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Abstract

Background: Age-related macular degeneration (AMD) is a major cause of
irreversible central vision loss. The main reason for lost vision due to AMD
is choroidal neovascularization (CNV). In the clinic, current treatments for
CNV include photodynamic therapy, laser photocoagulation, and anti-vascular
endothelial growth factor (VEGF) therapy.

Purpose: This study evaluates a novel treatment technique combining synchro-
nized nanosecond laser pulses and ultrasound bursts, namely photo-mediated
ultrasound therapy (PUT) as a potential treatment method for CNV, for
its efficacy and safety in the treatment of CNV via the experiments in a
clinically-relevant rabbit model in vivo.

Methods: CNV was created by subretinal injection of Matrigel and vascular
endothelial growth factor (M&V) in 10 New Zealand white rabbits. Six rabbits
were used in the PUT group. In the control groups, two rabbits were treated by
laser-only, and two rabbits were treated by ultrasound-only. The treatment effi-
cacy was evaluated through fundus photography and fluorescein angiography
(FA) longitudinally for up to 4 weeks. Rabbits were sacrificed for histopathology
3 months after treatment to examine the safety of PUT.

Results: The fluorescein leakage on FA was quantified to longitudinally eval-
uate treatment outcome. Compared with baseline, the relative intensity index
was reduced by 26.57% + 8.66% at 3 days after treatment, 27.24% + 6.21%
at 1 week after treatment, 27.79% + 2.61% at 2 weeks after treatment, and
32.12% =+ 3.23% at 4 weeks after treatment, all with a statistically significant dif-
ference of p < 0.01. The comparison between the relative intensity indexes from
the two control groups (laser-only treatment and ultrasound-only treatment) did
not show any statistically significant difference at all time points. Safety evalua-
tion at 3 months with histopathology demonstrated that the PUT did not result
in morphologic changes to the neurosensory retina.

Conclusions: This study introduces PUT for the first time for the treatment of
CNV.The results demonstrated good efficacy and safety of PUT to treat CNV in
a clinically-relevant rabbit model. With a single session of treatment, PUT can
safely reduce the leakage of CNV for at least 1 month after treatment.
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1 | INTRODUCTION

Age-related macular degeneration (AMD) is a leading
cause of vision loss, affecting 10% of people above 65
years old and more than 25% of people above 75 years
old."? It can be classified into dry AMD (drusen, pigmen-
tary changes, atrophy) and wet AMD (neovascular).?
While dry AMD accounts for most diagnosed cases,
wet AMD is responsible for most of the severe vision
loss* Approximately 10%—20% of patients with dry
AMD develop the wet form, which affects 1.75 million
people in the United States,® and is expected to increase
with the aging of the population.

The main manifestation of wet AMD is choroidal neo-
vascularization (CNV)%7 CNV is unstructured, leaky
angiogenic vessels and is the main cause of vision loss
from macular degeneration® Current treatments of CNV
are primarily focused on inhibiting vascular endothelial
growth factor (VEGF).° However, the procedure used in
this treatment is less than ideal because patients receiv-
ing anti-VEGF therapy require frequent (often monthly)
eye (intravitreal) injections. Despite anti-VEGF therapy,
20% of patients become legally blind and another 30%
suffer from some degree of vision loss after 5 years
of anti-VEGF therapy.'?."" This paper evaluates a novel
technique, namely photo-mediated ultrasound therapy
(PUT), which holds potential for the treatment of CNV.

PUT is a non-invasive, particle-free treatment method
that incorporates both ultrasound bursts and laser
pulses by synchronizing them spatially and temporally
in a target area for treatment.'? The treatment effect of
PUT is based on the controlled cavitation activity.'® Cavi-
tation is the formation and collapse of bubbles in a liquid
medium."* Acoustically induced cavitation activities are
well known in histotripsy and anti-vascular ultrasound
therapy (AVUT). In these methods, by using high inten-
sity focused ultrasound (HIFU), cavitation could be
initiated in the focal region of an ultrasound transducer
when sufficient tension was caused by negative pres-
sures, and the subsequent ultrasonic excitation will drive
the formed bubbles to collapse and produce strong
shock waves.'®

