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This research aims to demonstrate a novel vortex ultrasound enabled endovascular thrombolysis method
designed for treating cerebral venous sinus thrombosis (CVST). This is a topic of substantial importance
since current treatment modalities for CVST still fail in as many as 20% to 40% of the cases, and the
incidence of CVST has increased since the outbreak of the coronavirus disease 2019 pandemic. Compared
with conventional anticoagulant or thrombolytic drugs, sonothrombolysis has the potential to remarkably
shorten the required treatment time owing to the direct clot targeting with acoustic waves. However,
previously reported strategies for sonothrombolysis have not demonstrated clinically meaningful
outcomes (e.g., recanalization within 30 min) in treating large, completely occluded veins or arteries. Here,
we demonstrated a new vortex ultrasound technique for endovascular sonothrombolysis utilizing wave-
matter interaction-induced shear stress to enhance the lytic rate substantially. Our invitro experiment
showed that the lytic rate was increased by at least 64.3% compared with the nonvortex endovascular
ultrasound treatment. A 3.1-g, 7.5-cm-long, completely occluded in vitro 3-dimensional model of acute
CVST was fully recanalized within 8 min with a record-high lytic rate of 237.5 mg/min for acute bovine clot
invitro. Furthermore, we confirmed that the vortex ultrasound causes no vessel wall damage over exvivo
canine veins. This vortex ultrasound thrombolysis technique potentially presents a new life-saving tool
for severe CVST cases that cannot be efficaciously treated using existing therapies.
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Introduction

Cerebral venous sinus thrombosis (CVST) is a pathologic blood
clot formation in the cerebral venous sinuses, one of the most
prevalent causes of stroke in young individuals [1,2]. The inci-
dence of CVST has been reported as being between 2 and
13 per million per year in Europe [3-5]. More recent research
reveals that the incidence of CVST is growing in the United
States [6]. Over the last decade, there has been mounting evi-
dence that early diagnosis and anticoagulant therapy minimize
the morbidity and mortality associated with CVST [7]. It is
common for CVST to lead to a breakdown of the blood-brain

Zhang et al. 2023 | https://doi.org/10.34133/research.0048

barrier and a drop in cerebral perfusion pressure, which results
in cerebral edema, local ischemia, and, in some cases, intra-
cerebral hemorrhage (ICH) [1]. Although most patients respond
favorably to existing treatments, some individuals fail to recover
or continue to worsen despite receiving the best available treat-
ments. The death rate for patients with CVST remains at approx-
imately 10%, with yet another 10% of individuals receiving poor
long-term prognoses [1]. Moreover, in contrast to most other
types of strokes, which typically occur in older people, patients
with CVST are much younger than the general population and
are frequently pregnant women or young mothers who have
recently given birth to a baby [1,8,9]. It is worth noting that a
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statistically significant rise in the occurrence of CVST has
indeed been reported during the coronavirus disease 2019 out-
break because of both the severe acute respiratory syndrome
coronavirus 2 disease and the consequence of some vaccina-
tions [10-18].

Currently, the 3 most common therapeutic options for CVST
are systemic use of anticoagulants or thrombolytic medicines,
decompressive craniectomy, and catheter-based endovascular
therapy [1,19,20]. According to a recent randomized study,
long-term anticoagulation failed to recanalize 33% and 40% of
the patients receiving intravenous heparin accompanied by
warfarin and dabigatran, respectively, despite the use of long-
term anticoagulation for at least 5 months [21]. Decompressive
craniectomy is a very invasive neurosurgical intervention con-
sisting of partial skull removal, which, although potentially
lifesaving, is often considered the last resource since it decom-
presses the edematous brain without addressing the underlying
problem (e.g., occlusive venous clot) [19]. Thrombolytic med-
ications such as tissue plasminogen activator (t-PA) destroy
blood clots by dissolving the cross-linked fibrin proteins that
form the structure of the clots [22]. Nevertheless, systemic
fibrinolytic medications are frequently inefficient, require
extended treatment periods (up to 16 h), and may result in
severe hemorrhage in as many as 55% of patients, with around
10% of those instances resulting in possibly fatal ICH [1,23-26].
There have been a variety of catheter-based devices that may be
used to treat clots in the target area, such as mechanical thrombec-
tomy and catheter-directed administration of thrombolytic
medicines. In severe CVST instances, mechanical thrombectomy
is becoming more popular [27].

However, existing endovascular techniques are insufficiently
successful because they are not specially intended to treat the
venous sinus, which has an average diameter of more than 3 times
greater than that of the intracranial arteries. Furthermore, those
techniques provide a high probability of severe consequences,
including vascular endothelial damage, which might result in
deadly ICH [24,28]. When thrombolytic medications are delivered
locally by catheter, the risks associated with systemic administra-
tion are reduced, and the drugs are more successful at delivering
into the clot region. Despite this, the effectiveness of this approach
is uncertain, and it is still associated with the concerns of ICH
[22,23,28,29]. According to a newly published randomized clinical
study, the inadequate efficiency of existing device technology is
vividly highlighted by a limited group of participants (n = 33)
compared to systemic anticoagulation (n = 34). Although endo-
vascular therapy has a favorable safety record, the trial could not
establish a therapeutic advantage [30]. The fact that preliminary
randomized studies using the early thrombectomy technique
failed to establish its effectiveness in arterial strokes, whereas later
studies with second-generation arterial thrombectomy were
resoundingly beneficial is noteworthy [31,32]. It is thus acceptable
to speculate that, with new technical improvements, venous
thrombectomy may one day be demonstrated to be advantageous
in properly selected patients.

