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Abstract—Digital Breast Tomosynthesis (DBT) presents
out-of-plane artifacts caused by features of high intensity.
Given observed data and knowledge about the point spread
function (PSF), deconvolution techniques recover data
from a blurred version. However, a correct PSF is difficult
to achieve and these methods amplify noise. When no
information is available about the PSF, blind deconvolution
can be used. Additionally, Total Variation (TV) minimization
algorithms have achieved great success due to its virtue of
preserving edges while reducing image noise. This work
presents a novel approach in DBT through the study of out-
of-plane artifacts using blind deconvolution and noise
regularization based on TV minimization. Gradient
information was also included. The methodology was
tested using real phantom data and one clinical data set.
The results were investigated using conventional 2D slice-
by-slice visualization and 3D volume rendering. For the 2D
analysis, the artifact spread function (ASF) and Full Width
at Half Maximum (FWHMMasr) of the ASF were considered.
The 3D quantitative analysis was based on the FWHM of
disks profiles at 90° noise and signal to noise ratio (SNR)
at 0° and 90°. A marked visual decrease of the artifact with
reductions of FWHMasr (2D) and FWHMoe (volume
rendering) of 23.8% and 23.6%, respectively, was observed.
Although there was an expected increase in noise level,
SNR values were preserved after deconvolution.
Regardless of the methodology and visualization approach,
the objective of reducing the out-of-plane artifact was
accomplished. Both for the phantom and clinical case, the
artifact reduction in the z was markedly visible.

Index Terms—aBlind deconvolution, breast
tomosynthesis, data visualization, inverse problems, total
variation minimization.

[. INTRODUCTION

DIGITAL Breast Tomosynthesis (DBT) has consolidated its
position as an imaging technique used for breast cancer
screening and diagnosis [1-5]. In DBT, a small number of low-
dose projections acquired within a limited angular range are
reconstructed to produce a three dimensional (3D) image of
breast tissue. In the reconstruction, this angular limit restricts
the spatial resolution in the direction perpendicular to the
detector plane (z-direction), resulting in out-of-plane artifacts
(blur in the z-direction). These artifacts are mostly produced by

structures of high density that result in features of high
attenuation and intensity (brighter) in DBT images. Examples
are calcifications, biopsy needles and localization wires. The
production of these artifacts could potentially obscure breast
lesions and would limit the usability of DBT in interventional
procedures. This is particularly important since DBT has a
crucial role in guided biopsies for lesions such as architectural
distortions (which can be occult in mammography and
ultrasound images) [6, 7].

Currently, DBT images are analyzed with a two dimensional
(2D) slice-by-slice visualization [8]. DBT presents, on average,
sixty 2D slices per exam, which results in time-consuming
analysis both in screening and daily clinical use [9-11]. Some
studies have shown promising results in an attempt to reduce
this time of analysis by highlighting some slices considered of
interest and thus decreasing the number of slices to be analyzed
[12, 13]. However, these approaches result in an increase in
false positives, requiring the radiologist to review multiple
adjacent slices, sometimes leading to a more time consuming
inspection [14]. Volume rendering is a 3D visualization
approach which can display data from any angle, resulting in an
immediate global inspection [15]. Therefore, DBT visualization
by volume rendering may represent a complementary option in
the analysis of DBT examinations [16] because it provides an
understanding of the underlying data at once. In 2D
visualization through xy planes along the z-direction, the out-
of-plane artifact makes the bright structures visible in the in-
focus plane and replicated with lesser intensity to the
underlying planes. In volume rendering this type of artifact
remains quite evident with a noticeable blur at 90°
(visualization perpendicular to detector plate).

As the out-of-plane artifact is a current drawback in DBT
imaging, there are several works addressing this topic. Most of
them are focused on addressing this problem by filtering the
projections [17-20], i.e. during reconstruction, with a few
focusing on post-processing [21-23]. However, even with some
of these techniques already implemented by the manufacturers
[24], the artifact remains quite visible, with the characterization
of calcifications and their morphology greatly affected by it
[25].

