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Fig.1 The distribution of receiving sensitivity fields for different types of ultrasound transducers

(al) Planar crystal surface of a non-focused ultrasound transducer; (a2-

a4) are the receiving sensitivity field distributions of the non-focused

ultrasound transducer in the XZ, YZ, and XY plane, respectively; (b1) cylindrical crystal surface of a line focused ultrasound transducer; (b2-b4) the

receiving sensitivity field distributions of the line focused ultrasound transducer in the XZ, YZ, and XY plane, respectively; (c1) spherical crystal

surface of a point focused ultrasound transducer; (c2—c4) the sensitivity field distributions of the point focused ultrasound transducer in the XZ, YZ,

and XY plane, respectively.
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Fig. 3 System resolution test

(a) Photograph of three parallel copper wires with a diameter of 90 um; (b) 3D TAM image; (c) 3D UBM image without considering the double

relationship between ultrasound transmission/ reception paths and actual distances; (d) 3D UBM image with double relationship considered and

corrected; (e) 2D projection TAM image of copper wires 2 and 3 along the Z-axis direction; (f) profile of the thermoacoustic signal along line I in (e)

is used to test the TAM X-axis resolution; (g) 2D projection TAM image of copper wires / and 3 along the X-axis direction; (h) profile of the

thermoacoustic signal along the line II in (g) is used to test the TAM Z-axis resolution; (i) 2D projection UBM image of copper wires 2 and 3 along

the Z-axis direction; (j) profile of the ultrasonic signal along the line III in (e) is used to test the UBM X-axis resolution; (k) 2D projection UBM

image of copper wires / and 3 along the X-axis direction; (l) profile of the ultrasonic signal along the line IV in (k) is used to test the UBM Z-axis

resolution. TAM: thermoacoustic microscopy. UBM: ultrasound biomicroscopy. TA: thermoacoustic. US: ultrasound.
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Fig.4 Contrast imaging test
(a) Photograph of three plastic tubes with an inner diameters of 100 um and an outer diameters of 200 pm, filled with coupling agent (edible oil), 3%
saline solution, and 6% saline solution, respectively; (b) 3D TAM image; (c) 3D UBM image; (d) 3D TAM/UBM dual-modal image; (¢) 2D
projection TAM image; (f) profile of the thermoacoustic signal along the line I in (e) is used to directly display the TAM contrast; (g) 2D projection
UBM image; (h) profile of the ultrasonic signal along the line II in (g) is used to directly display the UBM contrast. TAM: thermoacoustic

microscopy. UBM: ultrasound biomicroscopy. TA: thermoacoustic. US: ultrasound.
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Fig.5 Photograph and imaging results of brain slices
(al-cl) photograph of brain slices; (a2—c2) UBM images; (a3-c3) TAM images; (a4—c4) TAM/UBM dual-modal images. TAM: thermoacoustic

microscopy. UBM: ultrasound biomicroscopy. /: cortex; 2: hippocampus; 3: superior colliculus; 4: corpus callosum; 5: cingulate cortex; 6: striatum.

US signal intensity
TA signal intensity

Fig. 6 Photograph and imaging results of skeletal cartilage slice
(a) Photograph of slice; (b) micro-CT image; (c) UBM image; (d) TAM image; (¢) TAM/UBM dual-modal image; (f) top view of TAM/UBM dual-

modal image. TAM: thermoacoustic microscopy. UBM: ultrasound biomicroscopy. TA:thermoacoustic. US: ultrasound. /: skeletal zone; 2: cartilage

zone; 3: epiphyseal line.
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Fig. 7 Imaging results of bone sections from norm control group and osteoporosis group in rats
(al), (bl), and (c1) are the photograph of three normal slices NM1, NM2, and NM3, respectively; (a2), (b2), and (c2) are the corresponding micro-CT
images; (a3), (b3), and (c3) are the corresponding UBM images; (a4), (b4), and (c4) are the corresponding TAM images; (a5), (bS), and (c5) are the
TAM images that combine the prior information of the bone outer contour in the ultrasound signal; (a6), (b6), and (c6) are the top view corresponding
to (a5), (b5), and (c5). (d1), (el), (fl) are the photograph of three osteoporosis slices OP1, OP2, and OP3, respectively; (d2) and (e2) are the
corresponding micro-CT images; (d3), (e3), and (f3) are the corresponding UBM images; (d4), (e4), and (f4) are the corresponding TAM images;
(d5), (e5), and (f5) are the TAM images that combine the prior information of the bone outer contour in the ultrasound signal; (d6), (e6), and (f6) are
the top view corresponding to (d5), (e5), and (f5). (f2) The micro-CT image for the OP3 osteoporosis bone slice is unavailable because the specimen

