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OneTouch Automated Photoacoustic and
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Abstract—We developed an automated photoacoustic
and ultrasound breast tomography system that images the
patient in the standing pose. The system, named OneTouch-
PAT, utilized linear transducer arrays with optical-acoustic
combiners for effective dual-modal imaging. During scan-
ning, subjects only need to gently attach their breasts to
the imaging window, and co-registered three-dimensional
ultrasonic and photoacoustic images of the breast can
be obtained within one minute. Our system has a large
field of view of 17 cm by 15 cm and achieves an imaging
depth of 3 cm with sub-millimeter resolution. A three-
dimensional deep-learning network was also developed to
further improve the image quality by improving the 3D
resolution, enhancing vasculature, eliminating skin sig-
nals, and reducing noise. The performance of the system
was tested on four healthy subjects and 61 patients with
breast cancer. Our results indicate that the ultrasound struc-
tural information can be combined with the photoacoustic
vascular information for better tissue characterization. Rep-
resentative cases from different molecular subtypes have
indicated different photoacoustic and ultrasound features
that could potentially be used for imaging-based cancer
classification. Statistical analysis among all patients indi-
cates that the regional photoacoustic intensity and vessel
branching points are indicators of breast malignancy. These
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promising results suggest that our system could signifi-
cantly enhance breast cancer diagnosis and classification.

Index Terms— Photoacoustic imaging, ultrasound, breast
cancer.

[. INTRODUCTION

REAST cancer is a major global health concern, with

2.26 million new cases diagnosed in 2020. It is a
leading cause of death among women, with approximately
684,996 women losing their lives to the disease around
the world in 2020 [1], [2]. As the evidence shows, early
detection has significantly reduced mortality rates, with the
female breast cancer death rate falling by 41% in the US
since 1989 [3]. While current diagnostic methods, such as
X-ray mammography, ultrasound imaging, and magnetic res-
onance imaging (MRI), have vastly improved over the past
decades, they still have limitations that compromise accuracy
or availability. For example, X-ray mammograms involve
painful breast compression and have lower sensitivity in dense
breast tissue [4], [5]. While digital tomosynthesis and contrast-
enhanced mammography improve detection sensitivity for
patients with high breast density, they are either associated
with a high radiation dosage [6] or need contrast injection [7].
MRI, on the other hand, is expensive, time-consuming, and
not universally available [8], [9]. Finally, handheld ultrasound
has high false-positive rates and is subject to operator vari-
ability [10]. To address these limitations, there is a need
for more accurate breast cancer screening methods, particu-
larly for radiographically dense breasts [10], [11]. Automated
Photoacoustic (PA) tomography (PAT) and ultrasound (US)
are promising dual-modality techniques to overcome many of
these limitations [12], [13], [14].

The PA effect refers to the process of converting light energy
into sound. Its discovery dates back to the late 1800s [15].
The mechanism involves using a short-pulsed laser to pro-
vide excitation light, which is absorbed by molecules such
as hemoglobin, lipid, or melanin. This absorption leads to
thermoelastic expansion and the generation of acoustic waves
that propagate through the tissue [16]. Ultrasound transducer
arrays detect these acoustic waves, and the received signals
are used to reconstruct an image of the distribution of optical
absorbers [17], [18]. The photoacoustic technique combines
the benefits of high optical absorption contrast and high
acoustic resolution, making it a valuable tool for breast cancer
imaging [19]. Most PA breast imaging systems utilize near-
infrared wavelengths, which provide a good balance between
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blood absorption and tissue penetration [20], [21], [22]. The
acquired hemoglobin map can help to identify tissue malig-
nancy [23], [24]. In general, breast cancer tissue contains
more hemoglobin than benign abnormalities or normal tissue,
likely due to tumor angiogenesis [25], [26]. The use of PAT
to evaluate these additional tumor features could reduce the
need for unnecessary biopsies [27], assist in diagnosing breast
cancer [28], [29], [30], and support the monitoring of therapies
and drug development [31].

