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Abstract. Photoacoustic computed tomography (PACT) is an emerging computed imaging modality that
exploits optical contrast and ultrasonic detection principles to form images of the absorbed optical energy density
within tissue. If the object possesses spatially variant acoustic properties that are unaccounted for by the
reconstruction method, the estimated image can contain distortions. While reconstruction methods have recently
been developed to compensate for this effect, they generally require the object’s acoustic properties to be known
a priori. To circumvent the need for detailed information regarding an object’s acoustic properties, we previously
proposed a half-time reconstruction method for PACT. A half-time reconstruction method estimates the PACT
image from a data set that has been temporally truncated to exclude the data components that have been
strongly aberrated. However, this method can be improved upon when the approximate sizes and locations
of isolated heterogeneous structures, such as bones or gas pockets, are known. To address this, we investigate
PACT reconstruction methods that are based on a variable data truncation (VDT) approach. The VDT approach
represents a generalization of the half-time approach, in which the degree of temporal truncation for each meas-
urement is determined by the distance between the corresponding ultrasonic transducer location and the nearest
known bone or gas void location. Computer-simulated and experimental data are employed to demonstrate the
effectiveness of the approach in mitigating artifacts due to acoustic heterogeneities. © 2017 Society of Photo-Optical

Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.22.4.041018]
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1 Introduction
Photoacoustic computed tomography (PACT) is an emerging
imaging modality that combines the high optical contrast of
blood-rich structures with the high spatial resolution of ultra-
sound detection.1–3 In PACT, the biological tissue of interest
is irradiated with a short laser pulse. Under the condition of
thermal confinement, the absorption of the optical energy results
in the generation of pressure waves via the photoacoustic (PA)
effect.4,5 These pressure waves are subsequently detected using
broadband ultrasound transducers. The image reconstruction
problem in PACT is estimating the absorbed optical energy den-
sity from the measured PA signals. Such an image may be of
great importance for preclinical and clinical use as there exists
a strong correlation between optical absorption and the patho-
logical condition of tissue.3,6,7

The majority of PACT reconstruction methods8,9 are based
on idealized imaging models that assume an acoustically homo-
geneous medium. However, these assumptions are violated in
many applications of PACT. For example, in small animal
imaging applications, bone and/or gas pockets represent strong
sources of acoustic heterogeneity. When the spatially variant
acoustic properties of the medium are not accounted for in the
imaging model, the reconstructed images may contain significant

distortions and artifacts.10,11 However, in practice, it is challeng-
ing to estimate these acoustic properties accurately.12

To circumvent the need for detailed information regarding an
object’s acoustic properties as well as to suppress artifacts due to
the presence of acoustic heterogeneity, we previously proposed
a half-time-based reconstruction method.13 The half-time-based
reconstruction method exploits data redundancies14 to uniquely
and stably reconstruct images from measurement data that are
uniformly truncated with respect to the temporal coordinate.
Although the half-time-based reconstruction method mitigates
acoustic heterogeneity-induced artifacts, the reconstructed
images can still contain significant distortions. Moreover, half-
time-based methods do not employ any a priori information
about the location of strong acoustic heterogeneities in the
reconstruction.

In addition to truncation-based strategies, work has also been
conducted on incorporating statistical information about the
object to mitigate artifacts due to acoustic heterogeneities.12

In that approach, a priori information about the acoustic proper-
ties of the object is utilized to probabilistically weigh the
tomographic contribution of each detector to a pixel in the
reconstructed image.12 Such a statistical approach was shown to
have merit for mitigating artifacts due to weak acoustic hetero-
geneities. However, in the presence of strong heterogeneities,
the approach has not been demonstrated to be effective.12
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In this work, a PACT reconstruction method that is based
on a variable data truncation (VDT) approach is proposed.
This method represents a generalization of the half-time
reconstruction method. The VDT-based reconstruction method
employs a priori information about the location of the isolated
acoustic heterogeneities but does not require information regard-
ing its acoustic properties. In the VDT-based method, the degree
of temporal truncation is dependent on the location of the
isolated acoustically heterogeneous region relative to the ultra-
sound transducer positions. Due to the adaptive nature of the
temporal truncation, artifacts arising from the acoustic hetero-
geneities can, in some cases, be more effectively suppressed in
images reconstructed by this method as compared with images
reconstructed by the half-time-based method.

