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Abstract: Photoacoustic microscopy (PAM) is an emerging retinal imaging technique that can provide
high spatial resolution and high contrast of chorioretinal vessels. PAM is compatible with optical
coherence tomography (OCT) and fluorescence imaging, allowing for development of a multimodal
imaging system that combines these imaging modalities into one. This study presents a non-invasive,
label-free in vivo imaging of retinal and choroidal vascular occlusion using multimodal imaging
system, including PAM and OCT. Both retinal vein occlusion (RVO) and choroidal vascular occlusion
(CVO) were clearly identified selectively using a spectroscopic PAM imaging. RVO and CVO were
created in six rabbits using laser photocoagulation. The dynamic changes of retinal vasculature were
observed and evaluated using color fundus photography, fluorescein angiography, OCT, and PAM.
The position of RVO and CVO were imaged with different wavelengths ranging from 532 to 600 nm.
The data shows that occluded vessels were clearly distinguished from the surrounding retinal vessels
on the PAM images. This advanced imaging system is a promising technique for imaging retinal
ischemia in preclinical disease models.

Keywords: photoacoustic microscopy; PAM; optical coherence tomography; OCT; retinal vein
occlusion; choroidal vascular occlusion; multimodal retinal imaging

1. Introduction

Retinal vein occlusion (RVO) has been demonstrated to be a frequent source of vision
loss in elderly patients [1]. It is the second most common retinal vascular disease, only
behind diabetic retinopathy [2]. RVO affects up to 16 million people worldwide and has
a prevalence between 1 and 2% in people over 40 years old [3,4]. Retinal vein occlusion
can present as either branch retinal vein occlusion (BRVO) or central retinal vein occlusion
(CRVO) [5]. Another ischemic pathology occurs in the choroidal layer, named choroidal
vascular occlusion (CVO) or choroidal ischemia, which causes serious retinal disorders due
to disruption the blood flow to the choroid of the eye [6–8]. In human patients, CVO may
occur from several etiologies, including ocular compression [9–11].

It is imperative to track progression of neovascularization caused by RVO or CVO,
and current imaging techniques have various advantages and limitations. Developing an
appropriate evaluation method is essential for quantitatively comparing pre- and post-
treatment and overall disease progression. The most common imaging technologies for
neovascularization include fundus fluorescein angiography (FA) and indocyanine green
angiography (ICGA). FA is widely used due to its ability to diagnose complications includ-
ing nonperfusion and neovascularization [12]. FA, however, has the limitations of being
invasive, limited in scope, and has the potential for adverse side effects [13,14]. Indocyanine
green (ICG) dye is water-soluble with an absorption peak between 800 and 810 nm [15].
Due to its tendency to rapidly bind to plasma protein, the contrast does not readily leak
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from choroidal vasculature to allow for choroidal imaging [16]. ICG and FA, however, lack
3D depth information [17–19].

OCT and OCT angiography (OCTA) are also frequently utilized. OCT non-invasively
produces cross-sectional retinal images. This data can be used to diagnose structural
changes such as macular edema and neovascularization [20–22]. However, B-scan OCT
images allow limited evaluation of the choroid and choriocapillaris vasculature [23]. Addi-
tionally, the images are limited in their evaluation of newly formed vasculature. OCTA is
three-dimensional, non-invasive, and can demonstrate microvascular structures of neovas-
cularization [24,25]. However, the modality cannot demonstrate leakage and is unable to
visualize microaneurysms and choroidal microvasculature [26].

Photoacoustic microscopy (PAM) is a potential solution to these limitations and can be
integrated with OCT. PA imaging is non-invasive and non-ionizing, with a high resolution
and depth of penetration [27–29]. The images are produced when acoustic waves are
generated by absorption of short, pulsed laser light in chromophores like hemoglobin,
melanin, and lipids [17]. Our group has previously demonstrated multimodal OCT and
PAM imaging that can differentiate retinal and choroidal vessels in vivo with high contrast
and resolution [30–32]. The custom system provides a lateral resolution of 3.8 µm for OCT
and 4.1 µm for PAM, respectively, achieving contrast to distinguish RNV and RVO. Previous
studies have primarily used exogenous contrast agents including nanorods, nanostars,
or chain-like gold nanoparticles where the particles specifically targeted the regions of
neovascularization [17,19,33,34].

Due to the lack of exogenous contrast agent in this study, it is ideal to integrate several
imaging modalities including PAM, OCT, scanning laser ophthalmoscopy (SLO), FA, and
ICGA for better visualization of ischemia resulting in new retinal vessels. The combination
of these technologies was used to provide in vivo ischemia tracking in rabbits with RVO
and CVO generated by laser photocoagulation. RVO was generated through a retinal vein
occlusion model with laser illumination after administration of Rose Bengal. CVO was
produced through laser illumination of choroidal vessels without Rose Bengal. The imaging
primarily focused on the multimodal PAM and OCT imaging system’s ability to monitor
progression of neovascularization, nonperfusion, and changes in retinal morphology as a
result of RVO and CVO.

