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Abstract

Impact Statement

Photo-mediated ultrasound therapy (PUT) is a
newly developed therapeutic technology. This
technology has the potential to treat several
diseases such as diabetic retinopathy, age-
related macular degeneration, port-wine stains,
and deep-vein thrombosis. Several experimental
and numerical studies were conducted in the last
decade to advance the PUT. This article briefly
summarizes the therapeutic effects observed during
the in vivo studies and the working mechanisms
of PUT investigated through numerical and in
vitro studies. The challenges in clinical translation
of PUT and PUT-based technologies are also
discussed. Therefore, this mini-review will foster

Photo-mediated ultrasound therapy (PUT) is a novel therapeutic technique based
on the combination of ultrasound and laser. The underlying mechanism of PUT
is the enhanced cavitation effect inside blood vessels. The enhanced cavitation
activity can result in bio-effects such as reduced perfusion in microvessels. The
reduced perfusion effect in microvessels in the eye has the potential to control the
progression of eye diseases such as diabetic retinopathy and age-related macular
degeneration. Several in vivo studies have demonstrated the feasibility of PUT in
removing microvasculature in the eye using rabbit eye model and vasculature in
the skin using rabbit ear model. Numerical studies using a bubble dynamics model
found that cavitation is enhanced during PUT due to the dramatic increase in size
of air/vapor nuclei in blood. In addition, the study conducted to model cavitation
dynamics inside a blood vessel during PUT found stresses induced on the vessel
wall during PUT are higher than that at normal physiological levels, which may

be responsible for bio-effects. The concentration of vasodilators such as nitric
oxide and prostacyclin were also found to be affected during PUT in an in vitro
study, which may limit blood perfusion in vessels. The main advantage of PUT
over conventional techniques is non-invasive, precise, and selective removal of
microvessels with high efficiency at relatively low energy levels of ultrasound and laser, without affecting the nearby structures.
However, the main limitation of vessel rupture/hemorrhage needs to be overcome through the development of real-time monitoring
of treatment effects during PUT. In addition to the application in removing microvessels, PUT-based techniques were also explored
in treating other diseases. Studies have found a combination of ultrasound and laser to be effective in removing blood clots inside
veins, which has the potential to treat deep-vein thrombosis. The disruption of atherosclerotic plaque using combined ultrasound
and laser was also tested, and the feasibility was demonstrated.

future research on PUT.
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to the treatment region. A drug can be directly delivered to a
specific tissue by loading the drug onto a contrast agent and
then releasing it using ultrasound energy. Ultrasonic cavita-
tion will help to release the drug and will also increase cell
membrane permeability to better facilitate drug delivery to
the target.* Similarly, contrast agents in the presence of ultra-
sound can be used for gene therapy.® Drug and gene delivery
are challenging for brain disorders, as the BBB blocks 100%
of large-molecules and 98% of small-molecules administered
neurotherapeutics.® Focused ultrasound along with contrast
agents can transiently and non-invasively open the BBB to

Introduction

Ultrasonic cavitation is the formation, oscillation, and col-
lapse of gas or vapor bubbles in a liquid upon the applica-
tion of ultrasound wave. In the past few decades, numerous
studies have been conducted to explore the therapeutic
applications of ultrasound-induced cavitation. Cavitation-
induced phenomena, including microstreaming,! microjets,?
vessel-wall stresses,® and free-radical formation, can have
various therapeutic applications, such as targeted drug
delivery, gene transfer, blood—brain barrier (BBB) opening,

and thrombolysis. In many applications, therapeutic ultra-
sound contrast agents are used during ultrasound treatment
as they act as cavitation nuclei or as drug and gene carriers
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allow localized delivery of genes and drugs.” Another appli-
cation of ultrasound cavitation is to dissolve blood clots in
veins to treat deep-vein thrombosis (DVT), also known as
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ultrasonic thrombolysis.® Blood clots can be dissolved by
intravascular ultrasound, but it may cause damage to the
vessel wall.8 To overcome this, ultrasound can be combined
with contrast agents to treat thrombosis at lower ultrasound
amplitudes.® Moreover, thrombolytic drugs can also be car-
ried by a contrast agent for better efficiency.!? However, sys-
temic injection of contrast agents in blood can have serious
complications like toxicity at high concentration. Also, the
treatment time window is limited by the circulation time of
contrast agents.

We have developed a novel therapeutic technique that
uses enhanced cavitation to induce bio-effects in vivo.!12
This technique does not require intravascular injection of
contrast agent during ultrasound treatment; instead, a laser
pulse is utilized synchronously with an ultrasound burst to
initiate cavitation. This technique based on the combination
of ultrasound and laser is known as PUT. PUT has its roots
in photoacoustic (PA) or optoacoustic imaging.!® In PA imag-
ing (PAI), a nano-second pulsed laser illumination on tissue
produces a sound wave or PA wave, which is detected by an
ultrasound transducer. On the irradiation of a laser pulse,
the chromophores in human tissue such as hemoglobin,
melanin, water, and lipids absorb laser energy and convert
it to heat, resulting in a temperature rise. This temperature
increase produces thermoelastic expansion, which generates
short acoustic pulses, also known as PA waves. As PA waves
travel to the surface and are detected by an ultrasound trans-
ducer, an image can be reconstructed based on the arrival
time and amplitude of the PA wave. The same principle of
laser-induced PA wave is used in PUT, but the ultrasound
transducer is used to send out acoustic burst in PUT rather
than detecting the generated PA wave as in PAL

