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A B S T R A C T

Purpose: This study aimed to determine a low-dose protocol for digital chest tomosynthesis (DTS).
Methods: Five simulated nodules with a CT number of approximately 100 HU with size diameter of 3, 5, 8, 10,
and 12 mm were inserted into an anthropomorphic chest phantom (N1 Lungman model), and then scanned by
DTS system (Definium 8000) with varying tube voltage, copper filter thickness, and dose ratio. Three radio-
photoluminescent (RPL) glass dosimeters, type GD-352 M with a dimension of 1.5 × 12 mm, were used to
measure the entrance surface air kerma (ESAK) in each protocol. The effective dose (ED) was calculated using
the recorded total dose-area-product (DAP). The signal-to-noise ratio (SNR) was determined for qualitative
image quality evaluation. The image criteria and nodule detection capability were scored by two experienced
radiologists. The selected low-dose protocol was further applied in a clinical study with 30 pulmonary nodule
follow-up patients.
Results: The average ESAK obtained from the standard default protocol was 1.68 ± 0.15 mGy, while an ESAK of
0.47 ± 0.02 mGy was found for a low-dose protocol. The EDs for the default and low-dose protocols were
313.98 ± 0.72 µSv and 100.55 ± 0.28 µSv, respectively. There were small non-significant differences in the
image criteria and nodule detection scoring between the low-dose and default protocols interpreted by two radi-
ologists. The effective dose of 98.87 ± 0.08 µSv was obtained in clinical study after applying the low-dose protocol.
Conclusions: The low-dose protocol obtained in this study can substantially reduce radiation dose while pre-
serving an acceptable image quality compared to the standard protocol.

1. Introduction

Recently, the World Health Organization (WHO) reported that
cancer is the second leading cause of death of people below 70 y-old,
accounting for 9.6 million deaths globally in 2018 [1]. Amongst these
cancers, lung cancer ranks as the most common cause of cancer deaths
at approximately 1.76 million (18.4%) deaths according to the Inter-
national Agency for Research on Cancer (IARC) report [2–4]. Given that
most lung cancers are asymptomatic until later stages, the early de-
tection of lung cancer by other means would increase the patient’s
survival rate. Although advance in diagnostic radiology technology

have increased, chest radiography is still the most commonly used
method for pulmonary disease screening. However, pulmonary lesions
can be missed due to the limitations of chest radiography, since it
projects the three-dimensional chest anatomy and pulmonary lesions
onto a two-dimensional radiograph image, resulting in the overlapping
of internal organ structures. Computed tomography (CT) is an advanced
imaging modality showing a high sensitivity for nodule detection.
Consequently, it became the gold standard for the detection of pul-
monary abnormalities and lung carcinoma [5]. This modality, however,
contributes a much higher radiation dose and higher cost compared to
conventional chest radiography [6].
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Digital chest tomosynthesis (DTS) is an advanced acquisition tech-
nique using an x-ray flat panel detector, and has increasingly become of
interest for lung cancer screening due to its ability in tomographic re-
construction to show anatomical structures at different depths from
multi-sweep angle projection data. The modality allows the retro-
spective reconstruction of a number of planes from a series of low dose
exposures acquired within a limited angular range. With these out-
standing benefits for clinical applications, DTS has been recommended
as an alternative investigation method in addition to chest radiography
and CT scan. Furthermore, the greater diagnostic performance of DTS in
detecting pulmonary nodules has been reported [7–9]. Although the
radiologist has to spend more time interpreting the DTS images than a
routine chest radiography, due to the multiple images per series, the
overall interpretation time is still less than that for CT scans because of
the significantly lower number of images to be evaluated [10]. Recent
reports have shown that the DTS diagnosis time was lower than CT
because of CT workload, and the diagnostic imaging costs were also
decreased in patients with suspected pulmonary lesions after DTS im-
plementation [5,7].

