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Abstract— Objective: In this study, we present the design,
fabrication, and evaluation of a curved-array-based photoacoustic
imaging system designed for imaging vasculatures inside human
finger joints with multispectral strategy. Methods: The
transducers was fabricated with polyvinylidene fluoride (PVDF)
film with a size of 30 mm>2.8 mm, and a curvature radius of 82
mm. A detailed comparison between the PVDF transducer and
commercial piezoelectric ceramic (PTZ) transducers was
performed. In addition, phantom and in vivo mouse experiments
were carried out to evaluate the system performance.
Furthermore, we recruited healthy volunteers and did
multispectral photoacoustic imaging of blood vessels in finger
joints. Results: The transducers have an average center frequency
of 6.6 MHz, and a mean bandwidth of 95%. The lateral and axial
resolutions of the system are 110 pm and 800 pm, respectively,
and the diameter of the active imaging is larger than 50 mm. We
successfully captured the drug-induced cerebral bleeding spots in
intact mouse brains, and recovered both morphology and oxygen

saturation of the blood vessels in human finger joints. Conclusions:

The PVDF transducer has a better performance in bandwidth
compared with commercial transducers. The curved design of the
transducer offers a better sensitivity and a higher axial resolution
compared with the flat design. Significance: Based on the
phantom, animal and human experiments, the proposed system
has the potential to be used in clinical diagnosis of early-stage
arthritis.

Index Terms—Photoacoustic imaging, functional photoacoustic
computed tomography, array-based photoacoustic system,
arthritis.
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I. INTRODUCTION

RTHRITIS affects millions of people in the world and

remains the leading cause of disability in the people over
50-year [1], [2]. Osteoarthritis (OA) and rheumatoid arthritis
(RA) are two major types of arthritis. Based on the clinical
observation, distal interphalangeal (DIP) joints and proximal
interphalangeal (PIP) joints reveal symptoms such as swelling,
stiffness and pain in the early stage of arthritis [3]-[5].
Intervention in the early stage of arthritis will significantly
provide the best protection of the joint functions [6], [7].
However, it is challenging for current clinical imaging
modalities such as X-ray imaging, magnetic resonance imaging
(MRI) and ultrasound imaging (US) to diagnose early-stage
arthritis due to their inherent limitations such as ionizing
radiation of X-ray, high cost and low temporal resolution of
MRI, and low contrast of US [8]-[10].

Optical imaging techniques, such as near-infrared
spectroscopy (NIRS) and diffuse optical tomography (DOT),
have been proposed to diagnose both OA and RA in the early
stage due to their merits of deriving both functional and
morphological parameters [11]-[14]. However, they suffer
from low spatial resolution, and thus require additional prior
information from other complementary techniques such as
X-ray tomosynthesis and MRI [15], [16].

Photoacoustic imaging (PAI), a promising imaging
technology, has evolved rapidly during the past decades [17]. It
is a hybrid imaging modality that owns rich optical contrast,
deep tissue penetration depth and high acoustic resolution [18],
[19]. Photoacoustic computed tomography (PACT), a
macroscale sub-modality of PAI, is a reconstruction-based
imaging technique, and has a submillimeter spatial resolution
and a typical penetration depth of centimeters. It has
demonstrated various applications in biomedicine and clinics
[20]-[25]. For the first time, Wang et al. used a conventional
two-dimensional (2D) PACT to image subcutaneous tissues
and phalanx of PIP and DIP joints in a hand amputated from a
female cadaver [20]. Jiang et al. proposed a quantitative
spherical-scanning-based PACT system to recover both
structural and functional parameters of finger joints in arthritis
patients [22]. Xi et al. combined the concept of virtual detector
with a spherically focused transducer to reconstruct soft tissues,
ligaments and phalanx of the DIP joint in three-dimension, and
further integrated PACT with DOT to obtain additional
scattering properties of the DIP joint [23], [24]. Li et al. built a
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multi-transducer-based PACT system using a new
acoustic/optical combiner to image the blood vessels in the DIP
joint of healthy volunteers [25].

