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A B S T R A C T

To correct the refraction aberration induced by the skull in photoacoustic imaging, a method for phase distortion
compensation is proposed based on the angular spectrum theory with the aid of ultrasonic signals. This method
first updates the speed of sound distribution by iteratively performing aberration correction in the ultrasonic
reconstruction. Then the speed of sound distribution obtained with ultrasound-assisted serves as prior knowledge
to address phase distortion compensation by adjusting the phase shift factor of the wavefront in different media.
Finally, the aberration-corrected ultrasonic-photoacoustic dual-modality image can be obtained. Numerical
simulations and phantom experiments confirm the effectiveness of this method. Specifically, in simulations, the
position error of the proposed method is reduced from − 13.61% to 1.27% in depth compared to the method
based on the reconstruction with constant speed. Moreover, a real ex-vivo rabbit skull experiment illustrates the
potential biological application of the proposed method in transcranial photoacoustic imaging.

1. Introduction

Transcranial imaging is a pivotal technique for elucidating brain
function and detecting brain diseases [1,2]. Among current imaging
modalities, x-ray computerized tomography poses challenges due to
prolonged exposure to ionizing radiation [3]. Magnetic resonance im-
aging is hindered by its high cost, limiting its widespread use [4]. Ul-
trasound (US) imaging, while non-ionizing, is constrained by its limited
ability to differentiate soft brain tissues based on acoustic impedance
contrast [5]. Recently, photoacoustic (PA) imaging has emerged as a
promising modality for capturing both structural and functional brain
images in animal studies [6,7].

PA imaging, a non-invasive and non-ionizing hybrid technique,
merges optical contrast with ultrasound resolution [8]. In PA imaging,
tissue absorbs electromagnetic waves emitted by a short-pulsed laser
beam, leading to thermoelastic expansion and contraction, thereby
generating acoustic waves [9,10]. Reconstruction algorithms process
the received acoustic waves to form images of absorbers. Compared to
US imaging, PA imaging benefits from higher optical contrast due to
optical property inhomogeneity [11,12].

In transcranial PA imaging, a key challenge is the significant

acoustical impedance mismatch between soft tissue and the skull [13,
14]. The intricate propagation of acoustic waves through the skull in-
volves transmission, reflection, refraction, scattering, attenuation,
broadening, etc. [15,16]. These complex propagations lead to phase
distortion. Images reconstructed by methods based on constant speed or
the straight-ray propagation assumption have substantial image aber-
ration due to phase distortion [17]. Numerous approaches have been
proposed to effectively address skull-induced acoustic aberrations [18,
19]. Many researches focus on obtaining more precise time-of-flight
(TOF) approximations by considering non-straight rays [15,20–23].
The prior knowledge of the speed of sound (SOS) can be obtained
through other modal imaging modalities, such as US with PA method
[24,25] and x-ray computed tomography with PA method [19,26].
However, TOF approximation often involves complex calculations of
refraction angles and paths in the time domain. Another strategy in-
volves employing mathematical model-based reconstruction methods
based on the elastic wave equation for aberration correction [26–29].
While these methods can yield more accurate estimates of acoustic
properties, they tend to be computationally intensive due to iterative
processes. Additionally, deep learning techniques have been proposed to
correct distorted PA signals by minimizing the error between predicted
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and actual models [30,31]. Though the deep learning method indeed
improves image quality, its effectiveness highly hinges on the quality of
training data. Moreover, this data-driven deep learning approach lacks
robust interpretability of the results [32].

In this work, a method for phase distortion compensation based on
the angular spectrum theory is introduced for skull-refracted aberration
correction in transcranial PA imaging. The proposed method realized in
the frequency wavenumber domain integrates ultrasound with photo-
acoustic dual modalities imaging to correct strongly refracted aberra-
tions in transcranial PA images. The proposed method is independent of
the geometry of the skull when dealing with refraction. The phase
distortion caused by the skull refraction is compensated by adjusting the
phase shift factor according to the SOS of the medium. Thus, the pro-
posedmethod can effectively avoid the complex calculation of refraction
angles and refraction paths in the method based on ray tracing when
encountering irregular interfaces of the skull. The realization in the
frequency wavenumber domain can be effective and efficient in getting
the SOS distribution and aberration-free images in the US. Then aber-
ration correction of PA images can be assisted by the prior knowledge of
the SOS distribution obtained by aberration-free US images. The efficacy
of this method is validated through numerical simulations, with further
validation conducted via experiments on phantoms and real ex vivo skull
experiments to demonstrate its practical applicability.