Although DTS has increasingly been accepted as an effective method
for improving the detection of pulmonary abnormalities and nodules,
the radiation dose is still substantially higher compared to chest
radiography, with estimates of a three-fold higher radiation dose being
exposed during DTS than by standard 2-view chest radiograph [7,11].
Based on previous studies, the range of the effective dose (ED) in the
DTS between 100 and 300 μSv was obtained by changing the acquisi-
tion technique and parameters such as tube voltage, copper (Cu) filter
thickness, and dose ratio [10,12]. The ED of 62 μSv using a low-dose
setting protocol measured by the radiophotoluminescent (RPL) glass
dosimeters in the anthropomorphic phantom was studied by Hwang
et al [11]. Sabol JM revealed that an average ED in the DTS based on
the Monte Carlo simulation was calculated to be 134 μSv using the
tissue weighting factor according to the International Commission on
Radiological Protection (ICRP) Publication 103 [13]. As such, it is of
great interest to determine the appropriate parameters in DTS to reduce
the radiation dose to the patient whilst maintaining a suitable image
quality for interpretation. Consequently, this study aimed to (1) mea-
sure the radiation dose for DTS using radiophotoluminescent (RPL)
glass dosimeters, and (2) determine a low-dose protocol and evaluate
the image quality in a clinical study of patients being followed for
pulmonary nodules. As a result, the low-dose protocol obtained from
this study will likely improve the knowledge in diagnostic clinical do-
simetry.

2. Methods

2.1. The DTS system and data acquisition

The DTS system (Definium 8000, GE Healthcare Waukesha WI) with

VolumeRAD data acquisition technology at Department of Diagnostic
and Interventional Radiology, Chulabhorn Hospital, Bangkok,
Thailand, was used in this study. The flat-panel detector is based on an
indirect conversion. For the DTS acquisition process, the detector po-
sition was fixed, while the x-ray tube moved continuously in a vertical
plane in order to determine the exposure setting and patient posi-
tioning. After this scout image, the sweep angle was set at 30°with 60
low-dose projections through a tube angle from −15° to + 15° to ac-
quire the data, resulting in a breath-hold acquisition time of 10 s
[10,14]. Sixty reconstructed coronal images at various depths with a
slice thickness of 4 mm without overlap and covering the entire chest
region were obtained using the filter back-projection (FBP) algorithm.
The default setting for the DTS in this study were 120 kVp, 125 mA,
2 ms (0.25 mAs per view), no additional copper (Cu) filter, and a dose
ratio of 1:10 at 180 cm of source to image receptor distance (SID), while
the scout image prior to the DTS was operated with an automatic ex-
posure control (AEC).

2.2. Anthropomorphic N1 lungman chest phantom

The anthropomorphic chest phantom (N1 Lungman, Kyoto Kagaku,
Kyoto, Japan), which is composed of a life-size main body with an inner
component, including mediastinum, pulmonary vasculature and ab-
domen block (Fig. 1), was used to mimic the standard human chest.
Soft-tissue materials and synthetic bones were made of polyurethane
and epoxy resin, respectively. Synthetic nodules were simulated by
polyurethane and hydroxyapatite spheres as solid types with a CT
number approximately 100 Hounsfield Unit (HU) at 120 kVp. Five
different sizes (inner diameter of 3, 5, 8, 10, and 12 mm) of synthetic
nodules were inserted into the selected location of the lung filed of
lungman phantom in order to simulate pulmonary lesions. The five
locations and sizes of the simulated nodules were attached as follows:
(1) 3-mm nodule at 2/3 peripheral of the right middle lobe, (2) 5-mm
nodule at 1/3 peripheral of the left upper lobe, (3) 8-mm nodule at the
right lower lobe, (4) 10-mm nodule at the peripheral of left lower lobe,
and (5) 12-mm nodule at the right upper lobe.

2.3. Measurement of the entrance surface air kerma (ESAK)

In order to measure the ESAK in each protocol, the anthro-
pomorphic phantom was positioned at the center of the x-ray beam and
then scanned at a tube voltage of 100, 110, and 120 kVp, a Cu filter of
0.0, 0.1, 0.2, and 0.3 mm, and a dose ratio at 1:5, 1:8, and 1:10 for
evaluating protocols of various doses. In this study, the AEC technique
was used for the scout image to check the patient position. The DTS
acquired data were then reconstructed using the filter back-projection
(FBP) with a slice interval of 4 mm, resulting in 60 coronal section
images that covered the entire chest of the phantom (or patient: next
section). In total, 36 protocols, including the standard default protocol,

Fig. 1. (A) The multipurpose N1 lungman chest phantom and (B) five simulated nodules inserted in the lung field of the phantom.
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were performed on the phantom. Each protocol was scanned three
times. The standard default parameter setting at 120 kVp, no Cu filter
and a 1:10 dose ratio was measured in order to compare the radiation
dose and image quality with other protocols before considering the low-
dose parameter. The artificial nodules of five different sizes were used
for image quality assessment.

