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Most photoacoustic computed tomography (PACT) systems usually ignore the anisotropy of the tissue absorption
coefficient, which will lead to the lack of information in reconstructed images. In this work, the effect is
addressed of the possible optical absorption anisotropy of tissue on PACT images. The functional relationship is
derived between the photoacoustic response and the polarization angle of the excitation light. An adaptive
polarized light photoacoustic imaging (AP-PACT) approach is proposed and shown to make up for the lack of
imaging information and achieve optimal image contrast when imaging samples with anisotropic optical ab-
sorption, by utilizing the standard deviation of photoacoustic response as the feedback signal in an adaptive data
acquisition process. The method is implemented both on phantom and in vitro experiments, which show that AP-
PACT can recover anisotropic absorption-related information from reconstructed images and thus significantly

improve their quality.

1. Introduction

Photoacoustic computed tomography (PACT) combines the advan-
tages of optical imaging with high contrast and low scattering ultra-
sound imaging and utilizes the absorption of light by tissues to realize
deep imaging with a high spatial resolution of biological tissues [1-3].
At present, most PACT systems ignore the possible dependence of the
optical absorption of tissues on the polarization state of the excitation
light and use non-polarized light or light with unknown polarization to
excite photoacoustic (PA) signals. However, optical absorption anisot-
ropy is a characteristic that exists in many biological tissues [4-6]. It is
often closely related to the structural and functional properties of sam-
ples like the fiber bundle structure of muscles [7] and the tubular
microstructure of dentin [8]. Hence, variations in the polarization of the
excitation light that reaches different regions, caused by to uncontrolled
light source polarization or scattering-induced polarization changes,
may lead to artifacts and information loss in PACT images [9].

Contrary to optical imaging and characterization methods of bio-
logical tissues, where effects of optical anisotropy have been
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investigated both theoretically and experimentally [4,10,11], studies on
their impact on conventional PACT are scarce. The concept of
polarization-sensitive photoacoustic tomography was first proposed by
Razansky et al. [12]. In their experimental work, anisotropic effects in
photoacoustic signals were detected in diffusive media. Since their
work, several studies addressing the anisotropic absorption of tissues, e.
g. to visualize the anisotropy of the target, have been reported [13-17].
A dichroism-sensitive PACT method was proposed by Qu et al. [13],
which can determine the orientation of the optical axis of uniaxial
dichroic tissues. In this method, the Fourier transform of PA amplitude is
calculated pixel by pixel by locking the polarization modulation fre-
quency. The amount of calculation is extremely large and uneven im-
aging may be caused.

Also polarized optical resolution photoacoustic microscopy (OR-
PAM) has been implemented to visualize the anisotropy of samples
[14-16]. Hu et al. [14] applied polarized light to OR-PAM for the first
time; Zhang et al. [15] proposed an imaging method that can quantify
the anisotropy of the target; Zhou et al. [16] divided a laser beam into
three beams, so that linear dichroism could be measured in a single shot.
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However, compared to PACT, OR-PAM imaging mode has the limita-
tions of a small field of view, shallow imaging depth, and slow imaging
speed. In a word, the reported photoacoustic imaging based on anisot-
ropy is an extension of photoacoustic imaging, which does not solve the
problem of imaging information loss. Furthermore, to date there is no
comprehensive theoretical description of polarization PA imaging.

In this work, we address the above mentioned issues. First, we derive
a general theoretical model of PA response for a given polarization angle
of the excitation light from the Maxwell equations. Next, we propose an
adaptive polarization PACT (AP-PACT) method. The method use the
standard deviation (op) value of the PA signals as feedback signal, which
can optimize the quality of PA signals in real-time and compensates for
the possible information loss of the orientation of the optical axis in
optically anisotropic samples, thus avoids the degradation of images that
occurs in conventional PACT by ignoring the orientation of the optical
axis in tissue. Finally, the method is verified in vitro by imaging chicken
heart tissue and bovine tendon tissue embedded in a scattering medium.

