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Abstract.
BACKGROUND: In order to reduce the impact of CT radiation, low-dose CT is often used, but low-dose CT will bring more
noise, affecting image quality and subsequent 3D reconstruction results.
OBJECTIVE: The study presents a reconstruction method based on wavelet transform-total variation (WT-TV) for low-dose
CT.
METHODS: First, the low-dose CT images were denoised using WT and TV denoising methods. The WT method could
preserve the features, and the TV method could preserve the edges and structures. Second, the two sets of denoised images were
fused so that the features, edges, and structures could be preserved at the same time. Finally, FBP reconstruction was performed
to obtain the final 3D reconstruction result.
RESULTS: The results show that The WT-TV method can effectively denoise low-dose CT and improve the clarity and accuracy
of 3D reconstruction models.
CONCLUSION: Compared with other reconstruction methods, the proposed reconstruction method successfully addressed the
issue of low-dose CT noising by further denoising the CT images before reconstruction. The denoising effect of low-dose CT
images and the 3D reconstruction model were compared via experiments.
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1. Introduction

In clinical diagnosis, doctors often use X-rays, ultrasound, and other equipment to obtain two-
dimensional (2D) images of patients [1,2]. Compared with the traditional diagnostic method, these
techniques are extremely helpful in observing human tissue structures, extracting relevant information,
and then determining reasonable treatment plans [3,4]. However, it is difficult for doctors to obtain a
clear three-dimensional (3D) spatial sense due to the blurred shape and size of human organs and tissues,
relative spatial location, and adjacent relationship in 2D images [5,6]. They can only infer the shape and
size of the patient’s lesion and the relative location of the surrounding tissues and organs by observing
multiple 2D tomographic images and their experience, and then make the corresponding diagnosis.
Therefore, converting 2D tomographic images into a 3D reconstruction model is urgently required for
contemporary clinical treatment [7,8].
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At present, many state-of-the-art 3D reconstruction methods have been proposed, which can be
classified into three types: the analytics-based method, the iterative-based method, and the deep learning-
based method. Xu et al. proposed the back-projection algorithm (BP) using the analytics-based method,
which calculated the detection object value by projecting the reflection value [9]. Gordon et al. proposed
the algebraic reconstruction technique (ART) using the iterative-based method, which transformed the
reconstruction issue into a linear algebraic issue and reconstructed the image by iteratively optimizing the
objective function [10]. Yao et al. proposed the MVSNet using the deep learning-based method, which
was based on the binocular stereo matching of two images and extended the depth estimation to multiple
images [11].

Although good results have been achieved using the aforementioned methods, many issues still
persist, needing urgent attention. For example, the BP has deviation in the reconstructed images [12]. The
performance of ART often requires a lot of data to optimize the iterative function [13]. When you use them
like MVSNet, the deep learning-based methods require large amounts of data and are computationally
intensive [14].

A pre-denoising 3D reconstruction method was proposed considering the advantages and disadvantages
of the aforementioned methods and to address the issue of low-dose CT introducing more noise to
reducing radiation [15]. It could remove most of the noise and retain the edges, structure, detailed
features, and accuracy in the reconstruction model while reducing radiation, which helped the physician
more accurately observe the overall morphology of the lesion and its relationship with the surrounding
structures in multiple directions and angles [16].

The contributions of this study were as follows: (1) Edges, structures, detailed features, and accuracy of
computed tomography (CT) images were preserved with reduced radiation. (2) The location and size of
the tumor could be determined accurately in the 3D reconstruction model by extracting the information
of 2D images.

The rest of this study is organized as follows. Section 2 briefly describes the related study. Section 3
presents the proposed model. Section 4 discusses extensive experiments used to evaluate the model.
Section 5 concludes the study.

2. Related studies

2.1. Computed tomography

CT is essentially an x-ray. Attenuation occurs when x-rays penetrate the human body [17]. X-rays
passing through the human body carry different material densities of the attenuation signal received by
the detector due to the different thicknesses of the human body, different densities of the tissues, and
different compositions, are converted into visible light, and then are converted into an electrical signal by
a photoelectric converter [18]. It is converted into a digital signal by an analog-to-digital converter, and
finally a digital image of visible grayscale is reconstructed by a computer.

The radiation dose of CT is larger than that of ordinary x-ray machines. The low-dose CT was found to
reduce the impact of radiation on the human body. Its radiation dose was only one-sixth to one-fifth of
the ordinary CT [19]. However, reducing radiation results in another issue: more noise.

CT noise can be categorized into three types: (1) random noise, which may arise from the detection of
a finite number of x-ray quanta in the projection. It is unpredictable and occurs randomly. (2) Quantum
noise, which is also called statistical noise. It may be caused by the detection of a finite number of x-ray
quanta in the projection. (3) Electronic noise, which is the noise generated by the CT hardware. Among
these, quantum noise is the main noise [20].
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Fig. 1. General process of WT.

