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Abstract

Dose reduction techniques have been studied in medical imaging. We propose shut-
ter scan acquisition for region of interest (ROI) imaging to reduce the patient expo-
sure dose received from a digital tomosynthesis system. A prototype chest digital
tomosynthesis (CDT) system (LISTEM, Wonju, Korea) and the LUNGMAN phantom
(Kyoto Kagaku, Japan) with lung nodules 8, 10, and 12 mm in size were used for
this study. A total of 41 projections with shutter scan acquisition consisted of 21
truncated projections and 20 non-truncated projections. For comparison, 41 projec-
tions using conventional full view scan acquisition were also acquired. Truncated
projections obtained by shutter scan acquisition were corrected by proposed image
processing procedure to remove the truncation artifacts. The image quality was
evaluated using the contrast to noise ratio (CNR), coefficient of variation (COV), and
figure of merit (FOM). We measured the dose area product (DAP) value to verify
the dose reduction using shutter scan acquisition. The ROI of the reconstructed
image from shutter scan acquisition showed enhanced contrast. The results showed
that CNR values of 8 and 12 mm lung nodules increased by 6.38% and 21.21%,
respectively, and the CNR value of 10 mm lung nodule decreased by 3.63%. COV
values of the lung nodules were lower in a shutter scan image than in a full view
scan image. FOM values of 8, 10, and 12 mm lung nodules increased by 3.06, 2.25,
and 2.33 times, respectively. This study compared the proposed shutter scan and
conventional full view scan acquisition. In conclusion, using a shutter scan acquisi-
tion method resulted in enhanced contrast images within the ROl and higher FOM
values. The patient exposure dose of the proposed shutter scan acquisition method
can be reduced by limiting the field of view (FOV) to focus on the ROL.
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1 | INTRODUCTION

Dose reduction techniques have been of great interest in medical
applications, and the digital tomosynthesis system has been studied to
reduce the exposure dose. Gennaro et al. (2010) reported a compar-
ison of the clinical performance of digital breast tomosynthesis (DBT)
and digital mammography. This paper shows how DBT can be applied
to actual clinical practice and has an expected effect in medical diag-
nostic image. Choi et al. (2017) reported the development of a proto-
type chest digital tomosynthesis (CDT) R/F system for the diagnosis
of pulmonary nodules.? These results demonstrate the clinical applica-
bility of CDT and introduce low dose reconstitution method for clini-
cal application. These studies emphasize the need for research how to
reduce the dose of the patient for clinical application of digital
tomosynthesis system. Diagnostically important information is often
concentrated in a region of interest (ROI) within a reconstructed
three-dimensional (3D) image. Hence, ROI reconstruction techniques
are considered reasonable dose reduction methods.

ROI reconstruction techniques have been studied mainly for com-
puted tomography (CT) applications. Among them, Zhang et al. (2009)
reported the study of ROI reconstruction using a two-step filtering-
based iterative image reconstruction algorithm.® This paper suggests
that ROI reconstruction can be a useful method for clinical diagnosis. If
the ROI reconstruction method is applied to a digital tomosynthesis
system, a larger dose reduction effect can be expected. Recently, stud-
ies of ROI reconstruction have been studied for digital tomosynthesis
system. Park et al. (2017) reported the ROI reconstruction method for
digital tomosynthesis system by using scout view information to
improve ROI reconstructed images.* According to following these
studies, limiting the field of view (FOV) can improve internal image
quality of ROI and reduce the patient exposure, so the ROl reconstruc-
tion can have the possibility of clinical application.

Projections obtained using ROI imaging are truncated images.
A reconstructed image with truncated projections has truncation
artifacts, which degrade the quality of the reconstructed image.
Thus, the accuracy of the ROI reconstruction method by the con-
ventional algorithm may be insufficient, especially for clinical diag-
nosis.> 1! Several studies have examined artifact reduction in
images reconstructed from truncated projections.'>2° Ruchala
et al. (2002) reported an algorithm to reduce truncation artifacts

caused by the limited field of view using a priori information.?!

Dennerlein et al. (2013) suggested the approximate truncation
robust computed tomography (ATRACT) filter method to reduce
truncation artifacts in reconstructed images and improve the accu-
racy of the image.??

However, most studies do not focus on improvements in the
image quality of the overall anatomy, particularly outside the ROI.
We propose a shutter scan acquisition method based on ROI imag-
ing using a digital tomosynthesis system. The projections obtained
by the shutter scan acquisition method consist of both non-trun-
cated and truncated projections, so information outside the ROI can
be obtained. The application of shutter scan acquisition for clinical
practice is rarely studied. Therefore, this study is expected to be a
feasibility study showing the clinical feasibility of ROl based imaging
technology that can reconstruct the outside the ROI information
applied to digital tomosynthesis system.