2 Background: Imaging Models and
Reconstruction Methods for Photoacoustic
Computed Tomography

Conventional imaging models and reconstruction methods for
PACT are reviewed below. The previously proposed half-time
reconstruction method13,14 for PACT is also reviewed.

2.1 Photoacoustic Wavefield Propagation:
Continuous and Discrete Formulation

Let pðr; tÞ denote the photoacoustically induced pressure wave-
field at location r ∈ R3 and time t ≥ 0. Additionally, let p0ðrÞ
denote the initial pressure distribution generated within the
object due to the PA effect and uðr; tÞ denote the vector-valued
acoustic particle velocity. In our formulation of the PACT
imaging model, the object and the surrounding medium are
assumed to possess homogeneous and lossless acoustic proper-
ties. Let c0 denote the medium’s uniform speed of sound (SOS)
value and ρ0 denote the distribution of the uniform ambient
density value.

In a lossless acoustically homogeneous fluid medium, the
propagation of pðr; tÞ can be modeled by the following coupled
equations:15,16

EQ-TARGET;temp:intralink-;e001;63;334

∂
∂t
uðr; tÞ ¼ −

1

ρ0
∇pðr; tÞ; (1)

EQ-TARGET;temp:intralink-;e002;63;292

∂
∂t
pðr; tÞ ¼ −ρ0c20∇ · uðr; tÞ; (2)

subject to the initial conditions

EQ-TARGET;temp:intralink-;e003;63;244pðr; tÞjt¼0 ¼ p0ðrÞ; uðr; tÞjt¼0 ¼ 0: (3)

Consider that pðr; tÞ is recorded outside of the support of the
object for r ∈ dΩ and t ∈ ½0; T�, where dΩ ⊂ R3 denotes a con-
tinuous measurement aperture. Throughout this study, we will
assume dΩ is a two-dimensional (2-D) circular aperture with
radius R0. The circular aperture dΩ is assumed to be parallel
to the x − y plane and is located a distance z 0 away from the
plane z ¼ 0. In this case, the imaging model can be described
as a continuous-to-continuous mapping:

EQ-TARGET;temp:intralink-;e004;63;124pðr; tÞ ¼ MHp0ðrÞ; (4)

where H∶L2ðΩÞ ↦ L2ðΩ × ½0; T�Þ is a linear operator that
denotes the action of the wave equation given by Eqs. (1)–(3),

pðr; tÞ ∈ L2ðdΩ × ½0; T�Þ denotes the measured data function,
and the operator M is the restriction of H to dΩ × ½0; T�.

In practice, the detected pressure wavefield is discretized
temporally and spatially at specific transducer locations. Let
p ∈ RNrL denote the discretized pressure signal. Unless stated
otherwise, throughout the study, we shall neglect the effects of
the acousto-electric impulse response as well as the spatial
impulse response of the transducer.17–19 A continuous-to-
discrete PACT imaging model20,21 can be generally expressed as

EQ-TARGET;temp:intralink-;e005;326;653½p�kLþl ¼ pðr; tÞjr¼rk
0
;t¼lΔt ; (5)

for k ¼ 0;1; 2; : : : ; Nr − 1 and l ¼ 0;1; 2; : : : ; L − 1. Here, L is
the total number of temporal samples,Δt is the temporal sampling
interval, and the vectors rk0 ∈ R3 for k ¼ 0;1; 2; : : : :; Nr − 1
represent the position vectors of the Nr receivers on the
aperture dΩ.

To obtain a discrete-to-discrete (D-D) imaging model for use
in numerically simulating PA wavefield propagation, a finite-
dimensional approximate representation of the object function
p0ðrÞ needs to be introduced. Also, we will assume that the
reconstruction method estimates a 2-D slice of the object in
plane with the circular aperture dΩ. Thus, the finite-dimensional
representation of the 2-D slice of the object function pðrÞ is
given as