Over the past decade, using the photoacoustic principle
for breast cancer imaging has become increasingly preva-
lent [12], [23], [32]. Many of the existing systems require
the patient to be in a prone position, which has the draw-
back of requiring larger clinical space and longer imaging
preparation time. In addition, most of these systems do not
have native ultrasound imaging capability. For example, the
Twente PAM 2 [33] and SBH-PACT [28] systems provided 3D
vasculature images of the breast, but both lacked ultrasound
data for structural analysis of the lesion. The PAI-04 [34]
and LOUISA-3D [35] systems provided both PA and US
images. However, the two modalities were captured by two
different transducers with different fields of view and spatial
resolutions. There are also systems that image patients in a
supine pose and offer dual-modal PA and US imaging using
the same transducer. For example, the Imagio system uses
hand-probe linear arrays to simultaneously acquire PA and
US data [27], [36]. However, the handheld imaging scheme
is operator-dependent and cannot provide volumetric features
for comprehensive 3D tumor information.

Our group previously developed a photoacoustic dual-scan
mammoscope (DSM) system that used two linear transducer
arrays to scan the breast in a craniocaudal view, providing
naturally co-registered volumetric PA and US images with the
patient in standing position [21], [29], [37]. However, this sys-
tem works better in breasts with large cup sizes. Additionally,
although the system delivers cranio-caudal images similar to
a mammogram, many patients have preferred a method that
does not require compression. To overcome this limitation,
we propose an upgraded design that provides a frontal view
of the breast with minimal compression.

The OneTouch-PAT system builds upon the advantages of
the DSM by maintaining an upright imaging position and
providing co-registered PA/US images, while accommodating
a wider range of breast sizes. The system offers a sim-
ple and comfortable imaging process, requiring patients to
gently attach their breast to the imaging window, where a
U-shaped scanning transducer array captures high-resolution
3D PA/US images within approximately one minute over
al7cm x 15 cm field of view. A clinical study was
conducted involving 61 patients to demonstrate the OneTouch-
PAT system’s ability to visualize the tumor features in both PA
and US images and provide statistically significant differences
in vascular intensity and distribution between malignant and
healthy breast tissue.

[I. METHODS
A. System Configuration

The OneTouch-PAT consists of a portable laser, a water tank
with an imaging window in the front, a height-adjustable lift

table, and two linear scanning stages. The imaging window is
sealed with a 0.002-inch thick clear plastic film that ensures
both acoustic and light transmission. The schematic of the
system is displayed in Figure 1a. The imaging platform was
secured on an optical breadboard, which was fixed to a mobile
lift table with an adjustable height. The water tank had a depth
of 13 cm, a width of 25 cm, and a height of 20 cm. This
design provided space for the imaging probe to move freely
in the water tank. The transducer and optical fiber bundle
were combined using a compact double-reflector design with
two dichroic mirrors mounted at 45 degrees, allowing for
co-planar illumination and acoustic detection [38]. A close-up
view of the imaging cross-section is provided in Figure 1b.
The combined transducer and fiber bundle were placed into
the water tank and connected to two motorized translation
stages through T-slotted aluminum frames. The scanning was
controlled by an Arduino board, which was programmed to
synchronize with the laser firing.

The ultrasound transducer used for both PA and US
acquisition was a custom-made 128-element linear array (Ima-
sonic, Inc.) with 86-mm lateral length, 2.25 MHz central
frequency, and >65% bandwidth. Each element had an arc-
shaped aperture with 40 mm elevation focusing, 15 mm
element height, and 0.67 mm pitch. The long elevation focus
allows optimal acoustic performance across the scanning.
The light source was a compact Nd: YAG laser (Quantel
model CFR400) with 1064 nm output, 20 Hz pulse repetition
rate, and 10 ns pulse width. The laser beam was fed to a
fiber bundle with line output. The laser fluence on the skin
was approximately 40 mJ/cm?, which was within the safe
limits for laser exposure specified by the American National
Standards Institutes (ANSI) (100 mJ/cm? at 1064 nm) [39].
To synchronize the OneTouch-PAT system, we used the laser’s
reference output to trigger both the data acquisition systems
and the linear translation stages. The Verasonics Vantage data
acquisition (DAQ) system was utilized for both PA and US
data acquisition. The acquired raw data was reconstructed and
processed in MATLAB. As the One-touch system shared the
same transducer and light delivery scheme of DSM, it has
the same lateral resolution of 1 mm and elevation resolution
of 1 to 2 mm [21], which can be further improved by the
methods mentioned below.