PUT produces cavitation through photospallation based
on PA cavitation.'#15 The laser energy absorbed by the blood
produces strong PA pressure. In the case of blood vessels, the
laser-induced PA wave converges at the center, giving rise to
significantly high rarefaction pressure near the center region
of the vessel.!® If an ultrasound burst is applied simultane-
ously, such that the laser-induced high rarefactional pressure
is superimposed on the peak rarefaction phase of the ultra-
sound cycle, cavitation can be produced inside the blood
vessel.l718 The nano-second laser pulse is used to initiate
cavitation and the ultrasound wave drives the formed bub-
ble. In PUT, enhanced cavitation is achieved at relatively low
ultrasound amplitude with the irradiation of a nano-second
laser pulse on the negative phase of the ultrasound cycle,
without the injection of any contrast agent. The enhanced
cavitation during PUT can be utilized to selectively shut-
down microvessels without affecting surrounding tissues
and structures.

The main potential application of PUT is to control
the progression of neovascularization in the retinal'® and
choroidal? layers in the eye, which is useful in treating
neovascularization-caused eye diseases such as diabetic
retinopathy (DR) and age-related macular degeneration
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(AMD). The other potential application of PUT is to reduce
blood perfusion in microvessels of the skin,?! which is use-
ful in treating skin conditions such as port-wine stains
(PWS). Apart from the anti-vascular effect of PUT, enhanced
cavitation during PUT can be used to remove blood clots in
veins?? and plaque in arteries,?®* which can treat DVT and
atherosclerosis. This review summarized studies conducted
in the last decade during the advancement of the PUT tech-
nique and also discussed the clinical translation potential
and challenges of PUT.

Numerical studies

In the early studies of PUT, bio-effects such as reduction
in vessel perfusion and hemorrhage were observed after
the treatment.?0?* The enhanced cavitation during PUT was
believed to be the reason behind the bio-effects. The cavita-
tion inside a blood vessel during ultrasound irradiation has
been explored in various numerical studies. These studies
calculated changes in bubble oscillation with variations in
ultrasound parameters, initial bubble size, and blood ves-
sel size. 2526 Several studies have found stresses induced on
vessel wall due to cavitation to be responsible for bio-effects
induced during ultrasonic cavitation.?” However, the mecha-
nism of action of PUT was slightly different than traditional
ultrasound-induced cavitation as laser beam was also used
along with ultrasound in PUT. A few numerical studies
have been conducted to explore cavitation dynamics during
PUT.31728

Keller—-Miksis equation coupled with diffusion
equation

An early numerical study on PUT was conducted to study
the changes in bubble size during combined irradiation
of ultrasound and laser.!” The bubble size was simulated
by solving the Keller-Miksis equation (equations (1) and
(2)).? The diffusion equation (equation (3)) was also cou-
pled with the Keller-Miksis equation to include the effect
of rectified diffusion in the bubble dynamics.® The bub-
ble radius was calculated for irradiation with ultrasound-
only and combined irradiation with ultrasound and laser
(PUT). The changes in bubble size during PUT were calcu-
lated by including laser-induced PA wave along with ultra-
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Keller-Miksis equation. The PA wave near the center of the
blood vessel (0.0017,) due to laser irradiation was calculated
using equation (4). The PA wave was superimposed on the
peak negative phase of the ultrasound wave to result in a
high-rarefaction pressure (Figure 1). This combined pressure
was used as the driven pressure in the Keller-Miksis equa-
tion. Also, the results from equation (4) showed that the PA
wave rarefactional pressure increased as blood vessel size
increased and laser pulse-width decreased
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Figure 1. (A) lllustration of the applied laser-induced photoacoustic (PA) wave and ultrasound waveform separately. (B) Total driving pressure (photoacoustic
(PA) + ultrasound). The ultrasound peak amplitude was 0.8 MPa, and laser fluence was 20 mJ/cm?2. Adapted from Li et al.’”
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Bubble growth during PUT

The size evolution of a 100nm bubble was simulated.!” The
simulation results found that the bubble would dissolve in
the presence of ultrasound field only (Figure 2(A)), whereas
the bubble size increased dramatically when a laser pulse
was combined with the first peak negative phase of the ultra-
sound burst (0-0.03ms in Figure 2(B)). The bubble kept on
growing in size in the subsequent ultrasound cycles through
rectified diffusion until it reaches a large stable equilibrium
radius (0-5.4ms in Figure 2(B)). During the initial growth
phase of the bubble, it increased in size by undergoing
inertial cavitation. Then stable cavitation took place after-
ward, as shown in Figure 2(B) (5.97-6ms). The ultrasound
frequency also influenced the rate of growth/dissolution
of the bubble, with higher frequency resulting in a faster
dissolution rate, a slower growth rate, and a shorter time to
reach stable cavitation. The observations were confirmed by
experiments conducted on a 0.76 mm silicone tube filled with
blood and irradiated with 0.243 MPa of 0.5 MHz ultrasound
and 532nm laser pulse with a fluence of 10mJ/cm?2.'” In this
study, the rectified diffusion thresholds for different bubble

sizes were also calculated using Fyrillas and Szeri model.3!
The simulations found that the rectified diffusion threshold
decreases with the addition of a laser pulse, and the decrease
was greater with higher laser fluence. In other words, in the
presence of a laser pulse, a relatively low amplitude ultra-
sound is required to drive a bubble to a larger size. Also,
this effect was only significant for bubbles with a size less
than 1000 nm.