2.2. Wavelet transform

The wavelet transform (WT) is a mathematical tool for analyzing data whose features vary at different
scales [21,22]. For signals, the features can be time-varying frequencies, transients, or slowly changing
trends. For images, the features include edges and textures. The WT was created primarily to address
the limitations of the Fourier transform. The WT is a new method for wavelet analysis. It can analyze
the local frequency in time (space) and gradually refine the signal (function) in multiple scales through
the scaling and translation operation. Finally, it can achieve the time subdivision at high frequency and
frequency subdivision at low frequency, which can automatically adapt to the requirements of time –
frequency signal analysis.

Figure 1 shows a three-level decomposition process of WT. An image can be divided into high-frequency
and low-frequency parts, while the low-frequency part can be further decomposed into high-frequency and
low-frequency parts, and so on, decomposed three times [23]. The WT is used to decompose the image
into different frequency ranges using low-pass and high-pass filters so as to get each subband diagram.
The energy of the image is concentrated to a few coefficients of some frequency bands through the WT
because WT has the function of removing the correlation in the image and the energy concentration of
the image [24]. The noise can be effectively suppressed by setting the wavelet coefficients in other bands
to zero or giving them small weights, preserving important features.

2.3. Total variation

The total variation (TV) is an anisotropic model that relies on the gradient descent method to smoothen
the image [25]. It is expected to smoothen the image as much as possible because the difference between
adjacent pixels is small, which does not smoothen the image.
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Fig. 2. Detection of a 2D slice.

The TV algorithm is an image restoration algorithm. It restores a clean image from a noisy image by
building a noise model, solving the module using an optimization algorithm, and making the recovered
image infinitely close to the ideal denoised image via a continuous iterative process [26]. The noise model
is similar to the loss function in deep learning. The gap between the two gets closer through continuous
training, and the gradient descent method is also required to quickly obtain the optimal solution. The
advantage of the TV is that it allows sharp discontinuities, which is especially important for image
denoising, such as edges or moving boundaries; these edges represent important features; the gradient
descent method can be used to protect the edges well [27].

2.4. Filtered back-projection algorithm

Figure 2 shows a 2D slice of a 3D object. We divided it into discrete pixel regions and set the values in
each pixel area to be uniformly distributed, representing the i pixel area as xi. Similarly, we divided the
detector plane into multiple discrete projection units and denoted the projection value in the j projection
unit by pj . Then, the detection level could be calculated as follows [28]:

x1 + x2 + x3 = p1
x4 + x5 + x6 = p2
x7 + x8 + x9 = p3
. . .√
2x1 +

√
2x5 +

√
2x9 = p8√

2x3 = p9

(1)

We could find the value of each parameter to obtain the complete 2D slice image using Eq. (1), which
is called the direct BP algorithm.

However, in the actual detection, each area is not uniformly distributed and noises are introduced
during detection. Therefore, a filter was used to filter the projection, and an inverse Fourier transform
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Fig. 3. Whole process of the proposed method.

was performed to obtain the filtered projection. Then this projection was back-projected to get our
reconstruction result. The filtered back-projection (FBP) could correct the artifacts and the problems of
edge blurring of direct back-projection, and the reconstruction result was clearer and more accurate [29,
30].

3. Proposed method

3.1. Whole process

As shown in Fig. 3, the whole process consisted of the following steps. First, the WT and TV denoising
were performed on the CT images. After the WT denoising, the features, edge, and structure could be
well preserved after the TV denoising. Second, the two sets of images were fused to get the final denoised
images. Finally, the fused images were reconstructed using the FBP.

3.2. WT denoising

A continuous periodic signal could be decomposed into a set of linear combinations of trigonometric
signals with different frequencies, which was the essence of the Fourier series. The frequency of the signal
could be obtained by taking a set of trigonometric functions as orthogonal bases and representing the
original signal by a linear combination of this set of trigonometric bases. The process could be expressed
as:

F (ω) =

∞∫
−∞

f (t) e−iωtdt (2)

The infinite-length trigonometric basis was replaced by a finite-length decaying wavelet basis so that
not only the frequency could be obtained but also the time could be located; this was called WT. It could
be expressed as:

WT (α, τ) =
1√
α

∞∫
−∞

f (t)× ϕ
(
t− τ
α

)
dt (3)
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First, the image was used as the input and decomposed into high-frequency and low-frequency zones
by a set of orthogonal wavelet bases. Then, the obtained low-frequency zone was used as the input
signal and wavelet decomposition was performed again to obtain the next level of high-frequency and
low-frequency zones, and so on. The high-frequency zone represented the detail coefficients. The low-
frequency zone represented the approximation coefficients. After wavelet decomposition, the wavelet
coefficients of the image were greater than the wavelet coefficients of the noise. Then, we threshold the
wavelet decomposition coefficients, as depicted in Eq. (4), to separate the image from the noise.