To overcome these constraints and enhance effective throm-
bus breakdown without raising the danger of cerebral or sys-
temic hemorrhage consequences, ultrasound thrombolysis, also
known as sonothrombolysis, has been explored [33]. The pri-
mary mechanisms involved in sonothrombolysis are the radia-
tion force, acoustic streaming, and cavitation [34]. It has been
discovered that fibrinolytic medications and contrast-agent-
mediated ultrasound may speed up thrombolysis by increasing
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the transport of drugs into the clot [34-37]. To improve the clot
lysis efficiency, large aperture transducers were employed in
conjunction with multifrequency excitations to maximize the
acoustic cavitation effect [34,38-40]. Using a catheter-based ultra-
sound transducer (EKOS), a multicenter retrospective study found
that ultrasound combined with t-PA shortened infusion time
[41-43] and resulted in a higher rate of completely dissolving clots
for deep venous thrombosis therapy [44,45]. Sonothrombolysis
efficacy has been improved using microbubbles (MBs) and nano-
droplets combined with forward-viewing transducers [46,47].
Clinical trials on the treatment of acute myocardial infarction,
stroke, and deep vein thrombosis have demonstrated that ultra-
sound pulses with a high mechanical index (MI) and contrast
agents are capable of reperfusion by clot dissolution and blood
flow enhancement [48]. For instance, a recent study found that
patients who received sonothrombolysis had substantially higher
rates of reperfusion and asymptomatic intracerebral bleeding
than those who received only intravenous thrombolysis [49].
Moreover, ultrasound applications such as transcranial color-
coded duplex sonography and intravascular ultrasound have
been used to diagnose CVST in recent years [50-52]. However,
there is currently no endovascular ultrasound catheter that can
be used for CVST treatment because of the extended treatment
period (>15 h) and the high t-PA dosage used (10 to 20 mg)
[53], as well as the challenges related to the navigation into the
more tortuous intracranial vessels. In addition, conventional
sonothrombolysis therapies, mainly based on the mechanism
of cavitation effects, often require a high peak negative pressure
(PNP), which may be unsafe and challenging to accomplish in
endovascular sonothrombolysis [54]. In this context, there is an
unmet medical need for a thrombolysis strategy that can provide
local, effective, and rapid lysis of various types of clots, such as
large acute clots and completely occluded clots, while minimizing
damage to the vessel and surrounding tissue, as well as many other
medical symptoms related to high doses of drugs for CVST care.

Vortex ultrasound (also known as acoustic orbital angular
momentum) is a form of the acoustic wave that propagates across
space with a helical wavefront that rotates as it moves through
the space [55]. Many acoustofluidic technologies have been devel-
oped on the basis of vortex acoustic waves to manipulate fluids
and particles in a contact-free and biocompatible manner [56-58].
For example, acoustic tweezing techniques based on acoustic
vortices can manipulate bioparticles across a broad range of size
[59-61]. The vortex-ultrasound-induced shear force has the
potential to break down clots safely and improve the efficacy of
thrombolysis. The objective of this work is to demonstrate the
endovascular vortex ultrasound (EVUS) thrombolysis (Fig. 1A)
for safe and effective CVST treatment to achieve a substantial
breakthrough in addressing the unmet medical sonothrombolysis
challenges mentioned above [46,47]. A 2 by 2 array of 4 small-
aperture, low-frequency (1.8 MHz) piezoelectric transducers
(Fig. 1B), each with a forward-viewing surface that is shifted by
a quarter wavelength along the wave propagation direction, can
be patterned in this manner to produce a physical helical wavefront
(Fig. 1C). The transducer array was assembled into a 9-French
catheter (with the diameter of about 3.0 mm) combined with a
lumen for cavitation agents and drug delivery (Fig. 1B). This
study demonstrates for the first time that the vortex ultrasound
mediated by the MBs induces localized shear stress to the blood
clot (Fig. 1D) that is expected to increase the sonothrombolysis
rate significantly. This new EVUS system enables effective and
rapid treatment of large acute and fully occluded clots, thereby
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Fig.1.High-speed endovascular sonothrombolysis with vortex-ultrasound-induced shear stress. (A) The schematic view of the sonothrombolysis process with a vortex ultrasound
transducer. The vortex ultrasound transducer is installed in a 9-French catheter and inserted into the blood vessel with a blood clot. The MB cavitation agents are injected
through a drug delivery lumen of the catheter. The blood clot breaks up under the shear stress and cavitation effects of vortex ultrasound. (B) The prototype of the developed
vortex transducer and nonvortex transducer installed in a 9-French catheter with drug delivery lumen. (C) The measured acoustic pressure map for vortex and nonvortex
transducer. The phase map of the vortex transducer shows the swirling shape, and the nonvortex transducer only shows one circular shape. (D) The COMSOL calculated shear
stress distribution in the blood clot along the azimuthal direction under the exposure of vortex and nonvortex ultrasound stimulation. The vortex ultrasound induces about

4-fold greater peak shear stress inside the blood clot than the nonvortex ultrasound.

significantly reducing damage to the vessel and surrounding tis-
sue and shrinking the size of clot debris, reducing the risk of
recurrent and distal embolisms.

