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Fig.1 Concave arc—shaped array diagram

(a) Structure of concave array in the x-z plane; (b) structure of concave array in the y-z plane; (c) schematic of the distance calculation between array

elements and point sources; (d) schematic of phase compensation for unmeasured pixel positions.
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Fig. 2 Calibration algorithm flowchart
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Fig.3 System design diagram

(a) Point source testing system; (b) physical and enlarged photos of the point source; (¢) schematic diagram of the point source rotational scanning

test; (d) schematic diagram of the point source planar scanning test.
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Fig. 4 Design diagram of the concave arc—shaped array calibration system

(a) Concave arc-shaped array experimental calibration system; (b) schematic of the concave arc-shaped array calibration system scanning.
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Fig. 5 Point source test results
(a) Acoustic field distribution of the point source in the y-z plane; (b) variation curve of the point source signal along the dashed line in (a);

(c) rotational reconstruction results of the point source in the y-z plane; (d) signal intensity of the point source at different angles.
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Fig. 6 Calibration results of the concave arc—shaped array
(a) Schematic of the ideal coordinates of the concave arc-shaped array and the theoretical distances between array elements and point sources;
(b) measured distances from the first element to different point sources; (c) schematic of the calibrated coordinates of the concave arc-shaped array
and the theoretical distances between array elements and point sources; (d) phase compensation results for the first element to different point sources.
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Fig. 7 Calibration results
(a) Reconstruction results of point sources before calibration; (b) reconstruction results of point sources after array calibration without phase
compensation; (c) reconstruction results of point sources after array calibration with phase compensation; (d) magnified image of the area shown in
Al-A3, B1-B3; (e) lateral and axial resolution in the area shown in A1-A3, B1-B3; (f) comparison of FWHM of reconstructed point sources at
different positions without phase compensation calibration at different depths along the z-axis; (g) lateral resolution results of reconstructed point
sources at different positions using phase compensation calibration at z-axis depth of 10 mm. FWHM: full width at half maxima.

TG 75 RS A i b i B AR (A3) B e T Syt RAGVEAG UG PERE, TR TR A
W ) SR AE OB, TR G X B S B AR (B3) REETS, SURTEAGAMETT R RS LR M2
T ARAHEGOUT , A ) TN ] 23 HE 2 R (full width at half maxima, FWHM), I8 HAE R
Tt B PR AP AR bR . 78 M IR M3 A4S



<774+ EMUFESEY IR R

Prog. Biochem. Biophys. 2026; 53 (3)

R, 7E 14 mm BURTRBEAL , R AN A MR AL
HEZE 5 T 8T N H AR B S S PR B R 22 R A
1 mm (E7fH Atsickh). Besh, @XFz=10 mm %
JE AN R st 5 ) o PR (G 1) S R A T T X
oot (Bl 7e, g)o SCHECPEFR, 2o A4
B2fE, MRS A A S A S HAr (A3) 1Y
1] 23 RN 95 um, B TCAHNLAME: (A2) B4
W, HFWHM 45 /N R [FR ) 21%, FHRE T4 HE i
(A1) W4/ R AR 15%

(@) (b)

PA Amp
-8 -6 -4

() (e

Xx/mm

23 EEXIGER

RIIE R GRS AR SR EE ST, XN R g
AT T USSR . A SCHE S BT A S B AR 7 1
L RS sh A E (LS . 2024-
KT167)., SEEPEH 8 I KM (Kunming) /N, fif
FH 2% SRR (Fi 0.4 L/min) JEATRERY, JF
FE RS DX Sl U AR P R B e AR IE R AP RS
BOR (K 8a) o SEHGFT M OB & WK R
800 nm, SZHRLEHE /N E S e AR FE

0 2 4 6 8

mm :With calibration and phase compensation Bl :Without calibration

1.0p
» 0.8+ e :Wiith calibration and Lateral resolution comparison 1.4+ Axial resolution comparison
"g phase compensation
= 0.6 s - Without calibration 1.2
g 04 L5
< 0.2+ 1.0
. N—— g
% 3 4 6 7 8 § £ 038
X/mm S 1.0p s
1.0} =z =
o 0.8F = :With calibration and E E 06
phase compensation
£06 e :Without calibration 0.5 0.4

