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Abstract

Purpose: The purpose of the study is to evaluate the
influence of the adaptive iterative dose reduction (AIDR
3D) algorithm on the detectability of low-contrast focal
liver lesions (FLLs) and the radiation dose repeatability
of automatic tube current modulation (ATCM) in
abdominal CT scans using anthropomorphic phantoms.
Materials and Methods: Three different sizes of anthro-
pomorphic phantoms, each with 4 low-contrast FLLs,
were scanned on a 320-channel CT scanner using the
ATCM technique and AIDR 3D, at different radiation
doses: full-dose, half-dose, and quarter-dose. Scans were
repeated three times and reconstructed with filtered back
projection (FBP) and AIDR 3D. Radiation dose repeat-
ability was assessed using the intraclass correlation
coefficient (ICC). Image noise, quality, and lesion
conspicuity were assessed by four reviewers and the
number of invisible FLLs was compared among different
radiation doses and reconstruction methods.

Results: ICCs of radiation dose among the three CT
scans were excellent in all phantoms (0.99). Image
noise, quality, and lesion conspicuity in the half-dose
group were comparable with full-dose FBP after
applying AIDR 3D in all phantoms. In small phantoms,
the half-dose group reconstructed with AIDR 3D
showed similar sensitivity in visualizing low-contrast
FLLs compared to full-dose FBP (P = 0.77–0.84). In
medium and large phantoms, AIDR 3D reduced the
number of missing low-contrast FLLs [3.1% (9/288),
11.5% (33/288), respectively], compared to FBP [10.4%
(30/288), 21.9% (63/288), respectively] in the full-dose
group.
Conclusion: By applying AIDR 3D, half-dose CT scans
may be achievable in small-sized patients without
hampering diagnostic performance, while it may
improve diagnostic performance in medium- and
large-sized patients without increasing the radiation
dose.
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contrast detectability—Body size—Computed
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Recently, the widespread utilization of computed
tomography (CT) examinations has increased the con-
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cerns over an already worrisome problem, medical
radiation exposure [1–3]. To alleviate this potential risk
in patients, several techniques have been developed to
reduce this radiation exposure to patients, particularly in
children, including the use of automatic tube current
modulation (ATCM) [4] and iterative reconstruction
(IR) [5, 6]. Among them, IR has drawn particular
attention owing to its advantages over conventional fil-
tered back projection (FBP) of decreased image noise
and maintenance of image quality [7]. Until now, how-
ever, there have only been a few studies assessing the
diagnostic performance of these techniques [8, 9]. Several
studies have already shown that IR techniques can pro-
vide superior objective noise reduction compared with
standard FBP, but controversy remains as to the range of
exposure reduction able to be applied using these tech-
niques while maintaining comparable diagnostic accu-
racy for the detection of focal lesions to standard dose
FBP [8, 10–12].

In a continued effort to reduce radiation dose while
maintaining image quality, adaptive iterative dose
reduction (AIDR 3D), a commercial hybrid IR algo-
rithm that reduces image noise and streak artifacts in the
raw data and image space domain, has been developed
[5, 13, 14]. However, although this hybrid IR algorithm
has shown the capability of reducing noise while
improving image quality [5, 13, 14], the diagnostic per-
formance of low-contrast focal lesions was deemed not
sufficient enough to support low-dose liver imaging; in
fact, according to a recent phantom study, this hybrid IR
algorithm was shown not to be able to preserve low-
contrast detectability [9]. Indeed, the ability to detect
low-contrast lesions is of unquestionable importance
because lesions in abdominal solid organs including the
liver usually show low-contrast while it shows high-
contrast in the lung and CT colonography. However, in
the previous study, they used only one phantom of one
size, and only single IR strength was applied. In addition,
owing to the phantom’s shape, they applied a fixed tube
current. This is different from what would be encoun-
tered in clinical practice as many hospitals often use a
radiation dose modulation system. Considering that in
addition to the IR algorithm used, the ATCM technique
and patients’ body habitus are also significant factors
affecting the detectability of focal lesions in abdominal
solid organs, we believe that the influence of IR tech-
niques on the detectability of low-contrast lesions in
different body sizes, as well as the radiation dose
repeatability of ATCM should be explored.

Therefore, the purpose of this study is to evaluate the
influence of the AIDR 3D algorithm on the detectability
of low-contrast lesions and the radiation dose repeat-
ability of ATCM in combination with AIDR 3D in
abdominal CT scans using anthropomorphic phantoms
simulated for different body sizes.

