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Abstract 17 

The purpose of this study is to develop a method for delivering anti-inflammatory agents 18 

of high molecular weight (e.g., Avastin) into the posterior segment that does not require 19 

injections into the eye (i.e., intravitreal injections; IVT). Diseases affecting the posterior 20 

segment of the eye, are currently treated with monthly to bimonthly intravitreal 21 

injections, which can predispose patients to severe albeit rare complications like 22 

endophthalmitis, retinal detachment, traumatic cataract, and/or increased intraocular. In 23 

this study, we show that one time moderate intensity focused ultrasound (MIFU) 24 

treatment can facilitate the penetration of large molecules across the scleral barrier, 25 

showing promising evidence that this is a viable method to deliver high molecular weight 26 

medications not invasively. To validate the efficacy of the drug delivery system, IVT 27 

injections of vascular endothelial growth factor (VEGF) were used to create an animal 28 

model of retinopathy. The creation of this model allowed us to test anti-VEGF 29 

medications and evaluate the efficacy of the treatment. In-vivo testing showed that 30 

animals treated with our MIFU device improved on the retinal tortuosity and clinical 31 

mailto:gonz762@usc.edu


dilation compared to the control group while evaluating fluorescein angiogram (FA) 32 

Images.  33 
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 45 

Introduction 46 

Diseases affecting the posterior segment of the eye, such as age-related macular 47 

degeneration (AMD), diabetic retinopathy, retinal vein occlusion and  posterior 48 

uveitis, are difficult to treat because of the challenge of delivering therapeutically 49 

relevant concentrations of medication into the vitreous humor (VH) and retinal 50 

tissue [1]. Although topical eye drops are safe, this route of delivery is incapable 51 

of achieving therapeutic levels in the human VH required to exert their 52 

pharmacologic activity [2].  To ensure therapeutic concentrations, most drugs 53 

used to treat retinal conditions such as AvastinTM, LucentisTM and EyleaTM, 54 

are directly injected into the posterior segment as an intravitreal (IVT) injection 55 

[3].  To maintain therapeutic concentrations, these agents must be given monthly 56 

or bimonthly.  However, frequent IVT injections can predispose these patients to 57 

rare but severe complications like endophthalmitis, retinal detachment, increased 58 

intraocular pressure, cataractogenesis and increased retinal ganglion cells 59 

apoptosis [4]. Thus, the ability to non-invasively deliver effective agents may 60 

reduce potential complications while improving treatment adherence.   61 



Transscleral delivery is a novel strategy to efficiently achieve therapeutic level of 62 

drugs in the retina and choroid tissue by exploiting the large scleral surface area 63 

[5]. Despite the intrinsic permeability characteristics of the sclera, it continues to 64 

be a challenge to deliver high molecular weight (MW>70 KDa) compounds into 65 

the posterior segment [1]. Efforts to exploit this strategy include transscleral 66 

iontophoresis [6], which uses an electric field to deliver drugs into the retina and 67 

choroidal tissue. However, iontophoresis may be limited to charged drugs.  68 

Unfortunately, this procedure is not well tolerated by patients. Therefore, there is 69 

a need to develop a delivery system that can be used across a large spectrum of 70 

therapeutic agents and that is independent of its molecular weight.  71 

In this paper we developed a method for delivering anti-inflammatory agents of 72 

high molecular weight (e.g., Avastin) into the posterior segment that is less 73 

invasive than IVT injections. Our novel delivery method employs moderate 74 

intensity focused ultrasound [MIFU]) to mediate scleral thinning and thus 75 

enhance drug transport across this barrier. To evaluate the efficacy of our delivery 76 

method, we developed a rabbit disease model using Vascular Endothelial Growth 77 

Factor (VEGF-A 165) to replicate the neovascular retinopathy.  78 

Results 79 

 80 

1. Transducer Performance Evaluation 81 

 82 

A. Basic Performance Evaluation  83 

            The center frequency of the transducer was measured as 3.27 MHz with the -6 dB 84 

bandwidth of 9%. The results indicated that it reached a good agreement with 85 

PiezoCAD simulation, where the center frequency was 3.25 MHz and the -6 dB 86 

bandwidth was 16% (Figure 1a-b). 87 



 88 

 89 

Figure 1. Summary of experimental transducer testing. (a-b) Comparison of 90 

experimental and simulated results in both time and    frequency domain. (a) 91 

Measured pulse-echo response. (b) PiezoCAD simulation. (c) Temperature vs. 92 

time curve. The time points were recorded as the temperature increased in 0.1 ⁰ C 93 

