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Abstract: Photoacoustic tomography (PAT) is an emerging biomedical imaging technology that
can realize high contrast imaging with a penetration depth of the acoustic. Recently, deep learning
(DL) methods have also been successfully applied to PAT for improving the image reconstruction
quality. However, the current DL-based PAT methods are implemented by the supervised learning
strategy, and the imaging performance is dependent on the available ground-truth data. To
overcome the limitation, this work introduces a new image domain transformation method based
on cyclic generative adversarial network (CycleGAN), termed as PA-GAN, which is used to
remove artifacts in PAT images caused by the use of the limited-view measurement data in an
unsupervised learning way. A series of data from phantom and in vivo experiments are used to
evaluate the performance of the proposed PA-GAN. The experimental results show that PA-GAN
provides a good performance in removing artifacts existing in photoacoustic tomographic images.
In particular, when dealing with extremely sparse measurement data (e.g., 8 projections in circle
phantom experiments), higher imaging performance is achieved by the proposed unsupervised
PA-GAN, with an improvement of ~14% in structural similarity (SSIM) and ~66% in peak
signal to noise ratio (PSNR), compared with the supervised-learning U-Net method. With an
increasing number of projections (e.g., 128 projections), U-Net, especially FD U-Net, shows a
slight improvement in artifact removal capability, in terms of SSIM and PSNR. Furthermore, the
computational time obtained by PA-GAN and U-Net is similar (~60 ms/frame), once the network
is trained. More importantly, PA-GAN is more flexible than U-Net that allows the model to be
effectively trained with unpaired data. As a result, PA-GAN makes it possible to implement PAT
with higher flexibility without compromising imaging performance.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

As a non-invasive multi-scale biomedical imaging technique that enables image deep tissues
with high contrast, photoacoustic tomography (PAT) has become a new powerful pre-clinical and
clinical tool [1-6]. Briefly, to implement PAT, a biological object is first illuminated by short
optical pulses and excited photoacoustic (PA) wave signal is then detected by ultrasound probes
[7,8]. A photoacoustic image is subsequently generated by reconstruction methods, e.g., universal
back-projection (UBP) or time reversal (TR) methods [9,10]. However, in practice, ultrasound
probes have limited detection bandwidths and finite apertures which hinder the acquisition of
complete original waveform signals. Due to the use of sparsely sampled data, artifacts are
inevitably introduced into the reconstructed PAT images, which leads to the problems of image
blur, distortion, and low resolution. Consequently, the reconstruction methods are important
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for PAT and directly affect the imaging performance. However, the reconstruction of PAT is a
challenging task for most clinical applications because of the under-sampled data and inexact
inverse model [11].

To address the problems, a serial of techniques including physical hardware and reconstruction
method optimization has been studied. For instance, acoustic deflectors [12], bowl transducer
arrays [13,14], and full-view ring transducer arrays [15,16] have been used to resolve the
limited-view issue. Although these techniques can effectively improve the imaging quality of
PAT and make it available in pre-clinical and clinical studies, there are still some inconveniences
in practice, e.g., high cost and system complexity. On the other hand, the imaging performance of
PAT can also be improved by optimizing reconstruction method. Based on the strategy, various
reconstruction methods, e.g., weighted-factor [17], iterative-based back-projection [18], and
compressed-sensing (CS) [19], have been explored to boost the imaging performance. It is
noteworthy that these reconstruction methods generally require accurate prior knowledge (e.g.,
absorption coefficient and sound velocity in tissue) to implement high-quality PAT [20]. However,
prior knowledge is difficult to obtain accurately in real experiments. In addition, these methods
are computationally intensive and time consuming.