2. Method

In the angular spectrum theory of homogeneous media, any wave
surface can be decomposed into the sum of plane waves propagating in
different directions [33,34]. The angular spectrum formed by these
plane waves can be recombined to obtain the angular spectrum of the
next depth by the transfer function. This transfer function takes into
account the phase change that each plane wave will experience on its
way to the next depth. That is, in the 2D homogeneous medium shown in
Fig. 1(a), the wavefield at the next depth z+Δz can be obtained by phase
shifting the wavefield at any depth z.

To realize the wavefield exploration in a homogeneous media with
the constant speed of sound (SOS), let’s suppose the detected upward
propagating wavefield is denoted p(x, z, t). The angular spectrum of the
detected wavefield can be obtained by performing a 2D Fourier trans-
form of p(x, z, t) on x and time t. Then, the resulting angular spectrum at
depth z is multiplied by a phase shift factor αc(kx, Δz, ω) to obtain the
angular spectrum at the next depth z+Δz. Finally, based on the 2D in-
verse Fourier transform, the wave field p(x, z+Δz, t) can be achieved
with condition t = 0, expressed as [35]:
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where F x,t represents the 2D Fourier transform on x and t, and F − 1
kx ,ω

represents the 2D inverse Fourier transform on kx and ω, j in the phase
shift factor is the imaginary unit, ω is the angular frequency, kx is the
wavenumber in the x-direction. The sign(•) is the sign function, and c is
the SOS of the medium. Eqs. (1)-(2) said that the initial pressure field in
the region of interest z+Δz in Fig. 1(a) can be reconstructed by phase
shift layer-wise along the depth from the detection surface at depth z.

However, due to the mismatch in acoustic impedance between the
skull and surrounding tissues, the transcranial PA model [Fig. 1(b)] is a
heterogeneous scene. Strong refraction occurs at the skull interface,
which means that the propagation direction of the wave changes. If
phase shift is performed based on the assumption of constant speed, the
reconstructed image will suffer from severe aberration.

To perform phase compensation more accurately, the SOS distribu-
tion in the entire imaging area needs to be considered. As shown in the
red dashed line in Fig. 1(b), the SOS c(x, z) is a function both of x and z.
The phase shift factor independent of the 2D Fourier transform (F x,t) in
Eq. (1) should be included in the 1D Fourier transform of x (F x). Then,
for the scenario in which the lateral velocity varies, the wavefield
extrapolation should be expressed as [36]:

ṕ
(

x, z+Δz, t
)
= F − 1

kx ,ω
{

F x
[
F t(p(x, z, t))αc(x,z)

(
kx,Δz,ω

)]}
, (3)

with

αc(x,z)

⎛

⎜
⎜
⎜
⎝

kx,Δz,ω

⎞

⎟
⎟
⎟
⎠

= e
jsign(ω)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ω2

c2(x,z)− k2x

√
Δz
. (4)

The implementation of Eq. (3) can be realized based on the piecewise
integration along the x direction. This shows that the wave field of the
depth z+Δz can be obtained by superposition after different phase shifts
of the wave field at depth z according to the corresponding SOS at depth
z+Δz. In Fig. 1(b), the transcranial model is simplified as a three-layer
transmission process with two different SOS. Then the piecewise inte-
gration of Eq. (3) can be achieved by two piecewise phase shifts.
Assuming the surrounding soft tissue [blue background in Fig. 1(b)] and
the skull [orange background in Fig. 1(b)] have a speed of sound of c1
and c2, respectively. A window function distribution related to c(x, z) is
used to segment the input wavefield along the x direction corresponding
to distinct SOS. Therefore, the initial wave field p’(x, z+Δz, t) at depth
z+Δz can be obtained by a linear superposition after two piecewise
phase shift operations. The calculation can be expressed as:

Fig. 1. Schematic illustration of forward photoacoustic wave propagation in (a) the homogeneous and (b) heterogeneous three-layered skull model. The gray line
with an arrow indicates the propagation path of the wave.
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where the window function distribution is defined as:

wi

(

x, z
)

=

{
1 if c(x, z) = ci
0, others (6)

Therefore, the specific reconstruction process can be obtained by
extrapolating the wave field p(x, z = 0, t) received at depth z =

0 downward by Δz according to Eqs. (5)-(6). Each extrapolation will get
the initial pressure result at the corresponding depth layer. When the
extrapolation reaches the required imaging depth, the results of all
layers are combined to get the image of the region of interest.

To realize the phase shift in the transcranial PA imaging, it is
necessary to know the SOS distribution map c(x, z) of the imaging region
in advance for input. Since the US image can clearly distinguish the
position where changes in acoustic impedance, the SOS distribution can
be obtained with the assistance of US signals. However, the recon-
struction of the transcranial US image is also a heterogeneous scenario.
Thus, aberrations in the US image first need to be corrected to update the
SOS distribution. Based on the above derivation of wavefield extrapo-
lation in heterogeneous scenes, Eqs. (3)-(6) can also be used for aber-
ration correction of US images. Considering the two-way transmission of
the wave in the US pulse-echo mode, the SOS implemented in Eqs. (3)-
(6) for US image reconstruction uses half of the true SOS. Fig. 2 shows
the flow chart of SOS distribution estimation for PA image aberration

correction of the multilayer region of interest.
As shown in Fig. 2, the interface of the skull in Fig. 1(b) can be

identified by iterating the US images twice to update the SOS distribu-
tion. First, based on constant SOS c1, by performing Eqs. (3)-(6) on the
original US signal, the conventional US image without aberration
correction can be obtained. In the conventional US image, the result
above the upper interface of the skull is accurate while that below the
upper interface has image aberration. Extracting the upper interface (the
1st interface) can be used to first update the SOS distribution. Due to the
gray difference between the skull interface and the background in the US
image, the skull interface can be extracted by using the edge extraction
operator based on the gradient of the image. Then the SOS distribution
can be updated to c(1)(x, z) by setting c1 above and c2 below the upper
interface. Second, according to the updated SOS distribution c(1)(x, z),
the US image is reconstructed again by performing Eqs. (3)-(6) on the
original US signal. In this image, the result above the lower interface of
the skull is aberration-free. The lower interface (the 2nd interface) can
be extracted by again using the edge extraction operator. Thereby, the
SOS distribution of the entire imaging region is updated to c(2)(x, z) with
c1 for the tissue above and below the skull, and c2 for the skull. Finally,
according to the SOS distribution c(2)(x, z), the PA image can be
reconstructed by using Eqs. (3)-(6).

In general, the proposed method can achieve corresponding phase
compensation for wave surfaces in different media. The effective
compensation of phase has the potential to solve the wavefront phase
distortion caused by skull refraction. In addition, the proposed method
iteratively performs aberration correction on the US image to update the
SOS distribution. The updated SOS can bring more accurate aberration
correction for subsequent PA reconstruction. Besides, the phase shift in

Fig. 2. Flow chart of SOS distribution estimation for PA image aberration correction by using US signals. The gray data flow represents the ultrasonic data flow.
Orange represents the photoacoustic data flow.
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the frequency wavenumber domain avoids the complex calculation of
the time shift in the time domain, which causes a low computational
complexity of the proposed method.

3. Numerical simulation

To more clearly understand the impact of the skull on PA image
reconstruction, simulations without and with a skull were implemented.
The forward model in 2D of the acoustic simulation is conducted
through the k-Wave toolbox [37]. The homogeneous medium in the
simulation [Fig. 3(a)] has a longitudinal SOS of 1500 m/s and a density
of 1000 kg/m3. In Fig. 3(a), seven absorbers (No. 1–7) are distributed at
three depths with an interval of 2 mm. A linear array transducer with 64
elements is set 15.5 mm above the absorbers to receive PA signals. The
pitch of the element is 0.3 mm. The center frequency of the transducer is
5 MHz.