intervals within a 3 min period. (d) Cavitation effect evaluation. The frequency 94 

response of the reflected ultrasound signal from the sclera under MIFU condition 95 

and background condition. 96 

 97 

            Hydrophone (HGL-0400, ONDA, CA, USA) measurement was conducted to 98 

characterize the acoustic field of the transducer (Figure 2). The acoustic pressure 99 

distribution was acquired as well as the lateral and axial beamwidth.  The 100 

measured lateral and axial beamwidth was 0.663 mm and 1.872 mm respectively. 101 

Finite-element analysis was conducted by COMSOL, the lateral and axial 102 

beamwidth was 0.778 mm and 1.554 mm respectively. 103 



 104 

Figure 2. Hydrophone results and COMOSOL simulation results. (a) 105 

Simulated acoustic field in x-y plane. (b) Simulated acoustic field in x-z plane. (c-106 

e) Measured beam in x, z, y direction respectively. 107 

 108 

B. Thermal Effect Evaluation 109 

           The thermal effect caused by the interaction of the ultrasound and the sclera was 110 

measured with a needle-type thermocouple. Results showed that the temperature 111 

was increased 1.8 ⁰ C in total (Figure 1c).  112 

 113 

C. Cavitation Effect Evaluation 114 

           The most commonly used passive cavitation detection (PCD) method was selected 115 

to evaluate the cavitation effect. The PCD system mainly contained 2 parts: 116 

detection transducer and emit transducer. The detection transducer had a center 117 

frequency of 15 MHz with a -6 dB bandwidth of 60%, and the sensitive frequency 118 

range of 11 MHz to 19 MHz was selected in this study. It was aligned confocally 119 

with the emit transducer guided by the hydrophone, and the sclera was placed in 120 

this focal spot. The detection transducer received the reflected ultrasound signal 121 

from the sclera. If the cavitation effect occurred, then a broadband shock wave 122 

would be generated due to the bubble collapsing. The cavitation effect was 123 



assumed to have occurred when the broadband noise caused by the shock wave in 124 

the frequency range mentioned above had more than √5 of amplitude comparing 125 

with the background signal [7][8]. In Figure 4, despite the subharmonic signal at 126 

16.35 MHz, the measured results met this criterion (Figure 1d). 127 

 128 

2. Experimental Study 129 

 130 

A. MIFU Treatment 131 

 132 

           MIFU treatment was applied at 3 different durations (1min, 2 min and 3 min) to 133 

evaluate and observe the changes caused in the sclera. Scleral thinning was 134 

observed for all three durations (Figure 3b). Since the objective of our study is to 135 

enhance large molecular therapeutic such as Avastin to transit through the barrier, 136 

it was determined qualitatively that 3 min MIFU treatment could maximally thin 137 

the sclera without disrupting structural integrity.  138 

 139 

 140 

 141 

Figure 3. In vivo setup and sample OCT images of treated area. (a)This system 142 

allowed us to maintain MIFU intensity where the temperature is compatible 143 



with ocular temperature. (b) OCT images of the retina. Top image: Sclera was 144 

treated with ultrasound for one min. Middle image: Sclera was treated with 145 

ultrasound for two min. Bottom image: Sclera was treated with ultrasound for 146 

three min.  147 

 148 

B. Treatment Groups 149 

 150 

Retinal vascularization in all animals was scored using figure 6. A severity 151 

scoring system from 0-4 was used to quantify signs of tortuosity and 152 

neovascularization, where 4 was defined as the most severe and 0 as normal.  153 

Vascularization was observed in all the rabbits at day 3 after VEGF induced 154 

CNV (Score: 3.67 ± 0.58).  The injected eye showed signs of vasodilation, 155 

tortuosity and neovascularization (Figure 4 and Figure 5). Rabbits in group 2 156 

that received an IVT injection of 1.25 mg Avastin on day 3, showed a clinical 157 

and angiographic improvement at day 7, 4 days post Avastin (Score: 0 ± 0)On 158 

the contrary, animals from group 3 which received a subconjunctival injection 159 

of 1.25 mg Avastin on day 3 (Score: 3.33 ± 0.58) did not show retinal vascular 160 