2. Materials and Methods
2.1. Multimodal PAM and OCT Imaging

A custom-made noninvasive and high-resolution multimodal PAM and OCT imaging
system [30,31] is presented in Figure 1. To induce PA signal, an OPO laser system with a
nanosecond pulse duration of 3–5 ns was used (NT-242, Ekspla, Lithuania). The excitation
wavelength can be adjusted from 405–2600 nm with a pulse repetition rate = 1 kHz. The
output laser light was filtered and collimated to create a homogeneous circular beam size
of approximately 2 mm. By passing through the cornea and lens of the eye, the laser was
focused on the fundus with an estimated diameter of 20 µm. To achieve maximized PA
signal, a wavelength of 578 nm with energy of ~80 nJ was selected to illuminate the blood
vessels. This energy is about half of the American National Standards Institute (ANSI)
limit of the maximum permissible single laser pulse energy on the retina (i.e., 160 nJ at
578 nm and 650 nm) [30,35], helping to avoid thermoacoustic damage which may affect
retinal’s function [36,37]. The laser-induced PA signal was detected by a needle transducer
with a center frequency of 27 MHz (two-way bandwidth −60%; Optosonic Inc., Arcadia,
CA, USA). The PA signal was then amplified using a 1.4 dB preamplifier (AU-1647, L3
Narda-MITEQ, NY, USA) and digitized using a 200 MHz (PX1500-4, Signatec Inc., Newport
Beach, CA, USA). Both 2D and 3D PAM images were rendered from the recorded data. The
PAM system has a lateral and axial resolutions of 4.1 µm and 37.0 µm, respectively. The
acquisition time is about 65 s with a resolution of 256 × 256 pixels.
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phy imaging system. DCG: dispersion compensation glass. SLD: superluminescent diode. 
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Two superluminescent diodes (SLD) with a center of 846 nm and 932 nm were used to 
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µm, respectively. The OCT excitation beam were coaxially aligned with PAM excitation 
beam for guiding PAM and helping to interpret PAM results. The 2D OCT images can be 
obtained within 0.103 s with 512 × 1024 A-lines, and the acquisition rate of 36 kHz. 

2.2. Animal Preparation 
Six New Zealand white rabbits (2–4 months, 2.5–3.0 kg) were obtained from the Cen-
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University of Michigan Medical School. The animals were divided into two groups: retinal 
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gal dye-enhanced photochemical thrombosis laser photocoagulation. CVO models were 
obtained by treated rabbits with laser photocoagulation without administration of Rose 
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The animal vitals, including mucous membrane color, body temperature, heart rate, 
and respiratory rate, were monitored and documented every 15 min during the experi-
ment and recovery. Rabbits were anesthetized by intramuscular injection of ketamine (40 
mg/kg) and xylazine (5 mg/kg). Tropicamide 1% ophthalmic and phenylephrine hydro-
chloride 2.5% ophthalmic were applied to dilate the pupil. Topical anesthesia in the eye 
was implemented using a drop of 0.5% topical tetracaine. A water circulating heat blanket 

Figure 1. Schematic of the multimodal photoacoustic microscopy and optical coherence tomography
imaging system. DCG: dispersion compensation glass. SLD: superluminescent diode.

OCT images were obtained by a spectral domain OCT system (Ganymede-II-HR,
Thorlabs, Newton, NJ, USA) with additional modification as described elsewhere [30,31].
Two superluminescent diodes (SLD) with a center of 846 nm and 932 nm were used to
excite the samples. The lateral and axial resolutions were determined to be 3.8 µm and
4.0 µm, respectively. The OCT excitation beam were coaxially aligned with PAM excitation
beam for guiding PAM and helping to interpret PAM results. The 2D OCT images can be
obtained within 0.103 s with 512 × 1024 A-lines, and the acquisition rate of 36 kHz.

2.2. Animal Preparation

Six New Zealand white rabbits (2–4 months, 2.5–3.0 kg) were obtained from the Center
for Advanced Models and Translational Sciences and Therapeutics (CAMTraST) at the
University of Michigan Medical School. The animals were divided into two groups: retinal
vein occlusion (RVO) and choroidal vein occlusion (CVO). RVO was created by Rose
Bengal dye-enhanced photochemical thrombosis laser photocoagulation. CVO models
were obtained by treated rabbits with laser photocoagulation without administration of
Rose Bengal.

The animal vitals, including mucous membrane color, body temperature, heart rate,
and respiratory rate, were monitored and documented every 15 min during the experiment
and recovery. Rabbits were anesthetized by intramuscular injection of ketamine (40 mg/kg)
and xylazine (5 mg/kg). Tropicamide 1% ophthalmic and phenylephrine hydrochloride
2.5% ophthalmic were applied to dilate the pupil. Topical anesthesia in the eye was
implemented using a drop of 0.5% topical tetracaine. A water circulating heat blanket was
utilized to maintain the animal’s body temperature. All rabbit experiments were employed
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under the guidelines of the Association for Research in Vision and Ophthalmology (ARVO)
Statement on the Use of Laboratory Animals in Ophthalmic and Vision Research after
approval by the Institutional Animal Care and Use Committee (IACUC) of the University
of Michigan (Protocol PRO000010388, PI Paulus).

2.2.1. Retinal Vein Occlusion (RVO) Model

RVO models were created on rabbit’s retina using the Rose Bengal dye-enhanced
photochemical thrombosis [23,38,39]. A 532 nm green light laser mounted on a slit lamp
was utilized to illuminate the target retinal vessels (Vitra 532 nm, Quantel Medical, Cournon
d’Auvergne, France). A contact lens (Volk H-R Wide Field, laser spot 2× magnification,
Volk Optical Inc., Mentor, OH, USA) was coupled on the cornea to determine the treatment
position. Afterwards, Rose Bengal, at a concentration of 50 mg/mL, was intravenously
injected into the rabbit via marginal ear vein. 5–10 s after the injection, laser light at a power
of 150 mW, aerial spot diameter of 75 µm, and pulse duration of 500 ms were illuminated
into the retinal veins. Twenty spots were illuminated at the same position. The treated
location was selected at a distance of one-half to one disc diameter from the optic nerve to
avoid side effects to the optic nerve such as optic neuropathy [40]. Then, laser power was
increased to 300 mW and illuminated for a further 20 shots to avoid immediate reperfusion
of the vein. The targeted location on the veins was carefully determined to minimize
affecting the adjacent arteries [41].

2.2.2. Choroidal Vascular Occlusion (CVO) Model

The choroidal vascular occlusion (CVO) model was created using laser photocoagu-
lation. Three New Zealand white rabbits were illuminated with a green light laser (Vitra
532 nm, Quantel Medical, Cournon d’Auvergne, France) connected with a Zeiss SL 130 slit
lamp (Carl Zeiss Meditec, Jena, Germany). A contact lens (Volk H-R Wide Field, laser spot
2× magnification, Volk Optical Inc., Mentor, OH, USA) was placed on the cornea of the
rabbit eye and the target vessels were illuminated with laser at a power of 450 mW with
a spot size approximately of 300 µm in aerial diameter, and the pulse duration of 500 ms.
Twelve shots of the laser were illuminated into the eye at different positions.