Materials and methods

Phantom preparation

A customized anthropomorphic phantom (PH-5, Kyoto
Kagaku), which was used for our previous study [15],
was prepared to imitate the upper abdomen during the
portal venous phase (Fig. 1A). The longest and shortest
diameters of the phantom were 26 and 18 cm, and the
abdominal circumference was 79 cm. To mimic the dif-
ferent sizes of the human torso, three different sizes of
phantoms were created by wrapping the anthropomor-
phic phantom with pork fat: 2.5 cm in thickness to mimic
a medium-sized human torso (medium-sized phantom)
and 5 cm in thickness to mimic a large-sized human torso
(large-sized phantom) (Fig. 1B, C). The abdominal cir-
cumferences were approximately 85, and 101 cm in the
medium and large phantoms, respectively. In each
phantom, a total of eight focal liver lesions (FLLs),
1.5 cm in diameter, were placed (Fig. 2). The FLLs were
comprised of four high-contrast lesions (lesion-to-liver
contrast: ±30, ±50) and four low-contrast lesions (le-
sion-to-liver contrast: ±10, ±20).

CT acquisition and image reconstruction

CT acquisition. The three anthropomorphic phantoms
were scanned using a 320-channel multidetector CT
scanner craniocaudally, in the supine position (Aquilion
ONE; Toshiba Medical Systems, Tokyo, Japan). All
scans were performed under the following condition
based on our routine abdominal CT protocol: 120 kVp;
collimation 0.5 mm; slice thickness 3.0 mm; with
ATCM. The Toshiba CT scanner uses a combined sys-
tem of AIDR 3D and the ATCM technique (Sure
Exposure 3D, Toshiba Medical Systems), and therefore,
dose modulation was determined by two factors, noise
level (specified in terms of the selected standard deviation
(SD) of CT numbers measured in a patient-equivalent
water phantom) and the reconstruction algorithm used
(FBP vs. AIDR 3D). When FBP is used with Sure
Exposure 3D, tube current was determined by predeter-
mined the image quality, which is specified in terms of
selected SD of CT numbers measured in a patient-
equivalent water phantom [16]. However, when AIDR
3D and Sure Exposure 3D are used together, radiation
dose is automatically reduced after using AIDR 3D
compared to FBP, as AIDR 3D is able to reduce image
noise [17]. In our study, in order to determine the influ-
ence of AIDR 3D on the radiation dose repeatability of
ATCM in different body habitus, three different recon-
struction techniques [filtered back projection (FBP)
scanning, mild (MILD) scanning, standard (STD) scan-
ning] were used at four different noise levels (SD: 13, 15,
17, and 19), forming twelve different combinations of CT
scan parameters. CT scans with the same scanning

1844 J. H. Yoon et al.: Detectability of low contrast lesions and radiation dose



parameters were performed three times in each phantom,
successively after placing the phantom completely down
on the table to obtain the scan from the very beginning.
Therefore, a total of 36 scans were acquired for each
phantom: twelve different conditions with three repeated
scans for each condition.

Image reconstruction. Each CT scan was reconstructed
using four different reconstruction algorithms: FBP and
three strengths of hybrid IR algorithms [MILD, STD
and strong (STR)]. The same soft tissue kernel (FC 08)
was used for all scans.

Radiation dose calculation and dividing groups
based on radiation dose

The volume CT dose index (CTDIvol) and the dose-
length product (DLP) were recorded for each radiation
dose group in the three phantoms. After calculating the
radiation doses of each CT scan, CT scans were divided
into three groups: full-dose (FD), half-dose (HD), and
quarter-dose (QD) groups for each phantom. The target
radiation doses of each group were 100% in FD, 50% of
FD in HD, and 25% of FD in the QD group. Scans with
highly deviated radiation doses (>15%) from the target
dose were excluded so as to lower the standard deviation
of radiation doses in each group. In scans with a bor-
derline difference (11–15%), they were either included or
excluded from the group, toward minimizing the differ-
ence between the average radiation dose and the target

Fig. 2. CT images of eight focal liver lesions (FLLs) in the
anthropomorphic phantom. Four hypoattenuating (A) and four
hyperattenuating FLLs (B) were placed in the phantom. Four
low-contrast FLLs (black arrowheads) and four high-contrast
FLLs (white arrowheads) are marked.

