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Fig. 1 Breast photoacoustic images captured with representative breast cancer photoacoustic screening devices based on linear or planar
ultrasound arrays. (a) Imaging results of DSM-2 developed by Professor Xia’s team"™ (from left to right, image captured by the

top probe of the device, image captured by the bottom probe, and the merged image are shown in turn); (b) fusion image of

breast tumor ultrasound and blood oxygen saturation from a linear ultrasound array handheld breast photoacoustic imaging device

jointly developed by Professor Li Changhui’s team and Mindray Corporation™; (c) breast imaging results captured by PAM-02

jointly developed by Kyoto University and Canon Corporation™ (from left to right, ultrasound image, photoacoustic structural

image, and photoacoustic functional image captured by the device are shown in turn)
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Fig. 2 Representative photoacoustic screening devices for breast cancer based on curved or circular ultrasound arrays and breast
photoacoustic images. (a) MSOT device schematic and imaging results™ (from left to right, the device photo and schematic,
schematic of breast tissue structure, MSOT image of a healthy breast, and MSOT image of a breast tumor are shown in turn,
with a scale of 5 mm); (b) SBH-PACT device schematic and breast imagesm [from left to right, the cross-sectional view of the

device, X-ray mammography image of a stage 2 infiltrating ductal carcinoma patient (RCC, right cranio-caudal; RML, right

medio-lateral), depth-encoded photoacoustic image of the same breast (tumor outlined by white dashed line), photoacoustic
image of breast sagittal plane, photoacoustic image overlaid with vascular density map, and photoacoustic elasticity imaging are

shown in turn, with a scale of 1 cm]
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Fig. 3 Schematics of representative photoacoustic screening devices for breast cancer based on a hemispherical ultrasound detection

matrix and breast photoacoustic images. (a) LOUISA-3D device schematic and breast images"" (from left to right, the schematic

of the device and coronal plane projection, sagittal plane projection, and horizontal plane projection of breast photoacoustic

imaging are shown in turn); (b) schematic of multifunctional three-dimensional imaging system (left) developed by Professor

Wang’s team and breast images (right)"” [from left to right, the system cross-sectional view after removing the imaging

platform, vascular projection image of the breast (top) and vascular projection image of the breast lateral view (bottom), and

cross-sectional images at different coronal planes from the nipple to the chest wall are shown in turn. Each cross-sectional image

represents a projection of a 1 cm thick slice of the breast]
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AR B RO A PR (P RS -8 il R () A AR R it e BI-RADS Sl 3 9%, {HH 75 -6 7 gl PR /s i g
PR A e 7 o B AL 2T B AR B X (R Sk ) TR R A JE B ik (SR () A bk (20, B k)t o R E A B 4R i
& PR OF M BI-RADS 33F4L 7H4% 3 4a 5% 4b., (b) Srirang Manohar 2 4% A1 A & 19 PAM-2 B3 545 (72) Be— 4 6 0 e
B AR R i BB () R bR B R ()T 0 R R IR T A S EA R 20 mm . (o) 5 K 2 5 e il 4 Bk
B R PAM-03 15 4 %t — 44 %8 P LR R £ 2 0 BAR 45 SR IR 4%y 47 mm o 72 [ Ok a8 R MIRT IR L 6 48 P 21 8
7, ] RN BRCAR S6 R EG, A E Res 1B ( ) 5 MRTIEN (20 66) Bl PG . Il R 5% v g 1 48 14 28 22 IE & FLIR 4141
i) B PR HR s Y TR LA T R 0 % A A A AR R SRS A O BRI R A 0 D o (d) O - R AR R GE | T A I 4 2R
1 v 2 T A B 7 T % T IR R L 5 6T R AR AT 5 Il P g e 7 S It AR AR A AR L 5 A B s oA R [ — [
G AE A 22T P DL P UG e in 8 RS RN A [R5 S i bk B 4 2

"™ breast photoacoustic imaging device developed

Fig.4 Representative results of photoacoustic diagnosis of breast tumors. (a) Imagio
by Seno Medical, USA (left), ultrasound image (middle) and photoacoustic-ultrasound fusion image (right) of a patient with
triple-negative invasive ductal carcinoma”. Ultrasound imaging shows that the mass was grade 3 BI-RADS, but the ultrasound-
photoacoustic fusion image shows a high content of deoxygenated hemoglobin inside the tumor. The tumor boundary zone
(arrow), radioactive peripheral artery (green), and vein (red, arrow) also show abundant hyperplastic vessels, so the BI-RADS 3
assessment was correctly upgraded to 4a or 4b. (b) PAM-2 imaging device developed by Prof. Srirang Manohar’s team (left),
the photoacoustic lateral projection (middle) and sagittal projection (right) of a mucinous carcinoma patient™”, with the blue
dotted line indicating the location of the tumor, with a scale of 20 mm. (c) Imaging results of the PAM-03 device jointly
developed by Kyoto University and Canon Corporation on on a patient with inflammatory breast cancer with a tumor diameter of
47 mm"”. The left image shows the enhanced MRI image with the lesion circled in red, the middle image is the original

photoacoustic image, and the right image is a fusion image of photoacoustic (cyan) and MRI (red) images. Angiogenesis of the

tumor microenvironment mostly converges from normal breast tissue to the center of the tumor, becomes very narrow at the
edge of the tumor, and gradually decreases near the center. (d) Photoacoustic-ultrasound imaging system guided sentinel lymph
node puncture biopsy"™. The left picture is the ultrasound image, in which the sentinel lymph node contrast is low, the middle
picture is the photoacoustic real-time image, in which the biopsy needle and the sentinel lymph node are clearly visible, and the
right picture is the superposition of ultrasound and photoacoustic images in the same image coordinate system. Both ultrasound

and photoacoustic imaging jointly guide the sentinel lymph node biopsy
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Fig.5 Photoacoustic imaging to evaluate the therapeutic efficacy of breast tumors. (a) Human breast images acquired before and after

neoadjuvant chemotherapy using photoacoustic (left) and contrast-enhanced MRI (right)™” (compared with contrast-enhanced

