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We study the influence of limited-view scanning on the depth imaging of photoacoustic tomography. The situation,

in which absorbers are located at different depths with respect to the limited-view scanning trajectory, is called depth

imaging and is investigated in this paper. The results show that limited-view scanning causes the reconstructed intensity

of deep absorbers to be weaker than that of shallow ones and that deep absorbers will be invisible if the scanning range

is too small. The concept of effective scanning angle is proposed to analyse that phenomenon. We find that an effective

scanning angle can well predict the relationship between scanning angle and the intensity ratio of absorbers. In addition,

limited-view scanning is employed to improve image quality.
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1. Introduction

Photoacoustic tomography (PAT)!'~7] is a novel
imaging modality based on the photoacoustic effect.
In biomedical PAT, after irradiation by a non-ionizing
pulsed laser, biological tissues absorb optical energy,
and convert it into heat. The heat eventually leads to
transient thermoelastic expansion and wideband (e.g.
MHz) ultrasonic emission. This is the so-called pho-

toacoustic effect.8:9]

The generated ultrasound is then
detected by an ultrasonic transducer. From the de-
tected photoacoustic signals, the optical absorption
deposition inside tissues is finally reconstructed to
form an image.

PAT combines the advantages of both ultrasonic
and optical methods available in medical imaging.
Firstly, PAT can provide better contrast than ultra-
sonic imaging, because the primary contrast in PAT
is optical absorption, instead of acoustic impedance.
PAT is significantly effective for imaging physiologi-
cal properties which are closely associated with opti-
cal absorption, such as hemoglobin concentration and
oxygen saturation. Secondly, PAT can overcome the
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overwhelming scattering of light in biological tissues.
Since the scattering intensity of ultrasound is 2-3 or-
ders of magnitude weaker than that of optical waves,
PAT can provide higher spatial resolution for deep bio-
logical tissues (> 1.0 mm in depth) than optical imag-
ing. Thirdly, unlike ionizing X-ray radiation, the non-
ionizing wave used in PAT poses no health hazards.
Due to the advantages mentioned above, PAT has
aroused broad interest and has already been widely
applied in biomedical imaging, such as simultaneous
transcranial imaging of oxygen saturation and concen-
tration of hemoglobin,'® photoacoustic angiography

(1) and structural tomog-

12—14]

of the brains of rats in vivo,
raphy of the joints of animals and humans.!

Many previous studies on PAT concentrated on
full-view tomography,['>=17 which denotes that the
image is reconstructed from the whole photoacoustic
signals surrounding the region of interest. In other
words, the image is reconstructed from the signals col-
lected on a closed circle for two-dimensional cases or
on a closed sphere for three-dimensional cases. Unfor-

tunately, in practice, due to the scattering or reflec-
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tion of the complex structures in tissues, photoacous-
tic signals cannot always be completely collected from
all orientations. For example, the solid angle of detec-
tion for breasts is at most 27 in a hemisphere form.
Therefore, one has to face the problem of limited-
view tomography during the application of PAT. Due
to its practical importance, a great deal of attention
has been paid to obtain PAT from incomplete pho-
toacoustic data.['®=2! Tt has been found that for two
separated absorbers situated on a line parallel to the
scanning trajectory, incomplete data could make them
indiscriminate in the reconstructed image, thus de-
grading resolution.!®!

For full-view PAT, the photoacoustic signals are
collected on a closed curve or surface. The problem
that some areas are closer to the scanning trajectory
than other areas does not exist. However, for limited-
view PAT, the scanning trajectory is only a short arch
or line. As shown in Fig. 1, the solid arch denotes
limited-view scanning trajectory, and the two solid cir-
cles denoted as Sy and Sg represent absorbers. In this
case, the absorber Sy is closer to the trajectory than
the absorber Sg. Therefore, limited-view scanning re-
sults in the fact that the absorbers could be situated
at different depths with respect to the scanning tra-
jectory. This scenario is named depth imaging of PAT
in this study. To the best of our knowledge, until
now, the influence of limited-view scanning on depth
imaging has not been carefully examined in previous

works.
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Fig. 1. Schematic diagram of the numerical experiment
setup, where d. is the distance between the centers of the
absorbers.