The general imaging process can be denoted by the
expression:
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f=h®u+n (1)
where f and u are the output (blurred) and the ideal data,
respectively, & represents the degradation function and 7 is the
noise model. In the spatial domain, / is referred to as the point
spread function (PSF), which is responsible for blurring u.
Deconvolution is an inverse filtering process in which the
effects of convolution by a PSF (blurring) should be inverted
[26]. Given fand some knowledge about 4 (PSF) and n, the goal
of deconvolution methods is to obtain an estimate of the
original data, u [27] using fast-Fourier transform algorithms
[28].

One of the most difficult problems in image restoration is
obtaining an adequate estimate of the PSF to use in
deconvolution algorithms. The availability of suitable imaging
equipment and phantoms which allow the correct determination
of the PSF is limited [27]. When no information is available
about the PSF, blind deconvolution can be used. The goal of
blind deconvolution is to recover u and the PSF from f[28]. On
the other hand, recovering the original data by inverse filtering
involves noise amplification and DBT data are already noisy by
nature due to the acquisition of low dose projections. Reducing
noise without blurring or decreasing details and edge definition
is a challenge in image processing. Total variation (TV) based
minimization algorithms have achieved great success due to
their ability to preserving edges while reducing image noise.
TV is a quantity that characterizes how smoothly the intensity
of an image is changing and it increases significantly in the
presence of noise. Studies applying TV minimization to DBT
data have grown significantly [29-35].

In this paper, a methodology to study the application of blind
deconvolution to DBT data is proposed. Four different
approaches to blind deconvolution are presented. Using the
method described in Refs. [36] and [37] and noise
regularization based on minimization of TV [33], a first
estimate for the PSF is obtained. In addition, since the out-of-
plane artifact is caused by features of high attenuation,
representing sudden intensity variations, information about
gradient magnitude is also taken into account during the
deconvolution. The results are analyzed using real phantom
data under 2D slice-by-slice visualization and 3D volume
rendering with a compositing technique. The proposed
methodology is also tested with one clinical DBT data set with
a large calcification. To the best of our knowledge, this is the
first study of out-of-plane artifact reduction through this type of
deconvolution and noise regularization in DBT data.

Il. MATERIALS AND METHODS

A. Acquisition, reconstruction and visualization

To simulate high-density regions, a phantom built in our
institution was used. A scheme and an image of the phantom
are shown in Fig. 1. The phantom contains two columns of
aluminum disks embedded in an acrylic background (Fig. 1
(b)). Considering the vertical direction, the aluminum disks
were inserted in the central plaque of the phantom (dark gray in
Fig. 1 (a)). The disks have different diameters and 1 mm
thickness. For this study, the first column schematically
represented in Fig. 1 (b) was considered (disks with diameters

of 5.0 mm, 3.0 mm, 1.0 mm, 0.5 mm, 2.0 mm and 4.0 mm, from
top to bottom).
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Fig. 1. (a) Scheme of the acrylic phantom used. (b) Image of the
phantom simulating breast tissue and lesions of high attenuation
(aluminum disks of different diameters and 1 mm thickness). (b) Scheme
of the disks in the first column (top to bottom): 5.0 mm, 3.0 mm, 1.0 mm,
0.5 mm, 2.0 mm and 4.0 mm, respectively.

Additionally, one clinical DBT data set with a large
calcification of an anonymous patient was selected from a
clinical facility database (Hospital da Luz S.A., Lisbon,
Portugal). Both phantom and clinical data set were acquired
with a Siemens MAMMOMAT Inspiration system (Siemens
AG, Healthcare Sector, Erlangen, Germany). The
reconstructions have voxel sizes of 0.085 x 0.085 x 1 mm® and
were obtained with the manufacturer algorithm which uses
Filtered Back Projection with some post-processing to reduce
artifacts and image blurring [38].

The 3D visualization software was developed in C ++ using
the Visualization Toolkit library (VTK) version 7.1.0 [39, 40].
The methodologies in study were analyzed with 3D volume
rendering visualization using ray casting and compositing.
Different rendering parameters yield different images. In this
way, the parameters were fixed for all situations so that a correct
comparison could be made.