changes 4 days post Avastin (3.33 ± 0.58). However, in NZB receiving both 161 

MIFU treatment plus a subconjunctival injection of 1.25 mg Avastin showed 162 

an improvement on the retinal tortuosity and clinical dilation compared to their 163 

findings at day 3 (Score at day 3: 3.67 ± 0.58), FA images showed mild 164 

dilation with minimum leakage (Score 4 days post Avastin: 1.33 ± 0.58). Thus, 165 

group 4 shows a similar clinical effect compared to group 2. All animals from 166 

three different groups were scored using figure 6 using a 0 to 4 severity scoring 167 

system, being 4 the most severe and 0 normal and results are summarized in 168 

table 1. 169 

 170 



 171 

 172 

Figure 4. Fundus Images of treated groups at Day 0, Day 3 and Day 7. Top row 173 

shows baseline images where major blood vessels appear very straight with no 174 

tortuosity of small or large vessels (Score: 0 ± 0). Middle row shows fundus 175 

images at day 3 after VEGF injection and before Avastin treatment where frank 176 

tortuosity is present in major and minor vessels with retinal tractions. Bottom row 177 

shows fundus images at day 7 after VEGF injection and day 4 after Avastin 178 

treatment. Bottom left was treated with an intravitreal injection, bottom- middle 179 

was treated with a subconjunctival injection and bottom right was treated with 180 

MIFU + subconjunctival injection.  181 

 182 



 183 

Figure 5. FA of treated groups at Day 0, Day 3 and Day 7. Top row shows baseline 184 

images where major blood vessels appear very straight with no tortuosity of small 185 

or large vessels. Middle row shows FA images at day 3 after VEGF injection and 186 

before Avastin treatment where leakage tortuosity is present between major and 187 

minor vessels. Minor vessels are not visible. Bottom row shows FA images at day 188 

7 after VEGF injection and day 4 after Avastin treatment. Bottom left was treated 189 

with an intravitreal injection, bottom- middle was treated with a subconjunctival 190 

injection and bottom right was treated with MIFU + subconjunctival injection. 191 

  192 

Scoring 

Group 2: 

Intravitreal Injection 

Group 3: 

Subconjunctival 

Injection alone 

Group 4: 

MIFU + Subconjunctival 

injection 

Day 0 0 ± 0 0 ± 0 0 ± 0 

Day 3 Post VEGF Injection 3.67 ± 0.58 3.33 ± 0.58 3.67 ± 0.58 

Day 7 – Day 4 post 

Avastin 
0 ± 0 3.33 ± 0.58 1.33 ± 0.58 



Table 1. Scoring of all treated animals with Avastin. Retinal vascular changes were 193 

served among all rabbits at day 3 after VEGF injection. Rabbits with intravitreal 194 

injection of anti VEGF drug (Avastin), showed a clinical and angiographic 195 

improvement at day 7. On the contrary, animals which received a 196 

subconjunctival injection did not show retinal vascular changes. MIFU group 197 

showed an improvement on the retinal tortuosity and clinical dilation compared 198 

to their findings at day 3. Scores are shown as mean ± SD.  199 

 200 

Conclusion and Discussion 201 

 202 

In this study, a highly focused transducer was fabricated and utilized to 203 

mediate thinning of the sclera to enhance drug transport across this barrier. 204 

Being able to create a highly focused transducer allowed us to have a precise 205 

and focalized window of treatment. For safety reasons, it was important to 206 

validate that the thinning of the sclera was caused by the cavitation effect 207 

instead of the thermal effect. Temperature changes were evaluated during a 208 

three-minute trial of continued pulses and an increase in temperature of 1.8 ⁰ C 209 

was observed during that time indicating a minimal thermal effect. Thus, it can 210 

be concluded that the thinning of the sclera was predominantly caused by the 211 

cavitation effect.   212 

 213 

The cavitation bio effects can be quantified by means of a unitless 214 

measurement known as the mechanical index. In order to assess safety, the 215 

FDA has stipulated that the mechanical index of ultrasound devices used in the 216 

ophthalmology field for diagnostic purposes cannot exceed a value of 0.23. 217 

Although our current device has a mechanical index of 10, our study showed 218 

no adverse effects on other tissue structures besides the thinning of the sclera 219 

observed in the OCT images. Since our ultrasound device is meant to be used 220 

for treatment purposes, the FDA proposed safety limit, does not directly 221 

translate to our application.  Future studies should focus on finding mechanical 222 

index limits for the safe utilization of ultrasound with treatment purposes.   223 