These conventional PACT systems utilize the scanning of
either the transducer or the sample [26]. They require a long
experimental time to complete a circular/semi-spherical
scanning, and thus are not suitable for clinical applications. It is
feasible to improve the temporal resolution by using a
high-repetition laser. However, beside the expensive cost,
high-repetition laser is not suitable for deep-tissue imaging due
to the low pulse energy. Apart from the utilization of a fast laser,
using an array-based PACT system is an alternative way to
achieve high-speed imaging. Gamelin et al. reported a
128-channel PACT system with a curved quarter-ring
configuration. They successfully obtained the ex vivo images of
mouse brain within 15 seconds through rotating the sample [27].
In the second generation, they developed a 512-element
full-ring array to achieve fast two-dimensional (2D) imaging
with a maximum speed of 8 frames per second (fps) [28]. Yang
et al. applied a 128-element linear array system to visualize the
vascular network in the rat brain [29]. Jiang group developed a
full-ring array-based PACT system using 192 single
transducers to study the hemodynamics of mouse brain during
the onset of epilepsy, and further extended the 2D array to a
spherical 3D array [30], [31]. Brecht et al. has developed a 3D
photoacoustic tomography system based on a concave
arc-shaped array of 64 piezocomposite transducers. They
demonstrated the whole-body imaging of a mouse with a spatial
resolution of 0.5 mm [32]. Kruger and his colleagues described
a bowl-shaped transducer array to recover the 3D vascular
network in healthy human breasts [33]. To obtain sufficient
temporal resolution for clinical imaging of human finger joints,
Manohar et al. built a curvilinear 32-element photoacoustic
array to detect the blood vessels inside the DIP and PIP joints,
which are associated with early development of RA [34].
Razansky et al. successfully visualized the perfusion of
indocyanine green (ICG) in the blood vessels of human finger
joints using a 128-element-based photoacoustic imaging
system [35]. Wang et al. modified a clinical ultrasound imaging
system and achieved dual-modality photoacoustic and
ultrasound imaging of joint structures and functions [36].

Apart from above systems, several groups have developed
2D/3D array-based PACT systems using polyvinylidene
fluoride (PVDF) film and successfully applied the system for
breast cancer detection [15], [37]-[39], and functional brain
studies [40]. PVDF, a type of polymer piezoelectric materials,
has a lower acoustic impedance and a broader bandwidth
compared to the ceramic counterparts. In addition, it is cheap,
light-weight, flexible and easily integrated. However, the flat
design of PVDF transducers leads to a lower sensitivity and a
poor axial resolution. To improve both the signal to noise ratio
(SNR) and axial resolution of previous PVDF-array-based
systems, we developed a 60-element curved PVDF transducer
array with a size of 30 mm>2.8 mm, and a curvature radius of
82 mm. Furthermore, the rotational scanning mechanism of the
transducer array allows to acquire data in multiple detector
positions, leading to a better image quality compared with

previous systems. In addition to phantom experiments, we
applied this system to monitor the bleeding spot in intact mouse
brains with drug-induced cerebral hemorrhage, and further
demonstrated its feasibility in visualizing both structures and
oxygen saturation of blood vessels in human finger joints.

Il. MeTtHODS

A. Fabrication of transducer array

We used flexible PVDF films (110pum-Ag-Ink Film,
Measurement Specialties Inc., Hampton, VA) coated with
silver electrodes in both sides. The film was reshaped into 60
rectangle pieces with an active area of 30 mm>2.8 mm. As
shown in Figure 1a, the rectangular film was attached to the
curved surface of a copper shielding case with a curvature
radius of 82 mm to form a cylindrically focused detection. The
positive and negative electrodes of the film were connected to a
coaxial cable using the conductive epoxy. Then we poured the
epoxy (EPO-TEK 301-2, Epoxy Tech., Billerica, MA) into the
inside cavity of the shielding case serving as the backing
material. We made a total number of 60 single element
transducers and aligned them symmetrically in a ring-shaped
resin holder that had an inside radius of 82 mm as shown in
Figure 1b.
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Fig. 1. Schematics and photographs of the fabricated transducer array and
diagram of system configuration. (a) The schematics of a single PVDF
transducer in front (left) and side (middle) views, and the photograph (right) of
a completed PVVDF transducer. (b) The photograph of the aligned array system.
(c) The diagram of the system. N: negative electrode P: positive electrode F:
110 um PVDF film S: shielding case B: backing material SA: SMA adaptor I:
insulator PA: pre-amplifier A: amplifier MUX: multiplexer AS: acquisition
system.

