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Objective: To determine the optimum low dose (LD) digital tomosynthesis (DT) setting, and to compared the image quality
of the LD DT with that of the standard default (SD) DT.

Materials and Methods: Nine DT settings, by changing tube voltage, copper filter, and dose ratio, were performed for
determining the LD setting. Among combinations of DT setting, a condition providing the lowest radiation dose was
determined. Eighty artificial nodules less than 1 cm in diameter (subcentimeter nodules: 40, micronodules less than 4 mm:
40) were attached to a Styrofoam and a diaphragm of the phantom. Among these, 38 nodules were located at the periphery
of the lung (thin area) and 42 nodules were located at the paravertebral or sub-diaphragmatic area (thick area). Four
observers counted the number of nodules detected in the thick and thin areas. The detection sensitivity in SD and LD
settings were calculated separately. Data were analyzed statistically.

Results: The lowest LD setting was a combination of 100 kVp, 0.3 mm additional copper filter, and a 1 : 5 dose ratio. The
effective dose for the LD and SD settings were 62 pSv and 140 pSv, separately. A 56.7% dose reduction was achieved in the
LD setting compared with the SD setting. Detection sensitivities were not different between the SD and the LD settings
except between observers 1 and 2 for the detection of micronodules in the thick area.

Conclusion: LD DT can be effective in nodule detection bigger than 4 mm without a significant decrease in image quality
compared with SD DT.

Index terms: Digital radiography; Tomographic imaging; Radiation dose

INTRODUCTION

Digital tomosynthesis (DT) refers to the technique of
collecting a number of projection radiographs at very low
doses (LDs) and at varying angles, using these radiographs
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for reconstructing sections of the imaged object (1). These
reconstructed section images contain fewer overlays of
anatomical structures than the original radiographs. As a
result, DT has the potential to increase the detectability

of subtle nodules (2). The current standard for lung nodule
detection and characterization is therapy with the use of
computed tomography (CT), but CT is expensive compared
to conventional radiography and can impart a significant
radiation dose to the patient (3, 4). While there are
numerous strategies for reducing radiation dose from CT
(5), CT remains an increasing source of population radiation
exposure (3). Recent reports have shown that the use of
tomosynthesis, instead of conventional chest radiography,
leads to considerable improvement in diagnostic
information at only a modest increase in radiation dose (2).
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In this study, the effective dose imparted in tomosynthesis
averaged 120 pSv, which is approximately 3 times that of
a standard postero-anterior chest radiograph or a lateral
radiograph chest exam. This was considerably lower than
the 5 mSv commonly associated with CT of the chest.
However, the radiation dose given to the patient should
be optimized in order to follow the “As Low as Reasonably
Achievable” principle (6). According to this principle, the
necessary level of image quality for correct diagnosis in
medical imaging should be obtained at the lowest possible
radiation dose to the patient.

Thus, the purpose of our study was to determine the
optimum LD DT setting by adjusting the user changeable
parameters of DT, and to compare the image quality of the
LD DT setting with that of the standard default (SD) DT
setting.

MATERIALS AND METHODS

Chest Digital Tomosynthesis

Digital tomosynthesis was performed using a commercially
available product (Volume RAD, GE healthcare, Chalfont St
Giles, UK) with a commercial CsI/a-Si flat-panel detector
system. Within a time period of about 11 s, the X-ray tube
moved continuously at a vertical angle from -17.5° to
17.5°, around the standard, orthogonal-posteroanterior
position. The detector position was fixed. In final, 60
projection images were acquired at the tube angle between
-15° and +15°, and were used for reconstruction of
approximately 54 coronal images with a thin thickness of 5
mm without overlap.

With the DT equipment used in this department, the
user can adjust the ratio of the cumulative exposure dose
of the tomosynthesis sweep to the exposure of the scout
radiograph as a reference. The SD setting for chest DT was
120 kVp, automatic exposure control (AEC) speed of 400, no

Table 1. ESD and ED for Nine DT Setting
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additional filter, and 1 : 10 dose ratio at 180 cm of source-
to-image distance.

