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ARTICLE INFO ABSTRACT

Keywords: Circular-array-based photoacoustic computed tomography (CA-PACT) is a promising imaging tool owing to its
Circular array transducer broad acoustic detection coverage and fidelity. However, CA-PACT suffers from poor image quality outside the
PACT . focal zone along both elevational and lateral dimensions. To address this challenge, we proposed a novel
QEEI;Sth lens reconstruction strategy by integrating the synthetic aperture focusing technique (SAFT) with the 2nd derivative-

based back projection (2nd D-BP) algorithm to restore the image quality outside the focal zone along both the
elevational and lateral axes. The proposed solution is a two-phase reconstruction scheme. In the first phase, with
the assistance of an acoustic lens, we designed a circular array-based SAFT algorithm to restore the resolution
and SNR along the elevational axis. The acoustic lens pushes the boundary of the upper limit of the SAFT scheme
to achieve enhanced elevational resolution. In the second phase, we proposed a 2nd D-BP scheme to improve the
lateral resolution and suppress noises in 3D imaging results. The 2nd D-BP strategy enhances the image quality
along the lateral dimension by up-converting the high spatial frequencies of the object’s absorption pattern. We
validated the effectiveness of the proposed strategy using both phantoms and in vivo human experiments. The
experimental results demonstrated superior image quality (7-fold enhancement in elevational resolution, 3-fold
enhancement in lateral resolution, and an 11-dB increase in SNR). This strategy provides a new paradigm in the
PACT system as it significantly enhances the spatial resolution and imaging contrast in both the elevational and
lateral dimensions while maintaining a large focal zone.

Re-derivative
Back projection

1. Introduction typically used for PA signal detection in PACT, which significantly en-

hances the imaging speed compared with a single-element transducer

Photoacoustic (PA) tomography has emerged as a promising medical
imaging technology [1-4]. By converting optical energy into acoustic
energy, which is 2-3 orders of magnitude less scattered than photons, PA
imaging breaks the optical diffusion limit (1 mm in biological tissue) and
significantly extends the imaging depth to ranges that are inaccessible
by conventional optical imaging. Generally, PA imaging is classified into
two major implementations: scanning-based photoacoustic microscopy
(PAM) [5,6] and reconstruction-based photoacoustic computed tomog-
raphy (PACT) [7,8]. Transducer arrays with multiple elements are
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that requires point-by-point scanning in the case of PAM. Linear arrays
are widely used for PA imaging owing to the advantageous handheld
operation. However, the acceptance angles of linear array transducers
are considerably restricted, which results in reconstruction artifacts and
deviations [9,10]. In contrast, curved transducer arrays, especially cir-
cular transducer arrays, have a much broader acoustic detection
coverage [11-13]. Circular-array-based PACT (CA-PACT) detects PA
waves over a large field of view, which helps reduce the partial-view
detection issue in the imaging plane and offers images with enhanced
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imaging fidelity. The 3D tomography of CA-PACT is achieved based on
slice stacking, i.e., mechanical scanning is employed along the eleva-
tional axis. Owing to the geometrical shape of acoustic detection,
CA-PACT is well suited for the visualization of cylindrical and oblong
targets, such as the entire body of small animals [14,15] and the pe-
ripheral blood vessels of human arms and legs [8]. Therefore, CA-PACT
exhibits significant potential in peripheral vasculature-related clinical
research. However, the imaging quality of CA-PACT is generally limited
by the elevational resolution. To realize a high elevational resolution, a
focused ultrasound transducer (UST) array with a large elevation NA
and high center frequency f, is usually employed. Unfortunately,
CA-PACT only produces a high-resolution image in the focal zone but
fails to maintain its performance within the out-of-focus region [16,17],
thereby deteriorating its sectioning capability. Moreover, owing to the
finite detector aperture size, the limited view angle and the transducer
frequency, the inadequate image quality along the lateral (transverse)
dimension also restricts the tomography of CA-PACT. The lateral reso-
lution indicates the minimum resolvable distance between two point
targets, parallel to the detector array. The degraded image quality along
both the elevational and lateral dimensions significantly hinders the
high-resolution 3D imaging of CA-PACT.

To compensate for this incapability, some solutions have been pro-
posed. One strategy is to deconvolve the raw data based on the acoustic
point spread function (PSF) to retrieve the broadband PA signals [18,
19]. This helps improve the spatial resolution in both the elevational and
cross-sectional plane directions. However, obtaining a pixel-varying PSF
map in a 3D manner is very challenging, given that the PSF is not only
spatially-varying in the cross-sectional plane but also focal
depth-dependent in the elevational axis. Another alternative is the use of
the deep learning method [20,21], wherein high-resolution images
within the focal zone are used as the ground truth to enhance the
out-of-focus images via neural network training. However, a consider-
ably large dataset, including acquired images and their corresponding
ground truth, is required for training, validation, and testing, leading to
heavy computational burdens. As opposed to deep learning approaches
which require the use of bulky datasets, the SAFT-based scheme needs
only the raw PA data for image formation, thereby reducing the
data-acquisition and computational burdens. SAFT is an image recon-
struction technique that has been applied in acoustic-resolution PAM
[22-29] and photoacoustic endoscopic (PAE) imaging [30,31]. With the
application of the virtual detector (VD) concept [22,23], SAFT can
enhance the out-of-focus lateral resolution of PAM and PAE systems.
More recently, SAFT has been introduced to PACT imaging [32,33] to
improve the elevational resolution. However, the efficacy of the SAFT
approach is limited by the in-focus resolution of the PACT system.
Furthermore, the SAFT-based approach can only enhance the image
resolution along the elevational axis whereas has little effect on the
lateral dimension, and the processed results remain blurred and dete-
riorated along the lateral axis. Moreover, the demonstration of in vivo
imaging, particularly the 3D in vivo demonstration, is still rare in the
state-of-the-art [32-34].