B. Imaging Procedure

Before imaging, the patient stood upright and was instructed
to lean forward to gently attach one breast to the imag-
ing window. Both breast and imaging windows will be
pre-applied with green ultrasound gel (Parker Laboratories,
Inc.) to ensure optimal coupling. To ensure patient comfort, the
water tank was filled with warm, distilled water. The patient
will be instructed to raise the arm on the side being imaged
to better expose the breast tissue. A raised bar attached to
the imaging platform will be available for the patient to hold,
enhancing comfort during the procedure. During imaging, the
OneTouch-PAT system utilizes a round-trip scanning proce-
dure to achieve a field of view of 17cm x 15 cm. The scanning
process involves three steps. First, the transducer starts at the
bottom left side of the breast and scans upward at 8 mm/s
over 17 cm (Figure 1c¢). Second, the scanning switches to the
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Top row: a, schematic drawing of the OneTouch-PAT system. b, zoom-in image of the double-reflector design for coplanar illumination and

acoustic detection. After accounting for acoustic reflection, the distance from the transducer to plastic film ranges from 30 to 35 mm. The transducer
focuses at 40 mm. Bottom row: c, PA image from the upward scan. The transducer scanned from the bottom left corner of the water tank up
over 17 cm. d, PA image from the downward scan. After the upward scan, the transducer laterally moved 7 cm and then scanned down over 17cm.
The purple dashed box marked the overlapped region between the two scans. e, the combined PA image from two scans. The breast images are

presented in frontal view.

second translation stage to perform a 7-cm horizontal shift
to the right. Finally, the transducer scans downward to cover
the right side of the breast (Figure 1d). The scanning results
are combined to form the final imaging data (Figure 1le).
A single round-trip scanning takes approximately 52 seconds
to complete.

C. High-Performance Ultrasound Imaging

Multi-angle wide-beam imaging strategies were imple-
mented to obtain high-quality US images. Based on the
same transducer, a wide-beam transmit sequence was used
to send US waves at three different steering angles (—15°,
0°, and 15°), with 42 wide-beam transmissions per angle
across the lateral length of the transducer. This large number
of transmit beams reduces side lobe levels in the US image,
allowing for high-quality US without sacrificing acquisition
time. The data were spatially compounded and averaged to
form a single US frame. Stacking the cross-sectional B-mode

US image along the scanning direction creates a 3D volumetric
US image of the breast tissue. Compared to the multi-angle
plane imaging approach in our previous DSM system, the
wide-beam imaging process provided better US image quality
and can reveal more details of the breast tissue [29].

D. Photoacoustic Data Acquisition and Processing

As PA signals are much weaker than pulse-echo US,
they have a low signal-to-noise ratio. To further enhance
the signals, we added a 128-channel 40-dB preamplifier
(Legion AMP, Photosound Technologies) to the Verasonics
system. The preamplifier could not handle ultrasound fir-
ing, so PA and US were performed separately. The patient
remained still in front of the imaging window during PA and
US scans (each takes 1 minute). This allows the system to
acquire both PA and US data at the same position. To ensure
accurate registration of PA and US images, we record key
anatomical landmarks, including the compressed breast tissue
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Fig. 2. The flowchart of the breast data processing. Top row: a 2DFD
U-net model was used to remove the experimental noise from the raw
data. The raw data frames were then reconstructed and stacked to form
a max amplitude projection (MAP) image. This method preserves the
original signal intensity for quantitative analysis. Bottom row: the raw
data frames were reconstructed and stacked to form a 3D volume. The
trained 3DFD U-net model was then applied to the volume to enhance
the 3D vasculature. This method provides better visualization of blood
vasculature.

shape, nipple location, and the tumor regions during the two
scans. During the image fusion, we align the breast tissue
outlines and verify that the nipple positions match in both PA
and US images. In most of our patient studies, no adjustments
were needed to align the PA and US images.

Noises from PA imaging include thermal noise and elec-
tromagnetic interference (EMI) noise from laser firing. Both
will contaminate the true PA signals. Additionally, the poor
elevational resolution of linear arrays along the scanning
direction will degrade the 3D vascular images [40]. To address
these challenges, two deep learning networks were built for
OneTouch-PAT.

One 2D fully-dense Unet (2DFD) was utilized to denoise
the raw channel data before image reconstruction. The 2DFD
architecture was the same as in our previous publication [41],
except that this study focuses on noise removal instead of reso-
lution improvement. During training, we fed the network with
simulated data added with experimentally acquired system
noise. This allows the network to learn the noise characteristics
of the imaging setup. After training, the network was applied
to the experimental breast data to remove noise. Since only
noise was removed from the processing, this method can
maintain the original vessel intensity for quantitative analysis.