ω̂j,k =

{
0, |ωj,k| < Th
ωj,k, |ωj,k| > Th (4)

3.3. TV denoising

The TV of an image is depicted in Eq. (5). This represents the smoothness of an image. Generally, the
smaller the TV value, the higher the smoothness. If an image has the same value for each pixel point,
then this image has no fluctuations and its TV value is zero.

TV (y) =
∑
m,n

‖∇ym,n‖2 =
∑
m,n

√
|ym+1,n − ym,n|2 + |ym,n+1 − ym,n|2 (5)

For an image containing noise, if the known signal has a certain level of smoothness, the TV algorithm
can be used for denoising, which can be expressed as:

TV (y) =
∑
m,n

‖∇ym,n‖2 =
∑
m,n

(|ym+1,n − ym,n|+ |ym,n+1 − ym,n|) (6)

The TV constraint is a value that adjusts the degree of smoothness and the difference from the noise
image. The larger the value, the smaller the difference between the final result and the noise image.

3.4. Fusion

In the aforementioned process, we performed the WT and the TV denoising on CT images. The WT
denoising algorithm could well preserve features, and the TV algorithm could well preserve edge and
structural information. After the fusion of two sets of denoised images, the features, edges, and structures
could be preserved at the same time, and a better denoising effect could be achieved.

We first decomposed images A and B into m× n image blocks, labeled AL and BL, respectively, set
W1 and W2 as weighting factors, satisfying W1 +W2 = 1 , calculated the spatial frequency SFk and
contrast Ck of AL and BL, and used Dk =W1SFk +W2Ck as a measure of the quality of the kth image
block; the kth block of the fused image component was determined as:

Fk =

{
AL, DAK > DBK

BL, DAK 6 DBK
(7)

3.5. FBP reconstruction

In parallel beam projection, the projected value of a point is the sum of the projected values of all rays
passing through the point in the plane, which can be expressed as:

Pθ (s) =

∞∫
−∞

f (s cos θ − t, s sin θ + t cos θ) dt (8)
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Fourier transform was performed on the projection data as:

F (u, v) =

∞∫
−∞

∞∫
−∞

f (x, y) e−j2π(ux+vy)dxdy (9)

Then, the filter |ω| was used to filter the function S (ω, θ) and perform Fourier transform to the filtered
Sθ (ω) |ω|. The filter projection could be expressed as:

qθ =

∞∫
−∞

S (ω, θ) |ω| ej2πω(x cos θ+y sin θ)dw (10)

Finally, the BP process could be expressed as:

b (x, y) =

π∫
0

qθ (s)|s=x cos θ+y sin θ dθ (11)

4. Experiments and discussion

4.1. Experiment setting

The experiments were performed in two parts: verifying the effectiveness of the denoising algorithm
and the 3D reconstruction after denoising. We set the number of decomposition layers of WT to 3
(obtained by experimental effect comparison), the number of iterations of TV to 15, and the relaxation
factor (Lagrange multiplier) to 0.03. We compared the algorithm with several state-of-the-art algorithms
to verify the effectiveness of the proposed denoising algorithm: one filter-based algorithm BM3D [31],
two model-based algorithms WNNM and TNRD [32,33], and two learning-based algorithms DnCNN and
FFDNet [34,35]. We set the convolutional layer size of the DnCNN to 3 × 3 × 2 × 64 and the network
depth to 20; the convolutional size of FFDNet is the same as that of DnCNN, but the network depth
is 15. The BM3D algorithm uses the Python toolkit package bm3d, and the code implementations of
WNNM and TNRD are downloaded from the author’s homepage. The denoising metrics we used were
peak signal-to-noise ratio (PSNR), structural similarity index measure (SSIM), and edge preservation
index (EPI) [36,37]. The metrics are obtained by calling the functions in package opencv-python, and the
code is implemented in python.

The computer system used for the experiments was CentOS Linux x64, CPU was Intel Xeon Silver
4114 CPU @ 2.20 GHz, and GPU was NVIDIA Tesla P100-PCIE 16 GB. The experimental code is
implemented in Python 3.7, and the main frameworks include PyTorch 1.7.0 and OpenCV 4.4.0.

We used was the public data set LIDC-IDRI, and we selected 5000 images from this data set [38]. The
main noise source of the low-dose CT was quantum noise, which obeyed the Poisson distribution. Hence,
we added 10%, 15%, 20%, 25%, and 30% Poisson noise to the images [39].

