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Purpose: Corneal neovascularization (CNV) is the invasion of newblood vessels into the
avascular cornea, leading to reduced corneal transparency and visual acuity, impaired
vision, and even blindness. Current treatment options for CNV are limited. We devel-
opedanovel treatmentmethod, termedphoto-mediatedultrasound therapy (PUT), that
combines laser and ultrasound, and we tested its feasibility for treating CNV in a rabbit
model.

Methods: A suture-induced CNV model was established in New Zealand White rabbits,
which were randomly divided into two groups: PUT and control. For the PUT group,
the applied light fluence at the corneal surface was estimated to be 27 mJ/cm2 at
1064-nmwavelength with a pulse duration of 5 ns, and the ultrasound pressure applied
on the cornea was 0.43 MPa at 0.5 MHz. The control group received no treatment. Red-
free photography and fluorescein angiography were utilized to evaluate the efficiency
of PUT. Safety was evaluated by histology and immunohistochemistry. For comparison
with the PUT safety results, conventional laser photocoagulation (LP) treatment was
performed with standard clinical parameters: 532-nm continuous-wave (CW) laser with
0.1-second pulse duration, 450-mW power, and 75-μm spot size.

Results: In the PUT group, only 1.8% ± 0.8% of the CNV remained 30 days after treat-
ment. In contrast, 71.4%± 7.2% of the CNV remained in the control group after 30 days.
Safety evaluations showed that PUTdidnot cause anydamage to the surrounding tissue.

Conclusions: These results demonstrate that PUT is capable of removingCNV safely and
effectively in this rabbit model.

Translational Relevance: PUT can remove CNV safely and effectively.
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Introduction

Corneal neovascularization (CNV) is the invasion
of new blood vessels into the avascular cornea, leading
to reduced visual acuity. Pathologic CNV accounts
for blindness in approximately 7 million people world-
wide1,2 and is a potential consequence of various
disorders such as dry eye syndrome, contact lens use,
corneal infections, surgery, trauma, and limbal stem
cell deficiency.3–5 Vascular ingrowth into the cornea is
also a major risk factor for rejection after penetrat-
ing keratoplasty.6 Therefore, treatment of CNV must
be considered for visually impactful CNV or before
keratoplasty procedures.7

Currently, anti-inflammatory and anti-vascular
endothelial growth factor medications are the mainstay
therapies for treating significant CNV.7 However, none
of these pharmacological treatments can permanently
cure CNV, and they also have many side-effects, includ-
ing glaucoma and infection.8,9 Laser-based therapies
for ablation of vessels are non-pharmacological thera-
pies that have been used to target CNV.10 Experi-
mental and clinical studies have reported the use of
laser thermal cauterization utilizing Nd:YAG lasers to
remove CNV. In a recent investigation, a frequency-
doubled Nd:YAG laser (532 nm) was used to treat
40 eyes in 40 patients with CNV. Successful occlu-
sion of CNV occurred in only 53% of patients after
3 months. Complications included corneal hemor-
rhage, corneal thinning, vascularization exacerbation,
and vessel lumen reopening.11 Photodynamic therapy
(PDT) is another approach for the occlusion of CNV12;
however, a case series13 showed evidence of vascular
thrombosis and decreased CNV in only two-thirds of
eyes that underwent PDT. PDT also has limited clinical
utility due to its requiring a time-sensitive photosensi-
tizer infusion, which can be disruptive and challenging
in a busy clinic. In addition, PDT generates reactive
oxygen species and requires the systemic injection of a
photosensitizer, making the skin and eyes sensitive to
light after the treatment and requiring patients to avoid
sun exposure for several days. Furthermore, PDT may
cause a photosensitivity reaction, dye extravasation,
transient visual disturbances, infusion-related back
pain, and even choroidal infarction, resulting in severe
vision loss.