Fig. 3(b) gives the reconstructed image of absorbers in the homo-
geneous medium by using the delay-and-sum (DAS) method according
to the constant SOS (CS) of 1500 m/s. Since the PA signals only pass
through a single homogeneous medium, Fig. 3(b) can well reflect the
correct position of the absorber without image aberration.

The heterogeneous simulation with a skull present is shown in Fig. 4
(a). The skull layer [white region in Fig. 4(a)] is considered isotropic
with a longitudinal SOS of 2800 m/s and a density of 1900 kg/m3. The
medium surrounding the skull [blue in Fig. 4(a)] has a longitudinal SOS
of 1500 m/s and a density of 1000 kg/m3. The skull layer is set 9.5 mm
below the transducer. The skull layer has a thickness of 5 mm. The skull
has a curved geometry. The setting of the absorbers and the transducer
are the same as that in the homogeneous simulation. These absorbers are
respectively 1 mm, 3 mm, and 5 mm away from the lower interface of
the skull.

Fig. 4(b) shows the PA image of absorbers under the skull recon-
structed by using DAS with the constant SOS of 1500 m/s. It can be seen
that the shape and position of the absorber in Fig. 4(b) are far from the
real case. Taking absorber (No. 2) as an example, the position errors in
the lateral and depth directions can reach 3.08 % and − 13.61 %,
respectively. This is because reconstruction at a constant SOS can not
compensate for the phase distortion caused by the refraction of the skull.
These serious image aberrations make precise localization of the ab-
sorbers difficult in the image reconstructed with constant SOS.

Fig. 4(c)-(f) show the process of extracting SOS map from US signals.
The US images are all obtained by the angular spectrum shift method
[35,38]. Fig. 4(c) is the US image reconstructed with a constant SOS of
1500 m/s. The upper interface [red dashed line] of the skull is extracted
from Fig. 4(c) and the SOS map is updated [Fig. 4(d)]. Then, the US
image is reconstructed again by using the updated SOS map of Fig. 4(d).

Fig. 4(e) gives the reconstructed US image. From Fig. 4(e), the lower
interface [orange dashed line] of the skull is extracted and the final SOS
map is updated again, as shown in Fig. 4(f). The extracted SOS map in
Fig. 4(f) is almost the same as the SOS map in Fig. 4(a). This verifies the
effectiveness of the proposed method in obtaining the SOS map by
iterating the US image.

Fig. 4(h) displays the PA image reconstructed by the proposed
method. For the sake of comparison, the PA image is also reconstructed
by using the straight rays assumption (SRA) method [39], as shown in
Fig. 4(g). Both images are reconstructed based on the same SOS map
given in Fig. 4(f). It can be seen that the image aberration of the image
obtained by the SRA method [Fig. 4(g)] is weaker than that obtained by
the CS method [Fig. 4(b)]. The position errors of the absorber (No. 2) in
the lateral and depth directions in Fig. 4(g) are reduced to 1.54 % and
− 6.33 %, respectively. The SRA method can reduce the phase distortion
by considering the SOS variation, however, the image [Fig. 4(g)] still has
image aberration due to the SRA method ignoring the changes in
propagation direction caused by refraction. Compared with the SRA
method, the proposed method can better improve image aberration, as
shown in Fig. 4(h). The shape and position of the absorbers are closer to
the real case [Fig. 3(b)]. The position errors of the absorber (No. 2) in the
lateral and depth directions are reduced to 0 % and 1.27 %, respectively.
It is said that the proposed method provides more efficient phase
distortion correction by considering different phase shifts of refracted
wave-surface.

Additionally, imaging results that compensated for the time delay by
adjusting the single SOS in the CS method are given to compare the
compensation performance with the proposed method. The results by
time delay tunning are shown in Fig. 5(a)-(h). The structural similarity
index measure (SSIM) [40] is introduced to quantitatively evaluate the
similarity between the reconstructed images with the skull and without
the skull. The larger the value of SSIM is, the more similar the overall
quality of the reconstructed image is to the result without aberration. By
comparing the overall image quality with Fig. 3(b), the SSIM of the re-
sults with correction [Fig. 4(b), Fig. 4(g)-(h), Fig. 5(a)-(h)] is given in
Table 1. It can be seen from Table1 that the SSIM obtained by the pro-
posed method is higher than that obtained by the CS method and the
SAR method. These results demonstrate that the image obtained after
the aberration correction by the proposed method is closer to the
aberration-free imaging result, which confirms the effectiveness in
correcting refraction aberration caused by the skull of the proposed
method.