Results

Vortex ultrasound transducer

In this study, we leveraged the multilayer forward-viewing ultra-
sound transducer technology to develop a vortex ultrasound
transducer array (Fig. 1B) to generate the helical wavefront (Fig.
1C). The 4 transducers were attached to an epoxy base contain-
ing air bubbles with a quarter wavelength (0.21 mm) step between
neighboring transducers to form a 2 by 2 helical-patterned
transducer array (Fig. S1A) for vortex ultrasound generation.
Each transducer had an aperture of 0.8 X 0.8 mm” and a
longitudinal-excitation-mode resonance frequency of 1.8 MHz.
Air bubbles were introduced into the epoxy substrate to improve
the acoustic contrast on the rear sides of the transducers and
the forward ultrasonic emission. The transducer array prototype
had an overall aperture of about 1.65 X 1.65 mm”. For MB and
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lytic agent distribution, a 9-French 2-lumen catheter was used
in conjunction with a duct channel explicitly designed for this
purpose. Using a calibrated hydrophone, we measured the emit-
ted acoustic pressure field of the prototyped transducer array.
A pressure field was generated using a 60-V,, (peak-to-peak)
input voltage and was measured both in amplfitude and phase
at a distance of approximately 1.5 wavelengths (1.2 mm) away
from the transducer array (Fig. 1C). Noticeably, the pattern in
the pressure amplitude was toroidal-like, as predicted for an
acoustic vortex beam, and a spiral pattern was observed in the
pressure phase. The vortex ultrasonic beam (insonation zone)
diameter at —6 dB is about 2.3 mm, and it is predicted to be
broader downstream because of diffraction as it propagates. The
peak MI, a metric of measuring ultrasound bioeffects defined
by the ultrasound beam’s PNP divided by the square root of the
operating frequency, achieved in the near field (0.5 wavelengths)
of the transducer array is approximately 1.5, below the Food
and Drug Administration’s MI limit of 1.9 [62]. It is expected
to be approximately 0.9 at about 1.5 wavelengths, which is
sufficient to cause MB-mediated cavitation for enhanced
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sonothrombolysis while remaining safe for intravascular operation
[46,47]. Compared to vortex ultrasound’s spiral propagation
pattern, an array of transducers with a flat front viewing surface
generates a standard Gaussian beam profile (Fig. 1C), with the
peak pressure amplitude located in the middle of the beam.

One of the most prominent advantages of vortex ultrasound
is the strong in-plane pressure gradient that creates a rotational
shearing stream in fluids [63] and considerable shear stress in
the interacting solids when applied [64,65]. For rapid and safe
CVST therapy, the induced shear stress in blood clots loosens
and breaks the fibrins, increasing the sonothrombolysis rate
and decreasing the necessary treatment time and lytic agent
dosage. Numerical calculations performed using COMSOL
Multiphysics revealed that the vortex ultrasound transducer
induced larger shear stress along the azimuthal direction than
conventional plane waves produced by nonvortex ultrasound
transducer (Fig. 1D). On the basis of the simulation results, the
Reynolds shear stress of the shear flow is around 80 dyne/cm?,
which is close to the shear stress level in arterials vessels (10 to
70 dyne/cm?), but is about 10-fold larger than the shear stress
in the venous vessels (1 to 6 dyne/ cm?) [66-68]. This shear
stress is much lower than the lowest recorded hemolysis thresh-
old of 2,500 dyne/cm” in magnitude [69], which is confirmed
by our hemolysis tests (Fig. S8). Thus, the shear stress induced
by the vortex ultrasound has no potential to cause damage to
the blood cells.

