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Based on the energy conversion of light into sound, photoacoustic computed tomography
(PACT) is an emerging biomedical imaging modality and has unique applications in a range of
biomedical ¯elds. In PACT, image formation relies on a process called acoustic inversion from
received photoacoustic signals. While most PACT systems perform this inversion with a basic
assumption that biological tissues are acoustically homogeneous, the community gradually rea-
lizes that the intrinsic acoustic heterogeneity of tissues could pose distortions and artifacts to
¯nally formed images. This paper surveys the most recent research progress on acoustic het-
erogeneity correction in PACT. Four major strategies are reviewed in detail, including half-time
or partial-time reconstruction, autofocus reconstruction by optimizing sound speed maps, joint
reconstruction of optical absorption and sound speed maps, and ultrasound computed tomog-
raphy (USCT) enhanced reconstruction. The correction of acoustic heterogeneity helps improve
the imaging performance of PACT.
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1. Introduction

Photoacoustic computed tomography (PACT) is
capable of visualizing the optical absorption of bi-
ological tissues by combining the excellent contrast
in pure optical imaging and high spatial resolution
in deep tissues in ultrasound imaging.1–4 The im-
aging modality holds great promise for a range of
biomedical applications, such as early detection of
cancer,5,6 in°ammation evaluation,7 biopsy guid-
ance,8,9 retinal imaging,10 and cellular imaging.11,12

In PACT, the energy of a laser pulse is absorbed by
biological tissues, which will induce a rapid thermal
expansion and then excite ultrasound waves. The ul-
trasound signals travel through the tissue and are
detected by ultrasound transducers arranged in a cer-
tain detection geometry for ¯nal image reconstruction.

Conventional image reconstruction algorithms in
PACT are typically based on the assumption that
biological tissues are acoustically homogeneous and

have a constant speed of sound (SOS) distribu-
tion.13–17 Since the time of °ight (TOF) of ultra-
sound signals directly relates to the position of the
target to be reconstructed, it's essential to know the
accurate distribution of SOS within the tissues.
Currently, the SOS used for PACT image recon-
struction is usually selected manually, which is ac-
tually di®erent from true values. As a result,
distortions and artifacts are common in PA images.

In fact, the tissues in living bodies are typically
heterogeneous, violating the aforementioned con-
stant SOS assumption. For example, in transcranial
PA imaging, the acoustic re°ection and refraction
by the skull will cause signi¯cant PA signal distor-
tions.18 Xu et al. found that in thermoacoustic to-
mography of the breast, phase distortions, i.e., TOF
errors, are the major source leading to image blur-
ring.19 Later, De�an-Ben and coworkers investigated
the in°uence of TOF and the corresponding time

(a) (b)

(c) (d)

Fig. 1. An example showing how the acoustic heterogeneity may a®ect the ¯nal image quality. (a) PA image of a leaf skeleton
reconstructed with a constant SOS of 1506m/s. (b) PA image of the same leaf skeleton reconstructed with an experimentally
measured SOS map. (c) and (d) Corresponding zoomed-in views of the veins in the dashed boxes in (a) and (b). Reproduced with
permission from Ref. 22.
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shift of wave signals.20 These e®orts theoretically
studied the errors induced by spatially varying SOS
in PA image reconstruction and show that the SOS
pattern used should be su±ciently accurate to
produce good imaging results.21 An example of how
acoustic heterogeneity a®ects the ¯nal image qual-
ity is shown in Fig. 1.22 When a constant SOS of
1506m/s is assumed for image reconstruction, sig-
ni¯cant double line artifacts [Figs. 1(a) and 1(c)]
occurs, which could be signi¯cantly mitigated by
incorporating measured heterogeneous SOS maps
[Figs. 1(b) and 1(d)].