2. Method

2.1. Optical absorption and photoacoustic signals in an optically
anisotropic medium

It is well known that in an isotropic medium, the electric displace-
ment D, the electric field E, and the dielectric constant ¢ obey the
relation D = ¢E. In this paper, an anisotropy homogeneous medium is
considered, in which each component of D is linearly related to the
different components of E.

D, = eE; +¢,E, + eE;
Dy = e E, + e, Ey + & E: (€]
Dz = ez)rEx + 6‘2}'E,\' + élzzEz

where the nine quantities &y, €xy, ..., &, are constants of the medium,
and constitute the dielectric tensor; thus the vector D is the product of
this tensor with E.

For simplicity, we assume a system of coordinate axes coincident
with the principal dielectric axes. Eq. (1) is then induced to the simpler
Eq. (2).

D, =¢&E, , Dy=¢kE, , D, =¢kE; ()]

Where &, &, €, are the principal dielectric constants. Eq. (2) indicates
that in general the vectors D and E in an anisotropic medium have
different directions, unless E is oriented along one of the principal axes.

Two of Maxwell’s equations in differential form, for a region that
does not carry currents are

VxHJLDzo,vXEJra—B:o 3)
ot ot

where in the frequency domain the operation d/dt is equivalent to
multiplication by — iw, while the Hamilton operator V is equivalent to
multiplication by iwns,/c (w = 27v is the angular frequency, c/n is the
speed of sound in the medium in the direction of the unit wave-normal
s). c is the speed of light in a vacuum and n is the refractive index. Then,
Eq. (3) becomes

ns x H= —D,ns x E=uH (@)

with B = uyH. B, H and i, are the magnetic flux density, the magnetic
field vector and the permeability of vacuum, respectively. Eliminating H
between Eq. (4) and using the well-known vector identity [a x (b x ¢) =
(a-c)b — (a-b)cl, we obtain

2 2

n n
p=-" E)="[E_(seE 5
ﬂ0s>< (s x E) Mo[ (seE)s] 5)

Substitution Eq. (2) into D(Dy,D,,D;) in Eq. (5) gives
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HoexEx = i [Ex — (E-s)si ], (k = x,y,2) (6)

As the set of equations in E,, E,, E, in Eq. (6) is linear and homoge-
neous, it can be satisfied by non-zero values of these components only if
the associated determinant vanishes. This implies that a certain relation
must be satisfied by the refractive index n, the vector s(sy, s, ;) and the
principal dielectric constants &, &y, &;. This relation may be derived by
rewriting Eq. (6) as follows:

_ n?si(E-s)

E; 3
ne = Ho€y

@)

Multiplying it by s; and adding the resulting three equations (k = x,y,
2); dividing the expression which then results by the common factor E-s,
we obtain

2 2 2 1

s Sy s,
2 . * T sy ®
n? — po€, n?—pse, n

n% — pioé,

This equation may be expressed in a slightly different form. We
multiply both sides by n* and subtract s> + s, + 5,2 = 1. Next, we
multiply the resulting expression by —n? and find that

=0 ©)

We define three principal velocities of propagation by the formulae.
Note that v,, v, and v, are not components of a vector and are defined
only with reference to the principal axes of the medium.

c c c
Vy = s Ve = > Vx
When the expression v, = c¢/n is used for the phase velocity v, of the

electromagnetic wave, then by substituting Eq. (10) into Eq. (9), we
obtain

52 (v,,2 -

(10)

02 (7 = 02) 457002 ) (57 v +

sz2 (vp2 — vxz) (vp2 — vyz) =0 an

In our study, the media are assumed to be uniaxial, with their optical
axes in the z-direction, v, =v,. Letv, denote the common velocity and v,
in place of v,, thus Eq. (11) is induced to

