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ABSTRACT

Optical imaging enables visualization of biological structure and function but is fun-
damentally limited by several physical constraints. Spatial resolution is bounded by
optical diffraction, depth penetration is curtailed by strong absorption and scattering
in tissue, and image contrast-to-noise ratio is often restricted by photon shot noise
in low-light conditions. This thesis advances two novel directions—photoacoustic

imaging and quantum imaging—to address these limitations.

In photoacoustic imaging, we design and optimize high-speed photoacoustic com-
puted tomography systems that enable deep, volumetric visualization of vasculature.
By incorporating time-gated reconstruction and image-enhancement algorithms,
these systems support small-animal imaging of cardiac structure, liver morphol-
ogy, and brain hemodynamics non-invasively. Building on these foundations, we
explore non-invasive breast photoacoustic imaging with high spatiotemporal resolu-
tion. Through integration with learning-based feature extraction, classification, and
segmentation pipelines, we demonstrate the feasibility of applying photoacoustic

imaging in clinical workflows to aid the characterization of breast tissue.

In quantum imaging, we develop two complementary architectures that extend
the state of the art in opposite but synergistic directions. The scanning quantum
microscope scales up existing quantum imaging approaches, achieving the largest
resolvable pixel counts to date by combining entangled-photon illumination with
efficient coincidence detection. This platform enables the first demonstration of
whole-organism imaging and shows potential in remote sensing and sub-shot-noise
imaging. In contrast, the widefield quantum microscope scales down quantum
imaging to the microscopic regime, integrating single-photon—sensitive cameras
with a covariance-based coincidence estimation algorithm. This approach enables
cellular-level imaging and demonstrates quantum-enhanced resolution beyond the
classical diffraction limit, establishing a practical pathway for quantum microscopy

in biological imaging.

Across both research directions, this thesis advances system design and engineering,
quantitative characterization, calibration, reconstruction, and image-enhancement
methodologies. Together, these developments establish pathways from physical
principles to practical imaging systems, spanning laboratory prototypes through

preclinical and clinical applications in biomedical imaging.
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Overview of the 3D-PACT system. (a) Perspective rendering of
the full system. (b) Cut-away view showing the four arc-shaped
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after geometric calibration. . . . . . . ... ... ...
3D-PACT of arat brain in vivo. (a) Rendered volumetric angiogram
covering the entire brain. (b) Transverse slices at varying depths. (c)
Coronal slices from rostral to caudal regions. AACA, azygos of the
anterior cerebral artery; ACH, anterior choroidal artery; DTV, dorsal
thalamic vein; ICA, internal carotid artery; ISS, inferior sagittal sinus;
MCA, middle cerebral artery; MOA, medial orbitofrontal artery; OA,
olfactory artery; PCA, posterior cerebral artery; RRV, rostral rhinal
vein; SSS, superior sagittal sinus; TS, transverse sinus. . . . . . . . .
Functional hemodynamic imaging. (a) PA amplitude changes
across coronal slices during nitrogen inhalation. (b) ROI-averaged
responses showing decreased oxygenation. (c) Dynamics from four
major vessels during hypoxia. AACA, azygos of the anterior cerebral
artery; OA, olfactory artery; SSS, superior sagittal sinus; ISS, inferior
sagittal sinus. (d—f) Hemodynamic changes during emergence from
deep anesthesia. (g) Functional connectivity across 20 anatomically
selected regions. (h) Cortical responses to electrical stimulation of
the forelimbs. . . . . . . . ..o
3D-PACT of human breasts in vivo. (a) Perspective angiogram
of the right breast. Bottom: MAP side view showing 4 cm imaging
depth. (b) Coronal MAPs from nipple to chest wall. Each slice shows
a 1 cm-thick section. (c—d) Corresponding left-breast views. . . . . .
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Schematics and performance of the 3D-PACT system for hepatic
and cardiac imaging. (a) Schematic of the 3D-PACT imaging sys-
tem. The 1064 nm laser beam is expanded by a diffuser fixed on the
bottom of the hemisphere. (b) Close-up view of the imaging aperture
for rat experiments. The rat is placed on a heating pad with its liver
or heart at the center of the expanded laser beam. Two of the four
arc-shaped ultrasonic transducer arrays are marked. (c) Orthogonal
projection of a rat liver imaged by 3D-PACT. Scale bar, 5mm. (d)
Example of synchronized 3D-PACT (top) and ECG (bottom) signals
for cardiac imaging. The PA diagram shows signal amplitude versus
scanning step (time) and time-of-flight (vertical axis). R-waves in the
ECG mark ventricular contraction, used for time-gating. (e) Recon-
structed rat heart images with different ultrasonic detection apertures,

illustrating the improvement in image quality with larger solid-angle
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Rat heart anatomy in 4D acquired by 3D-PACT. (a) Anterior view
of the heart over one cardiac cycle, with the heart highlighted at
4) 11. BA, brachiocephalic artery; ITV, internal thoracic vessels; IV,
intercostal vessels. (b) Sagittal cross-sectional images (maximum-
amplitude projections, MAPs) of slices marked in (a), showing dy-
namic ventricular and atrial motion. (¢) Coronal cross-sectional im-
ages (MAPs) of slices marked in (b), identifying the left atrium (LA),
left ventricle (LV), pulmonary artery (PuA), right atrium (RA), right
ventricle (RV), and superior vena cava (SVC). (d) Depth-encoded

views at time 0, with superficial layers progressively removed to

reveal posterior structures. . . . . . . .. ... ..o

3D-PACT of lean and obese rat livers in vivo. (a—c) MAPs of a
lean rat liver in (a) axial, (b) sagittal, and (c) coronal views. (d)
Coronal perspective projection of the lean rat liver angiogram with
depth encoding. (e—g) MAPs of an obese rat liver in (e) axial, (f)
sagittal, and (g) coronal views. ML, median lobe. LLL, left liver
lobe. IRLL, inferior right lateral lobe. CP, caudate process. SEV,
superior epigastric vessels. HPV, hepatic portal veins. (h) Coronal

perspective projection of the obese rat liver angiogram with depth

encoding. Scalebars, Smm. . . . . .. ... ...

X1

29

30



3.4 Dilerknces in cardiac anatomy and function between Zucker

3.5

obese and lean rats. (a) Depth-encoded cardiac anatomy of a Zucker
obese rat. Left: 3D-PACT volume with color-coded depth; middle:
coronal MAP; right: photograph of the corresponding hypertrophic
heart after longitudinal sectioning. LA, left atrium; LV, left ventricle;
RA, right atrium; RV, right ventricle. (b) Cardiac anatomy of a Zucker
lean rat (control). (c) Free-wall thickness of left (top) and right
(bottom) ventricles for obese vs. lean rats (== 3, ? 0 01 for both).
(d) Normalized left-ventricular and left-atrial volume variations over

the cardiac cycle for obese vs. lean rats; shaded regions indicate

standard deviation (==3). . . . . . . . . ... ... o

Quantitative comparison between lean and obese rat livers. (a)
Coronal perspective projection of the binary liver mask and vessel
segmentation mask. BG, background; LM, liver mask; VM, vessel
mask. (b) Coronal perspective projection of the binary liver mask
and vessel skeleton. VS, vessel skeleton. (c) Perspective projection
of angiographic irregularity (AI) with the binary liver mask. (d-h)
Statistical comparison of (d) liver mask volume, (e) VVO, (f) VND,
(g) Al and (h) estimated speed of sound (SoS) between lean and obese
rat livers. Data are presented as box plots; ?-values are calculated

using one-tailed Welch’s (unequal variances) (-tests. **? 0 01.

Scalebars, Smm. . . . . . . . ...
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Schematics of angiographic irregularity (Al) calculation and
speed-of-sound (SoS) estimation. (a) Vessel distribution diversity
(VDD) calculation: a sliding window is scanned across the 3D im-
age; at each position, the image histogram is acquired and entropy is
calculated from normalized histogram counts. The value is assigned
to the window center to form a 3D map ""ypp. (b) Morphological
irregularity (MI) calculation: at each G—H slice, a sliding window is
scanned and rotated from 0 to 180 ; the dominant normalized sin-
gular value is recorded at each angle. The MI at the window center
is assigned according to the largest difference in the dominant nor-
malized singular value across angles. Similar processes over H—I and
G-I slices yield the 3D map ""yp;. Al is calculated as the dot product
of the two maps, "“A1 = ""vpp ""mr1- (c) SoS estimation: the raw
PA signal is reconstructed by UBP with different assumed tissue SoS
values; a 3D fast Fourier transform (3D-FFT) yields the spectrum.
Image sharpness is calculated as the mean spectrum amplitude, and

the SoS maximizing sharpness is chosen as the estimated SoS. . . . .

Cardiac hemodynamics in control, hypertensive, and obese rats.
(a) 3D-PACT image showing the aorta, pulmonary artery, RCA, and
LCA. (b) Normalized PA amplitude in the four vessels over the cardiac
cycle for control (solid black), hypertensive (blue dashed), and obese
(red dashed) rats (= = 3 per group). (c¢) Normalized left-ventricular
volume over the cardiac cycle for the same groups, showing distinct

systolic and diastolic behavior. . . . . . . . ... ... ... ...