To address these challenges, we have developed a novel technique by
integrating SAFT with the 2nd derivative back projection scheme in this
study. Unlike the conventional SAFT scheme, our proposed method re-
stores the image quality in both the elevational and lateral dimensions.
The solution is a two-phase restoration method. In the first phase, we
designed a circular-array-based SAFT algorithm to address the deterio-
rated elevational resolution in the out-of-focus region. By employing an
acoustic lens, the position of the virtual point of the SAFT was varied,
and the elevational resolution outside the focal region was improved
beyond the upper limit defined by the conventional SAFT approach. In
the second phase, we propose a 2nd derivative back projection (2nd D-
BP) scheme to enhance the lateral resolution by reinforcing the fre-
quency components resulting from the CA-SAFT reconstruction. The
lateral resolution was improved by up-converting the high spatial fre-
quencies of the absorption pattern of the object. The synthesis between
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these two phases manifests unique merits because the SAFT-based
approach in the first phase reduces the highly anisotropic frequency
components in the original image and helps prevent the elimination of
the originally low-frequency contents in the second phase. The combi-
nation of these two phases facilitated the restoration of the image
quality of CA-PACT. The efficacy of the proposed approach was evalu-
ated through both phantoms and in vivo human experiments. We
quantitatively compared the CA-SAFT scheme and our CA-SAFT+ 2nd
D-BP and demonstrated the superiority of our technique. The proposed
strategy provides new opportunities for the PACT system to simulta-
neously achieve high resolution and high imaging contrast in both the
elevational and lateral dimensions while maintaining a large focal zone.

2. Method and materials
2.1. CA-PACT system

Fig. 1a shows a schematic of our custom-built CA-PACT imaging
system, which comprises a nanosecond pulsed laser, customized fiber
bundle, circular transducer array (semi-ring shape), acoustic lens, data
acquisition (DAQ) module, and translation stage. Briefly, an optical
parametric oscillator laser (Innolas GmbH, Bonn, Germany; 4-6-ns pulse
duration) was used to deliver laser pulses at a repetition rate of 20 Hz
with a wavelength tunable from 680 to 980 nm. The laser pulse was
attenuated by a combination of a half-wave plate and a Glan prism
before being coupled into a customized 1 x 10 fiber bundle (Nanjing
Chunhui Corp., China) via a fiber coupler. The branches of the fiber
bundles were evenly distributed along the arc of the semi-circular
transducer array (Fig. 1a). The laser light from the end of each branch
illuminated the imaging object and excited the PA signals. The PA sig-
nals were detected by a customized circular transducer array (Doppler
Electronic Technologies Corp, China; 256 elements) with a 5-MHz
central frequency (~70% bandwidth). The 256 elements (10-mm
height) of the transducer array were spaced with a pitch of 0.858 mm.
Each element is cylindrically focused with an elevational focal distance
of 70 mm (NA, 0.07), thereby producing an elevational resolution of
3mm in focus for slice imaging along the elevational direction. An
acoustic lens, indicated by the blue component in Fig. 1a, was employed
to modify the elevational NA. The acoustic lens, made of polystyrene
(1.05 g/cm3 mass density), was purchased from Doppler Electronic
Technologies Co.,Ltd (Guangzhou, China) and has an elevational
dimension of 10 mm x 40 mm (elevational height x focal distance). To
be more specific, the acoustic lens effectively shifts the focal point from
the center of the semicircle of the ultrasound transducer (UST) to a new
position that is 40 mm away from the transducer array surface (Fig. 1b).
This configuration helps achieve a higher NA (0.125) relative to the
original system (NA 0.07). This arrangement helps improve the in-focus
resolution beyond that defined by the original PACT system. With a
pulse energy of 30 mJ and a striped illumination area of 10 cm? on the
imaging object, the optical fluence on the surface of the target was
approximated to be 3 mJ/cm?, which was well below the ANSI safety
limit (34 mJ/cm? at 820-nm wavelength and 20-Hz pulse repetition
rate).

To achieve slice-stacking 3D imaging, a motorized translation stage
controlled by the LabVIEW system (2011, National Instruments, TX,
USA) was employed to drive the transducer array to mechanically scan
along the elevational axis. During the elevational scanning, the center of
the imaging plane exhibits the sectioning ability owing to the eleva-
tional focus shaped by the UST array. However, imaging objects outside
the focal zone suffer from defocusing distortions and artifacts. As por-
trayed in Fig. 1b, the PA signals of the targets (red dots) display a con-
cavely/convexly distorted shape (dashed blue line) owing to the
difference in the time-of-flight required for a target’s signal to reach a
curved transducer element. Detailed elaborations on the mechanism and
essence of the concave/convex focusing-related distortions are
geometrically illustrated in Ref. [29]. The inherent artifacts and
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Fig. 1. (a) Schematic of the CA-PACT imaging system. 1/2: half-wave plate. DAQ: data acquisition module. (b) Graphical illustration of the focusing-related PA signal
distortions (blue dashed lines) that occur in the CA-PACT system, viewed from the front elevation. Red dot: the imaging target. PAi (PA1, PA2, and PA3) indicate the
detected PA signal of a point target when the UST scans at position Pi (i =1, 2, 3) for the case of the target being situated on the left side of the focal plane.
Conversely, for the case of the target being positioned on the right side of the focal plane, PAi’ (PA1’, PA2’, and PA3’) were used to represent the detected PA signals
during the scanning of the UST. W: elevational height (10 mm) of both the UST and the acoustic lens.

distortions of the CA-PACT system outside the elevational focus inevi-
tably degrade the image quality.

