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Abstract

As an important vertebrate animal model for development and human disease, research on
zebrafish has been using many different imaging methods. Among them, optical coherence micro-
scopy and photoacoustic microscopy (PAM) are gradually gaining popularity due to their com-
plementary contrast mechanisms and non-invasive nature. This work demonstrates a combined
optical coherence PAM system using Lissajous scanning trajectories for zebrafish imaging. The sys-
tem configuration enables a large field of view (up to 11.8 mm x 25.2 mm) with uniform high res-
olution (1.8 um lateral) and uniform sensitivity across the entire scanning area. The voice-coil-
enabled Lissajous trajectories yield high scanning speed, while maintaining precise coregistra-

tion between modalities. A specially designed deep learning-based upsampling model has been
trained to leverage unique characteristics of the Lissajous scanning pattern, reducing acquisition
time by up to 70% while preserving image quality. The system’s capabilities are demonstrated
through high-resolution imaging of zebrafish larvae, revealing detailed vascular networks and tis-
sue structures. This novel approach provides a powerful tool for non-invasive, multimodal ima-
ging of zebrafish development and disease models beyond typical size boundaries.

1. Introduction

With their advantages in large-scale genetic mutant and therapeutic compound screenings, zebrafish have
become a powerful disease model in biomedical research [1]. Numerous studies have demonstrated the
unique advantages of using zebrafish across diverse fields of research [2—6]. On top of its genetic sim-
ilarity to human and other biological advantages compared with mouse models, zebrafish’s increasing
popularity can be attributed to its small size and optical transparency [1], which easily permits dynamic
processes to be monitored in vivo with optical imaging methods. Among all the optical imaging methods
used in zebrafish studies, fluorescence imaging techniques such as confocal microscopy, multiphoton
microscopy, and light sheet microscopy are the typical choice due to their wide availability [7-10].
However, these fluorescence imaging techniques need fluorescent labels, posing a major limitation to its
use in functional in vivo imaging [7]. As an alternative, nonlinear optical imaging methods [11-13] were

© 2026 The Author(s). Published by IOP Publishing Ltd
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shown as label-free imaging approaches to study zebrafish. However, these nonlinear imaging methods
all suffer from very shallow imaging depth, hindering their use in zebrafish imaging.

In light of the imaging challenges in zebrafish research, optical coherence tomography (OCT) and
photoacoustic imaging have been suggested as suitable tools for non-invasive imaging approaches for
zebrafish. As of now, numerous works have been done to establish in vivo OCT imaging protocol for the
zebrafish eye with various applications [14-19]. In addition, different OCT configurations have also been
applied for other types of studies using zebrafish [20-25]. Photoacoustic imaging, which uses optical
absorption as the contrast mechanism, has also shown significant value in zebrafish imaging. Using pho-
toacoustic tomography (PAT), whole-body adult zebrafish can be imaged non-invasively allowing visual-
ization of all major organs [26-30]. When higher resolution is needed, photoacoustic microscopy (PAM)
is the better option for zebrafish imaging, especially for embryos and larvae [31-35]. A unique advant-
age of PAM in zebrafish imaging is its compatibility with a variety of contrast agents for molecular
imaging [36-38].

Given the complementary contrast mechanisms of OCT and PAM, using dual modal optical coher-
ence PAM (OC-PAM) for zebrafish imaging can meet the requirements of many zebrafish-based stud-
ies. Employing a fiber optic sensor, OC-PAM imaging of zebrafish was accomplished in a transmission
mode system [36]. Reflection mode OC-PAM for zebrafish imaging was demonstrated using an akinetic
sensor, which permitted relatively large field of view (FOV) [37]. This reflection mode OC-PAM system
was later upgraded with functional extensions, which enabled the study of zebrafish pulsation, blood
oxygen saturation, and vessel blood flow velocity [38]. However, the optical detection methods used in
the above-mentioned OC-PAM systems such as the fiber optic sensor [39] and the akinetic sensor [40]
both suffer from low sensitivity and are limited in bandwidth, hence yielding non-optimal axial resolu-
tion photoacoustically. The FOV of the systems is also limited with decreasing sensitivity when the laser-
scanned beam leaves the central region.