EQ-TARGET;temp:intralink-;e006;326;481pa
0ðr 0; z 0Þ ¼

XN−1

n¼0

½θ�nϕnðr 0Þ; (6)

where r 0 ¼ ðx; yÞT and fϕnðr 0ÞgN−1
n¼0 are pixel expansion func-

tions defined as
EQ-TARGET;temp:intralink-;e007;326;413

ϕnðr 0Þ ¼
�
1; if jx − xnj ≤ Δx

2
and jy − ynj ≤ Δy

2

0; otherwise
; (7)

where ðxn; ynÞT specifies the coordinate of the n’th grid point of
a uniform 2-D Cartesian with N grid points in plane with dΩ.
Furthermore, Δx and Δy represent the uniform grid spacing in
the x- and y-directions, respectively. Note, that the above
described finite-dimensional representation of the object func-
tion pðrÞ is based on the pixel-based discretization approach.
However, the representation of the object function can be gen-
eralized to other basis functions, such as spherical voxels,22 etc.

Thus, given θ, c0, and ρ0, a D-D imaging model is given as

EQ-TARGET;temp:intralink-;e008;326;265p ¼ MHθ; (8)

where H ∈ RNL×N is the discrete approximation of the wave
operator H that solves the initial value problem defined in
Eqs. (1)–(3). Here, M ∈ RNrL×NL is a sampling matrix that
models the PACT data acquisition process. For simplicity, we
assume that the transducers are point-like in this study. When
the receiver and grid point locations do not coincide, an inter-
polation method is required. Hence, the elements of M are
chosen such that Delaunay triangulation23-based interpolation
is performed. The goal of image reconstruction in a discrete
setting is to determine an estimate of θ using the measured
data p.

2.2 Full-Time-Based Reconstruction Methods

In this section, the salient features of the full-time-based back-
projection (BP) method and the full-time-based iterative
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reconstruction algorithm are discussed. In the full-time-based
methods, the images are reconstructed from full-time data.
The full-time data refer to the data recorded at all transducers
for time tfull, where tfull ¼ 2 ×maxðt1; t2; : : : ; tNrÞ. Here, tk is
the time it takes for pressure waves to propagate from the center
of the circular measurement aperture dΩ to the k’th transducer in
an acoustically homogeneous medium, where rk0 ∈ dΩ.

2.2.1 Backprojection method

A variety of BP-type PACT image reconstruction methods24–27

have been developed based on the continuous imaging model
described by Eq. (4). In the presence of discretization, these
methods provide an approximate estimate of the object function.
The finite-dimensional estimate of the object function obtained
using the BP method is given as28

EQ-TARGET;temp:intralink-;e009;63;579½θ̂�m ¼
XNr−1

k¼0

ΔΩkB

�
p;

jrk0 − rmj
c0Δt ; k

� XNr−1

k¼0

ΔΩk;

,
(9)

where ½θ̂�m is the m’th element of θ̂ corresponding to the grid
position rm ¼ ðxm; ym; z 0ÞT and ΔΩk is computed as

EQ-TARGET;temp:intralink-;e010;63;506ΔΩk ¼
ΔSk

jrm − rk0j2
�
nS0k ·

rm − rk0
jrm − rk0j

�
; (10)

where ΔSk represents the surface area occupied by the trans-
ducer at position rk0 and nS0 k is the normal of the measurement
surface at rk0 that points toward the PA source. The function B in
Eq. (9) is a linear interpolation function that is defined as
EQ-TARGET;temp:intralink-;e011;63;416

Bðp; tval; kÞ ¼ ðtval − tintÞ½p�kLþðtintþ1Þ

þ ðtint þ 1 − tvalÞ½p�kLþtint ; (11)

where tint ¼ btvalc. Compared with the universal BP formula

derived by Xu and Wang,28 the BP term Bðp; jrk0−rmjc0Δt ; kÞ in
Eq. (9) does not contain the temporal derivative of pressure.
This allows us to mitigate the impact of noise in the recon-
structed image as the derivative term amplifies the contribution
of noise in the measured data to the reconstructed image.
Moreover, the BP formula in Eq. (9) assumes a full spherical
detector surface.28 Since the detector geometry used in our
applications is circular, the BP reconstruction formula presented
in Eq. (9) is only approximately applicable. Nevertheless, the
reconstruction formula presented in Eq. (9) has been used
empirically to yield reconstructed images of the initial pressure
distribution.29,30 However, a quantitatively accurate 2-D filtered
BP reconstruction formula for circular detector geometry has
been established.26,27

