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Abstract — Objective: Photo-mediated ultrasound therapy 
(PUT) is a novel antivascular therapeutic modality based on 
cavitation-induced bioeffects. During PUT, synergistic 
combinations of laser pulses and ultrasound bursts are used to 
remove the targeted microvessels selectively and precisely 
without harming nearby tissue. In the current study, an 
integrated system combining PUT and spectral domain optical 
coherence tomography (SD-OCT) was developed, where the SD-
OCT system was used to guide PUT by detecting cavitation in 
real time in the retina of the eye. Method: We first examined the 
capability of SD-OCT in detecting cavitation on a vascular-
mimicking phantom and compared the results with those from a 
passive cavitation detector. The performance of the integrated 
system in treatment of choroidal microvessels was then evaluated 
in rabbit eyes in vivo.  Results:  During the in vivo PUT 
experiments, several biomarkers at the subretinal layer in the 
rabbit eye were identified on OCT images. The findings indicate 
that, by evaluating biomarkers of treatment effect, real-time SD-
OCT monitoring could help to avoid micro-hemorrhage, which is 
a potential major side effect. Conclusion: Real-time OCT 
monitoring can thus improve the safety and efficiency of PUT in 
removing the retinal and choroidal microvasculature. 

Index Terms— angiogenesis; image guided treatment; laser; 
optical coherence tomography; photo-mediated ultrasound therapy; 
retina 

 

I. INTRODUCTION 

coustic cavitation has played an important role in a 
remarkable range of medical procedures such as tumor 

ablation [1], tissue emulsification [2], and drug delivery 
[3].  The acoustic cavitation process involves the storage of 
the acoustical energy by the liquid system in what is called the 
growth phase and the ultimately focused release of the 
acoustical energy during the collapse phase [4]. During the 
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spatiotemporally focused release of energy, several 
mechanical and chemical effects [4], including 
microstreaming [5], microjets [6], shock waves [7], and free 
radical formation [8], can be produced. These mechanisms in 
turn lead to a list of bioeffects such as improving cell 
permeabilization [9], inducing cell necrosis [10], regulating 
gene expression [11], improving cell proliferation [12], and 
changing cell viability [13], leading to the desired therapeutic 
outcomes as a result of acoustic cavitation during the 
aforementioned medical procedures. 

Photo-mediated ultrasound therapy (PUT) is an emerging 
antivascular therapy technique that relies on cavitation-
induced bioeffects [14]. By using a synergistic combination of 
laser pulses and ultrasound bursts, PUT can remove the 
targeted microvessels with no or minimized damage to the 
surrounding tissue. The efficacy of PUT has been investigated 
and evaluated in various disease models in vivo, including 
corneal neovascularization [15], retinal neovascularization 
[16], choroidal neovascularization [17], and hypervascularity 
skin model [18, 19]. In these studies, as a general procedure, 
the applied laser and ultrasound parameters were first titrated 
on several animals, then the optimized values were used in the 
following PUT experiments for efficacy evaluation, while the 
treatment duration was fixed for each experiment. However, 
due to biological variations, a fixed treatment duration can 
cause over- or under-treatment, resulting in either excessive 
side effects, such as microhemorrhage, or unachieved 
treatment outcome. To improve the safety (by avoiding over-
treatment) and efficacy (by avoiding under-treatment), which 
are particularly crucial for performing PUT at the highly 
sensitive retinal and choroid layers in the eye, personalized 
treatment based on some real-time feedback is desirable.  