Selection of Low Dose DT Setting

We used an anthropomorphic phantom (RANDO phantom,
model RAN110, churchin associates, Smithtown, NY, USA),
and radiophotolumininescent glass dosimeters (GD-352M,
Asahi Techno Glass Corporation, Shizuoka, Japan) for the
calculation of entrance surface dose (ESD).

Three radiophotoluminescent glass dosimeters were
placed on the T6 level (both lungs, surface of vertebra). The
attachment location of glass dosimeters was maintained
for all measurements. The position of the prepared RANDO
phantom was close to the front of detector with a posterior-
anterior position.

We performed 9 DT scans, including SD setting, altering
DT parameters, such as tube voltage, dose ratio, and filter
(0.3 mm copper filter) (Table 1). Each scan was performed
10 times for minimizing a deviation of equipment and an
error of measurement.

The dosimeters were transferred to a fully automatic
readout system (FGD-1000, Asahi Techno Glass, Shizuoka,
Japan), that was used to measure the absorbed radiation
doses from the dosimeters. ESD was measured one time, and
a final ESD was calculated by a tenth part of initial ESD. We
obtained an each ESD for nine configurations. Among these,
the condition that had lowest ESD value was chosen as the
LD setting.

Effective doses and organ doses in SD and LD settings
were calculated using Monte Carlo software (PCXMC, version
2.0; STUK, Helsinki, Finland).

Evaluation of Image Quality

To evaluate image quality, we used an anthropomorphic
chest phantom (Alderson Lung/Chest Phantom RS-320;
Radiology Support Devices, Long Beach, CA, USA, male

Setting Tube Voltage Dose Ratio 0.3 mm Copper Filter ESD (mGy) ED (puSv)
1* 120 kVp 1:10 ) 0.98 140
2 120 kVp 1:10 (+) 0.60 129
3 120 kVp 1:5 (+) 0.38 82
4 100 kVp 1:10 (-) 1.25 151
5 100 kVp 1:10 +) 0.58 115
6 100 kVp 1:5 +) 0.31 62
7 80 kVp 1:10 ) 1.27 125
8 80 kVp 1:10 +) 0.73 118
9 80 kVp 1:5 (+) 0.37 63

Note.— *Standard default setting. ESD = entrance surface dose, ED = effective dose, DT = digital tomosynthesis
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skeleton, 175 c¢m, 73.5 kg).

We first removed the lung and diaphragm of the phantom.
We then made 3 sets of artificial nodules embedded in
Styrofoam. Each set consisted of 5 soaked adlay, red-
bean, millet and un-soaked millet. Three sets of artificial
nodules were inserted inside of the phantom (Fig. 1).

We then attached an additional 20 artificial nodules (5
soaked adlay, red-bean, millet and un-soaked millet) on
the pleural surface of the removed diaphragm to represent
diaphragmatic and costo-phrenic nodules (subdiaphragmatic
nodules). The total number of artificial nodules inserted

in the phantom was 80. These were composed of 40
subcentimeter nodules (4-8 mm) and 40 micronodules (less
than 4 mm). Among these, vertebral or paravertebral (right
and left 2 cm from margin of vertebral body) nodules, and
sub-diaphragmatic nodules were counted separately, and
were classified as nodules in the ‘thick area’ Other nodules
were classified as nodules in the ‘thin area.

The Phantoms were then exposed using the LD and SD DT
settings.

Four observers counted the number of subcentimeter
nodules and micronodules detected in the thick and thin
area.

One observer was a board-certified radiologist with 15
years of experience in chest radiology (observer 1). Two
observers were board-certified radiologist with one-year

Fig. 1. Anthropomorphic chest phantom for evaluation of
image quality. Three sets of Styrofoam embedded with artificial
nodules were inserted into empty chest phantom.
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of experience (observer 2 and 3). And final observer was a
fourth-year radiology resident (observer 4).

In order to reduce bias, the observers independently
evaluated the images in the same room without any time
limitation. To avoid recall bias, DT images at the SD and LD
settings were separately evaluated with a one week interval.
LD DT was firstly evaluated.