Shear and circumferential stresses

Earlier studies have found cavitation-induced stresses on
vessel wall are responsible for bio-effects induced on blood
vessels.” Inertial and non-inertial cavitation generate higher
than physiological levels of shear and circumferential stresses
inside blood vessels. The shear stress produces bio-effects
such as activation of ion channels, reversible perforation of
the membrane, and cell detachment and lysis,* whereas cir-
cumferential stress may result in vessel rupture and hemor-
rhage.®® The magnitude of shear and circumferential stress
directly impact the reduced perfusion in microvessels and
hemorrhage observed in PUT.

Finite element method model

Two numerical studies were conducted to calculate the
changes in stresses induced on blood vessel wall during
PUT.328 In the first study, changes in circumferential and
shear stresses were calculated when a laser pulse was com-
bined with the first peak negative phase of an ultrasound
burst.?8 The second study calculated the changes in stresses
after the bubble achieved a large stable size in the later phase
of an ultrasound burst.? In other words, the first study simu-
lated the initial phase of PUT (0-0.03 ms in Figure 2(B)), when
inertial cavitation took place and the second study simulated
the later phase of PUT (5.97-6 ms in Figure 2(B)), when stable
cavitation took place. A finite element method (FEM) model
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Figure 2. Simulated bubble size evolution under (A) ultrasound and (B) synchronized laser-induced photoacoustic wave and ultrasound. R, was 100 nm, ultrasound
frequency was 500kHz, ultrasound peak amplitude was 0.8 MPa, and laser fluence was 20 mJ/cm?. Ry initial bubble radius; R: bubble radius. Adapted from Li et al.!”

was used to simulate cavitation during PUT in both studies.
In the FEM model, an air bubble surrounded by blood was
assumed inside a blood vessel, and the vessel was further
surrounded by thick elastic tissues. To simplify the model,
both air and blood were modeled as Newtonian fluids with
air as compressible and blood as an incompressible fluid,
and the vessel and tissue were modeled as isotropic linear
elastic solids. The FEM model was developed and solved
using the fluid-structure module in COMSOL-Multiphysics.
Both ultrasound and laser-induced PA waves were used to
drive the bubble to simulate the initial phase of PUT, while
only ultrasound wave was used in the second study to simu-
late the stable cavitation phase of PUT as large size bubble
oscillations are less affected by laser-induced PA wave.

In the first study, a small air/vapor bubble of size 50—
100nm was assumed to be present in the center of a blood
vessel of size 50-150 um.?® The bubble was assumed to be
in the center of a blood vessel. Due to the symmetricity of
the model around the vessel axis, it was solved with a 2D
axisymmetric FEM model in COMSOL to save computa-
tion time. In the second study, to simulate the stable oscil-
lation of a microbubble, a 2um bubble was assumed to be
present at different distances from the vessel center inside a
10um vessel.? The off-center bubble was assumed because
the bubble moves toward the vessel wall during the stable
cavitation phase of PUT. Due to the off-center nature of the
bubble, the FEM model was solved with a 3D FEM model in
COMSOL. A small vessel size of only 10 um instead of large
size was assumed in order to limit the computational time
of the 3D model. Also a comparable bubble size of 2 um was
used based on the vessel size of 10 um.

Calculated stresses during PUT

Based on the 2D FEM model, the first study found that the
addition of laser pulse on ultrasound burst produces much
higher maximum circumferential and shear stresses on ves-
sel wall as compared with ultrasound only.?® For a 50nm
bubble inside a 50 um vessel, the irradiation with ultrasound

amplitude of 1.4-1.55kPa at 1 MHz frequency produced
shear and circumferential stresses less than 1Pa and 2kPa,
respectively, on the vessel wall. In contrast, with the addi-
tion of a laser pulse of 20mJ/cm? to the same ultrasound
burst, the shear and circumferential stresses increased to
10-100Pa and 100-400kPa, respectively (Figure 3(A)), on
the vessel wall. However, this increase in stresses during
PUT was only significant for bubbles smaller than 100nm
in size (Figure 3(B)). Also, the produced stresses were
found to decrease when ultrasound frequency and vessel
size increased (Figure 3(A)). Based on the 3D FEM model,
the second study found that the maximum circumferential
and shear stresses increased as a bubble moved away from
the center and toward the vessel wall.? The movement of a
2-pm bubble from the center to the vicinity of a 10 pm ves-
sel resulted in more than 16 times (1.8-31.1kPa) increase in
shear stress (Figure 4(B)) and only 4 times (211 to 906 kPa)
increase in circumferential stress (Figure 4(A)), in the pres-
ence of 130kPa ultrasound wave of 1MHz. Additionally,
the stresses on vessel wall decreased as the bubble oscilla-
tion amplitude decreased. In summary, the studies using
FEM models showed that the higher stresses induced on
the vessel wall during PUT could be responsible for bio-
effects observed in the in vivo studies. A larger increase in
shear stress during bubble movement toward vessel wall in
the later phase of PUT may have contributed to induce the
desired bio-effects, while still limiting the chances of vessel
rupture due to a smaller increase in circumferential stress.
However, if the circumferential stress increases beyond the
vessel rupture threshold, the vessel may rupture, resulting
in hemorrhage.