2.3. Imaging of RVO and CVO
2.3.1. Color Fundus Photography, FA, ICGA

Before and after laser photocoagulation, all the treated rabbits were monitored with
color fundus photography, FA, ICGA, PAM, and OCT for up to 28 days. The color fundus
photography, FA, and ICGA images were obtained by the Topcon 50EX system (Topcon
Corporation, Tokyo, Japan). Morphology of retinal blood vessels was first imaged with
the color fundus photography to evaluate the change of choroidal vessels as well as to
quantify blood perfusion within the vessels. Sequentially, FA and ICGA were acquired
to examine the vascular occlusion. To acquired FA images, 10% fluorescein sodium at
a dose of 0.2 mL (Akorn, Lake Forest, IL, USA) was intravenously administrated in the
rabbit marginal ear vein. Sequentially, FA images were acquired immediately after injection.
Late-phase FA images were obtained every minute over a period of 15 min. ICGA images
were implemented by intravenous injection of 0.2 mL ICG at concentration of 2.5 mg/mL
(Patheon Italia S.p.A., MB, Italy).

2.3.2. In Vivo PAM and OCT of RVO and CVO

Retinal blood vessels before and after laser photocoagulation were imaged by PAM
and OCT imaging to determine the degree of ischemia and dynamic change of retinal
blood vessels. To obtain 2D and 3D PAM and OCT images, rabbits under anesthesia were
positioned on two separated stabilization platforms to minimize motion artifacts. The target
vessels were selected from the fundus camera integrated on the OCT system, allowing
the acquisition of the image at the appropriate location over time. 2D OCT images were
acquired with a resolution of 512 × 1024 A-lines. Then, PAM images were acquired using
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multiple optical wavelengths ranging from 532–600 nm. To acquire emission PA signals, the
ultrasound transducer was placed in contact with the conjunctiva of the rabbit eye without
applying any pressure to allow the transducer to move freely. Both RVO and CVO were
monitored for up to 28 days to evaluate the dynamic change of retinal and choroidal vessels.
By raster scanning along two x– and y– axes, 3D volumetric PAM image was achieved and
reconstructed using Amira software (Amira 6.0, Fisher Scientific Inc., Hampton, NH, USA).
Quantitively measurements such as retinal thickness, laser injury depth, and PA signals
were measured by ImageJ software (NIH, Bethesda, MD, USA). The measurement was
performed on 2D OCT B scan images. Twelve different positions were selected along the
OCT images and average data and standard deviation was determined at each time point.

2.4. Histological Analysis

Histological analysis was implemented to evaluate the degree of RVO, CVO, and reti-
nal damage. The rabbits were euthanized at day 28 post-photocoagulation by intravenous
injection of euthanasia solution (Beuthanasia-D, 0.22 mg/kg, 50 mg/mL, VetOne, Boise,
ID, USA). The eyeballs were sectioned and fixed in Davidson’s fixative solution for 24 h.
100 µL of 4% formaldehyde buffer solution was intravitreally injected into the retina to
prevent retinal detachment. The fixed sample was then cut into 5 mm specimens and
embedded in paraffin. The embedded tissue was sectioned at a thickness of 4 µm using a
Leica autostainer XL (Leica Biosystems, Nussloch, Germany) and stained with hematoxylin
and eosin (H&E). The H&E slides were examined under microscope (Leica DM600 light
microscope (Leica Biosystems, Nussloch, Germany) and the H&E images were captured
using the BF450C camera.

3. Results
3.1. Retinal Vein Occlusion and Choroidal Vascular Occlusion Cause Severe Retinal Vessel
Changes and Increase Vascular Tortuosity

Retinal vascular occlusion was implemented on the major retinal veins using laser
photocoagulation. The location of the occluded vessels in rabbits were confirmed by FA
immediately after the laser treatment (Figure 2). The occlusion of retinal vein was observed
in all RVO rabbits post-laser illumination. After laser treatment, the location of the occluded
vessels was clearly observed on fundus images due to the change of color intensity at the
treated area (Figure 2a). The blood flow in the retinal vessel was significantly changed. At
the upstream from the occlusion position, the retinal vessels became dilated and blood
flow redirected to collateral circulation as shown in the fluorescein angiography (FA;
Figure 2b). Vascular tortuosity was observed shortly after the vessels were occluded, which
is a common event with RVO. Some studies have reported that the occluded vein in mice
models spontaneously restored blood flow around 1 week post-laser treatment [42]. Similar
to those studies, we found that the occluded vein in RVO rabbits reperfused within 5–7 days
post-treatment when the major vein or artery occluded. In this case both major artery and
veins were occluded, and retinal vessels were disrupted in this region without evidence
of blood perfusion for at least 28 days (Figure 2b). In the CVO model, blood flow at the
location of laser site was completely stopped without reperfusion (Figure 2c,d). Laser scars
appeared around the laser injury sites, as demonstrated by increased fluorescence observed
on ICGA. There was no evidence of the choroidal vasculature changing around the laser
site. No evidence of neovascularization was observed on the fundus and FA images.