Because PUT is based on acoustic cavitation, it is 
imperative to monitor the cavitation activity during PUT in 
order to provide real-time feedback. Passive cavitation 
detection (PCD) is a widely used acoustic approach to detect 
acoustic cavitation. The use of PCD has brought major 
advances to our understanding of cavitation dynamics and 
associated bioeffects by detecting cavitation noise emitted by 
cavitation bubbles [20]. Studies have found a substantial 
correlation between cavitation intensity and cavitation 
noise[21]. While cavitation noise is highly complicated, 
broadband noise is frequently thought to be caused by inertial 
cavitation[22]. Therefore, studies have used the cavitation 
noise spectral integral as a criterion to assess inertial cavitation 
activity[23].  
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Conventional PCD using a single-element transducer has a 
spatially dependent sensitivity. Moreover, due to its poor 
spatial resolution, PCD based on a single-element transducer 
is unable to separate the mixture of acoustic emission it 
receives from multiple source locations [24, 25]. As a result, it 
is very difficult to use PCD to detect cavitation activity in 
single microvessels in the fundus of the eye. In addition to 
cavitation detection, real-time assessment of the structure of 
the microvessels treated by PUT is also important to avoid 
potential overtreatment. Hence, a modality suitable for both 
bubble detection and structure detection holds promise to 
contribute to personalized PUT treatment of microvessels at 
the fundus of the eye. 

Optical coherence tomography (OCT) is a technique 
capable of both anterior and posterior segment imaging of 
human eyes with micrometer-scale spatial resolution, enabling 
superior delineation of ocular morphology and highly precise 
biometry [26, 27]. Since the first OCT system was developed, 
the modality has advanced rapidly. Studies have shown that 
swept source OCT (ss-OCT) can provide an A-scan at a rate 
greater than 100 kHz [28, 29]. At this rate, high-resolution 
images of dynamic events can be captured and displayed in 
real time in clinical applications such as refractive corneal 
surgery [30], glaucoma assessment [31], and subretinal 
injection [32].  A recent study demonstrated the feasibility of 

using OCT angiography (OCTA) to guide a high speed PUT 
system for real-time detection of vessel changes in a rabbit ear 
model [33].  However, cavitation formation, which is the 
mechanism responsible for the bioeffect of PUT, has not been 
detected in vivo. Detecting cavitation formation during PUT 
can potentially predict vessel response in an early stage. 

In this study, we examined the feasibility of using OCT for 
real-time monitoring of the cavitation formation in 
microvessels of the fundus in the eye during PUT treatment. 
We developed a system that combined a PUT system with a 
spectral domain OCT (SD-OCT) which allows OCT and PUT 
to be performed simultaneously in the same eye. The 
capability of the SD-OCT in detecting cavitation activity was 
first investigated on a vascular-mimicking phantom, and the 
results were compared to those from PCD. Then the feasibility 
of SD-OCT in guiding PUT treatment of the choroidal 
microvessels was investigated in a clinically relevant rabbit 
eye model in vivo. Our study demonstrated that the integrated 
SD-OCT and PUT system could improve the safety and 
efficacy of PUT by visualizing the cross-section of the fundus 
of the eye in real time and predicting the treatment outcome.   

II. METHOD 

A. PHANTOM STUDY 
1) System components 

 
Fig. 1. System schematic and timing sequence for the phantom study. (A.1) The integrated PUT and SD-OCT system. (A.2) Side view of optical alignment, the
532nm and OCT light share focus and scanning along the vessel phantom. (A.3) Side view of the acoustic alignment, The PCD was positioned to confocal with
the FUS transducer aiming at the vessel phantom at a 90° angle. (B) Time sequence for system synchronization.  
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A schematic of the newly developed integrated PUT and 
SD-OCT system is shown in Fig.1-A. In PUT, a 0.25 MHz 
focused ultrasound (FUS) transducer with a focal width of 
6.04 mm and a focal length of 39.49 mm (H-117, Sonic 
Concepts, Bothell, WA, USA) was driven by a power 
amplifier (2100L, Electronics & Innovation Ltd, Rochester, 
NY, USA) via an impedance matching network. The focal 
pressure of the FUS transducer was calibrated in situ by 
using a standard needle hydrophone (HNC-1000, Onda 
Corporation, Sunnyvale, CA, USA) [34]. The therapeutic 
light for PUT was supplied by a 532-nm fiber laser (GLPN-
M, IPG Photonics, MA, USA) with tunable repetition rate 
and 1.5-ns pulse duration. The SD-OCT was adapted from a 
commercially available OCT platform (TEL321C1, 
Thorlabs, NJ, USA). The two laser beams for PUT and 
OCT were coaxially aligned through a dichroic mirror 
(FF925-Di01-25x36, Semrock, IDEX Health & Science, 
NY, USA) before entering the galvanometer scanning 
system (OCTP 1300, Thorlabs). The combined laser beam 
was delivered and focused on the same area through a scan 
lens (LSM-03, Thorlabs) by sharing the same galvanometer 