(32 ) (52 57) (4 -

Let 9 denote the angle that the wave normal s makes with the z-axis;

v )+ (vt =) ] =0 (12)

then 5,2 + 5,2 = sin*9 , 5,2 = cos?9, and Eq. (12) becomes
(vp? = vo?) [(> —ve?)sin®9 + (v,” —v,%)cos?8] =0 (13)
The two roots of this equation (v'p and v; say) are given by

.
2
v, = V2

. a4
v, = v,2c0s%9 + v,2sin’Y

Taking into account the absorption of uniaxial anisotropic media, the
form of Eq. (14) is converted into
v =9,
, @s)
=7,2cos’® + 7, sin’

=),

P

For simplicity of calculation, the second power of the attenuation
index x may be neglected in comparison with unity. We may therefore
write

B, = v, (1 —ix)and?,” = v,2(1 — 2ix) 16)

According to Eq. (15) and Eq. (16), we obtain



Y. Zhang et al.

(@)

Lens

ens
HWP-1

(5/’ (~ PBS

(2

Photoacoustics 32 (2023) 100543

| Water LPL
E ))) PA wave

= Phantom|

Laser w 0
Pinhole EN . ( Mirror
-~ - .
» - * :
PD HWP-2

___6_____
0

Motorized ~
o ' 2 ™
rotating stage-1 V3
—> — ¢° (0. 20....180) \ ~/ \
Computer Median of g5 Holder

120° [ =] CL - S EEE EE S S S S .

4 C180° © e e e -
Scanning position of UT Motorized | I
. rotating stage-2 B I
Oscilloscope | [
: I
o | I . :
Amplifier | 1 | \\ > a I
| P I 1 - I

X ' 1 = -~
i : \ I
UT & I
Z Water tank I

Fig. 1. System schematic of AP-PACT. (a) Experimental system diagram. Radar chart: The computer calculates the 10 op values (green) and their median value
(orange) in real time. HWP: half-wave plate; PBS: polarization beam splitter; PD: photodiode; CL: concave lens; UT: ultrasonic transducer. (b) In conventional PACT,
the UT collect PA signals excited by polarized light in the same direction at each position (0-360° in steps of 1°). LPL: linearly polarized light; PA: photoacoustic. (c)
In the proposed approach (AP-PACT) (a and c), for each UT orientation, PA signals are adaptively collected, according to the op value of PA signals excited by 10

different polarization angles.

v (1= 2ik,) = v,*(1 — 2ik,)cos*d +v,*(1 — 2ik,)sin’9 an
Eq. (17) can be decomposed into the following two factors.

w2 .
VT =v,%c082d +v,2sin%9, k| vp = K,V 2089 + K, v, 2sin’9 (18)

r s Kp

According to the propagation property of wave in a conductor: a =
2nkw/c, where a is the absorption coefficient, by substituting it into Eq.
(18), we obtain

3 03
a, = a,,‘coszﬁ +ae—sm 9 (19)
”4

In Eq.(19) a,is the absorption coefficient for light polarized
perpendicular to the optical axis of the tissue material while «, is the one
for light polarized parallel with the optical axis.

In PACT, the PA amplitude po(7,) can be represented as the
product of the optical absorption coefficient a(7, ) of the biological
tissue and the local light fluence F(7,¢) [17].

(7, @)xa(7, 0)F (T, ) (20

where 7 is the spatial position and ¢ represents the polarization angle of
excitation light.
Substituting Eq. (19) into Eq. (20) yields

np3(7>7 ?)

1o3(7) cos’ (9 —8(77) ) +

Po(7 p)ex| ao(T)

(P0G 8(7)) | (7, 0) @

Since the refractive index of changes very weakly in many aniso-

tropic tissues, we assume here that n,(7,¢) ~no(7) ~n,(7) and

F(T,9) =~ F(T'), Eq. (21) is reduced to
po(7, )x a(7) ;—ae( r) + %(7) ; (" )0052((/)719(?)) F(7)

(22)

Clearly, the local PA signal magnitude depends on the angle between
the electric field vector and the local optical axis. However, for aniso-
tropic tissues, it is difficult to directly detect the polarization informa-
tion of tissues because the excitation light gets depolarized as it
penetrates deeper (see Supplementary information). Therefore, we
propose to use the standard deviation value (op) of PA signal to construct
the relationship between the polarization angle of excitation light and
PA response.