So far, four types of approaches have been pro-
posed to mitigate the artifacts caused by acoustic
heterogeneity. They are half-time or partial-time
reconstruction,23,24 autofocus reconstruction,25–27

joint reconstruction of optical absorption and sound
speed maps,28–30 and ultrasound computed tomog-
raphy (USCT) enhanced reconstruction,31–34 as
shown in Fig. 2. The half-time or partial-time
approaches reconstruct images by eliminating parts
of measurement data in the time domain that are

distorted by heterogeneous tissues.23,24 These
approaches could achieve better image qualities
based on a constant SOS map as compared with
conventional reconstruction methods. The auto-
focus approaches also employ a constant SOS for
image reconstruction as half-time methods, but the
SOS value is iteratively optimized by evaluating a
cost function instead of being guessed based on ex-
perience.25–27 The optimized SOS still deviate from
real SOS distributions but may well approximate
the overall characteristics of the biological tissue.
Di®erent from the previous two methods, the joint
reconstruction approaches try to simultaneously
extract optical absorption information and SOS
distribution from PACT measurement data.28–30

Since the cost function constructed for optimization
is generally not convex, joint reconstruction su®ers
from the problem of numerical instability.
The USCT enhanced reconstruction approaches
reconstruct PA images using SOS distribution
experimentally measured by USCT and could
yield accurate results.31–34 Compared with the joint

(a) Half-time reconstruction

(b) Autofocus

(c) Joint reconstruction

(d) Two-step reconstruction

Fig. 2. Working procedure of the four methods for mitigating acoustic heterogeneity in PACT.
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reconstruction method, the USCT enhanced recon-
struction approaches could yield accurate SOS
maps and stable PA reconstruction. However, these
approaches need extra hardware to measure the
SOS map and thus increases system complexity.

In this review, we surveyed the mathematical
model describing the acoustic heterogeneity in
PACT and state-of-the-art methods to correct
acoustic aberrations. The principles and results of
the established four approaches are reviewed in
detail.

2. Mathematical Model

Considering PACT measurements are performed
under the assumption of acoustic homogeneity, bi-
ological tissues absorb pulsed laser energy and
generate acoustic waves, which are measured by
ultrasound transducers located on a detection ge-
ometry �0. The measured acoustic pressure at the
position r0 can be expressed as

pðr0; tÞ ¼
�

4�

@

@t

Z
AðrÞ

jr0 � rj � t� jr0 � rj
v0

� �
dr; ð1Þ

where A(r) denotes the optical absorption distri-
bution; v0 is the SOS, which is a constant for ho-
mogenous tissues; and � represents a constant
coe±cient. Introduce a temporal integral function

gðr0; tÞ ¼
4�

�
t

Z t

0

pðr0; t 0Þdt 0: ð2Þ

Equation (1) can be recast into the integral form as

gðr0; tÞ ¼
Z

AðrÞ 1

v0
� t� jr0 � rj

v0

� �
dr; ð3Þ

where g(r0, t) corresponds to the spherical Radon
transform of A(r). Consequently, image reconstruc-
tion in PACT can be accomplished by inverting the
spherical Radon transform.

Equations (1) and (3) hold only for acoustically
homogeneous tissues. For tissues having di®erent
acoustic properties, images reconstructed using
Eq. (3) will exhibit artifacts and distortions. Taking
acoustic heterogeneities into account, Eq. (1) can be
generalized as

pðr0; tÞ ¼
�

4�

@

@t

Z
AðrÞ

jr0 � rj �ðt� tfðr; r0ÞÞdr; ð4Þ

where tf(r, r0) is the TOF for ultrasound waves to
travel from the point r within the tissue to the

transducer location r0 and can be mathematically
expressed as

tfðr; r0Þ ¼
Z
r 02Lðr;r0Þ

1

vðr 0Þ dr
0; ð5Þ

where v(r0) is the local SOS and L(r, r0) is the line
connecting r and r0. When the SOS distribution is
uniform, Eq. (4) reduces to Eq. (1). Substituting
Eq. (5) into Eq. (2) yields

gðr0; tÞ ¼
Z

AðrÞ tfðr; r0Þjr0 � rj �ðt� tfðr; r0ÞÞdr; ð6Þ

which is called the generalized Radon transform
(GRT) for heterogeneous tissues. When vðrÞ ¼ v0,
the iso-TOF surfaces become spherical, Eq. (6)
reduces to Eq. (3).

The eikonal equation is typically adopted to
track bent rays in heterogeneous media and has the
form as

jrtðrÞj ¼ 1

vðrÞ ; ð7Þ

where the gradient of the wavefront jrtðrÞj yields a
ray vector passing across the wavefront.