[35].    
A vascular mimicking phantom was created by 

embedding a silicone tube (inner diameter: 0.3 mm; outer 
diameter: 0.6 mm, Liveo™ Silicone Laboratory Tubing, 
Fisher Scientific) in a coupling gel material, which was 
made by mixing porcine gelatin powder in boiling water at 
a 1:10 ratio in weight. To mimic the blood flow in human 
choroidal vessels, the tube was filled with human whole 
blood, and the blood was circulated by a syringe pump at a 
speed of 1 cm/s [36]. PCD was used to confirm inertial 
cavitation activity in the blood flow. To detect cavitation 
activity through PCD, a focused immersion ultrasound 
transducer with a center frequency of 10 MHz (V312, 
Olympus, Tokyo, Japan) was used, and its focus overlaid 
the FUS focal area, which was targeted on the vessel. The 
cavitation signal detected by PCD was first amplified by a 
pulser/receiver (5072PR, Olympus, Tokyo, Japan) and then 
digitized by a DAQ card (RazorMax, Gage) with a 
sampling rate at 125 MHz.  The phantom vessel was also 
scanned by the B-mode SD-OCT along the longitudinal axis 

 
Fig. 2. System schematic and timing sequence for the study on rabbit eye in vivo. (A) The combined FUS, OPO laser, and OCT system. (B) Timing sequence for
synchronization of devices. DM: delay time measurement. 
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with a real-time display. The SD-OCT provides a lateral 
resolution of 13 µm and an axial resolution of 4.2 µm.  
With this arrangement, the cavitation signal from the same 
region of the vessel phantom was simultaneously detected 
by PCD and SD-OCT. 

2) Synchronization of the integrated system 
The timing sequence of the integrated system was 

precisely controlled by a pulse delay generator (DG535, 
Stanford Research Systems) as shown in Fig.1-B. The 
internal trigger signal from the SD-OCT system with a 10 
kHz pulse repetition rate was used to precisely trigger the 
fiber laser, the FUS system, and the DAQ card. The pre-
trigger delay for FUS signal was set based on the ultrasound 
traveling time from the FUS probe to the target. To measure 
this traveling time, the FUS probe was initially used in 
receiving mode, whereas the 532 nm laser was used to 
generate photoacoustic (PA) signal from the blood vessel 
phantom. The measured delay between the laser trigger and 
the FUS detected PA signal, which is the traveling time 
labeled as DM in Fig.1-B, was precisely calculated and 
applied to the function generator of the FUS system via the 
pulse delay generator. As a result of the synchronization 
described in Fig.1-B, the laser pulse was anticipated to 
irradiate the blood vessel when the negative phase of the 
FUS burst also reached the blood vessel.[37]  

3)  Phantom study data collection  
Eight different laser energy levels for PUT was used, 

evenly spreading from 0 to 1.4 µJ/pulse with a beam 
diameter around 10 μm. The FUS peak negative pressure at 
the target was also set to 8 different levels by adjusting the 
function generator output voltage, evenly distributing from 
0.156 to 0.228 MPa. As a result, the targeted vessel was 
treated by a total of 64 combinations of different laser pulse 
energy levels and FUS pressure levels. The PCD signal, 
which was digitized by the DAQ card, was simultaneously 
recorded during the SD-OCT B-scan with a time duration of 
100 OCT B-scan frames (512×100 A-scans). The power 
spectrum of the captured PCD signal was then calculated 
for further analysis. 