Statistical Analysis

We analyzed the numbers of detected nodules and the
sensitivity according to area and size (subcentimeter
nodules in the thick area and in the thin area, micronodules
in the thick area and in the thin area) for the LD and SD
settings. Data were analyzed using the McNemar test. We
also counted false positive nodules in LD and SD setting for
four observers. They were analyzed by chi-square test. A p
value < 0.05 was considered significant.

RESULTS

Dose Measurement

Entrance surface dose measurements according to kVp,
filter and dose ratio are shown in Table 1. The lowest DT
dose was acquired at 100 kVp, a 1 : 5 dose ratio, and with
the use of an additional Cu filter. And that setting was
decided as LD setting.

Under the 1 : 10 dose ratio, the ESD decreased by
38%, 54%, and 42% at 120 kVp, 100 kVp, and 80 kVp,
respectively, when we used an additional 0.3 mm Cu filter.
With fixed use of an additional Cu filter, the ESD decreased
by 37%, 46%, and 50% at 120 kVp, 100 kVp, and 80 kVp,
respectively, when we changed the dose ratio from 1 : 10 to
1:5. A lower ESD was seen at 100 kVp than at 120 kVp or
80 kVp under the same AEC speed of 400.

In this study, the effective dose using the SD setting was
140 pSV, and the effective dose using the LD setting was 62
pSv. 56.7% dose reduction was noted using the LD setting
compared with the SD setting. The estimated organ doses
calculated by Monte Carlo simulation are compared in Figure
2. The organ dose to the lung was deceased by 57% noted
using the LD setting compared with the SD setting (0.42
mGy in SD vs. 0.18 mGy in LD).

Evaluation of Image Quality

Mean numbers of detected nodules, detection
sensitivities, and statistical significances for the 2 settings
are summarized in Table 2.

527



Korean Journal of Radiology

KJR

Hwang et al.

0.45

0.40 -

Dose (mGy)

| (o b T

Bone marrow Brain Breast Heart Kidney Liver

Lung Esophagus  Skeleton Skin Thymus  Thyroid

Organ

Fig. 2. Organ doses for SD DT and LD DT settings. Doses for lung and bone marrow were decreased substantially more in LD setting than in
SD setting. SD = standard default, DT = digital tomosynthesis, LD = low dose

Table 2. Mean Number of Detected Nodules and Detection Sensitivity on SD Setting and LD Setting

Sensitivity

Nodule Size Area Observer D D P

Sub-centimeter nodule Thin (n = 22) 0B1 91% (20) 95% (21) >0.99
0B2 91%  (20) 91%  (20) >0.99
0B3 100%  (22) 100%  (22) -
0B4 100%  (22) 100%  (22) -

Average 95% (21.0) 97% (21.3)
Thick (n = 18) 0B1 83% (15) 72% (13) 0.63
0B2 89% (16) 83% (15) >0.99
0B3 89%  (16) 78%  (14) 0.50
0B4 83%  (15) 100%  (18) 0.25
Average 86% (15.5) 83% (15.0)

Micro-nodule Thin (n = 16) 0B1 100% (16) 100% (16) -
0B2 94%  (15) 88%  (14) >0.99
0B3 88%  (14) 94%  (15) >0.99
0B4 88% (14) 94% (15) >0.99

Average 92% (14.8) 94% (15.0)

Thick (n = 24) 0B1 79%  (19) 50%  (12) 0.04
0B2 88%  (21) 63%  (15) 0.03
0B3 33%  (8) 33%  (8) >0.99
0B4 50%  (12) 29%  (7) 0.23

Average 63% (15.0) 44% (10.5)

Note.— Numeric in parenthesis are numbers of detected nodules. *P values were estimated by McNemar test. SD = standard default, LD =

low dose, OB = observer

The detection sensitivities for subcentimeter nodules
in the thin area were similar: 95% using the SD setting
and 97% using the LD setting. The sensitivities were also
similar for subcentimeter nodule in thick area: 86% in the
SD setting and 83% in the LD setting. Differences in the
detection of subcentimeter nodules between the 2 settings
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were not statistically significant between observers.

