Visible light photoacoustic ophthalmoscopy
and near-infrared-Il optical coherence
tomography in the mouse eye
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ABSTRACT

Non-invasive imaging plays a crucial role in diagnosing and studying eye diseases. However, existing photoacoustic ophthalmoscopy (PAOM)
techniques in mice have limitations due to handling restrictions, suboptimal optical properties, limited availability of light sources, and per-
missible light fluence at the retina. This study introduces an innovative approach that utilizes Rose Bengal, a contrast agent, to enhance
PAOM contrast. This enables visualization of deeper structures, such as the choroidal vasculature and sclera in the mouse eye, using visible
light. The integration of near-infrared-II (NIR-II) optical coherence tomography provides additional tissue contrast and insights into poten-
tial NIR-II PAOM capabilities. To optimize imaging, we developed a cost-effective 3D printable mouse eye phantom and a fully 3D printable
tip/tilt mouse platform. This solution elevates PAOM to a user-friendly technology, which can be used to address pressing research questions
concerning several ocular diseases, such as myopia, glaucoma, and/or age-related macular degeneration in the future.

© 2023 Author(s). All article content, except where otherwise noted is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0168091

I. INTRODUCTION (OCT) have emerged as promising tools due to their label-free and

non-ionizing nature. PAI utilizes pulsed excitation lasers to record

In modern medicine, non-invasive imaging techniques play a pressure waves generated by photon absorption in chromophores,

crucial role in improving diagnostic accuracy and monitoring treat- enabling detailed morphological and functional assessment."”

ment responses across various organs. Among these techniques, On the other hand, OCT captures cross-sectional tomographic

photoacoustic imaging (PAI) and optical coherence tomography images by measuring backscattered or back-reflected light, pro-
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viding microstructural information about biological systems and
materials.’

In the field of ophthalmology, many eye diseases involve abnor-
malities in the vasculature,* making PAI a valuable tool for obtaining
vascular morphological and functional parameters in conjunction
with the well-established scattering contrast provided by OCT.””
However, both PAI and OCT face challenges when imaging deeper
ocular structures in the visible and near-infrared-I window, such as
the choroid and sclera.” '’ These structures hold particular signifi-
cance in myopia research, diagnosis, and treatment monitoring.''
Recent studies have linked scleral extracellular matrix remodeling to
axial elongation and a decrease in scleral strength and thickness, sug-
gesting that high-resolution imaging of scleral structures may pro-
vide insights into the underlying mechanisms of this condition.' '
Although imaging human eyes using PAI remains challenging due
to their size and the dampening effect of the large water volume on
acoustic waves, mouse models of ocular diseases, including myopia,
offer viable alternatives.'”

In recent years, photoacoustic ophthalmoscopy (PAOM) has
been developed for in vivo photoacoustic retinal imaging in rodents
employing needle transducers.””'* >’ However, the application of
PAOM in mice has been limited by challenges associated with han-
dling due to the small size of mouse eyes, their suboptimal optical
properties, and the limited permissible light fluence at the retina. In
this study, we present an innovative and user-friendly solution for
deep imaging of the mouse eye in vivo using visible light PAOM.
To expand the imaging depth range beyond the capabilities of exist-
ing systems, we introduced a contrast agent, Rose Bengal, which
significantly enhanced PAOM contrast and enabled visualization
of the choroidal vasculature and sclera. In addition, we integrated
near-infrared-II OCT, which provides morphological tissue contrast
and insights into the potential capabilities and penetration depth of
future near-infrared-II (NIR-II) PAOM systems.

To ensure efficient and accurate imaging, we designed an ani-
mal handling solution that includes a fully 3D printable tip/tilt
mouse platform and a 3D printable needle transducer holder. These