B. IN-VIVO STUDY 
1) System components for in vivo study 

To validate the performance of real-time OCT guidance 
during PUT treatment of rabbit eyes in vivo, the system was 
further upgraded to accommodate the rabbit eye. A high-
power mobile laser (Phocus Mobile, Opotek, CA, USA) 
was used to replace the fiber laser that has been used in the 
in vitro study on phantoms. The high-power laser system 
can supply a beam of larger size on the fundus at the desired 
light fluence. The wavelength was tuned to 532 nm which is 
an isosbestic point of oxygenated hemoglobin and 
deoxygenated hemoglobin and has been demonstrated 
effective for selectively treating blood vessels in the eye 
using PUT [38]. A conical-shape gel cone was used to 
provide coupling for ultrasound propagation from the FUS 
transducer to the eye surface. As shown in Fig.2-A, there 
were holes in the gel cone to provide optical paths for both 
PUT and OCT laser beams. The laser beam for PUT 

propagated through the side hole and was reflected by a 
dichroic mirror (FF925-Di01, Semrock, IDEX Health & 
Science, NY, USA) in the middle hole to align with the 
acoustic beam. The OCT light coming out of the scan lens 
(LSM03, Thorlabs, NJ, USA) passed through the same 
dichroic mirror in the middle hole and was then collimated 
with the PUT light beam by the ophthalmic lens (AC080-
010-C-ML, Thorlabs) before entering the eye. A custom-
made 3D-printed lens holder was used inside the middle 
hole to hold all the optical components. 

2) Synchronization of the in vivo treatment monitoring system 
Fig.2-B depicts the timing sequence used to synchronize 

different devices in the in vivo setup. The entire system was 
triggered by the OCT internal trigger signal operating at 10 
kHz, and 0.25 MHz FUS transducer produced three-cycle 
pulses at a 10 kHz pulse repetition rate. One of the channels 
from pulse delay generator was set to trigger holdoff mode 
to generate 10 Hz output trigger signals for the laser system. 
The treatment laser pulse energy was precisely controlled 
by adjusting the delay between the Q-switch and the 
flashlamp. The delay between the treatment laser Q-switch 
and the FUS system was adjusted by the aforementioned 
method based on the PA signal to ensure that each laser 
pulse reached the target at the same time as the negative 
peak of a FUS pulse arrived. Because FUS had a pulse 
repetition rate of 10 kHz while the laser system ran at 10 
Hz, combined FUS and laser irradiation only occurred once 
every 1000 FUS pulses.  

3) Animal handling and treatment procedure  
Eleven New Zealand white rabbits, acquired from the 

Center for Advanced Models and Translational Sciences 
and Therapeutics at the University of Michigan Medical 
School, participated in this study to investigate the OCT 
biomarkers caused by cavitation bubbles during PUT 
treatment. All the experimental procedures were performed 
in accordance with the ARVO (The Association for 
Research in Vision and Ophthalmology) Statement for the 
Use of Animals in Ophthalmic and Vision Research and 
were approved by the Institutional Animal Care & Use 
Committee (IACUC) of the University of Michigan 
(Protocol PRO00010387, PI: Yannis Paulus). The rabbits 
were anesthetized by intramuscular injection with a mixture 
of Ketamine (40 mg/kg, 100 mg/mL) and Xylazine (5 
mg/kg, 100 mg/mL). One drop of 2.5% phenylephrine 
hydrochloride and one drop of 1% tropicamide were used to 
dilate the pupil. Prior to treatment, 0.5% ophthalmic 
tetracaine was applied to provide topical anesthetic. The 
rabbit vital signs, including mucous membrane color, 
temperature, heart rate, respiratory rate, and oxygen 
saturation, were observed every 15 minutes during the 
entire procedure. 
During PUT procedure, the first five rabbits were used to 

identify the cavitation bubble-related biomarkers on real-time 
OCT images. In this step, the treatment laser pulse energy was 
gradually increased from 0 to 3 mJ/pulse (3-mm diameter 
beam) to cause detectable biomarkers in the real-time OCT 
images in the retinal of the eye while the ultrasonic peak 
negative pressure was fixed at 0.5 MPa. The remaining six 
rabbits were subsequently used to test the hypothesis that the 
identified OCT biomarkers could improve PUT safety. Three 
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rabbit eyes were treated with PUT under real-time OCT 
guidance, and the initial laser energy was set at 3 mJ. If both 
large bubbles and subretinal elevations were visible on the 
OCT images, the therapy would be stopped immediately, and 
then restarted with a lower laser pulse energy until a one-
minute treatment session was finished. The remaining three 
rabbit eyes were treated with PUT without real-time OCT 
guidance for 1 minute using 3 mJ laser energy. Other variables 
were the same for both groups. 