2.2.2 Optimization-based image reconstruction algorithms

Since BP-type reconstruction methods are based on the dis-
cretization of an analytical reconstruction formula, they possess
several limitations. For instance, BP reconstruction methods
require the measured data to be densely sampled on an aperture
that encloses the object. Moreover, analytical reconstruction
methods ignore measurement noise. Hence, they can yield
reconstructed images that have suboptimal trade-offs between
image variance and spatial resolution. The use of iterative

PACT image reconstruction algorithms can circumvent these
shortcomings.18

Commonly employed iterative PACT reconstruction algo-
rithms seek to compute penalized least squares estimates by
solving an optimization problem of the form

EQ-TARGET;temp:intralink-;e012;326;697θ̂ ¼ argmin
θ

kp −MHθk22 þ λRðθÞ; (12)

where λ is a regularization parameter and RðθÞ is a regularizing
penalty term. For this study, the total variance (TV) seminorm
penalty, given as

EQ-TARGET;temp:intralink-;e013;326;624RðθÞ ¼ kθkTV ≡
XN
n¼1

fð½θ�n − ½θ�n1−Þ2 þ ð½θ�n − ½θ�n2−Þ2g1
2;

(13)

was employed. Here, ½θ�n denotes the n’th grid node and ½θ�n1− ,
½θ�n2− are the neighboring nodes before the n’th node along the
first and second dimension, respectively.

2.3 Half-Time-Based Reconstruction Methods

It has been shown that images reconstructed using full-time data
can contain significant distortions when acoustic variations in
the object are not accurately modeled.11,14,31 To address this
problem, an image reconstruction method based on a data trun-
cation strategy known as the half-time method13,14 was previ-
ously proposed. In the half-time method, all transducer
measurements are temporally truncated at a specific delay
time thalf , where thalf ¼ tfull

2
. For a circular measurement aperture,

it can be shown that thalf ¼ R0

c0
.

In half-time-based reconstruction methods, the data vector p
is truncated at a constant delay time thalf . This truncation process
can be described by a truncation matrix THALF ∈ RNrL×NrL that
acts on p to produce a truncated data vector pTrunk ∈ RNrL as

EQ-TARGET;temp:intralink-;e014;326;355pTrunk ¼ THALFp: (14)

Details regarding the construction of truncation matrix for
the half-time method are described next.

Define the matrix Tm
half ∈ RL×L as

EQ-TARGET;temp:intralink-;e015;326;291½Tm
half �ij ¼

�
1; if i ¼ j and iΔt ≤ R0

c0
0; otherwise

; (15)

where i ¼ 0;1; : : : ; L − 1, j ¼ 0;1; : : : ; L − 1, and m ¼
0;1; : : : ; Nr − 1. The truncation matrix THALF is formed as

EQ-TARGET;temp:intralink-;e016;326;224THALF ¼

2
66666664

T0
half 0L×L · · · · · · 0L×L

0L×L T1
half 0L×L · · · 0L×L

..

.
0L×L

. .
. . .

.
0L×L

..

. ..
. . .

. . .
. ..

.

0L×L 0L×L · · · · · · TNr−1
half

3
77777775
; (16)

where 0L×L is the L × L zero matrix.
By replacing the full-time data vector with a half-time data

vector in a full-time reconstruction method, a half-time
reconstruction method is readily obtained. For example, a
half-time BP method is expressed as
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EQ-TARGET;temp:intralink-;e017;63;752½θ̂�m ¼
XNr−1

k¼0

ΔΩkB

�
THALFp;

jrk0 − rmj
c0Δt ; k

� XNr−1

k¼0

ΔΩk:

,

(17)

Similarly, a half-time-based iterative algorithm can be expressed
as

EQ-TARGET;temp:intralink-;e018;63;675θ̂ ¼ argmin
θ

kTHALFp − THALFMHθk22 þ λkθkTV: (18)

3 Image Reconstruction Based on Variable
Truncation Methods

Even though half-time-based reconstruction methods mitigate
acoustic heterogeneity-induced artifacts, the reconstructed
image can, in some cases, still contain significant artifacts. In
scenarios where an acoustically heterogeneous region is local-
ized and its support is relatively small compared with the area of
the reconstruction region, the half-time truncation method can
be readily extended to a VDT method. Unlike the half-time
method, the temporal truncation strategy employed in the
VDT method utilizes a priori information about the location
of the acoustically heterogeneous region. The VDT method is
applicable when the acoustic heterogeneity is isolated in loca-
tion from the features that are likely to be imaged and when the
support of the acoustically heterogeneous region is small rela-
tive to the area of the reconstruction region. In small animal
imaging applications, bone, spinal column, and gas pockets
represent isolated acoustic heterogeneities.