Beyond its application in zebrafish imaging, many other OC-PAM configurations have been imple-
mented with various features [41, 42]. When reflection mode is needed, the most commonly seen realiz-
ation of OC-PAM is to use an obliquely positioned piezoelectric transducer while the excitation beam of
PAM and the sample beam of OCT being scanned over the sample [43-50]. Although the speed can be
as fast as the laser repetition rate using this straightforward configuration, the use of unfocused ultra-
sound transducer and the angled positioning of it limits the sensitivity and FOV of such systems. In
order to overcome this downside, those systems typically utilize high averaging, offsetting their short
frame time. One compromise between speed and sensitivity is to use a cylindrically focused transducer
and scan the laser beams in just one direction by a galvanometer mirror [51]. Such an implementation
has been shown to have high spatial and temporal resolution, but only in one direction. Other efforts of
using optical detection methods for OC-PAM have been proposed [52, 53], but they are either slow or
suffer from non-uniform sensitivity and limited FOV.

It is known that mechanical scanning with confocal and coaxial alignment of light and sound is the
only method to guarantee the highest sensitivity, large FOV, and consistent performance [54], however,
mechanical scanning has not seen much improvement since the voice-coil-based raster scanning PAM
systems were demonstrated [55, 56]. In this work, we designed an OC-PAM system which has these fea-
tures together with a relatively short imaging time. The novelty of this new OC-PAM system lies in the
use of Lissajous scanning trajectories and Al-based upsampling algorithms. While we demonstrate the
system using a focused ring transducer, the scanning and image reconstruction protocol are directly and
broadly translatable to other detection methods.

2. Materials and methods
2.1. Lissajous trajectory

A 2D Lissajous trajectory can be achieved by sinusoidal movement in two orthogonal directions [57]. It
can be mathematically expressed as

x(t) =Xo + % cos (27 fyt)

y(t) =Yy + gcos (27 fy1)

where (X, Yy) are the starting points of the scan; A and B are the travel range in the x and y directions,
respectively; f, and f, are the scan frequency in the two axes, respectively. The pattern repeats itself with
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Figure 1. Schematic of electrical connections for position tracking of the OC-PAM system. PXIe-5775 (FPGA) is connected to the
PXIe remote control module through backplate connections within the PXIe 1088 chassis. The adapter is a signal conditioning
circuit allowing different electrical signals to be connected to the FPGA. Please note that while the A-line trigger signal enters and
exits through the adapter, this is not a passthrough, the signal is processed onboard the FPGA.

a period of T determined by

)

When f; and f, are integers, T takes the form of T = i, where k= 1,2,3... This means that the pattern
closes at most within 1 s, which may not be sufficient to create a dense enough pattern using physic-
ally realizable movement frequencies and laser repetition rates. But when f; and f, are non-integers, T is
determined by

B 1 1Y a ¢\ _lem(a,c)
T_lcm(f;’fy>_lcm<b’d)_gcd(b,d) a,b,c,de N

which allows for T above 1 s and creation of patterns which are physically realizable. These patterns can
then provide high densities suitable for microscopy applications. The relation between pattern dens-
ity and frequency pair is highly-nonlinear and lacks an analytical model. The presence of the ged (b,d)
function in the denominator of the closing-time expression suggests that selecting b and d to be co-
prime should prevent it from closing too early to form a dense pattern. This principle provides the
starting point for experimental testing of the filling ratio (FR) for any given frequency pair. Here, FR
is defined as the ratio of the number of pixels in a reconstructed image, where at least one A-line has
been recorded, to the total number of pixels in the reconstructed image. We deem FR above 85% to be
satisfactory, as it falls in line with FR typically accepted for microscopy applications [58, 59]. In our
setup, the Lissajous trajectory is enabled by a voice coil linear actuator (DMQ12L-AE55T10A, Zaber
Technologies Inc., Canada) as the fast axis and a stepper motor linear stage (LSM025A-E03T4A, Zaber
Technologies Inc., Canada) as the slow axis. The travel range of the voice coil actuator is 12 mm with
a repeatability of <0.5 pm. Its maximum acceleration reaches 245 ms~ and has an encoder count size
of 1 nm. The stepper motor stage has a longer travel range of 25.4 mm and a repeatability of <3 um.
The rotary quadrature encoder for the 2-phase stepper motor has a resolution of 800 states per revolu-
tion providing a resolution of 762 nm. These features enable a large FOV with a maximum dimension
of 12 mm x 25.4 mm. The communication between the voice coil actuation, the stepper motor, and the
workstation is achieved using a controller (X-MCC2-ENG3975, Zaber Technologies Inc., Canada) on the
stage side and an FPGA (PXle-5775, National Instruments, USA) on the workstation side. More specific-
ally, the controller transmits the differential encoder signals over dedicated single-line cables connected
to the binary inputs of the FPGA, which is controlled using a PXI remote control module (PXIe-8398,
National Instruments, USA). Whereas the workstation receives input from the stages via a PXI controller
(PCle-8398, National Instruments, USA), it can also send commands to the controllers directly via serial
communication. The detailed signal schematic of the system is illustrated in figure I.