The radiophotoluminescent (RPL) glass dosimeters were used to
measure the ESAK from the DTS in each protocol. Three RPL glass
dosimeters (type GD-352 M, AGC Techno Glass Co., Ltd, Japan) with a
dimension of 1.5 × 12 mm each were attached at the posterior surface
of the N1 Lungman chest phantom, and the ESAK was measured at the
center of the x-ray beam to represent the maximum x-ray intensity (T-7
level) [15]. The location of RPL glass dosimeters was consistently
maintained for all measurements. The exposures were measured three
times in each protocol in order to calculate the average dose value and
uncertainty in terms of the standard deviation (SD). For the reading
procedure, the dose value of the internal calibration glass, which was
executed automatically, was used to determine the reading correction
factor (in nanocoulombs, nC) for daily use condition. The coefficient of
variation (CV) was also calculated in order to determine the reading
reproducibility, where the CV must be within 5% or less at 100 μGy,
and 2% or less at 1 mGy. The positioning of the phantom for measuring
the ESAK and RPL glass dosimeter attachment is illustrated as in Fig. 2.

For RPL glass dosimeters used in this work, a tin filter in the capsule
for GD-352 M was used in order to reduce the energy dependence effect
purpose. Consequently, the RPL glass dosimeter type GD-352 M used in
this study was suitable for measuring the radiation dose for low energy
photons, such as in diagnostic radiology, whereas type GD-301 and GD-
302 M without filters in the capsule are suitable to measure the dose of
high energy photons, as in radiotherapy. However, in the process of
dose readout, based on the dose values, the dose ranges were divided
into the two categories of a low dose range from 10 µGy to 10 Gy, and a
high dose range from 1 to 500 Gy) [16].

The dose-area-product (DAP, dGy/cm2) was recorded from the
displayed monitor in order to determine the effective dose (ED) in each
protocol in addition to the ESAK. A conversion factor for tube voltage of
100, 110, and 120 kVp was applied as previously reported [17] to
determine the EDs from the total registered DAP in VolumeRAD from
the DTS examination using Eq. (1),

= ×ED (mSv) Total DAP (Gy.cm ) conversion factor (mSv Gy cm )2 1 2

(1)

2.4. Evaluation of image quality

2.4.1. Quantitative analysis
Image quality in terms of the quantitative analysis was evaluated by

determining the signal-to-noise ratio (SNR) using the SYNAPSE soft-
ware on the picture archiving and communication system (PACS)
workstation. To compare the SNR at various protocols, the region of

interest (ROI) was manually drawn on the simulated nodule size of
12 mm. The mean ± SD pixel intensity was recorded in order to
evaluate the SNR in each protocol. The SNR was determined using the
equation as followings:

= The mean pixel value of ROI in nodule
The standard deviation value of ROI in nodule

SNR
(2)

2.4.2. Qualitative analysis
The image quality criteria were evaluated independently by two

radiologists who have a similar experienced in DTS interpretation (SV
and SS). Currently, there is no specific protocol for DTS interpretation
criteria, and so we used the European guidelines on quality criteria of
chest radiography for DTS diagnostic radiographic images instead [18].
The acceptable overall scoring of the image criteria must be greater
than three points. The image criteria and its scoring is shown in Table 1.

2.4.3. Nodule detection capability
Nodule detection was evaluated in accordance with the Fleischer

Society Guideline, as reported by MacMahon et al [19,20]. The radi-
ologists were blinded to the DTS scanning parameter techniques, and
the images were analyzed in a randomized order by each reader. No-
dule detection capability was graded on a PACS workstation (6 MP LCD
color monitor) using a five-point Likert scale: where 1 denotes poor
(visualize 12 mm with a sharp edge and partly visualize 10 mm); 2
denotes fair (visualize 10 mm with sharp edge and partly visualize
8 mm); 3 denotes acceptable (visualize clearly 8 with an edge and partly
visualize 5 mm); 4 denotes very good (visualize clearly 5 mm, partly
visualize 3 mm); and 5 denotes excellent (visualize all simulated nodules
with a sharp edge). The acceptable score for nodule detection capability
must be equal to or greater than three.