3.1 Geometrical Interpretation

In the VDT method, the measurement data recorded at each
transducer are temporally truncated based on the distance
between the corresponding transducer and the nearest isolated
acoustic heterogeneity. As a result, all data that have been
strongly influenced by an acoustic heterogeneity are discarded
and not employed for image reconstruction.

As depicted in Fig. 1(a), the pressure signals that have been
distorted by traveling through the acoustic heterogeneity are not

truncated in the half-time measurement data. When a re-
construction method employing such data does not account
for this distortion, it can be a source of significant artifacts in
the reconstructed image. On the other hand, the VDT measure-
ment data do not contain pressure signals that are reflected by or
transmitted through the acoustic heterogeneity [see Fig. 1(b)].
Hence, the artifacts introduced by these distorted pressure
signals are eliminated in the images reconstructed using
VDT-based methods. Additionally, for the transducer shown in
Fig. 1(b), the VDT-based method uses more temporal data than
the half-time-based reconstruction method. In the subsequent
section, we will describe the construction of the truncation
matrix for the VDT method.

3.2 Construction of Variable Data Truncation Matrix

Similar to the half-time-based method, the truncation process in
the VDT-based method can be described by a truncation matrix
TVDT ∈ RNrL×NrL that acts on the data vector p. Thus, replacing
the truncation matrix in Eq. (14) with TVDT, we have

EQ-TARGET;temp:intralink-;e019;326;535pTrunk ¼ TVDTp: (19)

Let ah ∈ R2, for h ¼ 0;1; : : : ; Nh − 1, denote the position of a
grid point where the acoustic properties differ from the back-
ground values. Let Ah denote the collection of all such points
(see Fig. 2). The nearest grid point to the k’th transducer at rk0
that corresponds to an acoustic heterogeneity is given as

EQ-TARGET;temp:intralink-;e020;326;449akT ¼ argmin
ah∈Ah

kah − rk0k2: (20)

Define the matrix Tm
VDT ∈ RL×L as

EQ-TARGET;temp:intralink-;e021;326;398½Tm
VDT�ij ¼

�
1; if i ¼ j and iΔt ≤ kamT−rm0 k2

c0
0; otherwise

; (21)

where i ¼ 0;1; : : : ; L − 1, j ¼ 0;1; : : : ; L − 1, and m ¼
0;1; : : : ; Nr − 1. Hence, the truncation matrix TVDT is given as

Fig. 1 A schematic showing the iso-time of flight contours for the half-time- and the VDT-based methods
for two transducers located opposite one another. (a) The half-time-based BP method backprojects data
beyond the acoustic heterogeneity. The distorted wavefront is denoted by the black dashed line. For the
purpose of this diagram, we assume that the background SOS of the medium is less than the speed in
the acoustically heterogeneous region. (b) The half-time method truncates the data prior to encountering
any acoustic heterogeneity.
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EQ-TARGET;temp:intralink-;e022;63;529TVDT ¼

2
6666664

T0
VDT 0L×L · · · · · · 0L×L

0L×L T1
VDT 0L×L · · · 0L×L

..

.
0L×L

. .
. . .

.
0L×L

..

. ..
. . .

. . .
. ..

.

0L×L 0L×L · · · · · · TNr−1
VDT

3
7777775
: (22)

As defined above, the VDT truncation matrix is dependent upon
the location and size of acoustic heterogeneity. On the other
hand, the half-time truncation matrix is independent of these.
As a result, the VDT truncation matrix discards all the pressure
signals reflected off or transmitted through the heterogeneity,
while the half-time truncation matrix may not necessarily do so.

