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A B S T R A C T

A shutter scan acquisition (SSA) method is proposed to reduce patient exposure dose in a chest digital tomo-
synthesis system. Projections obtained using the SSA constitute a combination of truncated and non-truncated
projections. The truncated projections are images in which the lung field is set within a region-of-interest (ROI),
and the non-truncated projections are full images in which the ROI is not set at all. We proposed a shutter
weighting factor (SWF) as an acquisition parameter for SSA. We call the number of truncated projections divided
by the number of non-truncated projections as SWF. We used a prototype CDT system and the LUNGMAN
phantom with 8 and 10mm lung nodules. 81 projections were obtained using SSA in five sets according to the
SWFs. The image quality was quantified based on the contrast-to-noise ratio (CNR). We also calculated the figure
of merit (FOM) to determine the proper acquisition parameters of the five sets. Both the CNR and FOM values of
the 8mm lung nodule in the selected ROI increased with increases of the SWF. However, the CNR value of the
10mm lung nodule outside the ROI decreased with increases of the SWF, while the FOM value was maximized
when the SWF was 3.05. We investigated the effect of the composition ratio of the truncated and non-truncated
projections on the reconstructed images of the SSA based on the FOM values. In conclusion, we determined the
proper SSA parameters in a prototype CDT system.

1. Introduction

Low dose imaging techniques are of great interest in medical ap-
plications. Correspondingly, digital tomosynthesis systems have been
studied to reduce the patient exposure dose. Nevertheless, many studies
have suggested that reductions in the exposure dose in digital tomo-
synthesis systems are still required. Diagnostically important informa-
tion is often concentrated in a region of interest (ROI) in a re-
constructed 3D image. For this reason, ROI imaging techniques are
considered to be an effective dose reduction method. If the ROI re-
construction method is applied to a digital tomosynthesis system, better
dose reduction effects are expected.

The conventional ROI imaging method can reconstruct only interior
ROIs [1,2]. ROI imaging is a technique for obtaining only the image of
the area to be diagnosed by limiting the FOV using the x-ray collimator.
ROI imaging techniques have been mainly studied in computed tomo-
graphy (CT) and digital tomosynthesis systems. For example, Zhang
et al. (2016) reported the study of ROI reconstruction using a two-step

filtering-based iterative image reconstruction algorithm [3]. Park et al.
(2017) reported the ROI reconstruction method for a digital tomo-
synthesis system using scout view information to improve the re-
constructed ROI images [4]. All studies suggest that limiting the field of
view (FOV) can improve the internal image quality of the ROI and re-
duce the patient exposure so that the ROI reconstruction is suitable for
clinical applications. Although many studies have been performed on
ROI imaging in various medical applications, most of them have not
focused on the improvements of the image quality of the overall
anatomy outside the ROI [5]. To solve this problem, we have reported a
shutter scan acquisition (SSA) method based on ROI imaging in a digital
tomosynthesis system [6]. SSA is a method that entails opening the X-
ray collimator during ROI imaging for including external information to
the ROI. Thus, the obtained projections consist of truncated (colli-
mated) and non-truncated (non-collimated) projections. The difference
between the proposed SSA and ROI imaging is that the image contrast
of the ROI can be enhanced, and the information outside the ROI can be
obtained.
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In our previous study, we demonstrated that the proposed SSA can
be applied to a digital tomosynthesis system [6]. The result of previous
study has confirmed the possibility of SSA method and verified pro-
posed image processing method for truncation artifact. However, we
have not yet investigated how the ratio of truncated projection and non-
truncated projections can be set when the proposed SSA is applied to
clinical practice. The quality of the image and efficiency of dose re-
duction can vary owing to the composition ratio of the truncated and
non-truncated projections. Investigation of acquisition parameters is
indispensable for practical clinical applications [7]. We believe that an
optimization study of the acquisition parameter composition ratio is
necessary for the SSA method. We proposed an acquisition parameter
called a shutter weighting factor (SWF) and evaluated how the image

quality varies according to the SWF. Based on these results, we de-
termined the most proper acquisition parameter for the SSA method.