In summary, the numerical studies showed that small
air/vapor cavitation nuclei, which will otherwise dissolve
in the presence of ultrasound,'” in a blood vessel could grow
dramatically in size due to combined irradiation of laser
and ultrasound. During this growth of the bubble, it exerts
higher circumferential and shear stresses on the blood vessel
wall.28 During PUT, the bubble will keep growing in size in
the subsequent ultrasound cycles by rectified diffusion and
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Figure 3. (A) Maximum shear stress as functions of the ultrasound amplitude for ultrasound alone and PUT on different size vessels (ultrasound frequency =1MHz,
laser fluence =20 mJ/cm?, and bubble radius=50nm; the negative peak of the PA wave was superposed on the ultrasound wave at a phase angle of 261° (at
725ns), U: ultrasound). (B) Maximum shear stress on the wall of a 100 um radius vessel as functions of the bubble radius for ultrasound and PUT (ultrasound
amplitude = 1200 kPa, ultrasound frequency =1MHz, laser fluence=20mJ/cm?, and U: ultrasound). Adapted from Singh et al.?®
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Figure 4. (A) Maximum circumferential stress as a function of the azimuthal angle for a 2 um bubble placed at 0, 1, 2, 3, 4, 5, 6, and 7 um away from the vessel
center. (B) Maximum shear stress as a function of the distance between the bubble center and vessel center. (Peak ultrasound pressure =130kPa, ultrasound
frequency =1MHz, vessel radius=10um, and C=distance between the bubble center and vessel center.) Adapted from Singh et al.?

exhibit inertial cavitation behavior until it reaches a large
stable size. The large stable cavitation during the rest of the
ultrasound burst may slowly move toward the vessel wall,
further increasing the stresses induced on vessel wall, with
a greater increase in the shear stress and a smaller increase
in circumferential stress.!”

In vitro study

Role of vasoactive agents in PUT

The changes in concentration of vasoactive agents inside
blood vessels could play a role in the bio-effects observed
during PUT. This was confirmed by a recent in vitro PUT
study, in which an in vitro vessel model containing RF/6A

chorioretinal endothelial cells was treated with the combina-
tion of ultrasound and laser.>* The concentrations of vasodi-
lators such as nitric oxide and prostacyclin were measured
after the treatments. It was found that the treatment with low
energy levels of ultrasound-only and laser-only increases the
release of nitric oxide and prostacyclin, whereas the combi-
nation of ultrasound and laser reduced the levels of increase
in nitric oxide and prostacyclin. The reduction was related
to the enhanced cavitation activity during PUT, which was
confirmed with a passive cavitation detector during the
experiment. The enhanced cavitation caused endothelial dys-
function, which causes reduction in increase of vasodilators,
such as nitric oxide and prostacyclin, and ultimately reduces
blood perfusion and shutdowns microvessels.
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PUT for non-cylindrical optical absorber

The PUT-related studies discussed above observed enhanced
cavitation inside blood vessels due to its cylindrical shape,
during combined irradiation of ultrasound and laser.'” One
study explored cavitation during PUT in slab-shaped optical
absorbers using numerical simulation and in vitro experi-
ments.® In the numerical model, the fluence at different posi-
tions was calculated using the Monte Carlo photon transport
simulation.3¢ The PA wave pressure resulted from laser
absorption was calculated and used in the Keller-Miksis
equation? to simulate bubble dynamics. An agar-based
slab-shaped tissue phantom was used during in vitro experi-
ments. The bottom half layer of the sample was dyed with
black ink to increase optical absorption. Ultrasound bursts
and laser pulses were focused to the top of the bottom layer
of the sample and were moved between the light and dark
sides of the sample. The study found enhancement in cavita-
tion at the surface and deeper regions of the dark side of the
bottom layer when a laser pulse was added to an ultrasound
wave.® The study demonstrated that PUT could be effective
in enhancing cavitation in non-cylindrical shaped soft tis-
sues having sufficient optical absorption.

In vivo studies with anti-vascular
applications

Several studies on PUT were carried out with different in
vivo models such as chicken embryo, rabbit ear, rabbit eye
corneal vessels, rabbit eye choroidal vessels, and rabbit eye
retinal vessels.19-212437.38 Tn these studies, animals were usu-
ally divided into PUT and control groups. In the PUT group,
the treatment was conducted with combined ultrasound
and laser, whereas in the control group, the treatment was
conducted using ultrasound-only or laser-only. The same
treatment parameters were used for both PUT and control
groups. After the treatment, the PUT and control groups
were monitored for up to four to six weeks (when possi-
ble) and the treated regions were evaluated for reduction in
blood perfusion in microvessels.

Experiment setup

Figure 5 shows a typical system schematic for a PUT sys-
tem. The setup is a combination of a focused ultrasound
(FUS) system and a pulsed nano-second laser system. The
laser system used a standard Nd:laser (Continuum Powerlite
DLS 8010, Santa Clara, CA) to produce 532nm and 1064 nm
wavelength lasers. For ultrasound, a FUS transducer with
a central frequency of 0.5MHz (H107, Sonic Concepts,
Bothell, WA) or 1 MHz (H102, Sonic Concepts, Bothell, WA)
was used. The 0.5MHz FUS transducer has a focal distance
of 63.2mm, a focal depth of 21.42mm, and a focal width
of 3.02mm."21%7 The 1MHz FUS transducer has a focal
distance of 63.2mm, a focal depth of 13.5mm, and a focal
width of 1.33mm.2* A delay generator (DG 535, Stanford
Research Systems Inc., Sunnyvale, CA) was used to trigger
both the ultrasound and laser systems. The trigger was sup-
plied directly to the laser system and a function generator.
The function generator (DS345, Stanford Research System,
Sunnyvale, CA) produced the desired ultrasound burst,

which was first amplified by a power amplifier (2100L, E&I
Technology Inc., Rochester, NY) and then supplied to the
FUS transducer through an impedance matching network.
The laser energy was adjusted by controlling the Q-switch
delay time in the delay generator, and the ultrasound param-
eters such as amplitude, frequency, and duty cycle were con-
trolled through the function generator.