Fig. 1. Computed tomography (CT) scans of anthropomorphic
phantoms of different sizes. Images of small (A), medium (B)
and large-sized (C) phantoms are shown, taken using 120 kVp
at full-dose (FD, filtered back projection scan mode and noise
level 13), and reconstructed using mild strength of AIDR 3D.
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dose of the group. Finally, four scans each in small and
large phantoms and two scans in a medium phantom
were excluded (Supplement 1). Target doses and
achieved doses in each dose group of each phantom are
summarized in Supplement 1. Target doses and achieved
doses were similar in all radiation dose groups, but the
HD group in the small-sized phantom showed 10%
higher radiation dose than the target dose (60.5% vs.
50%) as radiation doses of most scans in the small-sized
phantom were deviated from 50% of the radiation dose
in the FD group (Supplement 1).

Image analysis

A total of 432 image sets (3 phantoms* 3 scanning levels*
4 noise levels* 4 reconstruction types*3 repeated scans)
were obtained. These image sets were divided into three
groups in a random manner and reviewed at 2 week
intervals to avoid reviewers’ fatigue and learning bias. In
addition, the orders of image sets in each group were also
randomly distributed. All image reviews were performed
with picture archiving and communication system
(PACS) (Maroview 5.4, Infinitt, Seoul, Korea) using
monitors with a spatial resolution of 1,600 9 1,200.
During the review, the observers were allowed to change
window width and level as they would in clinical practice.

Lesion conspicuity. Four abdominal radiologists (B.Y.H.,
J.H.Y., J.B., and J.M.L. with six, eight, eleven and
twenty one years of experience in abdominal CT inter-
pretation, respectively) evaluated the CT data indepen-
dently. Although all reviewers were blinded to the scan
parameters and reconstruction methods, all phantoms
had FLLs in the same location and the reviewers were
expected to become aware of the presence of FLLs.
Therefore, we gave each FLL an identification number
from one to eight (FLL1 to 8). The readers were then
asked to grade the level of conspicuity of each FLL as
follows: grade 1, definitely not seen; grade 2, may pres-
ent; grade 3, probably present; and grade 4, definitely
present.

Qualitative image quality evaluation. Independent quali-
tative image analysis was performed by two abdominal
radiologists (B.Y.H., and J.B.). After independent re-
view, a joint review was performed until both reviewers
reached a consensus on all borderline cases. Image noise
and overall image quality were assessed on a four-point
scale. For image noise, a score of 1 indicated unaccept-
able noise; score 2, significant image noise, affecting
diagnostic performance; score 3, presence of image noise
with decreased image quality, but diagnostically accept-
able; and score 4, minimal or no significant image noise,
without decreasing image quality [18]. For image quality
evaluation, a score of 1 suggested a diagnostically

unacceptable image; score 2, poor than average; score 3,
average; and score 4, better than average image quality
[19, 20].

Quantitative image noise and lesion conspicuity evaluation.
One attending radiologist (J.H.Y.) measured the CT
numbers and image noise by drawing regions of interest
(ROIs; mean size, 106.2 ± 23.9 mm2). All image sets of
each phantom were displayed side-by-side, and the ROIs
were copied and pasted on each image. Image noise was
measured in the subcutaneous fat layer and both pa-
raspinal muscles, and the average value was used to
indicate image noise. In addition, the CT number of the
liver was measured three times in the left lateral, right
anterior, and right posterior segments of the liver and the
average value of the three measurements was utilized as
the liver attenuation of the image set. CT numbers of the
FLLs were measured by drawing ROIs at the slice
showing the largest dimension of FLLs. Contrast-to-
noise ratio (CNR) of each FLL was calculated as fol-
lows: CNR = (ROIliver - ROIFLL)/image noise [17].

Statistical analysis

The radiation dose repeatability of the combination of
the ATCM technique and AIDR 3D was assessed using
intraclass correlation coefficients (ICC) among the three
scans. With regard to image quality, image noise, CNRs,
and image quality of the different reconstruction algo-
rithms at the same radiation doses were compared using
an analysis of variance for repeated measurements
(RMANOVA) or Friedman analysis of variance. The
effect of different radiation doses on image noise and
quality, as well as the effect of different reconstruction
algorithms were also assessed in the same manner. Post
hoc tests were performed when there was a significant
difference between groups after RMANOVA or Fried-
man analyses. As for lesion conspicuity, one-way Ana-
lysis of variance (ANOVA) as performed to compare
image sets of four reconstruction types in HD and QD
groups with the FBP images of FD group while a com-
bination of radiation doses and reconstruction methods
were treated as a variance factor. To determine the
incidence of ‘invisible’ FLLs among the reconstruction
methods, the v2 test was performed.