Respiration-based TG schematics and hepatic hemodynamic re-
sults. (a) Schematic of respiration-based time gating for dynamic
imaging. The raw PA signal from one transducer shows periodic
oscillations from breathing. (b) Close-up of one respiration cycle:
each cycle is divided into multiple phases, and signals from the same
phase across all cycles are summed (with round-trip scanning) for
reconstruction. (c) Motion-contrast-encoded orthogonal projection
of a rat liver, with a slice showing SEV and HPV cross-sections. (d)
Relative PA signal changes for two voxels in (c), normalized to the
first phase and plotted as mean standard error. (e) Relative changes

of cross-sectional vessel areas (SEV and HPV) in (¢), normalized to

the first phase and plotted as mean standard error. . . . . .. . ..
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4.3

4.4

4.5

Single-breath-hold photoacoustic breast imaging system and breast-

mimicking phantom. (a) Cut-away rendering of the SBH-PACT
system, illustrating the patient bed, water tank, full-ring ultrasonic
transducer array, and data acquisition modules. (b) Schematic of
the breast-shaped phantom with embedded absorbing inclusions. (c)
MAP image of the phantom acquired by SBH-PACT, demonstrating
detection of a 1 mm-diameter inclusion at2 cm depth. . . . . . . ..
Longitudinal SBH-PACT of a patient treated with NAC. (a) Depth-
encoded angiograms of the unaffected breast at three time points. (b)
Corresponding vessel density maps overlaid on the MAPs in (a). (c)
Depth-encoded angiograms of the affected breast. (d) Vessel den-
sity maps for the affected breast, highlighting regions of increased
vascular density that localize the tumor. . . . . . . . ... ... ...
SBH-PACT angiograms of two additional NAC-treated patients.
(a) Patient 2, who exhibited a partial response. Close-up views of
the tumor region (yellow dashed boxes) show persistent angiogenesis
at T3. Yellow arrows highlight cancer-associated vessels; magenta
arrow lines trace prominent vessels observed at both T1 and T2.
(b) Patient 3, who showed a complete clinical response. Cancer-
associated vascular structures decrease markedly at T2 and are nearly
absentat T3. . . . . . .. L
Tumor segmentation based on vascular irregularity for one pa-
tient across three time points. (a) Entropy maps derived from the
breast angiograms. (b) Anisotropy-weighted entropy maps that sup-
press directional vessels in healthy tissue and highlight disordered
vascular regions. (c¢) Segmented tumor regions obtained from (b),
illustrating progressive shrinkage with NAC. . . . . ... ... ...
Comparison between SBH-PACT and contrast-enhanced MRI
for one patient. (a) SBH-PACT angiograms modulated by anisotropy-
weighted entropy to highlight tumor-associated vasculature. (b) Dy-
namic contrast-enhanced MRI images at T1 and T3, rotated to match
the SBH-PACT viewing geometry. Magenta arrows indicate cor-
responding structures identifiable in both modalities. SBH-PACT

provides fine angiographic details in a single breath-hold acquisition.
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4.6

5.1

5.2

Quantitative characterization of tumor evolution during NAC for
three patients. Data are presented as mean standard error; ?-values
correspond to one-tailed Welch’s (-tests. (a) Tumor dimensions and
volume (LA, long axis; SA, short axis). (b) Relative vessel density
in the ROI and in depth-matched healthy tissue. (c) Vascular entropy
in the ROI and healthy tissue. (d) Vascular anisotropy in the ROI and

healthy tissue. . . . . . . . .. .. ... ...

Patient breast PACT workflow. (a) Participant recruitment. (b)
Participant imaging. (c) PACT images of the patient. (d) Image
processing and feature extraction. (e) Feature comparison. (f) Lesion
classification. SQ, suspicious quadrant. HQ, healthy quadrant. MQ,
malignant quadrant. BQ, benign quadrant. (g) Classifier evaluation
and feature selection. (h) Lesion localization and segmentation.

Representative breast images from PACT and conventional imag-
ing modalities. (a-—b) Mammography (top), gadolinium-enhanced
MRI (2nd row), depth-encoded PACT (3rd row), and feature-encoded
PACT (4th row) images of the same breasts in two patients with in-
vasive ductal carcinoma (IDC). MLO, mediolateral oblique view.
UOQ, upper outer quadrants. Lesions are marked by pink solid ar-
rows. Vessels detected by both PACT and MRI are marked by white
dotted arrows with numbers. Vessels detected by PACT only are
marked by yellow dashed arrows with letters. Nipples are marked by

light blue dashed contours. Scale bars, lcm. . . ... .. ... ...
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53

54

Representative PACT images and longitudinal assessments. Ex-
ample PACT images of the regions around two stromal fibrosis lesions
(a, b) and two invasive ductal carcinomas (c, d) in each of four study
participants. The feeding vessels around the cancers are highlighted
by orange lines. (e) Serial images of a BI-RADS 3 lesion from three
visits over one year in a participant with benign mass. (f) Feature
comparison of the same lesion over three visits. AME, anisotropy-
modulated entropy. n.s., ? j 005. (g—i) Sequential imaging of
ductal carcinoma in situ. (g) First of the serial images of the unaf-
fected (left) and affected (right) breasts of a study participant with a
benign mass. (h) Serial images of the same patient after six months.
Changes by PACT prior to biopsy are marked by the pink dotted
arrows. (i) Feature comparison of the same lesion over two visits.
*#%72 0001. All other lesions are marked by white arrows. Nip-
ples are marked by gray dotted contours. Scale bars, 1 cm. Identified
lesions are indicated by color using the combined feature value.
Examples of PACT-derived features for HQ-SQ comparison. (a)
Feature extraction based on quadrants. (b) Extraction of the basic
(1D) features. (c—d) Examples of the 1D feature comparison using vi-
olin plots, based on (c) standard deviation (STD) and (d) interquartile
range (IQR), between healthy quadrants (HQs) and suspicious quad-
rants (SQs). ***? 0 001. (e) Example morphological (2D) feature
map of the vessel skeleton, from which the vessel density map was
acquired. (f—g) Violin plots of (f) vessel density and (g) anisotropy-
modulated entropy (AME). (h) Hu moment invariant (HMI)-based
feature comparison. (i) Extraction of gray-level co-occurrence ma-
trix (GLCM)-based features. (j—k) Examples of the GLCM feature
comparison using violin plots, based on the (j) contrast and (k) en-
ergy at 0° orientation of neighboring pixels, between HQs and SQs.
##%2 0 001. For all features, =gg = 534,=sq =141. . . . . . . ..

XVi

59



5.5

5.6

6.1

6.2

Classifier development and performance. (a) Schematic of the
feature extraction, feature selection, and classification. IQR, in-
terquartile range. HMI, Hu moment invariant. GLCM, gray-level co-
occurrence matrix. Cor, correlation. Con, contrast. H, homogeneity.
(b) ROC curves of the XGBoost classifier. Solid line corresponds
to the ROC curve with the highest AUROC. Dotted lines correspond
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Dashed line corresponds to the baseline ROC curve from random
guess (RG). Cross denotes the optimal operating point (OOP) of the
optimal ROC curve. For the testing set, =yg = 53, =sq = 39. (¢)
ROC curves based on the sum of the first six principal components
(PCs) of biopsy-proven benign (BQ) and malignant (MQ) quadrants
through PCA. Dotted lines correspond to the lower and upper bounds
of the 95% CI. Norm., normalized. (d) t-SNE visualization of the

clustering of the 13-dimensional features from the BQs and MQs in

the two-dimensional subspace. For (c) and (d), =gq = 85, =mq = 56. .
Semi-automatic lesion localization and segmentation. (a) Schematic

of the lesion segmentation. (b) Examples of four breast quadrant im-
ages color-encoded by the weighted product of vessel density (V),
entropy (H), and anisotropy (A). Color bars, 1 cm. (c) Distribution
of the lesion size (in terms of the long axis) estimated through PACT

versus from the clinical report. US, ultrasonography. Data are plotted

as means standard errors of the mean (==3). . ... ... . ...

Conceptual comparison of classical and quantum imaging. (a)
In classical imaging, a single detector records the intensity after the
object. (b) In quantum imaging, an SPDC source generates entangled
signal—idler pairs; the signal interacts with the object while the idler

bypasses it, and images are reconstructed from coincidence counts

between the two detection channels. . . . . . . . ... .. ... ...

Characterization of an experimental EPR-like state. (a—b) Real
(a) and imaginary (b) parts of the reconstructed two-qubit density ma-
trix from QST; fidelity and concurrence quantify the entanglement.
(c) Coincidences as a function of V when U = 0 45 90 135. Exper-
imental results are plotted as means standard errors of the means

(= =9). (d) Full-domain coincidence map #,, juU V", showing

the sinusoidal modulation of coincidences versus analyzer angles. . .
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Chapter 1

INTRODUCTION TO PHOTOACOUSTIC IMAGING

Photoacoustic imaging (PAI), or photoacoustic tomography (PAT), is a hybrid
modality that combines pulsed optical excitation with ultrasonic detection to map
optical absorption in biological tissues in vivo [1]-[4]. In PAI, short laser pulses are
absorbed by endogenous or exogenous chromophores, leading to rapid thermoelastic
expansion and the emission of broadband ultrasonic waves. These photoacoustic
waves propagate with relatively low scattering and are detected at the tissue surface
by ultrasound transducers. Image reconstruction then yields spatial maps of the

initial pressure distribution, which are closely related to optical absorption.

