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Non-Invasive 3D Photoacoustic Tomography of
Angiographic Anatomy and Hemodynamics of Fatty Livers
in Rats

Xin Tong, Li Lin, Peng Hu, Rui Cao, Yang Zhang, Joshua Olick-Gibson,
and Lihong V. Wang*

Non-alcoholic fatty liver disease is the most common liver disorder
worldwide, which strongly correlates to obesity, diabetes, and metabolic
syndromes. Complementary to mainstream liver diagnostic modalities,
photoacoustic tomography (PAT) can provide high-speed images with
functional optical contrast. However, PAT has not been demonstrated to study
fatty liver anatomy with clear volumetric vasculatures. The livers of multiple
rats are non-invasively imaged in vivo using the recently developed 3D PAT
platform. The system provides isotropically high spatial resolution in 3D
space, presenting clear angiographic structures of rat livers without injecting
contrast agents. Furthermore, to quantitatively analyze the difference between
the livers of lean and obese rats, the authors measured several PAT features
and statistical differences between the two groups are observed. In addition to
the anatomy, a time-gated strategy is applied to correct respiration-induced
motion artifacts and extracted the hemodynamics of major blood vessels
during the breathing cycles. This study demonstrates the capabilities of
3D-PAT to reveal both angiographic anatomy and function in rat livers,
providing hematogenous information for fatty liver diagnosis. 3D-PAT, as a
new tool for preclinical research, warrants further improvements to be
transferred to human pediatric liver imaging.

1. Introduction

Non-alcoholic fatty liver disease (NAFLD), also termed metabolic
(dysfunction) associated fatty liver disease, is the most common
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chronic liver disease in developed coun-
tries. In the United States, approximately
30% of the population has been affected,
with projected total affected cases of 100
million in 2030.[1–4] NAFLD includes a spec-
trum of histopathological symptoms rang-
ing from hepatic steatosis to non-alcoholic
steatohepatitis (NASH), which may further
develop into fibrosis, cirrhosis, or hepato-
cellular carcinoma.[5] People with NAFLD
have a higher risk for certain hematoge-
nous issues, including cardiovascular dis-
ease, high blood pressure, and abnormal
levels of fats in the blood.[1] There remain
heterogeneous theories of the pathogenesis
of NAFLD, and accurate and early diagnosis
is critical to treating the disease.[6,7]

Diagnostic techniques for assessing
NAFLD include biopsy, magnetic reso-
nance imaging (MRI), ultrasound (US), and
X-ray computed tomography (CT).[1,3,8–10]

Conventional US is widely adopted clini-
cally for NAFLD diagnosis due to its low
cost and mobility.[11] Recent advances in
US include shear wave elastography to

measure liver stiffness,[12] as well as ultrafast power Doppler
imaging[13,14] and ultrasound localization microscopy[15] to reveal
angiographic details, while they either rely on invasive microbub-
ble injection or require longer scanning time for volumetric an-
giograms with a large field of view (FOV). X-ray CT provides im-
ages with high spatial resolution and deep penetration, while the
modality is limited by radiation exposure and relatively poor con-
trast of soft tissue. MRI, including magnetic resonance elastog-
raphy, is widely applied to NAFLD diagnosis due to its high ac-
curacy by spectroscopy or proton density fat fraction, while MRI
requires a longer scanning time, higher costs, and is unsuitable
for patients with certain implants.[16–19] Many other non-invasive
modalities emerged to access liver diseases, such as diffusion-
weighted imaging and deep learning-assisted methods, while
none of them can distinguish NAFLD from the other liver dis-
eases individually with as high confidence as biopsy.[20–22] Liver
biopsy is now the most accurate method for detecting steato-
hepatitis and fibrosis in NAFLD patients, but it is well recog-
nized to be restricted by expense, sample error, and procedure-
related mortality and morbidity.[1] Therefore, there has been great

Adv. Sci. 2023, 10, 2205759 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2205759 (1 of 10)

 21983844, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202205759 by C

alifornia Inst of T
echnology, W

iley O
nline L

ibrary on [08/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadvs.202205759&domain=pdf&date_stamp=2022-11-17


www.advancedsciencenews.com www.advancedscience.com

interest in establishing more non-invasive biomarkers for the di-
agnosis of the NAFLD spectrum.