For better visualization of the 3D vessel structure, we also
incorporated our recently developed 3D fully-dense (3DFD)
Unet [42], which will enhance vessel structure and improve
vessel continuity. The 3DFD processed data was used for
vessel visualization and branching point analysis.

The two data processing approaches are shown in Figure 2
for comparison. The first row shows the 2DFD model.
The second row indicates the data processing procedure for
3DFD Unet. The 3D-trained networks can better preserve the
vascular structure in the 3D space by exploring the data’s
volumetric information rather than cross-sectional images.
Meanwhile, the overall image quality was improved as imag-
ing artifacts and noises were further removed. It should be
noted that the 3DFD Unet training already incorporated system
noise into training. Therefore, we did not use the 2D FD-Unet
processed data as input for the 3DFD Unet [42].

E. Tumor Analysis

We began by comparing our ultrasound images with the
clinical US report to identify morphologically similar lesions
in our data. Once we identified the relevant frame numbers in
the experimental US images, we examined the corresponding
PA vascular features around the tumor region. Next, we con-
ducted a quantitative analysis that included quantification of
vessel contrast, average vessel signal intensity, vessel branch-
ing points, and standard deviation of vessel and background.
The statistical analysis was then done by comparing these
features with the results of the healthy contralateral breast.

Most of the quantitative analysis was performed on the
2DFD data, except for the branching point which calculated
from the 3DFD data. To identify the branching points, we used
the MATLAB function “bwmorph” to detect branching points
from the maximum intensity projection (MIP) image. To elim-
inate false positives caused by overlapping vessels at different
depths, the detected 2D points were further validated in 3D
by analyzing their local neighborhoods within the volumetric
data. Points without sufficient 3D continuity were excluded
from the analysis. The branching point density was calculated
by dividing the total number of branching points by the total
breast area in the projection image.

F. Human Subject Recruitment

Human experiments in this study were approved by the
Institutional Review Board of the Roswell Park Comprehen-
sive Cancer Center and University at Buffalo, which also
overlooked patient imaging studies conducted at Windsong
Radiology. All human subjects provided informed consent
after fully understanding the implications of their participation.
Windsong patients were recruited by patient navigators, while
Roswell Park patients were recruited by study nurses and
breast surgeons. The entire imaging procedure for both breasts
takes less than 10 minutes. The study enrolled four healthy
volunteers from University at Buffalo. The healthy volunteer
study aimed to test the performance of the OneTouch-PAT sys-
tem in different cup sizes and verify the reliability of the deep
learning data processing method. After that, 61 patients diag-
nosed with breast cancer participated in the clinical testing.
The comprehensive characterization of the patient information
is listed in Table I. Results from five patients were selected to
demonstrate the dual-modal PA/US imaging capabilities, while
all patients’ PA results were used for the statistical analysis.

[1l. RESULTS

The results are presented in three sections. First, we eval-
uated OneTouch-PAT on four healthy subjects with varying
breast sizes and skin tones, demonstrating its robustness across
different breast compositions using optimized data processing
algorithms. Next, a clinical validation study was conducted,
showing that OneTouch-PAT enables clear visualization of
tumor features in both 2D and 3D data. Finally, a quantitative
analysis of 61 patients revealed that photoacoustic imaging
provides statistically significant differences in signal intensity
and vessel distribution between malignant and healthy breast
tissue.
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Fig. 3. Depth-encoded MAP images of breast vasculature from four healthy volunteers with cup sizes from A-D. The subjects also have different
skin colors. Each row represents images of left and right breast from the same subject. The imaging field of view is 156 mm x 170 mm. The depth
was quantified in reference to a planar surface close the plastic membrane. Vessels near 3 cm deep are seen in red colors and marked by white

arrows.