Agreement between the readers was graded as follows:
A j value of less than 0.20 indicated poor agreement; a j
value of 0.21–0.40, fair agreement; a j value of 0.41–0.60,
moderate agreement; a j value of 0.61–0.80, good agree-
ment; and a j value of 0.81–1.00, very good agreement.
All statistical tests were performed using commercially
available software (IBM SPSS, version 19, SPSS Inc.,
IBM Company, Armonk, NY, USA; Medcalc, Medcalc
Software, Mariakerke, Belgium). A P-value <0.05 was
considered to indicate a significant difference.
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Results

Influence of AIDR 3D on radiation dose
repeatability and dose reduction

DLPs and CTDIvol of each scan depending on the scan
setting and noise level are summarized in Supplement 2.
The radiation doses were not the same according to the
three repeated scan data, but showed excellent agree-
ments in all phantoms (Fig. 3): ICC values were 0.99 in
the small-sized phantom (95% CI 0.967–0.996), 0.997 in
the medium-sized phantom (95% CI 0.991–0.999), and
0.995 in the large-sized phantom (ICC: 0.995; 95% CI
0.986–0.998). In all phantoms, radiation doses signifi-
cantly decreased by combining increasing noise levels
(SD) and changing the scan type from FBP to MILD or
STD; up to 86.6, 83.9, and 78.6% of DLP reduction were
achieved in small, medium, and large phantoms (Fig. 4,
Supplement 2). Adjusting the scan type decreased radi-
ation doses further than changing the SD level; in a small
phantom, switching scan type from FBP to STD reduced
71.7% of DLP at SD of 13, but increasing SD from 13 to
19 reduced 37.8% of DLP (Fig. 4, Supplement 2).

Comparison of image noise and image quality of
AIDR 3D images to FBP images

On qualitative analysis, noises of HD MILD, STD and
STR images did not show significant differences com-
pared to FD FBP images in all three phantoms
(P = 0.087–1.0, Table 1). However, QD images showed
significantly noisier images compared to FD FBP images
in all phantoms (P < 0.0001–0.045) except STR recon-
struction images (P = 0.055–1.0, Table 1). As for image
quality, HD AIDR reconstructed images showed com-
parable image quality with FD FBP images in all
phantoms (P = 0.055–1.0, Table 1) except HD MILD
reconstruction images in the medium-sized phantom
(3.67 ± 0.52 in FD FBP vs. 2.93 ± 0.46 in HD MILD,
P = 0.046). However, QD images tended to show lower
image quality regardless of image reconstruction, com-
pared to FD FBP images in all phantoms (P < 0.0001–
0.048, Table 2). Two reviewers showed moderate inter-
observer agreement in noise evaluation (j = 0.52) and
good agreement in image quality assessment (j = 0.69).

On quantitative evaluation, AIDR 3D decreased image
noise compared to FBP in all phantoms (Supplements 3–
4). Noise reduction was more substantial as phantom size
increased and as radiation dose decreased (Supplement 4).

Conspicuity of Low-contrast FLLs depending on
radiation dose, reconstruction algorithms, and
phantom size

The lesion conspicuity of FLLs is summarized in Table 3
and CNRs of each FLL are presented in Supplement 5.

In comparison to the FBP images of each radiation dose
group, lesion conspicuity of low-contrast FLLs signifi-
cantly decreased as radiation dose decreased in medium
and large phantoms (Table 3). However, after AIDR 3D
reconstruction, HD images did not show a significant

Fig. 3. Graphs showing dose-length products (DLP) of each
phantom in three repeated scans. Each phantom was scan-
ned with 12 different radiation dose modulation settings, and
each setting was repeated three times. Dots connected with
lines indicate the same dose modulation setting. DLPs were
similar through all three different scans in small- (A), medium-
(B) and large-sized (C) phantoms.
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difference compared to FD FBP images in all three
phantoms (P = 0.092–1.0, Table 3). In addition, the le-
sion conspicuity of low-contrast FLLs was significantly
worse in the QD group compared to the FD FBP group,
regardless of the reconstruction algorithms used in all
phantoms (P < 0.0001, Table 3). In FD FBP group,

lesion conspicuity significantly decreased as phantom
size increased among the three phantoms: 2.8 ± 0.9 in
the small-sized phantom, 2.6 ± 0.9 in the medium-sized
phantom, and 2.1 ± 0.9 in the large-sized phantom
(P < 0.0001). Only the large-sized phantom showed a
statistically significant improvement of low-contrast
FLL conspicuity after AIDR 3D reconstruction at FD
(P = 0.034 in STD reconstruction, 0.031 in STR
reconstruction), whereas the small- and medium-sized
phantoms showed similar lesion conspicuity on AIDR
3D reconstruction images with those on FBP images at
FD.