Combining acoustic detection with optical function contrasts,
photoacoustic tomography (PAT) is a rising imaging modality to
provide high-resolution, speckle-free images with deep penetra-
tion in biological tissue.[23,24] The rich optical absorption con-
trast from various endogenous and exogenous agents enables
PAT to perform structural, functional, and molecular imaging.[25]

PAT relies on the generation and detection of photoacoustic (PA)
waves. The PA waves are emitted due to transient thermoelas-
tic expansion caused by the irradiation of a short-pulsed laser
on biological tissues within the safety limit.[26] For detection, ul-
trasonic transducers are arranged around the region of interest
(ROI) with various configurations, and the optical absorbers’ dis-
tribution is reconstructed from the measured PA signals.[27] The
versatility of PAT to image different animal and human subjects
has been demonstrated through extensive preclinical and clinical
trials.[27–29]

Small animal whole-body PAT has been shown to reveal the
liver structure.[28,30,31] PAT also has been combined with other
modalities to diagnose steatosis and fibrosis.[32–35] These appli-
cations have demonstrated PAT as highly complementary to the
mainstream hepatic imaging modalities. However, difficulties ex-
ist in previous studies to reveal detailed volumetric angiographic
structures (i.e., individual blood vessels) of the liver in vivo with
high speed and without exogenous contrast agents due to system
limitations such as insufficient spatial sampling rate and limited
detection angle. We have recently developed a high-speed three-
dimensional PAT (3D-PAT) system capable of capturing volu-
metric PA images with isotopically high spatial resolution.[27] Af-
ter applying respiration-gated motion correction, the breathing-
induced artifacts have been effectively removed, and clear liver
angiographic details have been presented. Moreover, we imaged
multiple lean and obese rats and performed quantitative com-
parisons on their livers based on selected structural properties,
namely vessel volume occupancy, vessel number density, angio-
graphic irregularity, and estimated speed of sound. Statistical dif-
ferences between the two groups indicated the structural differ-
ence in fatty livers from lean ones. Other than anatomical de-
tails, the time-gated frames render the dynamic volumetric im-
age sequence, which clearly reveals the anatomical deformation
and hemodynamics of large blood vessels. This study presents
great potential of PAT in assessing fatty livers, thus contributing
to the diagnosis of NAFLD with additional information.

2. Results

2.1. 3D-PAT of the Rat Liver Anatomy

The schematic of the 3D-PAT system for liver imaging is shown
in Figure 1a. A more detailed description of the system can be
found in Section 4 and Figure S1, Supporting Information. Four
arc-shaped ultrasonic transducer arrays (256 elements in each)
are integrated into a hemispherical housing, which can be ro-
tated coaxially to provide a densely sampled detection matrix. The
elements are connected to a pre-amplification circuit and four
data acquisition (DAQ) modules. For illumination, the diffused
laser beam (Nd:YAG laser, 50 Hz repetition rate) is directed to the
subject through the bottom of the array housing. During imag-

ing procedures, the rat was placed on a heating pad on top of
the arrays, with its liver near the hemisphere center, as shown in
Figure 1b. A 3D-printed nose cone with a tooth bar was used to
guide the air for breathing. The hairs around the abdomen area
were removed, with the hepatic region placed at the center of the
expanded laser beam.

The one-way scanning took 10 s to finish, while round-trip
scanning is preferred for time-gated reconstruction with dense
sampling. Motion artifacts induced by respiration and heartbeat
were observed in the raw signal as oscillatory stripes (as shown in
Figure S2, Supporting Information), blurring the reconstructed
image. We applied time gating (TG) by removing the motion-
affected frames and combining the round-trip signals before re-
construction to enhance the image quality (see Section 4 and Fig-
ure S2, Supporting Information, for more details). Images ac-
quired with/without respiration/heartbeat TG and with/without
round-trip scanning are compared in Figure S3, Supporting In-
formation.

Using 3D-PAT with TG motion correction, we obtain high-
quality, motion-artifact-free volumetric images in vivo, visualiz-
ing the vasculature down to an apparent vascular diameter of
380 μm shown in Figure 1c,d. We present the maximum am-
plitude projections (MAPs) of a lean and obese rat liver, to-
gether with the color-encoded perspective projection renderings
for depth information, as shown in Figure 2. At 1.2 cm depth be-
low the liver surface, the contrast-to-noise ratio (CNR) of a blood
vessel with diameter > 400 μm is ≈5. Since oxyhemoglobin dom-
inates the optical absorption at 1064 nm wavelength, PAT ren-
ders detailed hepatic angiograms. As denoted in Figure 2g, the
median lobe (ML), left liver lobe (LLL), inferior right lateral lobe
(IRLL), and many blood vessels, including the superior epigastric
vessels (SEV), hepatic portal veins (HPV), and their branches are
highlighted.