In this study, the shutter scan acquisition method for advanced
ROI imaging was proposed to reduce the patient exposure dose
received from a digital tomosynthesis system. The reconstructed
image from shutter scan acquisition was corrected using the pro-
posed image processing to remove the truncation artifacts. We
applied shutter scan acquisition to a digital tomosynthesis system
and evaluated the quality of the reconstructed image. The purpose
of this study was to investigate the feasibility of proposed shutter
scan acquisition for a digital tomosynthesis system.

2 | MATERIALS AND METHODS

2.A | Experimental set-up

We used a prototype chest digital tomosynthesis (CDT) R/F system
(LISTEM, Wonju, Korea).The source-to-detector distance (SDD) and
the source-to-object distance (SOD) were 1100 mm and 1000 mm,
respectively. The X ray tube moved linearly at a speed of 160 mm/s.
The phantom used in this study was a multipurpose chest phantom
(LUNGMAN, Kagaku, Japan) with a normal anatomical structure of
the human chest and lung nodules of 8, 10, and 12 mm. A pho-
tograph of the prototype CDT system and a LUNGMAN phantom
with a lung nodule are shown in Fig. 1. Table 1 lists the major acqui-
sition parameters of the prototype CDT system.

A total of 41 projections were obtained using the shutter scan
acquisition method; they consisted of 21 truncated projections and

Fic. 1. (a) Prototype chest digital
tomosynthesis system, (b) lung nodule and
LUNGMAN phantom.
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TasLe 1 Specifications of the prototype chest digital
tomosynthesis system.

1000-1500 mm
100 mm

Source to detector distance
Isocenter to detector distance
Detector information

1440 x 1440 (43 x 43 cm?)
0.296 mm

14 bit with ADC (Analog-to
digital converters)

40-120 kVp (voltage range)

10-500 mA (current range)

10 ms (exposure duration)

Pixel array
Pixel pitch

Dynamic range

X ray tube

Number of projections 41 projections (40°)

(angular range)
Reconstruction method 1. Reconstruction method —'FBP
(Filtered back projection)’

2. Filter ~'Ramp-lak’

20 non-truncated projections over a 40° angular range. The illustra-
tion of the shutter scan acquisition is presented in Fig. 2. For com-
parison, we also obtained projections of the conventional full view

scan, which consisted of 41 non-truncated projections.

2.B | Image processing

The proposed shutter scan acquisition method contained truncated
projections. The truncated portion of the projections caused a trun-

cation artifact in the reconstructed image. An image processing

WiILEY-*®

procedure is required for the shutter scan acquisition method. We
corrected the truncated projections using proposed image processing
procedure as illustrated in Figs. 3 and 4. Two-dimensional (2D)
Laplace operator in eq. (1) detected the edge caused by the trunca-
tion. To remove the edge, the pixel values of the detected edges
were linearly interpolated using the pixel values around the edge.
After removing the edges, we performed inverse Laplace transform
on the image.

The 2D Laplace operator can be expressed as follows (1):

2 2
g (M u,v) = (W + m) g1(2,u,v) (1)

where g; (A, u,v) is the projection at location (A,u,v) and gp(X,u,v)
is the projection after applying the Laplace operator. Three-point
second derivatives along u and v were used for discretization of the
Laplace operation. The image-processed projections were used to
obtain the reconstructed images by applying the FBP algorithm.
After removing the truncated portion, we reduced the truncation
artifact in the reconstructed images as shown in Fig. 5.

2.C | Image reconstruction process

A small number of projections are used to obtain reconstructed
image from a limited angle of a digital tomosynthesis system. Exist-
ing reconstruction algorithms in digital tomosynthesis system can be
divided into three categories: back projection (BP), filtered back pro-

jection (FBP), and iterative reconstruction algorithm.2® In this study,

(a) Truncated projection

ofelelelelele

Fic. 2. |lllustration of shutter scan
acquisition in a digital tomosynthesis
system: (a) schematic diagram of shutter
scan acquisition, (b) projections obtained

using shutter scan acquisition. [

Fic. 3.
removing the edge, (d) after inverse Laplace operator.

Projection images with step-by-step image processing: (a) truncated projection image, (

~ - - fNon-truncated projection

(b)

Truncated projection Non-truncated projection

* Phantom

[N

b) after the Laplace operator, (c) after
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Fic. 4. Line profiles of projection images during image processing: (a) truncated projection image, (b) after application of the Laplace
operator, (c) after removing the edge, (d) after inverse Laplace operator.

