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In this work, we considered a compressed-sensing (CS)-based image deblurring scheme with a total-variation
(TV) regularization penalty for improving image characteristics in digital tomosynthesis (DTS). We implemented
the proposed image deblurring algorithm and performed a systematic simulation to demonstrate its viability. We
also performed an experiment by using a table—top setup which consists of an x-ray tube operated at 90 kV,,
6 mAs and a CMOS-type flat—panel detector having a 198—-xm pixel resolution. In the both simulation and
experiment, 51 projection images were taken with a tomographic angle range of ¢ =60° and an angle step of
460=1.2° and then deblurred by using the proposed deblurring algorithm before performing the common
filtered—-backprojection (FBP)-based DTS reconstruction. According to our results, the image sharpness of the
recovered x-ray images and the reconstructed DTS images were significantly improved and the cross—plane
spatial resolution in DTS was also improved by a factor of about 1.4. Thus the proposed deblurring scheme
appears to be effective for the blurring problems in both conventional radiography and DTS and is applicable

to improve the present image characteristics.
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Introduction

Digital tomosynthesis (DTS) has been popularly used as a
multiplanar imaging modality in medical and industrial x-ray
imaging applications. It is a geometric tomography by a lim-
ited-angle scan to provide cross-sectional images of the scan-
ned object with a moderate cross-plane resolution."”” However,
although it provides some of the tomographic benefits of com-

puted tomography (CT) at a reduced imaging dose and time,

This work was supported by the Radiation Technology Development
Program of the National Research Foundation (NRF) funded by the
Korea Ministry of Science, ICT & Future Planning under Contract No.
2015-51-0284.
Received 10 March 2016, Revised 25 March 2016, Accepted 28
March 2016
Correspondence: Hyosung Cho (hschol@yonsei.ac.kr)

Tel: 82-33-761-9660, Fax: 82-33-761-9664
@ This is an Open-Access article distributed under the terms of the Creative Commons
Attribution  Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0) which

permits unrestricted non-commercial use, distribution, and reproduction in any medium,
provided the original work is properly cited.

-1

the image characteristics is relatively inferior mainly due to
the blur artifacts originated from incomplete data sampling for
a limited angular range and also aspects inherent to imaging
system such as finite focal spot of the x-ray source, detector
resolution, system noise, etc. Thus the recovery of x-ray im-
ages from their blurred and noisy version, collectively referred
to as image deblurring, has been extensively studied during
the past decades.

In this work, we considered a compressed-sensing (CS)-
based deconvolution method for image deblurring of high ac-
curacy in DTS. Here the CS is the state-of-the-art mathemat-
ical theory for solving the inverse problems, which exploits
the sparsity of the image with substantially high accuracy.”
We implemented the proposed deblurring algorithm and per-
formed a systematic simulation and experiment to demonstrate
its viability for improving the image characteristics. In the fol-
lowing sections, we briefly describe the implementation of the

proposed deblurring algorithm, the simulation and experimental
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setup, and we present the obtained results.

Materials and Methods
1. CS-based image deblurring scheme

Most of the previous image deblurring methods are based
on the standard image degradation modeling in which the ob-
served image, g(x,y), is formed by convolving the original (or
exact) image, f(x,y), by the shift-invariant point-spread function
(PSF) of the system, psfix,y), followed by adding white

Gaussian noise, n(x.y):

8. y)=flx,y) @ ®psflx,y) + n(x,y) 1)

where the operator ®® represents two-dimensional (2D)
convolution. Thus the degraded image can be restored by the
deconvolution method, provided that PSF is known.” The PSF
is the 2D image profile of a point object which describes the
amount of blurring by the imaging system. Numerous decon-
volution methods such as Wiener filtering, least-squares filter-
ing, wavelet-based algorithms, efc., have already been estab-
lished in the literature.”® However, as indicated in (1), one
critical difficulty in the deconvolution problem is associated
with the presence of noise in the blurred image, which results
in imperfect deconvolution.