Both RVO and CVO-induced retinal tissue damage was clearly visualized on 2D OCT
images. By acquiring the OCT images along the laser injury sites, we found that localized
retinal detachment was observed around the laser injury sites acutely (Figure 3). Retinal
detachment was observed on day 0 post-laser treatment and completely resolved at day
3. We observed the changes in retinal thickness and found that the average thickness
increased 177.2% from 346.91 ± 19.51 µm at day 0 post-treatment when compared to that
of before RVO (thickness = 195.76 ± 15.19 µm for Pre-RVO) due to increased permeability
of the occluded vein. Similarly, the retinal thickness was also increased 153.7% in CVO
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models (thickness = 268.55 ± 12.66 µm at pre vs. 412.85 ± 24.20 µm at day 0). Then, the
retinal thickness was significantly reduced to 14% (thickness = 27.72 ± 3.60 µm) for RVO
and 11.6% (thickness = 31.25 ± 6.65 µm) for CVO at day 28 due to the loss of ganglion cell
layer (GCL), inner plexiform layer, inner nuclear layer, outer plexiform layer, outer nuclear
layer, photoreceptors, and retinal pigment epithelium (RPE) layers.
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Figure 2. In vivo imaging of retinal and choroidal vascular occlusion: (a) color fundus photography,
(b) fluorescein angiography (FA) imaging of retinal vein occlusion (RVO). (c,d) Color and FA images of
choroidal vascular occlusion (CVO). Images of RVO and CVO acquired pre- and post-laser treatment
at different time points: Day 0, 1, 3, 7, 14, 21, and 28. White arrows indicate the targeted treatment
areas. Color intensity (color fundus) or fluorescent intensities (FA) reduced post-treatment, confirming
the location of RVO and CVO. Hemorrhage appeared at day 7 and 9 post-laser treatment. Red arrows
show the new retinal vessels created from day 14.

3.2. In Vivo PAM Visualization of Ischemia in RVO and CVO

In vivo PAM imaging of ischemia was implemented on RVO and CVO rabbits using
a custom-built PAM imaging system. After laser treatment, RVO and CVO models were
imaged using PAM at different wavelengths from 532–600 nm. This allows for selective
detection of RVO and CVO sites. The PAM images before laser treatment show normal
morphology blood vessels with high contrast (Figure 4). Note that PAM images obtained
at 578 nm show higher contrast compared to that of slower or longer wavelengths due
to strong absorption of hemoglobin within the blood vessels (i.e., µHb = 270.56 cm−1 at
578 nm vs (i.e., µHb = 77.76, and 17.28 cm−1 at 590 and 600 nm, respectively) [43]. After
treatment, the PA contrast at the position of laser injury site was reduced compared to that
of the adjacent retinal vessels, indicating retinal/vein or choroidal vessels were occluded
(Figures 4b–f and 5). The position and margin of the ischemic vessels obtained by PAM
were likely the same as those observed on FA images. We found that the vessel anatomy
gradually changed over time. At day 28, the occluded retinal veins almost disappeared
downstream. Upstream ischemia created new retinal capillaries and established retinal and
choroidal neovascularization (blue arrows). However, no neovascularization was observed
in the CVO model. PA signals at the location of laser injury site and untreated sites were
measured on the same retinal vessels by ImageJ software (NIH, Bethesda, MD, USA).
The results show that the PAM signals at the ischemia site reduced 94.04% and 94.77%
at day 7 post-RVO and CVO when compared to the control, respectively (PAAmplitude =
10.15 ± 1.48 (a.u.) for RVO, 7.52 ± 2.54 (a.u.) for CVO vs 170.40 ± 0.98 (a.u.) for control
retinal vessels and 143.70 ± 5.00 (a.u.) for control choroidal vessels). The reduced PA
signal at the ischemia site was likely caused by interrupted blood flow, resulting in the
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concentration of hemoglobin at this position reducing significantly. In addition, after laser
treatment, blood vessels had shrinkage and thus reduced the PA amplitudes. Note that
the PA slightly changed at day 7, 14, and 28 on RVO models. This confirms that the retinal
vessels are affected significantly over time. On the other hands, the PA signal at CVO injury
site gradually increases likely new capillaries regenerated at the treated area. No significant
PA signal change was observed at the untreated area on the CVO model.
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Figure 3. In vivo OCT imaging of RVO and CVO. (a,b) 2D OCT images acquired along the occluded
retinal and choroidal vessels, respectively. Pre-laser treatment, retinal vessels (RVs), choroidal vessels
(CVs), ganglion cell layer (GCL), retinal pigment epithelium (RPE), and sclera were clearly observed,
and these layers are intact pre-laser. After laser illumination, retinal detachment was observed on
both RVO and CVO (red arrows). White arrows show the area of retina affected by laser. No vascular
recanalization was observed in both RVO and CVO rabbits.
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Figure 4. Longitudinal spectroscopic PAM visualization of RVO before and after laser irradiation.
(a–f) PAM images obtained at different wavelengths (532–600 nm) and different time points before
and after laser treatment for up to 28 days. White arrows demonstrate the injury vessels. At the
treated location, the PAM image contrast was decreased and blurred in comparison to the untreated
areas. The treated retinal vessels were detected at all wavelengths. However, the strongest PA contrast
occurred at the wavelengths from 563 to 578 nm.

3.3. Histological Analysis

Hematoxylin and eosin (H&E) histology images of treated and untreated retinal
tissues were obtained at day 28 post-treatment. No evidence of anatomic disorganization
was observed in the control images (Figure 6). All GCL, inner plexiform layer (IPL), inner
nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), photoreceptors,
RPE, and choroid layers were clearly visualized with normal architecture (Figure 6a). On
the other hand, RPE loss, disorganization of the inner and outer plexiform layers, and
photoreceptors were obviously detected on RVO and CVO tissues (Figure 6b,c). Bruch’s
membrane disruption (blue arrow), cellular debris, and macrophages were detected (black
arrow), indicating the evidence of choroidal scar (Figure 6c). In addition, retinal thickness
was significantly reduced both on RVO and CVO models. The retinal thickness was reduced
by 58.31% in RVO and 51.39% in CVO (i.e., thickness = 132.96 ± 5.62 µm for control vs.
55.43.43 ± 1.14 µm for RVO and 64.63 ± 5.62 µm for CVO, N = 6; p < 0.001). To improve
visualization of the CVO, H&E images were co-registered with PAM and OCT as shown in
Figure 7. Both OCT and H&E clearly show the location of the injury sites (Figure 7a,b). In
contrast, there is minimal PAM signal observed on the B-scan PAM image (Figure 7c) due
to the loss of choroidal vessels post-laser illumination. White arrows show the position of
choroidal vessels.
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Figure 5. In vivo PAM images of CVO model. Position of CVO was clearly detected on the PAM
images obtained at 578 nm. The treated area significantly changed over time. (a,d,g) Color fundus
photographs of CVO at day 0, 7,and 28, respectively. (b,e,h) Fluorescein angiography (FA) images of
CVO at day 0, 7,and 28, respectively. (c,f,j) Corresponding PAM images obtained at 578 nm along the
selected area (white dotted rectangular) shown in a,d, and g at day 0, 7,and 28, respectively. White
arrows demonstrate the location of laser injury sites.
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Figure 6. Histopathological analysis of RVO and CVO. (a) Hematoxylin and eosin (H&E) images of
the retinal tissue without laser treatment. These images clearly show retinal anatomy with different
layers. (b, H&E images of RVO acquired at day 28 post-laser treatment. (c) H&E images of CVO.
There were significant changes in the retinal architecture. Blue arrows show the focal area of the outer
nuclear, photoreceptor, ganglion cells and inner nuclear layers at the affected region and is associated
with loss of adjacent RPE and the morphology of the retina on side of the lesion (black arrow). Note
that the retinal thickness was thinner than the control group. Magnification: ×20 and ×40. ILM:
inner layer membrane; NFL: nerve fiber layer; GCL: Ganglion cell layer; IPL: Inner plexiform layer;
INL: Inner nuclear layer; OPL: Outer plexiform layer; ONL: Outer nuclear layer; PR: Photoreceptors,
C: Choroid; S: Sclera.
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4. Discussion