2.2. Quantitative Comparison between Lean and Obese Rat
Livers

Based on the same configuration, we repeated the imaging
procedure on multiple Zucker obese and lean rats (as control
groups). The Zucker obese rats are genetically obese models with
metabolic-associated hepatic steatosis.[6,36] Using the motion-
corrected volumetric PAT images, we selected five features: liver
mask volume, vessel volume occupancy (VVO), vessel num-
ber density (VND), angiographic irregularity (AI), and estimated
speed of sound (SoS), to investigate the structural difference be-
tween healthy and obese rat livers, as shown in Figure 3.

Some parameters require the binary masks of the liver and
major blood vessels (CNR greater than 3). We applied adap-
tive thresholding on the raw and vessel-enhanced volumetric
images[37] to segment the liver and large blood vessels separately,
as shown in Figure 3a (see Section 4 for more details). The pro-
cess was repeated on all rats (n = 6 in each group), and we com-
pared the liver mask volume of normal and obese rats to acquire
the boxplots, as shown in Figure 3d. To determine if the differ-
ences between the lean and obese rat livers were statistically sig-
nificant, we applied the one-tailed Welch’s (unequal variances) t-
test to determine the p-value against the null hypothesis H0 that
the mean mask volume of the obese rat livers is no larger than
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Figure 1. Schematics and performance of the 3D-PAT system. a) Schematic of the 3D-PAT imaging system. 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 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-PAT. The close-up shows a slice within the volume with a blood vessel selected for resolution evaluation. Scale bar, 5 mm. d) PA
amplitude profile along the yellow dotted line in (c), representing a full width half maximum (FWHM) of 380 μm.

that of lean rats. The resulting p-value was smaller than 0.01, in-
dicating a rejection of H0 at the 1% significance level.

We defined VVO as the volume ratio between the binary vessel
segmentation mask and the binary liver mask, which represents
the relative richness of the major blood vessels. We also calcu-
lated VND, defined as the number density of the vessel skeletons
within the liver mask. To extract the vessel skeleton (as shown
in Figure 3b), we extracted blood vessel skeletons by generat-
ing vessel centerlines from the vessel segmentation masks as
mentioned above and divided the number of individual blood
vessels by the mask volume to acquire the total VND (see Sec-
tion 4). Similar statistical analysis was then performed on VVO
and VND, and significant differences (p < 0.01) were also ob-
served, as shown in Figures 3e,f. Both VVO and VND showed
significant statistical differences between lean and abnormal rat
livers, indicating a decrease in vessel richness in the fatty livers,
possibly due to the fat accumulation and steatosis on the liver
surface, especially near the hepatic and portal vein regions.[5] As
an extreme case, a notable reduction of vessel density in the liver
caused by angiogenesis has been observed in experimental hep-
atocellular cancer models.[38]

AI consists of two parameters: vessel distribution diversity
(VDD) and morphological irregularity (MI), representing the
value distribution and directional orientation of the image sep-
arately. The schematics of calculating the VDD and MI maps are
shown in Figure 4a,b, and more details can be found in Sec-
tion 4. As in Figure 4a, a sliding window was scanned across
the volumetric image for VDD calculation. We acquired the
normalized image histogram within each window and calcu-
lated the VDD according to the information entropy. The VDD
value was then assigned to the center of the scanning window
to form a three-dimensional VDD map. For MI calculation, as
shown in Figure 4b, at each x–y slice of the 3D image, a slid-
ing window was scanned across the slice, rotated from 0° to
180°, and decomposed through singular value decomposition
(SVD). The MI was calculated based on the dominancy term
among all the angles, and a similar process was repeated over
all y–z and x–z slices to form the 3D MI map. We finally calcu-
lated the dot product of the two maps to get the angiographic
irregularity map shown in Figure 3c. Statistical analysis was
repeated and shown in Figure 3g with significant differences
(p < 0.01).
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Figure 2. 3D-PAT of lean and obese rat livers in vivo. Maximum amplitude projections (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. MAP images 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.

Furthermore, it has been shown that livers suffering from
NAFLD might have lower sound speeds than healthy livers.[39–41]

Speed of sound estimation using ultrasound has been exten-
sively explored,[42,43] while precise measurement with PAT in vivo
has been challenging due to the receiving-only imaging mode.
Here we propose an SoS estimation method in PA using the
dual-SoS universal back-projection reconstruction algorithm.[28]

Within the region to be reconstructed, the water and tissue were
separated by an ellipsoidal surface. By measuring the water tem-
perature, we fixed the SoS in the water. Targeting a bulk of liver
tissue at depth, we reconstructed the PAT image with different
SoSes and evaluated the corresponding image sharpness. We
then estimated the SoS averaged over the propagation distance
and near the liver tissue, as shown in Figure 4c. Comparison be-
tween lean and obese rat livers gave a statistical difference with
p < 0.01, as shown in Figure 3h. More details can be found in
Section 4.