Z, \[pa(To. 11, 0) — Pd(7o71a<ﬂ)}2 (23)

N, —1

Where py is the detected PA signal, p; is the average of py, N; is the
number of samples in a PA time-domain response. Here, the sampling
time was 16 ns and N; = 4000.

2.2. AP-PACT approach

Fig. 1(a) shows the scheme of the proposed AP-PACT system, which
consists of three major subsystems: an optical system, an adaptive data
acquisition system, and an image reconstruction system.

The optical system is composed of a laser system and a beam-shaping
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Fig. 2. Influence of polarization orientation on reconstruct image. (a) Photograph of the phantom. (b) Experimentally obtained PA images obtained for 10 polar-
ization angles. (c) PA image magnitude values of the reconstructed PA image versus polarization angle at locations A and B, and best fitting sinusoidal curves.

system. A 532 nm wavelength pulsed laser (TINY-200L, Grace; 10 Hz
repetition rate and 5 ns pulse width) was used as optical excitation
source. The laser beam was first spatially filtered and expanded by a
pinhole and two lenses. The expanded beam passed through a half-wave
plate-1 (HWP-1) and a polarizing beam splitter. By rotating the HWP-1,
the laser energy delivered to the object could be adjusted. After passing
through the PBS, a small fraction of the energy beam was reflected onto
a photodiode to monitor the laser intensity, and after passing through a
rotating mirror, the other beam was sent through half-wave plate-2
(HWP-2) to rotate the initially vertical polarization to a desired orien-
tation. A concave lens then expanded the incident light to a diameter of
~ 2.5 cm onto the sample surface.

The adaptive data acquisition system consisted of an adaptive
polarization-rotating light stage (consisting of an HWP-2 fixed on the
motorized rotating stage-1), an ultrasound transducer (fixed on the
motorized rotating stage-2) and a data acquisition system. The motor-
ized rotating stage-1 rotated the HWP-2 so that the polarization angle of
the excitation light before entering the scattering medium was scanned
from 0° to 180° in 10 steps of 20°. Here the PA signal was detected by a
modified ultrasonic transducer (Doppler Inc., 10 mm element size,
5 MHz central frequency, and 79 % bandwidth at — 6 dB) with a
diameter of 2 mm on the receiving surface to increase the receiving
angle of the PA signal [18]. The signal was amplified by a 26 dB
low-noise pre-amplifier (ZFL-500LN, Mini-Circuits) and recorded by an
oscilloscope (MSO46, Tektronix), which transferred the digitized signal
to a personal computer (PC).

In the radar chart in Fig. 1(a), the 10 green curves represent the
calculated op values. The orange curve represents the median op values.
In conventional PACT, the ultrasonic transducer (UT) collects PA waves
generated for a fixed polarization direction of the excitation light, as
shown in Fig. 1(b). With the proposed AP-PACT method, the UT adap-
tively selects (AS) the PA signals corresponding to the median op value
for each scanning position, as shown in Fig. 1(c).

The image reconstruction was done by a filtered back-projection
algorithm [17] applied on the AS-signals. The laser and the adaptive
data acquisition system were automatically controlled by a PC using
LabVIEW 2018 software.

Fig. 2(b) shows reconstructed images obtained for 10 different po-
larization angles of the excitation light for a sample (Fig. 2(a)) consisting
of polarizing sheets with different orientations of optical absorption
axis. It is worth noting that the conventional PACT ignores the difference

of polarized light absorption by anisotropic tissues in different optical
axis directions, which leads to that not every image completely shows
five targets. Fig. 2(c) shows for two locations in the two respective sheets
that the reconstructed image value evolves sinusoidally with polariza-
tion angle (cfr Eq. (22)), with a very high contrast between maximum
and minimum absorption directions. The curves for the two locations are
shifted, reflecting the different optical absorption axes of the two sheets.