By considering the attenuation of the skull, the results reconstructed
by the proposed method and the original radio-frequency (RF) signal at
the 32nd channel under different attenuation of the skull in 3 dB/
(MHz•cm), 6 dB/(MHz•cm), and 12 dB/(MHz•cm) are given in Fig. 6

Fig. 3. Numerical simulation of homogeneous model. (a) The homogeneous model with seven-point absorbers. (b) PA image reconstructed by using DAS at a
constant speed of 1500 m/s. White dashed circles in the PA image reveal the real position of absorbers.
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(a)-(c). Both the US RF signal and the PA RF signal were normalized, and
the overall amplitude of the PA signal was shifted downward by 2 units
to be presented in the same coordinate system as the US. In addition,

background Gaussian white noise with the different signal-to-noise ratio
(SNR) is added while simultaneously considering attenuation in the
skull. The SNR is obtained by calculating the ratio of the average power

Fig. 4. Numerical simulation of the heterogeneous model. (a) Skull model with seven-point absorbers. (b) PA image reconstructed by using DAS at a constant speed
of 1500 m/s. (c) US image reconstructed by using DAS at 1500 m/s. (d) Updated SOS map c(1)(x, y) according to the interface of (c) based on the proposed method.
(e) US image corrected by the proposed method with the SOS map of (d). (f) Updated SOS map c(2)(x, y) according to the interface of (e) based on the proposed
method. (g) PA image reconstructed by SRA method with the SOS map of (f). (h) PA image reconstructed by the proposed method with the SOS map of (f). White
dashed circles in the PA image reveal the real position of absorbers.

Fig. 5. Images reconstructed by time delay tunning with a constant speed of (a) 1600 m/s, (b) 1650 m/s, (c) 1700 m/s, (d) 1750 m/s, (e) 1800 m/s, (f) 1900 m/s, (g)
2000 m/s, and (h) 2150 m/s. White dashed circles in the PA image reveal the real position of absorbers.

Table 1
SSIM results compared with images without aberration.

Method CS (km / s) SRA Proposed method

1.5 1.6 1.65 1.7 1.75 1.8 1.9 2.0 2.15

SSIM 0.48 0.52 0.61 0.67 0.68 0.67 0.62 0.58 0.59 0.54 0.71
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of the signal to the average power of the background noise. The equation
of the SNR is defined as 10×log10(Ps-ave/Pb-ave), where Ps-ave and Pb-ave
are the average power of the signal and the average power of the
background noise, respectively. The reconstruction results with noise
and the original RF signals are shown in Fig. 6(d)-(f). The measured SNR
of the original signals between the inner interface of the skull and the
background in Fig. 6 is 21.94 dB, 16.03 dB, × dB, 9.90 dB, 5.03 dB, and
1.93 dB, respectively. As can be seen from Fig. 6, as the SNR decreases,
the grayscale value of the inner boundary of the skull gradually de-
creases. Especially in Fig. 6(c), due to the large acoustic attenuation, the
signal of the inner boundary can not be received by the transducer. Thus
the inner boundary can not be effectively reconstructed and extracted in
the US image to distribute the SOS. The reconstructed PA image in Fig. 6
(c) is the result of depending on only extracting the upper boundary to
distribute the SOS. Due to the incorrect SOS distribution, the PA result in
Fig. 6(c) can not reflect the true position of the absorbers. This shows the
proposed method has limitations when the inner boundary cannot be
extracted. However, in addition to the other figures of Fig. 6(c), since the
grayscale value of the inner boundary can still be distinguished from the
background noise, the proposed method can still effectively extract the
interface to obtain the SOS distribution, thereby achieving effective
aberration correction. This shows the robustness of the proposedmethod
in noisy environments.