B. PSF estimation in z-direction

The phantom was reconstructed in the xy plane and z-depth.
As the out-of-plane artifact is present in the z-direction, its
study was performed considering a PSF in the xz plane. By
combining the methods described in Refs. [36] and [37], one xz
plane containing the entire 0.5 mm disk distribution was
chosen. In that plane, a region of interest (ROI) containing the
0.5 mm disk and some background (BG) was extracted. To
reduce the noise variation, a TV minimization filter was applied
to this region [33]. In order to achieve the minimum value of
TV, several values of Lagrange parameter were applied to the
longitudinal direction. From this fine analysis, Lagrange
parameter = 156 has shown to be the one that allows the
maximum reduction of TV and, for this reason, it was the
chosen value for the application of the filter in this direction. In
addition, the mean intensity of two BG ROIs was calculated and
subtracted from that region. This region was thus considered as
the first estimation of the PSF in z-direction.

C. Blind deconvolution

With blind deconvolution, an approximation of the true data
u (deblurred) and the PSF can be recovered using observed data
f (blurred) and an initial estimation of the PSF. As described in
Fig. 2, four approaches using blind deconvolution were studied



Pseudocode of the four iterative blind deconvolution algorithms

1: Open original data (xy plane, z depth) and rotate to xz plane, y depth: Observed Data (xz)
2:  Compute initial PSF estimate from the 0.5 mm disk: PSF

3: Compute gradient magnitude mask: G,

If (Method 1)

4:  Compute deblurred data with deconvblind over 10 iterations giving as input:

Observed Data (xz), PSF

Elseif (Method 2)

5:  Compute PSF estimate after 20 iterations (PSF,,gp.q) With deconvblind giving as input:

Observed Data (xz), PSF

6: Compute deblurred data with deconvblindg over 10 iterations giving as input:

Observed Data (xz), PSF_ 5.4

Elseif (Method 3)

7:  Compute deblurred data with deconvblind over 10 iterations giving as input:

Observed Data (xz), PSF, G,...

Elseif (Method 4)

8: Compute PSF estimate after 20 iterations (PSF,,gpedemas) With deconvblind giving as input:

Observed Data (xz), PSF, G,

9:  Compute deblurred data with deconvblind over 10 iterations giving as input:

Observed Data (xz), PSF_5.cd0mas

End

Fig. 2. Pseudocode of the four methods implemented in order to study the application of blind deconvolution in the reduction of out-of-plane

artifacts in DBT data.

in this work.

Method 1 is the simplest one. An initial estimation of the
PSF, obtained as described in section I1.B., and rotated data (so
that the deconvolution occurs in xz planes) were given as input
to blind deconvolution. After a certain number of iterations, the
deblurred data were obtained. The second method is similar to
the first one, except that prior to data deblurring, the
deconvolution algorithm ran for 20 iterations and the resulting
PSF at the end of these iterations was given as input, together
with the blurred data, for the deconvolution of the data itself.
The choice of using a PSF after 20 iterations has relied
on empirical studies made during the experiment.

Methods 3 and 4 are identical to methods 1 and 2,
respectively, with the exception that as input, in addition to the
PSF estimation and blurred data, a mask corresponding to the
gradient magnitude of the same data was also considered. The
gradient magnitude allows to detect sudden transitions of
intensity corresponding to the high attenuation features which
originate the artifacts. The use of this mask determines how
much the voxel at the corresponding position in the input data
is considered. In this way, these sudden changes were intended
to have zero weight so that their influence on the deconvolution
was minimal and to reduce the contrast-related image artifacts.
After the gradient calculation, its complement was obtained and
a binarization was carried out, where values of zero correspond
to that transitions.

Using observed data as the reference, structural similarity
index (SSIM) values calculated for deblurred data at the end of
each iteration were considered for stopping the iterative
process. In order to preserve the fidelity of the results down to
the smallest structure, SSIM was calculated over an area
including the smallest disk (0.5 mm), considering all slices. The
deconvolution algorithms were stopped when the SSIM
dropped below 0.7.