The low-dose protocol for DTS based on the anthropomorphic
phantom in this work was selected by considering the acceptable image
quality scoring and lung nodule detection capability interpreted by two
radiologists as the priority. Then, the lowest reasonable radiation dose
was considered thereafter.

3. Patient study

This study was approved by the institutional review board of the
Faculty of Medicine, Chulalongkorn University, and the Chulabhorn
Hospital (IRB No. 359/60). Thirty patients (15 males and 15 females)
with a mean ± SD age of 60.4 ± 11.17 y-old (range 36 to 75 y-old)
and body weight of 63.6 ± 10.39 kg undergoing DTS for pulmonary
nodules follow-up at Chulabhorn Hospital were recruited for using the
low-dose protocol derived from the phantom study. The inclusion cri-
teria were patients who were requested for chest x-ray by the DTS
technique, patient age > 35-y-old, chest thickness ranging between 15
and 25 cm, which was comparable to the anthropomorphic phantom
chest thickness, high-risk smoker, family history of cancer, and

Fig. 2. Setting of the RPL glass dosimeters for measuring the ESAK in chest phantom study. (A) Positioning of the chest phantom during the radiation dose
measurement. (B) Example of the RPL glass dosimeter. (C) Arrangement of the three dosimeters attached at the mid chest level of the phantom.
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pulmonary nodules follow-up. Emergency cases or unstable patients
were excluded from this study. An informed consent form was obtained
from each subject before the low-dose DTS examination. To evaluate
the patient radiation dose obtained from a low-dose protocol, the
conversion factor used in the phantom study [12,17] was multiplied by
the recorded DAP value as shown in Eq. (1). The image quality after
applying the low-dose protocol in patients was evaluated by radi-
ologists using the image criteria scoring system in the same manner as
in the phantom.

4. Results

Table 2 depicts the ESAK and ED measured from 36 DTS protocols
in the anthropomorphic phantom study. The two lowest radiation dose
protocols were found at 100 and 110 kVp, 1:5 dose ratio and a 0.3-mm
Cu filter with an ESAK of 0.41 ± 0.01 mGy, and 0.47 ± 0.02 mGy,
respectively. These were comparable to that previously reported for a
low-dose setting of 0.31 mGy [11]. A trend of ESAK and ED decreasing
with increasing Cu filter thickness over all ranges of tube voltages and
dose ratios was observed. Conversely, and as expected, the ESAK and
ED increased with an increasing dose ratio. The highest average SNR
value (134.31 ± 1.30) for the artificial 12-mm nodule was found at
120 kVp, 1:5 dose ratio, and no additional Cu filter, with an ESAK of
1.48 ± 0.07 mGy. The low-dose parameter for the DTS in this study
was selected at 110 kVp, 1:5 dose ratio, and 0.3-mm Cu filter as a better
image quality and lower image noise, based on the image criteria score
given by the two radiologists, was obtained compared to that at 100
kVp, with the same dose ratio and Cu filter. Thus, the radiation dose
from the selected low-dose setting was dramatically lower (72%) than
that from the standard default setting (120 kVp, 1:10 dose ratio, and no
additional Cu filter). A strong positive linear relationship between the
ESAK and recorded DAP value (R2 = 0.952) was found as shown in
Fig. 3. Figs. 4-6 depict a comparison of the image quality in nodule
detection capability between the standard and low-dose protocols for
detection of artificial nodules of 12, 8, and 3 mm diameter, respec-
tively. There was no significant difference in the image quality and
nodule detection capability between both reconstructed DTS image
protocols.

In the clinical study, the average chest thickness of the 30 patients
was 22.5 ± 1.69 cm, which was comparable to the chest thickness
investigated in the anthropomorphic phantom (T-7 level of 21 cm). An
average total DAP of 3.57 ± 0.08 dGy.cm2 (range 3.42 – 3.72
dGy.cm2) was obtained, giving an average ED of 0.099 ± 0.002 mSv
(range 0.095 – 0.103 mSv). Fig. 7 shows the ED in each patient after
applying the low-dose protocol in the clinical study of pulmonary no-
dule follow-up patients. The ED across the patients in this study were
very consistent, since the AEC technique was used only for the scout
image, while the mAs per projection (0.25 mAs per view) was similar in
all patients in the DTS. Accordingly, the ED calculated from the total
DAP value in the clinical study was obtained from the sum of values
between the scout view and the DTS acquired in slightly different pa-
tient chest thickness.

