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Optical-resolution photoacoustic microscopy is a novel imaging technique that combines the
advantages of optical and ultrasound imaging, enabling high-resolution visualization of biological
tissues at the micrometer scale. However, the divergence of the excited Gaussian beam limits the
depth-of-¯eld of the system to less than 100�m, which hinders accurate three-dimensional
imaging of living tissues and restricts its applicability in biological research. Therefore, there is an
urgent need for an e®ective method to enhance the depth-of-¯eld without altering the hardware
con¯guration. This paper presents a photoacoustic microscopy depth-of-¯eld extension method
and system based on three-dimensional continuity and sparsity deconvolution. This method
utilizes a depth-varying point spread function and incorporates continuity and sparsity con-
straints into the deconvolution process to mitigate the e®ect of background noise, enhancing the
stability and accuracy of the depth-of-¯eld extension. Experimental results using tungsten wire
phantoms suggest that the depth-of-¯eld of system can be extended to 650�m, which is 7.2 times
greater than conventional system, while improving the resolution of the defocused region by an
average factor of 3.5. Furthermore, experiments on zebra¯sh and nude mouse ears with irregular
topologies demonstrate that the proposed method successfully overcomes image blurring and the
loss of structural information due to limited depth-of-¯eld. All the results suggest that the system
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with higher lateral resolution and enhanced depth-of-¯eld has signi¯cant potential for a wide
range of practical biomedical applications.

Keywords: Photoacoustic microscopy; depth-of-¯eld extension; deconvolution.

1. Introduction

Optical-resolution photoacoustic microscopy
(OR-PAM) is an emerging noninvasive medical
imaging technology, that enables high-resolution
visualization of biological tissues at the micrometer
scale. It provides radiation-free imaging of micro-
scopic structures, with applications in areas such as
microvascular, brain, oral cavity, and bone tissue
imaging.1–5 In OR-PAM, a Gaussian beam, which
can be focused to a micrometer-sized spot, is typi-
cally used to excite the photoacoustic signal. The
light absorbers in the biological tissue absorb
the laser energy and emit ultrasound through the
thermoelastic e®ect under thermal and pressure
constraints. The system captures the temporal data
of each ultrasound wave via A-line scanning and
subsequently performs two-dimensional raster
scanning to generate three-dimensional images with
depth information.6–8 However, due to the di®rac-
tion of light, the Gaussian beam rapidly diverges
along its propagation path, causing the spot size to
expand outside the focal plane. This results in a
limited depth-of-¯eld (DOF) in OR-PAM, which
makes it challenging to obtain three-dimensional
images with consistent lateral resolution along the
depth axis. The signal-to-noise ratio decreases in
out-of-focus regions, leading to inaccurate struc-
tural information and limiting the clinical applica-
bility of OR-PAM.9–11 Therefore, it is crucial to
enhance the DOF and improve lateral resolution in
out-of-focus regions to achieve accurate structural
imaging at di®erent depths.

Several strategies have been proposed to extend
the DOF of OR-PAM. Common techniques include
Bessel beams, axial mechanical scanning, electroni-
cally controlled zoom lenses, and deep learning
methods.12 Bessel beams, which do not di®ract
during transmission and maintain their focusing
properties over longer distances, have been used in
optical and photoacoustic microscopy to extend the
DOF. However, the side lobes of Bessel beams can
illuminate nonrelevant regions, causing signi¯cant
artifacts.13–15 Axial mechanical scanning can
achieve two-dimensional raster scanning at di®erent

depths by incorporating a vertically oriented
motorized stage. However, it requires iterative
updates to the focusing process, which increases
system complexity.16,17 Electronically controlled
zoom lenses can rapidly adjust the focus position
and focal length by applying voltage, optimizing the
focus of the region of interest. However, the focusing
speed is often insu±cient to match the repetition
frequency of optoacoustic pulsed lasers, limiting
imaging speed.18,19 Deep learning methods can
extend the DOF without complex mechanical
components by integrating physical principles for
automatic data analysis. However, the limited
availability of photoacoustic datasets and issues
such as data drift can lead to poor model perfor-
mance on unseen data, restricting their practical
applicability.20–22 Some studies have proposed
enhanced photoacoustic microscopy strategies based
on system modeling and data processing. These
approaches show strong potential for improving
image quality, enhancing contrast, and identifying
functional features.23–26However,most of them focus
on improving lateral resolution and do not address
image degradation in out-of-focus regions.

Deconvolution algorithms have been widely
used in °uorescence microscopy, optical coherence
tomography, ultrasound imaging, and photo-
acoustic imaging.27–30 These algorithms assume
that image degradation can be modeled as the
convolution of the original image with the point
spread function (PSF) of the system. Deconvolu-
tion of photoacoustic images using the PSF can
recover the original image at di®erent depths.31 In
°uorescence microscopy and photoacoustic imag-
ing, deconvolution has shown promise in improving
spatial resolution, suppressing artifacts, and
extending the DOF.26,32,33 However, deconvolution
is sensitive to noise, and it can converge to mis-
leading solutions when noise is present, leading to
instability in DOF extension.34 Therefore, it
remains a challenge to deconvolve three-dimen-
sional OR-PAM data with noise while improving
lateral resolution in out-of-focus regions and stably
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extending the DOF without increasing system costs
or computational time.