This report presents an advanced label free multimodal PAM and OCT imaging
technique for precise visualization of retinal and choroidal vascular occlusion in large
animals. Both retinal and choroidal ischemia were performed by laser photocoagulation.
The targeted vessels were occluded for up to 28 days without reperfusion and confirmed
by several imaging modalities, such as color fundus photography, FA, ICGA, PAM, and
OCT. We found that retinal ischemia caused several changes on the rabbit retina such as
vessels tortuosity, major retinal vessels completely disappeared, and neovascularization
was established in RVO model at day 28 post-treatment. On the other hand, choroidal vessel
ischemia caused local choroidal vessels damage within the laser spot size, and vascular scars
appeared at day 7 post-laser treatment. In patients, retinal ischemia may cause hypoxia,
leading to vascular endothelial cell growth factor (VEGF) generation and the development
of neovascularization of the iris and retina and macular edema [5]. Several studies have
reported that retinal ischemia induced ocular neovascularization in mice [44], rats [43],
pigs [45], and in patients [9–11]. However, the hypothesis of ischemia trigger VEGF levels
contributing to the observed retinal neovascularization is unclear. Our study found that
venous recanalization did not raise neovascularization. Future studies should address
defining the relationship between ischemia and retinal neovascularization in experimental
RVO, using molecular probes such as HYPOX-4 [46].

An advantage of this study is that the ischemia on the retina was performed in large
animals, rabbits, which have an eyeball axial length similar to human size (i.e., axial length
= 23 for human vs 18.1 mm for rabbit), allowing one to translate to clinical application. In
addition, the ischemia can be visualized in three dimensions using PAM and spectroscopic
PAM, allowing identification of the stage and margins of the tissue ischemia selectively
and precisely. However, the imaging acquisition time is approximately 65 s, contributing to
reducing unwanted motion artifacts that may occur during in vivo experiments and may
affect the quality of the image.

5. Conclusions

The current study has demonstrated an advanced technique for detection of retinal
and choroidal vascular occlusion using high resolution multimodal PAM and OCT imag-
ing. The system allows to detect the location of dynamic change of retinal blood vessels
longitudinally with high specificity and sensitivity.

Author Contributions: Conceptualization, V.P.N. and Y.M.P.; methodology, V.P.N. and Y.M.P.; formal
analysis, V.P.N., W.Z. and J.H.; data curation, V.P.N. and T.Z.; writing—original draft preparation,
V.P.N., Y.M.P. and J.H.; writing—review and editing, V.P.N., Y.M.P. and X.W.; supervision, Y.M.P.;
project administration, Y.M.P.; funding acquisition, Y.M.P. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was supported by the National Eye Institute (1K08EY027458, 1R41EY031219,
1R01EY033000, YMP PI), Alcon Research Institute Young Investigator Grant, unrestricted depart-
mental support from Research to Prevent Blindness, and the University of Michigan Department
of Ophthalmology and Visual Sciences. This research utilized the Core Center for Vision Research
funded by the National Eye Institute (P30 EY007003).



Photonics 2022, 9, 201 12 of 14

Institutional Review Board Statement: All rabbit experiments were employed under the guidelines
of the Association for Research in Vision and Ophthalmology (ARVO) Statement on the Use of
Laboratory Animals in Ophthalmic and Vision Research after approval by the Institutional Animal
Care and Use Committee (IACUC) of the University of Michigan (Protocol PRO000010388, PI Paulus).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank Yuqing Chen and the Center for Advanced
Models for Translational Sciences and Therapeutics (CAMTraST) at the University of Michigan
Medical School for the generous donation of New Zealand white rabbits.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wong, T.Y.; Scott, I.U. Retinal-vein occlusion. N. Engl. J. Med. 2010, 363, 2135–2144. [CrossRef] [PubMed]
2. Hayreh, S.S. Ocular vascular occlusive disorders: Natural history of visual outcome. Prog. Retin. Eye Res. 2014, 41, 1–25.

[CrossRef] [PubMed]
3. Rogers, S.; McIntosh, R.L.; Cheung, N.; Lim, L.; Wang, J.J.; Mitchell, P.; Kowalski, J.W.; Nguyen, H.; Wong, T.Y.; Consortium, I.E.D.

The prevalence of retinal vein occlusion: Pooled data from population studies from the United States, Europe, Asia, and Australia.
Ophthalmology 2010, 117, 313–319.e311. [CrossRef] [PubMed]

4. Klein, R.; Klein, B.E.; Moss, S.E.; Meuer, S.M. The epidemiology of retinal vein occlusion: The Beaver Dam Eye Study. Trans. Am.
Ophthalmol. Soc. 2000, 98, 133.