B. System configuration

In Figure 1c, a Q-switched Nd: YAG laser (Q-smart 450,
Quantel Laser) pumped an OPO laser (Magic Prism, Opotek
Inc.) to generate laser pulses with a variable duration of 5~10
nanosecond (ns), and a maximum repetition rate of 20 Hz. The
laser pulses were delivered to the mouse head and the surface of
human finger joints via two different light delivery systems.
The generated wideband photoacoustic signals were averaged
20 times, collected by the array, and amplified by 60
homemade low-noise preamplifiers at ~20 dB. The transducers
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in the array were equally divided into four groups and
sequentially selected by a multiplexer (PXI-2576, National
Instruments Corp., TX), further amplified by additional 15
low-noise amplifiers at ~28 dB (ZFL-500LN, Mini Circuits
Corp., NY), and digitalized by two 8-channel high-resolution
data acquisition cards (PX1-5105, National Instruments Corp.,
TX) with a 20 MHz low-pass filter at a sampling rate of 60
MS/s. We rotated the entire imaging array twice with an
angular step of 2<to obtain 180 detectors for one 2D image via
a motorized rotator (RAP-125, Zolix Instruments CO., LTD,
BJ), and did axial scanning with a step of 0.8 mm using a
motorized elevator (PSAV-100-ZF, Zolix Instruments CO.,
LTD, BJ). The total experimental time for each 2D image is 15
S.

C. System evaluation and calibration
1) Frequency response

We evaluated the frequency response of each transducer
using an impulsive wave method. As illustrated in Figure 2a, a
transducer was immobilized in a water tank and connected to a
broadband ultrasonic pulse/receiver (5073PR, Olympus Inc.,
MA). A stainless steel plate was positioned in front of the
transducer and fixed on a manual linear stage. The
pulse/receiver was set in the pulse-echo mode, drove the
transducer to generate acoustic waves, and then received the
echoes reflected by the stainless steel plate. We precisely
adjusted the position of the plate and recorded the echoes with
the highest amplitudes. We did Fourier transform of the
gathered data, derived the center frequency and -6 dB
bandwidth.
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Fig. 2. Schematics of experimental systems to evaluate the performance of the
transducer array, and imaging interfaces for in vivo mouse brain and human
finger joint experiments. (a) Acoustic pulse-echo system to derive frequency
response and bandwidth of the transducer. (b) Photoacoustic point-scanning
system to map the acoustic distribution of the transducer. (c, d) Light delivery
systems and imaging interfaces for mouse brain and human finger joint
experiments. P/R: Pulse/Receiver W: water TR: PVDF transducer SSP:
stainless steel plate H: hair P: background phantom E: motorized elevator stage
L: motorized linear stage OF: optical fiber OT: optical table. M: mirror CG:
concave lens and ground glass MH: mouse holder UG: ultrasound gel R:
motorized rotator SR: support rod PF: plastic membrane SG: rubber sealing
ring FOF: four-branch optical fiber bundles MLE: manual elevator stage AR:
aluminum ring.

2) Resolution evaluation

To investigate the best axial resolution of this system, we
mapped the acoustic distribution of the transducer using the
system depicted in Figure 2b. A short carbon fiber with a
diameter of 7 um and a length of 100 pm was vertically inserted
in the center of a background phantom made by mixing the
India ink, intralipid and agar. The background phantom had an
optical absorption coefficient of 0.01 mm™ and an optical
scattering coefficient of 1.0 mm™. The phantom was immersed
in a water tank and fixed on a 3D motorized linear stage
(TSA-100, Zolix Instruments CO., LTD, BJ). A liquid optical
fiber was utilized to deliver the excitation laser beam to the
carbon fiber and moved with the phantom during the scanning.
In the experiment, we first optimized position of the carbon
fiber to the focal plane of the transducer, and then scanned a
rectangular area of 8 mm>30 mm in X-Z plane with an interval
step of 0.1 mm. To reconstruct the acoustic distribution map,
we did Hilbert transform of the raw photoacoustic signals,
derived and directly back-projected the peak values. The full
width at half maximum (FWHM) of the vertical profile at the
focal length of the transducer was considered as the best axial
resolution of the system.
3) Phantom experiments