Setting f, = 27.0271 Hz, f, = 0.99425 Hz, A = 12 mm, B = 25.4 mm, and the laser repetition
rate = 100 kHz, which represent the theoretical maximum values of the components selected when no
payload is present, the Lissajous trajectory over selected time points are shown in figure 2. Because after
100 s the trajectory lines are too dense to distinguish, we use color coding to represent the density of
points. Each pixel corresponds to a dimension of 40 um x 40 pm and the color represents the number

3
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Figure 2. Simulated scanning density map of 12 mm X 25.4 mm FOV scanned using a Lissajous pattern after given num-
ber of seconds. Pixel colors correspond to logo of the number of points which fall into the area represented by that pixel.
Scalebar = 2 mm, pixel size = 40 ym X 40 pm.

of times the Lissajous trajectory traverses this pixel by this time point. At 3651.2 s, the FR reaches 99%

coverage assuming a lateral spot size of 2 um, and we choose this time as the end time of simulation.
In our actual experiments, due to the payload on the voice coil actuator, we used f, = 11.09 Hz,

f, = 0.569 Hz, with amplitudes being adjusted to fit the imaged sample. Owing to constant imaging per-

formance of the system across the FOV, we could locate the imaging object in a quick, sparser pattern

scan, and after selecting it, automatically adjust dense pattern scan parameters to tightly fit the object.

2.2. OC-PAM system

The OC-PAM system consists of a spectral domain OCT subsystem using a compact polarization-aligned
840 nm broadband source (EBD290002, EXALOS, Switzerland), whose 160 nm bandwidth and constant
polarization state across the full spectral output yield superior imaging performance [60]. The interfero-
gram is captured using a high-speed spectrometer (Cobra S-800, Wasatch Photonics, USA) connected

to a frame grabber (PCle-1429, National Instruments, USA). The same type of microscope objective
(MY10X-803, Mitutoyo America Corporation, USA) is used both in the sample arm and in the ref-
erence arm to match the dispersion. A reflective collimator (RC12FC-P01, Thorlabs, USA) is coaxially
aligned with the sample arm objective for optimized lateral resolution. For the PAM subsystem, a pulsed
laser at 532 nm (SPOT, Elforlight, UK) is used as the excitation source. We set the repetition rate of the
excitation source at 25 kHz in all our experiments, which is the highest pulse repetition rate supported
by the onboard generator. Detection of the photoacoustic signal is by a customized focused ring trans-
ducer with a central opening of 3.81 mm in diameter, a central frequency of 35 MHz, an element size of
11.17 mm, and a focal length of 8.5 mm. At the bottom of the central clearance of the ring transducer,

a circular glass piece with a thickness of 300 ;m was secured to enable consistent light beam transmis-
sion through the acoustic couplant to the sample. The thickness of the active part of the ring transducer
is 1.9 mm, yielding a working distance of 6.6 mm. To optimize confocal alignment for PAM, a transla-
tional mount (CXYZ05A/M, Thorlabs, USA) is used to fine tune the position of the ring transducer with
respect to the microscope objective. The whole scanning unit for OC-PAM, composed of the collimator,
the microscope objective, and the ring transducer, is mounted to a 3D printed structure that is in turn
bolted to the voice coil actuator carriage. To optimize the stability of the scanning unit during fast scan-
ning, the center of gravity of the whole scanning unit is matched to the top plane of the voice coil stage
carriage. Figure 3(a) shows the schematic of the OC-PAM system. The coaxial alignment is illustrated in
figure 3(b). To present the imaging head better, a cutaway view for the transducer, the glass window, the
optical beam and the acoustic wave is shown in figure 3(c). As a supplement to figures 3(a), figure 3(d)
shows a mostly 2D schematic of the system.