Insight laser

Galvo
driver

OCT DAQ PAI DAQ

FIG. 1. Multimodal optical coherence photoacoustic ophthalmoscope (OC-PAOM). (a) Schematic of the OC-PAOM system, including the photoacoustic laser (La1) at 560 nm,
OCT laser (La2) at 1310 nm, collimator (C), mirror (M), dichroic mirror (DM), lens (L), beam splitter (BS), circulator (CC), photodiode (PD), and variable density filter (VDF).
The green path indicates the PAI excitation beam, the red path indicates the OCT laser beam, the brown path indicates the combined laser beam path, and the blue lines
indicate the OCT fiber guide. The table lists the system specifications. (b) Schematic of the OC-PAOM data acquisition and trigger control, showing the purple path for the
insight reference clock, the green path for trigger control, and the red path for galvanometric mirror control. (c) 3D printable mouse holder, including the gray base plate, green
half sphere, red nose cone for anesthesia, yellow headrest, blue mouse restraint unit with water heating capability, and gold needle transducer with an arc mount in gray.
(d) A picture of a mouse during an imaging session with the green PAOM laser and the needle transducer in contact with the eye.
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components enable optimal transducer placement during imaging
and facilitate seamless screening of the retina. Furthermore, we
developed a cost-effective 3D printable mouse eye phantom with
a ball lens compatible with the transducer holder to validate the
functionality of the system, which may serve as a test phantom for
small-animal PAOM systems.

This innovative imaging platform represents a significant
advancement in pre-clinical ocular imaging using PAI and holds
great potential for addressing pressing research questions related to
high-frequency and critical ocular diseases, such as myopia, in the
future.

Il. METHODS
A. Hardware configuration

The multimodal ophthalmoscope integrates absorption
contrast-based PAI with scattering contrast-based OCT using a
dichroic short pass mirror. A diagram of the system design is
shown in Fig. 1(a). The pulsed PAI excitation beam is tunable
within the range of 559-576 nm and has a pulse repetition rate of
1-5 kHz. The excitation beam, emitted by a dye laser (Lal, Credo-
DYE-N, Sirah dye laser, Spectra Physics, Santa Clara, CA, USA)
pumped with a 532 nm diode-pumped solid-state Nd:YAG laser
(INNOSLAB BX-80-2, EdgeWave GmbH, Wiirselen, Germany), is
coupled into a single mode fiber with a numerical aperture of 0.13
(460HP, Thorlabs GmbH, Dachau, Germany). A lens-based colli-
mator (C, 47218, EdmundOptics, Barrington, New Jersey, United
States) is employed to output a beam with a beam waist diameter of
1.68 mm. A variable lens-based telescope (L3, L4, AC127-030-AB,
and AC127-025-AB, Thorlabs GmbH, Dachau, Germany) is utilized
to compensate for refractive errors of the mouse eye, and the beam
pulse energy can be adjusted up to 200 nJ at the sample, which was
used for imaging, with a variable density filter before fiber coupling
of the excitation light of Lal. Details on the fiber coupling, dye laser
setup, and refractive error compensation methods can be found in
previous publications.”"*’

The 1310 nm swept source OCT laser (SLE-101, Insight Pho-
tonic Solutions, Inc., Lafayette, Colorado) emits fiber coupled light,
which enters a fiber-based 50:50 beamsplitter (BS, TW1300R5A2,
Thorlabs GmbH, Dachau, Germany) to prepare for dual bal-
anced detection of the OCT interference pattern.”® The two exiting
fibers are connected to circulators (CC, CIR-1310-50-APC, Thor-
labs GmbH, Dachau, Germany), relaying the beams to the sample
and reference arms, respectively. The third ports of the circula-
tors eventually connect to the final 50:50 beamsplitter, generating
the interference that is detected in a dual balanced photodetector

(PD, PDB470C, Thorlabs GmbH, Dachau, Germany). The colli-
mation of the sample arm beam is performed with a triplet col-
limator emitting a beam with a beam waist diameter of 1.11 mm
(C, TCO6APC-1310, Thorlabs GmbH, Dachau, Germany). A
variable lens-based telescope (L1, L2, AC254-045-C-ML, and
AC254-030-C-ML, Thorlabs GmbH, Dachau, Germany, Thorlabs)
is used to compensate for refractive errors of the mouse eye. The
reference arm comprises the same triplet collimator and lens pairs
for hardware dispersion compensation purposes.”’” A variable den-
sity filter controls the power in the reference arm, and a translational
stage controls the length of the optical path.

A dichroic mirror (DM, DMSP1000, Thorlabs GmbH, Dachau,
Germany, Thorlabs) is used to combine the PAI and OCT beam
paths. The combined beam is guided to the mouse eye using a tele-
scope (L3, AC127-030-AB, Thorlabs GmbH, Dachau, Germany) to
image the pivot point of the second galvanometric mirror onto the
cornea of the mouse eye. The silver coated dual axis galvanomet-
ric scanners (Galvo, GVS002, Thorlabs GmbH, Dachau, Germany)
raster scan the laser beam to achieve volumetric retinal imaging.