The algorithms were implemented based on the MATLAB
R2016b function deconvblind [41] and an Intel® Core ™ i5-

5200U CPU (2.20 GHz) @ 8 GB of memory computer was
used.

D. Data analysis

The artifact in the z-direction was quantitatively analyzed
through standard 2D slice-by-slice visualization and also
through 3D volume rendering. For the 2D analysis, the artifact
spread function (ASF) in the z-direction was calculated for each
disk as in (2) in order to verify the consistency of the results at
contrast and noise level.

Hp(20) — 56 ()
056(2p)

ASF (Z) — Hp (Z) — Hic (Z)

2)
056 (2)

In (2), zo is the slice location of the in-focus plane of the disk
and z an off-focus plane. pp and pgg stand for mean pixel values
in the ROI over the disk and BG, respectively, ogg stands for
standard deviation in BG ROI. The values of ugg and osg were
obtained using two circular ROIs arranged on either side of the
disk. The ASF curve is related with the extent of the artifact,
namely its width. In this way, the full width at half maximum
(FWHM ssr) of a Gaussian curve fitted to the ASF of each disk,
for each method, was calculated. To evaluate the accuracy
between ASF points and the Gaussian curve, the coefficient of
determination (R?) was obtained for each fitting.

In volume rendering, when changing a camera's azimuth, its
position rotates around the focal point. The result is a horizontal
rotation (to the left or right) of the camera keeping the distance
to the focal point constant [40]. In this case, two different angles
were used to visualize the DBT data: 0°, which corresponds to
the visualization parallel to the detector (i.e. projection is made
on the xy planes along z); and 90°, which is the visualization
perpendicular to the detector plate (i.e. projection is made on
the xz planes along y). For the 3D quantitative evaluation using
volume rendering, three figures of merit were obtained for each
disk: FWHM (at 90°), noise (at 0° and 90°) and signal to noise



ratio (SNR) (at 0° and 90°). The profile of each disk at 90° was
obtained and the FWHMy¢ of a Gaussian curve fitted to each
profile was considered as an indicator of the spreading size of
the artifact. In this case, the R? values was also obtained for each
fitting. Noise was calculated as in (3) and, in order to study the
relation between signal strength and BG noise, SNR was
calculated using (4).

Noise = 8¢ 3)
Ogc
SNR = -#o_ )
Ogg

For qualitative analysis, displays of the phantom and one
clinical case obtained with volume rendering visualization at 0°
and 90° are presented.

The SSIM for deblurred data using observed data as reference
remained above 0.7 until iteration number four (Fig. 3). The
SSIM values obtained for this iteration were 0.75, 0.71, 0.81
and 0.79 for method 1, 2, 3 and 4, respectively. In this way, the
stop iteration was the fourth, achieved approximately after 3.7
minutes for the four methods.

RESULTS

disks.
The FWHMAasr values estimated for each disk are given in
Fig. 4 and the R? values ranged between 0.96 and 1.0, revealing
good adjustments. The variation, in percentage, between
FWHMagsr values of blurred and deblurred data with each
method, are given in Table 1. The last row of Table 1
represents the average variation (in this case, reduction) of
FWHMsr achieved with each method, considering the results
in each disk.
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Fig. 4. FWHMasr values of a Gaussian curve fitted to the ASF of each

disk (0.5 mm, 1.0 mm, 2.0 mm, 3.0 mm, 4.0 mm and 5.0 mm), for each
method and original data.
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Fig. 3. SSIM values obtained for deblurred data with each iterative
blind deconvolution method, as a function of iteration number.
A. 2D analysis
The obtained ASF for deblurred data with each method and
original data are presented from Fig. 5 (a) to Fig. 5 (f), for the six
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Fig. 5. ASF curves obtained for each deconvolution method for the 0.5 mm (a), 1.0 mm (b), 2.0 mm (c), 3.0 mm (d), 4.0 mm (e) and 5.0 mm (f)

disk.