2.2. SAFT-based algorithm

The VD-based SAFT-based reconstruction strategy was used to
eliminate the out-of-focus distortions and artifacts in CA-PACT and
restore the elevational imaging quality out-of-focus. Fig. 2a outlines the
essential principle of the VD-based SAFT scheme, wherein the eleva-
tional focal point of the UST element is considered as the VD for the
detection of the PA signals. With the employment of the acoustic lens,
the position of the VD is altered from the center of the semicircle to the
position of the new focus, as shown in Fig. 2a. The mechanical scanning
is conducted along the z-axis, and each dashed-line perpendicular to the
elevational direction signifies a cross-sectional image (i.e., Bscan image)
in the x-y plane. In Fig. 2a, the black dots indicate the imaging targets,
which are also considered as the synthesized points in the algorithm.
The gray dots signify the artifacts of the target when the CA-transducer
moves from Bscan (i) to Bscan (i-1) or Bscan (i + 1), which are generated
owing to the repeated detection of the targets at the corresponding
Bscan. To recover the elevational imaging quality at any arbitrary
scanning position i, the correlated signals detected at adjacent Bscans

are synthesized with compensation for their acoustic propagation delays
[22,23].

N
RFsurr(i,1) = Y RF(i+j,t — Aty) @

=N

where RF indicates the original raw PA data recorded at scanning po-
sition i, RFsarr denotes the PA signal processed with SAFT, j defines the
adjacent Bscans involved in the summation, the total number (N) of
which depends on the PA detection range and is elaborated below. Eq. 1
indicates the delay and sum (DAS) beamforming procedure (Fig. 2b)
performed on a pixel-by-pixel basis. In the DAS process, an appropriate
time delay (At)) is applied to the detected signal in the vicinity of the ith
Bscan (Fig. 2c). The correlated signals are adjusted such that they are in
the same phase (Fig. 2¢, middle) to be properly synthesized (Fig. 2c,
right).

The time delay (At)) is estimated according to the difference in the
detection time. For Bscan (i+1) shown in Fig. 2a, the time delay (At;;1)
relative to Bscan (i) is calculated as (ri11—7:)/c, and is further quantified
as(ry;;
r; 1, @s can be seen from Fig. 2a. As a more generic description, the time
delay at an arbitrary Bscan (i+j) relative to Bscan (i) can be expressed as

— r;)/c. This is because of the geometrical relationship ri;; =
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Fig. 2. Schematic of the VD-based SAFT strategy for CA-PACT systems. (a) Geometric demonstration of the SAFT model, viewed from the front elevation. y and y;:

the length of the synthesized point (target) and VD, respectively, estimated from the surface of the UST. r; and r; 41: the distance between the synthesized point
(target) and VD at scanning position i and i+1, respectively. ri;1: the distance between the detected artifact of the target and focal point when the UST moves to
position i+1. Az: elevational scanning step of the UST. (b) Concept of the DAS algorithm. (c) Synthesis of correlated signals using DAS. Left: originally detected signal
in the vicinity of the ith Bscan; Middle: time-delayed version of signals, adjusted to be in the same vertical plane (i.e., in phase); Right: newly generated signal in the

ith Bscan after summation.

V;+j—ri , \/r,»2+(jAZ)2—r,~
=sign(y —y))————

c Cc

Aty = sign(y — yr) (2

where r, .; signifies the straight distance between the synthesized point

and VD at the scanning position i+j and is quantified as /7% + (jaz)?,
wherein Az denotes the elevational scanning step of the UST between
adjacent Bscans. In Eq. 2, sign is the signum function, and y and yy
indicate the distances of the synthesized point (target) and VD, respec-
tively, estimated from the center of the UST detection surface. The
implementation of Eqs. 1 and 2 enables a set of new Bscans to be syn-
thetically generated along the elevational axis. To further enhance the
focusing quality, coherent factor (CF) weighting is applied to suppress
noises and artifacts [22,23,35,36].

2
fj RF (i +j,1 — Aty)

j=—N

CF(i,1) = m
NN JIRF(i+j,t — At)

7 3

CF(i, t) is an effective measure of the phase relation of adjacent sig-
nals [37-39], the value of which ranges from 0 to 1 and is applied to the
output of the DAS-based SAFT.

4

Eq. 4 indicates a preservation of the main-lobe signals and suppres-
sion of the side-lobes/background noise. For the main lobes, the sum-
mation of the delayed signals is constructive. This leads to a high CF
value (close to 1); thus, the outputs of SAFT are maintained (Eq. 4). In
contrast, the CF values are minimized (close to 0) for the side lobes and
background noises because of the destructive summation in such cases.
The minimized CF value gives rise to the suppression of the SAFT output
of artifacts and noises (Eq. 4).

To determine the number of neighboring Bscans (N) involved in the

RFsapr—cr(i,t) = CF(i,t) X RFsapr(iyt)

SAFT, we use the spatial impulse response (SIR) of the transducer to
account for the change in N with the focal distance. Therefore, a binary
weighting mask (W) is applied to multiply the output of the SAFT.