PUT, on the other hand, combines the aforementioned
acoustic cavitation with laser pulses, which introduces
a mechanism called photoacoustic (PA) cavitation.'?1°
The PUT working mechanism mainly consists of two
phases. In the first phase, the bubble nucleates in the
target vessel due to irradiation of a nanosecond laser
pulse at one of the peak negative pressures of an ultra-
sound burst. In the second phase, the nucleated bubble
is driven by the subsequent ultrasound cycle of the burst
to produce cavitation inside a blood vessel. Compared
with the cavitation induced by HIFU-only,in PUT, the cav-
itation pressure threshold also depends on the optical
parameters, such as the size of the optically absorptive
target, the optical absorption coefficient of the target,
and the fluency of the applied laser pulse. Benefiting

from its distinctive mechanism, PUT can provide bet-
ter vessel selectivity by taking advantage of the optical
absorption contrast in biological tissues'’” while produc-
ing a treatment effect by using acoustic energy much
less than that needed by HIFU-only therapy.'®

In our previous study, the anti-vascular effect of PUT
has been studied in several different contexts, including
subcutaneous vessels,'® choroidal vessels?® corneal
neovascularization?’ and retinal neovascularization.??
Furthermore, we have tested and examined the char-
acteristics of a clinically-relevant New Zealand white
(NZW) rabbit CNV model? Based on these previous
works, in this study, we evaluated the potential of PUT
for CNV treatment via the experiments on the clinically
relevant rabbit CNV model in-vivo.

2 | METHODS

2.1 | Ultrasonic components

A PUT system capable of delivering the required ultra-
sonic and optical excitation into the rabbit's eye was
developed, as shown in Figure 1. Figure 1a shows
a photograph of the system. The therapeutic ultra-
sound system, as shown in the schematic in Figure 1b,
has been well described in a previous publication.??
This system contains a function generator (DS345,
Stanford Research System, Sunnyvale, CA), a power
amplifier (2100L, ENI, Rochester, NY), an impedance
matching network (Impedance Matching Network H-
117, Sonic Concepts, Bothell, WA), and a HIFU trans-
ducer (0.25 MHz center frequency, 6.04 mm focal width,
39.49 mm focal length, H-117, Sonic Concepts, Bothell,
WA). A cone shape coupling media made of agar gel
was attached to the transducer surface. The shape of
the coupling gel cone was based on the transducer’s
geometric ultrasound field with a hole reserved in the
center for the light path. The end of the coupling gel
cone contacting the eye was made spherically concave
to best fit the curvature of the cornea. The quality of the
acoustic coupling was verified by monitoring the PA sig-
nals produced from the eye fundus and received by the
HIFU transducer.

2.2 | Optical components

The layout of the optical components used for PUT
at the fundus of the rabbit eye is shown in Figure 1e.
As previously reported,?? a Nd:YAG laser (Continuum
DLS 8010 Powerlite, Santa Clara, CA) was used to
emit the treatment light at 1064 nm, and the residual
532 nm light was subsequently eliminated. The 1064 nm
light was focused to a 6 mm spot before the rab-
bit eye by an objective lens with 19 mm focal length
(divergence half angle = 10.437°, AC127-019-AB-ML,
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PUT system for treatment of CNV in a rabbit eye in vivo. (a) Shows a photograph of the system. (b) Shows the schematic of the

overall system. (c) and (d) Show example photographs of the eye fundus captured during the treatment, where (c) was taken with a CCD
camera and (d) was taken with a Topcon 50EX Fundus Camera and Olympus DP70 digital camera system. (e) Shows the design of the optical
path red-circled in (b). PBS, polarize beam splitter; BS, beam splitter; DM, dichroic mirror; D&A, diffuser with annulus cover; CCD, charge-coupled

device.

Thorlabs). By using an enucleated rabbit eye and a near-
infrared detector card placed on the fundus, the laser
spot size at the fundus was directly quantified as 3 mm
in diameter. The illumination and visualization of the fun-
dus were provided by a charge coupled device (CCD)
and a mounted LED. The illumination light beam first
passed through two aspheric condenser lenses with a
diffuser surface. Between the two condenser lenses, an
obstruction target with an annular aperture was placed
to make the illumination light as a ring shape. The ring-
shape illumination light then passed through a polarizing
beam-splitter (PBS) and was finally focused on the rab-
bit eye. A HeNe laser (wavelength 632.8 nm, HNLO20LB,
Thorlabs) generated a guiding beam that was used to
identify the treatment location on the retina through the
CCD.

