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Fig. 2 Experimental
[31]

results of liver tumor mouse

model (a) Dissected liver with tumor, and
arrow points to tumor; (b) PACT result of liver
tumor mouse, and arrow points to feeding vessel of
tumor; (c¢) HE staining result of section, and
dashed and solid arrows point to normal and tumor
regions, respectively; (d) reconstructed result of
Fig. 2(b).
Scale bars: (a)(b)(d) 5 mm; (¢) 40 pm

SoS distribution  corresponding  to
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Fig. 3 Numerical simulation results”™"

. (a) Reconstructed IP image by dual-SoS method; (b) reconstructed IP image by

conventional FC method; (c) reconstructed IP image by MSFC method; (d) gold standard SoS distribution by the

numerical simulation; (e) reconstructed SoS distribution by FC method; (f) reconstructed SoS distribution by

MSFC method
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Fig. 5 In vivo imaging results(scale bar: 1 mm)™". (a) IP image reconstructed by conventional DAS method; (b) IP
image reconstructed by APACT method; enlarged results of areas in dotted and solid lines in (¢) Fig.5 (a) and (d)
Fig.5 (b), respectively; (e) extracted wavefront distortion based on region with relative fitting residual below 70 % ;

(f) recovered SoS distribution
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Fig. 6 Comparison between FC method and APACT method (scale bar: 1 mm)"" . (a) IP image reconstructed by FC

method with prior knowledge; (b) IP image reconstructed by FC method without prior knowledge; (c¢) IP image

reconstructed by APACT method; (d) in wvivo IP image reconstructed by FC method; (e) SoS distribution

corresponding to Fig. 6 (a); (f) SoS distribution corresponding to Fig. 6 (b); (g) SoS distribution corresponding
to Fig. 6 (¢); (h) in vivo IP image reconstructed by APACT method

1507001-6



#4835 £ 15 H/2021 £ 8 B/ E#

FEL 6 Ce) [T 75 o BT A B9 48 AR 1 02 06 M 1Y, 153845 3
() SoS 43 A AR ME B . SR T, K 40 B 4, TC AR
P S B 15 B R 4 SoS 4 i B R B de B . it H
BB SERT M 48 R K M 38 SoS /i, RS AL
o AR AS XIS S T A = AR SR A5 R
6 (b) R 6 CD TR o B 2138 43 9 R AIE 43 25 30
SRR A R 1) SoS At AN ERE . HE
FLE R R AL S ORI T 46 A, 75 AR i
FAE 9 RS B AR Y B A JR i e KAB I, T i M
AL 45 Ak S AL ATE N I — 7 ik e

P —J5 T L Ad ] APACT B, % i & a2 4
PO AT, I 4 Jm i S e A A AR L i AR R T
A Je S AR A A b B 22 S s R R SR Y T Tk
H SoS 43, WL, I AT EH SoS 7 S 5
b ZE R E 6 (o) FTE 6 () fim . By T A N aAa
— AR T A, A A B A B AR W A A T
Kl 6(d),SoS s i g R W T HIE, Sk
KU, FC FkHEESGAERGEREILEZ MG,
APACT ¥ B SR A RE AR 4 b A S 5615 B, (22
1E 20 S ST 1R 9 3 Y SoS 43 A5 15 18 58 4> A S 1 1%
LR S RBAS IS L FC T ik AR M RCR . e sl i 5
B, 5 FC AL, APACT ¥ W R R T 0 i
B, B 6(d) A 6 Ch) 4y 5 A fili i FC ¥ 1

©

APACT ¥ & # i ok 09 - # 1IP &, 7T DL & 3E,
APACT 5 8 ok 1 UG T M0 33 i
5.4 EFHMEANBEESEZS X

T k4R = APACT (0450 5, 2 ) — i 5
TR 5 BRI A T 0k BRI B RN
(SC) ., {55 1w ma i (CETR) A1 AT 1F 17 A~
W P, 33K 2 fH OGP B A B 1 M Jo 0 R T 8% 1Y 4 g
LR P . e Bk, o TR TP, % 6
W Y R A AT R A B (AL S B
rh, 3 R e ke L il i ) L PRI O — T L A
IR T B0 — A B 3R B[R] A A A R
R Y IE VB A 5 T DL B R — A &, HF
177 A5 31 f5e 4 1) BUAS RUR

FEHE T SC WG Ay kv, PR BRI 25 1
A SR R[] 20— ] 0 2 B A O WA A S
P 5 A I b 55— R I % 1) £ 06 A 5 B
AR 58 B A/

Xof T 4 v A RS A TR R SR T Y 7
e 8 B A T R /N B L RE L PR
0 R R A J T AT R (IS A A — R, W
Je it B [ 4R OR R, A R — R 8 R,
B 7 (b) 22— B 7 7 5 3 BORY Jay 3 X B 7 ()
LR AE BB Y X8R 2 05 L Ok T RE B B SR IR N IR

B 7 SC ¥R i A BRI ok ABUEB L, ()SC HETEER IP K () ZAFI K 7Ca) i HE LA N KA TP T 45 R,
e ) 1) Sy A2 5 () 4 L AR e 5 R L A B O v ] B 2 L B i 3 R A B 3 5 5 (o) 1R 5 0 RE A A L (B A AR /N
() R HE SoS 434 5 (e) R4 SC J7 Al 55 H 1 SoS 4347 5 Ll R« (a) () ()5 mm

