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An iterative adaptive weighted filtered backprojection (FBP) approach was applied to our photoacoustic
imaging (PAI) of the optical absorption in biological tissues from limited-view data. By using an image-
based adaptive weighted PAI reconstruction, we can modify the defect of the artifacts degrading the
quality of the image. Results of numerical simulations demonstrated that the proposed algorithm
was superior to FBP in terms of both accuracy and robustness to noise. Reconstructed images of biological
tissues agreed well with the structures of the samples. The resolution of the PAI system with the
proposed method was experimentally demonstrated to be better than 0.14 mm. By using the proposed
method, the imaging quality of the PAI system can be improved. © 2013 Optical Society of America
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1. Introduction

Photoacoustic imaging (PAI) combining strong
optical contrast and high ultrasonic resolution in a
single modality has great potential for a wide range
of biomedical imaging applications [1], including
vessel imaging, cancer detection, and brain imaging
[2—4]. Many algorithms have been developed in both
the frequency domain and time domain to exactly or
approximately reconstruct the image with full-view
detection [5]. A limiting factor for these algorithms
is the great number of measurements made with
transducers, implying long acquisition times. In
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addition, due to the scattering or reflection of the
complex structures in tissues, it is almost impossible
to collect the signals from all directions in many
practices.

To satisfy the needs of a clinical diagnosis, sparse
data techniques for limiting the number of views
have been developed [6-15]. Generally, iterative
reconstruction algorithms can substantially reduce
the number of measurement angles required [6-9].
An image can be reconstructed from far fewer mea-
surements than what the Shannon sampling theory
requires if the image is sparse or can be compressed
[10-12]. Another approach is to apply analytical
methods to expand the data set by extrapolation
of the missing data from the reference data set
[13-15]. All of these methods provide the opportunity
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for accurate image reconstruction from incomplete
measurement data.

In this study, inspired by the effective scanning an-
gle [16,17] and the adaptive iterative reconstruction
in computed tomography (CT) [18,19], we derived an
iterative adaptive weighted reconstruction scheme
for improving image quality in limited-view PAI.
The proposed method can compensate for artifacts
due to the nonexactness of the backprojection and
improve the reconstructed intensity error problem
with a limited-view scanning trajectory. During the
reconstruction, the effective scanning angle weighted
filtered backprojection (FBP) method was used to
reconstruct an initial image of the energy depo-
sition. For compensation of the nonexactness of
backprojection, the difference between the practical
signals and the image-based weighted calculated
signals was used to update the correction image in
each iteration step [20]. We call this combined itera-
tive reconstruction scheme the iterative adaptive
weighted FBP (IAWFBP) approach. This method
can reduce artifacts and yield better results with
incomplete data and noisy data that reduce the ex-
actness and stability of the reconstruction.

The organization of this paper is as follows.
Section 2 introduces the proposed IAWFBP approach
briefly. In Section 3, besides the numerical simula-
tions of image reconstruction, we also conducted
experimental measurements on biological tissues
and applied the proposed method to the obtained
data. The final section presents our conclusions.

2. Methods and Materials

A. lterative Adaptive Weighted Filtered Backprojection
Method

In this section, we will present the IAWFBP method
for the limited-view PAI image reconstruction. Here
we assume that the tissue for imaging is acoustically
homogeneous, so the effect of heat conduction in
the photoacoustic wave equations can be ignored.
Then the acoustic pressure p(ry,t) can be obtained
by using Green’s function, providing the forward
problem [21]
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where p(rg,t) is the acoustic pressure wave at posi-
tion ry and time ¢; ¢ is the sound speed; g is the ther-
mal expansion coefficient; C, is the specific heat; A(r)
is the absorbed energy deposition; and I(¢') is the
temporal profile. For two-dimensional circular scan-
ning, the PAI inverse problem of Eq. (1) is to recover
A(r) from the measurements of the pressure p(ry,t)
detected by a transducer [22]:
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To numerically model the above forward and inverse
problems, we used vector x to represent A(r) and
vector y to represent p(ry.t). Then, the exact for-
ward problem can be described as y = ®x, and the
exact reconstruction formula can be written as
Ydyx = x, where ¥ represents the exact backprojec-
tion operator.