The high-frequency needle ultrasound transducer used in this
study has a center frequency of 46 MHz and a —6 dB bandwidth
of 27.3 MHz. Its characteristics were measured in a photoacoustic
test chamber using aluminosilicate glass slides coated with 10 nm
gold over a 2 nm Ti adhesion layer.”® The transducer, with an aper-
ture size of 0.5 mm, was fabricated in the Department of Biomedical
Engineering of the University of Southern California using lead
magnesium niobate-lead titanate (PMN-PT) as the active piezo-
electric material and connected to a wideband low-power ampli-
fier (24 dB gain, ZFL-500LN+, Mini-Circuits, New York, United
States) before data readout with the PAI data acquisition (DAQ)
card [Fig. 1(b)]. Detailed information on the optical coherence
(OC)-PAOM system specifications is given in Table I.

B. Data acquisition and processing

The 1310 nm Insight swept OCT laser employs an internal
sampling clock of 400 MHz and is configured to share a 10 MHz
reference clock for synchronization purposes. This clock was used
to synchronize the sampling of the 12 bit, 1 GS/s OCT data acquisi-
tion card DAQ (ATS9371, Alazar Technologies, Inc., Pointe-Claire,
Quebec, Canada) with the laser sweep [Fig. 1(b), OCT DAQ].

The reference clock of an intermediate NI DAQ [Fig. 1(b),
NI DAQ)] card (National Instruments, PCI-6232, National Instru-
ments Corp., Austin, Texas, United States) was synchronized to the
laser reference clock [Fig. 1(b), PFIx] and served as a system control
card. The laser’s start sweep trigger was employed to synchronize
the generation of a flexible A-scan trigger [Fig. 1(b), PFly] with the
movement of the galvanometer mirrors [Fig. 1(b), Analog Out X, Y].

TABLE I. System specifications. Theoretical diffraction limited intraocular resolution and step size are provided. A typical pupil
diameter of 0.8 mm?® and a refractive index for the retina of 1.38 at 1310 nm3C are assumed. Lateral resolution is calculated

according to Gaussian optics.>'

Modality vandA Bandwidth Axialres. (um) Lat.res. (um) Lat.step (um) A-line rate (kHz)

PAOM 46 MHz
OCT 1310 nm

27.3 MHz 23.6
75 nm 10

2.7 1.6 1-4
6.8 1.6 50
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This type of synchronization was specifically chosen to achieve
the most precise synchronization between the movement of the gal-
vanometer mirrors and the OCT data acquisition. This is achieved
because both the analog output and the generated A-scan trigger
start at the same clock cycle in the NI DAQ clock. Furthermore, this
configuration enables seamless multimodal integration, as it per-
mits, for example, running the OCT acquisition at the same rate as
PAI (in this case, 4 kHz), even simultaneously. By providing addi-
tional trigger signals, multiple modalities can also be synchronized
at different repetition rates.

The 16 bit PAI DAQ (M4i.4420, Spectrum Instrumentation,
Ahrensfelder Weg 13, 22927 Grof$hansdorf, Germany) was operated
at the maximum sampling rate of 250 MS/s. The internal sam-
pling clock of the card was used for data acquisition, while the
NI DAQ generated trigger [Fig. 1(b), TRG] was used to start the
data acquisition of every A-scan and to trigger the PAI laser pulse
emission.

The OCT and PAI DAQ cards were connected to the PCI-e
slots and the NI DAQ to the peripheral component interconnect
(PCI) slot of a personal computer. LabVIEW (version 2021, National
Instruments Corp., Texas, United States) was used as a program-
ming language for data acquisition and display. PAI postprocessing
was implemented in Python, version 3.7.14,°> and the following
libraries: matplotlib,” NumPy,”* OpenCV,** and SciPy.”® En face
Reg plugin was utilized to compensate for axial and minor lateral
motion artifacts.’® OCT postprocessing employed the programming
language MATLAB, version R2020b (MathWorks, Inc., Califor-
nia, United States). Standard OCT signal processing (background
subtraction, resampling, and fast Fourier transform) was used to
reconstruct the depth profile.”” Postprocessing of a volume took
approximately one minute for each modality employing an AMD
Ryzen Threadripper 3970X and multi-core processing.