2.3. Respiration-Gated Hemodynamics of Rat Liver

Other than anatomical structures, we can also utilize the motion-
affected frames to acquire dynamic images displaying periodic
respiratory motion. To demonstrate the feasibility of 3D-PAT to
resolve breathing movements, we imaged a lean rat liver in light

anesthesia. We divided the respiration cycle into multiple phases
(as shown in Figure 5a,b) and applied time-gated reconstruction
to acquire the dynamics frames of the liver angiogram, where
periodic deformation in response to inspiration and expiration
was observed (see Movie S1, Supporting Information).

From the raw signal, we observed a repetitive pattern com-
posed of inspiration and expiration periods. By correlating this
respiration pattern with the time sequence at each point on the
volumetric image, we acquired a 3D motion-contrast map, as
shown in Figure 5c. We selected two voxels on the map and
plotted their signal change over different respiration phases, as
shown in Figure 5d. The two voxels have opposite patterns, high-
lighting their spatial separation along the z-axis. More results
can be found in Figure S4, Supporting Information. Moreover,
on the axial slice shown in Figure 5c, we identified the cross-
sections of SEV and HPV. We then segmented the vessel cross-
sections using a two-step thresholding method and calculated the
cross-sectional area changes over different respiration phases, as
shown in Figure 5e (More details can be found in Section 4).

Figure 5c shows that PA amplitudes at the upper and lower
parts of SEV have opposite variations, most likely because
SEV goes through the diaphragm, which serves as a pivot for
motion along the z-axis, as shown in Figure S4, Supporting
Information.[44] The amplitude changes on the liver, on the
other hand, are more uniform since the liver moves with the
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Figure 3. 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 AI with the binary liver mask. Statistical comparison of d) liver mask volume, e) VVO, f) VND, g) AI, and h)
estimated SoS between lean and obese rat livers. Data are presented as box plots; p-values are calculated using one-tailed Welch’s (unequal variances)
t-tests. **p < 0.01. Scale bars, 5 mm.

diaphragm as a whole. Figure 5e shows that SEV has more
significant area changes than HPV. We observe an increase in
SEV diameter during inspiration. This phenomenon, known as
the respiratory pump, is characterized by negative intrathoracic
pressure, which increases the venous return and the outgoing
flow from the heart.[45] The pump effect becomes less significant
toward the lower SEV, as shown in Figure S5, Supporting Infor-
mation. In contrast, area change in HPV remains smaller since
HPV is further from the thoracic cavity, and the blood volume is
less sensitive due to the extensive capillaries on the liver.[46]

3. Discussion and Conclusion

This study reports preclinical imaging results of the fatty liver
using the recently-developed 3D-PAT system. We presented the
anatomical volumetric renderings with high temporal resolution
and imaging speed. Furthermore, we compared the structural
differences in obese and lean rats’ livers, together with the sta-
tistical analysis of the vascular structure, angiographic irregu-
larity, and estimated speed of sound. Lastly, we demonstrated
the ability of the 3D-PAT system to capture periodic motions
using TG reconstruction and present the dynamic frames and
hemodynamics in some major blood vessels of the liver during
the respiratory cycle. This motion correction method is robust
and flexible in other physiologically-relevant distortions such as
heartbeat.

We select five PAT features to compare lean and obese rat
livers quantitatively and observe statistical significance in all
of them. The features give a more comprehensive description
of the liver, and different parameters may be suitable under

different scenarios. VND and VVO are acquired based on the
binary blood vessel masks and focus on the distribution of major
vessels to capture global changes in the blood supply induced
by fibrosis and cirrhosis.[35] Compared to VVO, VND utilizes
skeletonized vessel maps, which neglect the vessel thickness but
keep the topology.[47] VND thus warrants further investigation
using fractal dimension and connectivity, which are closely
related to cancerous tissue.[48,49] AI is acquired as a combined
factor of entropy and anisotropy and is expected to be more
accurate for early-stage NAFLD diagnosis due to the following
points. First, AI represents the distribution of the PA signal,
which (at 1064 nm) mostly comes from hemoglobin in the
major blood vessels and smaller ones, such as liver sinusoids.
It has been shown that liver sinusoid-related changes (such as
capillarization) favor steatosis development and set the stage
for NAFLD progression.[50] Second, by tuning the illumina-
tion wavelength and using exogenous contrast agents, AI may
capture NAFLD from various aspects. Third, instead of relying
on whole-liver masks, AI maps can be applied locally to help
identify the damaged or diseased region in the liver (see Figure
S4, Supporting Information).[51] It is known that fatty livers
have reduced speeds of sound, which serves as an important
indicator for US diagnosis. By estimating the SoS in PAT, we
expect to correlate with the US findings for cross-validation. We
also investigated other parameters, such as entropy (i.e., VDD
in Figure 4a), anisotropy (i.e., MI in Figure 4b), and PA signal
intensity, as shown in Figure S4, Supporting Information.