For the image quality scoring, evaluated in the same manner as the
anthropomorphic phantom, all of the low-dose DTS images were

acceptable for interpretation with the image criteria score between 4
and 6 given by both radiologists (average image criteria score of
5.6 ± 0.7 and 5.8 ± 0.4 for the first and second radiologist, re-
spectively). An example of the reconstructed DTS images using the low-
dose setting for detection of pulmonary nodules compared to the pre-
vious standard default setting in the same patient is shown in Fig. 8. The
low-dose protocol could detect the lesions at the right apex and right
middle lobe of the lungs similar to the previous examination of the lung
nodules follow-up patient. Fig. 9 depicts an example of magnified
portion of the lesion at the middle lobe of lungs in pulmonary nodule
follow-up patient using standard and low-dose setting protocols. It was
found that the noise characteristics on the low-dose protocol image was
slightly higher than the standard setting protocol.

5. Discussion

Although a CT scan can provide cross-sectional imaging for lung
nodule detection and characterization, chest radiography still remains
the mainstay for screening of many lung diseases. In addition, a CT scan
requires a significantly greater radiation dose to the patient compared
to conventional radiography. Developments in electronics and com-
puter technology have led to advances in data acquisition and re-
construction utilizing a digital flat panel detector. The DTS has become
as an alternative imaging modality offering a substantial improvement
over conventional chest radiography for the detection of subtle lung
disease due to its abilities to remove overlapping structures, enhance
local tissue separation, and give depth information for the structure of
interest [10,21]. However, the higher radiation dose compared to di-
gital chest radiography should be considered when using this imaging
modality [10].

In this study, low-dose protocols for DTS were investigated in order
to reduce the radiation dose to patients while maintaining the image
quality. The study was conducted in both an anthropomorphic phantom
and then in clinical studies. The EDs for a DTS examination were pre-
viously reported to range from 0.1 to 0.3 mSv [10–13,22], which is
close to the typical ED found in digital chest radiography. By optimizing
the acquisition parameters, the ED could be reduced to 0.04 mSv
without any significant decrease in the image quality [11]. Using a si-
milar protocol to Hwang et al, the lowest ED in our study of 74 µSv
were obtained at 100 kVp, dose ratio 1:5, and 0.3-mm Cu filter giving
an 1.2-fold higher ED [11].

In a study of an anthropomorphic phantom, the ESAK measured
from the standard default protocol (120 kVp, 1:10 dose ratio, and
without a Cu filter) was 1.68 ± 0.15 mGy, while the low-dose protocol
of this study (110 kVp, 1:5 dose ratio, and a 0.3-mm Cu filter) gave a
3.57-fold lower ESAK (0.47 ± 0.02 mGy). The ESAK of the default
parameters was decreased by 52% when adding a 0.3-mm Cu filter,
revealing its potential use in reducing the radiation dose to the patients
[23,24]. This finding agrees with a previous report that a subjectively
equivalent chest radiographic image quality was obtained with an ap-
proximately 30% dose reduction after the addition of a 0.3-mm Cu filter
[25]. However, the ESAK obtained at a 1:5 dose ratio was not half of
that obtained at a 1:10 dose ratio.

The EDs for the default and low-dose protocols in this study were

Table 1
Image criteria score for the DTS.

Item of image criteria score Not fulfilled (0) Partly fulfilled(0.5) Fulfilled(1)

1. Visually sharp reproduction of the vascular pattern in the whole lung, particularly the peripheral vessels.
2. Visually sharp reproduction of the trachea and proximal bronchi.
3. Visually sharp reproduction of the borders of the heart and aorta.
4. Visually sharp reproduction of the diaphragm and lateral costophrenic angles.
5. Visualization of the retrocardiac lung and the mediastinum.
6. Visualization of the spine through the heart shadow.