C. Transducer arc mount

The needle transducer arc mount enables flexible angular align-
ment of the needle transducer with respect to the animal eye or ball
lens of the mouse eye phantom, allowing high flexibility and opti-
mization possibilities to maximize image quality and field of view for

in vivo and phantom PAOM imaging. The transducer can be aligned
between 35° and 60° toward the optical axis. The arc mount case
is designed to optimize resin use with openings to the body of the
case. The arc mount can be attached to a lens tube via an M6 screw
and corresponding nut. The arc glider, inserted into the case, holds
the transducer, which can be inserted into the top hole of the glider.
An M4 screw holds the transducer in place, while another M4 screw
secures the arc glider within the mounting case. An exploded view
of the arc mount and glider is shown in Fig. 2(a).

A fully 3D printable mouse eye model was developed for use
with both imaging modalities. The model was printed in black resin
[Fig. 2(b)] with a Formlabs stereolithography printer (Form 3+,
Somerville, Massachusetts, United States) and designed using Fusion
360 software (AUTODESK, San Rafael, California, United States).
The base of the phantom is a half sphere with a diameter of 1 in.,
and a handle is attached to the base for easy rotation. The axis of
rotation is at the imaging site, allowing the needle transducer to
remain in place while the phantom rotates [Fig. 2(c)]. A small N-
BK7 ball lens (No. 43-710, EdmundOptics, Barrington, New Jersey,
United States) with a diameter of 2.5 mm was secured to the phan-
tom using a bezel mount [Fig. 2(d)]. The distance from the lens to
the focal spot of the 560 and 1310 nm beams was simulated using
the Zemax software. Ultrasound gel was used for coupling. The
OC-PAOM imaging results demonstrated good image quality and
overlap between OCT and PAI without the need for focus adjust-
ment [Fig. 2(f)]. The image shows a multimodal en face projection
within the red outlined region of interest in Fig. 2(e).

D. Animals

The mice utilized in the present study were subjected to con-
siderate care in accordance with the official ethics protocol and
procedures as described therein. The Institutional Animal Care and
Use Committee (NTU-IACUC) at Nanyang Technological Univer-
sity was the responsible local ethics body overseeing animal experi-
mentation. The ethical protocol for conducting animal activities was
assigned the reference number A19101.

An outbred albino mouse strain of the “IcrTac:ICR, Female”
variety was employed for all experimental procedures. The mice
were between 8 and 16 weeks of age and were housed in an animal

100 pm

FIG. 2. Transducer arc mount with mouse eye phantom. (a) The transducer arc mount with a separated glider designed to hold and secure the needle transducer. (b) A side
view of the 3D printed and assembled mouse eye phantom. (c) The fully assembled and attached arc mount with an inserted glider and needle transducer (gold), firmly fixed
at the SMO05 lens tube of the OC-PAOM sample arm. The needle transducer can be rotated along the focus area of the optical beam without losing contact with the ball lens
(red arrow). (d) A side view of the bezel with the ball lens. (€) A top view of the phantom structure without the lens, where the red rectangle indicates the imaging area. (f) An
OCT en face image (gray) overlaid with a PAl en face image (red) with trapped air bubbles.

APL Photon. 8, 106108 (2023); doi: 10.1063/5.0168091
© Author(s) 2023

8, 106108-4

80:1€'G0 20T Yd24eN 90


https://pubs.aip.org/aip/app

facility, where they were provided with environmental enrichment
to reduce anxiety.*’

E. Imaging procedure

The animals were randomly selected, retrieved from the ani-
mal facility, and conveyed to the imaging location directly before
the start of the experiment. Subsequently, the mice were subjected
to anesthesia with isoflurane (2%-3%) and oxygen in the small
rodent chamber of an anesthesia machine. Upon initial anesthesia,
the mice were transferred to the 3D printed mouse holder equipped
with a nose cone, headrest, and bite bar [Fig. 1(c)]. The anesthe-
sia was then redirected to the nose cone to sustain the mouse’s
anesthetized state throughout the procedure. An artificial tear solu-
tion was utilized to moisturize the eye, and a zero-diopter contact
lens (Advanced Vision Technologies, Lakewood, United States) was
placed on the eyeball to prevent corneal dehydration and clouding,
ensuring consistent imaging results.”’ The artificial tear solution was
intermittently reapplied every 5 min.