3. Sound Speed Correction Strategies

3.1. Half-time or partial-time
reconstruction approaches

Half-time image reconstruction approaches were
¯rst proposed by Anastasio and coworkers in
2005,23 seeking to exploit redundant information in
PACT measurement data. The approaches discard
parts of the raw data in the time domain that are
disproportionately a®ected by acoustic heterogene-
ity and only use una®ected data for image recon-
struction. Therefore, it can e®ectively mitigate
image artifacts and distortions.

The raw data g(r0, t) detected at a location r0
within the measurement geometry �0 can be separated
into two half-time datasets g1(r0, t) and g2(r0, t) as

g1ðr0; tÞ ¼ gðr0; tÞ; ðR0 �RROIÞ=v0 � t � R0=v0;
0; otherwise;

�

ð8Þ
and

g2ðr0; tÞ ¼ gðr0; tÞ; R0=v0 < t < ðR0 þRROIÞ=v0;
0; otherwise;

�

ð9Þ
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where R0 is the radius of the measurement sphere
enclosed by the detector and RROI is the radius of the
region of interest. For homogenous media with a con-
stant SOS, the data function is truncated at the time
point thalf ¼ tfull/2. For circular and spherical mea-
surement geometries, thalf ¼ R0/v0.

Figure 3 is a two-dimensional example illustrat-
ing why the half-time reconstruction approaches
could mitigate image artifacts and distortions in
cases of acoustic heterogeneities. The SOS map
contains two concentric regions with di®erent radii
(inner disk: r1, outer ring: r0) and sound speeds
(inner disk: v1, outer ring: v0, and v1 6¼ v0). The
measurement geometry is a circle with a radius of
R0. The solid and dashed arc contours in red show
constant acoustic path lengths to the detector for
homogenous SOS map (v1 ¼ v0) and heterogeneous
SOS map (v1 > v0), respectively. Obviously, the
di®erence between the solid and dashed arc con-
tours is caused by the mismatch of SOS in the two
regions and it will become more severe as the
propagation time t increases. Speci¯cally, when
v0t1 < R0–r1, the heterogeneity will not impact the
detected signals and the data function g1(r0, t) is
much less a®ected by acoustic heterogeneities than
g2(r0, t) and g (r0, t).

Figure 4 shows a group of simulations comparing
images reconstructed by full-time and half-time
approaches. The prede¯ned SOS ratios v1/v0 in the
two regions for Figs. 4(a)–4(c) are 0.9, 1.07, and
1.12, respectively. The sub¯gures on the left column
were reconstructed using half-time raw data while
those on the right were reconstructed using full-time
raw data. Half-time reconstruction results have
fewer artifacts and distortions compared with those
reconstructed by full-time approaches.

The half-time reconstruction approaches show
improved performance compared to conventional
full-time reconstruction methods and were general-
ized to a partial-time reconstruction approach by
Poudel and coworkers.24 In contrast to half-time
approaches using temporally halved raw data, the
partial-time method truncates raw data according
to the locations of the isolated heterogeneous region
and ultrasound detectors. It has better performance
when the approximate sizes and locations of isolated
heterogeneous structures, such as bones or gas
pockets, are known.

3.2. Autofocus approaches

In PA image reconstruction, the selection of the
SOS of the tissue is critical to the ¯nal image
quality. Typically, the SOS used for image recon-
struction is empirically chosen as a constant value
(e.g., 1540m/s), which may cause blurring to ¯nally

Fig. 3. Schematic showing heterogeneous sound speed distri-
bution. Modi¯ed version of Fig. 3 in Ref. 23.

Fig. 4. Images reconstructed from simulated thermoacoustic
tomography measurement data containing the e®ects of
acoustic heterogeneities. The images in sub¯gures (a), (b), and
(c) were reconstructed from data corresponding to acoustic
speed map with v1/v0 ¼ 0:9, 1.07, and 1.12, respectively. The
images in the left and right panels of each sub¯gure were
reconstructed from half- and full-time datasets, respectively.
Reproduced with permission from Ref. 23.
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reconstructed images.26,27 To solve this problem,
autofocus methods have been proposed to optimally
select the SOS for image reconstruction. These
methods aim at automatically choosing the opti-
mum SOS that can yield the best reconstruction
results. The autofocus approaches usually ¯rst de-
termine the optimum SOS by optimizing a focusing
function and then reconstruct PA images based on
the optimum SOS. Based on how the focusing
function is constructed, autofocus approaches can
be divided into image autofocus methods and signal
autofocus methods.