Fic. 5. Reconstructed images using
shutter scan acquisition in a digital
tomosynthesis system: (a) before image
R processing, (b) after image processing.

we used FBP algorithm because it is a commonly used reconstruc- pre-processing on subset of non-truncated projections and subset of
tion algorithm in clinical practice and takes least computation time. truncated projections respectively, we performed FBP reconstruction.
Projections obtained through shutter scan acquisition consist of A flowchart for the overall reconstruction process is shown in Fig. 6.

non-truncated projections and truncated projections. After applying Subset of non-truncated projections was simply back projected after
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FiGc. 6.

applying a ramp-lak filter. Subset of truncated projections was pro-
cessed by proposed image processing using Laplace operator and
inverse Laplace transform, then ramp-lak filter was applied. A detailed
description of image processing is presented in session B above. Fil-
tered truncated projection with the image processing yields a different
scaling on projection intensity values compared with filtered non-trun-
cated projection. So we performed scaling correction based on pre-
computed linear regression model. Finally, back projection was per-
formed after proposed scaling correction.

Scaling correction was performed by the following eq. (2):

Pv/(truncated) py/(truncated) __ M(truncated)

(non—truncated) (non—truncated)
o (truncated) © +u

2

where py/(tncated) anq pytruncated) genote the corrected truncated
projection and uncorrected truncated projection, p(fruncated) and
oltruncated) denote the mean and the standard deviation of a region of
interest in truncated projection. p(non-truncated) gnd  (non-truncated)
denote the mean and the standard deviation of a region of interest

in non-truncated projection which is nearby pV/(fruncated)

2.D | Data analysis

The reconstructed image had a volume of 1000 x 1000 x 50 voxels.
We set the ROIs and background on the 37th slice. In this study,
image quality was investigated using the contrast-to-noise ratio
(CNR), coefficient of variation (COV), and figure of merit (FOM) value.
First, the CNR values of the lung nodules were calculated to compare
the shutter scan with the full view scan. Three lung nodule regions
were included in the ROI, and the nearest section was placed in the
background to obtain the CNR values. This factor is a useful physical

parameter to evaluate the image quality and was calculated by eq. (3):
ROIorgan - ROlbackground

2 2
% X (SDorgan + SDbav:kground)

CNR = (3)

where ROlgrgan and ROlpackground are the mean values, and SDgrgan
andSDpackground are the standard deviations of the object and back-

ground regions, respectively.

=' b - N
i Subset of non- - P i
i truncated : Ramp-lak filtering =
projections : L )i o i
; P o Backprojection ;
: P - N process
Subsct of : Image processing by using Ramp-lak filtering and scaling i !
! truncated — Laplace operator and ; et ;
H . Lo correction b |
: projections P Inverse Laplace operator JRE \ 5
| P F |

Flowchart of image reconstruction algorithm process in shutter scan acquisition.

Second, the COV, which represents the image noise property,
was defined as the ratio of the standard deviation to the mean as
described by eq. (4):

SDorgam

COV =_——~—
ROIorgan

x 100 4)

To compare the differences between the two acquisition meth-
ods, both the CNR and COV values were normalized.

Third, the total dose area product (DAP) values were measured
and compared. This was to assess how much the patient’s area dose
could be reduced using shutter scan acquisition. We measured the
DAP values using a DAP meter (Fig. 7) (VacuTec Meftechnik GmbH,
Dresden, Germany).

In addition, the FOM values of the three lung nodules were cal-
culated to quantitatively evaluate the image quality relative to the
dose. The total effective dose was used as the dose value to calcu-
late the FOM. We estimated the effective patient dose in the digital
tomosynthesis system using PCXMC 2.0 software (STUK, Helsinki,
Finland), which can simulate the effective dose based on a Monte
Carlo simulation with publication 103 of the ICRP.242¢

Fic. 7. VacuDAP meter (VacuTec MeRtechnik GmbH, Dresden,
Germany).
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8 m'm 12 mm

lung nodule

FiG. 8.

10 mm
lung nodule
A

lung nodule

Reconstructed images of the region containing lung nodules in the LUNGMAN phantom: (a) reconstructed image of the 37th slice

(within the ROI), (b) reconstructed image of the 25th slice (within the ROI), (c) reconstructed image of the 28th slice (outside the ROI).

The FOM values were calculated by the following eq. (5):

CNR?
FOM = effective dose )

3 | RESULTS

Some projections obtained by shutter scan acquisition were trun-
cated images, and the reconstructed image without correction con-
artifacts.  After

processing, the reconstructed image did not contain truncation arti-

tained truncation applying proposed image
facts. The corrected reconstructed image showed better image qual-
ity compared with the reconstructed image using a conventional full
view scan. Figure 8 shows the location of each lung nodule in the
reconstructed image. The reconstructed images of the LUNGMAN
phantom are shown in Fig. 9. A reconstructed, enlarged image of
each lung nodule is presented in Fig. 10. The ROI of the recon-
structed image showed enhanced contrast. However, the lung nod-
ule outside the ROI did not.