A. Data Processing and Healthy Subject Results

Four healthy volunteers with different breast cup sizes
and skin tones were recruited to demonstrate the system’s
performance. The results are shown in Figure 3, where images
were projected along the axial direction and color-encoded

with depth (blue represents shallow and red represents deep).
The OneTouch-PAT system provides consistent imaging of
blood vessels at different cup sizes. For instance, blood vessels
can be clearly visualized at the top row of the small cup
size A, as well as in the bottom row of cup size D. The
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TABLE |
SUMMARY OF PATIENT DATA

Patient Data No. of Patients

Total number of patients 61

Almost entirely fatty (1)

Scattered Fibroglandular Density (35)
Heterogeneously Dense (23)
Extremely Dense (2)

32-76

<10 mm (26)
10-30 mm (26)
30-70 mm (7)
Unknown (2)

ILC (4)

IDC and mixed (42)

DCIS (11); LCIS (1); ADH (1)
Unknow (2)

LUMA (26)
LUMB (10)
TNBC (6)
Unknown (19)
1(6)

1-2 (9)

2(22)

3(14)
Unknown (10)

Fair (49)
Medium (4)
Dark (8)
A(4)

B (13)
C(13)

D (31)

Breast density

Ages

Tumor size range

Tumor types

Molecular subtype

Nottingham grade

Skin color

Breast cup size

ILC: Invasive Lobular Carcinoma; IDC: Invasive Ductal Carcinoma;
DCIS: Ductal Carcinoma In Situ; LCIS: Lobular Carcinoma In Situ; ADH:
Atypical Ductal Hyperplasia. LUMA: Luminal A; LumB: Luminal B;
TNBC: Triple-negative breast cancer.

subject with a cup size of B has a dark skin color, which
would provide a stronger background signal. The deep learning
process eliminates most of the skin signals, thereby revealing
deeper vascular features.

B. Patient Imaging Results

In this section, we present the morphological and vascular
tumor features in 2D and 3D. Five representative cases are
presented to cover three molecular subtypes of breast cancer:
LUMA, LUMB, and TNBC.

Figure 4 displays PA&US results from two patients with
LUMA breast tumors. Case 1 involved a patient with fair skin
color and cup size C, having a7 x 5 x 6 mm?> tumor (LUMA)
on the right breast at 12 o’clock, 6 cm from the nipple. The
clinical US report (Figure 4a) shows an oval-circumscribed
hypoechoic mass with central echogenicity. The same fea-
ture is observed in the One-Touch US image (Figure 4b).
Figure 4c presents the PA features overlaid on top of the
cross-sectional US image where some blood vasculatures can
be seen. However, the presence of the vessel is dependent on
the orientation of the cross-section. In comparison, the 3D
renderings in Figure 4d and Figure 4e show more peripheral
vessels, highlighting the importance of volumetric imaging.
It should be noted that the orange-red colored vessels at the
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Fig. 4. OneTouch-PAT imaging results of two LUMA cases. a&f represent
the clinical US images. b&g represent the one-touch US (gray) images.
c&h represent the PA (color) images overlaid on top of grayscale US
images. d&i represent the 3D projection PA overlaid on top of US
images (frontal view of the breast). e&j represent the depth-encoded 3D
projection PA images (frontal view of the breast). For the overlay images,
the PA intensity was linearly mapped to a transparency matrix, with
the strongest PA signals rendered completely opaque and the weakest
signals fully transparent.

top left corner of Figure 4e might be due to nature curvature
of the breast as our plastic membrane was flexible and did not
conform the breast to a flat surface.

The second LUMA case involved a patient with fair skin
color and cup size D, having a 15 x 15 x 17 mm® tumor
on the left breast at 10 o’clock, 3 cm from the nipple.
The clinical US image shows a lobulated, partially well-
circumscribed, heterogeneously enhancing mass (Figure 4f),
which is also visible in the One-Touch US image (Figure 4g).
Similar to the first case, we noticed more obvious vascular
patterns in the volumetric image than the cross-sectional
images (Figure 4h-j). In both LUMA cases, we observed that
the peripheral vessels of the tumor were more prominent than
the internal vessels.

Figure 5 presents PA&US images of two patients
(case 3&4) with LUMB subtype. In case 3, the patient (breast
cup size A and fair skin color) has a 22 x 18 x 24 mm? tumor
behind the left nipple with overlying skin thickening. The clin-
ical US image (Figure 5a) shows an irregular hypogenic lesion
which matches with the One-Touch US image (Figure Sb).
The PA cross-sectional and volumetric images in Figure 5c-e
show richer vasculature around the tumor core.