B. 3D analysis

The FWHMy- values obtained for the profile of each disk at
90° are presented in Fig. 6. Gaussian curve fittings for each
profile showed R? values above 0.91.
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Fig. 6. FWHMge values of a Gaussian curve fitted to the profile of each
disk at 90° (0.5 mm, 1.0 mm, 2.0 mm, 3.0 mm, 4.0 mm and 5.0 mm), for
each method and original data.

As for the FWHMqsr values, the percentage of variation
between FWHMyg values of blurred and deblurred data with
each method, are shown in Table 2.

TABLE 2

VARIATION, IN PERCENTAGE, BETWEEN THE FWHMgo. VALUES ACHIEVED
FOR THE ORIGINAL DATA AND AFTER DECONVOLUTION WITH EACH METHOD.

TAKING INTO ACCOUNT THE DIFFERENT DISKS, THE AVERAGE OF THE

OBTAINED VARIATIONS WITH EACH METHOD IS PRESENTED IN THE LAST

ROW.
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Disk (mm) Method1 Method2 Method3 Method 4
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3.0 -21.5 -27.1 -16.1 -31.1
4.0 -19.7 -25.1 -8.4 -27.6
5.0 -30.9 -35.1 -15.6 -33.0
mean -15.2 -21.9 -13.7 -23.6
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Results of noise and SNR at 0° and 90° obtained in the
phantom original and deblurred images for each disk are
presented in Fig. 7 and Fig. 8, respectively. For a qualitative
inspection, volume rendering images of the phantom at 0° and
90° are presented in

Fig. 9 and

Fig. 10, respectively.

To evaluate the consistency of the proposed methodology,
method 4 was applied to one clinical data set and it was stopped
at iteration number four. For clinical data, the method 4 took
approximately 2 minutes to complete the four iterations. 2D
displays of composite volume rendering obtained at 0° and 90°
are shown in Fig. 11.

IV. DiISCUSSION

Four methods wusing TV minimization and blind
deconvolution to reduce out-of-plane artifacts in DBT imaging
have been presented. The artifact in the z-direction was
quantitatively analyzed through standard 2D slice-by-slice
visualization and with 3D volume rendering. The 2D evaluation
was focused on the ASF curves of each disk and respective
FWHMagsr. The 3D analysis was done using the FWHM of
disks profiles at 90° (FWHMoo-), noise and SNR at 0° and 90°.
2D displays of volume rendering at 0° and 90° were considered
for visual inspection.

In phantom data we observed that, regardless of the
methodology and visualization approach, the objective of
reducing the out-of-plane artifact was accomplished for all disk
sizes (Table 1 and Table 2). In 2D, ASF was narrowed by all
methods, for all disks, near the in-focus slice (slice number 30).
Although all disks have a thickness of 1 mm (in z), it was clear
that their diameter (in xy) affects the size of the artifact. For
example, if we compare ASF of 1.0 mm disk (Fig. 5 (b)) with
ASF of 5.0 mm disk (Fig. 5 (f)), it is clearly evident that for the
larger diameter in Xy, the artifact in the z-direction is larger.
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Fig. 8. SNR at 0° (a) and 90° (b) obtained for phantom original and deblurred data with each method plotted as a function of disk diameter.
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Fig. 9. 2D displays of composite volume rendering visualization obtained
at 0° for blurred (a) and deblurred data with method 1 (b), method 2 (c),
method 3 (d) and method 4 (e).

Fig. 10. 2D displays of composite volume rendering visualization
obtained at 90° for blurred (a) and deblurred data with method 1 (b),
method 2 (c), method 3 (d) and method 4 (e).

A L g
Fig. 11. 2D displays of composite volume rendering visualization
obtained at 0 and 90 degrees (a and b, respectively) for blurred (al and
b1) and deblurred data with method 4 (a2 and b2).