N
RFsapr(i,t) = Y RF(i+j,t— Ay)W(i+j,1 — Aty)

i

(5)

where the notation W(i +, t—Atj) indicates a binary contribution map
of the SIR, which equals 1 when pixel (i + j,t — At;) is within the SIR
region and O otherwise. For simplification, a linear function (z =
+ (y 7yf> w/2yy) is used as the binary weighting mask for the SIR, where
w indicates the transducer width. This implies that the SIR mask spec-
ifies that the pixels involved in the signal summation are encompassed
by the crossed area of the two solid black lines in Fig. 2a. After
considering the SIR weighting, the CF is modified as follows:

N 2

> RF(i+j,t— Ay)W(i+j,t — Ar)
Jj=N

N |RF(i+j,t = A)W (i +j, 1 — Afy) |2

CF(i,t) =

(6)

Egs. 5 and 6 indicate that SAFT and CF are performed for pixels
located only within the SIR region, after which the final output signal
(RFsapr cr) should be rectified. This SIR-weighted CF-based SAFT algo-
rithm designed for the CA-PACT system is referred to as the CA-SAFT
solution for simplicity, and the incorporation of the CA-SAFT algo-
rithm with the acoustic lens is referred to as the CA-SAFT-Lens strategy
in this study. A flowchart of this strategy is presented in Fig. 3 (first row).

2.3. 2nd derivative-based BP algorithm

The outputs of the CA-SAFT solution were then used as the inputs of
the universal back-projection (BP) algorithm [40] for the image for-
mation in the x-y plane, as delineated in Fig. 2a (top left, x-y dimension),
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Step 1: CA-SAFT-Lens approach
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Fig. 3. Schematic and flow chart of the proposed CA-SAFT+ 2nd D-BP strategy.

such that the circular geometry cross-sectional images are acquired.
Subsequently, the reconstructed Bscans are combined next to each other
along the elevational axis to form a 3D slice-stacking tomographic
image. In the conventional BP algorithm, the back-projection term
related to the measurement is given as

—pl, 1) ('0;7) %)

blro,1) = 2p(r, 1)~ 2

where p(rg, t) denotes the detected acoustic pressures at positions ro and
time . In our 2nd derivative BP strategy, as illustrated in Fig. 3 (second
row), we applied the re-derivative-based BP approach to reinforce the
high-frequency components and suppress noise and distorted signals.
More specifically, the back-projection term b(ro, t) is used to replace the
role of the original raw data (i.e., p(ro,t)) in Eq. 7, implying that the
calculation procedure of Eq. 7 is repeated.

ba(ro,1) = 2|2p(ro, 1) — 2—t7"”§;°§>} 2710 {2p(r0, -2 e 0

t

a1
(8
The term b,(ry, t) is considered as the new back-projection term and
is used for the subsequent calculation of DAS to reconstruct the image in
the x-y plane. This procedure up-converts the high spatial frequencies of
the absorption pattern of an object in the frequency domain. In Eq. 8, the

292 t . . . . .
component 4t2% plays a dominating role in the back projection term,

thus this strategy is termed as the 2nd derivative back projection and is
denoted as 2nd D-BP throughout this paper. Unlike CA-SAFT, which
enhances the elevational resolution, the 2nd D-BP solution alters the
image quality in the lateral direction. This is because the former (CA-
SAFT) synthesizes the signal lengthwise along the elevational axis,
whereas the latter (2nd D-BP) reconstructs signals in the x-y plane, and

the 3D tomographic images were obtained based on slice-stacking of the
cross-sectional images (i.e., Bscan). As such, the effect of the 2nd D-BP
scheme is considered independent of the elevational axis. A flowchart of
the proposed two-phase strategy (CA-SAFT and 2nd D-BP) for enhancing
both the elevational and lateral resolutions is shown in Fig. 3 (third
row).

2.4. Post-processing

MATLAB 2017b was used for the data processing and image recon-
struction. The reconstructed 3D PA volume demonstrated in this study
was produced using 3DPHOVIS, a photoacoustic visualization software
package developed by Kim et al. [41]. In addition, a skin profile esti-
mator provided by 3DPHOVIS [41] was used in this study to remove the
superficial skin for the in vivo imaging results (Section 3.2.2), such that
the vessels underneath the skin were revealed.

3. Results

We first evaluated the effectiveness of the designed strategy, i.e., the
integration of the SAFT algorithm with the acoustic lens, the outcomes
of which are presented in Section 3.1. After demonstrating the advan-
tages of the CA-SAFT-Lens scheme, we investigated the feasibility and
efficacy of the proposed CA-SAFT+ 2nd D-BP. The results are demon-
strated in detail in Section 3.2.

3.1. CA-SAFT scheme with and without acoustic lens

3.1.1. Human rib model
To evaluate the image quality enhancement realized using the CA-
SAFT method in a 3D manner, we imaged a human rib model using



R. Gao et al.

the CA-PACT system. The human rib model (Fig. 4a), purchased from
Zhenghe Teaching Model Co., LTD (Guangzhou, China), was spray-
painted before PA imaging to yield sufficiently strong PA signals.
Fig. 4 presents representative 3D images of the human rib model before
(left column) and after (right column) the application of the SAFT-based
reconstruction. The first and second rows in Fig. 4 indicate the PA im-
aging results obtained with and without the acoustic lens. For the first
case, where the acoustic lens was not applied (Fig. 4, first row), we
observe a dissatisfying performance of CA-SAFT in improving the ele-
vational resolution, the reason for which stems from the limited differ-
ence in spatial resolution between the inside and outside of the focal
zone. The separate adjacent rips of the human rib (indicated by the
yellow dashed line in Fig. 4c) are nearly indistinguishable using the CA-
SAFT approach. For the case of using the acoustic lens (Fig. 4, second
row), the image quality improvement in the CA-SAFT images (Fig. 4e)
relative to the original image (Fig. 4d) is clearly noticeable. The internal
structure of multiple adjacent rips was blurred and unclear in the orig-
inal image but was evidently resolved in the CA-SAFT results (Fig. 4e).