Synchronization and imaging

The laser and ultrasound systems were temporally synchro-
nized such that the laser pulse overlaid the ultrasound burst
during the first few cycles.!® To ensure temporal synchroni-
zation, the traveling time of the ultrasound wave between
the FUS transducer and treatment region was given as a
delay to the ultrasound trigger in the delay pulse generator.
The traveling time was measured by irradiating the treat-
ment region with laser pulses and detecting the produced
PA wave using the FUS transducer. The PA wave detected
was first amplified in the pulser/receiver and then viewed on
the oscilloscope by connecting it to connection 2 in Figure 5.
The FUS transducer was connected to connection 1 during
the treatment. Apart from temporal synchronization, the
ultrasound burst and laser pulse were also spatially syn-
chronized with the help of a 3D-printed conical cone. The
cone was first attached to the FUS transducer and was filled
with agar-gelatin-based couplant to provide acoustic cou-
pling, as shown in Figure 5(B). A hole in the center of the
cone was left for propagation of the laser beam. The cone
was designed such that the FUS focal zone and laser beam
coincided with the treatment region. For the treatment in
rabbit eye, a real-time imaging system and a target laser
beam were also incorporated into the experimental setup,
as shown in Figure 5(B).1920%7 A charge-coupled device
(CCD) was used to monitor the vasculature changes in rab-
bit eyes during the treatment. The illumination for imaging
was provided by a mounted LED light (wavelength 565 nm,
M565L3, Thorlabs). A He-Ne laser (wavelength 632.8nm,
HNLO020LB, Thorlabs) was used to guide the treatment laser
beam through the CCD image.

Treatment parameters

The treatment parameters used in in vivo studies are listed in
Table 1. In all the studies, a pulse repetition frequency of 10Hz
for both ultrasound burst and laser pulse was used.!9-21:2437
The ultrasound frequency of 0.592%7 and 1 MHz?* and an
ultrasound amplitude in the range of 0.43-0.50 MPa!%-21.2437
were used. The duty cycle was kept below 10% to keep ther-
mal effects minimal during the treatment.’®-212437 The laser
wavelengths of 532,204 1064,1921%7 and 584 nm?! were used due
to strong absorption by blood at these wavelengths. The laser
fluences for the chicken embryo study,? rabbit ear study,??*
and rabbit eye study'?%3” were 2-8, 20-56, and 27-85m]J /cm?,
respectively.

Chicken yolk and rabbit ear model

The first in vivo study to test the combination of ultrasound
and laser on microvessels was carried out on a chicken yolk
sac membrane model and a rabbit ear model.?* The blood
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Figure 5. (A) Schematic of the experiment setup of the PUT system. Adapted from Qin et al.® (B) Photograph of the PUT treatment system.
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Adapted from Zhang et al.2°

Table 1. Ultrasound and laser treatment parameters for in vivo studies on photo-mediated ultrasound therapy (PUT).

In vivo models

Rabbit eye model

Chicken embryo Rabbit ear model? Rabbit ear model?!

model?* (2017 study) (2020 study)
Choroidal?® Corneal®” Retinal'®
Treatment parameters
Pulse repetition frequency (Hz) 10 10 10 10 10 10
Ultrasound parameters
Frequency (MHz) 0.5 0.5 1 1 0.5
Amplitude (MPa) 0.5 0.43 0.48 0.45 0.45 0.45
Duty cycle (%) 10 10 10 10 0.2
Laser parameters
Wavelength (nm) 532 1064 1064 532 584 1064
Pulse width (ns) 5 5 5 5 5
Beam diameter (mm) 1 3 8 8 3
Fluence (mJ/cm?) 55-75 27 85 2-8 20 56

vessel diameter before and after the PUT treatment were
used for quantification of changes in blood perfusion. A laser
wavelength of 532nm and an ultrasound frequency of 1 MHz
were used for the chicken yolk sac membrane model. Optical
microscopic images were used for quantification of treat-
ment results. The study found that PUT treatment using an
ultrasound amplitude of 0.45MPa along with laser fluences
of 4, 6, and 8 mJ/cm? induced a vein reduction of 51%, 37%,
and 90% in chicken yolk sac membrane. A laser wavelength
of 584nm and an ultrasound frequency of 1 MHz were used
for the rabbit ear model. Laser speckle images were used to
quantify the treatment outcomes. The rabbit auricular blood
vessels treated with ultrasound amplitude of 0.45MPa and
laser fluence of 20mJ/cm? were reduced by 68.5% at seven
days after the treatment. The hematoxylin and eosin (H&E)
stained histology was also carried out to confirm the treat-
ment outcomes. In a more recent study on 38 auricular blood
vessels of 4 rabbit ears, a 1064 nm wavelength laser of 56 mJ/
cm? fluence and a 1 MHz frequency ultrasound of 0.45MPa
amplitude were used.?! The laser speckle imaging was used
to quantify the treatment outcomes. The vascular perfusion

was reduced by 50.79% immediately after the treatment.
The perfusion was then rebounded slightly and the reduc-
tion in perfusion was around 30% after three days, and it
maintained the same level (30%) until four weeks after the
treatment.