4. Phantom experiment

The diagram of the experimental system is shown in Fig. 7. A Q-

switched Nd: YAG laser (OPOTEK, LLC, USA) acts as a light source to
illuminate the absorber. The laser pulse with a pulse width of 4.5 ns and
a pulse repetition rate of 10 Hz. The near-infrared region I (NIR-I) light
with a wavelength of 750 nmwas used in the experiment. The measured
maximum radiant exposure on the phantom is about 15 mJ/cm2 within

Fig. 6. Images reconstructed by the proposed method and the original RF signal by considering the attenuation in the skull and background noise. Attenuation of (a)
3 dB/(MHz•cm), (b) 6 dB/(MHz•cm), and (c) 12 dB/(MHz•cm) in the skull and without background noise. Attenuation of 3 dB/(MHz•cm) in the skull and noise in
the background with an SNR of (d) − 5 dB and (e) − 10 dB. (f) Attenuation of 6 dB/(MHz•cm) in the skull and noise in the background with an SNR of − 5 dB. The blue
arrow points to the inner interface of the skull.

Fig. 7. The diagram of the experimental system.

Q. Mao et al. Photoacoustics 40 (2024) 100665 

6 



the ANSI safety limit [41]. An ultrasonic linear array transducer with a
center frequency of 7.5 MHz and a − 6 dB bandwidth of 80 % was used
for signal acquisition. The transducer has 128 elements and a pitch of
0.3 mm. Ultrasonic transmitting and receiving work in pulse-echomode.
After the ultrasonic acquisition is completed, the photoacoustic signal
acquisition is started based on a certain delay. The sampling frequency is
40 MHz.

Fig. 8 gives the phantom model and the reconstructed PA image of
the absorbers in homogeneous water. In Fig. 8(a), five carbon rods (No.
1–5) fixed on a designed plate were placed in the water to simulate the
absorbers. These carbon rods have a diameter of 0.5 mm. Fig. 8(a) shows
a side view of the relative positions of these carbon rods. As shown in
Fig. 8(b), the images of the five carbon rods are well-focused at the
correct positions based on the reconstruction with 1500 m/s.

A transparent acrylic plate acted as the skull was placed over the
carbon rods. The longitudinal SOS of the acrylic plate measured is
2633.9 m/s. The serious acoustic impedance mismatch between the
skull and water generates strong sound refraction problems in the
phantom. The thickness of the acrylic plate is 7 mm. Fig. 9(a) gives a
picture of the heterogeneous model.

Fig. 9(b) is the PA image reconstructed by DAS with a constant SOS
of 1500 m/s. It can be seen that the image aberration is serious in Fig. 9
(b). Fig. 9(c)-(f) present the results of SOS updated by the US. The final
updated SOS map in Fig. 9(f) is consistent with the heterogeneous
model. The velocity value is determined based on the priori SOS value of
the material. Fig. 9(f) shows that the SOS map updated by the proposed
method can effectively reflect the position where the SOS changes in a
practical detection case.

With the assistance of the SOS map in Fig. 9(f), the PA images are
reconstructed by the SRA method [Fig. 9(g)] and the proposed method
[Fig. 9(h)], respectively. Compared with the image [Fig. 9(b)] obtained
with a constant SOS, both methods have improved image quality.
However, the proposed method suppresses the image distortion better
than the SRA method. In comparison, the position errors of the absorber
(No. 3) in the lateral direction in Fig. 9(b), (g) and (h) are 1.69 %,
0.85 %, and 0 %, respectively. The position errors in the depth direction
are − 13.10 %, − 0.40 %, and 0 %, respectively. By comparison with
Fig. 8(b), the SSIM measured is 0.39, 0.67, and 0.83. The improvement
of the proposed method benefits from the phase compensation by
considering the changes in velocity and direction of wave propagation.

5. Ex-vivo experiment

Two ex vivo experiments on an adult rabbit skull were carried out to
examine the method in the real skull situation. The first ex vivo model is
shown in Fig. 10(a). The skull has an irregularly curved shape and its
thickness is about 2.5±1.0 mm. An iron wire with a diameter of
approximately 0.7 mm was embedded in an agar block. Agar blocks
were placed within the skull cavity to simulate the brain tissue. The
same US-PA dual-modality system as the phantom experiment is used in
this ex vivo experiment. The transducer used in the ex vivo experiment
has a center frequency of 2.5 MHz and a − 6 dB bandwidth of 80 %.