Fig. 7 Diagrams of SC method, and all images are obtained by numerical simulation. (a) IP reconstructed by SC method;

(b) left column is IP reconstruction results of area in dashed box in Fig. 7 (a), center column is Fourier transform

results of left column, right column is results of converting results in center column to polar coordinate; (c) energy

distribution of signal, and dots indicate minima; (d) gold standard SoS distribution; (e) SoS distribution estimated

by SC method; scale bars: (a) (d) (e) 5 mm
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Table 1 Advantages and disadvantages of various methods
Performance Dual-SoS Passive element  Model-based FC/MSFC APACT SC
Robustness High High Very low Normal Normal Normal
Computation Low Normal Very high High Very high Normal
Image quality Low High Normal Normal Normal Normal
Imaging time Low High Low Low Low Low
System complexity Low Very high Low Low Low Low
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Abstract

Significance Photoacoustic tomography (PACT) is a novel medical-imaging modality. During the imaging process,
biological tissues are irradiated by nanosecond ultrashort light pulse. Fast energy deposition in tissues causes
thermoelastic expansion and generates ultrasound emission. Such emissions can be detected by ultrasonic detectors.
The penetration depth of PACT (>5 c¢m) is much higher than that of most optical-imaging modalities, approaching
that of ultrasonic imaging. Therefore, PACT has wide potential applications in areas such as blood pressure
monitoring, cancer detection, and small-animal studies.

PACT reconstruction requires knowledge of distribution of speed-of-sound ( SoS). In practice, acoustic
properties of biological tissues are inhomogeneous and unknown, resulting in image degradation in PACT. In its
simplest implementation, PACT reconstruction assumes single SoS for both biological tissues and surrounding
acoustic-coupling medium (i.e., water in most cases). However, considering that the SoS inside soft tissues varies
from 1350 m/s (fat) to 1700 m/s (skin), such an assumption can sometimes be too idealized, resulting in splitting,
blurring, and distortion of structural features. Furthermore, the SoS of a range of tumors is much higher than that of
normal tissues. Therefore, imaging degradation is much severe in tumor imaging.

To solve this problem, a more rigorous acoustic model is required during the reconstruction process. Some
studies have employed ultrasound devices for directly imaging the distribution of SoS. However, the most effective
method is the joint reconstruction of initial sound pressure (IP) and SoS. Presently, there are several methods for
joint reconstruction. Each method has advantages and disadvantages and is effective in different scenarios. Herein,
we introduce several methods developed by our teams and summarize their advantages and disadvantages, supporting
the biomedical application of PACT.

Progress The ring-array PACT system (Fig. 1) is widely used in IP-SoS joint reconstruction. Most joint-
reconstruction methods are based on delay-and-sum (DAS) or back-projection (BP) reconstruction.

Several conventional joint-reconstruction methods have been developed, including dual-SoS, passive element,
and model-based methods. Each of the methods has disadvantages and cannot meet practical application demand.

We have developed four joint-reconstruction methods, including feature coupling (FC), multisegmented feature
coupling (MSFC), adaptive PACT (APACT), and signal compensating (SC) methods. The FC method, separates
ring arrays into two halves. Two images are reconstructed using signals detected by the two halves separately. The
correlation coefficient between the two images is then calculated to measure their similarities. The aim of
optimization is to maximize the correlation coefficient. In vivo experiments have shown promising results (Fig. 2).
The MSFC method further separates the ring array into eight subarrays. In numerical studies, the MSFC method has
shown better reconstruction results for both IP and SoS distributions, with lower computational complexity (Fig. 3).
The APACT method, inspired by adaptive optics methods widely used in optical imaging, estimates the
inhomogeneity-induced wavefront distortions of photoacoustic signals in the frequency domain. The SoS distribution
is calculated based on the estimates of the wavefront distortion. In vivo experiments have also shown promising
results (Fig. 5). Numerical studies have further shown the advantages and disadvantages of the APACT method
compared with the FC method. In summary, when using the FC method, prior knowledge of the distribution of SoS
is vital. However, currently, the APACT method works well in the absence of prior knowledge (Fig. 6). The SC
method utilizes the characteristics of electronic impulse response (EIR). In photoacoustic imaging, the EIR of
ultrasonic detectors has positive and negative peaks. For the reconstructed IP images, when the positive peak
detected by one detector is superposed by the negative peak detected by the opposite detector, the intensity of the
reconstructed image is the lowest. Therefore, by minimizing the intensity of the reconstructed IP image, the
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inhomogeneity-induced wavefront distortion can be estimated. Fourier transform is applied to the reconstructed
image to further analyze the relationship between delay time and image intensity in different directions. Numerical
studies have shown promising results (Fig. 7).

Conclusion and Prospect Although PACT is a promising imaging modality for various biomedical applications, a
better solution to the joint-reconstruction problem is needed. In summary, there are several methods for joint
reconstruction, and each is effective in different scenarios. However, all these methods are designed for ring- or
hemisphere-array systems, which limits their applications. Therefore, further research on joint reconstruction in
linear array and multimodal systems is required to promote the development of this imaging modality.

Key words medical optics; photoacoustic imaging; medical imaging; compensation for speed-of-sound; speed-of-

sound tomography; multi-modal imaging
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