Depending on the implementations, PAI can be categorized into photoacoustic
microscopy (PAM), photoacoustic computed tomography (PACT), photoacoustic
endoscopy, etc. [1], [2]. Among these, PACT employs multi-element ultrasonic
arrays and broad optical illumination (often covering the entire field of view or FOV)
and applies image reconstruction algorithms to recover three-dimensional (3D)
absorption distributions [2]. PACT achieves scalable mesoscopic to macroscopic
imaging with centimeter-scale penetration while maintaining sub-millimeter spatial
resolution, bridging microscopic optical techniques and whole-body radiological

imaging.

This chapter focuses on the principles and applications of PACT. Section 1.1 summa-
rizes the physical and system-level principles of PACT. Section 1.2 reviews selected
preclinical and clinical applications, with emphasis on small-animal and human

studies that demonstrate the strengths and current limitations of PACT.

1.1 Principles of PACT

Photoacoustic e [eck and signal generation

The fundamental mechanism of PACT is the photoacoustic effect. A short laser
pulse with fluence ,r” illuminates tissue at the position . A fraction of the optical
energy is absorbed by chromophores with absorption coefficient “g,r”, leading to

an initial specific energy deposition

”rn — ‘O”r” ”rn (1.1)
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Under stress and thermal confinement, the absorbed optical energy is converted into

a transient pressure rise ?¢,I” given by

20, = L (1.2)

where is the Grueneisen parameter that depends on the local thermal expansion
coeflicient, isothermal compressibility and specific heat [2]. The initial pressure
distribution ?(,r” acts as an acoustic source and generates broadband ultrasound

waves that satisfy the inhomogeneous wave equation

1 m22,r¢” Vv ¢”
m2,r ¢ _vm ,r (13)

2 ”
r=?,r ¢ _—
22" m(2 o me

where ?,r (" is the acoustic pressure, 2,I" is the speed of sound, V is the thermal

expansion coefficient and » is the specific heat.

The measured time-resolved signals at the array elements encode information about
the 3D distribution of ?(,r”, and therefore about “g,r” convolved with the spatial
profile of the fluence ,r” [1], [2].

PACT system architectures
PACT systems are characterized by the illumination scheme, the acoustic detection

geometry and the data acquisition strategy [2]-[4].

Broad-beam or diffuse illumination is commonly used to cover a large FOV, for
example an entire small animal or a human breast. Illumination can be delivered
from one or multiple sides, or through optical fiber bundles integrated with the
ultrasound probe. To stay within safety limits, the fluence at the skin surface is kept

below the ANSI standards for the relevant wavelength and pulse repetition rate.

Acoustic detection is typically performed with piezoelectric or capacitive microma-

chined ultrasonic transducer arrays. Geometries include:

* Planar or linear arrays, often integrated into hand-held probes and are
compatible with conventional clinical ultrasound systems. These arrays are
widely used in breast and thyroid imaging and in multi-purpose clinical PACT
platforms [4], [5].

» Curved, circular, or hemispherical arrays, designed to provide wide solid-
angle coverage and more isotropic resolution. Examples include ring-shaped
and hemispherical arrays for small-animal and whole-breast imaging [6]-[10].

The work from this thesis focuses on this geometry.
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In PACT, a single laser pulse can generate a cross-sectional (two-dimensional, 2D) or
3D image, thus achieving high frame rates with parallel acquisition, limited mainly

by the laser repetition rate and data throughput.

Image reconstruction and spatial resolution

Given the measured time-resolved pressure signals ?,rg (" on a measurement sur-
face rg, the goal of reconstruction is to recover ?¢,r”. For homogeneous media
and sufficiently dense sampling, analytic algorithms based on the inverse spherical
Radon transform or back-projection are commonly used and can be implemented

efficiently in the time or frequency domain [2].

For more complex media, including heterogeneous speed of sound and limited-
view sampling, model-based and iterative methods can improve image quality at
the cost of increased computation. :-space methods and finite-difference time-
domain solvers are widely used to model wave propagation and to compensate for
acoustic heterogeneities [11]. More recently, deep-learning approaches have been

investigated to reconstruct images from sparse-view or noisy data [12], [13].

The spatial resolution of PACT is mainly determined by the acoustic bandwidth and
the angular sampling of the detection aperture. In practice, the achievable resolution
scales approximately linearly with imaging depth, with a typical depth-to-resolution
ratio on the order of 100-200 in soft tissue [2]. By choosing lower center frequencies
for deeper imaging and higher frequencies for superficial targets, PACT can be tuned

across mesoscopic and macroscopic length scales.

Contrast mechanisms in PACT

PACT is fundamentally sensitive to optical absorption. Endogenous chromophores
provide intrinsic contrast, including oxy- and deoxyhemoglobin, melanin, water,
lipids, and nucleic acids [2]-[4]. By tuning the excitation wavelength and per-
forming spectral unmixing, PACT can quantify the total hemoglobin concentration,
hemoglobin oxygen saturation, and other functional parameters such as blood vol-

ume, blood flow surrogates, and oxygen metabolism.

In addition to endogenous contrast, exogenous agents such as organic dyes, nanopar-
ticles and targeted molecular probes expand PACT into molecular imaging. These
agents can be engineered to absorb in the near-infrared optical window and to report
specific biological processes, including receptor expression, enzyme activity and
drug delivery [2], [4].
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Because PACT uses ultrasound detection, it inherits the advantages of ultrasound
imaging: relatively low cost, portability, lack of ionizing radiation and compatibil-
ity with real-time operation. At the same time, PACT provides optical absorption
contrast that is complementary to ultrasound’s primarily scattering-based contrast,
making combined PACT-ultrasound systems especially attractive for clinical trans-
lation [3], [4].

1.2 Applications of PACT

PACT has been applied across a wide range of biological systems, from small animal
models to human subjects, leveraging its ability to visualize vascular anatomy,
blood oxygenation and molecular contrast in vivo [1]-[4]. This section highlights

representative preclinical and clinical applications of PACT.

Preclinical applications of PACT
Whole-body and organ-scale imaging in small animals

Array-based PACT has become a powerful tool for whole-body and organ-scale
imaging in small animals. Early systems using circular or ring-shaped array ge-
ometries demonstrated noninvasive 3D imaging of entire mice, resolving major
organs and vascular networks in vivo [6], [7]. Subsequent advances in laser tech-
nology, transducer arrays and acquisition electronics enabled higher frame rates and

improved spatial resolution.

Single-impulse panoramic PACT (SIP-PACT) combines wide-field illumination with
a full-ring confocal array to capture whole-body dynamics of small animals at high
spatiotemporal resolution [8]. SIP-PACT has been used to visualize cardiac cycles,
respiratory motion, and fast vascular responses to physiological perturbations in

mice, while maintaining a large FOV and near-isotropic in-plane resolution.

More recently, high-speed 3D PACT systems have extended volumetric imaging
to entire rodents with acquisition times on the order of tens of milliseconds per
volume [10]. Such systems support real-time tracking of organ motion and hemo-
dynamic changes, providing a unique platform for studying disease progression and

treatment response in vivo.

Functional and molecular imaging in animal models

Tumor-bearing rodent models have been extensively studied with PACT to evaluate

anti-angiogenic therapies, vascular-targeted agents, and nanoformulated drugs. In
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these settings, exogenous contrast agents such as near-infrared dyes and nanoparti-
cles are often used to enhance molecular specificity, for example, to target integrins,
growth factor receptors, or protease activity [2]. Dynamic contrast-enhanced PACT
can quantify perfusion and permeability, offering a noninvasive readout of drug

delivery and therapeutic efficacy.

Beyond oncology, PACT has been applied to preclinical studies of brain function,
cardiovascular disease, liver and kidney pathology, and inflammatory processes.
Multiscale PAT frameworks integrate PACT with other implementations to connect

organ-level observations with microscopic molecular readouts [14].

Clinical applications of PACT

The past decade has seen rapid progress in translating PACT to the clinic. Early pilot
studies in humans have now matured into multi-center trials and the first regulatory
approvals for PACT-based devices [3], [4]. Most clinical systems are integrated with
conventional ultrasound platforms, allowing co-registered ultrasound and PACT

measurements in a single probe.

Breast imaging and oncology

Breast imaging has been a leading clinical application of PACT. Hemispherical and
ring-array PACT systems have demonstrated 3D imaging of the human breast with
sub-millimeter resolution and penetration depths of several centimeters, sufficient to
cover the compressed breast volume [9], [15], [16]. In single-breath-hold PACT, a
hemispherical array surrounding the breast acquires volumetric angiographic images
within 10-15 s, capturing the vascular architecture and hemoglobin oxygenation

patterns associated with malignant lesions [3], [9].

Hand-held PACT-ultrasound probes based on linear arrays have been evaluated in
large patient cohorts. In a pivotal multi-center study involving more than 1,600
women, the addition of tomographic PAI to ultrasound significantly improved the
specificity of breast mass characterization while maintaining high sensitivity, re-
ducing the number of unnecessary biopsies for benign lesions [4], [S]. PACT-
derived features such as internal vascularity, peripheral vessel patterns and local
hemoglobin oxygen saturation provide complementary physiological information

beyond grayscale ultrasound.

Longitudinal PACT has also been used to monitor responses to neoadjuvant chemother-

apy (NAC). Changes in tumor vascularity and oxygenation during treatment correlate



6

with pathological response, suggesting that PACT could serve as an early biomarker

to adapt therapy and avoid ineffective regimens [3], [17].

Dermatology and peripheral vasculature

In dermatology, multispectral optoacoustic tomography and related mesoscopic
PACT systems have been used to image melanomas and non-melanoma skin cancers,
resolving melanin distribution, vascular morphology and oxygenation in and around
lesions [4], [15]. Although many of these systems operate at slightly shallower
depths than macroscopic PACT, they share the same tomographic principles and

reconstruction methods.