The holder, along with the mouse, was subsequently mounted
onto the holder mount and adjusted for optimal imaging qual-
ity [Fig. 1(d)], wherein a region of interest was preselected uti-
lizing the fast OCT imaging system. Continuous PAI fast scans
(200 x 200 pixels) were conducted to optimize the transducer posi-
tion and the height of the animal holder, subsequently leading to the
optimization of the imaging quality for the ensuing PAI slow scan

100 pm

(1000 x 1000 pixels). The field of view was set to 840 x 840 ymz
to ensure a lateral scanning step size below the lateral resolution of
the scanning beam on the retina (Table I) and to keep the acqui-
sition time for the PAOM slow scan below 5 min (250 s). Parallel
data acquisition is possible in this system, but data acquisition
was conducted sequentially due to laser safety considerations (OCT
immediately after PAI).

Following the imaging procedure, the mice were euthanized
by administering an overdose of pentobarbital (100 mg/kg) via
the intraperitoneal route. The euthanasia was further confirmed by
a cervical dislocation. The animal was eventually disposed of in
accordance with the established standard procedure.

lll. RESULTS
A. OC-PAOM imaging and 3D printable mouse holder

The 3D printable mouse holder is composed of three pri-
mary components: a base [gray big part in Fig. 1(c)], a half sphere
[green part in Fig. 1(c)], and attached modules [red, yellow, and
blue parts in Fig. 1(c)]. The base is 270 x 270 mm? in size, with
a hole mount diameter of 170 mm at its largest point, and con-
sists of four parts assembled with seven M6 screws. One portion of
the base includes additional holes and a mounting plate for secure
attachment to a translational stage (XR25P-K2/M, Thorlabs GmbH,
Dachau, Germany).

100 pm

100 pm

FIG. 3. Multimodal OC-PAOM imaging results. (a) An en face average intensity OCT projection of the nerve head region. (b) An en face maximum intensity PAOM projection
of the same region. Dotted red square: active area of the ultrasound transducer. (c) Multimodal OC-PAOM en face projections, with PAOM in color. (d)—(f) OCT, PAOM, and
OC-PAOM B-scans at the indicated position in (c) (blue line). Red shaded area: choroid. OCT and PAOM en face projections in (a)-(c) are generated at the depth of the
retinal vasculature and after 3D median filtering of the acquired volume. The scale bar is valid for all spatial directions.
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FIG. 4. Structure and application of Rose Bengal. (a) The chemical structure of Rose Bengal disodium salt. (b) UV-Vis absorbance spectra of different concentrations of Rose
Bengal. The credit for the absorbance spectra goes to Raja and Barron. Minor modifications were made under the CC BY 4.0 license. (c) Cross-sectional sketch of a mouse
eye with indicated imaging locations. Purple: imaging region around the optic nerve head, and green: imaging region for the Rose Bengal injection. RO-S with syringe: Rose
Bengal injection into the retro-orbital sinus. ON: optic nerve. S: sclera. CH: choroid. R: retina. L: lens. P: pupil. CB: ciliary body. V: vitreous humor. PC: posterior chamber. AC:
anterior chamber. [: iris. C: cornea.

The mouse holder half sphere has a diameter of 180 mm at its (Dremel 3D-20-01, Racine, Wisconsin, United States). The smaller

widest point and features engravings to accommodate the remov- modular parts, such as the bite bar, headrest, and mouse restrain-
able modules. This design allows for easy cleaning and modification ing unit, were printed using a stereolithography (SLA) printer
of the modules, potentially saving production costs and time. The (Form 3+, Formlabs, Somerville, Massachusetts, United States). A

coarse parts, including the base, the half sphere, and the nose cone 3D rendering of the mouse holder is provided in the supplementary
holder, were 3D printed with a polylactic (PLA) filament printer material.

retinal vessel (c)

choroidal vasculature (d)

FIG. 5. Rose Bengal PAOM imaging. (a) A typical PAOM B-scan. (b) Contrast adjusted PAOM B-scan with unobstructed scleral features (green ellipse). (c) and (d) En face
projections of the same volume at different depths for the retinal (c) and choroidal (d) layers, respectively. Dotted red square: active area of the ultrasound transducer. Blue
line: B-scan position of (a). Green line: B-scan position of (b). (e) Volumetric rendering depicting the retinal vasculature on top of the choroid. The scale bar for (a)—(d) is valid
for all spatial directions.
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Figure 1(d) shows the assembled mouse holder during imaging,
including the headrest and restraining unit. In addition, the assem-
bly includes a lid (not illustrated), which features a water channel
for artificial heating or cooling. The headrest is secured using rubber
bands, and the restraining unit is also supported by rubber bands.
The lid is removable and can be attached using M4 screws. The ICR
mouse is held in the restraining unit, with its head secured in the
headrest and its eye positioned at the center of rotation of the half
sphere holder. The needle transducer is pointed toward the retina,
and the mouse can be adjusted accordingly (rotation, tip, and tilt).