3.2.1. Image autofocus

In practice, the SOS used for image reconstruction
is manually tuned to maximize the sharpness of
prominent image features, especially when the
images contain vascular features. A sharper image
usually contains more high-frequency components
than its blurry counterparts.

Such a procedure can be automatically per-
formed with an autofocus method,25 which selects
the optimal SOS to maximize the sharpness of
reconstructed PA images.35 The methods of using
SOS as a focusing parameter have been used in many
other modalities, such as microscopy,36 optical co-
herence tomography,37 and computed tomography.38

In this method, three focusing functions, that is, the
Brenner gradient, the Tenenbaum gradient, and the
normalized variance, can be used to autofocus the
images. The Brenner gradient computes the di®er-
ence between a pixel value and its neighbors two
points away and can be written as

FBrenner ¼
X
x;y

ðfxþ2;y� fx;yÞ2þðfx;yþ2� fx;yÞ2; ð10Þ

where fx;y ¼ fðx; yÞ is the gray-level intensity of the
pixel at (x, y) in the image. The Tenenbaum gradi-
ent makes use of the Sobel operators and can be
written as

FTenenbaum ¼
X
x;y

ð!�fx;yÞ2 þ ð!T �fx;yÞ2; ð11Þ

where ! is the Sobel operator and * denotes two-
dimensional convolution. The normalized variance
quanti¯es variations of pixel values and can be
written as

Fvariance ¼
1

�

X
x;y

ðfx;y � �Þ2; ð12Þ

where � is the mean pixel value. The SOS is regarded
as optimal when the corresponding autofocus func-
tions reach their maxima.

These focusing functions can be used as sharp-
ness metrics and the SOS is automatically updated
until the maximum is reached. The performance of
the three cost functions was evaluated by a phan-
tom experiment shown in Fig. 5. The result shows
that the three focusing functions reach the maxi-
mum at a common SOS, where the reconstructed
images have the maximum sharpness.

The autofocus functions are not necessarily lim-
ited to the functions listed here and can be of other
types. Mandal et al. tested several di®erent auto-
focus functions and classi¯ed them into three major
groups, that is, intensity-based, gradient-based and
edge-based measures.39 The intensity-based metrics
measure the maximum pixel intensity or the maxi-
mum intensity range of the images, which is intui-
tive but is artifact-prone if noise or artifacts
yield similar high-intensity features. The Brenner's
gradient and Tenenbaum's gradient belong to the

Fig. 5. Image enhancement by the autofocus method. (a) Three investigated focus metrics give the same value for the optimum
SOS. (b) Defocused image reconstructed using an SOS overestimated by 5%. (c) Focused image reconstructed using the optimized
SOS. Reproduced with permission from Ref. 25.
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gradient-based measures and the normalized vari-
ance can be classi¯ed into the edge-based measures.
Mandal et al. found that the edge-based measures
have the best performance.39

This image sharpness maximization method can
robustly determine the optimum SOS and high-
lights dominant image features. However, it cannot
distinguish artifacts from real image details, which
means that it may incorrectly maximize the sharp-
ness of the artifacts.

3.2.2. Signal autofocus

In addition to image autofocus, Yoon et al. pro-
posed a signal autofocus method which can also
determine the optimal SOS.26 In this method, the
optimal SOS is determined by maximizing a co-
herence factor to best focus PA signals (Fig. 6). The
coherence factor used as a focusing function is
computed from delay-compensated PA data as

FlðtÞ ¼
1

N

PN�1
n¼0 xl;nðt� �nÞ

�� ��2PN�1
n¼0 jxl;nðt� �nÞj2

; ð13Þ

where N is the number of channels, �n is the time
delay for the nth element located at (xn, zn), and
xl;nðtÞ is the signal received by the nth element for
the lth scanline. Optimal SOS is determined when the
coherence factor function reaches its maximum, i.e.,

voptimum ¼ argmax
v

½CFlðtÞ�: ð14Þ

Another focusing function that can be used to
evaluate the optimum SOS is proposed by Cong
et al. and can be written as27

F ðx; vÞ ¼ 1

N

XZ
z¼1

XN
n¼1

jpnðx; z; vÞ � �ðx; z; vÞj; ð15Þ

where Z is the number of focal points per scanline in
the ROI, N is the number of sensor elements, pn is
the focused PA signal with a sound speed v for the
zth focal point at the xth scanline, � is the mean
value of the focused PA signals. When the SOS used
for beamforming is equal or close enough to the true
value, the beamformed signals are in phase and the
focusing function reaches its minimum.