When the OCT subsystem is engaged, the camera is set to synchronization mode 2, in which the
line camera makes a measurement whenever a trigger signal is received. When the PAM subsystem is
engaged, the photoacoustic signal passes through a preamplifier (AU-1525, Miteq, USA) before being
acquired by the FPGA whose sampling rate is hardwired to be 3.2 GS/s. Due to the excessively high
sampling rate, the acquired data is down-sampled temporally by averaging by a factor of 8 onboard
the FPGA. The employed Lissajous trajectory obviates the concept of B-scans. The A-lines in the OCT
mode will be recorded according to the external or internal trigger source, whereas the A-lines in the
PAM mode purely depends on the timing of the pulse from the excitation laser. Because the two axes’

4
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Figure 3. (a) 3D visualization of the OC-PAM system. (b) Cutaway view of the imaging head. (c) Enlarged view of the transducer-
objective assembly. Green volume represents geometric visualization of the light exiting the objective. Yellow volume repres-

ents the space through which acoustic waves gathered by transducer are propagating. Pink volume represents agarose holding

the sample. (d) Schematic of the OC-PAM system. AMP—amplifier, AC—axis controller, SC—stage controller, Pol. Ctrl.—
polarization controller.
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Figure 4. Position-data recombination schemes for (a) PAM signal, and (b) OCT signal.

encoders send real-time precise location information to the FPGA, which samples the encoder signals at
a rate of 80 MHz, and that the same FPGA samples the photoacoustic signals upon triggering, each pho-
toacoustic signal is appended with a header indicating the location. The OCT signal, however, cannot be
directly tagged with position by FPGA since the OCT interferogram is not recorded by it. To solve this
issue, the A-line triggers for OCT are sent through the FPGA, so that each interferogram can be tagged
with the A-line trigger’s timestamp before image reconstruction. The synchronization is graphically illus-
trated in figure 4.

2.3. Image reconstruction

The Lissajous pattern combined with constant frequency triggering creates a nonrectilinear map of meas-
urement points. In order to display the image, a rectilinear grid of signal values needs to be calculated.
When the total A-line count is less than 1 million, interpolation is handled by a Python subroutine. This
script, utilizing 2D linear interpolation function from SciPy, is called by the main LabVIEW program
during the acquisition software runtime. Because Python interpreters are not optimized for highly par-
allelized computation, when the total A-line count is equal to or larger than 1 million (typically more
than 5 million, depending on the FOV), reconstructions are handled by a code written in MATLAB. This
code is run post-acquisition, with multiple 2D layers being interpolated at the same time.

5
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2.4. Upsampling

The Lissajous trajectory inherently generates a sparse scanning pattern covering the whole FOV early

in the scanning process. Data gathered in this period of the acquisition forms a good starting point for
upsampling algorithms, which can provide an enhanced image from the sparsely acquired data much
quicker than finishing the scan, especially for large images. This can be leveraged for significant short-
ening of acquisition time while maintaining a comparable image quality. A generative adversarial net-
work (GAN) was employed to provide upsampled images when only undersampled images were given in
input. In particular, to generate the training and the test sets, the same zebrafish and USAF resolution
target were scanned using a different number of scanning points: 15%, 30%, 45% and fully sampled.
The 15% and 45% images were employed as the training set, with fully sampled images representing the
ground truth. The 30% scans were employed as the test set. For the GAN model, a Pyramidal Pix2Pix
architecture, which leverages a multiresolution design for enhanced image generation was employed [61].
The generator uses an attention-UNet architecture with self-attention mechanisms to capture long-range
dependencies and better preserve global image structure. The generator produces multi-resolution out-
puts, maintaining both fine details and overall characteristics, and the discriminator employs a patch-
based approach. The loss function incorporates three components:

1. An adversarial (GAN) loss (figure 5(c)) to align the distributions of real and generated images;

2. A full-resolution L1 pixel loss (figure 5(c)), weighted by 25, to ensure pixel-level accuracy;

3. An L2 representation matching loss (figure 5(c)) weighted by 25 to match discriminator features,
promoting perceptual similarity.