From the motion-affected frames, 3D-PAT can acquire dy-
namic volumetric movies simultaneously without additional
cost. The feasibility study in hemodynamics is anticipated to
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Figure 4. Schematics of calculating the angiographic irregularity (AI) and speed of sound (SoS) estimation. a) Schematics of vessel distribution diversity
(VDD) calculation. A sliding window is scanned across the 3D image. At each position, the image histogram is acquired, and the entropy is calculated
based on the normalized histogram counts. The value is then assigned to the center of the scanning window to form a 3D map MVDD. b) Schematics
of morphological irregularity (MI) calculation. At each x–y slice of the 3D image, a sliding window is scanned across the slice. The window is rotated
from 0° to 180°, and the dominant normalized singular value is recorded at each angle. The MI at the window center is assigned according to the
biggest difference in the dominant normalized singular value of all angles. Similar processes are repeated over all y-z and x-z slices to form the 3D map
MMI. The AI is calculated as the dot product of the two maps. c) Schematics of the speed of sound (SoS) estimation. The raw PA signal is universally
back-projected (UBP) with different SoSes in tissue to form the image, and 3-D fast Fourier transform (3D-FFT) is performed to acquire the spectrum.
The image sharpness is calculated as the mean of the spectrum amplitude. The value that maximizes the sharpness is chosen as the estimated SoS.

benefit future studies in the following aspects. First, later stages
of NAFLD, such as fibrosis and cirrhosis, might be associated
with greater liver stiffness and portal hypertension.[52] These
factors can affect the morphological and functional dynamics of
major blood vessels.[53] 3D-PAT’s ability to detect respiration and
heartbeat-related hemodynamics might benefit the diagnosis
in prospect. Moreover, NAFLD is known to be independently
linked to cardiometabolic morbidity and mortality.[54] Recent
studies have also connected NAFLD with respiratory diseases
such as chronic obstructive pulmonary disease (COPD),[55]

hypoxia,[56] and asthma.[57] 3D-PAT of the liver thus warrants
further investigation into cardiac and respiratory misfunctions
using the time-gated movies.

3D-PAT complements established imaging modalities (such as
US) by offering high-speed volumetric imaging with scalable spa-

tial resolution, various optical contrasts, and adaptable configura-
tions. To further push the technique to benefit clinical diagnosis,
the system warrants investigation in the following aspects. First,
lasers with different wavelengths can be adapted to highlight var-
ious endogenous (e.g., lipid) and exogenous (e.g., indocyanine
green) contrast agents in the liver. Second, PAT can easily hy-
brid with pulse-receiver ultrasound measurement,[58–60] thus im-
proving the SoS estimation accuracy and introducing all the PAT
features to enhance the specificity of standalone US diagnosis.
Third, by imaging more livers with steatohepatitis, fibrosis, and
cirrhosis, the 3D-PAT system can employ structural parameter
measurements and respiration-gated techniques to address the
deformation of different rodent livers, thus providing additional
information for the diagnosis of the broader NAFLD spectrum.
Lastly, more accurate reconstruction algorithms, such as the fast
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Figure 5. Respiration-based time gating schematics and results. a) Schematic of the respiration-based time gating for dynamic images. Image shows a
part of raw PA signal from one transducer, where periodic oscillations appear as the result of breathing. b) Close-up raw PA signal for one respiration cycle.
Each cycle is divided into multiple phases, and each phase is picked up through all cycles before summing over round-trip signals for reconstruction. c)
Motion-contrast-encoded orthogonal projection of a rat liver with a slice showing cross-sections of SEV and HPV. d) Relative changes of the PA signals
from two voxels in c). Data are normalized according to the first phase and plotted as means ± standard errors of the mean. e) Relative changes of the
cross-sectional vessel areas in ©. Data are normalized according to the first phase and are plotted as means ± standard errors of the mean.

marching method,[61,62] can be adopted to further enhance the
image quality.