In addition, the numbers of invisible low-contrast
FLLs were compared among different reconstruction
strengths (Table 4). The number of invisible low-contrast
FLLs significantly increased as radiation dose decreased
(P = 0.005, Table 4). Especially in the QD groups of the
three phantoms, the number of invisible low-contrast
FLLs was significantly higher in the QD groups in all

Fig. 4. Graphs showing DLPs using different scanning
parameters for each phantom. X-axis indicates the scanning
mode and y-axis indicates DLP. Different colors of bars indi-
cate different noise levels. By adjusting scan modes, DLP
significantly decreased in small- (A), medium- (B) and large-
sized (C) phantoms. Radiation dose reduction was more
substantial when adjusting the scan mode than the image
noise level. Percentages of each column indicate DLP pro-
portion, compared to FBP with noise level of 13. FBP filtered
back projection, MILD mild strength of scanning mode, STD
standard strength of scanning mode.

b

Table 1. Qualitative image noise assessment according to phantom size
and reconstruction method

Reconstruction type

FBP MILD STD STR

Small
FD 4.00 ± 0.00 4.00 ± 0.00 4.00 ± 0.00 4.00 ± 0.00
P-value� – 1.0 1.0 1.0
HD 3.07 ± 0.26 3.53 ± 0.52 3.67 ± 0.49 3.80 ± 0.41
P-value� 0.033 0.142 0.467 0.529
QD 2.17 ± 0.41 2.67 ± 0.52 2.67 ± 0.52 2.83 ± 0.75
P-value� 0.001 0.020 0.020 0.055

Medium
FD 4.00 ± 0.00 4.00 ± 0.00 4.00 ± 0.00 4.00 ± 0.00
P-value� – 1.0 1.0 1.0
HD 3.00 ± 0.00 3.47 ± 0.46 3.53 ± 0.52 3.73 ± 0.46
P-value� <0.0001 0.124 0.534 1.0
QD 2.11 ± 0.33 2.78 ± 0.44 2.89 ± 0.33 3.00 ± 0.00
P-value� <0.0001 0.006 0.020 0.063

Large
FD 3.50 ± 0.55 3.67 ± 0.52 3.83 ± 0.41 3.83 ± 0.41
P-value� – 1.00 0.999 0.999
HD 2.78 ± 0.44 3.22 ± 0.44 3.44 ± 0.53 3.56 ± 0.53
P-value� 0.087 1.00 1.0 1.00
QD 1.33 ± 0.50 2.33 ± 0.53 2.67 ± 0.50 2.89 ± 0.06
P-value� <0.0001 0.006 0.045 0.369

Values are mean ± standard deviation. �Difference in score of the 11
image sets compared to FD FBP images. A P-value less than 0.05
indicates statistical significance
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three phantoms compared to the number of invisible
FLLs in the FD FBP images (P < 0.0001, Table 4). In
the comparison between HD AIDR 3D images and FD
FBP images, the number of invisible low-contrast FLLs
varied depending on the phantom size. In the small-sized

phantom, there were no significant differences in the
number of invisible FLLs between FD FBP images and
HD AIDR 3D images (Fig. 5, MILD, STD and STR,
P = 0.77–0.84). However, in the medium-sized phan-
tom, HD AIDR 3D images showed a significantly higher
number of invisible low-contrast FLLs compared to FD
FBP images (P < 0.0001, Table 4). In the large-sized
phantom, the number of missing lesions exceeded 20% in
FD FBP images [21.9% (63/288), Table 4], and the high
missing rate was improved after applying AIDR 3D
[12.5% (36/288) with STD reconstruction, 11.5 (33/288)
with STR reconstruction, Table 4]. All high-contrast
FLLs showed better lesion conspicuity than low-contrast
FLLs in the same scan and reconstruction condition. All
high-contrast FLLs showed higher scores of lesion con-
spicuity than 3.0 on average, and was sufficient enough
to be detected regardless of phantom size, radiation dose
and reconstruction algorithm (Table 3).