In vitro vortex sonothrombolysis
Because CVST is often associated with clots that are just a
few hours to a few days old [70], termed acute to subacute clots,
our in vitro studies were performed to determine the rate of
sonothrombolysis of acute clots using the prototyped vortex
ultrasound transducer. A comparison of in vitro thrombolysis
therapy outcomes between nonvortex and vortex ultrasound
transducer treatment was shown in Fig. 2. The results illustrate
the clot reduction during the treatment in 5-min intervals (Fig.
2A), and the vortex transducer shows a significantly higher clot
lysis speed than the nonvortex transducer for 30 min of sono-
thrombolysis treatment. Following the treatment, the residual
blood was washed out with saline (Fig. 2B) to compare the
results of nonvortex and vortex ultrasonic treatments performed
at the same push-through force level (0.056 + 0.021 N; feed-in
speed, 1.66 mm/min). As indicated by the horizontal white
dashed lines, the vortex transducer recanalized the whole length
of the 50-mm acute clot, but the nonvortex transducer achieved
less than 50% of clot lysis within the 30-min treatment period
and did not recanalize the blood vessel phantom (Fig. 2A).
Moreover, the top and bottom cross-sections of blood clots
(Fig. 2B) from the vortex treatment showed that the vortex
transducer created an opening in the clot with a width of 3.6 +
0.3 mm. To determine the clot lysis rate for each case, we meas-
ured the clot mass both before and after the treatment. For the
percent mass reduction of the clot, the nonvortex transducer had
alysis rate of 1.57%/min, and the lysis rate of vortex-transducer-
based thrombolysis was measured to be about 2.45%/min,
showing a significant increase of 1.56-fold rate over the
nonvortex transducer (Fig. 2C). Comparing clot lysis speed, the
nonvortex-transducer-based thrombolysis yielded an absolute
lysis rate of 32.8 mg/min. In contrast, the vortex transducer had
an absolute lysis rate of 53.9 mg/min, suggesting a significant
increase of 64.3% with the vortex sonothrombolysis (Fig. 2D).
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The vortex and nonvortex transducers were operated with
an 80-V,, input voltage (PNP, 3.24 + 0.19 MPa), a duty cycle
of 7.5%, and a pulse repetition frequency (PRF) of 10 kHz based
on the optimized parameters. A relatively low duty cycle
(~7.5%) was applied for the safety consideration in this work.
The temperature increased around 0.4 °C for 30-min treatment
(Fig. S12), and the hematoxylin and eosin (H&E) histology
(Fig. S6) results showed no damage over the vessel structure.

In vitro parameter optimization

Next, we performed the in vitro parameter study to optimize
the ultrasound input parameters for efficient sonothrombolysis
with a vortex ultrasound transducer (Fig. 3). First, the different
input voltages with fixed PRF (200 Hz) and duty cycle (5%)
were used as the input factor for the vortex ultrasound trans-
ducer treatment. The result showed that the percent mass
reduction of the clot significantly increased from 33.7% to
85.6% with the increasing input voltage from 20 to 100 V, (Fig.
3A). In addition, the clot lysis speed significantly increased
from 23.5 mg/min to 59.7 mg/min as the input voltage increased
from 20 to 100 V,,, (Fig. 3D). Our earlier study demonstrated
that greater input voltages could result in higher PNP and MI
[46]. However, to keep the ultrasound transducer operating
within a safe voltage range, 100 V,,, was applied as the maxi-
mum input voltage due to the ultrasound transducer material
limitation (45% of the AC depoling voltage for PZT-5A ceramics).
For the safety of the treatment [71], 80 V,,, was selected as the
optimal input voltage for this study.

Different duty cycles with fixed input voltage (60 V) and
PRF (200 Hz) were tested (under same PRF but different burst
cycles) as the next input factor for optimizing vortex ultrasound
transducer treatment. The results illustrated that the percent
mass reduction of the clot significantly increased from 42.6%
to 79.2% when the duty cycles increased from 2.5% to 10% (Fig.
3B). The clot lysis speed also increased considerably from 29.1
to 54.1 mg/min as the duty cycles increased from 2.5% to 10%
(Fig. 3E). Since higher duty cycles (>10%) may induce addi-
tional safety risks such as heating effects [72], a duty cycle at
7.5% was selected as the optimal duty cycle for this study.

Third, we tested different PRFs with fixed input voltage
(60 VPP) and duty cycle (5%) (under same duty cycles but different
burst cycles) to optimize this input factor. The results demon-
strate that the percent mass reduction of the clot first signif-
icantly decreased from 77.8% to 59.4% with the increase in
PRF from 10 to 100 Hz and later significantly increased from
66.8% to 79.3% with the increase in PRF from 200 to 10 kHz
but then dropped dramatically to 59.5% when PRF further
increased to 100 kHz (Fig. 3C). Similar trends can be found
in the clot lysis speed when the PRF is varied from 10 Hz to
100 kHz (Fig. 3F). The 10-Hz and 10-kHz cases outperformed
other cases, which was possibly correlated with the timing of
MBs’ intact traveling, oscillations, and ruptures. We selected
10 kHz for further tests since a previous study showed that
the combination of “short-burst cycles and higher PRF” sup-
pressed ultrasound-induced heating compared to the combi-
nation of “long-burst cycles and lower PRF” while maintaining
the same duty cycle [72].

Next, the different feed-in speeds were tested as the input
factor. Feed-in speed is the rate at which the catheter was pushed
through the occluded vessel. This study revealed that the percent
mass reduction of the clot significantly increased from 49.8% to
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79.6% when feed-in speed decreased from 10 to 1.66 mm/min
(Fig. 3G). However, the clot lysis speed significantly decreased
from 302.9 to 55.4 mg/min as the feed-in speed decreased from
10 to 1.66 mm/min (Fig. 3H). Although higher feed-in speed
would significantly increase the clot lysis speed, it may also cause
safety issues such as the large clot debris induced by fast mechan-
ical push-through force. Therefore, the push-through force was
measured under different feed-in speeds to determine the opti-
mized parameter. These experiments demonstrated that the
push-through forces with vortex ultrasound were about 4 times
lower than the control group (without ultrasound) with different
feed-in speeds (Fig. 3I), which proved the effectiveness of vortex
ultrasound treatment. By overall consideration of the percent
mass reduction (Fig. 3G) and clot lysis speed (Fig. 3H) while
minimizing the induced push-through force (Fig. 3I), the feed-in
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speed of 3.33 mm/min was selected as the optimal parameter
for this study.