The comparison between Figs. 4c and 4e verifies the efficacy of the
CA-SAFT-lens strategy in pushing the boundary of the achievable reso-
lution outside the focus. More specifically, the conventional SAFT
method hardly possesses sectioning ability outside the focal zone in this
scenario. By contrast, the proposed CA-SAFT-Lens scheme overcomes
this barrier and regains the sectioning capacity of the CA-PACT system.
We quantitatively compared the resolution and SNR enhancement of the
proposed CA-SAFT method against those of the conventional method by
analyzing the line profiles indicated by L1 and L2 shown in Fig. 4b. The
measured the full width at half maximum (FWHM) and signal-to-noise
ratio (SNR) of each line profile obtained using different approaches
are summarized in Table 1. Compared to the no-lens CA-SAFT approach,
the CA-SAFT-lens strategy achieves 2-fold enhancement in elevational
resolution and a more than 13 dB increase in SNR outside the focal zone,
manifesting a considerably enhanced performance of 3D slice-stacking
tomographic imaging along the elevational axis.

3.1.2. Iron wire phantom
To assess the efficacy of the CA-SAFT-Lens scheme in a sample with a

Orignal

Without
Lens

Orignal
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Table 1
Measured FWHM and SNR of each line profile.
Line #1 Line #2
FWHM SNR FWHM SNR
No Lens Original 5.04 mm 24.70 dB 4.20 mm 12.39dB
CA-SAFT 4.01 mm 37.27 dB 3.40 mm 29.81 dB
Lens Original 8.12 mm 14.34 dB NA 20.48 dB
CA-SAFT 1.96 mm 50.28 dB 1.68 mm 46.17 dB

more complex structure, we imaged a phantom consisting of 0.5 mm
iron wires with different orientations and depths to mimic the complex
distribution of vascular networks (Fig. 5a). The iron wire phantom was
placed in the out-of-focus region. Fig. 5 presents the reconstructed 3D
images of the phantom structure acquired with and without the CA-
SAFT strategy, shown in the left and right columns, respectively. The
PA results obtained before and after the application of the acoustic lens
are demonstrated in the first and second rows, respectively. Compared
to the no-acoustic lens scenario (first row), the images obtained using
the acoustic lens (second row) exhibited two features. (i) In the original
approach, the images acquired using the lens exhibited worse image
quality (Fig. 5d) relative to the no-lens case (Fig. 5b), because the
acoustic lens with a large NA led to a rapid decay of image quality within
the out-of-focus region. (ii) In the CA-SAFT approach, the reconstructed
images obtained using the lens (Fig. 5e) produced much finer image
quality (i.e., finer feature size and higher image contrast), as opposed to
the no-lens scenario (Fig. 5¢). In the first case (lens applied), the
resolvability of adjacent filaments was clearly visible as indicated by the
yellow dashed line in the MAP image (Fig. 5e). In the second case (no
lens), the phantom structures remain unclear and blurred (Fig. 5c).
Table 2 lists the measured FWHM and SNR of the line profiles (L1 and L2
shown in Fig. 5b) along the z-axis obtained using different approaches.
The elevational resolution achieved by the CA-SAFT solution (Fig. 5¢) is
better than the original image (Fig. 5b) by 1.75 folds (line #1). On this
basis, with the assistance of the acoustic lens, the CA-SAFT-Lens scheme
(Fig. 5e) further achieves a 3.8-folds enhancement in the elevational
resolution and an 8.2 dB increase in the SNR (line #2) relative to the
conventional SAFT scheme. Compared to the original approach (lens

Min

CA-SAFT

Fig. 4. Experimental results of the human rip model. (a) Photograph of the human rip model, wherein the dashed box indicates the PA imaging area. (b-e) The 3D PA
imaging results of the human rip model, including (b) original image (no lens), (c) CA-SAFT image (no lens), (d) original image (lens), and (e) CA-SAFT image (lens),

respectively.
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lens Min

Fig. 5. Experimental results of the iron wire phantom. (a) Photograph of the iron wire phantom. (b-e) Corresponding PA imaging results (MAP) of the iron wire
phantom, including (b) original image (no lens), (c) CA-SAFT image (no lens), (d) original image (lens), and (e) CA-SAFT image (lens), respectively. L1: Line#1;

L2: Line#2.

Table 2
Measured FWHM and SNR of each line profile.

applied) shown in Fig. 5d, the CA-SAFT-Lens strategy (Fig. 5e) exhibited
a seven-fold increase in the elevational resolution and 29 dB increase in
SNR (line #1). These enhancements validate the ability of the designed

Line #1 Line #2 CA-SAFT-Lens strategy to reveal a complex structure with much finer
FWHM SNR FWHM SNR elevational resolution and imaging contrast.
No Lens Original 7.84 mm 11.18 dB NA 11.20 dB
CA-SAFT 4.48 mm 31.16 dB 7.84 mm 30.77 dB 3.2. CA-SAFT+ 2nd D-BP algorithm
Lens Original 14.84 mm 8.59 dB NA 10.43 dB
CA-SAFT 2.02 mm 38.03 dB 2.08 mm 38.95 dB .

We evaluated the efficacy of the CA-SAFT+ 2nd D-BP scheme
through both phantom and in vivo human imaging. All experiments
presented in this section were conducted using the CA-PACT system with
the acoustic lens.