Hand-held PACT has also been applied to peripheral vasculature in the limbs,
visualizing small arteries and veins, skin microcirculation and vascular responses
to thermal or pharmacological stimuli [18], [19]. Photoacoustic lymphangiography
has been used to map vessels and assess lymphedema, showing advantages over

near-infrared fluorescence methods in depth penetration and quantification [4], [20].

Gastrointestinal, inflammatory and endocrine diseases

Tomographic PAI has been explored in inflammatory bowel disease, where MSOT
imaging of the bowel wall can assess disease activity and treatment response, in-
cluding in pediatric populations [4], [21], [22]. These studies highlight the ability of
PACT-like systems to quantify vascular and inflammatory signatures noninvasively

and repeatedly, without ionizing radiation.

In the endocrine system, PACT has been investigated for thyroid imaging and risk
stratification of thyroid nodules, where combined ultrasound and PAI can improve
differentiation between benign and malignant lesions by jointly considering mor-

phology and vascular features [23].

Challenges in PACT

Despite considerable progress, several technical and translational challenges remain.
Optical attenuation continues to constrain the achievable imaging depth—an espe-
cially limiting factor when imaging larger or highly attenuating human subjects.
Acoustic aberrations arising from heterogeneous tissue composition can distort
wavefronts and degrade image quality, while quantitative spectroscopic PACT still
requires robust correction for wavelength-dependent fluence variations to ensure

reliable biomarker extraction [3]. System-dependent image quality further com-
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plicates protocol standardization, as variations in illumination geometry, detector
configuration, reconstruction algorithms, and calibration procedures can lead to
substantial inter-system variability across institutions. In addition, the intrinsic
trade-off between frame rate and FOV remains a practical constraint: expanding
the angular or spatial coverage typically demands longer acquisition times, larger
arrays, or more complex multiplexing strategies, which may not be compatible with

certain clinical workflows.

Beyond physics and engineering limitations, broader translational factors also limit
the clinical impact of PACT. Workflow integration with existing imaging path-
ways, demonstration of cost-effectiveness relative to standard-of-care modalities,
and adequate training for technologists and clinicians are essential for widespread
adoption [4]. Finally, although PACT has shown strong promise as a complemen-
tary modality, its potential as a standalone clinical imaging system—capable of
independently guiding diagnosis, monitoring, or intervention—has not yet been
fully explored. Establishing such use cases will require coordinated advances in

hardware performance, quantitative image interpretation, and multi-site validation.

In summary, PACT has evolved from a laboratory prototype into a promising pre-
clinical and clinical imaging modality that complements conventional techniques.
Its ability to noninvasively map vascular anatomy, function, and molecular contrast
with high spatial resolution positions PACT as a powerful tool for both mechanistic

studies in animal models and translational imaging in patients.

1.3 Dissertation outline (Chapters 11-V)

Chapter II presents the design and realization of a high-speed three-dimensional
PACT platform, with emphasis on illumination engineering, multi-element detec-
tion, data acquisition, and real-time reconstruction. The chapter details the method-
ological advances that enable deep-tissue volumetric imaging, including calibration
strategies, signal processing pipelines, and reconstruction algorithms incorporated

into the system.

Chapter III applies the developed 3D-PACT system to non-invasive imaging of
small-animal cardiac and hepatic anatomy. The chapter describes the experimental
design, ECG-synchronized acquisitions, and time-gated reconstruction methods that
enable volumetric visualization of dynamic rat organs. It further analyzes anatomical
features, tissue-dependent optical absorption, and comparative observations across

lean, obese, and hypertensive cohorts.
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Chapter I'V extends PACT into a clinical context by investigating its utility in moni-
toring breast cancer response to neoadjuvant chemotherapy. It demonstrates acqui-
sition protocols, quantification of tumor-associated vasculature, and interpretation
of temporal changes in vascular morphology. The results illustrate the potential of

PACT to serve as a non-invasive adjunct tool for assessing therapeutic response.

Chapter V introduces panoramic PACT for comprehensive breast imaging and
presents a learning-based classification framework for lesion characterization. The
chapter integrates handcrafted and learned features, evaluates classifier performance,
and compares PACT-derived diagnostic information against conventional modalities.
It demonstrates how machine learning enhances the interpretability and diagnostic
power of PACT datasets.
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DEVELOPMENT AND APPLICATIONS OF A HIGH-SPEED 3D

[1]

[2]

[3]

[4]

[5]

PACT SYSTEM

L.LinY, P.I. HuY, X. Tong?, S. Na¥, R. 1. Cao, X.I. Yuan, D. C. Garrett, J. Shi,
K. Maslov, and L. V. Wang, “High-speed three-dimensional photoacoustic

computed tomography for preclinical research and clinical translation,” Na-
ture Communications, 2021. por: 10.1038/s41467-021-21232-1,

P. Hu, X. Tong, L. Lin, and L. V. Wang, “Data-driven system matrix manip-
ulation enabling fast functional imaging in tomography,” IEEE Transactions
on Medical Imaging, 2025. por: 10.1109/TMI .2025.3612437,

Y. Zhang?, S. Na¥, J. J. RussinY, K. Sastry, L. Lin, J. Zheng, Y. Luo,
X. Tong, Y. An, P. I. Hu, K. Maslov, T.-W. Tan, C. Y. Liu, and L. V.
Wang, “Rotational ultrasound and photoacoustic tomography of the human
body,” Nature Biomedical Engineering, 2026. por: 10 .1038/s41551 -
025-01603-5,

Y. Luo, H.-K. Huang, K. Sastry, P. Hu, X. Tong, J. Kuo, Y. Aborahama,
S. Na, U. Villa, M. A. Anastasio, and L. V. Wang, “Full-wave image re-
construction in transcranial photoacoustic computed tomography using a
finite element method,” IEEE Transactions on Medical Imaging, 2024. por:
10.1109/TMI.2024 .3456595,

K. Sastry, Y. Zhang, P. I. Hu, Y. Luo, X. Tong, S. Na, and L. V. Wang,
“A method for the geometric calibration of ultrasound transducer arrays
with arbitrary geometries,” Photoacoustics, 2023. por: 10.1016/j . pacs.
2023.100520,

2.1 Motivation

The combination of deep penetration and optical absorption contrast makes PACT

particularly attractive for biological imaging. It complements several established

modalities: compared with fluorescence imaging in tissue [24], PACT preserves

sub-millimeter resolution at depth; unlike ultrasound, PACT is free from speckle

artifacts and benefits from absorption-based endogenous contrast; unlike CT and

PET, it uses non-ionizing illumination; and compared with MRI, PACT offers faster

volumetric imaging at lower cost. In breast imaging, for example, a modern 3D-

PACT system can reach 4 cm penetration with nearly isotropic 0 37 mm-0 39 mm
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resolution in a single 10 s scan—substantially finer than typical 3T or 7T MRI voxel
dimensions [25], [26].

Efforts to scale PACT to true 3D coverage have explored spherical, hemispherical,
spiral, and planar detection geometries [6], [27]-[35]. These systems vary sub-
stantially in aperture completeness, spatial sampling density, laser delivery, and
achievable FOV. Despite notable advances, challenges remain: limited angular cov-
erage can produce severe limited-view artifacts; sparse detectors constrain spatial
resolution and reduce contrast-to-noise ratio (CNR); and non-uniform scanning il-
lumination can violate assumptions built into 3D back-projection algorithms [36],
[37].

To overcome these issues, we developed a high-speed 3D-PACT platform combining
a densely sampled hemispherical acoustic aperture with stable 1064 nm light deliv-
ery. The design goals were: (1) large and scalable FOV; (2) nearly isotropic spatial
resolution throughout the volume; (3) high noise-equivalent sensitivity for deep

tissue imaging; (4) high acquisition speed; and (5) minimal limited-view artifacts.

This system supports imaging across a wide range of scales—from mapping rat brain
vasculature and hemodynamics to imaging full human breasts within a single breath-
hold. The following sections describe the system architecture and its performance,
with the technical procedures (calibration, illumination engineering, reconstruction

algorithms) embedded directly within the narrative.

2.2 Characteristics and engineering of the 3D-PACT system

A schematic overview of the 3D-PACT system is shown in Fig. 2.1. The platform
integrates four key subsystems that operate in synchrony: (1) a hemispherical multi-
array acoustic detector; (2) integrated low-noise pre-amplification and multichannel
digitization; (3) a coaxial mechanical scanning mechanism enabling dense angular
sampling; (4) a regulated near-infrared illumination module designed for uniform

fluence distribution over the imaging depth.

At the center of the system is a hemispherical shell containing four arc-shaped
ultrasonic arrays, each with 256 elements, for a total of 1024 channels (Figs. 2.1a and
b). Each element is centered at 2 25 MHz with a fractional bandwidth exceeding 98 %
(Fig. 2.1e), enabling detection of both fine superficial vasculature and deep tissue
structures. The arrays were originally fabricated as circular arcs, but manufacturing

imperfections introduced slight deviations from the ideal geometry.
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To restore precise detector geometry, we characterized each element’s spatial lo-
cation by imaging a point absorber placed at multiple known positions throughout
the FOV. The measured time-of-flight residuals from all positions were assembled
into a nonlinear system, and we used Jacobi iteration to refine the estimated co-
ordinates of all 1024 elements until convergence. Each detector element connects
directly into a 1024-channel low-noise pre-amplifier array housed in the base of
the hemispherical module. This design minimizes cable-induced noise by am-
plifying weak photoacoustic signals prior to transmission. Amplified outputs are
routed through four phase-matched cables into four synchronized 256-channel data-
acquisition (DAQ) units. Each DAQ provides tunable analog gain (12-51 dB), 12-bit
sampling, and hardware triggering tied to the laser pulse. The tight integration be-
tween pre-amplifiers and DAQs substantially improves noise-equivalent sensitivity,
particularly for deep tissue imaging where both optical fluence and acoustic pressure

decay.