Cerebral venous sinus 3D model

An in vitro cerebral venous sinus 3-dimensional (3D) phantom
flow model with an average sinus diameter of 10 mm was used
to test the performance of the vortex transducer in treating
CVST. The results showed that the completely occluded blood
vessel was recanalized in only 8 min of treatment with a vortex
ultrasound transducer (Fig. 4 and Movie S1). The measured
clot mass before (3.1 + 0.3 g) and after (1.2 + 0.4 g) the treat-
ment indicated that the vortex ultrasound transducer could
achieve a high clot mass reduction rate (7.66%/min) and clot
lysis speed (237.5 mg/min) in 8-min treatment, which is the
significantly higher thrombolysis rate than the recent t-PA-free
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feed-in speeds. (I) The measured blood clot push-through force with different catheter feed-in speeds. The solid bar data present the vortex ultrasound treatment group. In
contrast, the dashed bars denote the control group, which was only injected with saline without vortex ultrasound treatment. (*P < 0.05, *#P < 0.01,n = 3)

endovascular sonothrombolysis (1.3% to 2.5%/min, 2 to
4.6 mg/min) [46,47,73-75]. Moreover, the clot debris analysis
revealed that most of the clot debris particle sizes were less than
100 pm (Fig. S5), which indicated a low risk of dangerous
embolus formation. The histology results of the bovine blood
vessel wall cross-sections after operating the catheters of the
vortex, nonvortex, and control groups (Fig. S6B, C, and D,
respectively) and pixel comparison results (Fig. S6E) confirmed
the safety of the surrounding vessel and tissues of the vortex
ultrasound treatment.
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Discussion

Here, we demonstrate a novel EVUS system with a small aper-
ture array that generates vortex ultrasound with a helical pat-
tern to induce localized shear stress in the blood clot, which
dramatically accelerates sonothrombolysis and lowers the nec-
essary drug dose and MI for clot dissolution in an in vitro
3D model of acute CVST. This device was the first to incorpo-
rate the novel contrast-agent-mediated vortex ultrasound for
clot-dissolving technology into a 9-French catheter device
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Fig. 4. The 3D phantom study of invitro sonothrombolysis with vortex ultrasound transducer treatment. (A) Diagram of the cerebral venous sinus 3D phantom model with
blood vessels labeled as well as the position of the blood clot, which runs along the superior sagittal sinus into the transverse sinus. The transducer starts in the transverse
sinus. An outline of a human head and neck is included in the diagram, as indicated by the blue dashed line, to orient the position of these vessels invivo. (B) A time lapse of
the blood clot treatment (clot length, 75 + 3 mm; clot age, 1 h; treatment time, 8 min; vortex ultrasound transducer input factors; 80-V,, operating voltage; 7.5% duty cycle;
frequency, 1.8 MHz; PRF, 10 kHz). Scale bars, 10 mm. The blood flow direction is marked by the thick black arrows in the final panel. The flow is driven by a pressure applied

before and during the treatment to mimic the invivo environment. The location of the vortex transducer catheter tip is marked by the black circle in each panel.

to demonstrate the remarkably increased lytic efficiency and
safety over existing thrombolysis approaches.

There is no endovascular thrombolysis technology currently
available to treat severe CVST effectively. Therefore, this study
developed a unique endovascular forward-viewing ultrasound
transducer array with a helical pattern to generate vortex ultra-
sound in the cerebral venous sinus. For illustration, a 2 by
2 array of 4 multilayer stacked transducers (Fig. S1A) with
resonance frequency at 1.8 MHz, with the forward viewing
surfaces of neighboring transducers shifted by a quarter wave-
length, has been used to induce a physical ultrasound phase
delay, which is required to generate the helical wavefront of
vortex ultrasound.

The vortex ultrasound produces an in-plane pressure gradi-
ent, which causes localized shear stress in the blood clot. The
localized shear stress and cavitation-induced (Fig. S7) micros-
treaming significantly accelerate fibrinolysis in the clot, increas-
ing the sonothrombolysis rate while simultaneously decreasing
the medication dosage, PNP, and treatment duration. We
hypothesize that the vortex-ultrasound-induced shear stress
acts directly parallel to the clot front surface and mechanically
disrupts the clot fibrin networks layer by layer to dissolve the
clot more efficiently (Fig. S9). Besides, the shear stress induced
by the vortex ultrasound loosens the clot structure, which
improves the delivery of MBs and the lytic agent into the CVST.
It should be pointed out that the induced shear stress would not
present a hemolysis concern since the Reynolds shear stress of
the shear flow is approximately 80 dynes/cm” from the simula-
tion, which is significantly less than the lowest known hemolysis
threshold (2,500 dynes/ cm?) [69]. Besides, the in vitro hemol-
ysis test results showed that the plasma-free hemoglobin level
was about 5.7 to 23.4 mg/dl for 5- to 30-min treatment with
vortex ultrasound and MBs (Fig. S8) , which was significantly
lower than the clinical signs of hemolysis (>40 mg/dl) [76] and
treatment results from other technologies such as OmniWave
(228 mg/dl), histotripsy (348 + 100 mg/dl) [77], and AngioJet
(1367 mg/dl) [78]. For the first time, a low-frequency (1.8 MHz),
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safe (ML, 0.5 to 1.5) vortex ultrasound beam was employed to
achieve quick and safe catheter-directed CVST sonothrombol-
ysis using a vortex ultrasound beam. Therefore, this study devel-
oped a unique, highly efficient, and safe sonothrombolysis
approach as preclinical research, which will fulfill the therapeu-
tic demands of patients with totally blocked, massive CVSTs in
the future.