For quantitative analysis, CNR and COV values of three lung
nodules were calculated and compared. The 8 and 12 mm lung nod-
ules within the ROI showed higher CNR values with shutter scan
acquisition than with full view acquisition. The 10 mm lung nodule
outside the ROI showed a slightly lower CNR value with shutter
scan acquisition than with full view acquisition, as presented in
Fig. 11. CNR values of 8 and 12 mm lung nodules increased by
6.38% and 21.21%, respectively, and the CNR of 10 mm lung nodule
decreased by 3.63%. Figure 12 shows that all COV values of all lung
nodules with shutter scan are lower than with full view scan.

Furthermore, DAP values were compared to verify the dose
reduction. We also calculated the FOM values to see the perfor-
mance of the image quality relative to its exposure dose. The results
of the DAP evaluation (Table 2) showed that the area dose
decreased by 36.36% using shutter scan acquisition compared to full

view acquisition. All lung nodules showed higher FOM values with

shutter scan acquisition than with full view acquisition, as presented
in Fig. 13. FOM values of 8, 10 and 12 mm lung nodules increased
by 3.06, 2.25, and 2.33 times, respectively.

4 | DISCUSSION

Various methods for reduction in the patient exposure dose during
imaging have been widely studied. ROI reconstruction techniques
have been the primary focus, and there have been many attempts to
improve the image quality.*>?! However, existing studies on the
reconstruction of the image outside of the ROI are limited. The area
outside the ROI is important; it reflects anatomical information for
accurate clinical diagnosis. The proposed shutter scan acquisition
method can reconstruct the area outside the ROI. It can also
increase the image quality inside the ROl and reduce the patient
exposure dose in comparison to the conventional full view scan.

Our results suggest that shutter scan acquisition results in better
image quality than the conventional full view scan. In addition, these
results indicate that shutter scan acquisition can be used to recon-
struct the image both outside and inside the ROI. We quantitatively
evaluated both the proposed shutter scan acquisition and the con-
ventional full view scan acquisition, and verified the value of the
shutter scan acquisition. The CNR evaluation demonstrates that the
contrast in the ROI improved. Since smoothing effect of proposed
image processing using Laplace and inverse Laplace operator has
reduced image noise, CNR values were improved. Another expected
reason of increased CNR values is because the amount of scatter
radiation reaching the detector decreases as the field of view
decreases. But, further study is needed to verify how quantitatively
the amount of scatter decreases as the field of view decreases.

Although CNR values in the ROI have increased, there was little
effect outside the ROI, so it is necessary to check the position of
the lesion to determine the ROI for shutter scan acquisition. Outside
the ROI, CNR improvement is difficult due to the lack of image
information acquired by shutter scan acquisition compared with the
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Fic. 9. Reconstructed images of the LUNGMAN phantom: (a) full view of the 37th slice, (b) full view of the 25th slice, (c) full view of the
28th slice, (d) shutter scan of the 37th slice, (e) shutter scan of the 25th slice, (f) shutter scan of the 28th slice.
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Fic. 10. Three reconstructed, enlarged images of lung nodules: (a) full view of the 37th slice, (b) full view of the 25th slice, (c) full view of
the 28th slice, (d) shutter scan of the 37th slice, (e) shutter scan of the 25th slice, (f) shutter scan of the 28th slice.
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TaBLE 2 Total of DAP values in two different acquisition methods.

Full view acquisition
209.8 133.5

Shutter scan acquisition

DAP value (pGy~m2)

full view scan. Likewise, the COV evaluation demonstrates the signif-
icant advantage of shutter scan acquisition in noise level reduction.
The decreased COV value is a reason for the improved CNR in the
ROLl. In particular, the noise level of the lung nodule was greatly
reduced outside the ROI. The results also demonstrate that shutter
scan acquisition can have a significant benefit in terms of patient
exposure dose. The results of the FOM demonstrate that shutter
scan acquisition achieves enhanced contrast image within the ROI

while reducing the exposure dose received by the patient.

reconstructed images using full view or shutter scan acquisition.

5 | CONCLUSIONS

This study compared the proposed shutter scan and conventional full
view scan. In conclusion, reconstructed images using shutter scan
acquisition using a digital tomosynthesis system resulted in better
image quality with higher FOM values. In addition, it is expected that
the patient exposure dose can be reduced by limiting the field of
view (FOV) to focus on the ROI in the proposed shutter scan acqui-
sition method. To develop the proposed shutter scan acquisition, it
is necessary to verify the clinical value through a quantitative dose
evaluation study. An optimization study is nawrassseeded to investi-
gate the optimal acquisition parameters for shutter scan acquisition.
Furthermore, a study of scatter radiation analysis is also needed to
clarify the cause of improved image quality using shutter scan acqui-
sition. We are going to also conduct further study of the clinical
application for proposed shutter scan acquisition method to demon-

strate applicability of this method for clinical cases.
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