These results were confirmed by FWHMasr values in Fig. 4.
The 5.0 mm disk presented the highest values of FWHM ask for
all cases (original data and deblurred data) and the 0.5 mm disk
the lowest FWHMase values. Method 4 yielded the lowest
FWHMasr values for all disks, resulting in the method that, on
average, achieves a larger reduction on the ASF width: 23.8%
(Table 1). With method 1 and 3, average reductions in
FWHMagsr of 14.0% and 17.7% were obtained, respectively,
whereas method 2 achieved 21.3%. The R? values obtained

after fitting a Gaussian curve to the ASF points were higher than
0.95, supporting the validity of the approximations. In this way,
the FWHMasr values were considered as an estimate of the
ASF curve width.

With volume rendering visualization, realistic computer-
generated images of a 3D scene are obtained, yielding a true
depth perception available through angular rotation. In this
particular study, since the out-of-plane artifact propagates
through multiple slices, we were interested in what happens in
the z-direction. For that reason, a rotation of 90° was done and
some quantitative analysis was performed on these rendered
images. Through Fig. 4 and Fig. 6 we can see that the results
from both visualizations followed the same pattern. Disks with
largest dimensions at 0° (xy planes) have a higher FWHM value
at 90° and also a higher deblurring after deconvolution methods.
In Table 2, the 5.0 mm disk presented reductions in the
spreading size of the artifact in the order of 30%, whereas 1.0
mm disk was at 20%. The mean values of the variations in Table
1 (last row) are comparable to those in Table 2. Taking all disks
into account, the mean reductions of FWHMoyy values in
volume rendering were 15.2%, 21.9%, 13.7% and 23.6% for
method 1, 2, 3 and 4, respectively. The R? values obtained after
fitting a Gaussian curve to the volume rendering profiles at 90°
were higher than 0.90, showing once again a good adjustment.
Additionally, at 90° (Fig. 10), there was a noticeable disk blur
reduction in all deblurred images. This is in line with the
numerical reduction of FWHMasr and FWHMg- values. It is
important to notice that, neither in the ASF nor in rendered
images, were observed ringing artifacts often resultant from this
type of deconvolution due to the limited bandwidth of the
system. However, for the smaller disk, some overshoot values
were observed in the ASF of methods 3 and 4 (although there
are no negative effects in the quality of the images resulting
from these methods). This can be explained by the location of
the ROIs and by the fact that the ROI covering the 0.5 mm disk
is the smallest one (being more sensitive to small variations).
Additionally, PSF-based methods are known to cause edge
artifacts which appear as an overshoot at the sharp transitions
of the intensity of the phantom. To address this issue, an
improvement in the PSF estimation should be considered.

Deconvolution methods introduced noise at 0° and 90° (Fig.
7). The noise for each disk was measured considering a BG
region surrounding the disk. In this way, the differences
observed are essentially due to the spatial dependence of noise
on DBT and not to the disk in question. Despite increasing it,
deconvolution methods homogenized data noise level, with
smaller differences obtained in the different spatial regions.
These results are perceptible in Fig. 9 and Fig. 10. In original
rendered images (Fig. 9 (a) and Fig. 10 (a)), it is visible that top
and bottom phantom regions, which coincide with larger disks
(5.0 mm and 4.0 mm, respectively), present a greater noise level
than the center region (near the 0.5 mm disk). In phantom
rendered images resultant from deconvolution methods (Fig. 9
(b)-(e) and Fig. 10 (b)-(e)), this difference between top/bottom
regions and the center is not noticeable. On the other hand, SNR
values of each disk at 0° were very close in the original and
deblurred images (Fig. 8 (a)). This means that although there
has been an increase in noise level, the increase in signal
strength on each disk has allowed a balance. SNR was



preserved and the visualization of each disk was not affected.
At 90° (Fig. 8 (b)), a decrease in SNR values for the smaller
disks (0.5 mm and 1.0 mm) was observed for all methods
whereas, for the remaining disks, SNR values increased after
deconvolution. By comparing the original (Fig. 10 (a)) and
deblurred phantom images (Fig. 10 (b)-(e)), this decrease in
SNR is expressed with a loss of contrast in smaller disks, in
particular with methods 3 and 4. However, the diameter of the
disks and their shapes after deconvolution remain intact,
preserving the structural information correctly. In any case, this
fact should be carefully analyzed in the future.