In case 4, the patient (cup D breast and fair skin color)
has a 32 x 17 x 19 mm? spiculate mammographic mass in
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Fig. 5. OneTouch-PAT imaging results of two LUMB cases. a&f represent
the clinical ultrasound image. b&g represent the one-touch ultrasound
(gray) images. c, h represent the photoacoustic (color) images overlaid
on top of US images. d&i represent the 3D projection PA overlaid on top of
US images (frontal view of the breast). e&| represent the depth-encoded
3D projection PA images (frontal view of the breast).

the left breast. Again, a hypogenic lesion with an irregular
shape is shown in both clinical (Figure 5f) and One-Touch US
images (Figure 5g). The PA images show that the tumors have
abundant vessels surrounding the periphery and fewer vessels
in the central region (Figure Sh-j). In particular, compared
to LUMA cases, we noted a more pronounced presence of
feeding vessels leading to the tumor core in both LUMB cases.
This vascular richness in LUMB tumors suggests a higher
angiogenic activity, likely contributing to their higher prolifer-
ation rates and more aggressive tumor behavior, as indicated
by their elevated Ki-67 indices. A 3D rendering of the PA
and US image overlay is shown in Video 1 (Supplementary
Material) (scale bar 2 cm).

Figure 6 illustrates the PA&US results of a malignant
lesion of the TNBC subtype. Case S involved a patient with
fair skin color and cup size C. The patient had a lobulated
sonographic mass with indistinct margins located at 11 o’clock
in the right breast, measuring 22 x 18 x 22 mm?>. Both
clinical (Figure 6a) and One-Touch ultrasound (Figure 6b)
images revealed a ~20 mm lesion with a circumscribed
margin and round shape; both are characteristic features of
TNBC [43]. Within the tumoral region, we observed spotty
high-intensity photoacoustic signals (Figure 6c¢), which are
likely attributed to intertumoral hemoglobin enhancement.
Interestingly, we did not observe clear feeding vessels in
this TNBC case (Figure 6d-e), potentially due to the lack

TNBC
Case 5

w
&

(wuw) yadap SuiSew

0

Fig. 6. OneTouch-PAT imaging result of a TNBC case. a represents the
clinical ultrasound image. b represents the one-touch ultrasound (gray)
image. c represents the photoacoustic (color) image overlaid on top of
the US image. d represents the 3D projection PA overlaid on top of the
US image (frontal view of the breast). e represents the depth-encoded
3D projection PA image (frontal view of the breast).

of ER and HER2 expression, which created a less structured
vascular network [44].

C. Statistical Analysis

Statistical analysis was conducted using MATLAB with
a type I error rate of 0.05 («). Upper-tailed t-tests were
utilized to compare different parameters for healthy and tumor-
bearing breasts. Based on our earlier study on the DSM
system [29], we analyzed the regional PA intensity (Ave
Intensity), the background PA intensity (Ave Background),
the standard deviation of the background PA intensity (STD
Background), and the extracted vessel intensity (Ave Vessel)
across 61 patients (Table II). The data from the tumor-bearing
breast was normalized by dividing it by the corresponding data
from the healthy breast. Figure 7 provides a summary of our
statistical results.

As shown in Figure 7a, the malignant breasts exhibit higher
relative photoacoustic intensity (> 1) compared to the healthy
breasts. Our analysis revealed that tumor-bearing breasts
exhibited stronger regional signal intensity (P = 0.0002 for
upper tailed t-test) and vessel intensity (P = 0.0062) than
healthy breasts. This finding suggests the presence of larger
vessels and abundant microvessels in malignant breasts. This
observation is consistent with current research that indicates an
increase in regional vascularity in malignant breasts [45], [46].
Additionally, mean signal intensity of the background (regions
with no visible vessel) (P = 0.0007) and the standard deviation
(P = 0.0176) were higher in malignant breasts (Figure 7a),
which suggests a strong variation in tissue signals potentially
due to the growth of microvasculature. These results are
consistent with our earlier reports in the DSM system [29] and
indicate that the OneTouch setup can be used to differentiate
healthy breasts and tumor-bearing breasts.

Moreover, we analyzed the tumor-bearing breast tissue on
different breast densities. In Figure 7b, the heterogeneous
breast exhibited slightly higher average intensity and ves-
sel intensity compared to the scattered fibroglandular breast
(extremely dense breast cases were excluded as only 2 cases
were available). This difference highlights the greater vascular
complexity and density in malignant heterogeneously dense
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Fig. 7. Statistical analysis of PA signal intensity in malignant and contralateral healthy breast. a. Violin plot of relative (ratio of malignant and

healthy) PA intensity in 61 patients on the regional intensity, background, STD background, and the AVE vessels. (***: p < 0.001, **: p < 0.01,
*: p < 0.05 for upper-tailed t-test). The white dots represent the mean value. b. The relative PA intensity comparison between heterogeneously
dense breast (n = 28) and scatter fibroglandular breast (n = 35). c. The relative PA intensity comparison between fair color (n = 49) and dark color

breasts (n = 8).