In this work, as a highly accurate deconvolution method, we
employed a CS-based image deblurring scheme incorporated

with the total-variation (TV) regularization penalty. Here the

Flat-panel detector
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TV is the [“norm of the gradient image and is often used as
an effective regularization penalty in many image recovery
problems such as denoising, deblurring, and inpainting due to
its ability to preserve image edges.” In the CS-based deblur-
ring scheme, the original image f is recovered normally by
minimizing the following objective function, ¢(f), as the sol-
ution to a convex optimization problem, f*, described in (2),
assuming that the negligible components of the gradient image

are nearly zeros:

D (=4 I F®@ps/—g 13 +al 1 1y,

f*=arg min ¢ (f) )
fEQ

where 1/21 f®®psf—gll; is the fidelity term, I f1l ., is
the TV regularization penalty term, @ is the parameter that
balances the two terms and is chosen so that signal-to-noise
ratio is maximized (e.g., @ =0.04 was used in this work), and
Q is the set of feasible f The convex optimization problem
described in (2) can be solved approximately, but efficiently,
by using the accelerated gradient-projection-Barzilai-Borwein
(GPBB) method.”

Fig. 1 shows the schematic illustration of a typical DTS ge-
ometry in which an x-ray source and a flat-panel detector move
together in an arc around the pivot during the projection data
acquisition. Fig. 2 shows the simplified flowchart of the
CS-based deblurring scheme in DTS implemented in this study.

Briefly to describe, firstly, the projection images of an imaged

Projection data
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Fig. 1. Schematic illustration of a typical DTS geometry in which an x-ray source and a flat-panel detector move together in an arc

around the pivot during the projection data acquisition.
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Fig. 2. Simplified flowchart of the
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forming the common FBP-based
DTS reconstruction.
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object are acquired from the imaging system and then they are
assumed as the initial gauss f © before applying the CS-based
framework as the current updated images /. By using the £
and the psf measured separately, the objective function ¢ (f) is
computed to determine an optimal step size 4f ® for the next
updated images f ®D " The images f are successively updated
until the mismatch between the current and the next updated
images converges to a specified tolerance & before performing
the common filtered-backprojection (FBP)-based DTS reconst-
ruction. More detailed descriptions of the FBP-based DTS re-

construction can be found in our previous paper.”
2. Simulation and experimental setup

Based on the above descriptions, we implemented an effec-

Fig. 3. (a) 3D numerical phantom
of a pump casting used in the
simulation and (b) the table-top
setup that we established for the
experiment.

tive CS-based deblurring algorithm by using the Matlab™
(ver. 8.3) programming language and performed a systematic
simulation and experiment to investigate the image charac-
teristics. Fig. 3 shows (a) the 3D numerical phantom of a
pump casting used in the simulation and (b) the table-top set-
up that we established for the experiment. The table-top setup
mainly consists of an x-ray tube whose operating conditions
are 90 kV, and 6 mA, a CMOS-type flat-panel detector having
a 198- #m pixel resolution, and a sample holder. In the both
simulation and the experiment, 51 projection images were tak-
en with a tomographic angle range of ¢ =60° and an angle
step of 460 =1.2° and then deblurred by using the CS-based
deblurring algorithm before performing the common FBP-

based DTS reconstruction.
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Fig. 4 shows (a) the measured 1D line-spread function (LSF)
curve with a Gaussian fit (standard deviation o =0.358 mm),
and (b) the resultant 2D blur kernel having a filter size of
15x15. Here we used a slit camera (Pro-Project Corp., 05-101)
having a 10- #m width for measuring the 1D LSF. The same
blur kernel was used in the both simulation and the experiment.
The resultant DTS images were reconstructed with a voxel size
of 0.198 mmx0.198 mmx0.198 mm and voxel dimensions of
426x240x198 for the simulation and 532x1,064x582 for the
experiment. Although the implemented algorithm has not yet
been accelerated by the graphics processing unit (GPU), the to-
tal time for image deblurring and DTS reconstruction was less
than 20 minutes on a normal workstation. Detailed geometrical
and reconstruction parameters used in the simulation and experi-

ment are listed in Table 1.
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Results and Discussion

Fig. 5 shows (a) some examples of the blurred (leff) and the

Table 1. Geometrical and reconstruction parameters used in
the simulation and experiment.