We have developed a novel, non-invasive, agent-
free, and highly selective treatment by applying
synchronized relatively low-intensity ultrasound bursts
and nanosecond-duration laser pulses, referred to as
photo-mediated ultrasound therapy (PUT).14–19 The
underlying mechanism of PUT is to promote cavita-
tion activity precisely in the targeted microvessels

by synchronizing the laser pulse to the rarefactional
peak pressure of the ultrasound burst (i.e., in-phase
setting).20 The physiological functions of red blood
cells, endothelial cells, and platelets can be directly
impacted by the mechanical force induced by oscil-
lating cavitation bubbles in the microvessels, resulting
in vasocontraction, blood clot formation, and hemor-
rhage.21–28

In our previous studies, PUT was successfully used
to remove the blood vessels in the choroid of rabbit eyes
safely and effectively.18 In this study, we established a
system based on PUT technology for the treatment of
CNV. The potential utilization of PUT in CNV treat-
ment was tested via experiments in the suture-induced
CNV model in the rabbit eye, and the outcomes were
evaluated by comparing the treatment results for the
PUT group with those of the control group. Safety
results were compared with treatment by laser photo-
coagulation (LP), a laser technique that is used clini-
cally to treat CNV.

Methods

PUT System

The schematic of the PUT system, which integrates
a laser system with an ultrasound system, is shown
in Figure 1. A standard Nd:YAG laser (Powerlite
DLS 8010; Continuum, Santa Clara, CA) was used
to provide 1064-nm light at a pulse repetition rate of
10 Hz and pulse width of 5 ns. The main laser beam
was directed by dichroic mirrors to the focal spot of a
high-intensity focused ultrasound (HIFU) transducer
(H-107, center frequency 0.5 MHz; Sonic Concepts,
Bothell, WA), which has a geometric focal distance
of 62.6 mm, a focal depth of 21.42 mm, and a focal
width of 3.02 mm. The applied laser intensity was
carefully adjusted by controlling the Q-switch delay
time. The laser spot was adjusted to 3 mm in diameter
on the cornea by controlling the size of the pinhole. An
optical powermeter was used tomeasure the laser pulse
energy in real time through the light reflected from
a dichroic mirror. The ultrasound system included a
function generator (DS345; Stanford Research System,
Sunnyvale, CA), which produced 0.5-MHz bursts
(10 ms long) at a repetition rate of 10 Hz; a
radio frequency (RF) power amplifier (2100L; Eni
Technology, Inc., Rochester, NY); and a HIFU trans-
ducer. The HIFU transducer was connected to the
RF power amplifier through an H-107 impedance
matching network. The focal pressure of the HIFU
transducer was calibrated with a standard fiberoptic
probe hydrophone (HNC-1500; Onda Corporation,
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Figure 1. (a) Schematic of the experiment setup for rabbit CNV treatment in vivo. (b) Photograph of the PUT system. DM, dichroic mirrors;
PM, power meter; DG, delay generator; FG, function generator; MN, matching network for HIFU transducer; PR, pulser/receiver.

Sunnyvale, CA). The duty cycle of HIFU bursts was
set to 10% to avoid significant heat generation. A pulse
delay generator (DG355; Stanford Research Systems,
Inc., Sunnyvale, CA) with a precision within 1 ps
was used to synchronize the laser and the ultrasound
systems with the repetition rate of 10 Hz. A charge-
coupled device (CCD)was applied tomonitor the treat-
ment effect in real time, and its illumination light was
provided by three pico light-emitting diodes, which
were integrated in the cover of the coupling cone.

Although light travels so fast that it can be consid-
ered instantaneous in the current study, ultrasound
waves take longer time to travel from the transducer to
the target. To synchronize the laser pulse to the rarefac-
tional peak pressure of ultrasound at the target (i.e., in-
phase setting), it was necessary to determine the time
delay between the fire of each laser pulse and the fire
of each ultrasound burst. This delay time can be calcu-
lated by measuring the time of flight for a photoacous-
tic (PA) pulse to travel from the target to the HIFU
transducer in addition to the system delay time.20 In the
current setup, the PA pulse can be produced when the
1064-nm light illuminates the target. A pulser/receiver
(5072PR; Olympus NDT, Inc., Waltham, MA) was
used to receive and amplify the PA signal detected
by the HIFU transducer when the switch (shown in
Fig. 1a) was connected to position 2, and then the time
of flight was measured by an oscilloscope (TDS540;
Tektronix, Inc., Beaverton, OR). When the time delay
between the fire of each laser pulse and the fire of
each ultrasound burst had been calculated, by adjust-
ing the time difference between the trigger for the laser
system and the trigger for the ultrasound system each

laser pulse and ultrasound burst was properly synchro-
nized at the target for PUT, with the switch shown in
Figure 1a connected to position 1.