*Criteria score > 3 (acceptable image quality)
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313.98 ± 0.72 and 100.55 ± 0.28 µSv, respectively. The dose ratio
and tube voltage were slightly correlated with the total DAP value,
since the AEC technique was only applied for the scout image to check
the patient positioning. The purpose of AEC was to achieve an adequate
image quality by maintaining a constant optical density, and so chan-
ging the exposure parameters slightly affected the SNR measurement.
There were slight differences in the image criteria score and nodule

detection between the low-dose and default protocols, as assessed vi-
sually by the two radiologists according to the European guidelines on
quality criteria for diagnostic radiographic images and the Fleischner
Society guidelines [18–20]. The European guidelines on image quality
criteria scoring were applied due to the lack of specific standard pro-
tocols for interpretation of DTS images.

In the clinical study, an average effective dose of 98.87 ± 0.08 µSv

Table 2
The ESAK (mGy), ED (µSv), and SNR results for the 36 DTS protocols in phantom study.

Protocol No. Dose ratio Tube voltage (kVp) Cu filter (mm) ESAK (mGy) ED (µSv) SNR

1 1:5 100 0.0 1.07 ± 0.06 205.26 ± 0.83 133.68 ± 1.26
2 0.1 0.69 ± 0.02 127.13 ± 0.39 128.90 ± 1.47
3 0.2 0.51 ± 0.02 91.75 ± 0.26 127.42 ± 0.69
4 0.3 0.41 ± 0.01 74.36 ± 0.30 133.19 ± 1.20
5 110 0.0 1.26 ± 0.03 260.29 ± 0.42 132.38 ± 1.78
6 0.1 0.81 ± 0.01 167.68 ± 0.70 125.54 ± 1.72
7 0.2 0.60 ± 0.02 123.73 ± 0.42 127.53 ± 1.71
8* 0.3 0.47 ± 0.02 100.55 ± 0.28 128.58 ± 3.48
9 120 0.0 1.48 ± 0.07 314.26 ± 0.59 134.31 ± 1.30
10 0.1 0.94 ± 0.05 208.15 ± 0.44 122.75 ± 2.43
11 0.2 0.81 ± 0.04 156.28 ± 0.44 113.69 ± 3.30
12 0.3 0.72 ± 0.08 128.54 ± 0.28 115.75 ± 1.61
13 1:8 100 0.0 1.25 ± 0.10 205.00 ± 0.59 113.39 ± 0.50
14 0.1 0.88 ± 0.08 157.88 ± 0.15 129.79 ± 0.90
15 0.2 0.72 ± 0.05 113.34 ± 0.26 128.60 ± 1.39
16 0.3 0.69 ± 0.05 110.85 ± 0.30 133.93 ± 1.70
17 110 0.0 1.38 ± 0.06 260.66 ± 0.48 124.28 ± 1.99
18 0.1 0.80 ± 0.03 167.59 ± 0.28 131.37 ± 2.86
19 0.2 0.73 ± 0.04 123.45 ± 0.16 132.63 ± 0.70
20 0.3 0.70 ± 0.06 124.83 ± 0.16 122.74 ± 2.42
21 120 0.0 1.50 ± 0.05 314.55 ± 0.34 119.20 ± 1.05
22 0.1 1.12 ± 0.08 208.15 ± 0.44 120.61 ± 2.38
23 0.2 0.73 ± 0.02 156.66 ± 0.16 110.22 ± 1.98
24 0.3 0.62 ± 0.01 128.63 ± 0.16 127.60 ± 1.49
25 1:10 100 0.0 1.61 ± 0.04 255.54 ± 0.15 120.35 ± 1.19
26 0.1 1.02 ± 0.05 192.84 ± 0.65 108.90 ± 1.96
27 0.2 0.92 ± 0.03 138.27 ± 0.45 129.47 ± 0.09
28 0.3 0.74 ± 0.02 135.01 ± 0.30 115.53 ± 0.86
29 110 0.0 1.63 ± 0.09 326.77 ± 0.32 122.99 ± 0.36
30 0.1 1.09 ± 0.14 209.32 ± 0.32 124.43 ± 1.89
31 0.2 0.90 ± 0.04 165.65 ± 0.64 118.20 ± 3.95
32 0.3 0.83 ± 0.08 152.63 ± 0.28 114.98 ± 1.38
33** 120 0.0 1.68 ± 0.15 313.98 ± 0.72 115.24 ± 2.03
34 0.1 0.99 ± 0.02 207.96 ± 0.59 118.07 ± 3.50
35 0.2 0.99 ± 0.07 182.69 ± 0.57 120.74 ± 1.93
36 0.3 0.81 ± 0.06 160.74 ± 0.00 116.62 ± 2.62

*the low-dose protocol.
**the standard setting protocol.