In this study, numerical experiments based on the
finite element method (FEM) are used to simulate the

generation, propagation, and reception of the photoa-
coustic signals. The back-projection algorithm, which
has been widely applied in PAT, is used to reconstruct
the image from incomplete photoacoustic data. The
tomographies of absorbers located at different depths
are studied. This paper is organized as follows: in
Section 2, the setup of numerical experiments is in-
troduced and the back-projection reconstruction al-
gorithm is briefly reviewed. In Section 3, numerical
experiments based on FEM are implemented to inves-
tigate the influence of limited-view scanning on depth
imaging of PAT. Finally, the conclusion is drawn in

Section 4.

2. Methods

2.1. Numerical experimental setup

The setup of the numerical experiments is shown
in Fig. 1. A pair of optical absorbers are sur-
rounded by a non-absorbing and homogenous back-
ground medium. The two small solid circles repre-
sent the absorbers. The centers of the absorbers (Sy
and Sg) are located on the y axis, and they are sym-
metrical with respect to the x axis. The absorbers
The medium and the ab-
sorbers are assumed to have the same sound speed
(¢ = 1500 km/s) and density (p = 1000 kg/m?). The

relative absorption intensity A(r) of absorbers is 1.0,

are 1.0 mm in radius.

while A(7) of the medium is 0.0. A Gaussian pulse
with central frequency of 2 MHz is used to simulate
the initial pressure generated by the photoacoustic ef-
fect. The photoacoustic wave is detected by a small-
size transducer scanning along a circle (the big circle
in Fig. 1), with radius 7o = 12 mm. The solid arch
in Fig. 1 represents the actual limited-view scanning
trajectory. The trajectory is designated to be sym-
metrical with respect to the y axis. The generation,
propagation, and reception of the photoacoustic sig-
nals are simulated with the acoustics module in soft-
ware COMSOL 3.5.

The scanning angle 6, as shown in Fig. 1, is used
to quantify the angular range of the limited-view scan-
ning. Apparently, § = 27 denotes the full-view scan-
ning case, whereas 6 < 27 represents the limited-view

case.
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2.2. The back-projection reconstruction
algorithm

The back-projection reconstruction algorithm was
used to reconstruct the relative absorption intensity
distribution A(r). If the laser pulse is extremely nar-
row so that it can be approximate to a Dirac delta
function §(¢) and the detection of photoacoustic wave
satisfies the far-field condition krg > 1 (k is the wave
number and rg is the detection radius), A(r) can be
reconstructed using the following equation:

2
_ To } 8p (TOa t)
27 Bct #d%t ot

A(r) = (1)

t=|r—mrol|/c

where ¢ is the speed of sound, 3 is the isobaric vol-
ume expansion coefficient and p(ro,t) represents the
photoacoustic pressure recorded at spatial position rq
and time t. For a two-dimensional circular scanning,
Eq. (1) can be simplified to

2
_ T 109p(ro,t)
Alr) = 21 Bct f{ 4007 a1

In the limited-view case, the ultrasonic transducer

(2)

t=|r—ro|/c

cannot detect all the photoacoustic signals on a closed
curve or surface, so A(r) cannot be directly obtained
from Egs. (1) and (2) through an integral over a whole
sphere or circle. By assuming the data on unmeasured
view to be zero, the algorithm for full-view data can
be approximately extended to the limited-view case.
For the two-dimensional limited-view case, A(r) can

be approximated by

3 0 10p (ro,t)
A(r) ~ ——9 e
(r) 2mBct Jo, ot ot t=|r—ro|/c ®

The term Op(rg,t)/0t in Egs. (2) and (3) were

calculated through the Fourier transformation as
Op(rg,t)/0t =IFFT (iwp (ro,w) W (w)), (4)

where w is the angular frequency, p(rg,w) is the
Fourier transformation of p(rg,t), and IFFT denotes
the inverse Fourier transformation; W (w) is a Hanning
window function with an angular cutoff frequency we

as

C

w
0.5+0.5cos [ m— w| < we,
W (w) = <w) wisee )

0 else.
The low-pass window function above simulates the ef-

fect of the limited band of the realistic transducer.
The cutoff frequency f. = w./27 is 2.5 MHz.

From Egs. (2) and (3), we can see that the limited-
view PAT with a larger scanning angle gives a bet-
ter approximation of full-view PAT than that with a
smaller angle. However, it is yet unknown how the
scanning angle influences the quality of reconstruc-
tion. That is right what will be discussed in the next

section.