Discussion

Our study results demonstrated that image noise, image
quality, and lesion conspicuity of low-contrast FLLs
were improved after applying AIDR 3D in all three
different sized phantoms at the same radiation dose. This
image quality improvement provided by AIDR 3D al-
lowed a radiation dose reduction of up to 50%, providing
comparable image quality to full-dose FBP images.
Furthermore, as for the conspicuity of low-contrast
FLLs, AIDR 3D images in the HD group showed similar
scores with the FD FBP groups in all phantoms, while
AIDR 3D at QD showed worse lesion conspicuity than

Table 3. Lesion conspicuity of each phantom according to lesion contrast, radiation dose, and reconstruction method

Low-contrast High-contrast

FBP MILD STD STR FBP MILD STD STR

Small
FD 2.8 ± 0.9 2.9 ± 0.9 3.0 ± 0.8 2.9 ± 0.9 3.9 ± 0.4 3.9 ± 0.4 3.9 ± 0.4 3.9 ± 0.4
P-value� – 1.0 1.0 1.0 – 1.0 1.0 1.0
HD 2.6 ± 0.9 2.8 ± 0.9 2.8 ± 0.9 2.8 ± 0.9 3.9 ± 0.4 3.8 ± 0.4 3.9 ± 0.4 3.9 ± 0.4
P-value� 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
QD 1.8 ± 0.7 2.1 ± 0.8 2.2 ± 0.8 2.2 ± 0.9 3.6 ± 0.5 3.7 ± 0.5 3.7 ± 0.5 3.7 ± 0.5
P-value� <0.0001 0.002 0.003 0.023 0.008 0.598 0.428 0.428

Medium
FD 2.6 ± 0.9 2.7 ± 0.9 2.8 ± 0.9 2.8 ± 0.9 3.9 ± 0.4 3.9 ± 0.4 3.9 ± 0.4 3.9 ± 0.3
P-value� – 1.0 1.0 1.0 – 1.0 1.0 1.0
HD 2.1 ± 0.9 2.3 ± 0.9 2.4 ± 0.9 2.4 ± 0.9 3.8 ± 0.5 3.8 ± 0.5 3.8 ± 0.5 3.8 ± 0.5
P-value� 0.001 0.539 0.987 0.999 0.356 0.909 0.580 0.750
QD 1.6 ± 0.6 1.9 ± 0.8 2.0 ± 0.8 2.0 ± 0.8 3.5 ± 0.5 3.6 ± 0.5 3.7 ± 0.5 3.7 ± 0.5
P-value� <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.001 0.005 0.034

Large
FD 2.1 ± 0.9 2.4 ± 0.9 2.5 ± 0.9 2.5 ± 0.9 3.7 ± 0.5 3.7 ± 0.5 3.8 ± 0.4 3.8 ± 0.4
P-value� – 0.935 0.034 0.031 – 1.0 1.0 1.0
HD 1.8 ± 0.8 2.0 ± 0.9 2.1 ± 0.9 2.1 ± 0.9 3.5 ± 0.5 3.6 ± 0.5 3.6 ± 0.5 3.6 ± 0.5
P-value� 0.092 1.0 1.0 1.0 1.0 1.0 1.0 1.0
QD 1.4 ± 0.6 1.6 ± 0.7 1.7 ± 0.7 1.7 ± 0.7 3.2 ± 0.7 3.4 ± 0.5 3.5 ± 0.5 3.5 ± 0.5
P-value� <0.0001 <0.0001 0.001 0.002 <0.0001 0.007 0.547 0.844

Values are mean ± standard deviation. �Difference in score of the 11 image sets compared to FD FBP images. A P-value less than 0.05 indicates
statistical significance

Table 2. Image quality assessment according to phantom size, radia-
tion dose, and reconstruction method

Reconstruction type

FBP MILD STD STR

Small
FD 4.00 ± 0.00 4.00 ± 0.00 4.00 ± 0.00 4.00 ± 0.00
P-value� * * * *
HD 3.00 ± 0.00 3.13 ± 0.35 3.53 ± 0.52 3.80 ± 0.41
P-value� 0.013 0.055 0.135 0.521
QD 1.83 ± 0.41 2.00 ± 0.00 2.33 ± 0.52 2.50 ± 0.55
P-value� 0.003 0.009 0.013 0.037

Medium
FD 3.67 ± 0.52 3.83 ± 0.41 4.00 ± 0.00 4.00 ± 0.00
P-value� – 1.0 0.966 0.966
HD 2.67 ± 0.49 2.93 ± 0.46 3.27 ± 0.59 3.47 ± 0.52
P-value� 0.002 0.046 1.0 1.0
QD 1.78 ± 0.44 2.22 ± 0.44 2.67 ± 0.50 2.89 ± 0.33
P-value� <0.0001 <0.0001 0.001 0.021