In medical clinical imaging one is not interested in the direction of
the maximum light absorption axis but in presenting the real image of
biological tissue completely. In typical cases of samples with unknown
spatial distribution of absorption magnitudes a(x,y) and maximum op-
tical absorption orientations 6(x,y), we propose AP-PACT approach. For
each UT position, a PA signal was recorded for each of the 10 excitation
polarization angles ¢, ...¢p1, as shown in Fig. 3(a). Each of the PA sig-
nals is composed of contributions originating from different regions in
the uniformly excited sample, which can have different absorption
values o and different maximum absorption orientation angles 6. Here,
we use the op as the feedback signal, calculate the op of each photo-
acoustic response (according to Eq. (23)), and lock the median value, as
shown in Fig. 3(b). Fig. 3(c) shows the median op of the detector at a
certain position. In view of that, our hypothesis is that the PA signal for
the excitation polarization ¢, that yields the median op value (among
the 10 values) reflects best the overall a values across the sample.
Therefore, for each of the 360 transducer orientations (in steps of 1°),
the PA signal py( 7o, t;, ¢, ) that yielded the median 6p value was kept for
the image reconstruction, as shown in Fig. 3(d). From here onwards, we
refer to the median opvalue and ¢, as “adaptively selected (AS)” op value
and excitation polarization angle, respectively. The reconstruction result
with AS-signals is shown in Fig. 3(e).

3. Experimental results
3.1. Validation on a phantom sample

In order to verify the performance of AP-PACT, we conducted an
experiment on a complex phantom, consisting of two polarizing films
stacked on top of each other, with an angle of about 30° between their
optical axes. A photo of the phantom is shown in Fig. 4(a). Fig. 4(b)
shows the optimal polarization angle (indicated by the green arrow) of
incident light obtained by the UT at each scanning position using the AS-
signal. Fig. 4(c) shows that, compared with images obtained with



Y. Zhang et al.

Photoacoustics 32 (2023) 100543

@
= Pol. Ang. (9)
< —0° 20°
E 40° —60°
= —80° —100
E. 120° 140
<
é 160 180
28.5 30 31.5 33 34.5 36
Time (us) ‘
] Pol. Ang.(p) 3 -
] ° ° 0° 237 231 243 2.53
5 300 60 o
40° 2
= = 1.60 1.67
= 60° = R
S04270° P e @ z . 9 1.36
§ 4 16=1.67 — 100° & 0.99
0=120° 120°
29 240° 120° | — 1400
N v 160° 0
4- 210 180° léllso — 0 20 40 60 80 100 120 140 160 180
ari7zati P o
Scanning position of UT Polarization angle (¢°)
(d) . 0° .
A 330 30 ©
21 }h‘?
W .
1 300° {* 1 60° AP-PACT
—_ 1 (::.f: fz,,\.‘,\? — Median of g,
N e G 0°
g 04 270° (/-/‘ 90°
§ Ay 3 Z Pol. Ang. (¢)
14 \\‘::.)w' N\ z 180°
1 o2e00 & RE 120°
2 X
- 210° 150°
180°

Scanning position of UT

Fig. 3. Image reconstruction scheme of AP-PACT. (a) At the scanning position of 161°, a sequence of PA signal was collected by rotating the polarization of the
incident light by 20°. (b) The median op value of PA amplitude in (a) was calculated. (c) the op of PA signal in 10 different incident-polarized light directions at each
scanning position (0-360° in steps of 1°). (d) The median op (orange) and its corresponding polarization direction (green arrow) of the UT at each position. (e)
Reconstruction result with AS-signals (the signal corresponding to the green arrow in Fig. 3(d)).

circularly polarized light (CPACT), images obtained with the proposed
AP-PACT method can make up for the lack of information and the im-
aging is more uniform. It is worth noting that the AP-PACT method not
only improves the imaging quality but also shows an expected increase
of light intensity in the region where both films are superposed. Fig. 4(d)
shows the image intensity ratio for two selected positions of a single
polarizer (shown by the position of B and C in Fig. 4(a)) and a super-
imposed polarizer (shown by the positions of A in Fig. 4(a)). Compared
with CPACT, the proposed method reflects the superposition of complex
sample positions more accurately.