The array housing and DAQ modules are mounted on a coaxial rotation stage that
sweeps the detector assembly over a 90° arc during a 3D scan. This rotation
effectively enlarges the solid-angle coverage and ensures dense sampling consistent
with spatiotemporal Nyquist criteria [38]. Depending on the desired FOV, the scan
duration ranges from 2 s (small volumes such as rodent brain) to 10 s (large volumes
such as human breast). All channels acquire data at each angular position, enabling
high-resolution tomographic reconstruction with minimal angular undersampling

artifacts.

Uniform and stable illumination across scanning angles is essential for accurate 3D
reconstruction. We deliver 1064 nm nanosecond pulses from a Q-switched Nd: YAG
laser through a one-inch diameter lens tube permanently affixed to the base of the
detector housing. Two engineered diffusers are placed in series within this tube.
Because water and soft tissue exhibit relatively low attenuation at 1064 nm, this
wavelength is favorable for deep organ imaging, including rodent brain, liver, and
human breast [39]. The fluence at the tissue surface remains within ANSI safety
limits [40].

Following geometric calibration, we quantified the system’s point-spread function by
imaging a 50 pm aluminum particle at multiple depths. The reconstructed volumet-
ric PSF exhibited near-isotropic resolution: approximately 390 pm in the transverse
plane and 370 pum along depth (Figs. 2.1c and d). Because spatial sampling density

satisfies both temporal and angular Nyquist criteria, resolution remains uniform
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Figure 2.1: Overview of the 3D-PACT system. (a) Perspective rendering of the
full system. (b) Cut-away view showing the four arc-shaped ultrasonic detector
arrays and pre-amplifier housing. (c) Photograph of the hemispherical module. (d)
Leaf-skeleton phantom before and after geometric calibration.

across large FOVs without the degradation commonly seen in sparse hemispherical

systems.

All volumetric reconstructions are performed using a dual-speed-of-sound (SoS)
3D back-projection algorithm. Water and tissue possess distinct SoS values, and
ignoring this difference leads to spatially varying blurring in deep regions. To
correct this, we segment the water—tissue boundary based on the cropped volumetric
images and compute separate acoustic propagation delays for each region during
back-projection. This procedure stabilizes resolution across depth and improves

quantification of vascular diameters in both rat brain and human breast imaging.

Raw A-lines are first bandpass-filtered to remove low-frequency electrical noise
and high-frequency electronic artifacts. After geometric alignment, each channel is
corrected for its temporal offset, and signals from all scanning angles are combined.
Reconstruction is performed on a uniform 3D Cartesian grid, typically 2563 or 5123
voxels depending on the target FOV. Post-processing includes depth compensa-
tion, collaborative filtering to suppress background noise, and vessel-enhancement

filtering when visualizing angiographic structures.
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The system design and performance described above lay the groundwork for the
imaging studies presented in the next sections. The same hardware platform supports
high-speed functional mapping in the rat brain and deep volumetric breast imaging

in humans.

2.3 3D-PACT of the rat brain anatomy and hemodynamics

Rodent brains provide a powerful model for studying cerebrovascular structure and
neural-vascular coupling. High-speed, deep-penetration imaging is essential for
capturing both static vascular architecture and dynamic hemodynamic responses to
physiological and external stimuli. The 3D-PACT platform is well suited for this
task: the panoramic acoustic aperture reduces skull-induced distortion, the 1064 nm
illumination enables robust penetration, and the system’s acquisition speed allows

volumetric imaging at a rate sufficient for functional studies.

Following anesthesia and hair removal, rats were positioned horizontally with their
cortical surface facing downward toward the membrane interface. For high-fidelity
angiography, the parietal bone was thinned but kept intact during functional imag-
ing. This approach reduces high-frequency distortion while preserving the natural

cerebrovascular environment.

Figure 2.2 illustrates the volumetric angiograms acquired from a representative rat.
With a 1064 nm excitation wavelength and the complete hemispherical detection
geometry, a single 5s scan captured the cerebral vasculature from cortex to deep
brain regions (10 mm depth). When higher CNR was desired, eight consecutive
5s scans were averaged. The dual-speed-of-sound reconstruction described earlier

ensured accurate geometric representation of deep structures.

The resulting volumes exhibit clear vascular boundaries with minimal limited-view
artifacts. Transverse and coronal slices in Figs. 2.2b and c resolve major arteries,
veins, and venous sinuses, including the superior sagittal sinus (SSS), sigmoid
sinus (SS), middle cerebral artery (MCA), and olfactory artery (OA). Even without

averaging, the system yields high-contrast angiograms within 5 s.

To investigate functional hemodynamics, we acquired volumetric data continuously
at 0 5 Hz. This rate is primarily limited by the 50 Hz laser repetition frequency and
the number of angular steps required for dense sampling. Higher volumetric rates

are achievable with higher-repetition-rate lasers (e.g., 100 Hz).

Hemodynamic fluctuations were induced via controlled modulation of inhalation

gases (oxygen vs. nitrogen) and through varying concentrations of isoflurane anes-
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Figure 2.2: 3D-PACT of a rat brain in vivo. (a) Rendered volumetric angiogram
covering the entire brain. (b) Transverse slices at varying depths. (c) Coronal slices
from rostral to caudal regions. AACA, azygos of the anterior cerebral artery; ACH,
anterior choroidal artery; DTV, dorsal thalamic vein; ICA, internal carotid artery;
ISS, inferior sagittal sinus; MCA, middle cerebral artery; MOA, medial orbitofrontal
artery; OA, olfactory artery; PCA, posterior cerebral artery; RRV, rostral rhinal vein;
SSS, superior sagittal sinus; TS, transverse sinus.

thesia. At each time point, raw multi-angle PACT data were reconstructed with the
dual-SoS algorithm. ROIs were selected around major vessels and cortical regions,
and voxel intensities within each ROI were averaged to form time traces reflecting

changes in oxyhemoglobin-dominated absorption.

At 1064 nm, the absorption coefficient of oxyhemoglobin is approximately an order
of magnitude larger than that of deoxyhemoglobin. Thus, temporal variations in
local PA amplitude predominantly reflect changes in oxygenated blood volume and,

secondarily, vascular diameter.

Figures 2.3a and ¢ demonstrates the brain’s response to acute hypoxia. Three
coronal slices exhibit an overall reduction in PA amplitude during a 30 s pure nitrogen
inhalation, reflecting decreased oxygenation. ROIs defined on these slices (Fig. 2.3b)
show that signal drops are larger in major vessels than in brain parenchyma; the latter

contains time-invariant contributions from lipids, water, and proteins [41].

Signal traces from the azygos of the anterior cerebral artery (AACA), olfactory
artery (OA), superior sagittal sinus (SSS), and inferior sagittal sinus (ISS) show

comparable fractional changes (Fig. 2.3c). During extended hypoxia, the rate of
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Figure 2.3:Functional hemodynamic imaging. (a) PA amplitude changes across
coronal slices during nitrogen inhalation. (b) ROI-averaged responses showing
decreased oxygenation. (c) Dynamics from four major vessels during hypoxia.
AACA, azygos of the anterior cerebral artery; OA, olfactory artery; SSS, superior
sagittal sinus; ISS, inferior sagittal sinus. (df) Hemodynamic changes during
emergence from deep anesthesia. (g) Functional connectivity across 20 anatomically
selected regions. (h) Cortical responses to electrical stimulation of the forelimbs.

PA decline plateaus, consistent with reduced oxygen consumption after prolonged
oxygen deprivation [42]. Shorter hypoxia bouts (eXf),9 produce more linear
early-phase dynamics.

Iso urane modulates both vascular tone and metabolic oxygen extraction [43], [44].
Figures 2.3d f show the decrease in PA amplitude throughout the brain as anesthesia
levels diminish. PA reductions in arteries and veins are similar (Fig. 2.3f), but the
underlying causes di er: in veins, decreased oxygen saturation and reduced vessel
diameter both contribute; in arteries, changes are dominated by vasoconstriction
with only mild variations in oxygen saturation [45].

Interestingly, fractional PA changes in parenchymal regions (Fig. 2.3e) match those
in major vessels. This consistency suggests that small-vessel contraction which
a ects parenchymal ROIls is more pronounced during emergence compared to
contraction in major arteries.

Spontaneous hemodynamic uctuations encode low-frequency activity patterns
analogous to resting-state fMRI [46]. Using 3D-PACT, these uctuations were
recorded in high spatial detail across the entire brain.
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We de ned 20 anatomical ROIs spanning cortex, midbrain, and deep nuclei. For
each ROI, temporal traces were bandpass- Itered to retain the hemodynamic fre-
guency band (0.01 0.1 Hz). Pearson correlation coe cients were computed for
every ROI pair. The resulting connectivity matrix (Fig. 2.3g) exhibits expected
bilateral symmetry between homologous regions.