Fig. 3. Correlation between the ESAK (mGy) and DAP values (dGy.cm2) obtained from the 36 protocols in the phantom study.
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was obtained after applying the low-dose protocol in 30 patients who
were imaged for follow-up of pulmonary nodules. The image quality
scores in all these patients were found to be acceptable for clinical in-
terpretation by the two radiologists, where an image score of 6.0 was
given for 19 (63%) and 24 (80%) cases by the first and second radi-
ologist, respectively. This would indicate that the low-dose protocol
investigated in this study was acceptable for clinical usefulness.
However, the image quality score is dependent on patient stability as
movement (either whole body or deep inspiration breath hold) during
the breath-hold 10 s acquisition creates motion artifacts. Previously,
Hwang et al described low-dose setting for DTS optimization resulted in
a reduction of the radiation dose by 67% [11], which was achieved by
keeping the dose per projection constant and reducing the number of
projections. Those results are comparable with our study for the low-
dose protocol resulting in a dose reduction of 72%, and could reduce
the radiation risk of patients accordingly. However, the risk of health
effects due to a very low level of radiation dose in diagnostic radiology

should not be negligible, since it may cause the radiation-induced sto-
chastic effect according to the linear no-threshold (LNT) model. In this
effect, the severity of radiation damage is not related to the dose and
the probability of occurrence increases with increasing radiation dose,
e.g., development of cancer and secondary cancer. Therefore, increased
awareness of risk of the exposure to ionizing radiation resulting in ef-
forts to minimize radiation dose occurred during diagnostic imaging
investigations [26–30].

The nodule detection capability in this study depended on the no-
dule size and the slice interval for image reconstruction, which agrees
with the previous reports of a 53% and 71% detection sensitivity for
3–5 mm and 5–10 mm nodule sizes, respectively [8,31], and a sensi-
tivity of 86% and nearly 100% for nodules of less than 4 mm and above
5 mm, respectively [32]. However, these results both showed a rela-
tively low detection rate for nodules of less than 4 mm diameter, al-
though in a clinical setting a nodule size of less than 4 mm can be
negligible according to the Fleischner Society criteria. The

Fig. 4. Detection of the 12-mm diameter artificial nodule at the right upper lobe using the (Left) standard (default) protocol compared to the (Right) low-dose
protocol.

Fig. 5. Detection of the 8-mm diameter artificial nodule at the right lower lobe using the (Left) standard (default) protocol compared to the (Right) low-dose protocol.
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implementation of DTS was proposed to be a potentially better option
for high-risk patients, such as current or former smokers at risk for lung
cancer and metastasis work-up patients [8]. This would maximize the
chance for patient outcome improvement, while minimizing the ex-
amination cost, radiation dose, and workflow issues. Accordingly, we
also suggested that the low-dose parameters setting in this study would
be suitable for work-up patients.

6. Conclusions

This study successfully determined a low-dose protocol for chest x-
ray using a DTS system. The protocol can substantially reduce radiation
dose, while preserving the image quality, compared to the standard

protocol, as demonstrated in both the phantom and clinical studies.
Furthermore, the radiation dose was even lower than that for a low-
dose CT chest scan for detecting pulmonary abnormalities and pul-
monary nodules. The low-dose setting in this study is highly re-
commended for low risk patients such as non-smokers, young and pe-
diatric patients, as well as the follow-up of lung nodule patients to
minimize radiation dose.
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Fig. 6. Detection of the 3-mm diameter artificial nodule at the 2/3 in peripheral of the right middle lobe using the (Left) standard (default) protocol compared to the
(Right) low-dose protocol.

Fig. 7. The ED (mSv) obtained from 30 lung nodule follow-up patients.
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Fig. 8. Example of reconstructed DTS images of a lung nodule follow-up patient showing the lesions at (Upper) right lung apex and (Lower) right middle lobe using
the (Left) standard default protocol and (Right) low-dose protocol.

Fig. 9. Example of magnified portion images showing the lesion at the middle lobe of the lungs in pulmonary nodule follow-up patient using the (Left) standard
setting protocol and (Right) low-dose protocol.
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