Recently, deep learning (DL) has been increasingly applied in bio-medical imaging fields. At
the same time, DL-based methods have also been used to implement PAT from the raw PA waves
directly, or remove the artifacts caused by using under-sampled and limited-view measurement
data [21-31]. In [21], Waibel et al. designed an U-Net to reconstruct PAT images from the
synthetic waveform data of a simple circular phantom. Furthermore, Tong et al. trained an FPNet
to implement signal-to-image transformation with in vivo data [24]. Shan et al. utilized the
modified U-Net to complete the correction of reflection artifacts in PAT images [26]. Davoudi et
al. proposed an U-Net trained with both simulation and realistic data to enhance the imaging
quality of sparse PA data [28]. Guan et al. introduced an FD-UNet to decrease the artifacts
existing in sparse data [30]. Meanwhile, Vu ef al. [31] designed a WGAN-GP to further remove
the artifacts in phantom and in vivo data. Note that in the above works, these DL-based methods
request the paired data for training. However, it is impractical to collect extensive ground-truth
images in experiments, and the model trained with simulation data usually cannot gain impressive
results.

Generative adversarial network (GAN) is an effective unsupervised DL method [32-34]. In
recent years, it has gained significant attention in handling with multimodal medical imaging
data [35]. Various frameworks of GAN, e.g., deep convolutional GAN (DCGAN), Laplacian
GAN (LAPGAN), Pix2Pix, CycleGAN, etc., have been successfully used in medical tasks such
as image augmentation [36], image registration [37], image generation [38], image reconstruction
[39], and image-to-image translation [40]. Inspired by these works, in this paper, we propose
an unsupervised DL method based on CycleGAN (termed as PA-GAN) to improve the image
quality in PAT, i.e., to remove the artifacts in PAT images caused by using the limited-view
measurement data. To evaluate the performance of the proposed PA-GAN method, a series of
data from phantom and in vivo experiments are used. Especially, PA-GAN is trained with the
mixed phantom and in vivo PAT images, which is helpful for learning the authentic effective
features. The experimental results show that PA-GAN provides good performance in removing
artifacts existing in PAT images. In particularly, when dealing with extremely sparse data (e.g., 8
projections in circle phantom experiments), higher imaging performance is achieved, with an
improvement of ~14% in SSIM and ~66% in PSNR, compared with the supervised-learning
method (e.g., U-Net). With an increasing number of projections (e.g., 128 projections), U-Net,
especially FD U-Net, provide a slight improvement in artifact removal capability, in terms of
SSIM and PSNR. Furthermore, the computational time (~60 ms/frame) obtained by PA-GAN is
similar to that obtained by U-Net, once the network is trained. More importantly, PA-GAN is
more flexible that allows the model to be trained with unpaired data. As a result, PA-GAN makes
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the possibility of implementing PAT with higher flexibility, without compromising the imaging
performance.

The rest of the paper is organized as follows. Section 2 describes the proposed methodology
including network architecture, loss function, training strategy, and training dataset. In Section
3, the corresponding results are presented and analyzed. Finally, discussion and conclusion
regarding this study are drawn in Section 4.

2. Methods

PAT can be treated as an image-to-image translation problem, which provides the potential in
converting artifact images to high-quality artifact-free images [42—45]. Recently, the cyclic
generative adversarial network (CycleGAN) has been successfully used to realize high-resolution
image-to-image translation by using unpaired natural images [41]. Inspired by this work, here our
network is designed based on the framework of CycleGAN to improve the image quality in PAT
(remove the artifacts in PAT images) in an unsupervised-learning way. Briefly, the network consists
of two generators, where the generator G_AB transfers the images in the domain A (limited-view
photoacoustic tomographic images) to the domain B (full-view photoacoustic tomographic
images), and another generator G_BA realizes the opposite transformation. Correspondingly, the
model has two discriminators, namely D_A and D_B, which are used to identify the domain of
the image. Also, a cycle training procedure is used in this work. In detail, the sparse image in
domain A can be translated to the fake image in domain B. Then, the fake image as the input of
G_BA can be recovered to fake sparse data. This cycle facilitates the dual learning of the model
and the unsupervised training way. To further improve the image quality, a multi-scale learning,
an attention mechanism, and a modified cycle-consistency loss are integrated into the network. In
addition, a new two-stage training strategy is also proposed to improve the imaging performance
in extremely sparse data conditions, and to accelerate model stable convergence [46]. The main
framework of the unsupervised domain transformation network is shown in Fig. 1.
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Fig. 1. Schematic diagram depicting the overall structure of domain transformation network
(PA-GAN). PA-GAN uses two generators to achieve the translation between two image
domains. The generator translating limited-view photoacoustic tomographic images (domain
A) to full-view photoacoustic tomographic images (domain B) is termed as G_AB. The
generator achieving the opposite translation is termed as G_BA. The artifact image in domain
A, X_ais fed into G_AB to generate the fake artifact-free image (Y_b) in domain B. Y_b as
the input of G_BA is cyclically translated into a fake image (Y_ba) in domain A. For the
image in domain B, the network executes the same operations. The output of generators
passes through the corresponding discriminators to identify the domain of the image.
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2.1. Network architecture