Imaging of ICR mice was performed using the 3D printed
mouse mount. Figure 3 represents the en face [Figs. 3(a)-3(c)] and
B-scan [Figs. 3(d)-3(f)] imaging results of OCT and PAOM modal-
ities. The multimodal en face images in Fig. 3(c) depict the optic
nerve head [dotted purple region in Fig. 4(c)] of the mouse and
show that the two modalities are consistent in visualizing the vascu-
lature emerging from the nerve head. PAOM provided high contrast,
displaying emerging vessels in high detail, while OCT showed addi-
tional morphological contrast. With deep penetration achievable
with NIR-II OCT imaging, the B-scan image in Fig. 3(d) demon-
strated OCT’s ability to visualize multiple layers from the inner
limiting membrane to the retinal pigment epithelium (above the red
band), the choroid (red band), and the sclera below the red band.*’
The acquisition time for PAOM was longer than OCT, taking 250 s,
while OCT took 20 s.

B. PAOM imaging with Rose Bengal

Rose Bengal [Fig. 4(a)] is a contrast agent commonly used
in ophthalmology to diagnose ocular surface disorders, such as
keratitis and dry eye disease. This FDA-approved diagnostic stain
belongs to the xanthene class of dyes, is characterized by tetraiodo-
substitution,” and has a high absorption coefficient within the
visible green light region close to 560 nm [Fig. 4(b)], making it
suitable for imaging procedures such as the visible light PAOM
developed in this study. Although sodium fluorescein is generally
preferred for angiography,** Rose Bengal has been shown to induce
collagen cross-linking,*” which is promising for myopia treatment.
Therefore, we decided to evaluate the benefits of using Rose Bengal
(198250, Merck KGaA, Darmstadt, Germany) for PAOM imaging
quality and penetration depth. A 0.1% w/v stock solution of Rose
Bengal was prepared using water as a solvent, as higher concentra-
tions have exhibited inherent cell toxicity.** The dye solution was
administered via retro-orbital sinus injection, delivering a volume
of 150 ul to the retinal vasculature [Fig. 4(c), RO-S].*

B-scan images obtained following a retrobulbar injection of
0.1% Rose Bengal [indicated by the dotted green region in Fig. 4(c)]
revealed enhanced acoustic intensity and absorption not only in
the retina but also in the choroid [Fig. 5(a)] and sclera [Fig. 5(b),
marked in green], enabling the visualization of small, deep struc-
tures. Moreover, Rose Bengal-assisted retinal imaging exhibited an
expanded field of view surpassing the active area of the transducer
(500 x 500 ymz) and allowed for the visualization of small ves-
sels connected to larger branches in the maximum intensity en face
projection of the retinal layer [Fig. 5(c)]. The demarcation between
retinal and choroidal vasculature was discernible [Fig. 5(a)], and vol-
umetric rendering is shown in Fig. 5(¢), underscoring the high axial
resolution achieved through the utilization of high-frequency sensor
technology.

APL Photon. 8, 106108 (2023); doi: 10.1063/5.0168091
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In addition, the maximum intensity en face projection of
the choroidal layer visualizes the capillary system within the
choroid with micrometer transverse resolution [Figs. 5(b) and 5(d)].
Notably, the visualization of the choroidal microvasculature was
exclusively observed following Rose Bengal injection, highlighting
its potential advantage for PAOM.

IV. DISCUSSION

Ocular rodent animal imaging plays a vital role in pre-
clinical research due to the similarities between rodent models
and humans.”* "’ Imaging techniques provide valuable insights into
various diseases, and in this study, we introduced a novel concept
for a rodent holder that allows rotation without repositioning the
rodent’s translational position. This innovative design facilitates
imaging within the limited field of view accessible with PAOM. In
addition, we developed a needle transducer holder that meets the
stringent positional and alignment requirements of the transducer
and excitation beam path. By demonstrating the efficacy of the fully
3D printable holder, we obtained imaging results of the mouse eye’s
retina, choroid, and sclera using multimodal OC-PAOM imaging,
both with and without exogenous contrast.