Rabbit eye model

The other PUT studies were conducted on rabbit eye models
to test the PUT in reducing the blood perfusion of microves-
sels in the retina, choroid, and cornea.’®2037 The first PUT
study on the eye was conducted using 22 rabbits to observe
the PUT effects on choroidal vessels of the rabbit eye.?’ A FUS
transducer of 0.5MHz frequency at amplitude of 0.5MPa
and a 532nm wavelength laser at a fluence of 55-75m]J/cm?
were used. Using fundus photographs, the number of cho-
roidal vessels before and after the treatment were counted to
quantify the treatment. The study found that the number of
choroidal vessels was reduced by 72.89% * 20.56% after the
treatment, and the reduction was persisted for up to four
weeks after the treatment. No treatment effect was observed
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Before
Treatment

4 Weeks after
Treatment

Figure 6. Fundus photograph of rabbit choroid before and four weeks after the treatment with laser only, ultrasound, and PUT: (A-D) Before treatment; (E-H) after
treatment; (A, E) laser-only treatment; (B, F) ultrasound-only treatment; and (C, D, G, H) PUT treatment. Adapted from Zhang et al.2°

after the treatment with ultrasound-only and laser-only. The
results were confirmed by performing H&E stained histol-
ogy on some of the treated eye sections. The choroid vessels
before and four weeks after the treatment with laser-only,
ultrasound-only, and PUT are shown in Figure 6. The second
PUT study on rabbit eyes was conducted to test its efficiency
in removing neovascularization in the cornea.”” In this study,
a corneal neovascularization (CNV) model in rabbit eyes was
created and it was treated at a time period of seven weeks
after CNV induction. A combination of 1064 nm laser at a flu-
ence of 27m]/cm? and 0.5MHz ultrasound at an amplitude
of 0.43MPa were used for all the treatments. To evaluate the
treatment effects of PUT, the red-free photography and fluo-
rescein angiography were used. To ensure the safety of PUT,
the H&E stained histology and immunohistochemistry were
carried out. After the treatment with PUT, only 1.8% * 0.8%
of the CNV remained at 30 days after the treatment, whereas
71.4% *7.2% of the CNV remained in the control group. In
a more recent study, PUT was also tested for removing neo-
vascularization in the retina.!® A retinal neovascularization
(RNV) model was created in eyes of albino and pigmented
rabbits through injecting prL-o-aminoadipic acid. The rab-
bits were treated with PUT eight weeks after the injection of
DL-ai-aminoadipic acid using a 0.5 MHz ultrasound at ampli-
tude of 0.48 MPa and a 1064 nm laser at fluence of 85m]/
cm?. The treatment results were evaluated using fundus
photography, red-free fundus photography, fluorescein
angiography, and histopathology. At six weeks after the
PUT treatment, only 9.9% = 9.8% of the neovascularization
remained in albino rabbits, and only 10.8% *9.8% of the
neovascularization remained in the pigmented rabbits.

Other PUT-based techniques

Apart from anti-vascular application of PUT, the enhanced
cavitation observed in non-cylindrical shaped tissues has the
potential to treat other medical conditions. Several studies
have explored the use of combined ultrasound and laser to
disrupt blood clots and atherosclerotic plaques.?>?33%40 These
studies demonstrated the application of PUT-based therapy
in treating DVT and atherosclerosis.

Ultrasound-assisted endovascular laser
thrombolysis

DVT is the formation of blood clots (thrombus) in the deep
veins of the legs or pelvis. It can be life threatening if the clot
breaks loose and travels to the lungs. Apart from traditional
clinical therapies such as anticoagulant*! and thrombolytic
therapy,* ultrasound-based,* and laser-based techniques*
have been evaluated to treat DVT. However, ultrasound-
based and laser-based techniques were not successful in clin-
ics due to their limitations. Ultrasound-based thrombolysis
damages surrounding tissue and vessel wall;*> and laser-
based thrombolysis does not efficiently clear the thrombus
occlusion inside the vein.* The combination of ultrasound
and laser for thrombolysis was explored in several studies
to overcome the current limitation of individual ultrasound-
based and laser-based techniques.

The first study was conducted on an in vitro bovine blood
clot model.® It was found that thrombolysis efficiency
increased when a laser pulse was used concurrently with
ultrasound waves. This was one of the preliminary studies
during the early development stage of PUT. After better
understanding of PUT mechanism through several stud-
ies, recently, studies were conducted on in vitro and in vivo
models to demonstrate the thrombolysis using combined
ultrasound and laser.?240 This PUT-based technology for
thrombolysis was named as ultrasound-assisted endovas-
cular laser thrombolysis (USELT). PUT and USELT are both
based on the combination of ultrasound and laser. In PUT,
both ultrasound and laser are delivered non-invasively to
remove the microvessels, whereas in USELT, a laser pulse
is delivered directly to the blood clot using a catheter and
ultrasound is delivered non-invasively to achieve blood
clot disruption/removal inside vein. The first study using
USELT, where FUS at 0.5 MHz and pulsed nano-second
laser light of 532nm at 10 kHz pulse repetition frequency
were used, was conducted on an in vitro blood flow clot
model.# It was found that 1.26 MPa ultrasound amplitude
was needed for thrombolysis with FUS only, whereas with
the addition of 2 and 4m]/cm? of laser to FUS, only 1.05
and 0.59MPa of FUS amplitude, respectively, was suffi-
cient for effective thrombolysis. Also, the time required for
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Figure 7. (A) Histology image (hematoxylin and eosin stain) of vein section treated with ultrasound only using P of 1.3 MPa. (B-D) Histology images (hematoxylin and
eosin stain) of vein sections treated with USELT using ultrasound amplitude of 1 MPa and laser fluence of 12mdJ/cm?. (E) Magnified image of the highlighted area in
the red box in (C). Ultrasound frequency was 500 kHz and laser wavelength was 532 nm. Adapted from Singh et al.22