was lost prior to scanning. TAM: thermoacoustic microscopy. UBM: ultrasound biomicroscopy.
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Fig. 8 Statistical analysis of TAM and TAM/UBM dual-

modal data of bone slices from normal control group and

osteoporosis group in rats
*P<0.05, **P<0.0l1. TAM: thermoacoustic microscopy. UBM:

ultrasound biomicroscopy.
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Abstract Objective This study aims to develop a microwave-induced thermoacoustic and ultrasound dual-
modality microscopy system that integrates the advantages of both imaging techniques to investigate the dielectric
properties of biological tissues at a microscopic level. Methods This paper first discusses a method to enhance
system resolution by combining short-pulse microwave excitation with high-frequency point-focused ultrasonic
transducer detection. A three-dimensional microwave-induced thermoacoustic microscopic imaging system was
constructed based on this approach and further developed into a dual-modality system capable of both
thermoacoustic and ultrasonic imaging. The image reconstruction and dual-modality image fusion strategies are
also described. Subsequently, experiments were conducted in the following sequence: imaging of copper wires to
evaluate the system’s spatial resolution along the X/Y/Z axes; imaging of tubes containing 3% and 6% saline
solutions and tubes filled with coupling agent/vegetable oil to demonstrate the complementary information
provided by the two modalities; imaging of brain tissue and bone-cartilage samples to assess the applicability of
the technology; and osteoporosis detection to validate the disease diagnostic capability of the dual-modality
system. The microwave-induced thermoacoustic and ultrasound microscopic images of these samples were
verified against corresponding photographs or micro-CT images. Results The thermoacoustic and ultrasonic
images of the copper wire closely matched the physical photograph. The three-dimensional resolutions of the
microwave-induced thermoacoustic and ultrasound imaging systems, as estimated from the copper wire
experiment, were 178x178%x88 um’ and 177x177x42 pm’, respectively. These measured values align well with
theoretical predictions. The dual-modality imaging system successfully combines dielectric property differences
captured by thermoacoustic imaging and acoustic impedance variations captured by ultrasound imaging, thereby
providing both functional and structural information of the samples. Specifically, the system distinguished
between tubes containing saline solutions of different concentrations and those containing vegetable oil,
demonstrating strong spatial consistency with physical photographs. The thermoacoustic image contrast among
saline solutions corresponded to theoretical dielectric properties, while the ultrasonic contrast between saline and
oil reflected their difference in acoustic impedance. The system identified multiple brain tissue structures,
including the cortex, hippocampus, superior colliculus, corpus callosum, cingulate cortex, and striatum. The
bimodal imaging approach exhibited superior performance, visualizing tissue structures with greater clarity and
detail than either modality alone. The brain tissue images were consistent with physical photographs, tissue
dielectric properties, and publicly available anatomical atlases. The bimodal system clearly delineated cartilage
and epiphyseal lines via thermoacoustic imaging, while ultrasonic imaging revealed bone structures.
Thermoacoustic imaging alone differentiated bone sections between normal and osteoporotic groups; however,
incorporating prior skeletal contour information from ultrasound significantly enhanced discriminatory power,
resulting in intergroup differences with higher statistical significance. The imaging results of bone samples
corresponded well with physical photographs, micro-CT images, and theoretical analyses of dielectric properties
for cartilage, normal bone, and osteoporotic bone. Conclusion The microwave-induced thermoacoustic and
ultrasound dual-modality microscopy system developed in this study demonstrates potential for microscopic
detection of complex biological tissues based on dielectric properties. It is expected to provide a new imaging tool

for functional assessment of brain tissue and the skeletal system, as well as for studies on disease pathogenesis.

Key words microwave-induced thermoacoustic imaging, microwave-induced thermoacoustic microscopy,
ultrasound microscopy, dual-modality imaging
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