Several phantom experiments were conducted to estimate the
lateral resolution of the system, and compared the PVDF
transducer with two commercial lead titanate zirconate (PZT)
transducers with center frequencies of 2.25 MHz (V306,
Olympus Inc., MA) and 5 MHz (V310, Olympus Inc., MA).
The 2.25 MHz transducer has an active diameter of 0.25 inch
and the 5 MHz transducer owns an active diameter of 0.5 inch.
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Fig. 3. Schematics of the phantoms. (a) Two 7-um-diameter carbon fibers are
horizontally embedded in a cylindrical phantom to evaluate the lateral
resolution. (b) The phantom contains a 4 mm circular target used to compare
the PVDF transducer with commercial PTZ transducer. (c) 21 pencil leads are
aligned in two perpendicular directions with an interval of 5 mm in a 60-mm
cylindrical phantom which is used to evaluate the effective field of view.

To estimate the lateral resolution of this system, two crossed
7-um-diameter carbon fibers were horizontally embedded in a
cylindrical tissue-mimicking background phantom, and imaged
by the system. The experimental system is showed in the Figure
2c and the carbon fiber phantom is displayed in the Figure 3a.
The FWHM of the imaged size of the carbon fiber was
calculated as the lateral resolution of the system.

To compare the PVDF transducer with similar PZT
transducers, we embedded a 4-mm circular target with an
optical absorption coefficient of 0.07 mm™ and an optical
scattering coefficient of 1 mm™ in the center of a cylindrical
background phantom that had a diameter of 30 mm (Figure 3b).
The phantom was imaged by the PVDF array-based system,
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and the conventional 2D circular-scanning PACT system using
the commercial PZT transducers, respectively. In the
experiments using PZT transducers, we did a 360 circular
scanning with an angular step of 2<

To evaluate the effective imaging area of the system, we
imaged a pencil-lead-embedded phantom with a diameter of 60
mm. In the background phantom, 21 pencil leads were aligned
in two perpendicular directions with an interval of 5 mm
(Figure 3c).
4) Calibration

For array-based systems, it is required to do calibration of the
raw photoacoustic signals from different elements. Before we
did the phantom and in vivo experiments, we calibrated the
system using the same sample that was used to map the acoustic
distribution. We utilized a high-resolution 3D linear stage to
move the carbon fiber to the center of the transducer array,
recorded the raw photoacoustic signals of all elements,
calibrated the phases, signal amplitudes and transducer
positions in the array, and stored the calibration data for image
reconstruction.

D. Drug-induced intracerebral hemorrhage (ICH) model and
animal experiments

In addition to phantom experiments, we employed a
collagenase induced cerebral hemorrhage model [41] to further
evaluate the systemic performance for in vivo imaging. The
mice, weighted around 20g, were anesthetized by i.p. of 10%
chloral hydrate solution with a dose of 4 ml/kg. The hair was
removed using the depilatory cream. A 1-mm hole was
carefully drilled on the brain without damaging the brain tissue
using an electric cranial drill. The mice were immobilized on a
stereotaxic instrument and received injection of collagenase
with a volume of 0.5 pL (0.15 U/uL) through the hole. After the
injection, the hole was sealed using the bone wax to reduce the
influence on photoacoustic signals. All the animal procedures
have been approved by University of Electronic Science and
Technology of China (UESTC).