In this paper, we introduce a three-dimensional
continuity and sparsity deconvolution-based photo-
acoustic microscopy (CSD-PAM) method to extend
the DOF. The method utilizes the PSF at di®erent
depths and incorporates two a priori knowledge con-
straints: the spatial continuity of biological tissue
samples and the sparsity of high-frequency informa-
tion. These constraints guide the iterative deconvo-
lution process, which is based on the accelerated
Nesterov alternating direction method of multipliers
(AN-ADMM) combined with Richardson-Lucy
deconvolution. This approach e®ectively recovers
each degraded pixel in the photoacoustic image at
various depths, mitigating the e®ects of noise and in-
terference. To validate the method, we conducted
experiments using tungsten phantoms, zebra¯sh, and
nude mouse ears. The results suggest that the pro-
posedmethod e®ectively addresses imageblurringand
information loss caused by limited DOF, providing a
more e±cient and stable solution for extending the
DOF without increasing system costs.

2. Materials and Methods

2.1. Theoretical mode

Considering the di®usion of point sources in three-
dimensional space due to light di®raction, the pho-
toacoustic image obtained by OR-PAM can be
modeled as the convolution of the original imagewith
PSF at di®erent depths. As a linear time-invariant
system, the imaging process of the photoacoustic
microscopy system can be expressed as

fðx; y; zÞ ¼ pðx; y; zÞ � oðx; y; zÞ þ nðx; y; zÞ; ð1Þ
where fðx; y; zÞ is the acquired three-dimensional
OR-PAMimage, pðx; y; zÞ is thePSFof theOR-PAM
system at di®erent depths, oðx; y; zÞ is the original
image and � is the convolution process. nðx; y; zÞ is
the noise term, which is estimated using the iterative
wavelet transform method. The deconvolution
method can mathematically recover the lost struc-
tural information of oðx; y; zÞ in the out-of-focus
region, thereby extending DOF.

Considering that traditional deconvolution
methods are highly sensitive to noise, the continuity
and sparsity constraints can be incorporated to
obtain the OR-PAM image to be deconvolved, with
a su±ciently high signal-to-noise ratio and preserved
high-frequency information. This approach improves

the stability of the deconvolution method, facilitat-
ing the recovery of the real image at di®erent depths.
The optimization function can be expressed as

arg min
hðx;y;zÞ

�

2
jjfðx; y; zÞ � hðx; y; zÞ � nðx; y; zÞjj22

�

þ RHessianðhðx; y; zÞÞ þ �L1jjhðx; y; zÞjj1
�
; ð2Þ

where hðx; y; zÞ ¼ pðx; y; zÞ � oðx; y; zÞ is the con-
volutional image tobe solved.The¯rst term is thedata
¯delity term, with � denoting the regularization pa-
rameter,which canbeadjustedbasedon thenoise level
and the weight of the data ¯delity term. The second
term represents the continuity constraint, based on
the prior knowledge that biological samples are
spatially and temporally smooth, while noise exhibits
discontinuities. The Hessian matrix regularization
helps suppress noise while preserving the smoothness
of structural features inOR-PAM.This is expressed as

RHessianðhÞ ¼
hxx hxy

ffiffiffiffiffi
�1

p
hxz

hyx hyy

ffiffiffiffiffi
�1

p
hyzffiffiffiffiffi

�1

p
hzx

ffiffiffiffiffi
�1

p
hzy �1hzz

�������

�������

�������

�������
1

¼ jjhxxjj1 þ jjhyyjj1 þ �1jjhzzjj1 þ 2jjhxyjj1
þ 2

ffiffiffiffiffi
�1

p jjhxzjj1 þ 2
ffiffiffiffiffi
�1

p jjhyzjj1;
ð3Þ

where hxx;hxy;hxz; . . . is the gradient of the image in
di®erent directions, and �1 is used to adjust the
weights of the Hessian term.

The third term is the sparsity constraint, with �L1

used to adjust the sparsity. This constraint is based
on the prior knowledge that the convolution with
smaller PSFs generally results in sparse structures.35

It e±ciently extracts the high-frequency information
by enforcing sparsity on both absolute and relative
structures. Additionally, the combined continuity
and sparsity constraints can mitigate the blurring of
detail information during signal-to-noise ratio en-
hancement, ensuring that the to-be-deconvolved
image approaches the ideal state. Figure 1 illustrates
the architecture of the photoacoustic microscopy
method based on three-dimensional continuity and
sparsity deconvolution.