Experimental Animal Care and Handling

NewZealandWhite rabbits (2.5–3.0 kg; 3–8 months
old; both genders) were acquired by generous donation
from theCenter forAdvancedModels for Translational
Sciences and Therapeutics at the University of Michi-
gan Medical School. The animals were housed in an
air-conditioned room with a 12-hour light/dark cycle,
fed standard laboratory food, and allowed free access
to water. All of the animal handling procedures were
carried out in compliance with protocols approved by
the Institutional Animal Care and Use Committee at
the University of Michigan (PRO00008567, PI YMP),
with strict adherence to the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research.

Induction of CNVModel

Twenty-one rabbits were used in this study. Each
rabbit was anesthetized with a combination of
40 mg/kg ketamine hydrochloride (Ketalar;
Par Pharmaceutical, Spring Valley, NY) and
5 mg/kg xylazine (Anased; MWI Veterinary Supply
Co./VetOne, Boise, ID) injected intramuscularly, and
topical anesthesia was also provided by applying
proparacaine (Alcaine; Alcon, Fort Worth, TX). Only
one eye of each rabbit was used. CNV was induced
according to a previous method.29 Briefly, a 7-0 silk
suture was passed through the corneal stroma 1.5 mm
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Figure 2. Red-free photographs of the rabbit cornea demonstrat-
ing development of the CNV model with a suture. (a) Immediately
after sutureplacement. (b) Sixweeks after sutureplacement, demon-
strating the robust development of CNV. (c) Immediately after suture
removal, 6 weeks after suture placement. (d) One week after suture
removal, showing a reduction in CNV. The CNV at this time (1 week
after suture removal) is stable.

away from the limbus and vertical to the limbus with a
length of 3 mm to induce CNV. Six weeks after suture
placement, sufficient stable corneal angiogenesis was
observed, and the suture was removed. After removal
of the suture, there was in the first week a mild regres-
sion in CNV that then stabilized by 1 week after suture
removal, with the remaining CNV stably sustained for
more than 1 month. Thus, 1 week after suture removal
was selected as the time for PUT treatment. Figure 2
shows the red-free photographs of the cornea at differ-
ent time points, including immediately after suture
placement, 6 weeks after suture placement, immedi-
ately after suture removal, and 1 week after suture
removal. All of the red-free photographs were taken
using a clinical ophthalmic photography system (TRC
50EX; Topcon Corporation, Tokyo, Japan) in the
anterior segment mode. We also performed fluorescein
angiography to check the perfusion and leakage of the
CNV. Because the cornea is an avascular and trans-
parent tissue and the iris is full of blood vessels, the
red-free photographs provided a higher contrast ratio
than fluorescein angiography photographs. For this
reason, we used the red-free photographs to quantify
the CNV. The 21 rabbits were randomly assigned to
three groups as follows: group 1, PUT treatment (n =
9); group 2, no treatment (controls, n = 6); and group
3, laser photocoagulation (LP) therapy treatment (n =
6). Animals were imaged at the following times: before
treatment, immediately at the time of treatment, and
7, 14, 21, and 30 days after treatment.

Imaging Processing and Neovascular
Quantification

Image processing was performed by using red-
free photographs to quantify the CNV changes in
the target area. First, we manually selected the treat-
ment area on each red-free photograph by using
Photoshop (Adobe, Mountainview, CA). Second, the
adaptive histogram equalization function inMATLAB
(MathWorks, Natick, MA) was used to enhance the
contrast between the CNV and the surrounding tissue.
The CNV path was then segmented using the edge
detection method in MATLAB. When we had identi-
fied the CNV path, the pixels of the CNV in the treated
region in the post-processing red-free photographs
were counted. In each sample, to get the relative
neovascular density percentage, the pixel numbers were
normalized by the number of pixels before treatment
(Prior), as shown in the following equation:

Relative neovascular density percentage

= CNV pixel numbers (each time point)
CNV pixel numbers (Prior)

× 100%

Safety Evaluation

Histological Analysis of Cornea and Limbus
One week, 1 month, and 3 months after treat-

ment, one rabbit from the PUT group and one rabbit
from the control group, along with one rabbit from
the LP group, were euthanized. The eye was immedi-
ately enucleated and fixed in 10% formalin solution for
48 hours and then preserved in 70% ethanol until
processing. The corneal and limbal CNV area of each
eye was removed and sectioned into two to four strips
of approximately equal width (3–4 mm) before being
embedded into paraffin blocks. The paraffin-embedded
sections containing tissue of the corneal and limbal
CNV area (thickness 5 μm) were processed with a
microtome and stained with hematoxylin and eosin
(H&E). A part of the limbal tissue was subjected to
immunohistochemical staining with anti-p63 antibody
(1:400; Invitrogen, Carlsbad, CA). These sections were
analyzed under a light microscope (BX51; Olympus
Corporation, Tokyo, Japan). Photographs were taken
with an Olympus DP70 digital camera.

The thicknesses of the cornea and corneal epithe-
lium were analyzed by ImageJ software (version 1.51j8;
National Institutes of Health, Bethesda, MD). Five
different areas of the cornea and corneal epithelium
were measured to obtain an average value of the thick-
ness.
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Figure 3. Red-free photographs of rabbit CNV before and after PUT treatment in comparison with results from the control group at the
same timepoints. (a–f ) Red-freephotographs of one case in thePUT treatment group. The redcircles, whichhave adiameter of 3mm, indicate
the treatment areas (b). The applied ultrasound pressure was 0.43 MPa at 0.5 MHz, the applied laser fluence was 27mJ/cm2 at 1064 nm, and
the treatment duration in each red circlewas 10minutes. (g–l) Red-free photographs of one case in the control group. Prior, 1 day before the
treatment (1 week after suture removal); Treat, immediately after treatment.

For semiquantitative evaluation of immunohisto-
chemistry in the limbus, for each group one representa-
tive high-power field (HPF) at 40× magnification was
used. A scoring system ranging from 0 to 4 was applied
to represent all positively stained cells per HPF on a
percentage basis: 0% (score 0), 1% to 33% (score 1),
34% to 67% (score 2), 68% to 99% (score 3), and 100%
(score 4).30

Corneal Endothelium Staining and Evaluation of
Endothelial Density

One rabbit from each of the PUT treatment, LP
treatment, and control groups was euthanized at each
time point of 1 week, 1 month, and 3 months after
treatment.

The treated eye was enucleated, and the entire
cornea was then dissected and positioned endothelial
side up. Alizarin red 0.2% (pH 4.2; Sigma-Aldrich, St.
Louis, MO) was applied to the cornea dropwise for
3 minutes. The cornea was then washed with
phosphate-buffered saline (PBS), and 0.25% Trypan
Blue solution (Sigma-Aldrich) was applied dropwise
for 90 seconds followed by another wash with PBS.
After a final rinse with PBS, the cornea was cut
into four pieces, and each piece of the cornea was
placed with the endothelial side down on a cover-
slip. The mounted slide was first examined under
an Olympus BX51 light microscope with 100× low
power field (10× objective lens). After localization,
cells were then analyzed with 400× final magni-
fication (40× objective). Photographs were taken
with an Olympus DP70 digital camera. At least
10 HPFs were examined for endothelial cells. The
number of endothelial cells per HPF was marked and

counted. The endothelial density was analyzed using
Imaris 9.1.0 imaging analysis software (Bitplane AG,
Zürich, Switzerland).

Statistical Analysis
Differences in the thickness of cornea, thickness of

corneal epithelium, and density of corneal endothe-
lium in three post-treatment groups (1 week, 1 month,
and 3 months) were compared to before-treatment
groups independently using t-tests with SPSS Statis-
tics (IBM,Armonk, NY). Differences in the three post-
treatment groups (1week, 1month, and 3months) were
compared to before-treatment groups independently
with semiquantitative evaluation of the immunohisto-
chemistry of the limbus using Mann–Whitney U tests.
Benjamini–Hochberg correction was performed on all
statistical analyses. The false discovery rate was 0.05.