2.3 | Acoustic and optical
synchronization

The delay generator shown in Figure 1b (DG535, Stan-
ford Research System, Sunnyvale, CA) simultaneously
triggered the laser and ultrasonic components, syn-
chronizing them at a repetition rate of 10 Hz. Before
each treatment, the laser was turned on, and the HIFU
transducer was in the receive mode (by connecting
the matching network to the pulse receiver shown in
Figure 1b). The fundus PA signal received by the HIFU
transducer was amplified by the pulse receiver and
then shown on the oscilloscope. The HIFU transducer’s
position, held by a 3D stage, was adjusted to find the
position where the detected PA signal amplitude was
maximal, which ensured the spatial synchronization. The
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PA signal’s traveling time from the fundus to the trans-
ducer was measured on the oscilloscope. Using the
time-reversal method described in earlier work,?® the
measured traveling time was used to modify the delay
on the delay generator setting to guarantee that the laser
and ultrasound were also temporally synchronized. Only
one laser pulse was fired on the target at the start of
each ultrasound burst, synchronizing with the negative
peak of the ultrasonic cycle, whereas each HIFU burst
had 2500 cycles at 0.25 MHz

2.4 | Acoustic and optical delivery

Prior to reaching the ocular surface, the laser energy
employed in this study was calibrated and measured
to be 10 mJ. The laser fluence at the target was cal-
culated to be 85 mJ/cm?, considering the laser beam
size of 3 mm in diameter and 40% attenuation before
the 1064 nm light reached the retinal layer?? The
HIFU transducer was on transmit mode (by connect-
ing the matching network to the power amplifier shown
in Figure 1b) during the treatment. The fundus was
exposed to a 0.25 MHz, 2500 cycle ultrasound at a
pressure of 0.36 MPa negative peak, calibrated using
a needle transducer in an eye of a euthanized rabbit.
The treatment response was anticipated to occur in the
laser focal region (3 mm in diameter) which was covered
by the HIFU focal region (6 mm in diameter). The total
treatment time for each rabbit eye was 5 min.

2.5 | Invivo CNV model

Ten NZW rabbits (weight 2.5—3.5 kg, 2—9 months of
age, both male and female) received subretinal injec-
tion of Matrigel and vascular endothelial growth factor
(M&V). M&V suspension was prepared by suspending
750 ng human VEGF-165 (Shenandoah Biotechnology,
Warwick, USA) (100 ug/mL) in 20 uL Matrigel base-
ment membrane matrix (Corning, NY, USA) as described
previously? The injection location was modified to be
at the center of fundus right next the central horizon-
tal medullary ray. All rabbits were observed weekly for
at least 2 weeks after injection. The PUT was then
performed 2 weeks after the subretinal fluid had been
cleared and hyperfluorescence could be observed at the
injection area.

2.6 | Quantification method and
statistical analysis

To evaluate the PUT effect, changes of CNV intensity
at different observation time points were evaluated by
quantitively study the late phase leakage area in flu-
orescein angiography. Figure 2 shows an example to

demonstrate the control points match method that was
used to align images taken at different times. This was
done by labeling 8—10 common landmarks such as
distinctive choroidal and retinal blood vessels and the
optic nerve in both images to determine the position
information. The position index of these common points
was used for inferring a geometric transformation that
aligned the control points (Figure 2a). Once aligned, the
region of interest would be shown on the exact same
pixel location on each image (Figure 2b). Considering
the PUT effect would only occur inside the laser focus
area, the CCD image acquired during the treatment was
first aligned with the fundus image before treatment. As
aforementioned, a HeNe laser was used to illuminate the
treatment area. Once the CCD image and fundus image
were aligned, the edge of the red light could be circled
as the treatment area on each image (Figure 2c).

Considering the fluorescein leakage is a key fea-
ture of CNV, the hyperintensity of each image was first
extracted by setting the median of intensity as binary
threshold. The histogram of such fluorescence photo
with a hyperfluorescence area is shown in Figure 3a.
These histograms typically have two peaks, with the
high intensity peak labeled in Figure 3a correspond-
ing to the hyperfluorescence area. For each eye, the FA
images taken at different observation time points were
histogram matched with the FA image before treatment
to ensure they were scaled similarly. For each eye, an
optimal intensity level was chosen as the threshold to
convert the FA images into the binary images with the
hyperfluorescence area shown in white and the normal
fluorescence area shown in black (Figure 3b1-b2). The
white area in a binary image (i.e., hyperfluorescence
area) was considered to be the “leakage area.” Another
binary image showing the “mask” of the treatment area
is in Figure 3c1—c2. To quantify the mean intensity level
inside the treatment area and its change in respond to
treatment, we calculated the “Relative Intensity Index”
using the following equation:

Mean Intensity in Treatment area

Relative Intensity Index =
elative fntensity inaex Mean Intensity in Leakage area

To study the changes in fluorescence leakage in the
eyes at each of the post-treatment observation time
points when compared to the before-treatment mea-
surement, un-paired t-tests were conducted. The differ-
ences were considered statistically significant when p
values were less than 0.01.