3.2. Application on an ex-vivo sample

For an ex-vivo experiment, fresh chicken heart slices (about 15 mm
in length, 16 mm in width and 3 mm in thickness) were immersed in
water at 24 °C and subject to AP-PACT measurements, as shown in Fig. 5
(a). The green arrows in Fig. 5(b) show the AS polarization angle (¢++) of
the excitation light obtained for each UT orientation. Figs. 5(c) and 5(d)
show the imaging results of CPACT and AP-PACT methods respectively.
Compared with the results of CPACT, the image reconstructed by AP-
PACT method show clearer blood vessel distribution and higher

contrast. Two zoomed-in areas with abundant features of blood vessels
are shown in Fig. 5(c2) and (d2) respectively. The quality of the blood
vessel image of AP-PACT is better than the one obtained by CPACT, with
a smoother texture and clearer features. In order to visually enhance the
difference between the images obtained by the two methods, the images
of Figs. 5(d1) and 5(c1) were subtracted. The resulting map is shown in
Fig. 5(el). In order to make the comparison easier, the corresponding
difference was set to zero when it was lower than a certain threshold.
Compared with other parts of chicken heart, the distribution of blood
vessels is obviously enhanced, as shown in Fig. 5(e2). Fig. 5(f) shows a
comparison of the profiles along the dotted white lines in Figs. 5(c2) and
5(d2), which indicates the AP-PACT method can improve the imaging
contrast.

In a second series of ex-vivo experiments, bovine tendon slices (about
15 mm in length, 12 mm in width and 5 mm in thickness) were used. In
order to get closer to a clinical scenario, optical scattering was induced.
On top of the gel, we stacked an additional layer of a scattering medium
(0.2 % intralipid and 2 % agar in distilled water). The bovine tendon and
a vertically inserted pencil lead (with a diameter of 0.5 mm and length
of 3 mm) were imaged, as shown in Fig. 6(a). Fig. 6(b) shows the optimal
polarization angle (shown by the green arrow) of incident light obtained
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Fig. 4. Phantom imaging results. (a) Photograph of the phantom, which contains two linear polarizers overlapping each other, with 30° between their optical axes.
(b) Radar plot of the median op values versus UT orientation (orange). The green arrows show the direction of the polarization excitation angle for which the op
value. (c) Reconstruction results of the CPACT and the adaptive method AP-PACT. (d) Light intensity ratio for three selected positions (indicated in (a)), B and C are

in single sheet regions and A is in a region where the 2 sheets overlap.

by the UT at each scanning position using the adaptive polarization
method. Figs. 6(c) and 6(d) show the reconstruction results of the two
methods. The proposed method can recover the contour information of
tissue. Four zoomed-in areas are shown in Fig. 6(c2), (c3), (d2) and (d3).
Comparing Figs. 6(c2) and 6(d2), it can be seen that the proposed
method can make up for the beef tendon texture information [in red
circles of Fig. 6(d2)]. There is little difference in pencil lead imaging,
because it is isotropic, as shown in Figs. 6(c3) and 6(d3). The degree of
enhancement of bovine tendon tissue at different positions is shown in
Fig. 6(e): the signal magnitude is related to the angle between the po-
larization and the tissue fiber direction. Fig. 6(f) shows a comparison of
the profiles along the dotted white lines in Figs. 6(c2) and 6(d2), which
indicates the AP-PACT method can display more details of image and
improve the imaging quality.