USELT: ultrasound-assisted endovascular laser thrombolysis.

effective thrombolysis was less when higher laser power
and ultrasound amplitude were used. A following study
on USELT was conducted on an in vivo rabbit blood clot
model.?2 The blood clots were created in the jugular vein of
rabbits and were treated with ultrasound-only, laser-only,
and USELT. The ultrasound amplitude of 1.3 MPa and laser
fluence of 8 mJ/cm? were used. Out of seven rabbits treated
with USELT, the vein was completely recanalized (100%)
in three rabbits; partially recanalized (70%) in two rabbits,
and poorly recanalized (6%) in the other two rabbits. In
contrast, in all the five rabbits treated with ultrasound-only
and laser-only, no recanalization of veins took place. The
histology results also confirmed the removal of blood clots
in USELT treatment. Also, no damage to vessel wall was
observed in the histology images of USELT treated veins
as shown in Figure 7. Both the in vitro and in vivo studies
on USELT demonstrated its potential in efficient removal
of clot in DVT without causing any damage to the nearby
tissues.

Ultrasound-assisted laser technique to remove
atherosclerotic plaque

Atherosclerosis is a disease affecting the arteries, in which
arteries harden and narrow due to the buildup of cholesterol,
fat, calcium, and other substances. Apart from traditional
atherosclerosis treatments such as angioplasty,* laser-
based therapy known as excimer laser coronary angioplasty
(ELCA) was also used in clinics to treat atherosclerosis.*
However, clinical use of ELCA is limited due to its less effi-
ciency in plaque removal and higher chances of developing
complications.®’ The limitations of ELCA may be overcome
by combining ultrasound with laser-based treatment. The
combined ultrasound and laser treatment were tested to
remove the atherosclerotic plaque in a recent study.?> The
experiments were performed on pig-belly fat and carotid
artery plaque samples. The results found that addition of
ultrasound reduces the needed laser power for treatment,
which could improve efficiency and safety of treatment. In
future in vivo studies for treating atherosclerosis, the laser
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can be delivered directly to the plaque using a catheter, and
ultrasound can be applied non-invasively from outside the
body, similar to USELT. However, the laser fluence and
ultrasound amplitude for atherosclerosis technique will be
very different from USELT for blood clot removal, due to
the difference in light absorption and mechanical properties
between blood clots and plaques.

Other techniques with combined ultrasound and
laser

Other therapeutic techniques based on the combination of
ultrasound and laser were also developed. Several studies
focused on the development of a novel method to gener-
ate cavitation using combination of ultrasound and laser
along with nanoparticles.’*>! In the experiment, the light
absorptive gold nanoparticles were seeded in the optically
transparent phantom and were irradiated by the combina-
tion of ultrasound and laser.>’ Cavitation was detected at
a combination of 0.10mJ/cm? laser fluence and 0.92 MPa
ultrasound pressure, whereas the cavitation threshold for
ultrasound-only was 4.5 MPa. This result was also confirmed
by a numerical study.> The same numerical study also cal-
culated the optimal laser pulse length and particle size for
generating cavitation at the lowest possible laser energy and
acoustic pressure.> An in vitro study using gold nanospheres
to disrupt blood clots compared results between ultrasound-
only, laser-only, and combined ultrasound and laser.>? They
found an increase in cavitation lifetime when laser pulse was
irradiated at the peak negative pressure of ultrasound. A
recent study developed a high-speed PUT system and inte-
grated it with optical coherence tomography angiography
(OCTA) for real-time imaging.5® They used a 50 kHz pulsed
laser for faster treatment and tested the integrated system
on rabbit ear model.

Clinical translation potential of PUT

Current clinical treatments and opportunities
for PUT

The main potential clinical application of PUT is to treat
DR and AMD. In these diseases, the blindness is caused
by the formation of abnormal new microvessels in retinal
and choroidal layer of the eye. Currently, the most widely
used treatment in clinics is the injection (often monthly)
of anti-vascular endothelial growth factor (VEGF) agents,
which inhibits neovascularization.* Anti-VEGF therapy is
inconvenient as it requires monthly hospital visit for injec-
tions.? For patients responding poorly to anti-VEGF therapy,
alternate therapies based on laser such as photodynamic
therapy (PDT) and laser photocoagulation therapy (LPT) are
also used. In PDT, photosensitizers are injected and irradi-
ated by laser light of specific wavelength, causing selective
destruction of vessels by photocytotoxic reaction. However,
photosensitizers are sensitive to sunlight, and patients are
required to avoid the sun exposure for several days after
PDT.%” LPT uses millisecond pulse duration laser with high
pulse energy to remove microvasculature through tissue
heating.5® The heat can destroy adjacent surrounding cells
and results in serious complications such as retinal atrophy,

subretinal neovascularization, and subretinal fibrosis.>.¢0
The newly developed PUT is different from the current treat-
ment therapies. PUT is completely non-invasive unlike the
anti-VEGF therapy which requires injection of anti-VEGF
and PDT which requires injection of photosensitizers. PUT
removes microvessels through the mechanical action of cavi-
tation without causing any damage to the surrounding tissue
unlike LPT which damages nearby tissues due to its thermal
based treatment mechanism. The thermal effects during PUT
are controlled to be minimal by maintaining a duty cycle
of less than 10% during the entire treatment duration. This
absence of thermal damage was confirmed by H&E stained
sections of rabbit eye and ear tissues.