III. RESULTS 

Fig.3 shows the representative data groups from the 
phantom experiment. Fig.3A.1 and Fig.3A.2 depict the 
normalized acoustic signal obtained by PCD during OCT B-
scans and the normalized power spectra of the corresponding 
PCD signals when FUS power was fixed, and laser pulse 
energy was varied from 0 to 1.4 µJ/pulse. The corresponding 
OCT B-scans are shown in Fig.3C.1-C.4. 

In another representative data group, when the FUS peak 

negative pressure was varied between 0.156 and 0.228 MPa 
while the laser pulse energy was fixed at 1 µJ/pulse, the 
normalized acoustical signals collected by PCD are shown in 
Fig.3B.1. The normalized power spectra of the corresponding 
PCD signals are shown in Fig.3B.2, and concurrently captured 
OCT B-scan examples are shown in Fig.3C.5-C.8.  

In general, the power spectra showed both harmonic signal 
and broadband noise at higher energy levels, suggesting both 
inertial and non-inertial cavitation activities during PUT 
treatment. When the FUS pressure was fixed, the cavitation 
activity increased as the laser pulse energy increased, as 
shown in Fig.3A. When the laser pulse energy was fixed, the 
cavitation activity was enhanced when higher FUS pressure 
was used, as shown in Fig.3B. The increase in laser pulse 
energy or FUS pressure correlated with the increase in 
cavitation signal. As shown in Fig.3C, the cavitation activity 
induced by PUT was also successfully detected by OCT, as 
demonstrated by signal washout. More details about signal 
washout lines in the OCT images under different situations are 
shown in Supplementary Fig. 1. 

 
Fig. 3. Phantom study comparing OCT with PCD on the ability to detect cavitation bubbles. In A, FUS peak negative pressure was fixed at 0.204 MPa, and 
laser energy was tuned between 0-1.4 µJ/pulse. (A.1) Normalized acoustic signal from PCD (representative sample out of 512×100 samples). (A.2) 
Normalized power spectrum of the PCD signal at 8 different laser pulse energy levels. In B. FUS peak negative pressure was tuned between 0.156-0.228 
MPa, and laser energy was fixed at 1 µJ/pulse. (B.1) Normalized acoustic signal from PCD. (B.2) Normalized power spectrum of the PCD signal for the 8 
different FUC peak negative pressure. C.1-8: Corresponding OCT B-scans captured at the same time. F0: 0.25MHz. 
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Fig.4 shows the correlation between the cavitation power 
detected by PCD and the number of washout A lines in OCT 
images. To determine the total power of cavitation for a given 
data point in PCD data, the power was calculated through 
integration over the range of 1–10 MHz. Fig.4-A shows a plot 
of the total power normalized by the peak cavitation power for 
each of the 64 groups (i.e., 8 laser pulse energy levels × 8 FUS 
pressure levels). The total number of washout lines for each 
group was estimated based on the OCT B-scan images. Each 

data point in Fig.4-B represents the number of washout lines 
from 100 B-scan images, which contain 106,400 A-lines. The 
largest data point in Fig.4-B was normalized to 1. The 
measurements from all the 64 groups, including both the 
normalized total powers detected by PCD and the normalized 
total washout lines in OCT images. The two sets of 
measurements have a strong positive correlation (r=0.999), 
demonstrating that the number of washout lines in OCT B-
scan images is highly correlated with the power detected by 

Fig. 5. Representative OCT frames during PUT treatment of choroidal microvessels in vivo. A.1-5: Representative frames for a case where PUT was not
stopped when strong cavitation was detected. A large cavity, possibly made of multiple large bubbles, was detected in A.2 (labelled by blue arrow), which was
further expanded in A.3, resulting in subretinal elevation in A.4 (labelled by yellow arrow), and finally caused microhemorrhage as shown in A.5 (labelled by
red arrow). B.1-5: Representative frames for a case where PUT was stopped after strong cavitation was detected. A large cavity was detected in B.3 (labelled by
blue arrow), causing subretinal elevation in B.4 (labelled by yellow arrow); then PUT was stopped at B.5 to avoid inducing microhemorrhage. C: Time interval
measurements between different biomarkers, including the time interval between the detection of large bubble (“LB”) and the detection of microhemorrhage
(“MH”), and the time interval between the detection of large bubble (“LB”) and the detection of subretinal elevation (“SE”). On all the OCT images, the
propagation directions of FUS and laser waves were from top to bottom. 