MRI, photoacoustic imaging provides a higher level of vascular structural detail in 15 s without contrast injection, in which

associated structures are marked with white arrows); (b) ultraviolet photoacoustic images of a fixed and unsectioned breast tumor

sample (top) and histopathological images of H&.E staining obtained after sectioning and staining””, in which the blue dotted line

represents the boundary between normal tissue and tumor area ( IDC: invasive ductal carcinoma; DCIS: ductal carcinoma in sizu)
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Abstract

Significance Since 2020, breast cancer has emerged as the most prevalent cancer globally and a leading cause of cancer-related
deaths among women. Affected by various genetic or environmental carcinogenic factors, breast cells undergo irreversible gene
mutations, initiating the uncontrolled proliferation of malignant cells that crowd into clusters to form breast tumors. The in-situ
tumors induce local tissue hypoxia in their internal and surrounding areas, leading to vascular hyperplasia, which propels the growth of
cancer cells and their invasion into normal tissues.

Medical imaging is the primary tool for breast cancer screening, diagnosis, and treatment assessment. Early screening plays
important roles in reducing mortality; accurate diagnosis is essential for effective treatment; and treatment assessment is critical to
provide timely feedback and prognosis of cancer responses. Conventional imaging methods for breast cancer, such as mammography,
ultrasonography, and magnetic resonance imaging, though widely used in clinics, exhibit limitations including low diagnostic
specificity, slow imaging speed, ionizing radiation, or the need of contrast agent injection. For instance, more than 75% of patients
receive benign biopsy results after ultrasound diagnosis. Furthermore, current imaging modalities lack the capacity to provide real-
time monitoring, evaluation, and prognosis of the cancer responses during neoadjuvant therapy. New imaging modalities with
complementary advantages are crucial to address the evolving clinical demands.

Photoacoustic imaging (PAT) is an emerging technology in the biomedical imaging field and has garnered significant attention
owing to its exceptional performance. In addition to its high imaging speed, high spatiotemporal resolution, ionizing-free radiation,
and abundant penetration, PAI can provide rich functional optical contrast to reveal physiological characteristics of the tumor
microenvironment underneath the skin.

Progress Multiple research groups in the PAI field have achieved notable technical breakthroughs for breast cancer screening,
diagnosis, and treatment assessment. Regarding early screening, advanced PAI devices have been developed based on customized
ultrasonic arrays. These devices aim to detect physiological characteristics such as vascular proliferation, increased hemoglobin
concentration, and abnormal blood oxygen saturation in breast tumor areas through entire breast scanning. Some teams have explored
the integration of PAT and ultrasonography, utilizing the complementary anatomical information. As concerns breast tumor diagnosis,
numerous clinical studies have demonstrated that physiological characteristics in the microenvironment of a tumor can improve the
distinction between benign and malignant breast tumors, facilitating accurate BI-RADS classification and reducing the chance of
benign biopsy. The high imaging contrast of PAT also enables the guidance of breast sentinel lymph node biopsy with better clearance.
While the combination of PAT with exogenous contrast agents and molecular probes is still in the preclinical stage, it holds the
potential for more specific diagnosis in future. Regarding treatment assessment, PAI proves efficient and safe in recording
physiological dynamics of the cancer microenvironment in response to therapy, offering crucial prognostic information and seamless
feedback to the treatment. In addition, the label-free nature of ultraviolet PAT also provides H& E-like images without the need for

staining, exhibiting early promise for accurate and rapid detection of tumor margins intraoperatively.

Conclusions and Prospects Regardless of the numerous advantages and multiple niche applications, PAT still faces several
challenges to achieve wide clinical usage. First, the spread of PAT technologies depends on the established standards of system
design, operation, and data processing to reduce the significant performance disparities among devices developed by different teams.
Second, several feasibility studies have been conducted in the PAT field but large-scale clinical studies are still lacking. The PAI
indicators revealed from breast cancer images have not been systematically documented or incorporated into clinical practice. Third, a
gap still exists between the technical teams and clinical needs. For instance, while three-dimensional PAI exhibits better image clarity
for lesion measurement, clinical practices and diagnostic analyses still heavily rely on real-time two-dimensional sectional imaging.
Accordingly, to further establish its clinical value, PAI researchers need to evolve from scattered and small-scale feasibility studies to
large-scale clinical trials addressing fundamental medical questions. This involves improving existing diagnostic and treatment

methods and ultimately integrating them into the existing clinical framework.

Key words medical optics; photoacoustic imaging; breast tumor microenvironment; breast cancer screening; early precise diagnosis;

neoadjuvant chemotherapy assessment; tumor margin detection
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