Equation (2) represents a convex optimization

problem with two regularization terms (Hessian reg-

ularization and ‘1 regularization). To solve this

problem, The AN-ADMM method, based on the

plus acceleratedNesterov, is employed.This approach

can enhance the processing of the constrained
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optimization problem while enhancing both stability

and convergence speed. The optimization function is
constructed by introducing an auxiliary variable g:

min
h;g

�

2
jjf � h� njj22 þRHessianðhÞ þ �L1jjgjj1

� �

subject to g ¼ h; ð4Þ
where f;h;n, and g are the abbreviations of fðx; y; zÞ,
hðx; y; zÞ, nðx; y; zÞ, and gðx; y; zÞ, respectively. The
optimization problem is then reconstructed based on
augmented Lagrangian function:

Lðh; j; uÞ ¼ �

2
jjf � h� njj22 þRHessianðhÞ þ �L1jjgjj1

þ hu;h� gi þ 1

2�
jjh� gjj22; ð5Þ

where u is the dyadic variable and � is the penalty
parameter. The principal variable h is optimized by
¯xing g and u, minimizing the augmented Lagrangian
function pair h:

Lðh; j; uÞ ¼ �

2
jjf � h� njj22 þRHessianðhÞ þ �L1jjgjj1

þ hu;h� gi þ 1

2�
jjh� gjj22: ð6Þ

The AN-ADMM method introduces momentum
during gradient updates to predict the current update
direction and adjust the step size based on historical
gradients. This approach enhances the e±ciency of
each update step, thereby accelerating the conver-
gence process. The momentum term at each gradient
update is calculated as

vkþ1 ¼ hk þ �ðhk � hk�1Þ; ð7Þ
where vk is the acceleration step and represents the
current h updated momentum. � is the Nesterov mo-
mentum factor.Theupdate process is optimizedbased
on the current momentum:

hkþ1 ¼ hk � �rLðhk; gkÞ; ð8Þ
where rLðhk; gkÞ is the gradient of the optimization
function with respect to h � � is the learning rate.
CombinedwithacceleratedNesterov, it canprovidean
accelerated convergence mechanism while e®ectively
avoiding the issue of falling into local optima thatmay
occur with traditional gradient descent methods.

On this basis, the augmented Lagrangian func-
tion pair g is minimized by ¯xing h and u, and the
auxiliary variable g is optimized:

gkþ1 ¼ arg min
g

�L1jjgjj1 þ
�

2
jjhkþ1 � gþ uk

�
jj22

� �
1

2
:

ð9Þ
This is a standard soft-thresholding problem,36

where the sparsity of the image can be achieved by
forcing certain elements of g to become zero through
a soft thresholding function:

gkþ1 ¼ sign hkþ1 þ uk

�

� �

�max 0; hkþ1 þ uk

�

����
����� �L1

�

� �
: ð10Þ

The pairwise variable u is then updated according
to ADMM's standard update rules:

ukþ1 ¼ uk þ �ðhkþ1 � gkþ1Þ: ð11Þ
Check that the di®erence between the primary vari-
able h and the secondary variable g is su±ciently
small:

jjhkþ1 � gkþ1jj2 � "prim; ð12Þ
where "prim is the convergence threshold, and the
iteration stops when the di®erence is small enough.
The AN-ADMM method is able to maintain
the stability and speed of solving continuity and

Fig. 1. Schematic diagram of CSD-PAM. NDF: neutral den-
sity ¯lter; DAQ: data acquisition card; PC: personal computer.
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sparsity-constrained problems, e±ciently addressing
complex optimization problems of OR-PAM.

Based on the image hðx; y; zÞ to be deconvolved,
which is solved by AN-ADMM and close to the ideal
state, the application of the R–L deconvolution
method can further address the issue of hðx; y; zÞ
missing structural information caused by light spot
di®usion and enhances the spatial resolution at
di®erent depths. Each iteration updates the equa-
tion which can be rewritten as

oðkþ1Þðx; y; zÞ

¼ oðkÞðx; y; zÞ � hðx; y; zÞ
pðx; y; zÞ � oðkÞðx; y; zÞ

� �
; ð13Þ

Figure 2(a) illustrates °ow chart of the CSD-PAM.
Consider the di®use distribution of point sources in
space, which causes PSF inconsistency at di®erent
depths. In order to improve the image recovery
accuracy in the out-of-focus region, the PSFs at
various depths are °exibly updated using blind
deconvolution. In the focal region, the PSF is con-
structed by measuring the actual resolution of the
OR-PAMsystem, using the full width at halfmaxima
of a Gaussian function. For out-of-focus regions, the
initial PSF is used in the blind deconvolution process,
which is applied to each o®-focus layer to estimate
PSFs at di®erent depths. Speci¯cally, the process
begins with an initial Gaussian PSF and iteratively
updates the PSF using a maximum likelihood esti-
mation for each depth layer. Figure 2(b) presents the
estimated PSFs at various imaging depths. It can be
observed that the PSF in the focal region is relatively
compact and symmetric, while the PSFs in out-of-
focus regions show broadening. By introducing

depth-varying PSF, accurate modeling of photo-
acoustic microscopy images can be achieved at dif-
ferent depths. Compared to using ¯xed PSFs, this
PSF model enhances deconvolution accuracy and
improves DOF extension without introducing sig-
ni¯cant artifacts. Using the above model CSD-PAM
can recover an undegraded image along the depth
direction, suppress the blurring problem of the orig-
inal image caused by the expansion of the light spot,
break through the di®raction limit of the system, and
then obtain a three-dimensional large DOF photo-
acoustic microscopy image.