Since image autofocus and signal autofocus both
need focusing functions associated with the SOS,
they fundamentally work in a similar way and can
both improve the image quality by optimizing the
SOS. However, since the SOS distributions within
biological tissues are usually heterogeneous, the
enhancement achieved by the autofocus approaches
is limited especially in the case of strong SOS var-
iations. More sophisticated approaches are required
to retrieve the SOS distribution for better com-
pensation for the acoustic heterogeneity.

3.3. Joint reconstruction approaches

Knowledge of SOS distribution of the tissues can
help mitigate imaging artifacts but is di±cult to
obtain. Multiple methods have been developed to
simultaneously reconstruct the SOS and optical
absorption distributions with only PACT mea-
surements.40,41 One algorithm that solves a Helm-
holtz-like PA wave equation using a ¯nite element
method (FEM) was proposed by Jiang et al. and
Yuan et al. and validated with numerical simula-
tions and phantom experiments.42,43 By introducing
the FEM method to solve an accurate imaging
model, this approach has better accuracy but su®ers
from the problem of slow computation. This FEM-
based algorithm could also be extended to three-
dimensional cases.44 In addition, several other
algorithms were also proposed such as the TR ad-
joint method,45 the Radon transforms and Fourier
transforms based method,40,41 and the Born ap-
proximation-based method.46 While most of the
methods were only validated by numerical simula-
tions and phantom experiments, a few were dem-
onstrated through in vivo experiments and will be
described with greater details.

3.3.1. Feature coupling based joint

reconstruction

The feature coupling method was proposed by Cai
and coworkers for joint reconstruction of the SOS

Fig. 6. Schematic showing that PA signals generated from a
point-like absorber are received by a detector array when the
assumed sound speed is equal to the true one. Reproduced with
permission from Ref. 26.
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distribution and enhancement of PA images with
PA measurements using a full ring transducer array
PACT system.30 This method is based on the fact
that, for tissues with heterogeneous SOS distribu-
tion, any subsets of a full ring transducer array
produce images with displaced features. The simi-
larities of these images can be maximized to update
the SOS distribution.

In this method, the SOS map is segmented into
multiple regions with di®erent SOS values, denoted
as v = [v1, v2,. . ., vn]. The initial segmentation of
the SOS map is achieved based on the PA image
reconstructed by the half-time back-projection
method23 using a prede¯ned constant SOS. Full
ring PA data are split into two parts, each part is
used separately to reconstruct PA images. The
features of these two images are di®erent because
the SOS maps derivate from real distributions. The
similarity of the two images reconstructed by two
half-ring data is maximized to get the best SOS
map, i.e.,

v ¼ argmax
v

½cðvÞ�; ð16Þ

where c is the correlation coe±cient measuring the
similarity of two images and can be written as

cðvÞ ¼ f1ð�Þ H f2ð�Þ; ð17Þ
where f1 and f2 are reconstructed half-ring images,
H denotes correlation, and � means the target re-
gion in the images used to evaluate the correlation
coe±cient.

The performance of this method has been dem-
onstrated by in vivo experiments shown in Fig. 7.
The results highlighted in the red box show that
the feature coupling method can mitigate
image distortions and blurring and have a better

performance than the popular half-time back
projection algorithm.

The concept of feature coupling is generic and
can be applied to other detection geometries, but
the detection surface division strategy should be
adjusted accordingly. It should be noted that the
feature coupling method optimizes the SOS distri-
bution iteratively by maximizing the similarity
measure, and therefore, a good initial guess of the
SOS distribution is essential for the e±ciency. In
addition, if large structures with distinct features
are present in the images, the performance of the
feature coupling method may drop dramatically.