For the generator, we adopt the U-Net convolutional framelet, which is helpful to extract underlying
features. In detail, the network consists of four parts, i.e., the head layer, the down-sampling
attention block, the up-sampling block, and the tail layer. The first head layer contains one
convolution with a 5 x 5 kernel for extracting shallow features. There are eight down-sampling
attention blocks including the multi-scale attention layer to complete the down-sampling operation.
A convolution with a 4 x 4 kernel and a 2 X 2 stride, a multi-scale attention layer, an instance
normalization, and a rectified linear unit (ReLLU) are stacked sequentially in each block. Then,
the corresponding up-sampling blocks follow to enlarge the feature map. Each up-sampling
block contains a transposed convolution with kernel 4 and stride 2, an instance normalization,
and a ReLU. Moreover, the skip-connection is used between the feature in the down-sampling
operation and the feature in the up-sampling operation with the same size. At the end, the last
convolutional layer maps the feature to a single-channel output image.

As for the discriminator, PatchGAN [33] is utilized to classify whether the image patches are
real or fake. PatchGAN treats structure at the scale of patches, which enables the network to learn
the structural information of images more effectively and takes less memory. In the discriminator,
four repeated blocks containing convolution with a 4 X 4 kernel and strides of 2, an instance
normalization and a leaky ReLLU with a slope of 0.2 are stacked to get the features of batches. At
the final step of the architecture, a 4 X 4 convolution layer with a 1 X 1 stride is added to generate
a single-channel prediction map. The overview of the proposed model structure is illustrated in
Fig. 2.

Attention mechanism has been successfully adopted in image processing tasks. Rather than
treating the entire image on the same level, the attention mechanism enables the model to focus
on the most relevant part of images or features. The generator combined with the attention
mechanism focuses on the informative regions of input and extracts important features from
images to produce the desired output. Considering that PAT images in an experiment are generally
large and imaging objects are complex, a modified multi-scale attention method is employed to
extract informative features [47,48]. Figure 3 shows the multi-scale attention layer. Here, different
scale features can be obtained through convolution operation with different receptive fields (1 x
1,3 % 3,5 x 5). Then, the different scale features are used as the input of the Channel Attention
layer to extract the important and more expressive multi-scale attention features. Finally, the
features of four branches are concatenated to get the feature map of the current down-sampling
attention block. The details of the multi-scale attention layer are depicted in Fig. 3.

2.2. Loss function

Adversarial loss plays a vital role in a generative adversarial network. In this work, according to
[34], the least-squares loss function and the a-b coding scheme are used. Here, a and b are the
labels for fake data and real data respectively. The modified functions for adversarial loss can be
defined as follows,

Lan(D) = Eyop, | IDG) = bI3 + Exepyu IDG) — all3 (1)

Loan(G) = Eep,,.0|IDG) — c|[3 )

where P;,, means the data distribution. x and y represent the PAT images in domain A and
domain B, respectively. G denotes the generator transforming image in domain A to image in
domain B. j is the translated fake image through G. D is the discriminator distinguishing the
batches between translated sample ¥ and real sample y. In this work, b is set to 1, a is set to 0,
and c is set to 1 according to [34].