Large
FD 3.17 ± 0.41 3.67 ± 0.52 3.83 ± 0.41 3.83 ± 0.41
P-value� – 0.915 0.421 0.421
HD 2.22 ± 0.44 2.78 ± 0.44 3.00 ± 0.00 3.44 ± 0.53
P-value� 0.014 0.955 1.0 1.0
QD 1.22 ± 0.44 2.22 ± 0.44 2.22 ± 0.44 2.44 ± 0.53
P-value� <0.0001 0.004 0.004 0.048

Values are mean ± standard deviation. �Difference in score of the 11
image sets compared to scores on FD FBP images. A P-value less than
0.05 indicates statistical significance. * No available results, due to
standard deviation value of zero (SD = 0)
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that of FD FBP. Therefore, based on our observations, a
radiation dose reduction of up to 50% could be obtained
while maintaining acceptable image quality with the use
of the AIDR 3D algorithm, while very low-dose imaging
using the hybrid IR technique may not be a realistic
option at abdominal CT for the evaluation of solid or-
gans. However, although HD images reconstructed with
AIDR 3D in the small-sized phantom showed a similar
number of missing low-contrast FLLs with FD FBP
images, the number of missing low-contrast FLLs was
similar or even increased in the HD group regardless of
the reconstruction method in the medium- and large-
sized phantoms. Thus, based on these results, we believe
that AIDR 3D CT images at 50% dose reduction may
possess a risk of reducing the diagnostic performance of
CT in detecting low-contrast FLLs in patients with
medium and large body habitus.

In recent years, with the development of clinically
available IR techniques from major CT vendors allowing
the reduction of image noise, radiation dose reduction
has been actively investigated using various IR tech-
niques. Indeed, in the setting of high lesion-to-back-
ground contrast such as in chest CT and CT
colonography, the diagnostic performance of these
techniques in detecting focal lesions was not hampered
[21, 22]. Several studies using abdominal CT also re-
ported that the detectability of FLLs such as hepatocel-
lular carcinoma was less hampered by low radiation dose
[7, 18, 20]. In fact, until now, whether or not IR images at
HD could provide equivalent diagnostic performance for
detecting low-contrast liver lesions such as liver metas-

tases compared to FBP images at regular dose remains
controversial. In our study, the possible upper limit of
radiation dose reduction might be 50% of FD in our
small-sized phantom, while it should be less than 50% in
a medium- or large-sized phantom. Our study results are
in good agreement with the results of previous studies on
IR techniques [10, 14]. Applying the results of one pre-
vious study on the correlation between body mass and
body circumference [21], the small phantom used in our
study with a 79 cm circumference, would be equivalent
to a patient weighing approximately 60–65 kg, and the
medium- and large-sized phantoms would be equivalent
to a 70–75 kg patient and 85–90 kg patient, respectively.
Based on this correlation, we should be able to reduce the
radiation dose in patients under 65 kg, whereas in pa-
tients over 70 kg, we should maintain the standard
radiation dose and avoid aggressive radiation dose
reduction to preserve the detectability of liver CT scans
for low-contrast FLLs. Instead, we believe that in pa-
tients with medium and large body habitus, the appli-
cation of AIDR 3D may have the potential to improve
diagnostic performance in detecting low-contrast FLLs
at a standard radiation dose compared with FBP images.

Contrary to the positive findings above, our results
also showed that the hybrid IR algorithm seemed to have
a limited capacity in maintaining or improving diag-
nostic performance for the detection of low-contrast
FLLs at lower radiation dose settings (>50%). The
discrepancy between marked noise improvement and
hampered low-contrast FLL detectability might be ex-
plained by the non-linearity of today’s IR algorithms,

Table 4. Number of low-contrast FLLs which were not visualized on the review sessions according to radiation doses and reconstruction algorithms

FBP MILD STD STR

Small
FD (n = 144) 6 (4.2%) 0 (0%) 0 (0%) 0 (0%)
P-value� – 0.038 0.038 0.038
HD (n = 720) 93 (12.9%) 36 (5.0%) 30 (4.2%) 24 (3.3%)
P-value� 0.005 0.84 0.82 0.77
QD (n = 288) 108 (37.5%) 90 (31.3%) 84 (29.2%) 84 (29.2%)
P-value� <0.0001 <0.0001 <0.0001 <0.0001
Total (n = 1152) 207(18.0%) 126 (10.9%) 114 (9.9%) 108 (9.4%)