The detection sensitivities of micronodules in the thin
area were similar: 92% using the SD setting and 94% using
the LD settings, and showed no statistical significance.
However, for micronodules in the thick area, sensitivities
were different: 63% using the SD setting and 44% using
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Table 3. False Positive Nodules on SD Setting and LD Setting
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LD SD -

Observer PN FPN FPR PN FPN FPR P
0B1 62 1 1.6% 70 0 0.0% 0.29
0B2 64 0 0.0% 72 0 0.0% -
0B3 59 1 1.7% 60 2 3.3% 0.58
0B4 62 4 6.5% 63 1 1.6% 0.18

Note.— Numeric is number of true nodule or false positive nodule. *P values were estimated by chi-square test. SD = standard default,
LD = low dose, OB = observer, TPN = true positive nodule, FPN = false positive nodule, FPR = false positive ratio

the LD setting, and showed statistical significances with
observer 1 (p = 0.04) and observer 2 (p = 0.03).

Detected false positive nodules in SD and LD settings
for four observers were noted in Table 3. There were no
statistically significant differences in SD and LD settings for
all observers.

DISCUSSION

As described above, DT is a newly available imaging
modality that offers the potentially substantial
improvements over conventional chest radiography for
the detection of subtle lung disease (2, 7, 8). The major
advantages of DT over conventional chest radiography
are the removal of overlying structures, the enhancement
of local tissue separation, and the availability of depth
information for the structure of interest. Despite these
advantages, the problem of high radiation dose remains. In
published data, the estimated effective dose of DT ranged
from 120 pSv to 200 pSv (2, 8-10), whereas the effective
dose for a standard chest postero-anterior radiograph of a
patient of the size of an average adult male was 17 pSy,
and the dose for the left lateral view was 39 pSv (9). Other
reports gave 40-50 pSv as the dose found on conventional
two-view (PA and lateral view) chest radiographs. Thus
the effective DT dose was 10 times higher than that of a
standard chest postero-anterior radiograph, and 3-4 times
higher than that of standard 2-view chest radiograph.
Because DT is a relatively new technique, the number of
published dose reduction studies are limited (11).

In our study, we sought to optimize the LD setting for DT
by varying the DT parameters. Based on previous studies,
we first added a 0.3 mm copper filter (12, 13). Hamer et
al reported that subjectively equivalent chest radiographic
image quality was found with an estimated 30% dose
reduction after the addition of 0.3 mm copper filter with
flat-panel CsI/a-Si technology (12). By adding a copper
filter with DT, the ESD was decreased by 38% in comparison
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to the SD setting. This was comparable with previous study.
When dose ratio was changed to 1 : 5 from 1 : 10 with the
use of a Cu filter, the ESD was reduced by 37-50%. With
a 1:10 dose ratio (in a case of 2 mAs in scout view),
the cumulative mAs of all 60 views should be 20 mAs, or
0.33 mAs per view. Therefore, this decrease in the ESD was
reasonable. However, the ESD in 1 : 5 was not one half
of the ESD in 1 : 10. This was why that exposure time of
equipment was adjusted to several steps (ex. 25 ms, 40 ms,
64 ms). As kVp is decreased, ESD is usually decreased. In our
study, there was little correlation between kVp and ESD. The
reasons of that were as follows: First, we used AEC. Though
we decreased kVp, exposure was increased to maintain same
density due to AEC. Second, nonhomogeneity of effective
patient dose, image quality, and efficiency according to
kVp might have been due to complex phenomenon in
relation with k-edge effect of detector material (CsI), and
absorption coefficient of the human molecular structure.
Accordingly, the selected LD DT parameters were 100 kVp,
a dose ratio 1 : 5, and with the use of an additional copper
filter. The estimated effective dose was 62 pSv using the LD
setting, which showed a 56.7% decrease compared with the
SD setting. This result was about 2-3 times that of standard
postero-anterior chest radiograph and was comparable with
the dose of standard 2-view chest radiograph.