With the great capability, the GAN network can realize that the learned mapping transforms
the image in domain A to image with any random distribution in domain B. While, the adversarial
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Fig. 2. The network architecture of the generator and discriminator. (a) The structure of
the generator network. The overall structure is based on U-Net. The red arrows indicate
the down-sampling operation. The green arrows represent the up-sampling operation. The
orange arrows show the common convolution operation. The number means the channel of
the current feature map. N is the size of the input. The generator consists of eight down-
sampling attention blocks to complete down-sampling. In this block, every down-sampling
layer is followed by a multi-scale attention layer, an instance normalization, and a ReLU
sequentially to improve the feature extracting ability and avoid overfitting of the network.
The eight up-sampling sections are used to increase the size of the feature map. Each
up-sampling section contains a transposed convolution with a 4 X 4 kernel and a 2x 2 stride,
an instance normalization, and a ReL.U. Skip connections are used to share data between
the layers of the same level, see the black arrows. These skip connections concatenate the
output of the down-sampling layer with the corresponding up-sampling feature map. (b)
The structure of the discriminator network. It comprises five down-sampling blocks, each of
which has a convolution layer with a kernel of 4 to reduce the feature size. The first four
down blocks reduce the size of the images while increasing the number of channels to 512.
The last convolution layer outputs the single-channel feature map to provide the ultimate
output of D.

loss alone cannot overcome this limitation, and cannot guarantee the learned function with the
desired output. Ideally, each image in domain A should be translated to an image in domain B
with similar distribution, which means two images with the same imaging object but different
backgrounds. To further improve the stability and precision of the network, cycle consistency
loss is introduced [41]. According to this, cycle consistency loss measures the difference between
the original image and the generated image after cyclic conversion by generators. Then, the
modified functions for cycle consistency loss can be expressed as follows,

LCYC(G’ Goppo) = Ex~Pda,,,(x)/11||G0ppo()A’) - x“l + /12(] - SSIM(Goppo()A’): x))

. A 3
+ Ey~Pdam(y)/11 | |G0pp0(x) -yl |1 + (1 - SSIM(Guppo(x), y)

where G,,p, denotes the generator transforming image in domain B to image in domain A. $ and
X is the translated fake images in domain B and domain A. SSIM is the structure similar index
between the images. A; and A, represent the weight coefficients. Referring to [49], here, 1; = 0.3
and A, =0.7.
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Fig. 3. The details of the multi-scale attention layer. This layer is incorporated into each
down-sampling attention block. The feature map through the previous down-sampling
operation as input is fed into this layer. This layer contains four branches, which each branch
extracts different scale features by convolutions with a different receptive field, i.e., 1 X1, 3 X
3,and 5 x 5. Then, the attention features through the channel attention layer of all branches
are concatenated to get the final feature map of the current down-sampling operation.

2.3. Dataset

The experimental data used in this study are acquired from https://doi.org/10.6084/m9.figshare.
9250784 [28]. The dataset includes the full-view and limited-view photoacoustic tomographic
images of in vivo mouse and phantoms (circular and vessel-like), which are firstly collected by
photoacoustic setup consisted of an 80 mm diameter ring detection array with 512 individual
detection elements. After that, the acquired measurement data are reconstructed by universal
back-projection (UBP) method to obtain the corresponding photoacoustic tomographic images.
The detailed information can be found in [28].

In this work, the training dataset consists of two image domains. Domain A contains 3,500
limited-view photoacoustic tomographic images from the phantom (circular and vessel phantom)
and in vivo mouse data. And domain B contains 600 full-view photoacoustic tomographic images
from the phantom (circular and vessel phantom) and in vivo mouse data. Specifically, in domain A,
there are 2,258 limited-view tomographic images of circle phantom reconstructed from 8 to 128
projections (about 450 images in each type of 8, 16, 32, 64, and 128 projections), 327 limited-view
tomographic images of vessel phantom reconstructed from 16 to 128 projections (about 80 images
in each type of 16, 32, 64, and 128 projections), and 915 limited-view tomographic images of
mice reconstructed from 16 to 128 projections (about 180 images in each type of 16, 32, 64, 128,
and 256 projections). For domain B (i.e., targets), there are totally 600 full-view tomographic
images reconstructed from 512 projections, where 334 images of circle phantom, 77 images of
vessel phantom, and 189 images of mice are randomly selected and used. Due to the poor image
quality in the vessel-phantom and mouse data caused by using the extremely sparse measurement
data (e.g., 8 projections), these images are not included in the above training set. For the details
about the phantom and in vivo imaging experiments, please refer to [28]. Table 1 summarizes the
information of the dataset used in this work.


https://doi.org/10.6084/m9.figshare.9250784
https://doi.org/10.6084/m9.figshare.9250784

Research Article Vol. 12, No. 10/1 Oct 2021/ Biomedical Optics Express 6290 |

Biomedical Optics EXPRESS A

Table 1. The detail information of dataset used in this work.