To assess task-evoked hemodynamics, we applied periodic electrical pulses to the
forelimbs and imaged the resulting cortical responséstiz. Figure 2.3h shows
increased PA amplitudes in motor-sensory regions contralateral to stimulation. The
temporal pro le of the PA response matches expected neurovascular activation
dynamics.

Physiological motion especially respiration introduces periodic distortions. For

the brain, these e ects are weaker but still noticeable in deep structures. To sup-
press them, we implemented a time-gated motion-correction scheme (also used for
abdominal imaging shown later). Each volumetric frame was partitioned into tem-
poral segments corresponding to distinct breathing phases; segments with minimal
motion were selected and combined for reconstruction.

This approach successfully removed breathing motion from images of a pregnant rat
abdomen, revealing embryos that were initially blurred. The same strategy stabilizes
cerebral imaging and enables clearer functional mapping.

The 3D-PACT system enables whole-brain volumetric imaging with high spatial
resolution and functional sensitivity. The ability to resolve individual arteries,
follow hemodynamic changes across multiple physiological challenges, and quantify
intrinsic connectivity demonstrates its utility as a preclinical neuroimaging tool.
Unlike modalities such as fMRI, which o er slower volumetric rates and coarser
resolution, 3D-PACT captures vascular dynamics at the level of individual vessels
across the entire brain volume.

2.4 3D-PACT of human breastdn vivo

Early detection of breast cancer signi cantly improves survival, and recent stud-
ies highlight that tumor biology rather than size alone contributes critically

to prognosis [47], [48]. This motivates the development of imaging modalities
that are non-ionizing, cost-e ective, and capable of resolving vascular morphol-
ogy and functional contrast. While mammography and ultrasound remain clinical
workhorses, each has limitations: mammography o ers high spatial resolution but
relies on ionizing radiation and weak soft-tissue contrast; ultrasound is widely
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Figure 2.4:3D-PACT of human breastsin vivo. (a) Perspective angiogram of the
right breast. Bottom: MAP side view showirgcm imaging depth. (b) Coronal
MAPs from nipple to chest wall. Each slice showd am-thick section. (c d)
Corresponding left-breast views.

available but lacks intrinsic optical absorption contrast; and MRI, though power-

ful, is slow, costly, and less accessible. PACT presents a valuable complement,
leveraging optical absorption contrast with ultrasonic resolution and fast volumetric

imaging [9], [49], [50].

To evaluate the translational capability of the 3D-PACT platform, we imaged both
breasts of a healthy female volunteer (31 years old; 36C breast size). The system
was positioned beneath a prone imaging bed with minimal separation. The target
breast was gently compressed by a thin plastic cup to reduce illumination path length
from nipple to chest wall, thereby improving penetration and SNR.

A full volumetric dataset was acquired in a sindl@ sbreath hold by rotating the
1024-element hemispherical array through & &e. The detection geometry cap-
tured photoacoustic signals from virtually all angular directions, enabling accurate
3D reconstruction throughout tlecm-deep volume.

Figure 2.4a displays rendered angiograms of the right breast, including a side-view
maximum-amplitude projection (MAP). Corresponding coronal slices in Fig. 2.4b
span from the nipple to the chest wall, with clear visualization of super cial vas-
culature and smaller deep-lying vessels. Similar quality was obtained for the left
breast (Figs. 2.4c and d), with apparent vessel diameters as srabD@as.
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The imaging depth achieved by 3D-PACT results from careful engineering of the
illumination and detection subsystems. 1864 nm tissue attenuation is dominated

by scattering with a modest absorption component. For breast tissué,ethe
attenuation coe cient is approximately 0.9 crh [51], [52], comparable to X-

ray attenuation in soft tissue and signi cantly more favorable than wavelengths
below 950 nm Hemoglobin provides strong endogenous contrast, with vascular
density and oxygenation serving as indicators of tumor perfusion, angiogenesis, and
treatment response [53] [55]. These factors together nE)@4 nman e ective
compromise between safety, penetration, and contrast.

The system's panoramic aperture further improves deep-tissue detection. Sparse or
planar arrays often struggle with limited-view artifacts and degraded CNR at depth.
In contrast, the hemispherical-rotational geometry maintains angular completeness
and minimizes reconstruction ambiguities. Dual-speed-of-sound reconstruction
reduces depth-dependent blurring caused by acoustic mismatch between water and
tissue. Together, these features enable consistent spatial resolution over the entire
imaging volume.

To produce the nal breast angiograms, raw photoacoustic data from all 1024
channels and all scanning angles were rst bandpass- Itered (0.3 3.5 MHz) to
remove low-frequency drift and electronic noise. Detector-dependent temporal
delays were corrected based on calibration measurements. The dual-SoS back-
projection algorithm mapped the signals into a uniform 3D g5t voxels).

Following reconstruction, several post-processing steps were applied:

" Depth compensation. Because deeper regions receive lower uence, recon-
structed intensities were multiplied by an exponential factor matched to the
measured e ective attenuation coe cient of breast tissue.

" Denoising. Collaborative Itering (3D non-local means) was applied to sup-
press background noise while preserving vessel edges.

~ Vessel enhancement. Amulti-scale Frangi Iter emphasized tubular structures
and improved visualization of small vasculature.

This pipeline was crucial for obtaining high-quality imaged amdepth. Without
depth compensation and vessel enhancement, vascular clarity diminished signi -
cantly in deep slices.
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The volumetric angiograms show that most large vessels reside ®Ritinrbeneath

the skin, consistent with angiographic maps derived from anatomical studies [56],
[57]. These vessels primarily originate from the lateral thoracic, internal thoracic,
and intercostal systems. Deeper vessels near the chest wall are typically smaller,
more perpendicular to the skin, and more densely branched. 3D-PACT successfully
visualizes these deeper networks, which are often invisible in optical imaging and
di cult to capture using traditional breast ultrasound.

To further evaluate sensitivity to small absorptive inclusions, we constructed breast-
mimicking phantoms with tissue-relevant optical properties. Tumor phantoms with
absorption coe cient ¢ = 0<105cm 1, representing a 2.1-fold increase over back-
ground ( o = 0:05cm 1), were embedded &cmdepth. Reduced scattering was
setto” 3= 5cm 1, matching typical values for human breasi@64 nm[39], [51].

3D-PACT successfully resolved absorptive inclusions dowf am in diameter.

These results suggest that, beyond vascular imaging, the system may be sensitive
enough to detect small high-contrast lesions in vivo, especially when combined with
spectral imaging or molecular contrast agents.

The real-time acquisition work ow was designed to minimize subject motion and
ensure reproducibility:

~ Breath-hold imagingX0 9 suppresses respiratory motion and eliminates the
need for gating.

" The plastic holding cup stabilizes breast position without discomfort.

~ Illumination remains spatially stable across all rotational positions, which is
essential for scatter-dominated tissues such as breast.

The system's safety pro le is favorablel064 nmillumination lies within ANSI
permissible exposure limits, and no ionizing radiation or exogenous contrast agents
are required. These factors collectively make 3D-PACT attractive as a potential
adjunct to mammography, ultrasound, or MRI in breast imaging work ows.

The demonstrated cm penetration depth, near-isotrofle mm resolution, rapid
volumetric acquisition, and rich endogenous contrast show that 3D-PACT is well
positioned for breastimaging applications. While currentimplementation focuses on
angiographic contrast, integration of multi-wavelength illumination, improved pulse
energies, and more advanced reconstructions could extend the modality to tumor
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detection, oxygenation mapping, and treatment monitoring. The reconstruction and
post-processing pipeline was instrumental in achieving the image quality presented
here, making high-speed 3D-PACT aviable platform for future translational research
in breast imaging.

2.5 Discussion

The 3D-PACT platform introduced in this chapter demonstrates that panoramic
acoustic detection, stable near-infrared illumination, and high-channel-count acqui-
sition can be integrated into a compact system capable of rapid and high-resolution
volumetric imaging across a wide range of biological scales. By combining a densely
sampled hemispherical array, dual-speed-of-sound reconstruction, and carefully reg-
ulated illumination att064 nm the system consistently achieves deep penetration,
isotropic spatial resolution, and high image quality.

The results shown across rodent brain, rodent body, and human breast imaging il-
lustrate that the system performs robustly under diverse and demanding conditions.
In small-animal imaging, the high imaging speed enables whole-brain functional
mapping at0*5 Hz while preserving ne vascular structures. The ability to re-
solve hemodynamics at the level of individual vessels provides a level of detail that
complements and extends functional MRI, which typically resolves slower hemody-
namic processes at coarser spatial resolution. For abdominal imaging, time-gated
reconstruction e ectively compensates for respiratory and cardiac motion, revealing
structural and functional details that would otherwise be lost.

In human breast imaging, tHE64 nmillumination and large-aperture detection
enable penetration up tbocmwithin a single breath hold. This allows rapid acquisi-
tion of high-quality angiograms that visualize both super cial and deep vasculature,
including vessels adjacent to the chest wall. Such performance is challenging to
achieve with purely optical techniques and typically requires signi cantly longer
acquisition times with MRI. The combination of deep optical contrast, rapid vol-
umetric capture, and absence of ionizing radiation makes 3D-PACT a compelling
candidate for clinical translation.

Several engineering principles from the 3D-PACT system have broader implications
for PACT design:

~ lllumination uniformity. PACT reconstruction assumes that the light uence
pattern remains stable throughout scanning. Violations of this assumption
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lead to reconstruction inconsistencies and shadowing artifacts. The dual-
di user optical pathway, combined with a xed illumination axis, ensures
that uence remains e ectively invariant across all angular positions. This
design proved essential for high-quality breast imaging, where scattering is
signi cant.