In much actual biological tissue imaging, only the
noisy photoacoustic signals can be detected in a
limited view. ®@ is an ill-conditioned matrix, which
means ¥ # ®1. Thus we cannot obtain an exact
image. For the two-dimensional incomplete case by
using the weighted effective scanning angle, the
algorithm for full-view data can be approximately ex-
tended to the limited-view case. The reconstructed
intensity error problem induced by the limited view
can be improved [16,17]:

136G, /92 48
271',304 0,

where 0, and 0, are, respectively, the minimum and
maximum angle of the signal acquisition position; 6,
is the effective scanning angle of the reconstructed
position. Based on Eq. (3), we used the proposed
method to compensate for the nonexactness of the
backprojection.

The IAWFBP algorithm is designed to reconstruct
the absorbed energy deposition by minimizing the
error between the practical image and the recon-
structed image. First, an initial image x, was
reconstructed by the weighted FBP method. To com-
pensate the difference between the initial image
and the practical image, based on the image x,, a
weighted parameter
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was used to correct the differences between the
measured signals y and computed signals ®x,. We
obtained the correction image Ax; from the
differences between y and 1;®x,. The updated step
is given by

X1 = X + alxy = xg + aP(y — 11 Dxy). (5)

In practice, it might be wise to employ only a fraction
a € (0,1) of the full values of the correction image
Axq, and this condition assumption is useful to pre-
vent overcorrection. By using an image-based adap-
tive weighted

_ max(y) — min(y)

© ™ max(x;) — min(x;)

(6)

in the calculation of an error correction image at each
iteration step, the recursion expression is as follows:



X = X1+ Ax; = x; + a¥(y - 4D, ),
1=1,2,---. @)

The reciprocal of the number of elements was used to
represent a weighting factor in the conventional iter-
ative reconstruction algorithm [23,24]. In this study,
we used an image-based adaptive weight parameter
A; to correct the differences between the measured
signals and the computed signals. No normalization
with the number of elements was used, and conse-
quently no energy conservation was obtained with
the reconstruction. However, the error between the
measured signals y and computed signals A,®Px,
became smaller with repeated iterations until the
image converged. This is the main difference with
the conventional iterative algorithm.

We have not been able to give a formal proof that
such projection signals are useful. If the system con-
verges, the difference between the practical image
and the reconstructed image should become smaller
and smaller for each iteration. In this paper, the nor-
malized mean absolute error (NMAE) that is most
sensitive to distortion artifacts is defined as

6; = |lx; — xll2/llxll2- (8)

The best algorithm will have a minimum value of
NMAE. The iterative process will stop when a de-
sired minimum NMAE has been achieved, and then
the reconstruction results will be output.

B. Imaging System

The schematic of the experimental setup is shown in
Fig. 1, where a laboratory coordinate system [x,y, z] is
also depicted. A @-switched Nd:YAG loaser operated
at 532 nm with repetition rate at 10 Hz was used as
the light source. The laser beam was expanded and
homogenized to provide an incident energy density of
<20 mJ/cm?. An unfocused needle hydrophone
(Precision Acoustics Ltd.) with a diameter of 1 mm
and frequency response of 500 kHz-15 MHz was
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Experimental setup for PAI signal detection.

Fig. 1.

controlled by a high-precision stepping motor to scan
around the sample in a circular manner in the
horizontal x—y plane for photoacoustic signal acquis-
ition. The distance between the transducer and the
rotation center was 45 mm. At each detection posi-
tion, the PAI signals were first amplified through a
pulse amplifier, then recorded and averaged 50 times
by a digital oscilloscope (MSO4000B, Tektronix),
and finally transferred to a personal computer for
subsequent data processing and imaging.

3. Results

A. Limited-view Numerical Simulations

The numerical simulation was used to evaluate the
above algorithm. The simulation samples of four
cylinders composed of uniform disks possessing dif-
ferent gray levels, radii, and locations were used as
the given initial energy deposition (Table 1). The
simulated acoustic wave was calculated according
to Eq. (1). In the simulations, the radius of the detec-
tion circle was 30 mm, the imaged field measuring
21 mm x 21 mm was mapped with a 256 x 256 mesh,
and the center of S1 was positioned at the origin of
the circle of detection.

Images reconstructed with the FBP method, the
algebraic reconstruction technique-FBP (ART-FBP)
[25,26] method, and the IAWFBP method from
limited-angle data are displayed in the first, second,
and third rows of Fig. 2, respectively. One can see
that there are serious artifacts and blurs in the first
row. These artifacts will limit the spatial resolution
and degrade image contrast. By using the ART-FBP
method, the artifacts of FBP can be reduced effec-
tively and the quality of the reconstructed image
can be improved greatly. There are fewer artifacts
and blurs in the image reconstructed by the IAWFBP
method. By adopting a more accurate model, the
proposed method can effectively suppress streak
artifacts in the background and improve the detailed
information of the reconstruction.