3.3 Variable Data Truncation Reconstruction
Methods

VDT-based reconstruction methods can be formed readily by
replacing the full-time data vector in a full-time reconstruction
method by its truncated version. Thus, the VDT-based BP
method to reconstruct θ̂ is given as

EQ-TARGET;temp:intralink-;e023;63;293½θ̂�m ¼
XNr−1

k¼0

ΔΩkB

�
TVDTp;

jrk0 − rmj
c0Δt ; k

� XNr−1

k¼0

ΔΩk:

,

(23)

Similarly, the VDT-based iterative algorithm is given as

EQ-TARGET;temp:intralink-;e024;326;741θ̂ ¼ argmin
θ

kTVDTp − TVDTMHθk22 þ λkθkTV: (24)

4 Computer-Simulation Studies
Computer-simulation studies were conducted to compare the
performance of the VDT- and half-time-based reconstruction
methods.

4.1 Methods

The k-space pseudospectral method32,33 for numerically solv-
ing the PA wave equation was implemented in the MATLAB®

k-wave toolbox.34 This toolbox was employed to compute the
action of forward operator H. A 2-D circular scanning geom-
etry consisting of 512 transducers that were evenly distributed
in a circle of radius 50 mm was employed. The numerical
phantoms employed in this study to generate forward data
are shown in Fig. 3. The acoustic heterogeneity employed
in the simulation, shown in Fig. 3(b), imitated an air void
(c0 ¼ 340 ms−1 and ρ0 ¼ 1.2 kgm−3) while the background
medium consisted of water (c0 ¼ 1500 ms−1 and ρ0 ¼
1000 kgm−3). The initial pressure phantom in Fig. 3(a) con-
sisted of two line absorbers placed perpendicular to one
another, operator H.

Assuming ideal point-like transducers, the simulated pres-
sure data corresponding to the numerical phantoms were cal-
culated using the k-space pseudospectral method for the
scanning geometry described. A 1536 × 1536 grid with a
pitch of 500 μm was employed to simulate the pressure
data. A total of 5200 temporal samples were computed at
each transducer location with a time step of Δt ¼ 6.25 ns.
In addition, the generated forward data on the sensors were
contaminated with additive white Gaussian noise to achieve
a signal-to-noise ratio of 10.

For both the iterative and BP reconstruction methods, a con-
stant SOS of c0 ¼ 1500 ms−1 was assumed. For the VDT-
based reconstruction methods, based on the known location
of the acoustic heterogeneity and the assumed c0, the trunca-
tion matrix TVDT was established as prescribed in Eq. (20). The
truncation matrix was utilized to compute the truncated data
vector pTrunk. Similarly, the truncation matrix and the truncated
pressure data vector were also computed for use with the
half-time-based reconstruction methods. Furthermore, the fast
iterative shrinkage/thresholding method (FISTA)35,36 was

Fig. 2 The red pixels represent the location of acoustic hetero-
geneities in the 2-D Cartesian grid. The collection of position vectors
a1; : : : ;ai ; : : : ;ah form the set Ah . The position vector of the k ’th trans-
ducer, rk0 , is also shown.

Fig. 3 (a) The initial pressure distribution and (b) SOS and density distributions used for computer-
simulation studies.
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implemented to solve the optimization problems in Eqs. (18)
and (24).

4.2 Reconstructed Images

The images reconstructed using the half-time- and VDT-based
methods are shown in Fig. 4. In the images reconstructed using
the half-time-based methods, the artifacts due to the acoustic
heterogeneity (air void) are marked by white arrows in
Figs. 4(a) and 4(c). The same artifacts, however, are mitigated
in the images reconstructed using VDT-based methods, which
are shown in Figs. 4(b) and 4(d). In addition, differences exist
between the images reconstructed using the BP and iterative
methods. This difference is due to the action of the TV-penalty
term in the iterative algorithm, which smoothes the image while
preserving its edges. The mitigation of the artifacts due to the air
void can be quantified by calculating the root-mean-squared
error (RMSE) between the reconstructed pressure distribution
and the true pressure distribution. The RMSEs between the
reconstructed pressure distribution and the original pressure dis-
tribution are shown in Table 1. The RMSE values for the images
reconstructed using the VDT-based method are lower than the
RMSE values for the images reconstructed using the half-time-
based methods for both the BP and iterative methods.

5 Experimental Studies
The performances of the half-time- and VDT-based
reconstruction methods were also investigated using experimen-
tal data. The experimental data were acquired in the Optical
Imaging Laboratory at Washington University in St. Louis.