Combining high spatiotemporal resolution and high sensitiv-
ity, 3D-PAT provides hepatic anatomy and hemodynamics simul-
taneously without the need for ionizing radiation or exogenous
contrast agents. With the following adjustments, it can be poten-
tially translated to clinical studies, where the 2.25-MHz center
frequency is chosen to balance the FOV, the imaging depth, and
spatial resolution for large rodent and human pediatric imaging.
First, an ≈4 cm penetration depth has been demonstrated for hu-
man breast imaging, and the system is expected to achieve deeper
penetration under the liver surface by utilizing different wave-
lengths (730 nm light is expected to achieve three times higher
SNR at 5 cm depth than 1064 nm[63]), optimizing the illumina-
tion patterns (e.g., using donut beam illumination), and averag-
ing over more scanning frames. Second, according to the spa-
tial Nyquist sampling criterion,[64] 3D-PAT can cover an FOV of
16 cm with isotropic spatial resolution within 15 s, which is larger
than the average liver size in adults.[65] To enlarge the optical il-
lumination area, we can use higher-power lasers, join multiple
lasers, or optimize the laser delivery paths.[66] Third, the mechan-
ical design of the imaging platform may be further modified to
place the hepatic region closer to the optical window. In addition

to the investigation of NAFLD, imaging and quantitatively mea-
suring the angiographic environment in the liver using 3D-PAT
can serve as a test of response in drug development and treatment
and as an alternative to invasive biopsies for diagnosis.

4. Experimental Section
Experimental Setup: For ultrasonic detection, four arc-shaped ultra-

sonic transducer arrays (Imasonic, Inc.; 2.25 MHz central frequency;
>98% one-way bandwidth; 4 × 256 elements) were connected to 32 sets
of customized pre-amplifiers and four DAQ modules (PhotoSound, Inc.,
ADC256; 40 MHz maximum sampling rate; 12-bit dynamic range). The
laser beam was expanded by an engineered diffuser (EDC-15, RPC Pho-
tonics Inc.) sealed in the lens tube. The optical fluence on the tissue sur-
face was limited by the American National Standards Institutes’ safety
standards.[67] 1064-nm light was selected for illumination, which is the
fundamental wavelength of the Nd:YAG laser (Model 9050DLS, 50 Hz rep
rate, Powerlite, Continuum). To minimize the optical and acoustic energy
loss, deuterium oxide (D2O, Isowater Corp.) was used to acoustically cou-
ple the holding cup (3–4 cm deep) with the ultrasonic arrays.

Rat Liver Imaging Procedure: For lean liver imaging, adult, 9–10-week-
old Zucker lean rats (Crl:ZUC-Leprfa, Charles River Laboratories, 150–200 g
body weight) were used. For obese liver imaging, adult, 9–10-week-old
Zucker obese rats (Crl:ZUC-Leprfa, Charles River Laboratories, 300–350 g
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body weight) were used. Before imaging, the rat was maintained under
anesthesia with 1.5% vaporized isoflurane, and its eyes were covered by
pharmaceutical-grade ophthalmic ointment. The hair on the abdomen
area was first removed using clippers and depilatory cream. Afterward, a
3D-printed nose cone and tooth bar were placed on the rat to ensure its
normal breathing. Then their limbs were fixed to metallic pillars mounted
on the imaging platform using paper tapes to reduce the motion near the
liver region.

Image Reconstruction: To mitigate the artifacts induced by the acous-
tic inhomogeneity between the biological tissue and D2O, all the images
were reconstructed using the GPU-accelerated dual speed-of-sound uni-
versal back-projection (DualSoS-UBP) algorithm.[27,28] Specifically, since
the rat abdomen region was placed at a piece of plastic wrap which also
separated the D2O from the biological tissue, the entire region was seg-
mented into two zones: a tissue zone and a D2O zone. It was assumed that
the speed of sound was uniform within each zone but was different across
the zones. To further simplify the problem, the following two assumptions
were made. First, the cross-section of the rat abdomen region was approx-
imated by a half ellipse characterized by its center position and the lengths
of its major and minor radii and fitted from the images reconstructed by
single speed-of-sound UBP.[68] Second, refraction at the boundary of the
two zones was neglected, and ultrasonic rays traveled straight from the
field point to the detectors. Based on these assumptions, the phase de-
lay map between any source-detector pairs could be calculated given the
speed of sound in the tissue and D2O through line integration. Finally, the
PA signals acquired at all scanning steps were back-projected into the 3D
space to form the volumetric image (voxel size 0.15 × 0.15 × 0.15 mm3).
All the reconstructed images were further batch-processed using a depth
compensation method to enhance the PA amplitude in the deep tissue.
A 3D high pass filtration and Hessian-based Frangi vessel enhancement
filtering[37] were then applied to the images to enhance the contrast of
blood. The filtered images (self-normalized) were finally added back to the
original depth-compensated images and obtained the presented images.
The PHOVIS software developed in MATLAB[69] was used to render volu-
metric images.