 224 

High Intensity Focused Ultrasound (HIFU) has been used by other groups in 225 

the ophthalmology field with treatment purposes in both clinical and 226 

preclinical applications [9, 10] and safety issues have rarely been reported [11]. 227 

For example, Razavi et al, used an ultrasound device with mechanical index 228 

ranging from 6.5 to 12.2 to modify the permeability of the sclera. This work 229 

showed that inertial cavitation enhances the permeability of the sclera with no 230 

significant alterations of the tissue observed in the electron microscopy images. 231 

[12]. Aptel et al utilized ultrasound coagulation of the ciliary body with HIFU 232 

to reduce intraocular pressure in both an animal study and a pilot human study. 233 

Their results showed that HIFU was well tolerated, and no significant damage 234 

was observed in the histology images in the animal study [13]. Similarly, no 235 

major intraoperative or postoperative complications were reported in the 236 

human study [14]. The aforementioned results provide evidence that focused 237 

ultrasound can be used safely for treatment purposes in ophthalmology 238 

applications.   239 

 240 

To test the efficacy of this device in-vivo, we were able to successfully create a 241 

disease model using pigmented rabbits to mimic the behavior of retinal 242 

retinopathies by using VEGF-165. Other groups have also developed models 243 

with persistent retinal neovascularization by using either Dutch belted rabbits 244 

[15] or New Zealand rabbits [16] . This paper on the other hand created a 245 

retinal disease model that could be used for both breeds allowing us to compare 246 

the behavior of the VEGF-165A based on the different breed characteristics. 247 

This information will be useful for future research that aims at testing new 248 

protocols to treat retinopathies. 249 

 250 

By using a disease model instead of normal pigmented rabbits, we were able to 251 

test the efficacy of the novel drug delivery system by objectively quantifying 252 

the Anti-VEGF medication (Avastin) effects on the retina. After comparing the 253 

control (Subconjunctival injection only) versus the MIFU treated group (MIFU 254 



+ Subconjunctival injection) based on the FA images, we observed a definitive 255 

improvement in the tortuosity and neovascularization of the retina in the MIFU 256 

group while no improvement was observed in the control group. This allowed 257 

us to conclude that sufficient concentration of medication penetrated the sclera 258 

when the MIFU device was used.  259 

 260 

We have shown that the scleral thinning obtained by the MIFU treatment can 261 

facilitate the penetration of large molecules across the scleral barrier. Our pilot 262 

study has demonstrated that there is a negative correlation between the 263 

permeability of the sclera and overall thickness. Despite the fact that the 264 

rabbits’ sclera is thinner compared to humans’ sclera, we believe that the 265 

observed  correlation may still apply  to humans. This work has shown 266 

promising evidence that this is a viable method to deliver high molecular 267 

weight medications not invasively.  It should be noted that our in-vivo results 268 

are based on a small sample size and only assessed the thinning of the sclera 269 

immediately after treatment. Our future work will focus on further testing 270 

safety and efficacy of our device in a larger sample size and studying the long 271 

term permeability of the treated area for trans-scleral transport, since currently, 272 

patients receive multiple Avastin treatments for long periods of time.  273 

 274 

 275 

Materials and Methods 276 

 277 

1. Transducer 278 

 279 

A. Experimental setup 280 

 281 

For the in-vivo studies, a PZT-4 based transducer with an aperture size of 20 mm 282 

and the focal length of 13 mm was fabricated. Parylene C (Specialty Coating 283 

Systems, Indianapolis, IN, USA) was used to compensate for the acoustic 284 

mismatch between the piezoelectrical material and the water, and it also served as 285 



a water insulation layer [17]. Air was used as the backing material to enable max 286 

acoustic power output [18].  287 

A water-cooling system circulates water through the transducer housing, 288 

removing the heat when the transducer is working, allowing us to use it for longer 289 

periods of time during in vivo study. The focused ultrasound passes through the 290 

small hole at the bottom of the water cone allowing us to focus accurately on the 291 

sclera (focal spot).  (Figure 3a) 292 

Transducer was held by a five-axis translational stage to enable a perpendicular 293 

ultrasonic beam to the sclera. The transducer was driven by a function generator 294 