The other parameters that need to be considered in the future
study are as follows: (a) Concentration of MBs: Concentration
varied from 10° to 10" MBs/ml will be used for transducer oper-
ation parameters optimization. (b) Flow rate for MBs injection:
Flow rate varied from 10 to 200 pl/min will be used for the
proposed transducer tests [which corresponds to approximately
100- to 5-min treatment durations, respectively; to stay within the
indicated clinical doses (10 pl/kg) of DEFINITY contrast agent
for a 100-kg patient]. (c) Shear stress: The vortex-ultrasound-
generated shear stress will be measured by the deformation of
clot mimicking phantom gel on a micro strain gauge sensor.
The operation parameters with the optimal shear stress will be
chosen for high sonothrombolysis efficacy. (d) t-PA dose: t-PA
concentration varied from 0.1 to 100 pg/ml will be used for
t-PA-mediated vortex ultrasound thrombolysis.

Many previous studies have shown that t-PA-mediated
sonothrombolysis could significantly improve the clot lysis
rate [47,79,80]. The main mechanism was based on stable cav-
itation, inertial cavitation, microstreaming, and acoustic radi-
ation force to temporarily loosen fibrin clots and increase the
diffusion of thrombolytic drugs into the blood clot [34,81,82].
For the shear-stress-induced thrombolysis, early study has
discovered that an increase in shear rate generally promotes
fibrin dissolving and that fibrin degraded by plasmin is abruptly
dismantled by shear forces during the earliest stages of solu-
bilization [83]. Prior research has demonstrated that the clot
lysis rate is increased under higher shear stress (41 dyne/cm?)
due to the increased delivery and refilling of drugs on the front
surface of the clot, diffusion through the fibrin networks, and
mechanical disruption of its 3D structure [84]. Moreover, the
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shear stress induced by vortex ultrasound can be used to acti-
vate the shear-activated nanotherapeutics for targeted throm-
bolysis [85]. The combination of a vortex ultrasound platform
with thrombolytic drugs such as t-PA is therefore anticipated
to considerably enhance thrombolysis efficacy and will be
investigated in future research.

The safety and efficacy need to be validated with more
pre-clinical in vivo thrombolysis test before the clinical trans-
lation. To demonstrate the in vivo thrombolysis efficiency and
safety of this platform, a swine CVST model with a vessel size
(~6 mm) that mimics the size of the cerebral venous sinuses in
humans (5 to 10 mm) will be developed in future study. How-
ever, there are some challenges that need to be addressed. For
example, the effects of vortex ultrasound on the surrounding
brain tissue and vascular wall and the recanalization efficacy
need to be explored. The performance and bio-effects of clot
disruption must be examined. The histological evaluation pro-
cess and staining of the vascular injury should be established.
For instance, microscopic examination of vein wall sections by
H&E and Masson's trichrome stain should be used to assess
cellular morphology and collagen deposition, respectively. Be-
sides, any structural damage, hemorrhage, or inflammation of
the vein wall needs to be examined. Moreover, the transducer
design and catheter development need to be improved on the
basis of the in vivo test results.

In summary, we described a novel vortex transducer tech-
nology specifically designed for the treatment of CVST. The
developed vortex transducers showed an absolute lysis rate of
53.9 mg/min without parameter optimization, which is 64.3%
higher than the lysis rate of nonvortex transducers (32.8 mg/
min) at the same push-through force level. For the optimized
case, the improvement is expected to be even more remarkable.
We demonstrated that the vortex ultrasound transducer could
potentially fully recanalize the completely occluded acute
CVST in vitro within 8 min of treatment and achieve a record-
high clot lysis speed (237.5 mg/min). In severe cases of CVST
and in patients with massive, fully blocked venous clots and
who cannot be effectively treated with medications that are
currently available, the vortex ultrasound thrombolysis tech-
nology may become a lifesaving treatment in the future.
Additional studies using a novel CVST animal model are
planned.

Methods

Transducer design

The azimuthal polar coordinate of each transducer element is
used to construct the vortex ultrasound transducer array to
establish the suitable acoustic phase delay of each transducer
element. The acoustic phase delay (¢) of an element with an
in-plane azimuthal polar coordinate 6 is provided by ¢ = [0 to
create vortex ultrasound with topological charge I (a quantity
that represents the angular momentum carried by the vortex
wave) [86,87]. Topological charges of greater magnitude sug-
gest the presence of a vortex wave with higher angular momen-
tum and a larger aperture [86]. The 2 by 2 transducer array
design (Fig. S1) can produce vortex ultrasound with [ = +1,
allowing us to achieve the minimum aperture size possible with
this configuration. In this scenario, the acoustic phase delay
between adjoining transducers is /2, which corresponds to a
quarter wavelength shift in their forward viewing surfaces when
compared to one another. By employing the epoxy base, it is
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possible to align the 4 components with a quarter wavelength
(0.21 mm for 1.8 MHz) shift between the forward viewing sur-
faces of adjoining transducers to achieve the desired result.