Parameter Dimension
Source-to-pivot distance (SPD) 442.8 mm
Pivot-to-detector distance (PDD) 288.6 mm
Tomographic angle range (&) 60°
Angle step (40) 12°
Pixel size 0.198 mm
Voxel size 0.198 mm

Test object (dimension) Pump casting (426%240x198),
toy car (532x1,064x582)
CS-based

FBP-based

Deblurring algorithm
DTS algorithm

®

Intensity (normalized)

Fig. 4. (a) Measured 1D LSF curve with a Gaussian fit, and (b) the resultant 2D blur kernel having a filter size of 15%15. The same

blur kernel was used in the both simulation and the experiment.

Projection (blurred)

Fig. 5. (a) Some examples of the
blurred (left) and the deblurred
(right) projection images of the
pump casting and (b) their
enlarged images indicated by the
box A in (a). Only three projec-
tion images (ie., for = —30°, 0,
and +30°) out of the 51 are
indicated for simplicity).



deblurred (right) projection images of the pump casting, and
(b) their enlarged images indicated by the box A in (a). Only
three projection images (i.e., for #=—30° 0, and +30° out
of the 51 are indicated for simplicity. Note that the deblurred
projection images are quite visible, compared to the blurred im-
ages, which demonstrates the viability of the proposed scheme

for image deblurring in x-ray imaging. Fig. 6 shows some ex-
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amples of the reconstructed DTS images of the pump casting
from the front side (top) to the rear side (bottom) for no blur-
ring, blurring, and deblurring cases. Here only 4 slices out of
the 426 are indicated for simplicity. The phantom slice images
(the leftmost) are also indicated as the reference. Fig. 7 shows
the enlarged DTS images indicated by the box A in Fig. 6.
Also note that how the structures of the pump casting in the

Fig. 6. Some examples of the
reconstructed DTS images of the
pump casting from the front side
(top) to the rear side (bottom) for
no blurring, blurring, and deblur-
ring cases. Only 4 slices out of
the 426 are indicated for simpli-
city. The phantom slice images
(the leftmost) are also indicated as
the reference.

Fig. 7. The enlarged DTS images
indicated by the box A in Fig. 6
for no blurring, blurring, and
deblurring cases. The phantom
slice image (upper left) is also
indicated as the reference.
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Deblurred
(x = 306™)

deblurred DTS image is quite visible, demonstrating the via-
bility of the proposed scheme for image deblurring in DTS as
well. Fig. 8 shows an example of the reconstructed DTS im-
ages of the toy car (i.e., for x=306" slice) for (a) blurring and
(b) deblurring cases, which is similar to the simulation result.

One thing that should be addressed is that the cross-plane
resolution in DTS is usually inferior to that in CT due to its
limited-angle scan, which produces relatively worse tomo-
graphic features. The cross-plane resolution in tomography is
often described by the slice-sensitivity profile (SSP). Similar to
the in-plane resolution, the SSP describes the system response
to a Dirac delta function ¢ (x) in x (i.e., along the depth di-
rection of the imaging volume). In many cases, the SSP curve
itself is replaced by the full-width at half-maximum (FWHM).
In order to evaluate the SSP characteristic, we performed the
same DTS reconstruction by using a small thin-square (1x5x5)
phantom which is located at the mid-plane (i.e., x=51" slice)
of the imaging volume. Fig. 9 shows the measured SSP curves
along the x-axis from the reconstructed DTS images of the
small thin-square phantom. Here the intensity profile of the
phantom in x is also indicated as the reference. The measured
FWHM value for the deblurred DTS images was about 1.23
mm, about 1.4 times smaller than that for the blurred images,

indicating that the proposed deblurring scheme is also effective

Fig. 8. An example of the recon-
structed DTS images of the toy
car (ie, for x=306" slice) for (a)
blurring and (b) deblurring cases.

Slice sensitivity profile (normalized)

0 20 40 60 80 100
Position (voxels)

Fig. 9. The measured SSP curves along the x-axis from the
reconstructed DTS images of the small thin-square phantom.
Here the intensity profile of the phantom in x is also indicated
as the reference.

for improving the cross-plane resolution in DTS.
Consequently, according to our simulation and experimental

results, the CS-based deblurring scheme seems to be effective

for improving the image characteristics in DTS as well as in

X-ray imaging.
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