Fig. 10(b) gives the US-PA dual-modality image reconstructed by the
DAS method with a constant SOS of 1500 m/s. In Fig. 10(b), both the US
result and the PA result are seriously distorted when the skull is present
due to the insufficient phase compensation. A close-up view of the PA
result [dashed rectangle in Fig. 10(b)] is shown in Fig. 10(c). The po-
sition errors in the lateral and depth directions in Fig. 10(c) are − 2.63 %
and − 3.91 %, respectively.

Fig. 10(d) is the updated SOS map obtained by the proposed method.
Fig. 10(d) reveals the relative position of the skull with higher SOS in the
entire imaging area. The SOS values in Fig. 10(d) are filled based on the
measured prior values. Fig. 10(e) is the US-PA dual-modality image
reconstructed by the proposed method. It can be seen from Fig. 10(e)
that the proposed method can correct the position aberration caused by
the refraction of the skull, and the shape of the absorber is more focused
than that reconstructed by constant SOS [Fig. 10(b)]. In the close-up
view of the PA result in Fig. 10(e) [Fig. 10(f)], the position errors in
the lateral and depth directions in Fig. 10(c) are reduced to − 1.32 % and
0.98 %, respectively. The SSIM measured in Fig. 10(b) and (e) is 0.60
and 0.79. These results show that the proposed method has the potential
to be used for aberration correction of transcranial PA imaging.

The second ex vivo experiment with two intersecting hairs is imaged
and the actual picture is shown in Fig. 11(a). The hairs were set at a
distance of about 20 mm from the skull. For comparison, the result
without a skull present is first given in Fig. 11(b). Fig. 11(c) and (d) are
the imaging results before and after correction by the proposed method
when there is a skull in the propagation path. It can be seen from the
blue dotted box in the results that the proposed method can effectively
compensate for refraction aberration. By comparing with the result
without aberration [Fig. 11(b)], the SSIM obtained by the proposed
method is 0.53, which is higher than that of 0.48 in Fig. 11(c). This
shows that the result obtained by the proposed method is more consis-
tent with the reality than that obtained before correction. However,

Fig. 8. Phantom experiment in water. (a) A picture of a side view of the phantom. (b) PA image reconstructed by using DAS at a constant speed of 1500 m/s. White
dashed circles reveal the real position of absorbers.
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Fig. 9. Phantom experiment with the acrylic plate present. (a) A picture of the heterogeneous model, where an acrylic plate is placed between the transducer and the
absorbers. (b) PA image reconstructed by using DAS at a constant speed of 1500 m/s. (c) US image reconstructed by using DAS at 1500 m/s. (d) Updated SOS map
c(1)(x, y)according to the interface of (c). (e) US image reconstructed with the SOS map of (d). (f) Updated SOS map c(2)(x, y) according to the interface of (e). (g) PA
image reconstructed by SRA method with the SOS map of (f). (h) PA image reconstructed by the proposed method with the SOS map of (f). White dashed circles in the
PA image reveal the real position of absorbers.

Fig. 10. Ex-vivo rabbit skull experiment. (a) A picture of the skull model with an absorber. (b) US-PA dual-modality image reconstructed by using DAS at a constant
speed of 1500 m/s. (c) The close-up view of the absorber in (b). (d) Updated final SOS map based on the proposed method. (e) US-PA dual-modality image
reconstructed by the proposed method with the SOS map of (d). (f) The close-up view of the absorber in (e). The dashed rectangle outlines the region to be enlarged.
Dashed circles in the PA image reveal the real position of the absorber.
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some artifacts in the image caused by the scattering, multiple re-
flections, etc. in the skull, can not be effectively handled by the proposed
method which is based on the phase compensation by considering the
refraction.