2.2. Optical-resolution photoacoustic

microscopy

The photoacoustic microscopy proposed in this
work comprises key modules: a coupled optical path
module, a photoacoustic signal excitation module, a
motion control module, a data acquisition and
processing module, and a timing logic control
module. The system can collect time data for
each ultrasonic wave, and based on this, performs
B-scanning to generate three-dimensional images.
The system architecture is shown in Fig. 3.

To excite the photoacoustic signal, the system
uses a 532 nm pulsed laser. The pulsed laser beam
was attenuated by a neutral density ¯lter (NDF) to
control its intensity and then split into two separate
paths by a beam splitter. One path was used to
trigger a photodetector (PBS, PBS201, Thorlabs
Inc., USA), which sent the signal to the host com-
puter for triggering. The other path was spatially
¯ltered by a mirror set consisting of lenses L1, L2
and diaphragm. This ¯ltered beam is then coupled
into a single-mode ¯ber using a ¯ber optic coupler

(a) (b)

Fig. 2. The °ow chart of the CSD-PAM: (a) work°ow of the method; (b) depth-varying PSF.
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(FC, PAF-X-7-A, Thorlabs Inc., USA), after which
it is focused through a double gradient-index lenses
probe for photoacoustic signal excitation. The ef-
fective numerical aperture of the probe is 0.21 by
simulation. A custom-made needle hydrophone
(center frequency: 50MHz) was used to receive the
PA signals, which were transmitted to the host
computer through a signal ampli¯er. The photo-
acoustic signal excitation module was driven by a
two-dimensional linear motorized stage (M-404,
Physik Instrumente, Karlsruhe, Germany) for
scanning to achieve photoacoustic microscopy. The
overall hardware of photoacoustic microscopy is
shown in Fig. 4.

The working sequence of the optical-resolution
photoacoustic microscopy system based on a single-
array element is shown in Fig. 5(a). The actual
lateral resolution of the system has been calculated
to be 3.75�m, determined using the edge-to-edge
method. First, a photoacoustic image of the sharp-
edged blade is acquired, and the contour along the
dashed line is extracted and ¯tted using the edge
spread function (ESF). The line spread function
(LSF) is then obtained by taking the derivative of
the ESF. Finally, the lateral resolution is deter-
mined by measuring the full width at half maximum
(FWHM) of the LSF (Fig. 5(b)). The theoretical
lateral resolution is calculated to be 1.29�m using
the formula 0:51� �=NA, where � is the laser

wavelength of 532 nm, and NA is the e®ective nu-
merical aperture of the double gradient-index lenses
probe, which is 0.21. The discrepancy between the
actual and theoretical lateral resolution is likely due
to light di®raction.

2.3. Sample preparation

and arrangement

To evaluate the ability of CSD-PAM to perform
three-dimensional imaging with an extended DOF,
we constructed a phantom consisting of two tung-
sten ¯laments. The 250�m tungsten ¯lament was
placed horizontally, while the 180�m tungsten ¯l-
ament was positioned at an inclination of

Fig. 3. Schematic diagram of optical-resolution photoacoustic microscopy.

Fig. 4. The overall hardware of photoacoustic microscopy.
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approximately 5� along the depth direction. The
imaging depth range of the two tungsten ¯laments
spanned from 0�m to 400�m. The model was
excited using a 532 nm pulsed laser to generate pho-
toacoustic signals. During the scanning process, the
step size during image acquisition was 2�m in both
lateral directions, covering an area of 8mm � 4mm.
The height of the scanning stage was kept ¯xed, and
the relative heights of the optical and acoustic probes
were maintained to ensure consistent three-dimen-
sional photoacoustic microscopy data.

Subsequently, we performed a photoacoustic
microscopy experiment on adult zebra¯sh to assess
the ability to image targets with irregular topolog-
ical surfaces in three dimensions. Prior to experi-
ment, adult zebra¯sh were anesthetized and ¯xed
onto slides. During the experiment, the imaging
coupling medium was deionized water, and the
temperature was maintained at 25�C using a ther-
mostatic water tank. The zebra¯sh were then
scanned over a 12mm �4mm area and imaged in
three dimensions, in compliance with the American
National Standards Institute (ANSI) safety
standards.

Additionally, to validate the system's ability to
conduct in vivo imaging, we conducted the experi-
ment on the ears of 8-week-old balb/c-nu nude
mouse. The protocols and handling of the animals
had been approved by Harbin Institute of Tech-
nology. Before the experiment, the mouse was ¯xed
onto a custom experimental platform and anesthe-
tized using a small animal anesthesia system
(R500IP, RWD, China) with vaporized iso°urane
(1 L/min air and 0.75% iso°urane). The body
temperature of the mouse was maintained at 37�C

with a heating device. During the experiment, the
mouse ear was placed on axially tilted slides, and
ultrasound gel was applied between the ear and the
water tank. A lateral step size of 2�m was used
during image acquisition, covering an area of 7mm
� 2mm. The 532 nm laser energy distribution in the
mouse ear was measured to be 20mJ/cm2, which is
within the ANSI safety limits.