2.7 | Histology and
immunohistochemistry

Three NZW rabbits were euthanized at 3 months
after PUT through a lethal dose of pentobarbital. The
eyes were harvested immediately and pre-fixed in
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FIGURE 2

(a) Shows the same “landmarks” are selected between two images as the control points. (b) Unregistered image pair taken at

two different observation time points. (c) Registered image pair. The red circles mark the treatment area. (d) Hyperfluorescence part extracted

showing the CNV leakage area.

FIGURE 3

(a) Pixel intensity histogram of a representative FA late phase image shown in (b1). The red line marks the binary threshold.

(b2) Binary result of (b1), indicating the leakage area. (c1) Original FA late phase photo with the treatment area labeled by the red circle. (c2)

Binary image showing the treatment area.

10% formalin solution for 24 h. The fixed eyes were
then changed to 50% ethanol for 8 h and then 70%
ethanol for 24 h. The eyes were split and the strips
containing treatment area were fixed in 4% agar then
embedded in paraffin. The paraffin-embedded sec-
tions were finally sliced and stained by hematoxylin
and eosin (H&E) or Smooth Muscle Actin (SMA)
antibody.

3 | RESULTS

3.1 | Efficacy of PUT

In total, six NZW rabbits (left eye in each rabbit) with
CNV model were treated with a single PUT session.
Representative PUT results are shown in Figure 4; while
the other results are shown in Figures S1-S5. Control
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FIGURE 4 Representative PUT result in a rabbit CNV model. (a1-a5) Fundus photographs and (b1-b5) late phase FA images taken at
different observation time points, including Day 0 (immediately before PUT treatment and 2—4 weeks after M&V injection), and Day 3, Day 7,
Day 14, and Day 28 after the treatment. (c1—c5) Registered late phase FA images at different observation time points, where the red circles
indicate the treatment area. (d1-d5) Binary images at different observation time points, showing the hyperfluorescent area consistent with the

CNV leakage.

experiments with laser-only and ultrasound-only treat-
ments were also conducted. Two NZW rabbits (left eye
in each rabbit) with CNV model were treated by laser
only with the same optical parameters (10 Hz 1064 nm
laser pulse with 140 mJ/cm? laser fluence for 5 min).
Two NZW rabbits (left eye in each rabbit) with CNV
model were treated by ultrasound only with the same
ultrasound parameters (0.36 MPa ultrasound pressure
at 0.25 MHz with 2500 cycle each burst, 10 Hz burse
repetition rate for 5 min).

At each observation time point, the fundus photo
and FA images were captured. In Figure 4 and Figures
S1-S5, the representative fundus images are shown
on the first row (A1-AS5), the original and the registered
figures of late phase of FA images are shown on
the second and third rows, respectively (B1-B5 and
C1-C5), and the extracted hyperfluorescent area are
shown on the fourth row (D1-D5). On Day 0, the FA
late phase showed hyperfluorescent areas which were
induced by vessel leakage overlying on the choroidal
vessels, indicating the existence of CNV. Immediately
after treatment, microhemorrhages within the treatment
area were noted. Due to their optical absorption of the
fluorescent light, the areas covered by these micro-

hemorrhages may show hypofluorescent blockage in
the fundus FA image. These microhemorrhages were
fully absorbed within the following 3 days in all six
cases. After that, the reduced hyperfluorescence in
the treatment area indicates that the neovasculature
treated by PUT have either stopped perfusion or the
vessel structure was removed by PUT In addition,
we also notice that the reduction in hyperfluores-
cence is heterogeneous in the treatment area, which
reflects that the vascular response to the PUT is not
homogenous.