6. Discussion

In this work, a method combining the US and PA imaging based on
the angular spectrum is proposed to address the PA image aberration.
The wavefront phase distortion caused by the skull refraction can be
effectively compensated using the proposed method. Results of simula-
tions and experiments demonstrate the effectiveness of the proposed
method. The reconstruction of the region of interest depends on the
continuous shift of the angular spectrum along the depth direction. The
accuracy of reconstruction depends on the Δz during shift. A smaller Δz
can bring better depth resolution, but this comes at the expense of
reconstruction speed. Generally, Δz = λ/4 is enough to obtain better
results and imaging speed trade-off.

In terms of computational cost, for the 2400×128 size of US and PA
signals, the average time consumption of the proposed method is
~5.37 s of the complete processing from the SOS distribution recon-
struction by US to aberration correction for PA imaging. The average
time consumption of the SRA method is ~169.26 s for correction. The
image reconstruction is performed in Matlab R2023b on the CPU with
Intel Core i7–1165G7. By using a higher-performance GPU, the
computational efficiency in the proposed method will be further
improved, which is expected to achieve real-time imaging.

The proposed method relies on prior knowledge of SOS distribution
within the imaging region, which is obtained from US images in this
study. While x-ray computerized tomography and magnetic resonance
imaging offer more precise medium properties, the US has the advan-
tages of simple integration to PA and without radiation exposure. The
combination of US and PA can obtain the US-PA dual-modality image
that can simultaneously reflect structural and functional information. In
this work, US imaging operates in pulse-echo mode for rapid acquisition.
Employing advanced acquisition modes, such as composite plane wave
acquisition, may enhance US image quality for more accurate skull
distribution mapping, but at the expense of time and storage resources.

The SOS estimation can also be recovered by the full-wave inversion
(FWI) method using ultrasound [42,43]. The FWI method can obtain the
SOS distribution with a high resolution through iteration. However, the

result obtained by the FWI method is very dependent on the input initial
velocity model. It is expected to successfully iterate the accurate SOS
distribution when the initial model is 90 % close to the real model. The
proposed method can effectively and quickly reconstruct the acoustic
impedance mismatch interface, that is, it has the potential to quickly
provide a more accurate initial SOS model for full-wave inversion input
in the future.

The proposed method can be easily extended to the 3D wave equa-
tion, though it is derived based on the 2D wave equation in this work. At
this time, 3D Fourier transform and piecewise integration are needed in
3D cases. Then, consistent with the 2D case, the wave field is extrapo-
lated layer-wise along the depth direction.

The rabbit skulls used in this work are relatively thin compared to
adult human skulls. Higher laser energy and longer wavelengths should
be utilized to verify the performance of the proposed method on human
skulls. Additionally, employing a transducer with a lower center fre-
quency, such as <1 MHz, could enhance signal reception, particularly
for low-frequency signals attenuated by the skull, in contrast to the
2.5 MHz transducer utilized in this study.

Although this work assumes the skull layer to be a uniform medium,
the real skull experiment verifies the effectiveness of the proposed
method. As this work focuses on longitudinal wave refraction, artifacts
arising from multiple interlayer reflections, waveform conversion, and
scattering remain unexplained by the proposed method. Addressing
these issues in future research will be crucial for achieving high-quality
and accurate PA images.

7. Conclusion

In summary, a method is proposed in this work to effectively
compensate for PA image aberration caused by the refraction of the
skull. This method updates the SOS distribution by simply iteratively
correcting the US image, thereby assisting the phase compensation for
aberration correction in PA reconstruction. Aberration correction in this
proposed method avoids the complex calculations of refraction angles
and paths in the time domain, keeping computational complexity
manageable. In this method, not only the aberration in PA images but
also the aberration in US images can be corrected based on the angular
spectrum theory. Thus, owing to the aberration-free US-PA dual-
modality images, the proposed method has the potential to be
employed for structural and functional transcranial imaging in humans.

Fig. 11. Ex-vivo rabbit skull experiment with intersecting hairs. (a) A picture of the skull model with intersecting hairs. (b) PA image without skull present
reconstructed by using DAS at a constant speed of 1500 m/s. (c) US-PA dual-modality image with skull present reconstructed at a constant speed of 1500 m/s. (d) US-
PA dual-modality image with skull present reconstructed by the proposed method. The blue dashed rectangle outlines the region to be compared.
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