4.2. Results and discussion

Table 1 depicts the average PSNR values of different noise methods at five different noise levels of
10%, 15%, 20%, 25%, and 30%. It was seen that the WT-TV had the highest value. Compared with
BM3D, WNNM, and TRND, their differences are more obvious when the noise is at levels 10 and 30,
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Table 1
PSNR value of different denoising methods

Methods BM3D WNNM TNRD DnCNN FFDNet WT-TV
Level = 10 30.04 29.83 30.05 30.12 30.26 30.38
Level = 15 28.01 27.96 28.16 28.48 28.59 28.63
Level = 20 26.35 26.22 26.38 26.42 26.65 26.44
Level = 25 25.12 25.34 25.07 25.24 25.36 25.44
Level = 30 23.63 23.60 23.31 23.71 23.88 23.90

Table 2
SSIM value of different denoising methods

Methods BM3D WNNM TNRD DnCNN FFDNet WTTV
Level = 10 0.872 0.875 0.875 0.882 0.875 0.853
Level = 15 0.801 0.796 0.815 0.806 0.805 0.876
Level = 20 0.762 0.763 0.774 0.781 0.786 0.790
Level = 25 0.706 0.723 0.725 0.734 0.740 0.751
Level = 30 0.663 0.703 0.701 0.714 0.718 0.723

Table 3
EPI value of different denoising methods

Methods BM3D WNNM TNRD DnCNN FFDNet WTTV
Level = 10 0.97 0.95 0.95 0.96 0.97 0.98
Level = 15 0.91 0.90 0.89 0.93 0.92 0.94
Level = 20 0.85 0.56 0.83 0.87 0.87 0.89
Level = 25 0.81 0.82 0.82 0.85 0.84 0.85
Level = 30 0.72 0.73 0.72 0.76 0.78 0.78

Fig. 4. Denoising results of one image with noise level 10%.

and very small at level 20, showing a U-shaped distribution. Compared with DnCNN and FFDNet, the
PSNR values are only slightly higher than these two algorithms and do not vary with the noise level.
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Fig. 5. Denoising results of one image with noise level 15%.

Fig. 6. Denoising results of one image with noise level 20%.

Table 2 depicts the average SSIM values of different noise methods at five different noise levels of
10%, 15%, 20%, 25%, and 30%. The WT-TV value was higher than that for the other methods. When
the noise level is at 10, the SSIM value of WT-TV is lower than the other four methods, but when the
noise level increases, its advantages will slowly manifest, especially when the noise level is at 15, it is
significantly higher than the other four in amplification, and the difference is the largest.

Table 3 depicts the average EPI values of different noise methods at five different noise levels of 10%,
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Fig. 7. Visual results of the 3D reconstruction model.

Fig. 8. Visual results of the 3D reconstruction model.
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Fig. 9. Visual results of the 3D reconstruction model.

15%, 20%, 25%, and 30%. The WT-TV achieved the best result among these methods. Overall, the EPI
values of WT-TV are optimal at all levels of noise. Compared with BM3D, WNNM and TRND, with the
maximum difference at level 20, and compared with DnCNN and FFDNet, there is an advantage but not
very obvious.

Figures 4–6 show the visual results of the different methods. Only three groups are presented due to
space limitations. The area marked by red squares is enlarged from the same position. Compared with the
ground truth and noisy images, the ReBLS method retained more details than other methods and had the
best denoising effect. In the enlarged area, we can compare the details of each method. The edge part of
WT-TV denoising image is sharper and clearer, and the detail part is closer to the original picture.

Figures 7–9 show the visual results of the 3D reconstruction models. Only three groups are presented
due to space limitations. We took screenshots from the front, top, and left and right sides of the model to
show the details. The images in (a)–(d) are 3D reconstructions of CT images without denoising, and the
images in (e)–(h) are 3D reconstructions of CT images after denoising by WT-TV. We saw some artifacts
around the 3D reconstruction model without denoising. Compared with the 3D reconstruction model
without denoising, the distinction and structure of bones, organs, and muscles in the 3D reconstruction
model after denoising were more clearly defined.

5. Conclusion

This study proposed an effective 3D reconstruction method for low-dose CT based on WT-TV denoising.
Compared with other reconstruction methods, the reconstruction method used in this study successfully
addressed the issue of low-dose CT noising by further denoising the CT images before reconstruction. The
denoising effect of low-dose CT images and the 3D reconstruction model were compared via experiments.
In all studies, the reconstructed models after denoising had clear structures, contours, and richer details.
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The limitation of the proposed model was that it could be used only for CT images. Further studies are
needed to focus on the generalizability of this model by applying it to other image data sets of different
modalities.
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