Imaging object Domain A Domain B

Circular phantom 2,258 limited-view photoacoustic images 334 full-view photoacoustic images
reconstructed by UBP from 8/16/32/64/128 reconstructed by UBP from 512 projections
projections

Vessel phantom 327 limited-view photoacoustic images 77 full-view photoacoustic images
reconstructed by UBP from 16/32/64/128 reconstructed by UBP from 512 projections
projections

Mouse 915 limited-view photoacoustic images 189 full-view photoacoustic images
reconstructed by UBP from 16/32/64/128/256 reconstructed by UBP from 512 projections
projections

2.4. Training

During the training stage, the mini-batch size is set to 4 and the initial learning rate is 6e-4.
To make the training effectively and stably converge, the learning rate is kept as the initial
learning rate in the first 50 epochs, then is linearly decayed to zero over the last 50 epochs. Adam
optimization algorithm is used for training. The training round is set to 100 for each stage. To
further improve the performance in extremely sparse data conditions (e.g., 8 projections), we
introduce a new two-stage training strategy. In the first stage, the network is trained on various
projections data, which can achieve more representative features and get the effective weights
of the network. For the second stage, based on the weights obtained by the first stage, the final
network is trained only with low projections data to enhance the reconstruction effect of low
projection data.

3. Results

3.1.  Phantom experimental data
3.1.1. Circle phantom

Figure 4 demonstrates the capability of PA-GAN in removing the artifacts that exist in the
rreconstructed photoacoustic tomographic images, which are caused by using limited-view
measurement data in reconstruction processing. Figures 4(a)-(c) show the reconstructed PAT
images from the limited-view measurement data (8, 32, and 128 projections), which are obtained
by the UBP method. Comparably, Figs. 4(d)-(f) show the corresponding artifact removal images
obtained by PA-GAN. Furthermore, Figs. 4(g)-(i) show the error maps between the full-view
PAT images and the recovered PAT by PA-GAN. Here, the full-view PAT images are obtained by
UBP with 512 projections.

The experimental results show that when using the limited-view measurement data, the artifacts
exist in the reconstructed PAT images by UBP. Comparably, when using the proposed PA-GAN
method, we can observe that there is an obvious improvement in image quality, especially under
the extremely sparse measurement data (e.g., 8 and 32 projections) conditions. That means, the
unsupervised PA-GAN model provides feasibility of implementing high-quality PAT, even if
using highly sparse measurement data.

To further demonstrate the performance of the proposed PA-GAN method in removing the
artifacts, Fig. 5 compares the photoacoustic tomographic images recovered by PA-GAN and
a supervised-learning method (U-Net). The 1st row of Fig. 5 shows the tomographic images
reconstructed by UBP with 8, 32, and 128 projections. Comparably, the 2nd and 3rd rows of
Fig. 5 show the tomographic images recovered by U-Net and PA-GAN, respectively. The 4th row
of Fig. 5 shows the reference images. Here, the full-view photoacoustic images reconstructed by
UBP with 512 projections are used as the reference images. In this work, U-Net is implemented
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Fig. 4. The photoacoustic tomographic results of the circle phantom obtained by PA-GAN
in the limited-view measurement data conditions. Note that these test data are not included
in the training phase. (a)-(c) The limited-view tomographic images of circle phantom
reconstructed by UBP method with 8, 32, and 128 projections. (d)-(f) The recovered images
by PA-GAN corresponding to (a)-(c), respectively. (g)-(i) The error maps between the
recovered images by PA-GAN and the full-view tomographic images reconstructed by UBP
with 512 projections.

by a standard network structure, which can be downloaded from https://github.com/Andy-
zhujunwen/UNET-ZOO. U-Net is trained with the same dataset described in Section 2.3. But,
these data (totally 3,500) must be paired when performing U-Net. To quantitatively evaluate the
performance of PA-GAN, in this work, the structural similarity (SSIM) and peak signal to noise
ratio (PSNR) are calculated and the corresponding quantitative results are shown.