The overall objective function of the employed Pyramidal GAN (Lpy,) is defined as:
LPyr (G, D) = LGAN (G,D) + llLl (G) + lsz (G)
where:

Lean (G, D) = E, [logD (y)] + Ex [log (1 — D(G (x)))]
L, (G) = E{x,y} [H}’— G(x)”l]

LZ(G) = E{x,y} [”Dfeat(y) - Dfeat(G(x))Hg

Lgan is the adversarial loss; Ly is the pixel-wise loss; and L, is the feature matching loss. The A terms
are the respective weighting factors. This multi-scale adversarial training framework facilitates the syn-
thesis of upsampled sound images that closely mimic the characteristics of the sampled image. The

6
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Figure 6. (a) PAM axial resolution measurement result. Blue: raw data; orange: Gaussian fit. (b) OCT axial resolution measure-
ment result. Blue: raw data; orange: Gaussian fit. (c) PAM lateral resolution measurement result. Blue: raw data; orange: fitted
edge spread function. (d) OCT lateral resolution measurement result. Blue: raw data; orange: fitted edge spread function. (e) OC-
PAM imaging results of USAF 1951 resolution target showing group —1 elements 1, 2, and 3, indicating coregistration of the two
modalities as well as the maximum FOV (11.8 mm x 25.2 mm). (f) A-line taken from the edge of the FOV marked with the red
dot. (g) A-line taken from the central part of the FOV marked with the green dot.

model was trained for 200 epochs with alternating generator and discriminator updates. The input size
was set to 512 x 512 pixels and generator weights were saved every 5 epochs, using instance normaliz-
ation. Since the acquisitions were larger than the input size (figure 5(a)), the images were divided into
overlapping patches with minimal number of sub-images (figure 5(b)) needed to cover the whole image.
The best epoch was chosen based on the loss value. The model was trained on a workstation equipped
with an NVIDIA RTX3090 with 24 GB of memory. The inference time (i.e., the time required to gener-
ate the synthetic patch) is approximately 30 ms.

2.5. Zebrafish preparation

We chose casper zebrafish (mpv®®, mitfa¥?/*?) for its low number of melanocytes [62]. Five days post
fertilization (dpf) larvae were provided by St. Anna Children’s Cancer Research Institute prior to ima-
ging. Zebrafish larvae were anesthetized in a 1% tricaine solution. In order to prevent movement of the
fish by water currents induced by the moving transducer, the larvae were embedded in 1.2% low melt
agarose (Agarose A2576-5G, Sigma-Aldrich, USA) on a glass-bottom petri dish, which was placed on

a vertical stage (MT1, Thorlabs, USA) for height adjustment and an angular stage (PY003, Thorlabs,
USA) for rotation adjustment. The fish were monitored under a stereomicroscope (DMBZ SD2, Brunel
Microscopes, UK) equipped with a camera (DFK 33UX178, The Imaging Source, USA) to assess the
presence of a heartbeat and proper anesthetization before and after OC-PAM imaging.

3. Results

3.1. Maging system characterization

The lateral resolution of the OC-PAM system is measured by imaging a sharp edge of a USAF 1951 res-
olution target (R1DSIP, Thorlabs, USA). The axial resolution of PAM is directly calculated using the A-
line signal generated by the 1 yum chrome coating of the resolution target to be 41.2 pm, which is in
agreement with the theoretical value for a transducer with a central frequency of 35 MHz. The axial
resolution of OCT is calculated to be 3 um in air, based on the A-line signal acquired from imaging

a silver mirror (CM254-019-P01, Thorlabs, USA). Figures 6(a)—(d) shows the measurement results for
the axial and lateral resolutions of both modalities of the system. The sensitivity of the OCT modality is
measured to be 90.22 dB.