Transducer fabrication

The fabrication procedure for the proposed transducer arrays
is shown in Fig. S2. In this study, 2 piezoelectric plates (for
example, PZT-5A, with an area of 6 X 6 mm” and thickness of
200 pm) were bonded together using steel-reinforced epoxy
(82658, J-B Weld Company, Sulphur Springs, TX, USA) with a
thickness of around 20 pm. A quarter-wavelength matching
layer composed of an alumina powder/epoxy bond combination
with an acoustic impedance of 5 to 6 MRayls was added to the
front side of the device. An air bubble/epoxy composite backing
was applied on the backside of the piezoelectric plates with a
thickness of about 6 wavelengths (1.5 mm). By lapping with the
backing layer, the aperture height of 4 piezoelectric multilayers
that were integrated with the matching and the backing varied
by a quarter wavelength. The bonded stacks were diced for an
element aperture of approximately 0.8 X 0.8 mm® (DISCO 322,
DISCO Hi-Tec America Inc., San Jose, CA), yielding 4 multi-
layered stacks with varying aperture heights. The multilayered
stacks were bonded using an electrically nonconductive alumina/
epoxy composite. After utilizing epoxy to isolate unnecessary
electrodes, the transducer electrodes were connected with a
coaxial cable (5381-006, AWG 38, Hitachi Cable America Inc.,
Manchester, NH). The piezoelectric transducers were combined
into a 2-lumen flexible catheter with a 9-French diameter; one
lumen guided the transducer, while the other served as a flow
channel for administering drugs and contrast agents. The catheter
was composed of polyethylene, which allowed the 9-French
catheter to be flexible enough to be directed into the cerebral
venous sinus during the procedure.

Transducer characterization

Following fabrication, the electrical impedance spectrum (Fig.
S10) was examined by measuring the resonance frequency of
the device using an impedance analyzer (Agilent 4294 A preci-
sion impedance analyzer, Agilent Technologies Inc., Santa
Clara, CA, USA). The average electrical impedance of vortex
transducer was about 200 € at 1.8 MHz measured in air and
210 Q measured in water. The average electrical impedance of
nonvortex transducer was about 195 Q at 1.8 MHz measured
in air and 205 Q measured in water. The average dielectric loss
at 1 kHz was about 10.25 mU for vortex transducer and 10.48 mU
for the nonvortex transducer. The average capacitance was
about 474.8 pF for vortex transducer and 468.15 pF for the
nonvortex transducer. Using a calibrated needle hydrophone
(HNA-0400, ONDA Corp., Sunnyvale, CA), the transducer
array was installed on a computer-controlled 3-axis transla-
tional stage (Anet A8, Anet Technology Co. Ltd., Shenzhen,
China) to characterize the acoustic waveform and pressure
output (Fig. S3). Using a function generator (33250A, Agilent
Technologies Inc., Santa Clara, CA), a sinusoidal pulse with 10
cycles every 10 ps was sent to an RF power amplifier (75A250A,
AR, Souderton, PA). The signal was amplified before being sent
into the developed transducer. The pulse-echo test was con-
ducted using a square wave pulser/receiver (Olympus 5077PR,
Olympus NDT Inc., Waltham, MA) (Fig. S11). The measured
—6-dB bandwidth was 39.56% for the vortex transducer and
40.52% for the nonvortex transducer.
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Acute clot preparation

Bovine blood was used to prepare the acute clot in a manner
similar to our previous study [46,47]. Initially, anticoagulated
bovine blood (Lampire Biological Laboratories, Pipersville, PA,
USA) containing acid citrate dextrose was combined with
2.75% calcium chloride (Thermo Fisher Scientific, Fair Lawn,
NJ, USA) in a 10:1 ratio (100 ml of blood/10 ml of CaCl,) to
form the blood mixture. Next, the blood mixture solution was
added to the polydimethylsiloxane (PDMS) channel (diameter,
7 mm) to form the acute blood clots (length, 50 + 3 mm; diam-
eter, 7 + 0.5 mm). For the 3D phantom in vitro study, the blood
mixture solution was injected into the 3D phantom channel to
form the acute clot. Finally, the acute blood clots were incu-
bated in the water bath (PolyPro Bath, Model RS-PB-100, USA)
at 37 °C for one hour before use.

MB preparation

The MBs were prepared in-house as described in previous stud-
ies [46,88,89]. Briefly, lipid mixtures were created by combining
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-methoxy
(polyethylene-glycol)-2000 (DSPE-PEG2000) at a 9:1 molar ratio
(Avanti Polar Lipids, Alabaster, AL, USA) in a solution that also
included propylene glycol at a concentration of 15% (v/v), glycerol
at a concentration of 5% (v/v), and phosphate-buffered saline at
aconcentration of 80%. After that, aliquots of lipid solution measuring
1.5 ml each were transferred to glass vials measuring 3 ml, and
the air headspace in each vial was replaced with decafluorobutane
gas (Fluoromed, Round Rock, TX, USA). MBs containing deca-
fluorobutane gas cores and phospholipid shells may spontane-
ously develop when agitation using a Vialmix device (Lantheus
Medical Imaging, N. Billerica, MA, USA) is performed. Single-
particle optical methods (Accusizer 780, Particle Sizing Systems,
Santa Barbara, CA, USA) were used to assess the concentration
of MBs and their diameter. The average size of the MBs was 1.1 pm,
and their concentration was 10'°/ml in each vial. The MBs solu-
tion was then diluted into 10°/ml for each in vitro test.