To ensure e®ective photoacoustic image restora-
tion in the proposed CSD-PAM framework, the
weights for the Hessian term �1 and the sparsity
term �L1 were empirically set to �1 ¼ 0:1 and
�L1 ¼ 0:05. These values were selected based on the
system to balance noise suppression and detail
preservation. When performing multi-layer decon-
volution using the depth-varying PSF, the AN-
ADMM algorithm is employed for optimization.
The selection of iteration parameters has a signi¯-
cant impact on both convergence speed and resto-
ration accuracy. Speci¯cally, the initial penalty
parameter is typically set to � ¼ 1 to ensure stable
convergence. The Nesterov momentum factor � is
typically set to 0.9 based on empirical experience,
which accelerates convergence while maintaining
solution stability. The learning rate � is set to
� ¼ 0:001, to enable accurate parameter updates for
each depth region. The number of AN-ADMM
iterations has a direct impact on the image en-
hancement. While increasing the number of itera-
tions generally leads to improved image
enhancement, the performance gain tends to satu-
rate beyond a certain point. Therefore, the termi-
nation condition can ensure that the method
achieves a balance between computational e±ciency
and image enhancement.

(a) (b)

Fig. 5. The working sequence and lateral resolution of photoacoustic microscopy: (a) working sequence of photoacoustic
microscopy; (b) lateral resolution of photoacoustic microscopy.
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3. Results

3.1. Depth-of-¯eld enhancement based

on tungsten ¯lament phantom

To assess the feasibility of CSD-PAM for DOF
enhancement through imaging and quantitative
analysis, experiments were conducted on tungsten
phantoms at varying depths using the constructed
photoacoustic microscopy system to acquire
the original system images. Under consistent hard-
ware con¯gurations and parameters, the DOF of
the tungsten data was extended using both the
existing Richardson–Lucy algorithm (RLD-PAM)
and the proposed method.37 Figures 6(a)–6(c) show
the maximum amplitude projection (MAP) views of
the tungsten ¯laments phantom along the depth

direction, representing the DOF enhancement
imaging results of the original system, RLD-PAM,
and CSD-PAM, respectively, for comparative anal-
ysis. In the original MAP image (Fig. 6(a)), the
260�m tungsten ¯lament at the focal plane has
nearly identical diameters and intensities. However,
the 180�m tungsten ¯lament tilted out of the focal
plane is indistinguishable and exhibits a signi¯cant
intensity di®erence, due to the limited DOF of sys-
tem. Both RLD-PAM and CSD-PAM demonstrate
DOF enhancement, but as illustrated in Fig. 6(b),
RLD-PAM only recovers the tungsten ¯lament in-
tensity at certain depths, failing to fully resolve the
image due to noise convergence. In contrast, Fig. 6(c)
shows that CSD-PAM maintains consistent signal
strength and structural information across the entire

Fig. 6. Tungsten ¯laments phantom imaging: (a) original system image; (b) RLD-PAM image; (c) CSD-PAM image; (d)–(f)
B-scan images corresponding to the dashed line II in (a)–(c), respectively; (g) and (h) line pro¯les corresponding to positions I and II
in (a)–(c); (i) DOF of the systems; (j) resolution improvement ratio of the systems.
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imaging depth, demonstrating a greater DOF.
Figures 6(d)–6(f) provide the B-scan images corre-
sponding to the dashed II position in Figs. 6(a)–6(c),
further validating the imaging capability of the
proposed method in the out-of-focus region. As in-
dicated by the arrows, compared to the original
B-mode image (Fig. 6(d)) and the RLD-PAM image
(Fig. 6(e)), theCSD-PAMimage (Fig. 6(f)) preserves
high lateral resolution up to approximately 300�m
from the focal plane, and accurately recovers depth
information.

Figures 6(g) and 6(h) show line pro¯les along the
dashed lines in Figs. 6(d)–6(f) at positions I and II
for quantitative evaluation of the tungsten signals
obtained by the original OR-PAM, RLD-PAM, and
CSD-PAM. At position I (�150�m from the focal
plane), both RLD-PAM and CSD-PAM provide
improved pro¯les with enhanced structural visibility.
However, at position II (�300 �m from the focal
plane), RLD-PAM fails to recover the lost infor-
mation, while CSD-PAM successfully recovers a
more accurate tungsten ¯lament diameter, with a
signal intensity approximately ¯ve times that of
the out-of-focus position. This further demon-
strates the superior ability of CSD-PAM to re-
cover structural information in the out-of-focus
region.

Figure 6(i) shows the lateral resolution values
obtained using the edge-to-edge method against the
distance from the focal plane to calculate the DOF

of the system for the di®erent methods. Here, the
DOFof a photoacousticmicroscopy system is de¯ned
as the depth at which the lateral resolution increases
to twice itsminimumvalue.38The estimatedDOF for
the original system,RLD-PAM, andCSD-PAMwere
approximately 90�m, 450�m, and 650�m, respec-
tively. Figure 6(j) shows the relationship between the
resolution improvement ratio and the distance from
the focal point. The results indicate that CSD-PAM
achieves superior resolution enhancement compared
to RLD-PAM, particularly at positions farther from
the focal plane.These results demonstrate that,while
the lateral resolution decreases sharply in the out-of-
focus region, precise structural imaging can be
achieved at greater depths with the proposedmethod,
which improves the lateral resolution of the defocused
regionbyan average of 3.5 times and extends theDOF
by a factor of 7.2 compared to the original system.

