300 um None 1 (453 pm)
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