3. Results and discussion

FEM was used to simulate the generation and
propagation of the photoacoustic signals in biomedical
tissues. Numerical experiments based on FEM allow
researchers to precisely manipulate the experimental
setup, making it easy to study the quantitative re-
lationship between the scanning range and the image
quality and giving us a better insight into the physical
process of limited-view PAT.

Figure 2 shows the depth imaging with differ-
ent scanning angles, where the radii of absorbers are
rs = 1.0 mm and the distance between their centers
is de = 6.0 mm. Panel (a) presents the reconstructed
images with 6 = 27 (i.e. full-view PAT). In panel (b),
the scanning angle is # = 7. The incomplete data lead
to the distortion of the absorbers in the reconstructed
image. Moreover, the shallow absorber Sy is shown to
have stronger reconstructed intensity than the deep
absorber Sgp. The size of Sp appears to be smaller
than that of Sy. When 6 is decreased to 0.57, the
distortion becomes more severe. Sy becomes larger in
size, and Sg becomes smaller. The difference between
Sx and Sg is increased. When 6 = 0.257, Sy contin-
ues to be stretched and becomes bigger. The intensity
of Sy is smaller than the half-maximum value of Sy;
therefore, it looks like that Sy has disappeared in the
reconstructed image.

The above results show that a deep absorber can
have such a weak reconstructed intensity that it is ob-
scured by the shallow absorber, which is likely to cause
the disappearance of Sg, even if they are actually the
same in the original optical absorption property. The
disappearance of the deep absorber is called depth in-
visibility in this study. Note that acoustic and opti-
cal attenuations are both ignored in this simulation.
Limited-view scanning is the only reason for depth in-

visibility.
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Fig. 2. Depth imaging with different scanning angles: (a) 8 = 2w, (b) 6 =, (c) 8 = 0.57, (d) § = 0.257. The dashed

lines are the half-maximum contour lines.

To explain the phenomenon induced by limited-
view scanning and obtain a better understanding of
the above-mentioned numerical simulation, limited-
view imaging of the absorbers at different depths is
theoretically analysed in Fig. 3. Px and Pg represent
two point absorbers. Apparently, they are located at
different depths. The solid arch is the scanning or-
bit and 6 is the scanning angle. In Fig. 3, effective
scanning angle 6, is defined (O for shallow absorber
and O for deep absorber, respectively). Though the
scanning angle is the same for both of them, they have
different effective scanning angles, because of their dif-
ferent depths. Since Py is shallower than Pg, Py has
larger effective scanning angle than Pp. The detector
could collect about 0 /271 x 100% signals generated by
P, but x/27 x 100% signals by Py. Even if the same
amount of energy is given out from Pr and Py , the
actual energy received by the detector could be dif-
ferent due to their different effective scanning angles.
Therefore, the absorbers which have the same absorp-
tion coefficient but are located at different depths have
different reconstructed intensities. Based on the above
analysis, the reconstructed intensity ratio between Pp
and Py can be approximated by the following equa-

tion:
apbp(dr, 0)

n (dr,dx,0) = anOn(dn,0)’ (6)

where an and ap represent the absorption coefficients
of Py and Py, 0N and Oy are the effective scanning
angles of Py and Pp, dy and dp are the depths of
Px and P, respectively, and 6 is the scanning angle.
Obviously, the effective scanning angle can be calcu-
lated according to the geometric relationship between
the scanning angle and the depth of the absorbers,
as shown in Fig. 3. The effective scanning angle is a
function of scanning angle and depth.
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Fig. 3. Analysis of depth imaging, where Py and Pg are
a pair of point absorbers situated at different depths, and
dn and dp are the depths relative to the scanning surface.