5.1 System

The 2-D PACT system employing a ring array composed of 512
transducer elements distributed in a radius 50 mmwas employed
in the experimental studies. A short laser pulse (DLS9050,
Continuum, 5- to 9-ns pulse width) with a repetition rate of
50 Hz at a wavelength of 532 nm was used to irradiate a sample
located in the center of the measurement system. The generated
acoustic signals were detected by transducers with a center fre-
quency of 5 MHz and a bandwidth > 90%. The data recorded by
the transducers were digitized at a sampling rate of 40 MHz.

5.2 Experimental Phantom Studies

The experimental agar phantom, shown in Fig. 5, consisted of
two linear optical absorbers (human hair) placed approximately
perpendicular to one another with an air void insert in the lower
right quadrant.

5.2.1 Methods

The phantom was placed at the center of the circular transducer
array and PA signals were acquired for 2000 time points with a
sampling rate of 40 MHz. Since the VDT-based reconstruction
methods require a priori information about the acoustically het-
erogenous region, the location of the air void relative to the
transducers needed to be determined. This was accomplished
through visual inspection of the image shown in Fig. 5. For
both the reconstruction methods, the constant SOS of the
homogeneous background was assumed to be 1500 ms−1.
Additionally, for the iterative reconstruction algorithm, the
experimentally obtained data were preprocessed prior to
reconstruction. The preprocessing of the data involved tempo-
rally upsampling by a factor of 4 and filtering with a Hann-
window low-pass filter with a cutoff frequency of 10 MHz.
The preprocessing was done to avoid any issues with the
numerical stability of the wave equation solver.34 Furthermore,
the FISTA35,36 was implemented to solve the optimization
problem in Eqs. (18) and (24).

Fig. 4 Images reconstructed from the simulated forward data using
(a) the half-time-based BP method, (b) the VDT-based BP method,
(c) the half-time-based iterative algorithm, and (d) the VDT-based
iterative algorithm.

Table 1 The RMSE between the reconstructed pressure distribution
and the initial pressure distribution.

Half-time based VDT based

BP 189.33 104.67

Iterative 111.40 54.82
Fig. 5 An agar phantom containing two line absorbers and an air void.
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5.2.2 Results

Images reconstructed using the half-time- and VDT-based BP
and iterative reconstruction methods are shown in Fig. 6.
In the images reconstructed using half-time-based approaches,
the artifacts due to the presence of an air void are marked with
red arrows. Also, the location of the acoustically heterogeneous
region (air void) that was extracted from Fig. 5 is delineated by
a white boundary, as shown in Figs. 6(b) and 6(d).

From Fig. 6, the artifacts due to acoustic heterogeneity are
found to be mitigated in the images reconstructed using VDT-
based reconstruction methods. The artifacts are present in the
lower right quadrant, as shown in Figs. 6(a) and 6(c). In addi-
tion, we also observe that the VDT-based methods are robust
with regards to errors in the estimation of the boundary of
the acoustically heterogeneous region. Thus, even with such
inaccuracies in estimating the location and shape of air void,
the VDT-based methods achieve effective mitigation of artifacts
due to acoustic heterogeneities.

5.3 Animal Studies

The second set of experimental data was acquired in vivo from
a mouse trunk.

5.3.1 Methods

All experimental animal procedures were carried out in con-
formity with laboratory animal protocols approved by the
Animal Studies committee of Washington University in St.
Louis. In small animal imaging applications, the major sources
of acoustic heterogeneity are bones, spinal column, and gas

voids. These heterogeneities perturb the acoustic wavefield
causing severe distortions in the reconstructed images.

For the purposes of this study, the VDT-based reconstruction
methods were employed to mitigate artifacts only due to the spi-
nal column. To obtain a priori information about the location of
the acoustically heterogeneous region, we developed a semiau-
tomatic segmentation method. The semiautomatic segmentation
method estimated the boundary of the spinal column from the
images reconstructed using the half-time-based BP method. As
the VDT-based reconstruction methods are robust to errors in
the estimation of boundary of the acoustically homogeneous
region, the segmentation method did not need to be exact.
The boundary of the spinal cord that was extracted by the
segmentation method is depicted by the white heart-shaped
contours in Figs. 7(c) and 7(d). We can observe that the segmen-
tation method overestimated the area of the spinal column. Thus,
all of the pressure signals reflected off or transmitted through
the spinal column are truncated.