To verify the importance of modeling depth-
varying PSF in out-of-focus regions, we conducted
tungsten phantom experiment comparing the image
performance. Multiple crossed tungsten wires with a
diameter of approximately 10�m were used as
imaging targets. These were placed at the same out-
of-focus plane, while all hardware parameters and
algorithm constraints were consistent, with only the
PSF being varied. Figures 7(a)–7(c) show the orig-
inal system image, the image of ¯xed PSF, and the
image of depth-varying PSF provided by the pro-
posed CSD-PAM. In the original out-of-focus

Fig. 7. Tungsten ¯laments phantom imaging: (a) original system image; (b) ¯xed PSF image; (c) depth-varying PSF image;
(d)–(f) magni¯ed regions of interest corresponding to the white boxes in (a)–(c).
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image, the structural details of the tungsten wires
are nearly indiscernible. While applying a ¯xed PSF
for deconvolution, although some structure infor-
mation can be recovered, it also introduces noise
artifacts and signal loss, particularly at the bound-
ary of the intersection region. It indicates that PSF
mismatch can cause the algorithm to converge to
the wrong solution. In contrast, the CSD-PAM
signi¯cantly enhances the restored image quality.
The obtained photoacoustic images provide clearer
structural details and improved signal continuity,
e®ectively mitigating artifacts and distortions
caused by PSF mismatch. Figures 7(d)–7(f) further
magni¯ed the regions of interest corresponding to
the white boxes in Figs. 7(a)–7(c), further illus-
trating the improvement. As indicated by the arrow
positions, the CSD-PAM has signi¯cant advantages
in texture continuity and structural realism.

To further quantitatively validate the advan-
tages of the proposed in out-of-focus image resto-
ration, we employed standard image quality
evaluation metrics, including peak signal-to-noise
ratio (PSNR) and structural similarity index
(SSIM). The PSNR and SSIM of the CSD-PAM
reached 39.55 dB and 0.9615 dB, signi¯cantly out-
performing both the original system image and the
¯xed PSF image. These results indicate that the
resolution of the out-of-focus region is signi¯cantly
enhanced and almost restores the structural infor-
mation of the tungsten wire. Overall, the above
results demonstrate that depth-varying PSF
modeling is essential for high-quality restoration
photoacoustic microscopy images in out-of-focus
regions, further verifying the e®ectiveness and
superiority of the proposed CSD-PAM in extending
the DOF (Table 1).

3.2. Depth-of-¯eld enhancement based
on adult zebra¯sh in vivo

To verify the advantages of CSD-PAM in imaging
biological tissues with irregular surfaces and varying

thicknesses, in vivo experiments were carried out on
adult zebra¯sh, which have an uneven topology.
Based on the strong light absorption by the surface
pigmentation of adult zebra¯sh, excitation was
performed using a 532 nm Gaussian beam to per-
form photoacoustic microscopy of the zebra¯sh
cortex, which has millimeter-scale thickness, and to
demonstrate the DOF enhancement provided by
RLD-PAM and CSD-PAM.

Figures 8(a)–8(c) show the original system,
RLD-PAM and CSD-PAM acquired MAP images
along the depth direction, respectively, for analyz-
ing the performance of the imaging system through
the outline structural information of the zebra¯sh.
As shown in Fig. 8(a), at the focal plane, the orig-
inal image presents the structural information of the
head and pigmentation pattern of the body. How-
ever, in the tail out-of-focus region, the structural
details of the body are nearly indistinguishable,
which is due to the limited DOF of the system,
compounded by the thickness of the zebra¯sh cor-
tex. In contrast, as shown in Fig. 8(b), RLD-PAM
enhances the signal at the focal plane but fails to
fully recover the lost tail signal. This is due to its
inability to e®ectively distinguish valid information
in the presence of noise. However, in Fig. 8(c), CSD-
PAM provides high-resolution head structure and
¯sh body texture structure information of intact
zebra¯sh, with clear margins and no signi¯cant
di®erence in signal intensity. The method success-
fully recovers lost morphological details across
di®erent depths.

Figures 8(d)–8(l) zoom in on the regions of
interest corresponding to the white boxes in Figs. 8
(a)–8(c) to further analyze the texture details of
the zebra¯sh. Compared to the blurred or even
degraded original image, RLD-PAM is able to
improve the resolution of the MAP image to some
extent. In contrast, the extended DOF image
obtained by CSD-PAM is able to extract informa-
tion from the out-of-focus regions, showcasing
richer, higher-resolution texture features with
clearer and sharper ¯sh body texture structure. The
elliptical dashed lines in Figs. 8(d)–8(l) highlight
the di®erences in imaging performance among the
three methods. In typical out-of-focus regions, such
as the tail vessels, body skin, and head skin, CSD-
PAM produces images with clearer structural
details and higher quality. These results demon-
strate the e®ectiveness of CSD-PAM in imaging
complex tissue structures. Figures 8(m)–8(o) show

Table 1. Evaluation metrics between
enhancement images and raw image.