-6

-4

0 2

-6

-4 -2 0 2 4 6 8

x/mm x/mm

Fig. 8 In vivo experiment results with the calibrated concave array
(a) Schematic of the in vivo experiment and tumor photo. (b,c) PAT and USI images fused before ICG injection, before correction, and after
correction. (d) Signal intensity profile at marker A. Top: lateral signal distribution (along the x-axis); bottom: axial signal distribution (along the
z-axis). (e) Quantitative comparison of lateral (left panel) and axial (right panel) FWHM for the five selected targets (A-E) before and after
calibration. (f) Magnified view of the tumor periphery verifying structural consistency. Yellow dashed line: USI-defined tumor boundary. Top:
uncalibrated image showing signal spillover artifacts; bottom: calibrated image showing precise signal containment within the anatomical boundary.

(g—h) PAT and USI images fused after ICG injection, before correction, and after correction.
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A Method for Position Correction of Ultrasonic Arrays Used in High—resolution
Photoacoustic Tomography”
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Abstract Objective Photoacoustic tomography (PAT) holds significant potential for high-resolution deep-
tissue imaging. In preclinical research, custom-designed concave arc-shaped ultrasound transducer arrays are
often used to maximize the detection aperture. However, manufacturing limitations and assembly tolerances
frequently cause the actual physical positions of array elements to deviate from their theoretical design.
Additionally, concave arrays are typically covered with an acoustic lens, which introduces a mismatch in the
speed of sound between the coupling medium and the lens material. The combination of these geometric and
acoustic-phase errors leads to severe image artifacts, reduced contrast, and degraded resolution. This study
proposes a systematic two-step calibration strategy to address these issues and substantially improve image
quality. Methods First, a high-intensity isotropic photoacoustic point source was constructed using a multi-
mode optical fiber coated with carbon nanotubes (CNTs) to acquire high signal-to-noise ratio calibration data. The

Akaike information criterion (AIC) was employed to accurately determine the time of arrival (ToA) of
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photoacoustic signals. Subsequently, a geometric calibration algorithm based on nonlinear least-squares (NLS)
estimation was developed. This algorithm iteratively solves for the true spatial coordinates of each array element
by minimizing the residual between theoretical and measured acoustic path lengths. To further address sound-
speed inhomogeneity caused by the acoustic lens, a phase compensation algorithm based on bilinear interpolation
was proposed. This algorithm computes a pixel-specific phase delay map across the imaging region and performs
point-by-point signal correction during delay-and-sum (DAS) reconstruction. The proposed methods were
validated using a custom 96-channel concave arc-shaped array (center frequency: 12 MHz) through both phantom
imaging and in vivo mouse tumor models. Results Phantom experiments showed that at an imaging depth of
14 mm, the reconstruction position deviation of the point source in the uncalibrated system reached up to 1 mm.
After applying the combined calibration, the lateral resolution (full width at half maximum, FWHM) at the focal
point of the arc array reached 95 pum—representing a 85% reduction compared to the uncalibrated state and a 79%
reduction compared to geometric calibration alone without phase compensation. /n vivo experiments demonstrated
that the calibrated system clearly resolved the microvascular network of subcutaneous tumors in mice.
Photoacoustic signals were strictly confined within tumor boundaries delineated by ultrasound imaging (USI),
eliminating the vascular spillover artifacts commonly observed in uncalibrated images. Furthermore, after
intravenous injection of indocyanine green (ICG), the system successfully detected weak photoacoustic signals at
a depth of 5 mm, performing significantly better than the uncalibrated system. Conclusion The proposed
calibration method, which integrates nonlinear least-squares estimation with phase compensation, significantly
improves image fidelity and spatial resolution consistency across a wide field of view by correcting systemic
geometric errors and acoustic phase aberrations. This approach demonstrates high robustness and provides a

reliable technical foundation for the clinical translation of photoacoustic probes with non-standard geometries.
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