CA-SAFT CA-SAFT+2"' D-BP

©

£
]

2 mm

Fig. 6. CA-SAFT-reconstructed results of the iron

b (b)

nd
2"°D-BP Max

(@

Min

wire phantom before (a) and after (b) the application of the 2nd D-BP method. The close-up visualization of

phantom structures enclosed by the blue boxes are demonstrated in (c) and (d), respectively.
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3.2.1. Iron wire phantom

On the basis of CA-SAFT approach, we further employed the 2nd D-
BP approach to improve the image quality in the lateral dimension by
weighing the high-frequency contents. The CA-SAFT-reconstructed re-
sults of the iron wire phantom (Fig. 5e) demonstrated in Section 3.1.2,
were used as the input of the 2nd D-BP algorithm to evaluate its efficacy.
The CA-SAFT-reconstructed MAP images of the iron wire phantom
before and after the application of the 2nd D-BP strategy are presented in
Fig. 6a and b, respectively, and close-up visualizations of the phantom
details enclosed by blue dashed boxes are demonstrated in Fig. 6¢ and d.
The images obtained using the CA-SAFT+ 2nd D-BP method enabled a
clearer identification of the wire pattern. Specifically, the wire struc-
tures indicated by the three yellow dashed lines (Fig. 6d) are better
resolved using the 2nd D-BP approach, whereas they remain unclear and
blurred in the CA-SAFT images (Fig. 6¢). A comparison of Fig. 6¢ and
d verifies the improved resolution in the lateral dimension (x-axis).
Conversely, the image quality along the elevational dimensions between
the two approaches remained practically unchanged, as indicated by the
white dashed line along the z-axis. These results are consistent with the
analysis of the effects of the CA-SAFT and 2nd D-BP strategies on the
image quality presented in Section 2.3. A more detailed and quantitative
analysis of the CA-SAFT+ 2nd D-BP approach is presented in the
following section.

3.2.2. In vivo imaging

For in vivo demonstration, we collected the PA data of human hands
and foot from a healthy Asian female volunteer to validate the perfor-
mance of our proposed CA-SAFT+ 2nd D-BP method. Human imaging
experiments were conducted according to a protocol approved by the

Original
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Institutional Review Board (IRB) of Shenzhen Institute of Advanced
Technology, Chinese Academy of Sciences (SIAT-IRB-230515-H0654).

3.2.2.1. Human foot. The human foot was placed out of focus, with a
region of interest indicated by a white dashed rectangle (Fig. 7a). Fig. 7
(b-e) present the reconstructed 3D images of the human foot acquired
using the conventional method, 2nd D-BP, CA-SAFT, and CA-SAFT+ 2nd
D-BP scheme, respectively. The MAP images along the anterior (XZ)
direction of the human foot obtained using the aforementioned ap-
proaches are shown in Fig. 8. The blurry image obtained from the
conventional methods can be seen in Figs. 7(b) and 8(b), where the
blood vessels indicated by the dashed lines V1 and V2 are hardly iden-
tified owing to the poor elevational resolution. In contrast, the recon-
structed image obtained using the CA-SAFT algorithm (Figs. 7d and 8c)
restored the shape of the blood vessels (V1-V2), showing more than a 3-
fold improvement in elevational resolution (Table 3). CA-SAFT
evidently improved the resolution for elevational vessels (V1-V2),
whereas the vessels with vertical components remained blurred
(V3-V4), as illustrated in Figs. 7d and 8c. To compensate for this inca-
pability, the 2nd D-BP approach was applied. As shown in Figs. 7e and
8d, the images resulting from the CA-SAFT+ 2nd D-BP scheme enabled a
clearer identification of the vessel pattern because of the improved
lateral resolution. The scheme of CA-SAFT+ 2nd D-BP also helps sup-
press noise and distorted signals, thereby enhancing the imaging
contrast. The quantitative analyses of the improved resolution and SNR
are summarized in Table 3, where the CA-SAFT+ 2nd D-BP method
achieves a 2-3 fold increase in lateral resolution and ~5 dB enhance-
ment of SNR (V4) compared with the CA-SAFT strategy. Relative to the
original approach, the strategy of CA-SAFT+ 2nd D-BP exhibited more

Max

Min

Fig. 7. Experimental results of a human foot. (a) Photograph of the volunteer’s right foot, wherein the dashed box indicates the PA imaging area. (b-e) 3D PA
imaging results of the human foot using (b) the conventional approach, (c¢) the 2nd BP method, (d) the CA-SAFT method, and (e) the CA-SAFT-2nd BP method,

respectively.



R. Gao et al.

M p.Bp <———

Z

=

cosscscsn

Original

Photoacoustics 32 (2023) 100537

—=——=> CA-SAFT ———> CA-SAFT+2"D-BP

Min

Fig. 8. MAP images of human foot acquired using (a) the 2nd BP method, (b) the conventional approach, (c) the CA-SAFT method, and (d) the CA-SAFT-2nd BP

method, respectively.

Table 3
Measured FWHM and SNR of each line profile.

Elevational dimension

\'A!

FWHM SNR
Original 6.63 mm 15.23 dB
CA-SAFT 2.07 mm 21.54 dB

v2

FWHM SNR

NA 10.81 dB
2.25 mm 22.58 dB

Lateral dimension

V3

FWHM
CA-SAFT 2.01 mm
CA-SAFT 1.06 mm

+ 2" D-Bp

SNR
25.46 dB
29.06 dB

v4

FWHM SNR
3.47 mm 22.28 dB
1.07 mm 27.48 dB

than 13 dB increase in SNR. CA-SAFT+ 2nd D-BP permits a recovered
image quality in both elevational and lateral directions.