3.3.2. Regularization based joint

reconstruction

Zhang and Anastasio reported a heuristic method to
simultaneously reconstruct the SOS distribution,
v(r), and the optical absorption distribution, A(r),
from PACT measurements.28 The two distributions
are alternatively reconstructed in an iteration pro-
cess, where the optical absorption map is recovered
by the full-wave iterative method47 and the SOS
map is reconstructed by the use of a nonlinear op-
timization algorithm based on the Fr�echet derivative
of an objective function with respect to v(r).48,49

In this method, the distribution of SOS is un-
known and is parameterized. To reconstruct A(r)
and v(r) simultaneously, two-fold data redundancy
is adopted.23,50 Each of the two half-time dataset
contains complete information of the optical ab-
sorption map and can be used to reconstruct PA
images. With complete knowledge of the SOS dis-
tribution, these two results should be the same.
However, in the case of data inconsistencies, this is
untrue and their di®erences should be minimized
based on the SOS distribution. As such, both A(r)
and v(r) can be recovered iteratively.

The generalized imaging model in Eq. (6) can be
written in the operator form as

gðr0; tÞ ¼ GðvÞAðrÞ; ð18Þ
where GðvÞ represents the generalized Radon
transform operator. The estimation process of the
SOS, v(r), and the optical absorption, A(r), is
achieved using the following formulas:

�ðv;AÞ ¼ jjg�GAjj2 þ �1P1ðvÞ þ �2P2ðAÞ; ð19Þ
v�;A� ¼ argmin

v;A
�ðv;AÞ; ð20Þ

Fig. 7. PA images of a mouse liver reconstructed by the fea-
ture coupling method (a) and the half-time back projection
method (b). The image in (a) has no splitting artifacts, which
are present in (b). Scale bar: 5mm. Reproduced with permis-
sion from Ref. 30.
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where P1ðvÞ and P2ðAÞ are penalty terms that reg-
ularize the smoothness of the solutions and �1 and
�2 are weighting factors.

By alternately ¯xing v or A and update the other
one, both distributions can be simultaneously recon-
structed. Based on this model, Shan et al. proposed a
deep-learning approach in 2019 using a simultaneous
reconstruction network (SR-Net) to update the ini-
tial pressure and the SOS for each iteration.51In vivo
experiments (Fig. 8) demonstrates the performance
of a more advanced joint reconstruction method
called parameterized joint reconstruction.29

The numerical stability of this joint reconstruction
method was studied by Huang et al.52 Since this
method estimates two distributions alternatively, the
errors induced in one step will a®ect the reconstruc-
tion accuracy in the next step, which means that
errors will accumulate during the iteration process. In
addition, the problem of reconstructing the SOS map,
v, from estimated optical absorption map, A, is ill-
conditioned, and a small °uctuation of A may cause
signi¯cant variations of the reconstructed v.53Prior
information or knowledge is often incorporated in the
mathematical model to stabilize the numerical pro-
cess; for instance, the distributions of A(r) and v(r)
may have some constraints,54 and the detection sur-
face may have speci¯c geometrical shapes.40

This method is of signi¯cance since the results
are much better than that based on a constant SOS
assumption. Moreover, extra information such as
USCT measurement data can be used to improve
numerical stability.55

3.4. USCT-enhanced reconstruction

approaches

Another strategy is to independently reconstruct the
SOS map and the optical absorption distribution by

USCT and PACT, respectively. Using USCT setups,
high-resolution SOS maps can be recovered, which
can then be used to enhance the reconstruction of
optical absorption maps. There are several algorithms
focusing on PA reconstruction problems in acoustic
heterogeneous media, including the time reversal,56–58

the iterative full-wave inversion,47,59 the Neumann-
series or iterative time reversal approach,60,61 the
GRT,62,63 and the statistical methods.64 These re-
construction methods need measured acoustic het-
erogeneity as input to accurately reconstruct PA
images. Some researchers try to avoid this restriction.
For example, Zhang et al. proposed a method using
correlation information between thermoacoustic sig-
nals to compensate for acoustic heterogeneity.65 This
method compensates for travel time perturbation of
thermoacoustic signals detected at locations sym-
metric to the origin and then reconstructs the optical
absorption map. The TOF value is directly calculated
from PACT signals instead of measured SOS maps.