The experimental results show that when dealing with the extremely sparse data (e.g., 8
projections) condition, a higher imaging performance can be achieved by PA-GAN, with an
improvement of ~14% in SSIM and ~66% in PSNR, compared with U-Net. With an increasing
number of projections (e.g., 128 projections), PA-GAN and U-Net show the similarity in
identifying the structural information, in terms of SSIM. But, PA-GAN provides a higher PSNR
ability, with a PSNR of 33.59 dB (PA-GAN) compared to 28.61 dB (U-Net).

3.1.2. Vessel phantom

Figure 6 compares the artifact removal capability in imaging the complex vasculature phantom
between PA-GAN and U-Net. To demonstrate the flexibility of PA-GAN, the imaging results
in different projections are shown. The 1st row of Fig. 6 shows the limited-view tomographic
images reconstructed by UBP with 16, 32, 64, and 128 projections, respectively, which are used
as the input of the DL methods (PA-GAN and U-Net). The 2nd row of Fig. 6 represents the
artifact removal images recovered by U-Net. Comparably, the 3rd row of Fig. 6 shows the artifact
removal images recovered by PA-GAN. The last row of Fig. 6 shows the difference between the
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Fig. 5. The comparison results of the photoacoustic tomographic images obtained by
the supervised-learning method (U-Net) and the proposed unsupervised-learning method
(PA-GAN) in the circle phantom model. (a)-(c) The tomographic images of the circle
phantom reconstructed by UBP with 8, 32, and 128 projections. (d)-(f) The recovered
PAT images corresponding to (a)-(c) with U-Net. (g)-(i) The recovered PAT images with
PA-GAN, respectively. (j)-(1) The reference images obtained by UBP with 512 projections.
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reference image (photoacoustic tomographic image reconstructed by UBP with 512 projections)
and result recovered by PA-GAN.

PSNR : 20.84 j 31. PSNR : 36.50

SSIM : 0.83 ; .9 SSIM : 0.97

PSNR :24.10 PSNR : PSNR : 28.69 i
SSIM : 0.84 SSIM : 0.88 SSIM : 0.96

error map error map error map error map g

Fig. 6. The comparison of the artifact removal capability between U-Net and PA-GAN
in the vessel phantom model. The first row shows the limited-view tomographic images
of the complex vessel phantom reconstructed by UBP method with the varying number of
projections (16, 32, 64, and 128). The 2nd and 3rd rows represent the corresponding artifact
removal images obtained by U-Net and PA-GAN, respectively. The last row shows the
error map between the recovered images by PA-GAN and the full-view tomographic images
reconstructed by UBP with 512 projections. Note that these test images are not included in
the training phase.

The experimental results further demonstrate that the unsupervised PA-GAN method can
effectively remove the artifacts appeared in the tomographic images, in terms of SSIM and PSNR
indicators. Even if under the extremely spare data condition (e.g., 16 projections), high SSIM
(0.84) and PSNR (24.1 dB) indicators can also be obtained. With the increasing number of
projections (views), the imaging performance can be further improved. But there are still some
serious artifacts in PA-GAN image (e.g., artifacts in the bottom of PA-GAN images), which may
be caused by the absence of target matching in the unsupervised network training phase. In
addition, we can also observe that with an increasing number of projections (e.g., 64 and 128
projections), U-Net provides a slight improvement in artifact removal capability, in terms of
SSIM and PSNR indictors.
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3.2. In vivo experimental data