For both methods, the constant SOS of the homogeneous
background was assumed to be 1515 ms−1. To select the opti-
mal SOS value of the background, we scanned over a range of
values and compared the image quality of the images recon-
structed using the half-time-based BP method. The value that
gave the best image quality was picked as the optimal SOS of
the homogenous background. Similar to the experimental agar
phantom data set, the data obtained from the mouse trunk were
preprocessed prior to applying the iterative reconstruction
algorithm. The preprocessing involved temporally upsampling
by a factor of 4 and filtering using a Hann-window low-pass
filter with a cutoff frequency of 10 MHz. Furthermore, the
FISTA35,36 was implemented to solve the optimization problems
in Eqs. (18) and (24).

Fig. 6 Images reconstructed from the agar phantom measurements
using (a) the half-time-based BP method, (b) the VDT-based BP
method, (c) the half-time-based iterative algorithm, and (d) the
VDT-based iterative algorithm. The white circle in (c) and (d) repre-
sents the boundary of the acoustic heterogeneity utilized by the
VDT-based reconstruction method. All the reconstructed pressure
values were mapped to the range [0, 1] prior to display.

Fig. 7 Images reconstructed from in vivomouse trunk measurements
using (a) the half-time-based BP method, (b) the VDT-based BP
method, (c) the half-time-based iterative algorithm, and (d) the
VDT-based iterative algorithm. The heart-shaped white contour circle
in (c) and (d) represents the boundary of the acoustic heterogeneity
utilized by the VDT-based reconstruction methods. The region of
interest delineated by white rectangular boxes in (a)–(d) is shown
in great detail in Fig. 8. All the reconstructed pressure values were
mapped to the range [0, 1] prior to display.
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5.3.2 Results

Images reconstructed using the half-time- and VDT-based BP
and iterative reconstruction methods are shown in Fig. 7. The
acoustically heterogeneous region is delineated by heart-shaped
contours in the images reconstructed using VDT-based methods.
To compare the performance of the VDT- and the half-time-
based reconstruction methods, we analyzed the differences in
the regions enclosed by white rectangular boxes in Fig. 7.
The zoomed-in delineated regions of Fig. 7 are shown in Fig. 8.

In Fig. 8, vessels of interest are marked by white arrows. In
the images reconstructed using half-time-based methods, even
though we observe the bifurcation of the lower part of the
main vessel, the top part of the main vessel is obscured [see
Figs. 8(a) and 8(c)]. However, in images reconstructed using
VDT-based reconstruction methods, as shown in Figs. 8(b)
and 8(d), in addition to the bifurcation of the main vessel,
the top part of the vessel along with a vessel branching off
from it is visible. The vessel branch and the main vessel are
marked by white arrows in Figs. 8(b) and 8(d).

When using half-time-based reconstruction methods, the
pressure signals reflected off and transmitted through the acous-
tic heterogeneity (spinal column) can interfere with PA signals
coming from the blood vessels, ultimately obscuring the blood
vessels in the reconstructed images. However, with the VDT-
based reconstruction methods, the pressure signals reflected
or transmitted through the acoustic heterogeneity are truncated.
Thus, certain features obscured in the images reconstructed
using half-time-based methods can be clearly seen in the images
reconstructed using VDT-based methods.

6 Conclusion
AVDT approach to PACT image reconstruction was proposed
and investigated. The performance of VDT- and half-time-based
reconstruction methods were compared using simulated and
experimental data sets. The PACT reconstruction methods

employed, the iterative and BP methods, were modified to
include data truncation strategies in their formulation. From
the results, the artifacts, due to acoustic heterogeneities, were
mitigated much more effectively in images reconstructed
using VDT-based methods as compared with the images recon-
structed using half-time-based methods. This improvement in
image quality was significant in the reconstructed mouse
trunk images, where we found that structures obscured in the
images reconstructed using half-time-based methods were vis-
ible in the images reconstructed using VDT-based methods.

However, if the size of the heterogeneity is large or if there
are multiple heterogeneities, the VDT-based approach can lead
to excessive temporal truncation of the data. For such cases, the
VDT-based methods may not perform better than the half-time-
based methods. The problem of multiple heterogeneities repre-
sents a topic for further study.
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