Compression ratio PSNR SSIM

Original image 32.62 0.8634
Fixed PSF 37.14 0.9303
Depth-varying PSF 39.55 0.9615
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the B-scan images corresponding to the dashed line
I positions in Figs. 8(a)–8(c), respectively, further
illustrating the depth information obtained from
the zebra¯sh. These images demonstrate that the
proposed method signi¯cantly improves the DOF of
the system compared to the original and RLD-PAM
images. Consistent photoacoustic signal intensity
can be acquired at greater depths without the need
for optical adjustments, demonstrating the superi-
ority of CSD-PAM in imaging tissues with variable
thicknesses and depth °uctuations.

3.3. Depth-of-¯eld enhancement based
on mouse ear in vivo

To better demonstrate the capability of CSD-PAM
for large volume imaging and microvascular net-
work analysis, experiments were conducted on tilted
mouse ears to acquire as much axial information as
possible for quantitative analysis.

To assess the value in microvascular network
analysis, Figs. 9(a)–9(c) show the MAP images
along the depth direction obtained by the original
imaging, RLD-PAM, and CSD-PAM. As indicated
by the arrow positions, CSD-PAM captures micro-
vascular network with a higher and more stable

signal-to-noise ratio, e®ectively suppressing noise
and enhancing contrast compared to the original
image and RLD-PAM. The results demonstrate
that CSD-PAM achieves a greater DOF and more
uniform spatial resolution. Figure 9(d) shows the
acquired photoacoustic images at depths ranging
from �300�m to 300�m relative to the focal plane,
based on the original system, RLD-PAM, and CSD-
PAM, for analyzing the performance of the imaging
system at di®erent depths. In the original image,
only the vessels within the focal plane are clearly
distinguishable, while the vessels outside this region
are blurred due to being out-of-focus. Compared to
the original image, RLD-PAM recovered only part
of the out-of-focus vessels at di®erent depths but
introduced signi¯cant clutter artifacts due to its
convergence to a noise-dominated solution. As in-
dicated by the arrows, the image obtained using the
CSD-PAM method reveals a richer microvascular
network, with tiny cortical vessels preserved. In
contrast, the original image misses the micro vessels
around the edges, and the RLD-PAM DOF exten-
sion method fails to produce high-quality photo-
acoustic images due to the presence of noise.
Figures 9(e)–9(g) show zoomed-in views of the
boxed area in Fig. 9(d), providing a clearer view to

Fig. 8. Adult zebra¯sh imaging: (a) original system image; (b) RLD-PAM image; (c) CSD-PAM image; (d)–(f) magni¯ed
regions of interest corresponding to white boxes in (a); (g)–(i) magni¯ed regions of interest corresponding to the white boxes in (b);
(j)–(l) magni¯ed regions of interest corresponding to white boxes in (b); (m)–(o) B-scan images corresponding to dashed I positions
in (a)–(c).
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further analyze the detail resolution of the system.
A detailed inspection of the circular framed regions
reveals that, in out-of-focus regions, although weak
signals are still detectable in the original image, the
signal amplitude is mixed with background noise,
resulting in the microvascular network structures
being barely visible. Since image degradation can be
modeled as the convolution of the original image
with the PSF of system, RLD-PAM is able to par-
tially restore the raw vascular signals and improve
vascular clarity; however, it still exhibits noticeable
background artifacts. In contrast, CSD-PAM e®ec-
tively suppresses these artifacts by incorporating
continuity and sparsity priors, accurately recovering
more detailed vascular structure information in out-
of-focus regions, even at 300�m from the focal plane.
The vessels are clearly distinguished from the back-
ground, which is superior to the RLD-PAM image,
demonstrating the excellent performance of the
method.

To quantitatively analyze the advantages of
CSD-PAM, we compared the SSIM and PSNR

along the depth direction for RLD-PAM and CSD-
PAM images. The results are shown in Figs. 9(h)
and 9(i), respectively. Over a depth range of
600�m, CSD-PAM consistently outperforms RLD-
PAM in terms of SSIM and PSNR. The SSIM of
CSD-PAM images increases by an average of
55.04%. RLD-PAM performs better only in shallow
out-of-focus regions, but as the blood vessels in the
original images become blurred at deeper depths,
the SSIM decreases rapidly. In contrast, CSD-PAM
consistently recovers higher-quality micro vessels at
various depths, maintaining relatively stable SSIM
values. For PSNR, CSD-PAM achieves an average
improvement of 16.92% in signal-to-noise ratio. The
PSNR of the images decreases along the depth di-
rection due to the rapid spreading of the Gaussian
beam spot in out-of-focus regions. After processing
with CSD-PAM, the PSNR decreases much more
slowly, outperformingRLD-PAM,which experiences
a rapid PSNR decay due to the lack of constraints.
The background noise in the deeper out-of-focus
regions is also signi¯cantly suppressed. These results

Fig. 9. Mouse ear imaging: (a) original system image; (b) RLD-PAM image; (c) CSD-PAM image; (d) the original system,
RLD-PAM, and CSD-PAM images at depths from �300�m to 300�m relative to the focal plane; (e)–(g) magni¯ed regions of
interest corresponding to white boxes in (d); (h) PSNR values along depth direction; (i) SSIM values along depth direction.
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indicate that CSD-PAM is capable of capturing more
detailed information about the vascular network
structure stably, extending the DOF of the system for
comprehensive analysis of themicrovascular network.