To show the uniform sensitivity and image quality over a large FOV, we used f, = 5.73 Hz, f, =
0.372 Hz, A= 11.8 mm, B =25.2 mm to image a large resolution target (R3L3S1P, Thorlabs, USA). A
safety margin of 0.1 mm for the FOV was left in all sides to avoid possible mechanical shocks caused
by motion controller overshoots. The resulting images acquired with both OCT and PAM modalities
are shown in figure 6(e). The movement frequencies were lowered due to inability of the actuators to
maintain higher frequencies over long ranges. The orange-colored parts in figure 6(e) are reconstructed
from PAM, whereas the white colored parts are reconstructed from OCT. The seamless transition of the
two half images show that the two modalities can be perfectly coregistered. The raw photoacoustic signal
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Figure 7. (a) Simulation of the scanning pattern changes in the first 45 s. Images represent 50 um x 50 pm subsections of FOV
at different locations. The pixel size is 0.1 pm X 0.1 pm. White color represents pixels which have been scanned over at least once
with circular 2 gm spot. (b) Indication of positions of subsections in figure (a). The squares have been enlarged for presentation
purposes. Centers of the squares maintain real positions. Scalebar: 1 mm. (c) Change of area FR in time during simulated scan-
ning. (d) Plot of FR reached in the typical zebrafish FOV after 60 s of scanning with different fast and slow axis frequency pairs
with simulated 2 pm resolution.

from point 1 (red dot on figure 6(e)) and point 2 (green dot on figure 6(e)) are plotted in figures 6(f)
and (g). Comparing the two plots, it is clear that the signal to noise ratio (SNR) stays the same across all
the regions in the FOV.

As mentioned in the previous sections, there is a direct, non-linear relation between movement fre-
quencies and FR. Since larger FOV puts more strain on actuators at the same frequency parameters, dif-
ferent FOVs use different sets of frequencies. Figure 7(d) shows the FR reached after 60 s for an FOV of
0.5 mm x 4 mm (typical for zebrafish FOV) for different frequency pairs. The diagonal dark lines indic-
ate frequency pairs where Lissajous pattern collapses into low density trajectory. The bright sections of
the graph show the combinations which create desired high-density patterns, but there is no clear distri-
bution of where they appear, making analytical selection of the best pair impossible. The time-emulating
simulation further shows how the FR changes in time at different speed in different regions of the FOV
(figures 7(a)—(c)). Edge (yellow) and corner (green) plots in figure 7(c) indicate that the outer regions of
the FOV are fully sampled long before the central regions can reach an FR high enough to reconstruct a
viable image. This further warrants the necessity for Al-based upsampling, which could use information
from outer parts to improve interpolation in the central regions.

3.2. OC-PAM imaging of the zebrafish

In order to demonstrate the ability of the system to image biological samples with both modalities, we
used 5 dpf zebrafish larvae embedded in agarose. The following parameters were used for the imaging:
fe=11.09 Hz, f, = 0.569 Hz, FOV = 0.94 mm X 3.815 mm. The pulse energy of the excitation laser at
the focal plane was set to 80 nJ measured in air, which is in line with the fluence used in other PAM
systems for zebrafish larva imaging [38]. The OCT delivered continuous power equal to 47.3 pW adjus-
ted for 840 nm. The acquisition of a single volume took 4.1 min for both PAM and OCT. The imaging
results of OCT, PAM, and OC-PAM are given in figure 8. As a comparison, classical raster-scanning
over the same FOV with the same hardware would have taken 5.8 min, while also requiring additional
0.2 mm margins for acceleration and deceleration of the imaging head. The proposed Lissajous traject-
ory represents 29.3% acquisition time decrease compared to the traditional raster-scanning pattern in
this scenario. Details of this comparison are given in the supplementary materials.
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Figure 8. OC-PAM imaging results of a 5 dpf zebrafish larva. (a) Maximum intensity projection (MIP) OCT result. (b) MIP PAM
result showing: (1) heart (2) aortic arches (3) hepatic portal vein (4) subintestinal vein (5) posterior cardinal vein (6) caudal vein
(7) caudal artery (8) dorsal longitudinal anastomotic vessel (9) dorsal aorta (10) intersegmental vessels (11) posterior cerebral
vein (12) dorsal longitudinal vein (13) mesencephalic vein (14) anterior cerebral vein. (c) Overlaid OC-PAM MIP image. PAM
image (red) has been additionally treated with vessel filters. Video rendering of the 3D OC-PAM result of the fish can be found in
the supplementary material. Scalebar: 200 pem.