To better demonstrate the unique merits of the synthesis of CA-SAFT
and 2nd D-BP, the original image processed with only the 2nd D-BP

scheme is shown in Figs. 7c and 8a. Compared with Fig. 8b, Fig. 8a
exhibits a lower spatial resolution and image contrast particularly along
the z-axis. This is exemplified by the vessels labeled by the white dashed
lines V5 and V6 in Fig. 8a, the signal of which diminishes in the 2nd D-

CA-SAFT + 2™ D-BP

Max

Min

Fig. 9. Experimental results of a human right hand. (a) Photograph of the volunteer’s right hand, wherein the dashed box indicates the PA imaging area. (b—e) 3D PA
imaging results of the human right hand using (b) the conventional approach, (c) the 2nd BP method, (d) the CA-SAFT method, and (e) the CA-SAFT-2nd BP method,

respectively.
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BP image. This is presumably because the frequency components in the
original image are highly anisotropic owing to the low elevational res-
olution content, and the extraction/amplification of the high-frequency
component applied to the entirety of the original data suppresses low-
frequency signals, particularly perpendicular to the elevational axis. In
contrast, CA-SAFT helps to reduce the anisotropy resolution feature, i.e.
helps to homogenize the frequency component by improving the
degraded elevational resolution (Figs. 7d and 8c). After this procedure,
the 2nd D-BP scheme begins to show efficacy and achieves a much finer
image quality for complex structures (Figs. 7e and 8d) by up-converting
the frequency components of the object’s absorption pattern.

3.2.2.2. Human hand. Figs. 9 and 10 demonstrate the 3D imaging re-
sults of a human left and right hand, acquired using the aforementioned
four approaches. The corresponding MAP images of the left hand are
illustrated in Fig. 11. As expected, the degraded elevational resolution
shown in the original image were improved using the CA-SAFT
approach, as indicated by the vessels labeled by V1-V2 in Figs. 9 and
10. As an extension to CA-SAFT, the 2nd D-BP approach further en-
hances the imaging quality along the lateral axis by amplifying the high
frequency components reinforced by the CA-SAFT. Much finer details of
the vasculature are revealed in the CA-SAFT+ 2nd D-BP image, as
depicted in Figs. 9e and 10e. The vessels indicated by white dashed line
V3-V4 in Figs. 10d and 11c, manifest 2-4 folds improvement of lateral
resolution and 5 dB increase of SNR in the CA-SAFT+ 2nd D-BP image
relative to the CA-SAFT image, as summarized in Table 4. Compared to
the original approach, the strategy of CA-SAFT+ 2nd D-BP exhibits more
than 11 dB enhancement of SNR. These results again testified to the
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superior performance of the proposed CA-SAFT+ 2nd D-BP solution in
restoring the degraded image quality in both the elevational and lateral
dimensions. Consequently, the enhanced visualization of peripheral
vascular networks can be achieved.

4. Discussion and conclusions

CA-PACT is an important imaging modality in PA imaging but suffers
from poor image quality outside the focal zone along the elevational and
lateral dimensions. Typically, a focused transducer array with a large NA
is applied in CA-PACT to achieve a high elevational resolution, but the
image quality rapidly decays within the out-of-focus region, wherein the
spatial resolution and SNR exhibit a major deterioration. Moreover, the
inadequate image quality along the lateral dimension also restricts the
3D tomography of CA-PACT. To overcome this limitation, we proposed a
novel reconstruction method that integrates the SAFT scheme with the
2nd D-BP to restore the image quality outside the focal zone in both the
elevational and lateral dimensions. Compared with previous studies, our
strategy exhibits the following advantages. (i) The SAFT approach
eliminates the dependence of image quality on the in-plane imaging
radius and enlarges the focal zone substantially. In other words, this
approach overcomes the trade-off between the elevational resolution
and the focal zone of the CA-PACT system. (ii) The incorporation of an
acoustic lens with the CA-SAFT algorithm surpasses the upper limit of
the conventional SAFT scheme to achieve a high elevational resolution
outside the focal region, and helps regain the sectioning ability of the
CA-PACT system outside the focal zone. The adjacent structures in the
elevational axis are nearly indistinguishable when using the

Max

Min

© {\\ )

CA-SAFT + 2" D-BP

Fig. 10. Experimental results of a human left hand. (a) Photograph of the volunteer’s left hand, wherein the dashed box indicates the PA imaging area. (b-e) 3D PA
imaging results of the human left hand using (b) the conventional approach, (c) the 2nd BP method, (d) the CA-SAFT method, and (e) the CA-SAFT-2nd BP method,

respectively.
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Fig. 11. MAP images of the human left hand acquired using (a) the 2nd BP method, (b) the conventional approach, (c) the CA-SAFT method, and (d) the CA-SAFT-

2nd BP method, respectively.

Table 4
Measured FWHM and SNR of each line profile.

Elevational dimension

V1 V2

FWHM SNR FWHM SNR
Original 7.84 mm 16.83 dB 7.28 mm 22.95dB
CA-SAFT 2.83 mm 24.41 dB 2.53 mm 32.05dB

Lateral dimension

V3 V4

FWHM SNR FWHM SNR
CA-SAFT 1.80 mm 20.86 dB 1.91 mm 23.44 dB
CA-SAFT 0.99 mm 25.02 dB 0.53 mm 28.89 dB
+ 2" D.Bp

conventional SAFT method (Figs. 4c and 5c¢) but are clearly resolvable in
the CA-SAFT-Lens approach (Figs. 4e and 5e). (iii) By integrating the
2nd D-BP scheme with the SAFT approach, the lateral resolution was
enhanced via the reinforcement of the high-frequency components of
the absorption pattern of the object in the frequency domain. The
effectiveness of this strategy was validated by both phantom and in vivo
human imaging, the results of which exhibited more than 7-fold
enhancement in the elevational resolution (Figs. 5), 3-fold enhance-
ment in the lateral resolution (Figs. 7 and 10), and more than 11-dB
increase in SNR (Figs. 7 and 10). The 3D visualization of the human
hands and foot demonstrates the ability of the algorithm to image
complex in vivo structures with high resolution and high imaging
contrast in both the elevational and lateral dimensions while main-
taining a large focal zone.