For a full-view scanning case (8 = 2w), it has
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On = 0p = 2m. The ratio of the reconstructed inten-
sity of Py to that of Pr just depends on the ratio of
their original absorption coefficients and not on their
depths. However, for a limited-view case, Oy is always
greater that g, and a small scanning angle leads to
a large ratio Op/0n. Therefore, even though Py and
Pr have the same absorption coefficient, the recon-
structed intensity of Py turns out to be stronger than
that of PF

The predictions with Eq. (6) are compared with
the results of the numerical experiments. Figure 4(a)
gives the maximum intensity ratio n between the ab-
sorbers as a function of the scanning angle, where
de = 6.0 mm and r; = 1.0 mm. In general, the ra-
tio 1 increases with the scanning angle 6. As 6 ap-
proaches 27, 1 approaches the actual amplitude ratio
1.0. Figure 4(b) gives the relationship between 7 and
d., where 0 is fixed to be 0.57 and the d. value is
changed by moving Sp and Sy symmetrically toward
the origin or away from the origin along the y axis.
It shows that the maximum intensity ratio declines
with the increase of d. and that the deeper absorber
will disappear (n < 0.5) from the reconstructed image
when d; > 7.0 mm. The predictions from Eq. (6) are
also plotted in Fig. 4. The ratio between the effec-
tive scanning angles of the centers of the absorbers is
used to approximate to their maximum intensity ratio.
The predictions agree with the numerical results. It
is shown that the concept of effective scanning angle
can accurately explain the influence of limited-view
scanning on depth imaging.

In addition, Fig. 4(a) also indicates that for a
given scanning angle, the relative recovered intensity
of the deep absorber decreases with the depth. There-
fore, it is expected that the deeper absorber would be
invisible (n < 0.5) when it is deep enough relative to
the shallow absorber. The above results suggest that
there exists a visible depth d, (relative to the shal-
low absorber) for a given scanning angle. When the
depth is larger than d, the deeper absorber could be
obscured by the shallower absorber. In other words,
to image the absorbers in a given depth, the scanning
angle must be larger than a certain angle. Otherwise,
the strong shallow image could make the week deep
absorber invisible in the image. Figure 5 illustrates
the relationship between the visible depth d, and the
scanning angle 0. d, is defined as the minimum dis-
tance between the centers of the absorbers to guar-
antee n > 0.5. It can be seen that the visible depth
generally increases with the scanning angle. When the
scanning angle is 0.287, the visible depth is only about
6.0 mm.
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Fig. 4. (a) The maximum reconstructed intensity ratio be-
tween the two absorbers with different scanning angles, and an
approximation to it with the effective scanning angle method.
The distance between the centers of absorbers is d. = 6 mm.
(b) The maximum reconstructed intensity ratio between ab-
sorbers by altering d., and an approximation to it with the
effective angle method. The scanning angle is 0.57.
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Fig. 5. The relationship between the visible depth d, and
the scanning angle 6.

Finally, a modified reconstruction based on the ef-
fective scanning angle is proposed to address the invis-
ibility problem induced by limited-view scanning. It
has been shown that the reconstructed intensity ratio
of absorbers in different depths can be approximated
by their effective scanning angles. Therefore, the in-
tensity difference produced by limited-view scanning
can be corrected by multiplying 1/6, in Eq. (3), that
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where 6, is the effective scanning angle of recon-
structed position, which can be calculated accord-

ing to Fig. 3. To show the efficiency of the pro-
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posed method, the result is provided in Fig. 6. Com-
pared with the result of directly using back-projection
method (presented in Fig. 6(a)), the correction with
effective scanning angle could strengthen the intensity
of the deep absorber and reveal it in image. In partic-
ular, in Fig. 6(b), the intensities of the two absorbers
are nearly the same, which reflects the actual absorp-
tion distribution.
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Fig. 6. Comparison between (a) the back-projection method and (b) the proposed method. The dashed lines

are the half-maximum contour lines.

4. Conclusion

The influence of limited-view scanning on depth
imaging of PAT is quantitatively investigated in this
study. When absorbers are located at different depths,
incomplete data due to limited-view scanning make
the reconstructed intensity of the deep absorber al-
ways weaker than that of the shallow one, resulting in
the likelihood that the deep absorber will disappear
from the reconstructed image. It is likely to induce
the invisibility of the deeper absorber in PAT, if the
scanning angle is too small. The invisibility of the
deep absorber is not due to the attenuation of acous-
tic signals during propagation, but due to limited-view
scanning. The concept of effective scanning angle suc-
cessfully explains this phenomenon found in our nu-
merical experiments. Finally, we propose a modified
reconstruction method, which effectively improves the
image quality with limited-view scanning. The quan-
titative results and the modified method could help
devise limited-view scanning trajectory and improve
the quality of limited-view reconstruction.
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