The most di±cult and critical part of USCT-en-
hance reconstruction approaches is how to imple-
ment the two di®erent measurement procedures at
the same time. Since USCT and PACT both detect
ultrasound signals, these two measurement systems
can share the same set of detectors. E®orts have been
made to set up imaging systems capable of both
USCT and PACT imaging. Jin andWang integrated
USCT measurements into a thermoacoustic tomog-
raphy setup by adding an opposite-facing ultrasound
transmitter, as shown in Fig. 9.31 In the USCT
process, the transmitter and receiver work together
to obtain scan data and get the SOS map of the
sample. In the thermoacoustic tomography process,
the sample absorbs microwave energy and generates
ultrasound waves, which are detected by a receiver
to reconstructed energy absorption distribution.

Manohar et al. proposed a similar design to
achieve this purpose.32 However, instead of using an
ultrasound transducer as an active transmitter,
they used passive elements, i.e., carbon ¯ber illu-
minated by nanosecond laser pulses, to generate
ultrasound waves for USCT measurements. This
idea of leveraging laser light to generate ultrasound
waves for USCT measurements was also proposed
by Xia et al.33

3.4.1. Passive element enriched PACT

The passive element enriched PACT system utilized
both ultrasound and PAmeasurements simultaneously

Fig. 8. Parameterized joint reconstruction. Initial pressure
distributions reconstructed with a constant SOS of 1500m/s
(a) and the SOS distribution obtained by parameterized joint
reconstruction (b). Reproduced with permission from Ref. 29.
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to get accurate SOS maps and used this information
to reconstruct more accurate PA images.22,66,67

The imaging model illustrated in Eq. (4) shows
that the generated pressure can be seen as the
projections over iso-TOF contours determined in
Eq. (5), which depends on the SOS distribution
v(r). In the case of homogeneous SOS distribution,
the acoustic ray path is straight and the TOF is
mainly decided by the SOS and travel distance.
While in heterogeneous situations, the ray path
is usually curved due to re°ection e®ect as the
wavefront passes through regions with di®erent
SOS. Given the SOS map estimated from USCT
measurements, the high accuracy fast marching
method that applies a second-order approximation
is used to solve the eikonal equation.68–70 Then, the
ray path corresponding with the shortest arrival
time can be traced and used to reconstruct PA
images.

Figure 10 shows the schematic of passive
elements enriched PACT system and recon-
structed images of ex vivo experiments. The de-
tector is a curvilinear array containing 32 elements
and used as detectors for both USCT and
PACT measurements. The system performs
USCT and PACT measurements in sequence and
uses the SOS map obtained in USCT to correct PA
images. In the USCT process, a laser pulse was
used to illuminant a strand of horsetail hair
to generate ultrasound pulses as source signals.
The incorporating of the SOS map into PA image
reconstruction process improves image quality
signi¯cantly.

3.4.2. Concurrent optical absorption
and SOS imaging

Merčep and coworkers developed a transmission-
re°ection optoacoustic ultrasound (TROPUS)
small animal imaging platform that combines both
the PACT and the USCT with transmission and
re°ection modes.34 The system can realize multi-
modal imaging, including PA, SOS, acoustic
re°ectivity, acoustic attenuation imaging. The
schematic of the TROPUS system is shown in
Fig. 11. Small animals are surrounded by a ring
transducer array consisting of 512 elements. The
system could work in both receive-only and trans-
mit-receive modes. In the receive-only mode, all
elements are used to collect PA signals, while in the
transmit-receive mode, all elements are activated to
transmit ultrasound waves and receive the re°ected
and transmitted waves.

In vivo experimental results are shown in Fig. 12.
The ¯rst column is the PA images. The second
column of the images is constructed from the re-
°ection mode, while the SOS (third column) and
acoustic attenuation (fourth column) are con-
structed from transmission mode. The results of
SOS images were segmented into two parts with
di®erent SOS. These images are then incorporated
into PA reconstruction to enhance the image
quality.

This imaging platform shows great potential for

the combination of USCT and PACT setups. All

the information that the system provides is associ-

ated because it relates to the characteristics of the

(a) (b)

Fig. 9. Experimental set-up (a) and scanning geometry (b) of the combined USCT and thermoacoustic tomography system.
Reproduced with permission from Ref. 31.
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same tissues. Results of one modality can be used to
compensate for others, and di®erent results can be
combined to show more information.