In this study, we applied the SSA to a prototype chest digital to-
mosynthesis system and evaluated the quality of the reconstructed
image. The purpose of this study was to investigate the effect of the
composition ratio of the truncated and non-truncated projections and to
determine a proper set of acquisition parameters for the proposed SSA
in digital tomosynthesis systems among the 5 acquisition sets.

Fig. 1. (a) Prototype chest digital tomosynthesis system, (b) lung nodule and LUNGMAN phantom, and (c) the location of the lung nodules.

Table 1
Specifications of the prototype chest digital tomosynthesis system.

SDD SOD Reconstruction method Detector pixel size Number of projections (angle interval) X-ray exposure condition

1000–1500mm 900–1400mm FBP 1440×1440 81 (0.5°) 1.1 mm Al at 100 kVp
100mA, 10ms (for each projection)

Fig. 2. Illustration of the shutter scan acquisition in the digital tomosynthesis system.
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2. Materials and methods

2.1. Experimental set-up

We used a prototype chest digital tomosynthesis (CDT) system
(LISTEM, Wonju, Korea). This system is still at a developmental stage,
and is undergoing preparation for the potential clinical applications in
Wonju Sevrance Christian Hospital (Wonju, Korea). The system consists
of a CsI(Tl) scintillator flat panel detector (Pixium RF 4343, Thales,

France), X-ray tube (E7869X, Toshiba), a main controller, and re-
construction server. The source-to-detector distance (SDD) and the
source-to-object distance (SOD) were 1100 and 1000mm, respectively.
The X-ray tube moved linearly at a speed of 160mm/s while rotating
from−20° to 20° with a 0.5° angle step for 81 projections. 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 and 10mm. The phantom is made based on the
chest torso of an adult male and weighs about 18 kg. A photograph of
the prototype CDT system and a LUNGMAN phantom with a lung no-
dule are shown in Fig. 1. The 8mm lung nodule is a standard type with
only one substance inside. The 10mm lung nodule is a GGO concentric
type, and its internal structure consists of a GGO field and a solid field.
Table 1 lists the major acquisition parameters of the prototype CDT
system. Obtained projections were reconstructed by a filtered back
projection (FBP) algorithm. The reconstructed image had a volume of
1000×1000×50 voxels.

Projections obtained by SSA consisted of truncated and non-trun-
cated projections. If the number of truncated projections was 71, 10
non-truncated projections were obtained at regular angle interval. The
truncated projections were images in which the lung field was set
within the region of interest (ROI) by using a collimation system, and
the non-truncated projections are full images. Part of the projections
obtained by the proposed SSA method are truncated. Truncation arti-
facts in reconstructed images can be caused by the truncated portion of
the projections. Therefore, an image processing procedure is required
for the SSA method [6]. The illustration of the SSA is presented in
Fig. 2. We defined the number of truncated projections divided by the
number of non-truncated projections as the SWF. The SSA parameters
were optimized using 5 acquisition sets with the SWFs of 0.16, 0.35,
1.03, 3.05, and 7.1. The distribution of truncated and non-truncated
projections can be explained in three cases as shown in the Fig. 3. When
the shutter weighting factor is smaller than 1.03, truncated projections
are distributed at regular angular intervals as shown in Fig. 3(a), and
then the remaining non-truncated projections are distributed. When the

Fig. 3. Illustration of projection distribution according to the shutter weighting factor: (a) SWF < 1.03, (b) SWF=1.03, (c) SWF > 1.03.