The other potential clinical application of PUT is to treat
vascular malformations such as PWS. In PWS, the pink to
dark red lesions is found in the head and neck region of
newborns due to abnormal dilation of capillaries and post-
capillary venules. In clinics, pulsed dye laser (PDL) therapy
is the most widely used treatment for PWS. PDL treats the
PWS region through selectively heating and destroying the
capillaries using 577-595nm laser, also known as selective
photothermolysis.®! However, PDL is not effective in treat-
ing deep vessels due to limited penetration depth of laser.6?
For treating deeper lesions, 1064nm light is effective due
to its high penetration depth.®® However, the use of high
laser energy for treating deeper lesions at 1064 nm can cause
scarring.®* PUT can be used to treat deeper lesions of PWS
using combination of 1064nm laser and ultrasound.?! The
laser energy required at 1064 nm in PUT is several orders less
than the traditional therapy, preventing side effects such as
scarring. The use of low laser pulse energy, complete non-
invasiveness, and cavitation-based bio-effects are the advan-
tages of PUT over the traditional therapies.

Challenges in clinical translation of PUT

All the in vivo studies reported significant reduction in blood
vessel perfusion after PUT treatment, and the reduction per-
sisted for up to four to six weeks after the treatment, while
no significant treatment effect was observed in the control
groups, including treatment with ultrasound-only and laser-
only. These studies demonstrated the potential of PUT in
treating neovascularization-based diseases. A major chal-
lenge in the clinical translation of PUT is to minimize hemor-
rhage during treatment. In all the in vivo studies, the reported
ultrasound and laser parameters, mainly ultrasound ampli-
tude and laser fluence, were optimized before the treat-
ment. A lower value than the optimized value resulted in no
changes in vasculature, whereas a higher value resulted in
vessel rupture. The vessel rupture causes hemorrhage in the
treatment zone. In the study on chicken embryo model, only
10% of vessels were ruptured at laser fluence of 4m]/cm?
and ultrasound amplitude of 0.45MPa. However, when laser
fluence was increased to 6 and 8 mJ/cm? while keeping the
ultrasound amplitude (0.45MPa) same, the vessels rupture
rate increased to 60% and 90%, respectively.?* Also, when
ultrasound amplitude was increased from 0.45 to 0.6 MPa in
the rabbit auricular blood vessel study, immediate rupture of
all the blood vessels was observed.?* In the study on rabbit
eye retinal model, microhemorrhage in the choroidal layer



was also observed at one week after the PUT treatment and
disappeared at six weeks after the treatment.2? A microhem-
orrhage was also observed in a study conducted on corneal
vessels of the rabbit eye.?”

Microhemorrhage may be minimized by including a real-
time imaging system in the PUT setup to provide real-time
feedback during PUT.3 One study developed a PA sens-
ing (PAS) system for PUT and tested it on chicken yolk sac
membrane model.® The PAS system was integrated with the
PUT system such that the same FUS transducer and laser
beam were used for PUT treatment as well as for PAS. It was
found that the PA signal decreased when vessel perfusion
decreased, remained unchanged for no vessel perfusion/
size change, and abruptly increased when vessel ruptured.
However, this study was conducted on a single posterior
vitelline vein of chicken yolk sac membrane. The design of
integrated PAS-PUT system and evaluation of PAS signal
will be more challenging for complex in vivo biological struc-
tures such as eye vasculature. Other imaging technology
that may be used to provide real-time feedback during PUT
is optical coherence tomography (OCT), which is, however,
still under investigation.>

The ultrasound pressure used in PUT is smaller than the
pressure produced by diagnostic ultrasound. Therefore, it is
theoretically possible to use a diagnostic ultrasound system
as the ultrasound source for PUT. However, the frequency
range of diagnostic ultrasound is slightly different than that
used in PUT. We used frequency of less than 1MHz for all
the in vivo studies, whereas the frequency of diagnostic ultra-
sound is above 2MHZz.% Also, we used a pressure amplitude
of less than 0.5MPa for all the PUT treatments and the pressure
amplitude for diagnostic ultrasound of 2MHz can go up to
2.68 MPa based on the Food and Drug Administration (FDA)
safe limit of 1.9 (Mechanical Index <1.9).¢ In spite of the same
ultrasound pressure range, the use of diagnostic ultrasound for
PUT needs to be investigated due to the differences in operat-
ing frequency, burst period, and pulse repetition frequency.

Conclusions and future outlook

Through in vivo, in vitro, and numerical studies, the newly
developed PUT technology, which is based on the combina-
tion of ultrasound and laser, has demonstrated significant
potentials for the treatment of several neovascularization-
related diseases such as DR and AMD, as well as DVT and
PWS. Overall, the development of PUT technology is still
in its infant stage, and substantial development is needed
to further optimize the technology for specific applications
and future clinical translations. Moreover, the development
of real-time image-guided PUT will greatly facilitate this
translation process.
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