(AFG 3252 C, Tektronix, Beaverton, OR, USA) and a RF amplifier (100A250A, 295 

Amplifier Research, PA, USA) with 55 dB of gain. The ultrasonic transducer was 296 

placed on the focal spot. In order to select the optimal stimulation time, various 297 

pulse durations (1, 2 and 3 min) were evaluated in-vivo using OCT images 298 

(Figure 3b). The size and depth of the scleral thinned area after treatment were 299 

used to select the ideal stimulation duration. The mechanical index was set around 300 

10 with duty cycle of 12%. Table 2 summarizes the waveform generator 301 

parameters used during MIFU stimulation. 302 

 303 

Waveform Generator Parameters 

Waveform Sinewave 

Peak to peak voltage 0.4Vpp 

Duty Cycle 400 cycle - burst 

Pulse period 1 ms burst period 

Output Frequency 3.3 MHz 

Table 2. Waveform generator parameters. The parameters described above were used 304 

during all in-vivo experiments.  305 

 306 

B. Performance Evaluation Tests 307 

 308 



To evaluate the performance of the transducer, several characterizations have 309 

been made as followed: pulse-echo test and PiezoCAD simulation, hydrophone 310 

test and COMOSOL (COMSOL 5.3a, COMSOL Inc., MA, USA) simulation, 311 

thermal effect, and cavitation effect mechanism investigations. Pulse-echo 312 

measurement was described in our previous work with the same procedures[19], 313 

and hydrophone measurement was also provided in our previous work[20]. The 314 

investigation of the thermal effect was achieved by a thermal couple. The sclera 315 

was positioned on the focal spot of the transducer, and a lead was inserted under 316 

the sclera shell. Every 0.1 ⁰ C of temperature raised, the corresponding time point 317 

was recorded, and the total time span was 3 min. The cavitation effect was 318 

conducted by a confocally transmit transducer and a receive transducer. The 319 

receive transducer recorded the reflected echo from the sclera, the echo signal was 320 

saved for off-line processing. 321 

 322 

2. Animal Model 323 

 324 

Rabbits share anatomical and physiological similarities with the human eye. 325 

Ocular size, volume, internal features and their diffusional path to reach the 326 

anterior segment using topical administered compounds are some of them, 327 

making it a great model for our purpose [21].  328 

All animals were maintained on a daily 12 hr light/ dark cycle. All procedures 329 

were in conformance with the Guide for Care and Use of Laboratory Animals 330 

(National Institutes of Health). The University of Southern California 331 

Institutional Animal Care and Use Committee (IACUC) reviewed and 332 

approved all procedures before commencement of the study.  333 

 334 

We performed survival experiments during our study. Adult New Zealand 335 

Black (NZB) rabbits (Western Oregon), ~2-3 kg were used (n=12). All 336 

experiments were performed in the right eye of each animal. The animals were 337 



anesthetized with ketamine (100 mg/kg) and xylazine (20 mg/kg) combination 338 

and euthanized at the end of the study. 339 

 340 

A. Disease Model 341 

Retinopathies are characterized by the development of choroidal 342 

neovascularization (CNV) through endogenous activation of VEGF elaboration 343 

[22][23]. To validate the efficacy of the drug delivery system, a disease model 344 

replicating the behavior of retinal retinopathies was created. The creation of 345 

this model allowed us to test anti-VEGF medications and evaluate the efficacy 346 

of the treatment.  347 

To find the correct concentration of VEGF-A 165 that is needed to create our 348 

disease model, rabbits from two different breeds (New Zealand black and 349 

pigmented Dutch belted) were stratified into two different groups to receive 350 

either 1 µg or 2 µg of freshly reconstituted VEGF-A 165 intravitreally. 351 

Ophthalmologic examinations were conducted on Days 7 and 14 to 352 

determine the severity as well as the resolution of the retinal edema and 353 

angiogenesis at designated time points.  At the end of the study (EOS) or 354 

day 14, the fundus and Fluorescein Angiography (FA) images were scored 355 

by a “Masked” evaluator for signs of tortuosity and neovascularization 356 

using a 0 to 4 severity scoring system (Figure 6) 357 

 358 

3. Experimental Study 359 

The eye was dilated with two drops of 1% tropicamide (Tropicacyl, Akorn 360 

Inc., Buffalo Grove, IL) and 2.5% phenylephrine (AK-Dilate, Akorn Inc., 361 

Buffalo Grove, IL). The animal’s heart rate, blood pressure, temperature 362 

(rectal) and respiratory rate were monitored and recorded every 5 minutes 363 

during surgical procedure and recovery time for survival experiments. The 364 

animal’s body temperature was maintained at 37°𝐶 with an electric heating 365 

pad.  366 

 367 



The VEGF-A 165 (R&D systems; catalogue number 293-VE-050/CF) was 368 

freshly reconstituted at a concentration of 3 µg/50 µL.  On Day 1, baseline 369 

ocular examination, fundoscopic images and fluorescein (FA) image were 370 

taken. The rabbits received 50 µl as an intravitreal injection of VEGF-A into 371 