3.3. Upsampling validation

Figure 9 demonstrates the results of the upsampling algorithm. It is shown to be capable of generating
an image which is comparable with the one from the full acquisition. Low FR in the center of the FOV
in the undersampled image (figure 9(b)) results in increased noise by traditional interpolation, which is
not present in the upsampled image (figure 9(c)). Apart from visual impression of an overall improved
quality, the results have been deemed satisfactory by a comparison of visual clarity (figures 10(a)—(d))
of more important subsections of the images and by comparison of the calculated sharpness of images
(figures 10(f)—(g)). Both groups (biological and synthetic samples) have shown significant improve-
ment of sharpness after upsampling was performed on the undersampled image. In both groups, the
fully sampled images had higher sharpness than the upsampled ones, which was expected, as sparse
sampling might completely miss small details, which upsampling would have no information about. This
is especially visible in intersegmental vessels in figure 9, which are less visible in the upsampled image
as compared to those in the image of full acquisition. The network was taught based on images of vari-
ous FOVs, which utilized various sets of f; and f,, as high frequencies suitable for small FOVs could not
be sustained at significantly larger FOVs. Those requirements prevented the model from overfitting to
the frequency-pair-specific distribution of sampled points. The sizes of the training and test set for each
imaging object are listed in figure 10(e). The trained model is also independent on the image modality,
and can be used for both PAM and OCT images.

4. Discussion

The OC-PAM system using the Lissajous trajectory has several advantages compared to other types of
configurations. Using a focused transducer and the coaxial alignment of optics and acoustics, the spa-
tial resolution is uniform throughout the whole FOV because the focal plane shows no distortion and
does not experience aberrations. The configuration allows the use of high numerical aperture objectives,
which in this case yields a lateral resolution of 1.8 um. Limited only by the travel range of the stages,
the achievable FOV is much larger than that of other configurations. In this study, due to the relatively
high payload, we limited f, to be 11.09 Hz to avoid overstraining the voice coil actuator. However, this
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Figure 9. Comparison of fully sampled, undersampled and upsampled PAM images of a zebrafish larva. (a) Fully sampled image.
(b) Image reconstructed from 30% of data by interpolation. (c) Image upsampled by AI from 30% of the data. Scalebar: 200 pem.

Colored outlines of images are consistent with those in figure 10.
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Figure 10. Comparison of original, undersampled, and upsampled PAM images. (a) Fully sampled image of a USAF 1951 tar-
get with 2 sub-images (blue outline). (b) Image from 30% acquisition time with 2 sub-images (red outline). (c) Upsampled
image of the target with 2 sub-images (green outline). (d) Fully sampled (blue outline), 30% acquisition time (red outline),

and upsampled (green outline) images of 5 dpf zebrafish eye. (e) Table with numbers of sub-images used for training and test-
ing the upsampling algorithm. (f) Comparison of Laplacian sharpness of fully sampled, undersampled, and upsampled images
of zebrafish larvae. (g) Comparison of Laplacian sharpness of fully sampled, undersampled, and upsampled images of the USAF

1951 target. Scalebars: Large USAF 1951-200 pm, USAF 1951 sub-images—50 psm, zebrafish eyes—100 pem.
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payload can be significantly reduced by using a fiber connected GRIN lens [63, 64] to replace the reflect-
ive collimator and the objective. In the current setup, the objective, collimator, and the holding struc-
ture weigh 708.17 g. If we use a fiber coupled GRIN lens to fill in the central clearance of the ring trans-
ducer, the total payload for the voice coil actuator can be reduced to 200 g. Assuming a 4 mm x 1 mm
FOV and both axes using voice coil actuators, this reduced payload will allow f, = 25.011 Hz and

f, = 24.943 Hz, which in turn yield an image acquisition time of 102 s assuming100 kHz pulse repeti-
tion rate with an FR of 90.1%. This image acquisition time can be even further reduced to 34.1 s when
the proposed upsampling algorithm is used. While the data shown here are preliminary and could be
subject to overfitting due to the limited dataset, the initial results are very promising and show how the
model is able to effectively learn the upsampling process through the pixel-to-pixel analysis.