Measurement of Vessel Volume Occupancy and Vessel Density: To get the
binary mask of the liver, adaptive thresholding was applied based on the
three-sigma (3𝜎) rule.[70] Specifically, the post-processed volumetric im-
age block was first segmented at the peripheral of the field of view as the
background signal and its mean absolute value μbg as well as the standard
deviation 𝜎bg was calculated. Then μbg + 3𝜎bg was used as the threshold
to segment the binary liver mask, which was the region of interest (ROI) in
this study. The volume of this binary mask was calculated as Vliver. To seg-
ment the vessel binary mask, the 3𝜎 thresholding of the Hessian-filtered
images were repeated within the ROI to get the binary mask. Its volume,
denoted as Vvessel, was then divided by the liver mask volume Vliver to get
the VVO. To extract the vessel skeleton map, blood vessel skeletons were
first extracted by generating vessel centerlines from the vessel segmen-
tation masks using MATLAB’s built-in function bwskel. The vessel cen-
terlines were broken into independent vessels at junction points. Then
morphological cleaning was applied using MATLAB’s built-in function bw-
morph to remove small independent vessels to reduce noise. The number
of individual vessels Nvessel was calculated with MATLAB built-in function
bwlabeln, and the VD was calculated as Nvessel/Vliver.

Measurement of Vessel Distribution Diversity and Morphological Irregu-
larity: To calculate the vessel distribution diversity (VDD), a 1.2 mm ×
1.2 mm × 1.2 mm sliding window was scanned across every voxel in the
post-processed volumetric image. For each image subset Msub, the infor-
mation entropy E was calculated within the window:

E
(

Msub
)
= −

n∑
i=1

Pilog2Pi (1)

where n = 256 denotes the number of discrete bins in the window, Pi de-
notes the probability for a pixel to have a value that falls in the ith bin. The
acquired entropy value was then assigned to the center pixel of the win-
dow, forming the VDD map ME. To measure the morphological irregularity

(MI), the volumetric was first sliced along the z direction and a 3 mm ×
3 mm sliding window was used to scan the x–y slice. The image subset
was rotated from 0° to 180°, with a step size of 10°. At each rotation angle
𝜃, the singular value decomposition (SVD) of the rotated image was cal-
culated, acquiring the normalized SVD dominancy term Σ11 as a function
of 𝜃. After rotating the subset over 180°, the MI within the window was
calculated as:

Az

(
Msub

)
= exp

[
−
(
max𝜃Σ11(𝜃) − min𝜃Σ11(𝜃)

)]
(2)

The same procedure was repeated for all the slices to get the MI map
Az along the z direction. Taking the x and y directions into consideration,
the other two maps Ax and Ay were calculated, and the average of the three
maps gave the final MI map A.

Speed of Sound Estimation: To estimate the speed of sound (SoS) in
the liver, a bulk of liver tissue was selected starting from ≈3 mm below the
liver surface. DualSoS-UBP algorithm was used to reconstruct the region
of interest (ROI) with different tissue SoSes varying from 1400 to 1700
m s−1 with a step size of 10 m s−1. The SoS of the water was fixed and
determined by temperature measurement during the experiment. 3D fast
Fourier transform (FFT) was then applied on the volumetric image to ac-
quire the image in the spatial frequency domain. The mean value of the
absolute amplitude was used to estimate the image sharpness. The SoS
that maximized the sharpness was used as the estimation. It represented
the averaged SoS over the skin, the abdomen, and part of the liver, and
could also be used in the dual-SoS UBP reconstruction algorithm as the
SoS of the tissue zone.

Time Gating Algorithms for Motion-Free Images: To recover the signals
acquired during motion, the region after the surface signal was first se-
lected as background and the 3𝜎 rule was applied to distinguish the sig-
nals from the background. The first time index above the threshold at each
azimuthal angle was selected to form the first-arrival time array. Then a me-
dian filter (MATLAB built-in function “medfilt1”) and Gaussian-weighted
moving average (MATLAB built-in function “smoothdata”) were applied
over different angles to smooth the time array, followed by numerical dif-
ference calculation. Finally, in the differential time arrays, the peak-finding
algorithms (MATLAB built-in function “findpeaks”) were adopted to local-
ize the peaks and troughs (by inversing the time array), thus determining
the motion-affected frames for removal. The remaining signals formed a
motionless partial-scan detection. Since the respiration cycles of the rat
abdomen were spatially repeatable, the above procedures were repeated
with two sequential 10-s scans. The round-trip signals were then summed
to form the full-scan signals. At angle positions where both forward and
backward signals remained, the signals were averaged as the round-trip
signal. The authors finally interpolated at the angle positions where both
forward and backward signals were removed. The final full-scan signals
were then used to reconstruct the motion-free image.