Evaluated image quality was not significantly different
between the LD and SD settings, with the exception
of images of micronodules in the thick area. Using the
SD setting, the detection sensitivities for micronodules
and subcentimeter nodules were 55-95% and 88-95%,
respectively. This was compatible with previously reported
data (2, 7). Dobbins et al. (7) reported 53% and 71%
detection sensitivity for 3-5 mm nodules and 5-10 mm
nodules, respectively. Vikgren et al. (2) reported 86%
sensitivity for nodules less than 4 mm and near 100%
visibility for nodules above 5 mm. These results both show
a relatively low detection rate for nodules of less than 4
mm. However, in a clinical setting, detection of nodules
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A

Fig. 3. Images at standard dose (SD) and at low dose (LD) digital tomosynthesis.
A. Magnified SD setting image. B. Magnified LD setting image. SD and LD images show clearly subcentimeter nodule (arrowhead) in paravertebral
area. However, micronodule (arrow) in paravertebral area is less clearly showed in LD image (B) than on SD image (A).

larger than 4 mm is more important than detection of
smaller nodules, which would not be considered actionable
by criteria of the Fleischner Society (14). Using the LD
setting, detection sensitivities were similar to those of SD
setting, with the exception of micronodules in the thick
area (63% vs. 44% for SD and LD, respectively). The reason
for this might be a decrease in signal and an increase in
noise due to the attenuation of vertebral bodies using the
LD (Fig. 3). Though nodules of less than 4 mm would not
be clinically significant, detecting these smaller nodules
for some patients, such as metastasis work-up patients
and smokers would be important. Moreover, the National
Lung Cancer Trial reported 20% fewer lung cancer deaths
seen among smokers screened with low-dose spiral CT than
with chest X-ray (15). Dobbins and McAdams proposed
potential implementation strategies for tomosynthesis (16).
According to the latter paper, DT would be a better option
for high-risk patients, such as current or former smokers
at risk for lung cancer and metastasis work-up patients, by
maximizing the chances for improved patient outcomes and
minimizing cost, radiation dose and workflow issues. Thus,
we propose that the SD setting is more suitable for high
risk patients and for further evaluation of suspicious lesions
seen in a previous standard chest radiograph, detection
capability is more important than radiation issues in these
patients. On the other hand, LD setting would be more
suitable for low risk patients such as non-smokers, or young
and pediatric patients, as avoiding unnecessary radiation is
more important in these patients.

There were several limitations to our study. First, we
used an anthropomorphic chest phantom instead of human.
Detection of nodules in the phantom might have been
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easier than those in human because there was no overlying
structures or decoy such as pulmonary vessels in this
phantom.

Second, we evaluated image quality with artificial
pulmonary nodules using globular grains. Because these
grains were homogenous, reqular and dense than real
pulmonary nodules, detection of artificial nodules also
might have been easier than detection of real nodules.
However, the primary objective of this study was to compare
image quality between SD and LD settings, and the overall
detection sensitivities for pulmonary nodules in our study
did not differ from those of previous studies (2, 7). Third,
image quality was evaluated by nodule detection only. If
interstitial pattern, ground glass opacity, or catheters had
been added, or if evaluation by European Guidelines on
Quality Criteria for Diagnostic Radiographic Images had
been performed, we might have obtained more information
regarding image quality (17). However, because we used a
phantom replaced with Styrofoam replacing the lung, these
options were not available. Kim et al. and Yoo et al. tried
LD DT in an actual clinical environment using our protocol
and confirmed the usefulness of LD DT for several clinical
applications (18-20).

In the present study, the dose of LD DT was reduced to
the similar dose with a standard 2-view chest radiograph.
Image quality at the LD setting was comparable to that of
the SD setting for nodules greater than 4 mm.

In conclusion, we suggest that LD DT can be useful for
nodule detection bigger than 4 mm without an increase in
radiation dose as compared with a standard 2-view chest
radiograph and without a significant decrease in image
quality from that of SD DT. We recommend that LD or SD
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DT should be applied appropriately according to patient
characteristics.
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