Results

Efficiency of PUT Treatment Compared to
Control

In the PUT treatment group, nine rabbits in total
were treated with 0.43-MPa ultrasound pressure at
0.5 MHz and 27 mJ/cm2 laser fluence at 1064 nm.
One sample case from the PUT treatment group is
shown in Figures 3a to 3f. In Figure 3b, the red circles,
3 mm in diameter, indicate the treatment areas.
Immediately (less than 1 minute) after PUT treat-
ment, most of the CNVs in the treatment areas were
removed, with slight hemorrhage noticed, as shown
in Figure 3b. At 7 days after PUT treatment, 92.4%
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Figure 4. Red-free photographs of rabbit CNV before and at 30 days after PUT treatment (eight cases). The red circles show the treatment
areas, which have a diameter of 3mm. A significant reduction in CNV at 30 days after PUT treatment can be observed. The applied ultrasound
pressure was 0.43 MPa at 0.5 MHz, the applied laser fluence was 27 mJ/cm2 at 1064 nm, and the treatment duration in each treatment area
was 10 minutes.

of the CNV has disappeared, and it persisted to 30
days after PUT treatment, which was the longest obser-
vation time in this study. All eight cases in the PUT
treatment group were observed up to 30 days as shown
in Figure 4. By comparing the red-free photographs
acquired before and at 30 days after the PUT treat-
ment, the efficiency of PUT in removing CNV was
demonstrated.

In the control group, five rabbits were observed at
the same time points as the PUT treatment group. One
sample control case is shown in Figures 3m to 3r. We
observed that the CNVwas stable up to 30 days. All five
rabbits, which were observed up to 30 days, had similar
results, as shown in Figure 5.

Figure 6 shows the normalized relative CNV inten-
sities of the PUT treatment and control groups before
the treatment (Prior) and at 7, 14, 21, and 30 days after
treatment. In the control group, the results indicate that
the CNV was stable during the 30 days of observation
with a slight decline in CNV density; 71.4% ± 7.2% of
the CNV remained at day 30. In the PUT treatment
group, there was a very rapid decline in CNV by 7 days
after treatment that persisted over time, resulting in
only 1.8% ± 0.8% neovascularization remaining at 30
days after treatment. The quantification results further
demonstrated that PUT holds great promise for CNV
treatment.

Safety Evaluation

The findings from the safety evaluation for PUT
treatment and LP treatment are shown in Figure 7.
Changes in the corneal stroma were evaluated by H&E

histology. At the time when the suture was removed,
the cornea showed obvious inflammation and neovas-
cularization, as shown in Figure 7b. In the PUT treat-
ment group, the corneal stroma returned to normal
by 1 week after treatment and remained normal for
3 months. The corneal fibrils and collagen were well
organized after the treatment. No neovascularization
or inflammatory cells were observed in the stroma, as
shown in Figures 7c, 7e, and 7g. In the LP treatment
group, there were circular stromal scars that persisted
for more than 3 months, as shown in Figures 7d, 7f,
and 7h. Polymorphonuclear leukocytes, inflammatory
debris, and neovascularization filled clefts between
the stromal lamellae, although they were significantly
reduced compared to before treatment (Fig. 7b).

The thickness of corneal epithelium was measured
before PUT or LP treatment and at different time
points after each treatment. In the suture-removal
model, the thickness of corneal epithelium showed
no statistical difference from the normal cornea (i.e.,
comparing “before” and “normal in Fig. 7i). At
1 week after PUT treatment, the corneal epithelium
was thinner than before (P < 0.05), but the corneal
epithelium proliferated and recovered rapidly during
the next 3 months of observation, as shown in Figure
7i. After LP treatment, the corneal epithelium was also
thinner at 1 week after treatment, and the recovery of
the corneal epithelium during the next 3 months was
not as rapid as for the PUT treatment group.