Large detection aperture. A wide detection solid angle minimizes limited-
view artifacts and improves sensitivity to structures oriented in all directions.
The hemispherical rotational geometry used here yields nearly panoramic
coverage, enabling isotropic resolution and consistent contrast across the vol-
ume.

Analog front-end integration. Weak photoacoustic signals from deep struc-
tures bene t signi cantly from pre-ampli cation before long cable runs. Di-
rectly integrating low-noise ampli ers beneath the detector arrays improved
noise-equivalent sensitivity and image clarity, especially in breast imaging.

Spatial Nyquist sampling. Adequate detector density and rotation-step spacing
are critical to avoid aliasing and preserve FOV [38]. The system was designed
to meet Nyquist criteria for both small and large imaging targets, which
contributed to its robust performance across applications.

Imaging speed. Rapid volumetric imaging reduces motion artifacts and en-
ables functional studies. Even though the system does not yet provide in-
stantaneous snapshots, coordinated mechanical scanning and fast acquisition
allow dynamic processes such as rat-brain hemodynamics to be measured
volumetrically.

While the system achieves state-of-the-art performance, several avenues can extend
its capabilities:

~ Spectral imaging. Incorporating multi-wavelength illumination would enable
oxygenation mapping and molecular imaging using endogenous and exoge-
nous absorbers [58].

" Higher repetition-rate lasers. Increasing the laser rateOtbHz or higher
would allow faster volumetric imaging or larger FOVs in the same acquisition
time.
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Faster mechanical scanning. Replacing the stepper motor with a high-torque
servomotor could reduce scan times signi cantly.

Higher-power laser delivery. Larger illumination areas could be achieved with
more energetic pulses or multiple-beam combinations, improving coverage in
human imaging.

Awake small-animal imaging. By adapting the array geometry and animal
holder, it may become possible to image awake rodents, similar to awake-
mouse PAM systems [44].

Clinical integration. The system's modularity facilitates co-registration with
ultrasound, enabling hybrid optical ultrasound imaging platforms with en-
hanced diagnostic value.

The 3D-PACT system presented here represents a major step toward truly versatile
volumetric photoacoustic imaging. Its ability to visualize anatomical detail, func-
tional hemodynamics, and deep tissue structures across multiple species demon-
strates that high-speed, high-resolution 3D PACT is feasible on both preclinical
and translational scales. The engineering insights gained from developing the sys-
tem particularly in illumination stability, panoramic detection, and reconstruction
delity provide a blueprint for future generations of PACT systems aimed at clin-

ical adoption.

In summary, 3D-PACT merges deep penetration, high sensitivity, rapid acquisition,
and rich optical contrast into a uni ed imaging platform. These capabilities position
the system not only as a powerful tool for neuroscience and cardiovascular research,
but also as a promising modality for clinical applications such as breast imaging,
neonatal imaging, and beyond.
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Chapter 3

NON-INVASIVE 3D PACT OF RAT LIVER AND HEART

[1] L.LinY, X. Tong’, S. |. Cavallero, Y. Zhang, S. Na, R. |. Cao, T. K. Hsiai,
and L. V. Wang, Non-invasive photoacoustic computed tomography of rat
heart anatomy and functionlLight: Science & Applications2023.doi:
10.1038/s41377-022-01053-7 ,

[2] X. Tong, L. LinY, P. I. Hu, R. I. Cao, Y. Zhang, J. Olick-Gibson, and
L. V. Wang, Non-invasive 3d photoacoustic tomography of angiographic
anatomy and hemodynamics of fatty livers in rafsjvanced Scien¢2023.
doi: 10.1002/advs.202205759 ,

3.1 Motivation

Cardiovascular disease remains the leading cause of morbidity and mortality world-
wide, accounting for approximately 16% of total deaths [59]. Preclinical imaging
of small-animal models plays a central role in understanding cardiac disease mecha-
nisms and developing therapeutic strategies [60], [61]. Over the past several decades,
non-invasive imaging of small animals has providedivo insights into structural

and functional cardiac phenotypes with physiological and clinical relevance. Widely
used modalities include light-sheet uorescence microscopy [62], echocardiogra-
phy [63], magnetic resonance imaging (MRI) [64], X-ray computed tomography
(CT) [65], positron emission tomography (PET) [66], and single-photon emission
computed tomography (SPECT) [67], as well as multimodal combinations such
as microPET/CT and SPECT/CT [68] [70]. Each modality o ers a characteristic
combination of penetration depth, spatial/temporal resolution, and contrast, and
combinations of complementary techniques are often needed to cover the trade-o s
between FOV, dynamic range, and phenotype characterization. Echocardiography,
for example, is portable and well suited for real-time functional assessment of cham-
ber contraction and valve motion, whereas CT and MRI provide larger FOV and/or
ner spatial resolution for detailed anatomy and vascular imaging [65], [71].

In parallel, non-alcoholic fatty liver disease (NAFLD), also termed metabolic (dys-
function) associated fatty liver disease, has become the most common chronic liver
disease in developed countries. In the United States, roughly 30% of the population
is a ected, with projections approaching 100 million cases by 2030. NAFLD spans
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a spectrum from simple steatosis to non-alcoholic steatohepatitis (NASH), which
can progress to brosis, cirrhosis, and hepatocellular carcinoma. NAFLD is tightly
linked to cardiometabolic comorbidities, including cardiovascular disease, hyper-
tension, and dyslipidemia. Despite signi cant progress, the pathogenesis of NAFLD
remains incompletely understood, and early, accurate, non-invasive diagnosis across
the disease spectrum is still challenging.

Diagnostic technigues for NAFLD include biopsy, MRI, ultrasonography (US), and
X-ray CT. Conventional US is widely adopted clinically due to low cost and porta-
bility, and recent advances such as shear-wave elastography, ultrafast power Doppler
imaging, and ultrasound localization microscopy [72] have substantially improved
sensitivity to sti ness and microvasculature, although many implementations re-
quire microbubble injection or long acquisition times for volumetric angiography
with large FOV. CT provides high-resolution volumetric images, but exposes patients
to ionizing radiation and o ers limited soft-tissue contrast. MRI and magnetic reso-
nance elastography provide accurate quanti cation of liver fat and sti ness, but they
are cost-intensive, time-consuming, and incompatible with some implants. Liver
biopsy remains the reference standard for detecting steatohepatitis and brosis, yet it
is invasive, expensive, and subject to sampling error and procedure-related morbid-
ity and mortality. These limitations motivate the development of new non-invasive
biomarkers and imaging techniques that can characterize both hepatic structure and
function.

Complementary to these established modalities, PACT combines optical absorp-
tion contrast with ultrasonic detection. Compared with echocardiography, PACT
provides physiologically relevant optical contrast and reduced speckle artifacts;
compared with MRI, PACT o ers higher imaging speed and the potential for more
compact, portable systems; and unlike X-ray CT, PACT uses nonionizing illumina-
tion while still resolving vascular and soft-tissue structures. However, translating
PACT to non-invasive imaging of detailed cardiac and hepatic phenotypes faces
several challenges. For cardiac imaging, ribs and lungs partially block and dis-
tort PA signals; highly absorptive myocardium attenuates light propagation into
deeper chambers; and periodic heartbeats require motion correction or gating to
avoid blurring and preserve intrinsic spatial resolution [73] [77]. For liver imaging,
prior preclinical PACT and PAT systems have been limited by insu cient sampling
density and restricted detection angle, impeding visualization of ne hepatic vas-
culaturein vivo at high speed and without exogenous contrast agents. As a result,



25

most previous studies either focusedenvivocardiac preparations [78], [79] or
provided incomplete volumetric liver angiograms.

Here, we build on a recently developed high-speed 3D-PACT platform [10] and
apply it to non-invasive imaging of both rat hearts and livers. The system employs a
hemispherical detection aperture with four rotating arc-shaped ultrasonic arrays and
1064 nm illumination, providing dense, quasi-isotropic sampling of PA signals over
a large FOV. By combining ECG-guided time-gating for the heart with respiration-
based time-gating for the liver, we suppress motion artifacts and obtain high-quality
volumetric images and time-resolved movies. Using Zucker obese and age-matched
lean rats, as well as hypertensive rats, we extract structural and functional metrics
from both organs, including ventricular wall thickness, chamber volume dynamics,
hepatic vessel density and irregularity, and hemodynamic changes in major ves-
sels. These results demonstrate that 3D-PACT can serve as a uni ed, non-invasive
platform for cardio-hepatic phenotyping in small-animal models, with potential for
translation to neonatal and pediatric human imaging.

3.2 3D-PACT system design and time-gated reconstruction

Both cardiac and hepatic imaging experiments were performed on the same high-
speed 3D-PACT platform. The core system is illustrated in Fig. 3.1. For illumi-
nation, a 1064 nm Nd:YAG laser (50 Hz repetition rate) delivers short pulses that
are expanded by a di user mounted at the bottom of the hemisphere. The di used
beam passes through an optical window within the aperture and illuminates the
region of interest. The acoustic aperture is covered by a transparent membrane
that separates the water- lled housing from the animal while maintaining acoustic
coupling. The choice of 1064 nm exploits reduced scattering in tissue compared
with shorter near-infrared wavelengths [80] and provides strong absorption contrast
from oxyhemoglobin and myoglobin [81], [82].