TABLE I
SUMMARY OF QUANTITATIVE PA PARAMETERS

Name Explanation
Ave Intensity  Average PA intensity within the whole breast.
Ave Vessel Average PA intensity within the segmented

vessel region.
Ave Average PA intensity within the non-vessel
Background  region.
STD Standard deviation of the PA intensity within
Background  the non-vessel region.

tissue. This observation agrees with studies reporting that
angiogenesis-related proteins are upregulated in dense breast
tissue [47].

As PA imaging is sensitive to skin color, we made a
comparison plot based on skin tone (Figure 7c¢). As we
do not have sufficient cases of medium skin tone, we only
compared fair and dark skin cases. It can be seen that the
average PA intensity ratio is slightly lower in the darker tone
cases, indicating that the background skin signals might have
reduced the contrast between malignant and healthy breasts.
However, the mean vessel ratio is slightly higher in the dark
cases, indicating that once all the background signals were
removed, the vessel contrast would still stand out. This result
highlights the importance of skin effect compensation in PA
breast imaging [48].

It should be noted that while we observed a slight difference
in the above-mentioned mean ratios, we did not observe
a statistically significant difference between the two breast
density or skin color groups. These results indicate that the
PA technology is not sensitive to these effects.

Besides quantification of the PA signal intensity, we also
analyzed the vessel branching points. This investigation was
performed on the 3D Unet processed data, which improved
image resolution and vessel continuity. We noticed that the
tumor-bearing breast exhibited higher average branching point
density (49.1/100 cm?) than the contralateral healthy patient
(38.2/100 cm?) (P < 0.005). This observation is consistent
with the previous reports from Yamaga et al. [49], [50], who
observed 31.7 and 27.0/100 cm? density for malignant and
healthy tissue, respectively. However, our overall density is
higher. We believe the difference in system resolution and
branching point quantification methods induced this differ-
ence. In particular, the previous report relied on an operator

to manually count the branching point, while our method is
completely automated, enabling the detection of subtle vessels
and corresponding branching points that can be difficult to
distinguish with unaided eyes.

IV. DISCUSSION

In this study, we developed and evaluated the performance
of a new PA/US breast imaging system, OneTouch-PAT.
Compared to DSM, the new system offers better patient
comfort and higher ultrasound image quality. In addition,
we utilized deep learning techniques to enhance the visual-
ization of breast vasculature. The OneTouch can image the
vasculature of the breast at a depth of 3 cm with a field of view
of 15 x 17 cm?. The PA and US images from OneTouch-
PAT were combined and compared to clinical ultrasound
images to localize the tumor site. Representative results from
five patients were highlighted to demonstrate the advantage
of 3D imaging. In most cases, we noticed blood vessels sur-
rounding the tumor run irregularly, which are characteristics
of tumor neovascularization.

Compared to handheld PA-US breast imaging systems, the
automated breast scanning removed the operator dependence
and provided a more comprehensive view of the breast vas-
culature. As can be seen in Figures 4-6, the cross-sectional
view can only reveal limited vascular information, while the
3D view provides complete vasculature around the malignant
lesion. By sectioning across the suspicious regions, we can
get a complete picture of the morphological information of
the lesion using US. The tumor shapes and structure agree
with typical findings in the US regarding tumor subtypes [51],
while the addition of PA vasculature provides additional func-
tional information. Our case studies indicated that the most
significant image pattern associated with LUMA and LUMB
malignancies was the presence of feeding vessels. On the other
hand, TNBC malignancies were observed with spotty signals
in the tumoral region. This may be partially attributed to the
lack of ER and HER2 expression, which is associated with
diminished angiogenic signaling and a less organized vascular
architecture, resulting in poorly structured or fragmented vas-
cular networks. These results agree with cross-sectional studies
from a larger patient population [52], highlighting the promise
of combining volumetric PA and US images for breast tumor
subtype identification and personalized treatment planning.
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Future studies with larger and more balanced cohorts across
tumor subtypes, tumor sizes, and disease stages are necessary
to validate and generalize the results.