The first column of Fig. 2 was reconstructed with
data collected from 30 positions over 90° in the first
quadrant. Since the detection view is insufficient,
one can identify that the parts of the inclusion
boundaries in the second and fourth quadrants are
affected and distorted. This result is in agreement
with the theoretical prediction in [6]. The second
and third columns employed the data collected from
60 detectors over 135° and 120 detectors over 180°.
Notice that the quality of images in these two rows
is much better. All the boundaries of the inclusions
in the chord are sharply reconstructed. Images

Table 1. Analytical Circles Numerical Phantom Parameters

Target Center location (mm) Radius (mm) Absorption (AU)

S1 (0,0) 10 0.3
S2 (-3.3) 1 05
S3 (3,3) 1 0.75
S4 (0,-3) 15 1
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Images reconstructed from simulated data corresponding to the numerical phantom using (a) 30 detectors over 90°, with FBP;

(b) 60 detectors over 135°, with FBP; (c) 120 detectors over 180°, with FBP; (d) 240 detectors over 360°, with FBP; (e) 30 detectors over 90°,
with ART-FBP; () 60 detectors over 135°, with ART-FBP; (g) 120 detectors over 180°, with ART-FBP; (h) 240 detectors over 360°, with ART-
FBP; (i) 30 detectors over 90°, with IAWFBP; (j) 60 detectors over 135°, with IAWFBP; (k) 120 detectors over 180°, with IAWFBP; (1), 240

detectors over 360°, with IAWFBP.

reconstructed from the full-view data using the
three methods are displayed in the last column
of Fig. 2.

To demonstrate the accuracy of the IAWFBP algo-
rithm, with a different total number of detection po-
sitions, the NMAESs between the original image and
the reconstructed images were calculated and are
shown in Fig. 3(a). Compared with the FBP method
and the ART-FBP method, the proposed method
has greater improvement in calculation accuracy.
In addition, NMAE decreases especially when there
are fewer detection positions. It seems that 60 detec-
tion positions are more than enough for good
reconstruction when the scanning angle is 180°. To
demonstrate the robustness to noise of the IAWFBP
algorithm, photoacoustic signals were polluted with
various levels of white Gaussian noise. Figure 3(b)
displays the tendency chart of the NMAES in recon-
structed images with the JAWFBP method under
three conditions. From Fig. 3(b) we can conclude
that the proposed method is robust to inaccurate
measurements.
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B. PAI of the Phantom

In the first experiment, a cylindrical turbid phantom
made of a mixture with 1% intralipid, 6% gelatin,
and 93% water was used to simulate biological
tissues. The phantom shown in Fig. 4(a) contained
two graphite rods with the same radius r =
0.25 mm. The targets were buried in the cylindrical
phantom at a depth of 4 mm, and the distance be-
tween them was 3.5 mm. The induced photoacoustic
waves were captured at 120 positions over 360°. In
real experiments, we did not know the true image,
so the iterative stop criteria

e; = |lx; = x;1llz/llxill2 <e, @
was taken.

Images reconstructed from limited-view data and
full-view data of the phantom are shown in the first
and second rows of Fig. 4, respectively. As expected,
reconstructions with the FBP method contain many
artifacts and distortions, and those artifacts are
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Fig. 3. Reconstruction NMAE (a) from 180° with a different total number of detection positions and (b) from 60 detectors over 180° noisy

observation with different SNR.

reduced when using the ART-FBP method, while the
image reconstructed with the TAWFBP approach
provides high-quality images.

To evaluate the spatial resolution of the
reconstruction images with the IAWFBP algorithm,
a reconstructed normalization line profile at position
y = 10.52 mm of the image in Fig. 4(f) is shown in
Fig. 5. According to the Rayleigh criterion [27,28],
the minimum distinguishable distance between two
graphite absorbers is approximately R = |BC|+
|DE| — 2r. The detectable frequency band of the trans-
ducer was from 5 KHz to 15 MHz. With a lower cutoff
frequency the spatial resolution of the detector
system became lower, and only the signal with a
sufficiently high frequency could restore good spatial
resolution. A modified ramp filter with a cutoff fre-
quency of 6 MHz was our choice in the reconstruction.
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Therefore, the estimated highest spatial resolution
was 0. 125 mm. The result in Fig. 5 shows that with
the JAWFBP algorithm we can achieve a spatial
resolution of 0.14 mm.