We present the imaging interface for mouse studies in Figure
2¢. A customized holder was designed and printed by a 3D
printer to immobilize the mouse during the experiments. A
thorough hole with a diameter of 50 mm was opened at the
bottom of the array holder. The upper end of a hollow metal
cylinder with an inner diameter of 40 mm and an outer diameter
of 49.9 mm was inserted into the bottom hole of the array
holder, and kept motionless when the array holder rotated. To
avoid water leak during the rotation, a rubber sealing ring was
applied between the internal surface of the bottom hole and the
outer surface of the metal cylinder. The lower end of the metal
cylinder passed through the internal holes of the motorized
rotator and elevator, and fixed on the optical table. The upper
port of the metal cylinder was sealed using an ultrathin plastic
membrane. The mouse head was attached to the membrane and
vertically adjusted to select the optimal imaging plane. The gap
between the membrane and mouse head was filled with
ultrasound gel. The illumination light with a wavelength of 700
nm passed through a reflection mirror (GCC-101112, China
Daheng Group, Inc., BJ), a Plano-concave lens and a ground

glass to form a homogenous pattern on the mouse brain. To
observe the bleeding spot in depth, we carried out multiple 2D
experiments in different depths with an axial scanning step of
0.8 mm. After the experiments, we extracted the entire brain
and cut it into slices to identify the hemorrhagic spot.

E. Human finger joint experiments

Apart from the imaging interface for animal experiments,
Figure 2d depicted the interface for human finger joint imaging.
The emitted laser beam was split via a beam splitter (GCC
-411116, China Daheng Group, Inc., BJ) and coupled into two
four-branch optical fiber bundles (A4455-01, Hamamatsu
Photonics K.K., Japan). All eight illumination optical fiber
branches were distributed symmetrically around the finger
joints with a tilted angle of 45< To calculate the oxygen
saturation, 750 nm and 830 nm were employed with the same
photon density of 1 mJ/cm? on the surface of the finger joints.
We recruited four healthy volunteers and carried out
experiments for DIP and PIP joints of index and middles
fingers, and DIP joints of ring and little fingers in both hands.
We have obtained consents from all the volunteers and this
study has been approved by the Institutional Review Board
(IRB) office at the UESTC.

F. Image reconstruction and derivation of oxygen saturation

For all the experiments in this study, we employed a revised
linear reconstruction algorithm named delay and sum with
specific calibration data of this system. From the optical
absorbing spectrum of blood, we note that deoxyhemoglobin
(Hb) has a higher optical absorption than that of
oxyhemoglobin (HbO) at 750 nm, while HbO has a stronger
optical absorption at 830 nm. At each wavelength, both Hb and
HbO contribute to the total optical absorption, which can be
described by Equation 1[42].

Ciwo _ Erpo () €y (A1) ! Erpo () €y (A1) B
Cip ) Emo(A2) €mp(A2) | | Emo(A) €y (A2)
{sm(@ eHb(ﬂaHua(m]K @)

Emol(A2)  m(4) | | #a(4,)

Where, Cyy;, and Cyy, represent the concentrations of Hb
and HbO, &y, and &y, are the molar extinction coefficients,
Uq(11) and p, (A,) are the true optical absorption coefficients
at different wavelengths, and K is the proportionality
coefficient determined by acoustic parameters. To derive the
actual concentrations of Hb and HbO, a quantitative
reconstruction algorithm is required. However, based on the
definition of oxygen saturation in Equation 2, relative
concentrations of Hb and HbO are sufficient. Hence, we
assume that the reconstructed values in the image represent the
relative optical absorption coefficients and calculate the
relative concentrations of Hb and HbO by solving linear
equations.

CHbO
— (x.y,2)
SOZ(X,y,Z) —_ C (2)

HbO(X,Y,2) + CHb(vavZ)
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I1l. RESULTS AND DISCUSSIONS