Fig. 4. ROI settings in the reconstructed images for CNR evaluation: (a) re-
constructed image of enlarged 8mm lung nodule, (b) reconstructed image of
enlarged 10mm lung nodule, (c) reconstructed image of enlarged 8mm lung
nodule (ROI setting), (d) reconstructed image of enlarged 10mm lung nodule
(ROI setting).
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shutter weighting factor is 1.03, both truncated projections and non-
truncated projections are distributed at regular angular intervals as
shown in Fig. 3(b). When the shutter weighting factor is larger than

1.03, the non-truncated projections are distributed at regular angular
intervals as shown in Fig. 3(c), and then the remaining truncated pro-
jections are distributed. The SWF can be expressed as follows,

=

−

number of truncated projections
number of non truncated projections

Shutter weighting factor

2.2. Quantitative evaluation

We evaluated the contrast enhancement and dose reduction effect
using the contrast to noise ratio (CNR) and figure of merit (FOM).
Proper acquisition parameters were determined from the calculated
FOM value for the SSA. We set the ROIs and background on each slice,
with the ROIs positioned to include the 8 and 10mm lung nodules, as
presented in Fig. 4. First, the CNR values of the lung nodules were
calculated based on the following equation:

=

−

+σ σ
CNR

|S S |

( )
object background

object
2

background
2

where Sobject andSbackground are the mean values, and σobject andσbackground
are the standard deviations of the object and background regions, re-
spectively.

Fig. 5. Reconstructed images of the LUNGMAN phantom: (a) shutter scan and (b) conventional full view acquisition.

Fig. 6. Enlarged 8mm lung nodule (within the ROI) in the reconstructed images using 5 acquisition sets.

Fig. 7. Changes in the CNR and FOM values of the 8mm lung nodule within the
ROI.
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In addition, the FOM values of the lung nodules were calculated to
quantitatively evaluate the image quality compared to the exposure
dose.

The FOM values were calculated based on the following equation
[8],

=FOM CNR
effective dose

2

The total effective dose was used as the dose value required to
calculate the FOM. We estimated the effective patient dose in the digital
tomosynthesis system using the PCXMC 2.0 software (STUK, Helsinki,
Finland), that simulated the effective dose based on a Monte Carlo si-
mulation in association with publication 103 of the ICRP [9,10]. We
simulated the geometry according to 5 sets of SSA parameters. Simu-
lation was performed considering the acquisition condition such as the
X-ray tube angulation. This software tool calculated the organ dose in
11 organs which were located in the chest field. 2.0× 105 photons
were used for each of the 81 projections of the tomosynthesis acquisi-
tion, thus resulting in a total of 1.62×107 photons for the entire ac-
quisition. In the simulation, the effective dose was measured for a ty-
pical patient weighting 65 kg with a height of 175 cm based on existing
data for an average adult male.

3. Results

Fig. 5 shows the results of comparing the reconstructed images
obtained by the shutter scan (SWF: 1.03) and the conventional full view
scan in the 37th slice. The ROI of the reconstructed image with SSA
yielded an enhanced contrast, as shown in Fig. 5. Projections were
acquired according to various acquisition parameters to optimize the
image quality compared to the exposure dose.

Fig. 6 shows the results of an enlarged 8mm lung nodule image
within the ROI, obtained according to the various SWFs. Both the CNR
and FOM values of the 8mm lung nodule in the ROI increased as the
SWF increased. Fig. 7 and Table 2 show the CNR, effective dose, and
FOM values. Both the CNR and FOM values increased in proportion to
the SWF. The highest CNR and FOM values were elicited for a SWF of
7.1, which was obtained for the acquisition set that consisted of 71
truncated projections and 10 non-truncated projections. Fig. 8 shows
the results of the enlarged 10mm lung nodule image obtained outside
the ROI for various SWFs. Fig. 9 and Table 3 show CNR, effective dose,
and FOM values. The CNR value decreased as the SWF increased. The
highest FOM value was obtained for the acquisition set that consisted of
61 truncated projections and 20 non-truncated projections with a SWF
of 3.05.

4. Discussion

Reconstructed images were successfully acquired by applying the
proposed SSA method. Reconstructed images obtained by the SSA
method contain the entire set of anatomical information. Because pro-
jection data obtained by the SSA contains the ROI’s external informa-
tion, the entire anatomical information can be restored in the re-
constructed image. This can be a great help in establishing an accurate
diagnosis and treatment plan. In this study, we proposed an acquisition
parameter referred to as SWF and contributed to the evaluation of the
image quality and dose to define the most appropriate acquisition
parameters.