 
Fig. 4. Phantom study quantification results. (A) Normalized power detected by PCD between 1-10 MHz in a time duration of 100 OCT B-scans for all the 64
groups. (B) Normalized total washout A lines in the corresponding 100 OCT B-scans.  
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PCD. This strong positive correlation also demonstrates that 
OCT can be an alternative method to indicate the cavitation 
power.  

Fig.5 shows illustrative in vivo OCT biomarkers caused by 
the cavitation bubbles during PUT. Three key OCT imaging 
biomarkers are identified: cavitation, subretinal elevation, and 
microhemorrhage. Fig.5-A.1-5 and Fig.5-B.1-5 show the 
representative frames for two different cases, respectively. 
After OCT detects the continuous washout lines, large bubble 
clouds due to strong cavitation activity will appear within 2-3 
OCT frames, as shown in Fig.5-A.2–3 and Fig.5-B.2–3. The 
subretinal layer will then be elevated as a result of the 
expanding bubble cloud, as shown in Fig.5-A.4 and Fig.5-B.4. 
At this time, if PUT continues, possible microhemorrhage can 
be seen as a strong signal above the bubble clouds around the 
subretinal layers, as shown in Fig.5-A.5.  However, if PUT 
can be stopped after detecting continuous washout lines, the 
OCT signal washout will disappear in the following frames, as 
shown in Fig.5-B.5, indicating that the resulting bubbles are 
either dissolved or carried away by the blood stream and pose 
no harm to the subretinal layer. In the experiments where PUT 
continued after the OCT detection of strong cavitation, 
microhemorrhage was observed in 5 eyes. The time intervals 
measured between the detection of the first large bubble and 
the detection of microhemorrhage have a mean of 2.6 seconds 
with a standard deviation of 1.1s, as shown in Fig.5-C. The 
subretinal elevation was observed in a total of 8 eyes after 
large bubbles were noticed. The time intervals measured 
between the detection of the first large bubble and the 
detection of subretinal elevation have a mean of 1.06 seconds, 
as shown in Fig.5-C.  

Fig.6 shows the fundus photos from two rabbit eyes treated 

by PUT. Fig.6-A shows the results from a controlled treatment 
case where the PUT treatment was immediately stopped as 
soon as a large bubble was noticed on OCT. The subretinal 
elevation was observed immediately after the treatment but 
completely disappeared within one week. The choroidal 
microvascular density in the treatment area was reduced, as 
shown by the fundus photos at day 3 and day 7 after treatment, 
indicating successful treatment outcome.  Fig.6-B shows the 
results from an uncontrolled treatment case where the PUT 
treatment was not stopped after strong cavitation signals were 
noticed by OCT. As a consequence, microhemorrhage 
occurred in the subretinal layer and the vitreous, as shown in 
Fig.6-B. The microhemorrhage persisted during the entire 
observation period of one week. 

IV. DISCUSSION 

The spectrum analysis was frequently employed in the 
traditional PCD approach to measure the cavitation dose [21, 
39, 40]. To avoid the interference from the fundamental 
frequency of 0.25 MHz of our FUS transducer, we used the 
spectrum analysis range of 1-10 MHz in this study. While it is 
possible to use a PCD integrated to the center of our FUS 
transducer to detect cavitation activity, the central opening of 
our FUS ultrasound has been used for passing laser beams, 
including both therapeutic beam for PUT and diagnostic beam 
for OCT. It is technically challenging to arrange the space for 
another ultrasound transducer without blocking laser passes. 
Using OCT to detect cavitation would solve this technical 
challenge. The goal of our phantom study is intended to show 
the correlation between PCD-detected cavitation activities and 
washout lines on OCT in order to finally utilize OCT to 
monitor cavitation during in-vivo experiments. Further 