In this work, the two orthogonal directions are scanned in sinusoidal trajectories, leading to non-
equidistant spacing of sampled points and much of the image acquisition time is used to finish scanning
the central part of the FOV with enough points, but minimizes rapid changes in acceleration and their
negative impact on precisely aligned elements. Using triangular wave forms, researchers have demon-
strated a much more uniform Lissajous-like scanning pattern in stimulated Raman scattering imaging
[65]. This modified Lissajous-like pattern not only shortens the image acquisition time, but may also
enable much faster image reconstruction. Another extension of the current 2D Lissajous scanning traject-
ory is to extend it to a volumetric Lissajous scanning trajectory. It has been demonstrated that, by scan-
ning the z-focus using an ultrasound driven liquid lens, the 3D Lissajous scanning trajectory achieved
30 times the native depth of field of the objective in a confocal microscopy setup [66]. When implemen-
ted in OC-PAM, a 3D Lissajous pattern will allow sharper images to be acquired for different excitation
wavelengths as well as the extension of the depth of field.

While the demonstrated 4.1 min per zebrafish imaging time may not be fast enough to capture
rapid changes in the sample, studies focusing on dynamic processes rarely need whole body images.

For instance, for functional studies such as the investigation of brain vasodilation, an FOV covering the
brain region is sufficient [51]. As a quick reference, assuming an FOV of 1 mm x 1 mm, an image size
of 512 pixel x 512 pixel, and upsampling using 30% data, the acquisition time will be 8 s. When faster
PAM sources and faster voice coil actuators are used, it is possible that the Lissajous trajectory equipped
with upsampling can finish a 1 mm? FOV scan within just a second. Holding the potential for func-
tional imaging enabled by fast speed, this OC-PAM system also holds potential for functional imaging
enabled by endogenous and exogenous contrast agents. Currently, the implementation of mode switching
requires changing fibers, which makes mode changing between OCT and PAM relatively cumbersome.
Similarly, using different excitation wavelengths for PAM requires coupling different light sources into
the collimator in the imaging head, which makes spectroscopic PAM time-consuming. In addition to
use muti-core fibers, the use of supercontinuum sources [67, 68] and multi-color fiber laser sources [69]
may enable easier spectroscopic PAM in the dual modal OC-PAM configuration.

The setup used in this work consists of a ring transducer and a 10X objective for PAM as well as a 3
superluminescent diode (SLED) OCT system. The platform, however, is compatible with a wide range of
other components depending on the application needs. For example, instead of using a ring transducer,
either the typical beam combiner configuration for PAM [70] or a transparent transducer [71] may be
easily implemented and still allowing dual modal OC-PAM operation. Other types of spectral domain
OCT systems can also be used. Depending on the resolution need, objectives with either higher or lower
magnification ratios may be used. When deep imaging depth is the priority, this OR-PAM setting can be
replaced with an acoustic resolution PAM configuration, too. The real-time position tracking also allows
the system to be used with any pulsed light source, regardless of the existence of jitter. This makes it a
very useful platform for testing novel light sources, as the only requirement for excitation light is to be
coupled into an optical fiber.

As a system specially designed for zebrafish imaging, the FOV presented in figure 9 is sufficient for
individual fish imaging. When there is a need for high-throughput application, the FOV can be digit-
ally divided into 75 separate 4 mm X 1 mm larva-sized sub-FOVs, enabling a ‘fire-and-forget’ approach
to multimodal microscopy. This large-area imaging capability is not demonstrated in the present study,
primarily due to the challenge of consistently embedding all larvae in the right lateral decubitus posi-
tion such that they lie within a flat focal plane. However, when 3D Lissajous patterns are achieved, batch
imaging may become feasible. In future works, Al-based fish detection could be applied to a coarse
overview scan of the full FOV to automatically allocate sub-FOVs, thereby further reducing human
intervention.
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5. Conclusion

This work introduces a novel OC-PAM implementation that features a large FOV, uniformly high sens-
itivity, and relatively high speed. The coexisting of these unique features can enable new zebrafish ima-
ging applications using OC-PAM. Furthermore, accurate real-time position encoding makes equidistance
scanning irrelevant, which means that the OC-PAM system is inherently immune to laser jittering.

This unique advantage significantly loosens the requirement on PAM sources, therefore allowing more
wavelengths and more cost-effective lasers to be used in the future. Although the imaging speed is still
lower than that of scanning mirror-based systems, the Al-assisted upsampling algorithm reduces the total
image acquisition time significantly without significantly deteriorating the image fidelity. Although only
demonstrated in zebrafish embryo imaging in this work, with minor adaptations, the system can also be
used for biomedical research using other model organisms.
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