By analyzing vascular features, regional PA signal intensity,
and vessel branching complexity, we identified the differences
that correlate with tumor presence. The statistical findings
prove that PA imaging can serve as a potential functional
imaging biomarker for breast cancer classification. Regional
PA intensity was significantly higher in malignant breasts
(p = 0.0002), supporting the hypothesis that tumor angio-
genesis leads to increased hemoglobin accumulation. Vessel
signal intensity in malignant regions was also significantly
higher than in healthy breast tissue (p = 0.0062), con-
firming that tumor-associated vascular remodeling results in
larger and denser blood vessels. Additionally, background PA
intensity, measured in areas without visible vasculature, was
significantly higher in malignant tissue (p = 0.0007), likely
reflecting diffuse microvascular contribution. Breast density is
an important factor affecting breast cancer detection, particu-
larly in imaging modalities. Our findings suggest that tumor
angiogenesis varies with breast density, as heterogeneously
dense breasts exhibited a slightly higher PA intensity ratio
(malignant vs. the contralateral healthy breast) than scattered
fibroglandular breasts. As for the skin effort, we found that
the quantification on vessel intensity ratio is less affected by
skin color. In addition to PA intensity, we quantified vessel
branching points, which provide insight into tumor vascular
architecture and angiogenesis. The tumor-containing breast
has a significantly higher branching point density than the
contralateral healthy breast.

Although our findings support stronger vascular signals in
malignant lesions compared to contralateral healthy tissues,
the absence of a direct comparison with benign breast lesions
limits our ability to definitively attribute increased vascular sig-
nals solely to malignancy-specific angiogenesis. In our future
studies, we will recruit more benign cases and investigate
whether PA can differentiate malignant and benign lesions.
In addition, while most PA feature ratios are statistically larger
than 1, several patient cases still exhibit a malignant-healthy
ratio of less than 1. These indicates the need to explore other
PA features or combine both PA and US markers for more
accurate tumor identification. A comprehensive classification
framework leveraging quantitative PA and US imaging param-
eters would provide higher accuracy in cancer identification,
as demonstrated in our preliminary study in dual-modal data
analysis [53]. Ultimately, we hope not only to identify the
breast that contains the tumor, but also accurately localize the
tumor position in that breast.

While the prototype system has highlighted the advantage
of PA in breast imaging, additional hardware improvements
can also be implemented to further improve system perfor-
mance. For instance, the current setup is limited to a single
laser wavelength due to space limitations. Adding another
wavelength will provide functional information of breast tissue
and offer more details for pathological analysis, such as
malignancy-induced tissue oxygenation change [54], [55]. This
information cannot be obtained by Doppler US or ultra-fast
vascular ultrasound [50]. In addition, our current transducer

has only 128 elements and a round trip scanning is needed.
Expanding the element number to 256 elements or higher will
reduce the imaging time to less than 30 seconds. The higher
element count will also enable higher ultrasound frequency
(due to smaller elements) and offer better ultrasound imaging
quality [56]. Finally, although our current setup achieves
imaging depths of up to 3 cm, deeper lesions—such as those in
ILC—may require greater penetration. Replacing the coupling
water with a medium that has lower optical attenuation could
further enhance imaging depth and improve visualization of
structures near the chest wall.

V. CONCLUSION

In summary, we proposed an automated PA&US system
that images patients in the standing pose. Compared to X-ray
mammogram, the OneTouch-PAT system does not require
painful compression and the sensitivity does not degrade in
dense breast tissue. Compared to MRI, the system does not
require radiation or contrast injection, and it is not as expensive
or time-consuming. Given the automated scanning nature,
operator variability is almost negligible in OneTouch-PAT
system compared to handheld ultrasound. We also developed
a data processing approach for better processing of PA data
and enhancement of vascular features. The combination of
the hardware and software design allows OneTouch-PAT to
provide co-registered PA and US images in 3D. US provides
morphological features of the breast, while the PA overlay
shows the vascular patterns around the tumor, potentially
providing more accurate classification of tumor grade and
subtypes. Our results also demonstrated that PA imaging
provides statistically significant differences in signal intensity
and vessel distribution between malignant and healthy breast
tissues. These results highlight the potential of PA as a com-
plementary tool for diagnostic breast cancer imaging. Future
work will focus on expanding the patient number and refining
PA feature extraction methods to further enhance the clinical
utility of this technology into screening applications.
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