For each rabbit eye in the PUT group or the con-
trol groups, the treatment efficiency was evaluated
longitudinally by quantifying the fluorescein leakage
in fluorescein angiography. Using the measurements
on Day 0 (before treatment) as a baseline, the aver-
age and the 95% confidence interval of the quantified
relative intensity index of the three groups (PUT, laser-
only treatment, and ultrasound-only treatment) at each
time point are shown in Figure 5. One time PUT can
effectively reduce the fluorescence leakage of CNV, as
reflected by the reduction in the relative intensity index,
of 26.57% + 8.66% on Day 3,27.24% + 6.21% on Day
7,27.79% + 2.61% on Day 14, and 32.12% + 3.23%



CNV REMOVAL WITH PUT

MEDICAL PHYSICS——

—&— Laser Only

US Only
g —-&- PUT
© 7 *%%x P <0.01
£
= 1.0
[
c
Q -
et
=
(] -
> 0.5 | e |
E | *kk
D .
14
0.0 =1 T T T
O S A > ®
D B Ky KY
Q" O Q Q? Q?
FIGURE 5 Quantification of the relative intensity index as a

function of time after PUT (n = 5), ultrasound (US) only treatment
(n = 2),and laser only treatment (n = 2). For the PUT group, the
average reduction in relative intensity index is 26.57% + 8.66% on
Day 3,27.24% + 6.21% on Day 7,27.79% + 2.61% on Day 14, and
32.12% + 3.23% on Day 28; the quantified measurements of the
relative intensity index on Days 14 and 28 show statistically
significant difference when comparing to the baseline (Day 0). For
the two control groups (United States only and laser only), no
statistically significant change is noticed after the treatment. ****
indicates p-value < 0.0001.

on Day 28. Paired t-tests comparing the quantified rel-
ative intensity indices in the treatment area on Days 14
and 28 after treatment with the baseline (Day 0; before
treatment) show statistically significant differences with
p < 0.01. For the two control groups (laser-only and
ultrasound-only), no statistically significant changes
in fluorescence leakage in the treatment areas was
noticed at any of the observation time points after the
treatment.

3.2 | Safety of PUT

Three New Zealand white rabbits were kept until 3
months after treatment for safety evaluation. H&E his-
tology staining was performed to evaluate possible
damage to the fundus structure, and a-SMA brightfield
staining was performed to enhance the visualization
of capillaries. For all three rabbits, every single eye-
cup was sliced as cross section with each slide being
200 microns apart. These slides contained three typical
areas: area without CNV model, area with CNV model
then treated by PUT, and area with CNV model but no
treatment.

Representative histology and immunohistochemistry
results were shown in Figure 6. Histology photos with
H&E stains (Figure 6d—f) of the retina of these rab-
bits demonstrate retinal atrophy and thinning. Although
every retina layer exists, significant thinning of these

layers can be noticed. The retina atrophy and thinning
shown by the H&E histology were caused by subreti-
nal injection, like the results of DL-AAA model published
previously?? No significant additional changes were
induced by the PUT. The immunohistochemistry results
shown in Figure 6a—c better demonstrate the irregu-
lar vascular structures. The a-SMA stain, which helps
further separate RPE layer from vascular structures,
also helps distinguish irregular density and thickness
of vascular in the sub-retinal layer. In Figure 6a,d, the
existence of macrophage cells is observed, further val-
idating the existence of CNV. Overall, the histology and
immunohistochemistry results demonstrated that PUT
did not result in visible morphologic changes in the
neurosensory retina.

4 | DISCUSSION

4.1 | Selection of PUT parameters
PUT relies on both laser and ultrasonic parameters
because of its unique mechanism of action. The
current study selected laser and ultrasound parame-
ters based on our previous study on PUT of retinal
neovascularization?? In the future, further optimization
of the laser and ultrasonic parameters will be performed.

During PUT, only one laser pulse was fired on the tar-
get at the beginning of each ultrasound burst to induce
cavitation. Due to the fact that it takes two ultrasound
cycles for the response of the HIFU transducer to reach
the steady state and produce the calibrated pressure,
the laser pulse was synchronized with the third peak rar-
efaction phase of the HIFU burst. Since the 0.25 MHz
HIFU transducer was operated at 10% duty cycle (2500
cycles for each burst), the 2497 subsequent ultrasound
pulses kept driving the formed bubbles in vessels. Our
previous study?® has demonstrated that the efficiency
of PUT can be significantly improved for vessel treat-
ment when the laser pulse is synchronized with the HIFU
rarefaction phase. We had also demonstrated that the
proper synchronization can significantly enhance the
cavitation effect during PUT.'®