The results demonstrate that CNR of the lung nodule within the ROI
increases as the weighting factor increases. The reason for the increase

Table 2
Results of CNR, effective dose and FOM analysis, in the case of 8mm lung
nodule.

Shutter weighting
factor

CNR Effective dose
(μSv)

FOM Normalized FOM

0.16 1.504 380.0 0.0060 0
0.35 1.511 328.9 0.0069 0.09
1.03 1.547 265.9 0.0090 0.32
3.05 1.551 194.0 0.0124 0.67
7.1 1.565 158.0 0.0155 1

Fig. 8. Enlarged 10mm lung nodule (outside the ROI) in the reconstructed images using 5 acquisition sets.
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of the CNR value is attributed to the fact that the amount of scattered
radiation into the ROI decreased. When the truncated projection was
acquired, the amount of scattered radiation that reached the detector
decreased as the field of view size decreased [11,12]. As the SWF in-
creased, the number of truncated projections increased. However, fur-
ther studies are needed to determine the amount of scattered radiation
as the field of view size decreases. The value of the lung nodule of CNR
within the ROI increased as the SWF increased. However, the value of
the CNR of the lung nodules outside the ROI decreased. The CNR value
of the lung nodules outside the ROI was inevitably decreased because
the external information in the ROI was insufficient as the SWF in-
creased. When the SWF is increased, CNR reduction of the 10mm lung
nodule outside the ROI is larger than the CNR increase of the 8mm lung
nodule inside the ROI. The CNR of the 8mm lung nodule within the ROI
do not suffer external information loss according to the SWF. However,
the 10mm lung nodule outside the ROI is expected to have a large
degree of CNR reduction because the loss of external information is
increased due to the increase of the SWF.

As the FOM value is a factor that indicates the quality of the image
relative to the patient’s exposure dose, it can be a useful factor for
presenting the proper acquisition parameters [13,14]. The FOM value is
affected by the change of the CNR value and the change of the effective
dose. As the SWF increases, the effective dose generally decreases and
the CNR value increases or decreases depending on the position of the
lung nodule under evaluation. When we diagnose a lesion that is pre-
sent within the ROI, a higher SWF is better for the SSA because the FOM
values continue to increase as a function of the SWF. However, when
we need to diagnose a lesion outside the ROI, the optimal image can be
obtained under the acquisition condition with the SWF of 3.05, as
presented in this study. For clinically effective diagnosis, it is necessary
to determine the proper acquisition parameters according to proposed
SWF.

As can be seen from the results of this study, proposed SWF can
define the proper acquisition parameter in the clinic by changing the
ratio of truncated projection to non-truncated projection. When the SSA
method is applied to the clinic, it is necessary to determine the

acquisition parameter according to the diagnostic situation by calcu-
lating the SWF because the image quality compared to the exposure
dose is varied as the result of this study. Therefore, in order to apply the
SSA method to clinical practice, many further studies using a SWF to
define proper acquisition parameters are expected to be conducted.

The SSA was useful when the selected ROI within a patient’s body
was small, and when its location was known (such as the heart, teeth, or
lung field), because the SSA focused on obtaining a full image with an
enhanced ROI. The SSA method can be used when external information
needs to be considered together for diagnosis and treatment planning.
The proposed SSA can also obtain images with improved contrast
compared to the dose so that increased diagnostic value can be ex-
pected in a digital tomosynthesis system. Obtaining a high-contrast
image has a high-diagnostic value because it makes it easier to distin-
guish lesions and normal tissue.

5. Conclusion

In conclusion, we applied the SSA method to the prototype CDT
system under development, and proposed a SWF as the SSA parameter.
We investigated the effect of the composition ratio of the truncated and
non-truncated projections on the reconstructed images through the
SSA. Proper SSA parameters were determined by deriving the FOM
values among the 5 acquisition sets. Our results suggest possible di-
rections for further improvements in digital tomosynthesis systems for
the SSA method.
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