The center frequency and bandwidth of the transducer
determine the spatial resolution of the system. Figure 4a shows
the raw pulse-echo response of a typical PVDF transducer.
From the derived frequency response in Figure 4b, the center
frequency and -6 dB bandwidth are 6.6 MHz and 95%,
respectively. The normalized pulse echo response and
bandwidth of all 60 elements are shown in Figure 4c. Figure 4d
plots the center frequencies of the 60 transducers. Figure 4e
presents the acoustic distribution map of a single PVDF
transducer. As we expect, the curved shape forms a cylindrical
acoustic distribution in which the acoustic pressures at the focal
plane are much stronger than that of off-focus areas. The axial
resolution of this system is mainly determined by the thickness
of the focal plane which is estimated to be 800 um based on the
FWHM of the axial profile shown in Figure 4f. In addition, we
note that the transducer has an effective focal zone of 7 mm.
Within the focal zone, the system has the same axial resolution
of 800 um. In other areas out of the focal zone, the axial
resolution will gradually deteriorate. Furthermore, the acoustic
pressures in the area before the focal plane are stronger than
that of the areas after the focal plane due to the acoustic
attenuations in the coupling medium.
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Fig. 4. Transducer and system evaluation. Pulse echo response (a) and derived
frequency spectrum (b) of a single-element PVDF transducer. (c) The
normalized pulse echo response and bandwidth of all 60 elements. (d) The
center frequencies of all 60 transducers. (e). Measured acoustic distribution of a
typical single-element PVDF transducer. (f). Axial profile of the focal plane
indicated by the white dashed line in Figure 4e. (g) The phantom result of a
pencil-embedded phantom to evaluate the effective imaging area of the system.
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To evaluate the experimental effective imaging area of the
system, we imaged a phantom embedded with pencil leads. In
Figure 4g, all the pencil leads in the phantom are clearly imaged.
The pencil lead indicated by a red dashed rectangle is 25 mm
off the center, which represents the radius of the effective
imaging area. Although the effective imaging area is sufficient
to cover the entire human finger joints, the sensitivity is not
homogenous over the entire area and there is slightly tangential
distortion of the imaged pencil lead in the off-center areas due
to the limited directivity of the transducer. It is feasible to
improve the directivity of the transducer by using a negative
acoustic lens and reduce the imbalanced distribution of
sensitivity by considering the transducer directivity in the
reconstruction algorithm [43].
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Fig. 5. Comparison of PVDF and PZT transducers. (a-c) The reconstructed
images of 7 pum carbon fibers using PVDF, 2.25 MHz and 5 MHz PZT
transducers, respectively. (d-f) The corresponding normalized profiles of the
red dashed lines in Figures 5a-5c, respectively. (g-i) The reconstructed images
of the same 4-mm circular target using PVDF, 2.25 MHz and 5 MHz PZT
transducers, respectively. (j) The corresponding normalized profiles along the
red dashed lines in Figures 5g-5i.

To evaluate the lateral resolution of this system and
compared it with commercial PZT transducers, we carried out
phantom experiments of carbon fibers. Figures 5a-5¢ show the
image results of two crossed carbon fibers with a diameter of 7
pm using different transducers, and Figures 5d-5f plot the
profiles of a carbon fiber along the dashed red lines in Figures
5a-5¢. Given that PACT has a lateral resolution ranged from
dozens of microns to hundreds of microns depending on the
center frequency and bandwidth of the transducer, 7-um carbon
fiber is small enough to be regarded as an ideal point-target.
Hence, we are able to estimate the lateral resolution using the
FWHM of the imaged size of a carbon fiber. The lateral
resolution of the PVDF array system is estimated to be 110 um
(Figure 5d), and systems using 2.25 MHz and 5 MHz
transducers have lateral resolutions of 350 pm (Figures 5b and
5e) and 150 pm (Figures 5c and 5f), respectively.
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In order to compare the bandwidths of these three
transducers, we performed phantom experiments of circular
tumor-mimicking targets with a diameter of 4 mm. As shown in
Figures 5g-5i, all three transducers are able to image the target
with sufficient SNR and accurate location. 5-MHz transducer
provides a sharp boundary associated with high-frequency
photoacoustic signals, but loses internal information related to
low-frequency photoacoustic signals. 2.25-MHz transducer is
able to accurately recover the inside structure of the target,
however, the boundary is blur. Comparing with two PZT
transducers, PVDF transducer array offers both a sharp
boundary and sufficient internal structures as shown in Figure
5j which plot the profiles along the dashed red lines in Figures
5g-5i.
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Fig. 6.

Experimental results of a mouse brain with collagenase induced
cerebral hemorrhage. (a) Photograph of the mouse brain without scalp. (b) In
vivo imaging result of the mouse brain before the injection of collagenase. (c, d,
e) The images of the mouse brain in different depths after the injection of
collagenase. (f) Photograph of the extracted brain after the experiment. (g) A
typical cross-sectional slice of the extracted brain along the dashed red lines in
Fig. 6f.