In vitro test preparation

For each in vitro treatment experiment, the acute blood clot
was placed inside the PDMS channel. As shown in Fig. §4, the
PDMS channel was fixed on the balance (SPX123, OHAUS,
Parsippany, NJ, USA) that was connected to a computer for the
push-through force measurement in real time. A 3D motion
stage was used to control the catheter feed-in speed to maintain
the distance between the clot and vortex ultrasound transducer,
about 1.0 mm within the focal zone. The vortex ultrasound
transducer was powered by a radio frequency power amplifier
(amplify ratio, 53 dB; model: 75A250A, AR Inc., Souderton,
PA, USA), while the input sine wave signal was generated by a
function generator (model: 332504, Agilent Technologies Inc.,
Loveland, CO, USA). The vortex and nonvortex transducers
were operated with an 80-V  input voltage, a duty cycle of
7.5%, and a PRF of 10 kHz. The input voltage, duty cycle, PRE
and feed-in speed for the optimal parameters study may vary
according to the different experimental conditions. The MB
solution with a concentration of 10°/ml was delivered through
the catheter using a microfluid pump (DUAL-NE-1010-US,
New Era Pump Systems Inc., Farmingdale, NY, USA) with an
infusion rate of 0.1 ml/min. A clot sample with a length of about
50 + 3 mm and a weight of about 1.6 + 0.4 g was employed for
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each test. The length of the remaining clots was measured every
5 min for a total of 30 min. Following the treatment, the lysis
rate and speed were computed, and the channel width was eval-
uated to compare the efficacy of the vortex and nonvortex
transducers in terms of channel width. The temperature vari-
ation in the clot area was measured by a thermocouple (Type
K, Omega Engineering Inc, CT, USA) connected to a data
acquisition module (OM-DAQ-USB-2401, Omega Engineering
Inc, CT, USA) under 1-Hz sampling rate. The results showed
that the temperature increased only ~0.4 °C during the 30-min
treatment (Fig. S12). For the in vitro 3D phantom experiment
(Fig. 4), an acute blood clot (diameter, 10 + 2 mm,; length, 75
+ 3 mm) was incubated in the phantom channel. The 3D
printed phantom channel was filled with saline and maintained
at a temperature of 37.5 + 0.5 °C. The saline was pumped from
the reservoir to the 3D phantom venous flow model using a
peristaltic pump, and a valve was utilized to modify the inlet
flow speed and liquid pressure. The fluid pressure was measured
with a digital pressure gauge and maintained at 50.3 mm H,O
by regulating the pumping speed and valve before the flow
channel. The flowing outlet of the phantom channel was con-
nected to a small water reservoir to collect the saline-containing
clot fragments following thrombolysis treatment.

Vessel wall damage study
To evaluate the vessel damage caused by sonothrombolysis treat-
ment, we performed the ex vivo safety tests with vortex and
nonvortex transducer using the Canine jugular veins (NC State
College of Veterinary Medicine, Raleigh, USA). Before usage,
canine jugular veins veins were kept in cold phosphate-buffered
saline, and then the vessels were cleaned and trimmed to approxi-
mately 1 cm in length (Fig. S6A). After the split and mounted
in a water tank with degas water, samples were treated in 3 groups
with nonvortex ultrasound + MBs and vortex ultrasound +
MBs, respectively. Each test takes 30 min with the standard ultra-
sound parameters for the sonothrombolysis. Another untreated
sample from the same jugular vein was picked as the control group.
The treated vessels were then clipped to isolate the region of
excitation and fixed in formalin for histological examination.
H&E staining was performed for the 3 groups of samples.
Three mirrored cross-sections were obtained for the sample at
100 um (Fig. S6). After that, the slides were scanned using the
EVOS FL Auto system (EVOS FL Auto Imaging System, Life
Technologies Corporation, Carlsbad, USA) with 20x magnifica-
tion. For each group, 6 regions were randomly selected along with
the cross-sectional view, and different pixels were picked with a
binary threshold. The pixel ratios representing the red color and
white color were averaged and compared for the 3 groups.

Clot debris study

To evaluate the clot debris induced by sonothrombolysis treat-
ment, we collected the blood solution contained with clot
debris after each treatment. The blood solution was filtered with
nylon plastic mesh sizes of 100 and 50 pm (Fig. S5). After being
dried for at least 24 h, the meshes were examined under the
microscope, and the clot debris particle size was estimated by
Image]J software (Rasband WS, Image]J, US National Institutes
of Health, Bethesda, MD, USA). A one-way analysis of variance
(ANOVA) was conducted for statistical significance in clot
particle diameter and variances, with a significance level of 0.05
used to determine statistical significance.
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