With PAOM, we were able to image the nerve head region
and achieve highly detailed visualization of the choroidal vascula-
ture. NIR-II OCT provided access to the retina, choroid, and sclera,
demonstrating its feasibility to penetrate through the choroid with
lower vascular extinction at this wavelength. This suggests that NIR-
II PAOM could be used to study scleral diseases, especially with the
aid of contrast agents such as gold nanorods, in future investiga-
tions.”! Notably, Rose Bengal emerged as a potent dye for PAOM
with green excitation light, enabling visualization of the choroidal
vasculature and sclera in mice for the first time.

The choice of Rose Bengal as a contrast agent was driven by its
spectroscopic and photochemical properties. Rose Bengal exhibits
a strong propensity for intersystem crossing, leading to the gen-
eration of a photochemically active triplet excited state upon laser
light exposure.”” This process produces reactive oxygen species
(ROS) that can react with collagen fibril molecules, promoting the
formation of new chemical bonds through photopolymerization.
Consequently, tissue mechanical strength increases, enhancing its
stiffness. This property shows promise for increasing the stiffness of
scleral tissue, which may have implications for myopia treatment.’”
Hence, Rose Bengal proves to be a versatile and theranostic con-
trast agent, and its effectiveness in PAOM opens new avenues for
studying ocular diseases and their treatment.

However, as Rose Bengal-induced photothrombosis is a com-
monly employed method for creating a model of retinal vein occlu-
sion (RVO) under specific illumination conditions, it is important to
discuss potential issues with RVO in our study. First, in our imaging
experiments, we did not observe any morphological changes indica-
tive of RVO in the vasculature, such as vessel blurring and reduced
contrast.”” We utilized 200 nJ pulses at the cornea and a repeti-
tion rate of 4 kHz, resulting in an average illumination power of 0.8
mW at 560 nm. However, the undiluted aperture of the mouse eye
(0.8 mm) limits the deposited energy on the retina to 96 nJ. This
value closely approaches the American National Standards Institute
(ANSI Z136.1-2022) limit of the maximum permissible single laser
pulse energy of 77 nJ if a human retina were involved. Following,
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calculations indicated an average energy density of 1.7 J/cm? at the
retina during imaging, which is significantly lower than what is typ-
ically used for RVO induction with a green laser and Rose Bengal.
In addition, the Rose Bengal concentrations employed in our study
(1 mg/ml) were lower than those in established RVO studies.” Con-
sequently, we do not anticipate RVO occurrences in our imaging
setup.

To provide further insights, it is important to note that Rose
Bengal-assisted RVO and photothrombosis are typically induced
either through repeated pulsed illumination lasting roughly 0.2-0.5 s
for each pulse®® or through continuous laser illumination lasting
several minutes.”” These methods involve large spot sizes ranging
from 50 to 400 ym, high power green lasers (20-200 mW), and a
high concentration of Rose Bengal (15-50 mg/ml). In studies using
repeated illumination, the respective energy density ranges between
1.7 and 7.6 kJ/cm?, which is three orders of magnitude higher than
the energy density used in our study.””*”’

For studies employing continuous illumination, visible blood
clots typically appear after continuous laser illumination lasting
1 min.’® Sullender et al>® utilized a 532 nm laser in a stroke
model with 200 mW patterned illumination for 420 s on an area of
0.09 mm”. Assuming an energy density for continuous illumination
using the formula

Power (W) % exposure time (s)
Area (cm?)

Energy density (J/cm®) =

results in an energy density of 93 kJ/cm®. In contrast, Clark et al.®’
employed a similar patterned illumination method with a lower laser
power of 20 mW for 30 s and an illumination area of 0.15 mm?,
yielding an energy density of 400 J/cm?, ~240 times higher than in
our study.

With the exception of a study utilizing multiphoton femtosec-
ond laser illumination with 87 mW at 1000 nm, a 25x objective, and
5 min of illumination time,”' photothrombosis has not been stud-
ied with short pulsed lasers, particularly not with nanosecond (ns)
pulsed lasers that provide only an individual short pulse of light at
a small focal area at a time, as in our study. Additional investiga-
tions in this area represent an interesting research topic for future
experiments.