After comprehensive qualitative and quantita-
tive analysis of the tungsten ¯laments phantom,
zebra¯sh, and vascular networks, it was found that,
compared to the original system, CSD-PAM exhi-
bits relatively consistent lateral resolution and sta-
ble performance in the depth direction. It e®ectively
extends the DOF of system, showing potential value
for a wide range of biomedical applications.

4. Discussion

OR-PAM is a noninvasive imaging technique that
provides radiation-free, high-resolution images of
microscopic biological tissues. It is widely used in
the biomedical ¯eld. However, the Gaussian beam
in OR-PAM rapidly diverges along its propagation
path, resulting in a very limited DOF, typically only
tens of microns. To achieve accurate three-dimen-
sional imaging, an e®ective DOF extension method
is needed. This paper presents a new method and
system for extending the DOF in photoacoustic
microscopy based on three-dimensional continuity
and sparsity deconvolution. By modeling the system
PSF at di®erent depths, the optical properties of
tissues at varying depths are more precisely de-
scribed. The method incorporates two key prior
knowledge constraints, spatial continuity and high-
frequency sparsity, into the deconvolution process.
A NA-ADMM algorithm based on accelerated
Nesterov is used for the iterative solution, improv-
ing the accuracy of DOF extension and enabling
clearer imaging in deep tissues. Both theoretical and
experimental results validate these improvements.
Tungsten ¯laments' phantom experiments demon-
strated the feasibility of CSD-PAM for depth
enhancement. Imaging and quantitative analysis
showed that CSD-PAM successfully restored sys-
tem images along the depth direction, extending the
DOF to 650�m. To further validate the advantages
for biological tissues with uneven surfaces, live
imaging of zebra¯sh and mouse ear was performed.
Results showed that CSD-PAM overcame blur and
information loss in out-of-focus areas, providing
higher-quality images of the microvascular network
in deep tissues. Although CSD-PAM performs well
in DOF extension, it still has some limitations.

Its performance depends on accurate estimation of
the system PSF, and the corresponding PSF para-
meters must be recalculated for di®erent photo-
acoustic systems to ensure e®ective deconvolution.
Additionally, the computation time increases with
image resolution and depth, which requires further
optimization for real-time imaging applications. In
conclusion, the proposed method and system show
promising clinical application potential in photo-
acoustic imaging.

The CSD-PAM system proposed in this paper
integrates several modules, including a coupling
optical path module, a photoacoustic signal excita-
tion module, a motion control module, a data
acquisition and processing module, and a sequential
logic control module. These modules work together
to generate three-dimensional photoacoustic mi-
croscopy images. In terms of system architecture, a
customized needle-shaped hydrophone with a center
frequency of 50 MHz is used to achieve higher-res-
olution images. Additionally, a single wavelength of
532 nm is employed to better excite photoacoustic
signals, which is particularly e®ective for hemoglo-
bin imaging. In the future, the system's excitation
source can be further enhanced to simultaneously
capture multiple physiological parameters, such as
blood oxygen saturation and metabolic changes.
This would enable CSD-PAM to provide both
functional imaging of oxygen levels and tissue
metabolism, as well as precise structural imaging
with a large depth of ¯eld, thus enhancing its bio-
medical application potential.

5. Conclusion

In this paper, we have developed a DOF enhance-
ment method and photoacoustic microscopy system
based on three-dimensional continuity and sparsity
deconvolution. This method achieves a DOF exten-
sion of up to 650�m. Compared to the traditional
deconvolution method, the approach utilizing a
depth-varying PSF for three-dimensional continuity
and sparsity deconvolution e®ectively restores
structural information in out-of-focus regions with-
out increasing hardware costs. It overcomes theDOF
limitation causedby the rapiddivergence ofGaussian
beams, while maintaining consistent lateral resolu-
tion, enhancing the stability of DOF extension
and minimizing the impact of noise. Theoretical
modeling, simulation experiments, and in vivo studies
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demonstrate that the proposed method and system,
CSD-PAM, can recover undegraded photoacoustic
images along the depth direction, overcoming the
issues of image blurring and structural information
loss caused by optical path di®usion. Furthermore, it
improves the lateral resolution and performance
metrics of the system, improving the lateral resolution
of the defocused region by an average of 3.5 times and
extending DOF by up to 7.2 times compared to the
original system. In addition to imaging zebra¯sh and
mouse ears, the method holds great potential for
applications in three-dimensional imaging of biologi-
cal tissues with uneven surfaces, such as in studies
evaluating the brain with curved cortex and the vas-
cular network in tumors.
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