Unlike our group’s previous studies which used a
0.5 MHz center-frequency HIFU transducer for treat-
ment, this study utilized a 0.25 MHz transducer. This
change was made because the lower frequency could
provide a larger focus zone and a lower cavitation
threshold due to the increase in the period of the rarefac-
tional phase.'® Moreover, the larger ultrasound beam
could provide a more flexible angle for eye treatment.
While the lens in the eye does not affect the ultrasound
propagation, it does affect the focusing of incident laser
light on the fundus due to refraction. Since PUT is based
on spatially aligned ultrasound focus and laser focus,
misalignment may be induced by refraction of the treat-
ment laser beam. By using an ultrasound beam that is
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four times larger than the laser beam in diameter, it is
less challenging to ensure the laser beam is within the
focus zone of the HIFU beam.

4.2 | Characteristics and treatment
response of M&V induced CNV model

The CNV model in this study was similar to the
CNV found in age-related macular degeneration (AMD)
patients in terms of fluorescein angiography leakage
patterns?* The CNV leakage area is best visualized
with stronger contrast between the CNV area and the
surrounding normal area on the late-phase fluores-
cein angiography (FA) since there is continued leakage
throughout the angiogram duration in the region of CNV.
The half-life of fluorescein in extravascular tissue is
longer than that of intravascular fluorescein, and thus
the early removal of intravascular fluorescein results in
higher signal (through continued leakage in the region of
CNV) and reduced noise (through reduction in intravas-
cular fluorescein) in the late phase FA. Despite strictly
controling the M&V concentration, volume, and location
of injection, the final developed CNV model varies in
each eye. To account for this difference, this study uti-
lizes a relative intensity index to account for this baseline
difference between animals.

4.3 | Biological effects and biochemical
changes

Besides the morphology changed shown in Figure 6,
several biological effects and biochemical changes are

<L }

Representative histopathology results demonstrating the treatment effect and safety. (a) and (d) H&E histology and
immunohistochemistry photos taken from an area with CNV model. (b) and (e) H&E histology and immunohistochemistry photos taken at 3
months after PUT, showing CNV removed in the treatment area. (c) and (f) H&E histology and immunohistochemistry photos of normal area.
Both (a), (d) and (b), (e) show retinal atrophy due to the M&V subretinal injection model. However, no difference is noted between the regions of
PUT area and untreated area, demonstrating no additional effect to the retina caused by PUT.

expected during PUT. First, the endothelial cells in the
CNV may become dysfunctional as a result of the
enhanced cavitation during PUT. Moreover, our recent
work demonstrated that endothelial cell release of the
vasoactive substances NO and PGI2 may also be
reduced as a result of PUT?°

4.4 | Unexpected treatment response
Among the 6 PUT cases, several (n = 3) showed treat-
ment responses outside of the laser beam area. This
may have occurred due to the downstream effects of
the vasculature within the treatment area. Another pos-
sible reason is the eye movement during treatment.
Although each rabbit was subjected to general anes-
thesia with ketamine and xylazine and topical tetracaine
before treatment, spontaneous eye movement can still
occur during the 5-min treatment window. These side
effects may be solved by fixating the eye or updating
the treatment parameters leading to reduced treatment
duration.

4.5 | Limitation of current study

There are some limitations of this study. The M&V
induced CNV model, while resulting in consistent,
long-term persistent CNV, also shows overlying retinal
atrophy which does not mimic human CNV disorders
and limits the ability of this study to fully evaluate
safety? Since PUT relies on the bioeffects caused by
cavitation bubbles, a modality that can give real-time
feedback on the activities of cavitation bubbles at
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the eye fundus should be developed in the future. In
addition, longer follow-up can also be performed in
future studies to determine the long-term treatment
effect of PUT. Moreover, several modifications could
be considered in the future to further optimize the
PUT effect, such as introducing imaging guidance
during the treatment, performing multiple treatment
sessions instead of once as in this study, scanning
treatment spot to cover the entire disease area, and fur-
ther optimizing the optical and ultrasound parameters
in PUT.

5 | CONCLUSIONS

This is the first study to explore and validate the
efficacy and safety of PUT to treat CNV in a clinically-
relevant rabbit model. PUT could reduce the leakage
of CNV with a single treatment session, and the
treatment effect persisted for at least 1 month after
treatment with no damage noticed in the neurosen-
sory retina. Despite the limitations mentioned above,
PUT holds great potential to be developed into a new
tool for clinical long-term management of CNV, espe-
cially for patients not responding well to anti-VEGF
therapy.
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