Previous studies have employed PAOM without contrast agents
to investigate ocular models in mice, rats, and rabbits.®”* While
mice and rats have small eyes, rabbits resemble human eyes in size.
However, rabbits lack a fovea, and their retinal vasculature dif-
fers from that of humans and rodents. Moreover, rabbits possess a
unique horizontal streak of myelinated retinal nerve fiber layer called
the medullary ray, absent in humans and rodents.”* Nevertheless,
rabbits have been successfully utilized to study ocular diseases such
as choroidal vascular occlusions (CVO) using multimodal PAOM
and OCT imaging systems, allowing visualization, characterization,
and quantification of laser-induced CVO with high resolution and
contrast.” Similarly, integrated PAOM and OCT systems have been
employed to study retinal and choroidal vessels, retinal vein occlu-
sion, and retinal neovascularization in rabbits.®”’" In rats, PAOM
combined with scanning laser ophthalmoscopy, optical coherence
tomography, and fluorescein angiography has been used to visual-
ize the choroidal vasculature in albino rats, but not in pigmented
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rats.'>*""! In addition, PAOM with near-infrared-I (NIR-I) excita-
tion has enabled visualization of the choroidal vasculature in rats,
albeit with lower quality in the imaged retinal vasculature compared
to visible light excitation.” Multi-wavelength illumination has also
been employed for quantifying the metabolic rate of oxygen."” How-
ever, research on mice using PAOM remains limited,”’ and until
now, PAOM has not been able to resolve the choroidal vasculature
or sclera in mice, which our study successfully achieved.

The utilization of NIR-II OCT for retinal imaging is not com-
monly reported in the scientific literature due to inherent challenges
associated with high water absorption and limited axial resolution,
leading to limited previous reports.””’> " Nevertheless, our system
employs a high-power swept source, overcoming the limitations of
NIR-II OCT and enabling deep imaging in this wavelength range.
This allows direct observation of the sclera without the need for
surgery or imaging from the side of the eye globe, offering advan-
tages in terms of throughput, long-term studies, and animal welfare.
The illumination power of OCT at the cornea was 15 mW. This is
below the maximum permissible exposure for humans of 499 mW
for the retina and 118.7 mW for the cornea (ANSI Z136.1-2022).

The presence of retinal degeneration in ICR mice presented
difficulties for OCT imaging as it interferes with the visualization
of normal retinal layer structure due to morphological changes in
the retina.”””® In ICR mice, retinal degeneration manifests as diffuse
atrophy, reduced thickness, and the absence of photoreceptor layers.
The inner nuclear layer also exhibits cellular deficiencies, including
nuclear shrinkage and loss.”” This shrinkage causes the choroid to
be situated at a depth of 150-250 um.”* Nevertheless, despite these
pathological alterations, the objectives of our study were unaffected.
NIR-II OCT imaging was primarily employed to investigate deep
imaging capabilities extending to the sclera, provide a morphologi-
cal reference for PAOM, and expedite the identification of the region
of interest for PAOM imaging. In addition, we aimed to evaluate the
potential penetration depth for potential NIR-II PAOM imaging.

In future studies, we aim to further enhance the 3D printed
mouse eye phantom. Its current limitation lies in the ease with
which air bubbles can be trapped when using ultrasound gel. Such
inclusions could be prevented by incorporating a water reservoir, as
preliminary tests have shown that water does not introduce air bub-
bles but leads to rapid drying and, consequently, a shorter imaging
window. Furthermore, we plan to replace the PAOM excitation laser
with a faster model that offers a higher tunability of the wavelength
range, allowing access to longer wavelengths for deeper scleral imag-
ing. We will explore different exogenous contrast agents to enhance
scleral contrast in myopic mouse models, furthering our under-
standing of myopia disease onset and progression. Moreover, we will
target scleral cross-linking, as previously demonstrated with green
light,”® by combining treatment and monitoring with PAOM using
the same light source.

V. CONCLUSION

Our study provides a comprehensive solution for imaging
deeper structures of the mouse eye in vivo by combining PAOM
with contrast agents, integrating NIR-II OCT, and addressing ani-
mal handling restrictions with a novel 3D printable platform and
phantom. The ocular imaging platform has the potential to be
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used to answer pressing research questions concerning several high-
frequency and critical epidemic ocular diseases, such as myopia, in
the future.

SUPPLEMENTARY MATERIAL

A video of a 360° 3D rendering of the mouse holder is provided
in the supplementary material.
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