4. Discussion and Conclusion

In summary, we reviewed four major types of
approaches aiming to solve the acoustic heteroge-
neity problem in PACT. The half-time or partial-
time approaches discard distorted measurement
data in the time domain and recover PA images
using conventional reconstruction algorithms with
an empirically determined constant SOS. Since the
data truncation step barely increases computational
complexity, these approaches are simple and fast. In
contrast, the autofocus approaches utilize full-time
measurement data and an optimum SOS for image
reconstruction. The optimum SOS is iteratively

(a) (b)

(c) (d)

Fig. 10. Passive element enriched PACT. (a) Schematic. (b) SOS map reconstructed from the acquired passive-element mea-
surement of the imaging area, (c) PA image reconstructed with a uniform SOS of 1540m/s, (d) SOS compensated PA image using
the SOS values from (a). Reproduced with permission from Ref. 22.

Fig. 11. Diagram of the USCT enhanced PACT imaging
system. Reproduced with permission from Ref. 34.
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determined by evaluating a cost function describing
the quality of the images or signals. Since this op-
timization procedure requires additional computing
resources, the autofocus approaches have higher
time and space complexities. Overall, the half-time/
partial-time approaches and the autofocus approa-
ches can only mitigate image artifacts and distor-
tions to some extent in real scenarios because they
are all based on the assumption that biological
tissues have a constant SOS, which, however, is not
true.

The joint reconstruction approaches and the
USCT-enhanced approaches have improved per-
formance in mitigating acoustic heterogeneity in
PACT. The joint reconstruction approaches ¯rst
segment the SOS map into multiple regions, each of
which has a constant SOS, and then simultaneously

recover the optical absorption map and the SOS
map by optimizing a cost function using PACT
measurement data alone. The joint reconstruction
approaches are mathematically more complicated
than the half-time and autofocus approaches and
su®er from the problem of high complexity and
numerical instability because the cost function may
not be convex. However, this type of approach could
still signi¯cantly improve image quality.29,52 The
USCT-enhanced reconstruction approaches ¯rst
measure heterogeneous SOS maps by USCT and
then incorporate the information into the image
reconstruction model to improve image quality. The
SOS model in USCT-enhanced approaches is ex-
perimentally obtained rather than based on sim-
pli¯ed assumptions as in previous three approaches
and, therefore, is more accurate. USCT-enhanced

Fig. 12. USCT enhanced PACT imaging. (a) Three representative PA images of the cross-sections of a mouse. (b) Corresponding
re°ection-mode ultrasound images. (c) and (d) Corresponding transmission-mode ultrasound images showing the distribution of the
SOS and acoustic attenuation, respectively. 1: spinal cord; 2: liver; 3: vena porta; 4: vena cava; 5: aorta; 6: stomach; 7: ribs; 8: skin/
fat layer; 9: spleen; 10: right kidney; 11: cecum; 12: pancreas; 13: intestines; 14: muscle. Reproduced with permission from Ref. 34.
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reconstruction approaches are more stable but need
extra setups to perform USCT measurements.
Table 1 brie°y summarizes the typical performance
of the four approaches for acoustic heterogeneity
migration in practical applications.

It should be noted that acoustic heterogeneity
induced TOF errors in PACT measurements are
distinct for di®erent detection geometries. Some
correction approaches are independent of measure-
ment geometries while others are designed for spe-
cial detector apertures. For example, the half-time
or partial-time approaches,23,24 joint reconstruction
approaches,28–30 and the USCT-enhanced approa-
ches31–34 were all developed based on ring or
spherical detection geometries. Although the prin-
ciples are generic and may be extended to other
detection apertures, the image reconstruction pro-
cess may become quite challenging. In addition, the
autofocusing approaches25–27 enhance image quality
using an optimum SOS by evaluating a focusing
function and has no restrictions on the detection
geometries.

The choice of the approaches for the correction of
acoustic heterogeneity should depend on experi-
mental conditions. The half-time/partial-time
approaches and the autofocusing approaches are
simple and fast but have limited performance. The
joint reconstruction approaches have improved
performance but su®er from the problem of high
complexity and numerical instability. The USCT-
enhanced approaches have the highest performance
but require extra hardware to perform USCT
measurements, which is not feasible in some prac-
tical applications. For situations where USCT
measurements are di±cult, the joint reconstruction
approaches provide a good alternative.
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