 
Fig. 6. Representative fundus photos and OCT B-scans taken from rabbit eyes after receiving controlled or uncontrolled PUT treatment. Yellow circles indicate
the treated areas. White arrows indicate subretinal changes. Controlled PUT: Fundus photos and OCT B-scans for a rabbit eye treated by PUT where the
treatment was stopped once a large bubble was detected by OCT, including photos taken before treatment, at 1 day after treatment, 3 days after treatment, and 1
week after treatment. Uncontrolled PUT: Fundus photos and OCT B-scans for a rabbit eye which was treated by PUT for an extra 1 minute after a large bubble
was detected, including photos taken before treatment, at 1 day after treatment, 3 days after treatment, and 1 week after treatment.  
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improving PCD sensitivity will not impact the correlation 
between the OCT washout lines and the cavitation activities 
detected by PCD, as well as the conclusions from this work. 
However, further improvement in OCT spatial resolution may 
improve the sensitivity of OCT in cavitation detection, 
resulting in improved safety during PUT. Besides confirming 
the cavitation bubbles generated by PUT, OCT also allows the 
detection of structural changes in fundus in vivo during the 
PUT treatment. 

In our study in the clinically relevant rabbit eye model, real-
time OCT of fundus during PUT treatment showed bubble 
cloud, subretinal elevation, and microhemorrhage as the 
imaging biomarkers of PUT treatment effects. Although PUT 
is based on cavitation, strong cavitation activity can result in 
side effects, such as microhemorrhage. The findings from this 
study indicate that there was an average time period of 2.6 
seconds from the initial detection of strong cavitation to the 
onset of microhemorrhage. When PUT treatment can be 
stopped during this time period, microhemorrhage as an 
unwanted side effect could be avoided. Therefore, the real-
time OCT monitoring, as demonstrated in this study, holds a 
potential for personalized PUT treatment for different 
individuals and may be used in clinical settings as an alarm 
system. With this imaging-based feedback mechanism, the 
safety and efficacy of PUT can be further improved.  

In general, objects that scatter, such as red blood cells, will 
appear as bright spots in SD-OCT images. In the current 
study, cavitation bubbles, which are also strong optical 
scatterers, appeared as dark lines on the background signals 
from red blood cells. This negative contrast in SD-OCT was 
caused by motion-induced signal washout [41, 42]. Both axial 
and transverse motion has been recognized to create the signal 
washout phenomenon in OCT. The signal washout phenomena 
investigated in earlier articles were explained as the result of 
the mean signal being dampened by the transverse and axial 
displacements of the oblique sample motion [43, 44]. The 
OCT signal washout during PUT occurred due to the 
oscillation of cavitation bubbles and red blood cells in the 
FUS field, particularly because the oscillation of bubbles is 
much faster than the speed of blood flow [45]. In this study, 
by synchronizing FUS and OCT, each OCT A-line has the 
same degree of signal washout effect due to FUS pulses, 

proving a uniform background for OCT B-scan images. As a 
result, only the signal washout caused by cavitation bubbles 
could be observed clearly in the background. The integrated 
system demonstrated in this study employed an OCT system 
operating at 10 kHz with a B-scan frame fresh rate of 10 Hz. 
Because the speed does not allow us to monitor the entire 
treatment region, we only acquire B-scans at the laser beam 
center during the therapy. Although the center area has the 
highest likelihood of treatment response due to the Gaussian 
distribution of the laser beam energy, other areas may also 
have treatment responses which, however, are not monitored 
by OCT. This limitation can potentially be addressed by using 
an OCT system with a faster imaging speed.  