the right eye.  372 

 373 

On Day 3, ophthalmologic examinations using funduscope and Florescein 374 

Angiography (FA) was used to assess the severity of the angiogenesis and 375 

retinal edema (Figure 6). The transducer was held by a three-axis translational 376 

stage (Model 4044 M Parker Daedal, Cleveland, OH) mounted on a magnetic 377 

based articulating arm for precise placement. Transducer was placed on the 378 

surface of the sclera ~ 3mm from the limbus without applying any pressure to 379 

it. On Day 7, at the conclusion of the study, all animals were euthanized with 380 

an intravenous injection of pentobarbital (30mg/kg; Butler, Dublin, OH).  381 

 382 

 383 

Figure 6. Fundus and FA images from Dutch belted rabbits. These images were 384 

were used as a template for severity scoring based on observations. “Masked” 385 

evaluators quantified signs of tortuosity and neovascularization using a 0 to 4 386 

severity scoring system. 387 

 388 

A. Treatment Groups 389 

 390 

Four treatments groups were studied (Table 3). Fundus images and fluorescein 391 

images were acquired for all groups at day 0, day 3 and day 7.  392 



 393 

Group 1: VEGF Control 394 

3 rabbits received an intravitreal injection of 3 µg/50 µL of VEGF into right 395 

eye and followed up at day 3 and day 7 to study VEGF behavior without 396 

treatment.   397 

 398 

Group 2: VEGF + Intravitreal (IVT) Avastin Only 399 

At day 0, 3 rabbits received an intravitreal injection of 3 µg/50 µL of VEGF 400 

into right eye. At day 3 all animals received an intravitreal injection of Avastin 401 

(1.25 mg/50 µL) in treated eye. At day 7 ophthalmologic examinations using 402 

funduscope and Florescein Angiography (FA) was used to assess control 403 

treatment group. 404 

 405 

Group 3: VEGF + subconjunctival Avastin Only 406 

At day 0, 3 rabbits received an intravitreal injection of 3 µg/50 µL of VEGF 407 

into right eye. At day 3 all animals received a subconjunctival injection of 408 

Avastin (1.25 mg/50 µL) in treated eye. At day 7 ophthalmologic examinations 409 

using funduscope and Fluorescein Angiography (FA) was used to assess 410 

control treatment 411 

   412 

Group 4: VEGF + MIFU + subconjunctival Avastin  413 

At day 0, 3 rabbits received an intravitreal injection of 3 µg/50 µL of VEGF 414 

into right eye. At day 3 all animals received MIFU treatment for 3 minutes 415 

(settings summarized in table 1) and a subconjunctival injection of Avastin 416 

(1.25 mg/50 µL) in right eye on top of treated area. At day 7 ophthalmologic 417 

examinations using funduscope and Fluorescein Angiography (FA) was used to 418 

assess treatment. 419 

 420 

ID Treatment N VEG

F 

Avastin MIF

U 

EOS 

Control VEGF (3µg) 3 D0 NA NA D7 



Control 1 VEGF (3µg)+Avastin (1.25 mg) IVT 3 D0  D3 NA D7 

Control 2 VEGF (3µg)+Avastin (1.25 mg) SC 3 D0  D3 NA D7 

Treatment VEGF(3µg)+MIFU(3min)+Avastin(1.25 mg) SC 3 D0  D3 D3 D7 

Table 2. Experimental groups of study. SC=subconjunctival, EOS=end of study, D0 = 421 

Day 0, D3=Day 3, D7= Day 7 422 

 423 

Acknowledgments 424 

 425 

Author contributions: AGC Conducted the animal experiments, wrote the manuscript, 426 

prepared the figures. RL Built transducer, conducted transducer testing, wrote the 427 

manuscript, prepared the figures. IA Developed rabbit disease model. JCMC Performed 428 

surgical procedures. SL, QZ and MH Supervised the project and edited the manuscript.  429 