Table 1 lists three metrics for quantitative evaluation of the perfor-
mance of the two methods. The standard deviation (STD) reflects the
deviation of image brightness from the gray average. The larger the STD,
the higher the contrast of the whole image. The root mean square
gradient (g) refers to the edge sharpness.

n \2
STD = Zi:](xi X)

p— . 24)

Where X; is the pixel value of the ith point of the image, X is the average
value of all pixels of the image, and n is the number of pixels.

B | ) = 16+ LA+ [16,0) = 16, + D]
S : |

(25)

Where I(i,j) represents the pixel value of the image in location (i,j).

The image entropy (H) describes how much information is provided
by the image [19], and can be calculated as:

255
H= — Zpilogpl-. (26)
=0

where p; represents the proportion of pixels with pixel value i in the
image.

The proposed method improves the image quality from all three
aspects. The improvement of the image gradient is the most obvious: the
values of bovine tendon and chicken heart images obtained by AP-PACT
are almost doubled compared to CPACT.

4. Discussion and conclusion

In this work, we proposed a PACT image reconstruction technique,
AP-PACT, that made use of polarization adaptation of the excitation
light, in an effort aimed at mitigating effects of PA image distortion due
to spatially inhomogeneous anisotropic absorption of tissues, which
occurs in conventional PACT. Compared with the recently proposed
approaches, we focused on obtaining the polarization-dependent signals
to compensate for the loss information of anisotropic tissue imaging. At
the same time, the theoretical relationship between polarized light angle
and tissue optical absorption in the field of PA imaging is perfected.

In view of having a robust interpretation of PA images obtained for
given excitation light polarizations in materials with anisotropic optical
absorption properties, first, the relationship between light absorption
and the polarization angle with the excitation light was deduced. Next, a
new approach was elaborated to improve the imaging quality of aniso-
tropic biological tissues in a photoacoustic configuration that made use
of PA signals obtained by an ultrasound transducer that scanned the
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Fig. 5. Imaging results of ex-vivo chicken heart. (a) Photograph of the sample. (b) Radar plot of AS op values of excitation light at each scanning position of the UT.
(c)—(d) are the reconstructed results of the proposed AP-PACT and the CPACT, respectively. (c2)-(d2) Zoomed-in views of the regions in colored dashed boxes in (c1)
and (d1). (el) Thresholded difference between images (d1) and (c1). (f) The comparison of the profiles along the dotted white lines in (c2) and (d2).

region of interest along a circle. Considering the depolarization of
polarized light in tissue transmission, for each ultrasonic transducer
orientation, the op value of PA signals obtained for different excitation
polarizations was determined and the PA signal that yielded the median
op value was retained for the image reconstruction. The idea was that
these selected PA signals were least affected by extreme absorption
values, and thus were also least affected by inhomogeneous absorption
anisotropy.

Experiments on strongly anisotropic model samples confirm that the
polarization direction of the incident light affects the image quality in
conventional PACT, and that the AP-PACT method is effectively
improving the quality.

As a newly developed reconstruction method, the ability of AP-PACT
is yet to be further developed and improved. In future research, other
parameters than the spvalue of the PA signals could be used to select or
combine PA signals obtained for different excitation polarizations. In
view of possible in-vivo biological imaging, further acceleration of the
imaging could be achieved by replacing the scanning transducer by a

ring array of transducers. In addition, the change of cell polarity is a sign
of cancer [20], and conventional optical polarization imaging can not
penetrate deep tissue for imaging. In the future, AP-PACT may bring new
possibilities for early clinical detection of bone cancer [21].
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(c)—(d) Reconstructed results of the CPACT and the proposed method, respectively.
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Table 1
Quantitative evaluation of different methods in ex-vivo experiments, based on
the standard deviation (STD), the gradient (g) and the entropy (H).

Imaging STD g H

mode

Phantom CPACT AP- CPACT AP- CPACT AP-

PACT PACT PACT

Bovine 13.024 16.695 0.009 0.017 3.702 4.760
tendon

Chicken 11.795 18.348 0.012 0.022 4.850 5.534
heart
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