 For the controlled PUT case shown in Figure 6, the 
diminished choroidal blood vessels are expected to persist for 
4 weeks. Our previous study on rabbit eyes has shown 
persistent results in treatment of choroidal vessel structure 
using the similar laser and ultrasound parameters [34]. For the 
uncontrolled cases, treatment can induce micro-hemorrhage in 
the vitreous, which was observed to be absorbed after one 
week. It is possible to achieve the similar therapeutic outcome 
with pure FUS techniques, such as shock-scattering histotripsy 
[46, 47]. However, the main advantage of PUT over pure FUS 
approach is the treatment selectivity because of high optical 
absorption contrast between blood vessel and surrounding 
tissues. We have demonstrated this selectivity and safety on 
several in-vivo rabbit eye models, including corneal 
neovascularization [15], retinal neovascularization [16], 
choroidal neovascularization [17]. While ultrasound is used at 
a safe level, laser is utilized for selecting the treatment target 
because of differences in light absorption. 

V. CONCLUSION 

In this study, an OCT-based real-time monitoring system 
for cavitation activity in microvessels is established. It is 
possible to accurately forecast cavitation using the signal 
washout phenomena in OCT caused by the axial and 
transverse motions of cavitation in the ultrasound field. The 
safety and effectiveness of PUT for removing the retinal and 
choroidal microvasculature can be enhanced by real-time OCT 
cavitation monitoring. 
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APPENDIX 

In this study, the SD-OCT detects cavitation by detecting OCT 
signal intensity drops due to strong axial and transverse 
motion. However, the FUS pulses will also oscillate the vessel 
and decrease the OCT signal intensity even if there is no 
cavitation. In Supplementary Fig. 1F, the FUS pulses and 
OCT laser pluses were not synchronized, where the OCT 
operated at 10 kHz, and the FUS operated at 1 kHz with 25% 
duty cycle. Dark vertical washout lines appeared on OCT 
images whenever FUS was on due to the motion induced by 
the FUS pulses, while the OCT signals were bright when there 
was no FUS. To eliminate the washout lines induced by FUS, 
we synchronized the FUS and OCT pulses. Through precise 
synchronization, all OCT A-scan lines were acquired when 
FUS was on (Supplementary Fig. 1G), so that the effect of 
FUS on all OCT A-scan lines was uniform (all OCT signals 
were uniformly reduced). As a result, the washout lines due to 
FUS were eliminated, and only cavitation would induce 
washout lines in OCT images, as shown in Supplementary Fig. 

1H-I.  

 

 
 
 
Supplementary Fig.1. Representative images for washout lines under SD-OCT when bubbles oscillate inside the tube blood vessel phantom. (A) Empty 
Blood vessel phantom. (B) Blood vessel phantom with water flow inside (C) Blood vessel phantom with water and lipid shell bubble flow inside (D) Blood 
vessel phantom with water and lipid shell bubble flow inside. 0.4 MPa ultrasound (12% duty cycle) was applied on the phantom, while ultrasound pulses 
synchronized with OCT A-scans triggers. Noticed that the phantom wall signal dropped due to motion created by ultrasound (E) Blood vessel phantom with 
human blood flow inside. (F) Blood vessel phantom with blood flow inside. 0.4 MPa ultrasound (12% duty cycle) was applied on the phantom, while 
ultrasound pulses operated at 1 kHz, not synchronized with the 10 kHz OCT A-scans triggers. Noticed that the washout lines are periodically due to motion 
created by ultrasound. (G) Blood vessel phantom with human blood flow inside. 0.4 MPa ultrasound (12% duty cycle) was applied on the phantom, while 
ultrasound pulses synchronized with OCT A-scans triggers. Noticed that phantom signal drops due to motion created by ultrasound. (H) Blood vessel 
phantom with human blood and microbubbles flow inside. 0.4 MPa ultrasound (12% duty cycle) was applied on the phantom, while ultrasound pulses 
synchronized with OCT A-scans triggers. Noticed that random signal washout due to motion created by cavitation. (I) Blood vessel phantom with human 
blood. 0.4 MPa ultrasound (12% duty cycle) and 1.4 µJ/pulse (10 µm in diameter) 532nm laser were applied on the phantom, while both ultrasound pulses 
and laser pulses synchronized with OCT A-scan triggers. Noticed that random signal washout due to motion created by cavitation. I.D. Inner diameter; O.D. 
Outer diameter; microbubble: Lipid shell bubble, ~3-micron diameter. Sync: Ultrasound burst synchronized with OCT A-scan triggers. 
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