Funding sources: USC Steven Technology Advancement grant, Jean Perkins Foundation 430 

Funding.  431 

Competing interests statement: The authors declare that there is no conflict of interest 432 

Data availability statement: Data available upon request from the authors.  433 

 434 

 435 

References 436 

[1] P. M. Hughes, O. Olejnik, J. Chang-lin, and C. G. Wilson, “Topical and systemic 437 

drug delivery to the posterior segments,” Adv. Drug Deliv. Rev., vol. 57, pp. 438 

2010–2032, 2005. 439 

[2] H. Nomoto, F. Shiraga, N. Kuno, E. Kimura, S. Fujii, K. Shinomiya, A. K. 440 

Nugent, K. Hirooka, and T. Baba, “Pharmacokinetics of Bevacizumab after 441 

Topical , Subconjunctival , and Intravitreal Administration in Rabbits,” IOVS, vol. 442 

50, no. 10, pp. 4807–4813, 2009. 443 

[3] M. Kataja, P. Hujanen, H. Huhtala, K. Kaarniranta, A. Tuulonen, and H. Uusitalo-444 

jarvinen, “Outcome of anti-vascular endothelial growth factor therapy for 445 

neovascular age-related macular degeneration in real-life setting,” j ophthalmol, 446 

vol. 102, pp. 959–965, 2018. 447 

[4] R. D. Jager, L. P. Aiello, S. C. Patel, and E. T. Cunningham, “Risks of 448 



intravitreous injection: A comprenhensive review,” Retin. J. Retin. Vitr. Dis., vol. 449 

24, no. 5, pp. 676–698, 2004. 450 

[5] G. A. Rodrigues, D. Lutz, J. Shen, X. Yuan, H. Shen, J. Cunningham, and H. M. 451 

Rivers, “Topical Drug Delivery to the Posterior Segment of the Eye : Addressing 452 

the Challenge of Preclinical to Clinical Translation,” Pharm Res, vol. 35, no. 245, 453 

pp. 1–5, 2018. 454 

[6] S. A. Molokhia, E. Jeong, W. I. Higuchi, and S. K. Li, “Examination of Barriers 455 

and Barrier Alteration in Transscleral Iontophoresis,” J. Pharm. Sci., vol. 97, no. 2, 456 

pp. 831–844, 2008. 457 

[7]     T. Li, H. Chen, T. Khokhlova, Y. Wang, W. Kreider, X. He, J.H. Hwang ., "Passive 458 

Cavitation Detection during Pulsed Hifu Exposures of Ex Vivo Tissues and in 459 

Vivo Mouse Pancreatic Tumors," (in English), Ultrasound in Medicine and 460 

Biology, vol. 40, no. 7, pp. 1523-1534, Jul 2014. 461 

[8]     R. Alberts, "Vision: Human and Electronics" Springer. 1
st
 ed. 1973 462 

[9]     S. E. P. Burgess, R.H. Silverman, D.J. Coleman, M.E. Yablonski, F.L. Lizzi, J. 463 

Driller, A. Rosado, P.H. Dennis., "Treatment of Glaucoma with High-Intensity 464 

Focused Ultrasound," (in English), Ophthalmology, vol. 93, no. 6, pp. 831-838, 465 

Jun 1986. 466 

[10] F. Valtot, J. Kopel, E. Petit, F. Moulin, and J. Haut, "Treatment of Refractory 467 

Glaucoma with High-Intensity Focused Ultrasound," (in French), Journal 468 

Francais D Ophtalmologie, vol. 18, no. 1, pp. 3-12, Jan 1995. 469 

[11] M. Lafond, F. Aptel, J. L. Mestas, and C. Lafon, "Ultrasound-mediated ocular 470 

delivery of therapeutic agents: a review," (in English), Expert Opinion on Drug 471 

Delivery, vol. 14, no. 4, pp. 539-550, Apr 2017. 472 

[12]      A. Razavi, D. Clement, A.R. Fowler, A. Birer, F. Chavrier, J. Mestas, F. Romano, 473 