Time Gating Algorithms for Dynamic Images and Hemodynamics Anal-
ysis: The averaged peak-trough distance was first calculated as the half
respiratory cycle. Based on the observation that the breathing period re-
mained stable within the round-trip scanning time, the respiratory cycle
was divided into multiple phases, the number of which was determined
by the repetition period of the laser (20 ms). The signals were then re-
peatedly extracted from the same phase for the round-trip scanning to
reconstruct the dynamic images. Similar to the motion-free images, the
full-scan images were averaged at the overlapping angular locations and
interpolated at the missing ones. To mitigate aliasing artifacts caused by
spatial under-sampling in regions outside of the FOV, spatial interpolation
and low pass filtered the PA signals were further applied before reconstruc-
tion. To get the vessel masks for hemodynamics analysis, a larger region
was first segmented to isolate the blood vessel from other major vessels,
and the segmentation masks were used through all the frames. Next, the
3𝜎 rule was applied for adaptive hard thresholding at each frame to get a
tighter vessel mask. Specifically, the square region was first segmented at
the peripheral of the cross-sectional images as the background signal and
its mean absolute value μbg as well as the standard deviation 𝜎bg were cal-
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culated. Then μbg + 3𝜎bg was used as the threshold to segment the binary
vessel cross-section mask.

Statistical Analysis: To examine the significance of the difference be-
tween the healthy and obese rat livers, a one-tailed Welch’s (unequal vari-
ances) t-test was performed on the vessel volume occupancy and vessel
density.[71] For angiographic irregularity, the mean AI value within the bi-
nary liver mask was used for comparison. The null hypothesis H0 for each
t-test was that the lean rat liver had less or equal population means as
the corresponding obese rat liver. The results for the one-tailed tests were
shown as p-values. Accordingly, the p-values were generally less than 0.05,
indicating a rejection of H0 at the 5% significance level. All statistical anal-
ysis was done via MATLAB’s built-in function “ttest2.”

Imaging Protocols: All the animal experiments followed protocols were
approved by the Institutional Animal Care and Use Committee (IACUC) of
California Institute of Technology (IA20-1737).
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[59] E. Merčep, J. L. Herraiz, X. L. Deán-Ben, D. Razansky, Light: Sci Appl
2019, 8, 18.

[60] G.-S. Jeng, M.-L. Li, M. Kim, S. J. Yoon, J. J. Pitre, D. S. Li, I. Pelivanov,
M. O’Donnell, Nat. Commun. 2021, 12, 716.

[61] M. S. Hassouna, A. A. Farag, IEEE Trans. Pattern Anal. Mach. Intell.
2007, 29, 1563.

[62] M. Li, C. Liu, X. Gong, R. Zheng, Y. Bai, M. Xing, X. Du, X. Liu, J. Zeng,
R. Lin, H. Zhou, S. Wang, G. Lu, W. Zhu, C. Fang, L. Song, Biomed.
Opt. Express 2018, 9, 1408.

[63] Wikipedia, Near-infrared window in biological tissue, https://en.
wikipedia.org/wiki/Near-infrared_window_in_biological_tissue (ac-
cessed: 10, 2022).

[64] P. Hu, L. Li, L. Lin, L. V. Wang, IEEE Trans. Med. Imaging 2020, 39,
3535.

[65] W. Kratzer, V. Fritz, R. A. Mason, M. M. Haenle, V. Kaechele, R. S.
Group, J. Ultrasound Med. 2003, 22, 1155.

[66] R. Bulthuis, M. M. Dantuma, S. C. Kruitwagen, F. P. D. van Gameren,
F. F. Lucka, B. B. D. Santi, S. S. Aarnink, L.-F. de Geus-Oei, B. T.
Cox, S. S. Manohar, A. Javaherian, Eds., in Photons Plus Ultrasound:
Imaging and Sensing 2022, vol. 11960, SPIE, Bellingham, WA 2022, p.
PC119600X.

[67] American National Standards Institute, ANSI Z136.1-2014 – American
National Standard for Safe Use of Lasers, Laser Institute of America,
Orlando, FL 2014.

[68] M. Xu, L. V. Wang, Phys. Rev. E 2005, 71, 016706.
[69] S. Cho, J. Baik, R. Managuli, C. Kim, J. Photoacoust. 2020, 18, 100168.
[70] F. Pukelsheim, The American Statistician 1994, 48, 88.
[71] B. L. Welch, Biometrika 1947, 34, 28.

Adv. Sci. 2023, 10, 2205759 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2205759 (10 of 10)

 21983844, 2023, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202205759 by C

alifornia Inst of T
echnology, W

iley O
nline L

ibrary on [08/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