The thickness of the cornea was measured before
PUT or LP treatment and at different time points
after each treatment. Compared with the thickness of
normal cornea, the cornea at the time of suture removal
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Figure 5. Red-free photographs of rabbit corneal neovascularization at day 0 and day 30 in the control group (five cases). They clearly show
that the CNV in this model persisted for 30 days in the control eyes, with a slight decline in CNV density.

Figure 6. Statistical analysis of the normalized neovascularization
density of the PUT treatment group (n = 8) and the control group
(n = 5) at different time points after treatment. *Statistically signifi-
cant difference.

was thicker with a corneal inflammatory response.
After LP treatment, the thickness of the cornea was
thinner at both 1 week and 1 month after treatment
but was recovered by 3 months after treatment. A
similar corneal thinning effect after LP treatment has
been reported in other studies, with some studies even
reporting resulting corneal ectasia resulting in kerato-
conus.7,11,31,32 In our study, after PUT treatment,
there was no obvious change in the thickness of the
cornea.

The characteristics of the limbus and the analy-
sis of cell marker p63 after PUT or LP treatment
are shown in Figure 8. The limbal epithelium thick-
ness of the suture-removal model was not affected
compared to the normal group, but the frequency and
expression of limbal stem cell marker p63 were higher
in the suture-removal group. One week after PUT
treatment, the limbal epithelium was thicker and the
percentage of expression of p63 was a little higher, but
without statistical difference, possibly due to the limbus
being needed to proliferate new epithelium to cover
the cornea after the corneal epithelium was damaged
after PUT. At 1 and 3months after PUT treatment, the
limbal thickness was back to normal, and the percent-
age of the limbal stem cells showed no difference from
normal, suggesting that PUT treatment did not affect
the function of limbal stem cells. In the LP treat-
ment group, the limbal epithelium was thinner after
the treatment and did not return to normal for at least
3 months. The number of limbal stem cells also
decreased after treatment, and the decreased level
persisted for at least 3 months. By comparing these
two groups, we concluded that PUT treatment did not
affect the number or the function of the limbal stem
cells, which is not the case for LP treatment.

Endothelial staining results and quantitative analy-
sis for different treatment groups (i.e., PUT and LP) at
different time points are shown in Figure 9. There was
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Figure 7. Structural characteristics of the cornea. H&E staining of normal cornea (a), suture-removal cornea (b), and cornea after PUT treat-
ment for 1 week (c), 1 month (e), and 3 months (g). H&E staining of cornea after LP treatment for 1 week (d), 1 month (f ), and 3 months (h).
White circles indicate fibrosis and inflammatory cells. Black asterisks indicate neovascularization. Changes of the thickness of corneal epithe-
lium (i) and total cornea (j) in the two different treatment groups (PUT and LP) are compared. For the thickness of the corneal epithelium
compared to the before-treatment result, P values for the PUT group were 0.0161, 0.0207, and 0.0001 for 1 week, 1 month, and 3 months,
respectively; P values for the LP group were 0.0052, 0.0013, and 0.1542 for 1 week, 1 month, and 3 months, respectively. For the thickness
of the cornea compared to the before-treatment result, P values for the PUT group were 0.1381, 0.4985, and 0.9722 for 1 week, 1 month,
and 3 months, respectively; P values for the LP group were 0.0014, 0.00002, and 0.5472 for 1 week, 1 month, and 3 months, respectively.
The error bars show themean and SD formeasurements at different locations of cornea. The green asterisks indicate a statistically significant
difference compared to the before-treatment result; ns, no statistically significant difference.

no statistical difference at the time of suture removal
when compared to normal. After PUT or LP treat-
ment, the density of the endothelium was not affected
in either group, as shown in Figure 9i.

Discussion

To our knowledge, this study demonstrates for the
first time the feasibility of PUT to treat CNV. The treat-
ment results from the rabbit CNVmodel demonstrated
that after one-time PUT treatment, only 1.8% ± 0.8%
neovascularization remained at 30 days post-treatment,
indicating that PUT is a safe and efficient method for
removing CNV.