From numerical results of Table 1 and Table 2, we observed
that giving as input a PSF which was already estimated after 20
iterations improves the results (method 2 and 4). This happens
because the initial estimate of PSF (after 20 iterations) is closer
to the true PSF, improving the deconvolution algorithm results
for the same number of iterations. The difference between
method 2 and 4 was the introduction of the gradient magnitude
mask. Due to the high intensity of the disks, the deconvolution
process can result in noise and blurring, essentially on smaller
disks (such as 0.5 mm disk), because those are more susceptible
to minor fluctuations. Results obtained with method 2 were an
example of that. Considering Table 2, method 2 presented an
equal or superior performance than method 4 on the largest
disks (for example, 5.0 mm and 2.0 mm), whereas on a smaller
disk (0.5 mm) the FWHMy even increased compared to the
original data. The methods which used the information of the
gradient magnitude mask, excluding the voxels around the disks
during the restoration (assigning zero weight to them) were able
to preserve this information, without blurring it. This resulted
in improvements of 7.4% (method 3) and 8.0% (method 4) in
the deblurring of the smaller disk.

The method which achieved the maximum mean reduction
of FWHMasr and FWHMoyp (method 4) was applied to the
clinical data. The stop iteration according to the criterion of
SSIM > 0.7 was the fifth. However, to keep the comparison with
phantom data reliable, the clinical images presented were
obtained in iteration number four (SSIM = 0.87). The results
obtained with the clinical data (Fig. 11) were in accordance with
the phantom results. There was a visible reduction of the big
calcification blur at 90°, with an increase of noise level at 0°.
The preliminary clinical data results here presented are intended
to consolidate the results obtained with the phantom. Additional
studies with volume rendering should be considered in the
future. For example, the size of the calcification should be
known in order to perform a quantitative study and thus to draw
conclusions in this regard.

Although beam hardening artifact is extremely rare in DBT
[42], it was observed in the images of the phantom at 0° (Fig.
9), namely in the larger disks. This effect is present in the
original image and remains evident in the images after
deconvolution. In this way, it was not introduced by blind
deconvolution itself. The phantom disks under study have a
much higher density than the acrylic background, producing a
very abrupt transition, thus resulting in this effect on the
images. However, the images that radiologists analyze on daily
basis are clinical images, similar to those in Fig. 11, where this
artifact was not observed, neither in the original data nor after
the application of the blind deconvolution method.

For future work, we plan to improve the PSF estimation and

test other deconvolution approaches, such as Wiener and Lucy-
Richardson. Deconvolution should also be optimized for the
noise level in data (not only at the moment of PSF estimation).
In addition, as the presented methods may produce different
gains and results with other scanners (with different angular
range and number of projections), the study should be extended
to different acquisition scenarios.

V. CONCLUSION

In DBT data acquisition there are two major aspects that
greatly influence the reconstructed images: the low dose
projections and the angular limit. These factors produce noisy
images and out-of-plane artifacts where high intensity
structures lay in the in-focus plane but also spread along other
planes (which may lead to a significant decrease in DBT image
quality in the areas surrounding a lesion of interest). As the out-
of-plane artifact is a current drawback in DBT imaging, four
methods based on TV regularization and blind deconvolution
have been studied. The obtained results were analyzed through
standard 2D slice-by-slice visualization and through 3D volume
rendering.

The methodologies were tested with phantom and clinical
DBT data. Both quantitative and qualitative analysis performed
showed the relevance of this approach in improving the image
quality in DBT by reducing the out-of-plane artifact without
introducing other artifacts, typical of the deconvolution in noisy
data. This methodology can be very useful for future tools in
DBT, such as computer assisted diagnosis and DBT- guided
needle biopsies.

This study presents the particularity of visual analysis being
performed through a truly 3D visualization (volume rendering).
In this way, it is possible to get a sense of the impact of these
algorithms on the data in a direct way, by visualizing the DBT
data at once from several angles (in this case, from 0° and 90°).
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