5. Li, J.; Paulus, Y.M.; Shuai, Y.; Fang, W.; Liu, Q.; Yuan, S. New developments in the classification, pathogenesis, risk factors, natural
history, and treatment of branch retinal vein occlusion. J. Ophthalmol. 2017, 2017, 4936924. [CrossRef]

6. Tsuiki, E.; Suzuma, K.; Ueki, R.; Maekawa, Y.; Kitaoka, T. Enhanced depth imaging optical coherence tomography of the choroid
in central retinal vein occlusion. Am. J. Ophthalmol. 2013, 156, 543–547.e541. [CrossRef]

7. Hayreh, S.S. Posterior ciliary artery occlusion and choroidal ischemia. In Ocular Vascular Occlusive Disorders; Springer: Berlin,
Germany, 2015; pp. 379–427.

8. Campochiaro, P.A. Molecular pathogenesis of retinal and choroidal vascular diseases. Prog. Retin. Eye Res. 2015, 49, 67–81.
[CrossRef]

9. Noma, H.; Funatsu, H.; Mimura, T.; Harino, S.; Hori, S. Vitreous levels of interleukin-6 and vascular endothelial growth factor in
macular edema with central retinal vein occlusion. Ophthalmology 2009, 116, 87–93. [CrossRef]

10. Pe’er, J.; Folberg, R.; Itin, A.; Gnessin, H.; Hemo, I.; Keshet, E. Vascular endothelial growth factor upregulation in human central
retinal vein occlusion. Ophthalmology 1998, 105, 412–416. [CrossRef]

11. Aiello, L.P.; Avery, R.L.; Arrigg, P.G.; Keyt, B.A.; Jampel, H.D.; Shah, S.T.; Pasquale, L.R.; Thieme, H.; Iwamoto, M.A.; Park, J.E.
Vascular endothelial growth factor in ocular fluid of patients with diabetic retinopathy and other retinal disorders. N. Engl. J.
Med. 1994, 331, 1480–1487. [CrossRef]

12. Standardization of Uveitis Nomenclature (SUN) Working Group. Standardization of uveitis nomenclature for reporting clinical
data. Results of the First International Workshop. Am. J. Ophthalmol. 2005, 140, 509–516. [CrossRef]

13. Fineschi, V.; Monasterolo, G.; Rosi, R.; Turillazzi, E. Fatal anaphylactic shock during a fluorescein angiography. Forensic Sci. Int.
1999, 100, 137–142. [CrossRef]

14. Hitosugi, M.; Omura, K.; Yokoyama, T.; Kawato, H.; Motozawa, Y.; Nagai, T.; Tokudome, S. 2. An autopsy case of fatal
anaphylactic shock following fluorescein angiography. Med. Sci. Law 2004, 44, 264–265. [CrossRef] [PubMed]

15. Landsman, M.; Kwant, G.; Mook, G.; Zijlstra, W. Light-absorbing properties, stability, and spectral stabilization of indocyanine
green. J. Appl. Physiol. 1976, 40, 575–583. [CrossRef] [PubMed]

16. Anijeet, D.R.; Zheng, Y.; Tey, A.; Hodson, M.; Sueke, H.; Kaye, S.B. Imaging and evaluation of corneal vascularization using
fluorescein and indocyanine green angiography. Investig. Ophthalmol. Vis. Sci. 2012, 53, 650–658. [CrossRef]

17. Nguyen, V.-P.; Li, Y.; Henry, J.; Zhang, W.; Wang, X.; Paulus, Y.M. Gold Nanorod Enhanced Photoacoustic Microscopy and Optical
Coherence Tomography of Choroidal Neovascularization. ACS Appl. Mater. Interfaces 2021, 13, 40214–40228. [CrossRef]

18. Nguyen, V.P.; Fan, W.; Zhu, T.; Qian, W.; Li, Y.; Liu, B.; Zhang, W.; Henry, J.; Yuan, S.; Wang, X. Long-Term, Noninvasive In Vivo
Tracking of Progenitor Cells Using Multimodality Photoacoustic, Optical Coherence Tomography, and Fluorescence Imaging.
ACS Nano 2021, 15, 13289–13306. [CrossRef]

19. Nguyen, V.P.; Qian, W.; Li, Y.; Liu, B.; Aaberg, M.; Henry, J.; Zhang, W.; Wang, X.; Paulus, Y.M. Chain-like gold nanoparticle
clusters for multimodal photoacoustic microscopy and optical coherence tomography enhanced molecular imaging. Nat. Commun.
2021, 12, 34. [CrossRef]

20. Yeung, L.; Lima, V.C.; Garcia, P.; Landa, G.; Rosen, R.B. Correlation between spectral domain optical coherence tomography
findings and fluorescein angiography patterns in diabetic macular edema. Ophthalmology 2009, 116, 1158–1167. [CrossRef]

21. Vaz-Pereira, S.; Zarranz-Ventura, J.; Sim, D.A.; Keane, P.A.; Smith, R.; Egan, C.A.; Tufail, A. Optical coherence tomography features
of active and inactive retinal neovascularization in proliferative diabetic retinopathy. Retina 2016, 36, 1132–1142. [CrossRef]

http://doi.org/10.1056/NEJMcp1003934
http://www.ncbi.nlm.nih.gov/pubmed/21105795
http://doi.org/10.1016/j.preteyeres.2014.04.001
http://www.ncbi.nlm.nih.gov/pubmed/24769221
http://doi.org/10.1016/j.ophtha.2009.07.017
http://www.ncbi.nlm.nih.gov/pubmed/20022117
http://doi.org/10.1155/2017/4936924
http://doi.org/10.1016/j.ajo.2013.04.008
http://doi.org/10.1016/j.preteyeres.2015.06.002
http://doi.org/10.1016/j.ophtha.2008.09.034
http://doi.org/10.1016/S0161-6420(98)93020-2
http://doi.org/10.1056/NEJM199412013312203
http://doi.org/10.1016/j.ajo.2005.03.057
http://doi.org/10.1016/S0379-0738(98)00205-9
http://doi.org/10.1258/rsmmsl.44.3.264
http://www.ncbi.nlm.nih.gov/pubmed/15296251
http://doi.org/10.1152/jappl.1976.40.4.575
http://www.ncbi.nlm.nih.gov/pubmed/776922
http://doi.org/10.1167/iovs.11-8014
http://doi.org/10.1021/acsami.1c03504
http://doi.org/10.1021/acsnano.1c03035
http://doi.org/10.1038/s41467-020-20276-z
http://doi.org/10.1016/j.ophtha.2008.12.063
http://doi.org/10.1097/IAE.0000000000000869