Before the experiments of human finger joints, we carried
out in vivo experiments of mouse brain to further test the
performance of this system. Figure 6a shows a photograph of
the mouse brain with removal of the scalp after the experiment,
and Figure 6b presents the corresponding photoacoustic image.
From the comparison, we can observe both major and small
blood vessels non-invasively using the proposed system with
sufficient resolution and SNR. Furthermore, we developed an
intracerebral hemorrhage model in the brain with injection of
collagenase. We re-imaged the mouse brain in multiple depths
at 8 hours post the injection. In Figure 6¢, we observe the
bleeding spot indicated by the dashed red circle, and find that
small blood vessels disappear and several major blood vessels
become discontinued due to serious bleeding in the brain.
Figure 6d and 6e show the images in 2 mm and 4 mm under the
brain surface, in which we still clearly observe the bleeding
spot. After the experiments, we extracted the entire brain and
cut it into slices to confirm the successful induce of the

hemorrhage and identify the actual position of the bleeding spot.

As shown in Figure 6f and 6g, the spatial position of the
bleeding spot is consistent with our image results.

We performed pre-clinical experiments of human finger
joints with multispectral strategy to recover both structural and

functional information of blood vessels in the DIP and PIP
joints of healthy volunteers. Figures 7a and 7¢ show the images
of DIP and PIP joints of the index finger. Figure 7b and 7d
display the images of bleed vessels in DIP and PIP joints of the
middle finger. It is challenging to image the PIP joints of ring
and little fingers due to the limitations of the imaging interface.
In addition to the structures, we derived the oxygen saturation
of blood vessels in DIP joints of ring and litter fingers and
overlapped the data with structural images in Figure 7e and 7f.
Through using structural and functional parameters such as
vessel size, vessel density, and oxygen saturation, it is feasible
to develop a multi-parameter based diagnostic method for
early-stage arthritis patients in clinics.

_— ] :
0 1 0.6 1

Fig. 7. PA imaging results of a healthy female fingers. (a, c) PA images of
blood vessels in the DIP and PIP joints of an index finger. (b, d) PA images of
blood vessels in the DIP and PIP joints of a middle finger. (e, f) Structural

images overlapped with oxygen saturation of blood vessels in DIP joints of ring
and little fingers.

IV. CONCLUSIONS

In summary, we introduced the design, fabrication, and
evaluation of a PACT system based on a 60-element curved
ultrasonic transducer array fabricated by PVDF. From phantom
experiments, the system owns a lateral of 110 pm, an axial
resolutions of 800 um, and an effective imaging area with a
diameter of 50 mm. Through experimental comparison, the
PVDF transducer has a better performance in bandwidth
compared with commercial transducers. Furthermore, we
successfully demonstrated the feasibility of deriving
morphological and functional parameters of blood vessels in
human finger joints, which are closely associated with the early
development of arthritis. Before the system is ready for actual
clinical evaluation, we still need to improve it in the following
aspects. 1) We are able to develop a multi-layer PVDF
transducer array with improved bandwidth and sensitivity in
the next generation. 2) Although we developed two-stage
amplifiers at ~48 dB, the magnification is still not high enough.
Now, we are investigating a new two-stage low-noise amplifier
with a magnification of 80 dB, which will significantly improve
the SNR of raw signals. 3) To achieve real-time imaging, a
60-channel data acquisition system is required. 4) We observed
some artifacts in the reconstructed images of finger joints,
which are caused by the strong acoustic reflection of bones in
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the finger joints and inhomogeneous acoustic velocities over
the entire reconstruction area. To remove these artifacts, a more
complicated reconstruction algorithm with consideration of all
the factors is required. 5) The pitch of the transducer array is
relatively large, which may cause potential grating lobe
artifacts in the regions away from the center. It is feasible to
reduce the artifacts by adding more elements and combing the
reconstruction algorithm with new image processing methods
such as compress sensing/total variation in the reconstruction
[44], [45].
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