During imaging, anesthetized rats are placed on a heating pad above the aperture.
The animals are positioned prone, with the chest centered over the optical window
(Fig. 3.1b); abdominal hair is removed before imaging. A one-way scan consists
of 500 mechanical steps and takes approximately 10s, corresponding to 500 laser
pulses and 500 sets of multi-channel PA data. Round-trip scanning is preferred to
increase sampling density for time-gated reconstruction.

The hemispherical detection aperture provides a large solid-angle view, which mit-
igates acoustic blockage and distortion from ribs and lungs in the thorax and from
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Figure 3.1:Schematics and performance of the 3D-PACT system for hepatic and
cardiac imaging. (a) Schematic of the 3D-PACT imaging system. The 1064 nm
laser beam is expanded by a di user xed on the bottom of the hemisphere. (b)
Close-up view of the imaging aperture for rat experiments. The rat is placed on a
heating pad with its liver or heart at the center of the expanded laser beam. Two of the
four arc-shaped ultrasonic transducer arrays are marked. (c) Orthogonal projection
of a rat liver imaged by 3D-PACT. Scale bar, 5mm. (d) Example of synchronized
3D-PACT (top) and ECG (bottom) signals for cardiac imaging. The PA diagram
shows signal amplitude versus scanning step (time) and time-of- ight (vertical
axis). R-waves in the ECG mark ventricular contraction, used for time-gating.
(e) Reconstructed rat heart images with di erent ultrasonic detection apertures,
illustrating the improvement in image quality with larger solid-angle coverage.

heterogeneous abdominal tissues. By combining signals from many view angles, the
system improves image quality compared with limited-view geometries (Fig. 3.1e).
Data are reconstructed using a universal back-projection (UBP) algorithm, with a
dual-speed-of-sound model for liver imaging (see below) to account for di erent
sound speeds in water and tissue.

Rapid periodic heart motion during the 10 s scan would cause severe motion artifacts
if reconstructed naively. To address this, we synchronize 3D-PACT acquisition
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with the electrocardiogram (ECG) and apply time-gated reconstruction. An ECG
electrode is instrumented with a synchronization marker such that a large spike is
injected at the start of data acquisition, precisely aligning the ECG and PA data
streams.

During each 10s scan, the heart beats &@Hz [83], yielding roughly 11 laser
pulses (scanning steps) per cardiac cycle at 50Hz. We divide each cardiac cycle
of duration) into 11 phases and assign each laser pulse to one phase according
to its temporal o set from the nearest R-wave (Fig. 3.1d). For a given phase (e.g.,
end-diastole), we collect all PA data from that phase across multiple cycles and
reconstruct a volumetric image. Repeating this procedure over all phases yields a
4D dataset describing the heart over one nominal cardiac cycle (Fig. 3.2a).

Phase 1 (time 0) is reconstructed from data gated to the R-waves and corresponds to
early systole. The heart remains largely in systole fyorhlto 6) 11, then relaxes,
consistent with the Wiggers diagram. Mapping PA signal uctuations across the
heart reveals more pronounced motion near the apex than near the base.

For liver imaging, respiratory and cardiac motion generate oscillatory stripes in the
raw PA data that blur volumetric reconstructions. Rather than treating these motions
solely as artifacts, we use them in two ways: rst, to remove motion-a ected frames
for high-quality static angiograms, and second, to reconstruct dynamic movies of
respiratory motion.

For static hepatic angiography, we apply a time-gating (TG) approach by identify-
ing frames heavily a ected by respiration or heartbeat and removing them before
reconstruction. Round-trip scanning is used to increase sampling density; signals
from forward and backward scans are combined after TG to improve SNR and sam-
pling. Time-gated reconstruction substantially suppresses motion-induced blurring
and yields motion-artifact-free volumetric images that resolve vasculature down to
apparent diameters of 380" m.

To visualize respiratory motion and associated hemodynamics, we instead embrace
the periodic breathing pattern. The raw PA signal from each transducer exhibits
repeated cycles composed of inspiration and expiration (Figs. 3.8a and b). Each
respiration cycle is divided into multiple phases; signals corresponding to the same
phase across all cycles are summed (again incorporating round-trip scanning) and
reconstructed to form a dynamic 4D sequence of liver angiograms. In addition, by
correlating the respiration waveform with the temporal PA signal at each voxel, we
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obtain a 3D motion-contrast map highlighting voxels most strongly modulated by
breathing (Fig. 3.8c).

3.3 Anatomy of rat liver and heart

Cardiac anatomy and depth-resolved visualization

Using ECG-gated 3D-PACT, we obtain clear volumetric images of the whole rat
heartin vivo. Anterior views of the depth-encoded heart over one cardiac cycle are
shown in Fig. 3.2a, with the heart highlightedda® 11. Major vessels including the
brachiocephalic artery, internal thoracic vessels, and intercostal vessels are resolved
in addition to cardiac structures.

To visualize internal anatomy, we extract maximum-amplitude projections (MAPS)
on sagittal and coronal planes (Figs. 3.2b and c). These cross-sections reveal the left
and right ventricles, left and right atria, interventricular septum, pulmonary artery,
aortic arch, and superior vena cava. Dynamic changes in chamber volumes between
systole and diastole are readily observed: end-diastolic ventricular volume occurs
near time 0, whereas maximal atrial lling appears aroéhe11 (Fig. 3.2c).

Depth-encoded views further enable progressive peeling of super cial layers,
from the chest wall to posterior cardiac structures (Fig. 3.2d). The primary sources
of contrast are myoglobin-rich myocardium and hemoglobin-rich blood [81], [82],
which provide strong PA signals at 1064 nm.

Hepatic anatomy and 3D angiography

With respiration-gated motion correction, the same 3D-PACT platform resolves
hepatic vasculature in lean and obese rat livengvo. Maximum-amplitude pro-
jections from axial, sagittal, and coronal views are shown in Figs. 3.3a c for a lean
liver and Figs. 3.3e g for an obese liver. Depth-encoded perspective projections
highlight the three-dimensional organization of lobes and vessels (Figs. 3.3d and h).

At 1.2 cm depth below the liver surface, the CNR of a blood vessel with diameter

i 400" mis approximately 5. In the coronal view, the median lobe, left liver lobe,
inferior right lateral lobe, and caudate process are clearly identi ed, along with major
vessels such as the superior epigastric vessels (SEV), hepatic portal veins (HPV),
and their branches. As with the heart, PA contrast at 1064 nm is dominated by
oxyhemoglobin, enabling detailed hepatic angiograms without exogenous contrast
agents.
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Figure 3.2:Rat heart anatomy in 4D acquired by 3D-PACT. (a) Anterior view

of the heart over one cardiac cycle, with the heart highlighted) att1. BA,
brachiocephalic artery; ITV, internal thoracic vessels; 1V, intercostal vessels. (b)
Sagittal cross-sectional images (maximum-amplitude projections, MAPS) of slices
marked in (a), showing dynamic ventricular and atrial motion. (c) Coronal cross-
sectional images (MAPSs) of slices marked in (b), identifying the left atrium (LA),
left ventricle (LV), pulmonary artery (PuA), right atrium (RA), right ventricle (RV),
and superior vena cava (SVC). (d) Depth-encoded views at time 0, with super cial
layers progressively removed to reveal posterior structures.

3.4 Feature extraction and quantitative comparison

To quantify structural and functional di erences between groups, we extract features
from motion-corrected volumetric datasets of both organs. For the heart, we focus
on ventricular wall thickness and chamber volume dynamics, primarily comparing
lean and obese Zucker rats, while hemodynamic metrics are evaluated across lean,
obese, and hypertensive cohorts. For the liver, we extract both geometric and
textural metrics including liver volume, vessel density, angiographic irregularity,

and estimated speed of sound to distinguish lean and obese phenotypes.

Cardiac hypertrophy and volumetric function in obese rats

Using Zucker obese and age-matched lean rats, we demonstrate the capability of 3D-
PACT to non-invasively assess obesity-induced hypertrophy and functional changes.
In lean rats, typical cardiac cycles have 11 phases (11 phases/50432s, i.e., a

4.55 Hz heart rate), whereas obese rats exhibited 9 phases per cycle (9 phases /50 Hz
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Figure 3.3:3D-PACT of lean and obese rat liveran vivo. (a c) MAPs of a lean

rat liver in (a) axial, (b) sagittal, and (c) coronal views. (d) Coronal perspective
projection of the lean rat liver angiogram with depth encoding. (e g) MAPs of an
obese rat liver in (e) axial, (f) sagittal, and (g) coronal views. ML, median lobe.
LLL, left liver lobe. IRLL, inferior right lateral lobe. CP, caudate process. SEV,
superior epigastric vessels. HPV, hepatic portal veins. (h) Coronal perspective
projection of the obese rat liver angiogram with depth encoding. Scale bars, 5 mm.

0-18s, i.e., a 5.55Hz heart rate), consistent with elevated heart rate supporting
increased metabolic demands [84].

By sectioning the volume on the coronal plane (Figs. 3.4a and b), we observe concen-
tric hypertrophy [85] in obese hearts, characterized by increased free-wall thickness
in both left and right ventricles compared with lean controls. For quantitative wall-
thickness measurements, we select a mid-ventricular coronal slice and compute the
full-width-at-half-maximum (FWHM) of the PA signal across al*3mm wall seg-

ment. Ex vivomeasurements of bisected hearts on the corresponding plane show
good agreement with tha vivo estimates.

We also assess systolic and diastolic function by quantifying volumetric changes
in ventricles and atria. Each heart is divided into 10 coronal sections of thickness