The safety of PUT was evaluated against LP
therapy. The mechanism of LP therapy to treat neovas-
cularization is based on a laser thermal effect to
coagulate vessels. As demonstrated by our experi-

ments, complications of LP therapy on the cornea
include corneal thinning, corneal and limbal epithe-
lium thinning, vessel lumen reopening, corneal stromal
fibrosis, and limbal stem cell damage. As a member
of the p53 tumor suppressor gene family, transcrip-
tion factor p63 is an essential parameter in the devel-
opment of a stratified epithelium and is also associated
with the proliferative capacity.30 The percentage of cells
expressing p63 was decreased in the LP group, indicat-
ing limbal stem cell damage. These side-effects have also
been reported by other studies involving LP treatment
on the cornea.7,11,31,32 PUT removes neovasculariza-
tion through a completely different mechanism, which
is to directly damage vascular endothelial cells through
the mechanical forces produced via cavitation.14–18
The safety evaluation results demonstrated that either
corneal thickness, limbal epithelium, limbal stem cell,
and corneal stromawere not affected by PUT treatment
or the effect is reversible. The corneal epithelium was
thinner at 1 week after PUT but rapidly proliferated
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Figure 8. Structural characteristics of the limbus. H&E staining and immunohistochemistry staining of limbal stem cell marker p63 on the
limbus (a–p). Representative pictures of the limbus in PUT and LP treatment groups at different time points. Limbal stem cell marker p63
was present in every examined region with increasing frequency in the PUT treatment group after 1 week and returned to normal at 1 and
3 months. In the LP treatment group, p63 demonstrated a decrease at 1 week that persisted for at least 3 months. (q) Semiquantitative
analysis of immunohistochemical staining for proliferation, differentiation, and stem cell markers; the error bars show the mean and SD for
measurements at different locations of limbal epithelium. In thePUT treatment group, p63 showeda temporary increase after suture removal
and at 1 week after treatment (without a statistically significant difference) and then decreased to normal at 1 and 3months after treatment.
In the LP treatmentgroup, p63decreased at 1week after treatment, and thedecreasepersisted for at least 3months. For the semiquantitative
analysis of immunohistochemical staining of p63, compared to the before-treatment result, P values for the PUT group were 0.0334, 0.911,
and 0.911 for 1week, 1month, and 3months, respectively; P values for the LP groupwere 0.02791, 0.01046, and 0.02791 for 1week, 1month,
and 3 months, respectively. The green asterisks indicate a statistically significant difference compared to the before-treatment result; ns, no
statistically significant difference.

Figure 9. Endothelial staining of PUT (a–d) and LP (e–f ) treatment groups at different time points. (i) Quantification of endothelial density
for thedifferent groups at different timepoints demonstratednodifference in thedensity of corneal endothelial cells. For endothelial density,
compared to the before-treatment result, P values for the PUT group were 0.6991, 0.4041, and 0.9918 for 1 week, 1 month, and 3 months,
respectively; P values for the LP group were 0.311, 0.4482, and 0.9927 for 1 week, 1 month, and 3 months, respectively.

and became thicker (hyperplastic), a condition referred
to as pseudoepitheliomatous hyperplasia,33 which is
a benign proliferation of the conjunctival or corneal
epithelium that occurs in response to inflammatory
conditions. Sometimes it occurs after laser treatment.34
According to the safety evaluation results from the two
treatment groups (PUT and LP), we can conclude that
PUTmay transiently change the ocular surface, but the
corneal function is not damaged.

By taking advantage of the high intrinsic optical
contrast between hemoglobin and other tissues, PUT,
via the synergy of safe laser pulses and ultrasound
bursts, induces cavitation that occurs only in the target
blood vessels. Hence, the treatment effect in PUT is
precisely localized in blood vessels only, and unwanted
collateral damage to the surrounding tissue can be
largely avoided. Offering this unique advantage, PUT
may improve the clinical management of eye diseases,
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including treatment of CNV, by delivering selective
treatment of pathologic vessels with minimized side
effects and improved patient outcomes. In the future,
PUT can also possibly be used to treat choroidal
or retinal neovascularization. Because PUT removed
CNV safely and effectively in the rabbit disease model
and our current PUT system is designed for large eyes
such as human or rabbit eyes, PUT can be translated to
human trials in the future.
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