Figure 7 demonstrates the artifact removal capability of PA-GAN in in vivo mouse experiments.
The 1st row of Fig. 7 shows different cross-sectional images from the mouse abdomen reconstructed
by UBP with 128 projections. From these images, we can see that the obvious artifacts exist
in these reconstructed images. Comparably, the 2nd-4th rows of Fig. 7 show the photoacoustic
images recovered by U-Net, FD U-Net, and PA-GAN, respectively. Especially, to further
demonstrate the artifact removal capability of PA-GAN, in in vivo mouse experiments, we
compare PA-GAN with a new network framework (FD U-Net). Here, FD U-Net is implemented
by reproducing network structure described in [30]. Briefly, a series of four-layer dense blocks
are added to U-Net instead of a sequence of two 3 X 3 convolution operations to learn feature
maps. In each dense block, earlier convolutional layers are connected to all subsequent layers by
channel-wise concatenation to increase the representation ability of the network. FD U-Net is
trained with the same dataset and hyperparameters as U-Net. Similarly, these training data must
be paired.

The experimental results further confirm the recovering capability of PA-GAN in vivo, where
artifact can be effectively removed (see the 4th row of Fig. 7). In addition, we can also observe
that under 128-projection condition, U-Net, especially FD U-Net, provide a slight improvement
in artifact removal capability, in terms of SSIM and PSNR indicators. On the other hand, it
can also be found that the PSNR values calculated from UBP is high in some cases. It is not
surprising since PSNR may not be enough in evaluating image quality [53].

Figure 8 further demonstrates the artifact removal performance among PA-GAN, U-Net, and
FD U-Net under the extreme sparse data (32 projections) condition. Figures 8(a) and (b) show the
limited-view and full-view photoacoustic tomographic images reconstructed by UBP with 32 and
512 projections, respectively. Figures 8(c)-(e) show the artifact removal photoacoustic images
obtained by U-Net, FD U-Net, and PA-GAN, respectively. The experimental results show that
comparing to the reconstructed image by UBP (see Fig. 8(a)), after artifact removal by PA-GAN,
some internal structures in in vivo mouse abdomen can be resolved (see the orange arrows shown
in Figs. 8(a), (b), and (e)), although there are still a few artifacts around it. In addition, compared
to U-Net, PA-GAN again shows higher values in SSIM and PSNR in the recovered images,
indicating a better capability of removing artifacts. Furthermore, FD U-Net provides the highest
SSIM value, where SSIM is increased by 0.02 compared to PA-GAN. However, it should be
pointed out that the unpaired data can be used when performing PA-GAN, which cannot be
realized by the supervised learning-based methods (U-Net and FD U-Net). It greatly extends the
flexibility of PA-GAN in practical applications.

3.3. Computational time

The computational time is another important aspect that should be considered when evaluating
the overall performance of PA-GAN. To effectively calculate computational time, 300 artifact
images with the size of 512 x 512 are used, which contain 100 images selected randomly from
circle phantom, 100 images selected randomly from vessel phantom, and 100 images selected
randomly from in vivo mouse images, respectively. Furthermore, the training times are also
compared. In this work, the computation is performed on the same server, equipped with an
NVidia Tesla V100 GPU (16 GB RAM), 2 Intel Xeon Gold 6130 (2.1GHZ), and 192 G DDR4
REG ECC.

Table 2 summarizes the computational cost (including implementation time and training time)
of U-Net, FD U-Net and PA-GAN. The results indicate that the training time of PA-GAN is
higher than that of U-Net and FD U-Net. Once the network is trained, the implementation time is
similar.
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Fig. 7. The photoacoustic tomographic results of in vivo mouse recovered by PA-GAN,
U-Net, and FD U-Net, respectively. The 1st row shows different cross-sectional photoacoustic
images from the mouse abdomen reconstructed by UBP with 128 projections. The 2nd-4th
rows show the artifact removal images recovered by U-Net, FD U-Net, and PA-GAN,
respectively. The last row shows the reference images obtained by UBP with 512 projections.

Table 2. Comparisons of computational time obtained by U-Net, FD U-Net, and PA-GAN,
respectively.