C. PAI of Biological Tissues

In the biological tissue experiment, three circles of
pork liver slices buried 3 mm deep in the fresh pork
fat slab were adopted as the adsorption objects. The
pork liver slices had a thickness of about 1 mm and
diameter of about 1 mm in the imaging plane, respec-
tively. We used 1.5 mm/ps as the estimated sound
velocity in soft tissues. With a scanning radius of
45 mm, photoacoustic data were collected around the
sample over a 2z angular span with 120 steps. Image
reconstruction utilized the IAWFBP algorithm de-
scribed in Eq. (7).
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Fig. 4. Reconstructed photoacoustic images based on few-detector data. (a) 60 detectors over 180°, with FBP. The insert at the top-right
corner is the photograph of the phantom. (b) 60 detectors over 180°, with ART-FBP. (c¢) 60 detectors over 180°, with JAWFBP. (d) 120
detectors over 360°, with FBP. (e) 120 detectors over 360°, with ART-FBP. (f) 120 detectors over 360°, with IAWFBP.
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Fig. 5. Center line profile of the reconstructed image shown in
Fig. 4(f) with y = 10.52 mm.

Figures 6(a)-6(c) show the images reconstructed
using the FBP method, the ART-FBP method, and
the TAWFBP method, respectively, with limited-
view data from 60 detectors over 180°. We can see
serious intensity fluctuations around the pork livers,
which come mainly from the photoacoustic signals
generated in the background pork fat tissues. By
comparing those three images, one can find that con-
siderably improved images were reconstructed using
the IAWFBP approach. All boundaries of the pork
livers in Fig. 6(c) were sharper, and the quality of
the reconstruction was satisfactory.

Figures 6(d) through 6(f) display the reconstruc-
tions using the FBP method, the ART-FBP method,
and the IJAWFBP method, respectively, with data
from 120 detectors over 360°. Based on our PAI

system as well as the IAWFBP reconstruction algo-
rithm, the full-view data reconstruction shown in
Fig. 6(f) is almost perfect. The highly absorbing pork
livers in the pork fat with comparatively low absorp-
tion were well localized. The shapes and sizes of the
three pork livers were imaged well compared with the
picture of the biological tissues. Because both the pork
livers and fat are soft biological tissues, the shapes of
the pork livers in Fig. 6(f) have minor discrepancies
with those appearing in the photographs. However,
their relative positions were not altered.

4. Discussion and Conclusion

An iterative adaptive weighted algorithm has been
applied to reconstruct the deposition of optical ab-
sorbed energy from pressure signals detected in a lim-
ited view. The major advantage of this method is that
it can greatly reduce the artifacts and associated blurs
caused by the iteration process in the case that data
sets are incomplete or noisy. By comparing Figs. 6(c)
and 6(f), the quality of the images reconstructed
from incomplete data is comparable with that from
full-view data. Scanning a smaller range has the
advantage of reducing the scanning time or the size
of the acoustic transducer array. However, due to a
limited view, artifacts and blurs still appear in the
reconstruction. It is worth mentioning that the
reconstruction time for a 256 x 256 grid using the pro-
posed method is several minutes, which is one limita-
tion of the proposed method. The calculation time
would be decreased greatly by using a regularization-
based PAI algorithm [29]. The relatively long scan-
ning time is still one limitation of this system. By
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Fig. 6. PAI of three slices of pork livers that were buried 3 mm deep in a pork fat slab. (a) 60 detectors over 180°, with FBP. The insert at
the top-right corner is the picture of the imaged biological tissues. (b) 60 detectors over 180°, with ART-FBP. (c) 60 detectors over 180°, with
TAWFBP. (d) 120 detectors over 360°, with FBP. (e) 120 detectors over 360°, with ART-FBP. (f) 120 detectors over 360°, with IAWFBP.
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using a multielement transducer array along with
higher pulse-repetition-rate multispectral lasers, the
scanning time can be reduced greatly [30].

In summary, we have presented a feasibility study
on the application of an IAWFBP algorithm to recon-
struct photoacoustic images with limited-view data.
The experiments and simulations demonstrated
that the IAWFBP approach can improve the accuracy
and contrast of the reconstruction images compared
with the FBP method. Reconstructed images of two
graphite rods embedded in a turbid phantom and
three pork livers buried in a pork fat slab agree well
with the pictures of the samples. The NMAE calcu-
lation also denoted that the IAWFBP algorithm has
an advantage in accuracy. Therefore, it can be a
promising candidate for resolving the limited-view
PAT problem.
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