Photonics 2022, 9, 201 13 of 14

22. Cho, H.; Alwassia, A.A.; Regiatieri, C.V.; Zhang, J.Y.; Baumal, C.; Waheed, N.; Duker, J.S. Retinal neovascularization secondary to
proliferative diabetic retinopathy characterized by spectral domain optical coherence tomography. Retina 2013, 33, 542. [CrossRef]
[PubMed]

23. Nguyen, V.P.; Li, Y.; Zhang, W.; Wang, X.; Paulus, Y.M. High-resolution multimodal photoacoustic microscopy and optical
coherence tomography image-guided laser induced branch retinal vein occlusion in living rabbits. Sci. Rep. 2019, 9, 10560.
[CrossRef]

24. Ishibazawa, A.; Nagaoka, T.; Yokota, H.; Takahashi, A.; Omae, T.; Song, Y.-S.; Takahashi, T.; Yoshida, A. Characteristics of
retinal neovascularization in proliferative diabetic retinopathy imaged by optical coherence tomography angiography. Investig.
Ophthalmol. Vis. Sci. 2016, 57, 6247–6255. [CrossRef] [PubMed]

25. Kuehlewein, L.; Bansal, M.; Lenis, T.L.; Iafe, N.A.; Sadda, S.R.; Bonini Filho, M.A.; Talisa, E.; Waheed, N.K.; Duker, J.S.; Sarraf, D.
Optical coherence tomography angiography of type 1 neovascularization in age-related macular degeneration. Am. J. Ophthalmol.
2015, 160, 739–748.e732. [CrossRef] [PubMed]

26. Salas, M.; Augustin, M.; Ginner, L.; Kumar, A.; Baumann, B.; Leitgeb, R.; Drexler, W.; Prager, S.; Hafner, J.; Schmidt-Erfurth, U.
Visualization of micro-capillaries using optical coherence tomography angiography with and without adaptive optics. Biomed.
Opt. Express 2017, 8, 207–222. [CrossRef]

27. de La Zerda, A.; Paulus, Y.M.; Teed, R.; Bodapati, S.; Dollberg, Y.; Khuri-Yakub, B.T.; Blumenkranz, M.S.; Moshfeghi, D.M.;
Gambhir, S.S. Photoacoustic ocular imaging. Opt. Lett. 2010, 35, 270–272. [CrossRef]

28. Nguyen, V.P.; Paulus, Y.M. Photoacoustic ophthalmoscopy: Principle, application, and future directions. J. Imaging 2018, 4, 149.
[CrossRef]

29. Hennen, S.N.; Xing, W.; Shui, Y.-B.; Zhou, Y.; Kalishman, J.; Andrews-Kaminsky, L.B.; Kass, M.A.; Beebe, D.C.; Maslov, K.I.; Wang,
L.V. Photoacoustic tomography imaging and estimation of oxygen saturation of hemoglobin in ocular tissue of rabbits. Exp. Eye
Res. 2015, 138, 153–158. [CrossRef]

30. Tian, C.; Zhang, W.; Mordovanakis, A.; Wang, X.; Paulus, Y.M. Noninvasive chorioretinal imaging in living rabbits using
integrated photoacoustic microscopy and optical coherence tomography. Opt. Express 2017, 25, 15947–15955. [CrossRef]

31. Tian, C.; Zhang, W.; Nguyen, V.P.; Wang, X.; Paulus, Y.M. Novel photoacoustic microscopy and optical coherence tomography
dual-modality chorioretinal imaging in living rabbit eyes. JoVE (J. Vis. Exp.) 2018, 132, e57135. [CrossRef]

32. Nguyen, V.P.; Li, Y.; Qian, W.; Liu, B.; Tian, C.; Zhang, W.; Huang, Z.; Ponduri, A.; Tarnowski, M.; Wang, X. Contrast agent
enhanced multimodal photoacoustic microscopy and optical coherence tomography for imaging of rabbit choroidal and retinal
vessels in vivo. Sci. Rep. 2019, 9, 5945. [CrossRef] [PubMed]

33. Nguyen, V.-P.; Li, Y.; Henry, J.; Zhang, W.; Aaberg, M.; Jones, S.; Qian, T.; Wang, X.; Paulus, Y.M. Plasmonic gold nanostar-
enhanced multimodal photoacoustic microscopy and optical coherence tomography molecular imaging to evaluate choroidal
neovascularization. ACS Sens. 2020, 5, 3070–3081. [CrossRef] [PubMed]

34. Nguyen, V.P.; Li, Y.; Zhang, W.; Henry, J.; Aaberg, M.; Wang, X.; Paulus, Y.M. Gold nanostar-enhanced multimodal photoacoustic
microscopy and optical coherence tomography for the visualization of laser-induced choroidal neovascularization in living
rabbits. In Proceedings of the Plasmonics in Biology and Medicine XVII, San Francisco, CA, USA, 3–5 February 2019; International
Society for Optics and Photonics: Bellingham, WA, USA, 2020; p. 112570G.

35. ANSI Z136.1. 2007. Available online: https://www.lia.org/store/product/ansi-z1361-2014-safe-use-lasers-electronic-version
(accessed on 11 December 2018).