Implementation time

Methods Training time
Circle phantom Vessel phantom In vivo mouse
(512 x512) (512 x 512) (512 x512)
U-Net ~ 60ms ~ 60ms ~ 60ms ~15h
FD U-Net ~ 70 ms ~ 80ms ~ 80 ms ~18h

PA-GAN ~50ms ~ 50 ms ~ 60 ms ~35h
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Fig. 8. The comparisons of the artifact removal capability among U-Net, FD U-Net,
and PA-GAN in in vivo mouse experiments. (a) The limited-view cross-sectional image
of the mouse abdomen obtained by UBP with 32 projections. (b) The reference image
obtained by UBP with 512 projections. (c) and (d) The artifact removal photoacoustic
tomographic images recovered by supervised-learning method (U-Net and FD U-Net),
respectively. (e) The artifact removal photoacoustic tomographic images recovered by
the proposed unsupervised-learning method (PA-GAN). The orange arrows represent the
recovered internal structures in the mouse abdomen after artifact removal by PA-GAN.

4. Conclusion

Photoacoustic tomography (PAT) enables image multi-scale objects with a high contrast, high
resolution, and deep penetration, which is helpful for clinic diagnosis and evaluation. However, the
conventional PAT reconstruction methods are time consuming and depend on the accuracy design
of imaging model. The emerging supervised-learning-based methods improve the reconstruction
speed and reduce the dependence on imaging model in PAT. Nevertheless, these methods are
inflexible for experiments, specifically for clinical applications, because of the requirement of
paired data for training. To eliminate the limitation of the supervised methods, this study proposes
an unsupervised domain transformation PAT method based on CycleGAN, termed as PA-GAN.

The experimental results from the phantom and in vivo mouse data demonstrate that PA-GAN
can effectively remove the artifacts existing in the photoacoustic tomographic images caused
by the use of limited-view measurement data in an unsupervised way (see Figs. 4-8). In the
circle phantom, when facing to the extremely sparse measurement data (e.g., 8 projections), an
improvement of ~14% in SSIM and ~66% in PSNR (see Fig. 5) can be obtained by PA-GAN,
compared to the supervised-learning method (U-Net). Similar improvements can also be observed
in the complex vessel phantom (see Fig. 6) and in vivo mouse experiments (see Fig. 8). With an
increasing number of projections (e.g., 128 projections), U-Net, especially FD U-Net, provide a
slight improvement in artifact removal capability, in terms of SSIM and PSNR indicators (see
Fig. 6 and Fig. 7). But, PA-GAN allows the network model to be effectively trained with the
unpaired data, which cannot be realized by the supervised-learning-based methods. In this way,
PAT is not limited to the annotated image data anymore, which greatly extends the flexibility
of PA-GAN in applications. As a result, PA-GAN opens the door to realize PAT with the
unsupervised way, without compromising the imaging performance.
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On the other hand, it should be noted that the limited-view photoacoustic tomographic images
can be generated from PA-GAN when the full-view (512 projections) PAT images are fed into the
trained model. That means PA-GAN provides a way to generate better simulation data. It may
be used for further improving the imaging performance of PAT based on data-driven methods.
Furthermore, PA-GAN can enjoy the advantages of DL methods, e.g., it does not need parameter
tuning and human intervention once the network is trained.

However, it should be noted that in this work, we assume all limited-view data are in one
domain, which may affect the artifact removal capability of PA-GAN. In addition, we can also
observe that the artifact removal capability of PA-GAN in vessel phantom seems not be as good
as that in in vivo mouse images, which may be caused by the differences in training dataset
(e.g., the used image quality in domain B). Furthermore, our current work focuses on artifact
removal in PAT, and the direct reconstruction is not considered. Moreover, PA-GAN requires
longer training time than U-Net and FD U-Net. Finally, the unsupervised network will directly
affect the recovered performance of PAT. This work, as a preliminary study, uses a CycleGAN
framework. The artifact removal capability may be further improved by using or developing more
unsupervised networks [50-52]. These problems will be further explored in our future work.

In conclusion, PA-GAN as an unsupervised learning method makes it possible to implemen-
tation of PAT with higher flexibility without compromising the imaging performance, which
greatly extends the flexibility of PA-GAN in pre-clinical and clinical applications.
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