When applying the designed CA-SAFT-Lens strategy, the following
consideration needs to be taken into account.

(i) The VD-based CA-SAFT approach is very sensitive to motion ar-
tifacts because CA-SAFT assumes that the time delays of PA sig-
nals between adjacent Bscans are caused only by the curved UST
during scanning and not by the physiologically relevant motion
artifacts. In the current study, the human hands and foot were
used for in vivo studies to minimize the motion artifacts. How-
ever, motion-correction strategies maybe required to compensate
for physiologically relevant motion artifacts when imaging ani-
mals with negligible motion artifacts, such as mice with signifi-
cant heart-beating-induced and respiration-induced motion
artifacts. In the future, time-gated strategies and image registra-
tion algorithms are expected to be incorporated into CA-SAFT to
tackle this problem. For instance, by capturing animal’s respira-
tory waveform and reconstruct image at the same respiratory
phase, we may minimize motion artifacts induced by respiratory-
based rhythmic movements. Similarly, cardiac gating methods
can be employed to synchronize data acquisition with specific
phases of the cardiac cycle, mitigating motion artifacts caused by
heartbeats. Furthermore, image registration algorithms,
including intensity-based and feature-based automatic registra-
tion schemes, are expected to be employed to ensure accurate
alignment and positioning of imaging objects. These algorithms
enable the fusion of multiple frames or volumes acquired at

11

different time points, facilitating improved spatial correspon-
dence and alignment.

(i) The optical illumination area should exceed the acoustic detec-
tion region (i.e., the SIR region) for the SAFT-based algorithm to
take effect. This prerequisite guarantees that the research topic
belongs to an acoustic inversion issue such that the SAFT-based
approach can be used to address the problem. Otherwise, opti-
cal issues are introduced into this scenario. In such cases, the
focusing-related distortions delineated in Fig. 1b would exhibit
deviations from the typical concave and convex shapes, and are
difficult to be identified and restored using the SAFT-based
algorithm.

(iii) The estimated resolution enhancements of the proposed SAFT-
based algorithm are still conservative in this study, owing to
the low NA (0.125) of the applied acoustic lens. In this case, the
difference in the spatial resolution and SNR between the focus
and out-of-focus regions is limited. Given that our proposed
SAFT-based algorithm enhances the elevational resolution in the
out-of-focus regions up to the resolution at the focal point, CA-
PACT systems using a focused UST array with a large NA are
expected to be employed in the future to fully exploit the po-
tential of the proposed reconstruction method, thereby maxi-
mizing the sectioning capability for high-resolution slice-stacking
3D imaging.

In the 2nd derivative BP process, we applied the re-derivative-based
BP approach to weigh the high-frequency content and suppress noise
and distorted signals. The variation in the lateral resolution in response
to the implementation of the 2nd D-BP scheme was demonstrated. The
retrieval of the deteriorated lateral resolution is clearly noticeable by
comparing the CA-SAFT+ 2nd D-BP and CA-SAFT images (Figs. 7-11).
Unlike the CA-SAFT algorithm, which deals with the elevational reso-
lution, volumetric imaging considerations in different directions have
been fully responded in the CA-SAFT+ 2nd D-BP approach. This is
because the distribution of vascular networks consists of components
with both elevational and lateral orientations, and these two compo-
nents are respectively addressed by the CA-SAFT and 2nd D-BP
approaches.

Compared with the original BP algorithm, the application of the 2nd
D-BP method alone is suboptimal, as it diminishes the low-frequency
component, which corresponds to the signals in the low resolution
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dimension, specifically the elevational axis. This reduction of eleva-
tional signals exacerbates the inherent resolution anisotropy between
the elevational and lateral dimensions. Interestingly, when coupled with
the CA-SAFT algorithm, the 2nd D-BP method demonstrates efficacy.
These two techniques, CA-SAFT and 2nd D-BP, function as a two-phase
restoration method and exhibit unique advantages. The unique merits of
the synthesis of CA-SAFT and 2nd D-BP are demonstrated in Figs. 7-11.
The comparison of the image quality between the 2nd D-BP results and
CA-SAFT+ 2nd D-BP outcomes confirms the crucial role of the CA-SAFT
algorithm in this strategy, which aims to reduce the highly anisotropic
frequency content between the elevational and lateral dimensions by
restoring the degraded elevational resolution. Without the near-
isotropic feature provided by the CA-SAFT scheme, the low-frequency
contents of the object corresponding to the signal perpendicular to the
elevational axis tend to vanish during the signal re-derivative process in
the 2nd D-BP algorithm. Therefore, the 2nd D-BP method should be
integrated with the proposed CA-SAFT to demonstrate its effectiveness.

It is noteworthy that the performance of the CA-SAFT approach is
inherently constrained by the in-focus resolution. To overcome this
barrier, efforts could be made in the future to integrate the deconvolu-
tion strategies with the VD-based CA-SAFT approach. The deconvolution
approach helps remove the influence of the system response (system
resolution) and recover the original absorption distribution map. How-
ever, the deconvolution algorithm typically requires knowledge of the
point spread functions (PSFs) as prior information. The acquisition of
the spatial-varying PSFs along elevational dimension is very challenging
because the PSFs are focal depth-dependent. Fortunately, the proposed
CA-SAFT algorithm helps achieve a focal-zone-independent PSF in the
elevational axis, thereby facilitating the deconvolution process because
a uniformed PSF along the elevational dimension can be applied to fast
restoration in the deconvolution algorithm. The integration of SAFT
with the deconvolution approach holds promise for future studies
because it helps further push the boundary of the elevational resolution
of PACT system beyond the in-focus resolution.
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