36. Kuo, T.-R.; Hovhannisyan, V.A.; Chao, Y.-C.; Chao, S.-L.; Chiang, S.-J.; Lin, S.-J.; Dong, C.-Y.; Chen, C.-C. Multiple release kinetics
of targeted drug from gold nanorod embedded polyelectrolyte conjugates induced by near-infrared laser irradiation. J. Am. Chem.
Soc. 2010, 132, 14163–14171. [CrossRef] [PubMed]

37. Organisciak, D.T.; Vaughan, D.K. Retinal light damage: Mechanisms and protection. Prog. Retin. Eye Res. 2010, 29, 113–134.
[CrossRef]

38. Oncel, M.; Peyman, G.A.; Khoobehi, B. Tissue plasminogen activator in the treatment of experimental retinal vein occlusion.
Retina (Philadelphia, Pa) 1989, 9, 1–7. [CrossRef]

39. Nguyen, V.P.; Li, Y.; Zhang, W.; Wang, X.; Paulus, Y.M. Multi-wavelength, en-face photoacoustic microscopy and optical coherence
tomography imaging for early and selective detection of laser induced retinal vein occlusion. Biomed. Opt. Expess 2018, 9,
5915–5938. [CrossRef]

40. Ho, J.K.; Stanford, M.P.; Shariati, M.A.; Dalal, R.; Liao, Y.J. Optical Coherence Tomography Study of Experimental Anterior
Ischemic Optic Neuropathy and Histologic Confirmation. Investig. Ophthalmol. Vis. Sci. 2013, 54, 5981–5988. [CrossRef]

41. Ameri, H.; Ratanapakorn, T.; Rao, N.A.; Chader, G.J.; Humayun, M.S. Natural course of experimental retinal vein occlusion in
rabbit; arterial occlusion following venous photothrombosis. Graefe’s Arch. Clin. Exp. Ophthalmol. 2008, 246, 1429. [CrossRef]

42. Dominguez, E.; Raoul, W.; Calippe, B.; Sahel, J.-A.; Guillonneau, X.; Paques, M.; Sennlaub, F. Experimental Branch Retinal Vein
Occlusion Induces Upstream Pericyte Loss and Vascular Destabilization. PLoS ONE 2015, 10, e0132644. [CrossRef]

43. Prahl, S.A. A Compendium of Tissue Optical Properties. 2012. Available online: http://omlc.org/spectra/hemoglobin/ (accessed
on 11 May 2011).

44. Rehak, M.; Hollborn, M.; Iandiev, I.; Pannicke, T.; Karl, A.; Wurm, A.; Kohen, L.; Reichenbach, A.; Wiedemann, P.; Bringmann, A.
Retinal Gene Expression and Muller Cell Responses after Branch Retinal Vein Occlusion in the Rat. Investig. Ophthalmol. Vis. Sci.
2009, 50, 2359–2367. [CrossRef]

http://doi.org/10.1097/IAE.0b013e3182753b6f
http://www.ncbi.nlm.nih.gov/pubmed/23400083
http://doi.org/10.1038/s41598-019-47062-2
http://doi.org/10.1167/iovs.16-20210
http://www.ncbi.nlm.nih.gov/pubmed/27849310
http://doi.org/10.1016/j.ajo.2015.06.030
http://www.ncbi.nlm.nih.gov/pubmed/26164826
http://doi.org/10.1364/BOE.8.000207
http://doi.org/10.1364/OL.35.000270
http://doi.org/10.3390/jimaging4120149
http://doi.org/10.1016/j.exer.2015.05.022
http://doi.org/10.1364/OE.25.015947
http://doi.org/10.3791/57135
http://doi.org/10.1038/s41598-019-42324-5
http://www.ncbi.nlm.nih.gov/pubmed/30976009
http://doi.org/10.1021/acssensors.0c00908
http://www.ncbi.nlm.nih.gov/pubmed/32921042
https://www.lia.org/store/product/ansi-z1361-2014-safe-use-lasers-electronic-version
http://doi.org/10.1021/ja105360z
http://www.ncbi.nlm.nih.gov/pubmed/20857981
http://doi.org/10.1016/j.preteyeres.2009.11.004
http://doi.org/10.1097/00006982-198909010-00001
http://doi.org/10.1364/BOE.9.005915
http://doi.org/10.1167/iovs.13-12419
http://doi.org/10.1007/s00417-008-0878-4
http://doi.org/10.1371/journal.pone.0132644
http://omlc.org/spectra/hemoglobin/
http://doi.org/10.1167/iovs.08-2332


Photonics 2022, 9, 201 14 of 14

45. McAllister, I.L.; Vijayasekaran, S.; Chen, S.D.; Yu, D.-Y. Effect of Triamcinolone Acetonide on Vascular Endothelial Growth Factor
and Occludin Levels in Branch Retinal Vein Occlusion. Am. J. Ophthalmol. 2009, 147, 838–846.e832. [CrossRef] [PubMed]

46. Uddin, M.I.; Jayagopal, A.; McCollum, G.W.; Yang, R.; Penn, J.S. In Vivo Imaging of Retinal Hypoxia Using HYPOX-4-Dependent
Fluorescence in a Mouse Model of Laser-Induced Retinal Vein Occlusion (RVO). Investig. Ophthalmol. Vis. Sci. 2017, 58, 3818–3824.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.ajo.2008.12.006
http://www.ncbi.nlm.nih.gov/pubmed/19211093
http://doi.org/10.1167/iovs.16-21187
http://www.ncbi.nlm.nih.gov/pubmed/28750413

	Introduction 
	Materials and Methods 
	Multimodal PAM and OCT Imaging 
	Animal Preparation 
	Retinal Vein Occlusion (RVO) Model 
	Choroidal Vascular Occlusion (CVO) Model 

	Imaging of RVO and CVO 
	Color Fundus Photography, FA, ICGA 
	In Vivo PAM and OCT of RVO and CVO 

	Histological Analysis 

	Results 
	Retinal Vein Occlusion and Choroidal Vascular Occlusion Cause Severe Retinal Vessel Changes and Increase Vascular Tortuosity 
	In Vivo PAM Visualization of Ischemia in RVO and CVO 
	Histological Analysis 

	Discussion 
	Conclusions 
	References