J. Chapelon, A. Begle, C. Lafon, " Contribution of Inertial Cavitation in the 474 

Enhancement of in Vitro Transscleral Drug Delivery," (in English), Ultrasound 475 

in Medicine and Biology, vol. 40, no. 6, pp. 1216-1227, Jun 2014. 476 

[13] F. Aptel, T. Charrel, X. Palazzi, J. Y. Chapelon, P. Denis, and C. Lafon, 477 

"Histologic Effects of a New Device for High-Intensity Focused Ultrasound 478 



Cyclocoagulation," (in English), Investigative Ophthalmology & Visual Science, 479 

vol. 51, no. 10, pp. 5092-5098, Oct 2010. 480 

[14] F. Aptel., T. Charre., C. Lafon, F. ROmano, J. Chapelon, E. Blumen-Ohana, J. 481 

Nordmann, P. Denis, "Miniaturized High-Intensity Focused Ultrasound Device 482 

in Patients with Glaucoma: A Clinical Pilot Study," (in English), Investigative 483 

Ophthalmology & Visual Science, vol. 52, no. 12, pp. 8747-8753, Nov 2011 484 

[15] Y. Li, J. Marie, B. Alfyan, A. Zaman, Q. Shu, W. Tan, G. Siew, W. Tan, V. 485 

Amutha, N. Cheung, J. J. Wei, W. Hunziker, W. Hong, T. Yin, C. Ming, and G. Cheung, 486 

“A novel model of persistent retinal neovascularization for the development of sustained 487 

anti-VEGF therapies,” Exp. Eye Res., vol. 174, pp. 98–106, 2018. 488 

[16] R. B. Sampaio, R. J. Mendonca, A. R. Simioni, R. A. Costa, R. C. Siqueira, V. M. 489 

Correa, A. C. Tedesco, A. Haddad, J. C. Netto, and R. Jorge, “Rabbit Retinal 490 

Neovascularization Induced by Latex Angiogenic-Derived Fraction : An 491 

Experimental Model,” Curr. Eye Res., vol. 35, no. 1, pp. 56–62, 2010. 492 

[17] L. M. Jiang, R. Chen, J. Xing, G. Lu, R. Li, Y. Jiang, S. Kirk, J. Zhu and Q. 493 

Zhou., "Fabrication of a (K,Na)NbO3-based lead-free 1-3 piezocomposite for 494 

high-sensitivity ultrasonic transducers application," (in English), Journal of 495 

Applied Physics, vol. 125, no. 21, Jun 7 2019. 496 

[18] C. M. Sayers and C. E. Tait, "Ultrasonic Properties of Transducer Backings," (in 497 

English), Ultrasonics, vol. 22, no. 2, pp. 57-60, 1984. 498 

[19] R. Chen, L. Jiang, T. Zhang, T. Matsuoka, M. Yamazaki, X. Qian, G. Lu, A. 499 

Safari, J. Zhu, K.K. Shung, T. Ma, Q. Zhou, "Eco-Friendly Highly Sensitive 500 

Transducers Based on a New KNN-NTK-FM Lead-Free Piezoelectric Ceramic 501 

for High-Frequency Biomedical Ultrasonic Imaging Applications," IEEE Trans 502 

Biomed Eng, vol. 66, no. 6, pp. 1580-1587, Jun 2019. 503 

[20] X. J. Qian, T. Ma, M. Y. Yu, X. Y. Chen, K. K. Shung, and Q. F. Zhou, "Multi-504 

functional Ultrasonic Micro-elastography Imaging System," (in English), 505 

Scientific Reports, vol. 7, Apr 27 2017. 506 

[21] E. Y. Zernii, V. E. Baksheeva, E. N. Iomdina, O. A. Averina, S. E. Permyakov, P. 507 

P. Philippov, A. A. Z. Jr, and I. I. Senin, “Rabbit Models of Ocular Diseases : New 508 

Relevance for Classical Approaches,” CNS Neurol. Disord. - Drug Targets, vol. 509 



15, no. 1, pp. 1–25, 2016. 510 

[22] L. Hyman, “Epidemiology of Eye Disease in the Elderly,” Eye, pp. 330–341, 511 

1987. 512 

[23] H. Ameri, G. J. Chader, J. Kim, S. R. Sadda, N. A. Rao, and M. S. Humayun, “The 513 

Effects of Intravitreous Bevacizumab on Retinal Neovascular Membrane and 514 

Normal Capillaries in Rabbits,” IOVS, vol. 48, no. 12, pp. 5708–5715, 2007. 515 

 516 

 517 