Medium
FD (n = 288) 30 (10.4%) 18 (6.3%) 15 (5.2%) 9 (3.1%)
P-value� – 0.104 0.03 <0.0001
HD (n = 720) 225 (31.3%) 174 (24.2%) 153 (21.3%) 153 (21.3%)
P-value� <0.0001 <0.0001 <0.0001 <0.0001
QD (n = 396) 201 (50.8%) 144 (36.4%) 144 (36.4%) 138 (34.8%)
P-value� <0.0001 <0.0001 <0.0001 <0.0001
Total (n = 1404) 456 (32.5%) 336 (23.9%) 312 (22.2%) 300 (21.3%)

Large
FD (n = 288) 63 (21.9%) 54 (18.8%) 36 (12.5%) 33 (11.5%)
P-value� – 0.41 0.004 0.0012
HD (n = 432) 144 (33.3%) 129 (29.9%) 114 (26.4%) 105 (24.3%)
P-value� 0.0012 0.02 0.199 0.511
QD (n = 432) 279 (64.6%) 216 (50%) 180 (41.7%) 174 (40.3%)
P-value� <0.0001 <0.0001 <0.0001 <0.0001
Total (n = 1152) 486 (42.2%) 399 (34.6%) 330 (28.6%) 312 (27.1%)

Percentage in parentheses are proportion of undetected low-contrast FLLs to total number of low-contrast FLLs. �Difference in number of invisible
FLLs compared to FD FBP images. A P-value less than 0.05 indicates statistical significance
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whereas FBP shows linearity and clear trades-off be-
tween image noise, texture, and image quality. An altered
noise power spectrum and image texture may also have
played a role in hampering the diagnostic performance of
IR techniques for the detection of low-contrast FLLs at
lower radiation dose. In addition, the lower diagnostic
performance might also be attributed to insufficient noise
suppression with hybrid IR, considering that there was
one report of improved low-contrast lesion detection
using a pure IR technique.

Finally, we also evaluated the radiation dose repeat-
ability of Sure Exposure 3D, which is able to adjust the
tube current to achieve a target image quality under
different acquisition and reconstruction parameters. It
also has a unique feature in that it is fully integrated into
AIDR 3D [14], and as AIDR 3D is used together with
Sure Exposure program, it should simplify the workflow
and would be theoretically less affected by image
smoothing with radiation dose reduction [22]. However,
as users must define the scanning parameters, noise level
and the reconstruction method to be used in order to

achieve satisfying image quality with low radiation dose,
it is a bit challenging to predict the changes of radiation
dose in clinical practice. Thus, there was a need to test
the radiation dose repeatability of this technique and to
observe how radiation dose changes after adjusting the
scan parameters for various sizes of phantoms. Accord-
ing to our observation, the system showed excellent
repeatability of radiation dose determination. In addi-
tion, adjusting scanning modes showed considerable
more effect than adjusting noise levels at the same scan
mode in reducing radiation dose. Our results on lesion
detection, image quality, and dose reduction after
adjusting the parameters for differently sized phantoms
would provide valuable information and may help
operators optimize the scan setting for each individual
patient.

Our study has several limitations. First, instead of
assessing lesion detectability directly, we assessed lesion
conspicuity and the number of ‘invisible’ FLLs in each
image because of the fixed location of FLLs. Therefore,
we should be cautious when applying these results to
human patients directly. Second, we did not evaluate the
lesion detectability according to lesion size as all FLLs in
our study were of the same size (1.5 cm). Third, because
we used the same phantoms in repetitive reviews, there
may have been recall bias. However, in an effort to
minimize the bias, we randomly distributed the image
sets and scheduled a two-week interval between readings.
Fourth, we did not investigate the possibility of mild
dose reduction (20–30%) in medium and large phantoms,
without hampering diagnostic performance. Despite of
these limitations, we believe that this study has value as
we investigated the influence of radiation dose, recon-
struction method, and body habitus on the detection of
low-contrast FLLs under automatic dose modulation, as
in clinical practice, after confirming radiation dose
repeatability.

In conclusion, ATCM including AIDR 3D showed
significantly high inter-scan repeatability. In addition,
the application of hybrid IR may reduce the radiation
dose up to 50% in patients with small body habitus
without hampering low-contrast detectability. In med-
ium- and large-sized patients, hybrid IR may serve as a
tool to improve diagnostic performance in detecting low-
contrast FLLs using the standard radiation dose.

Conflict of interest H.S. is an employee of Toshiba Medical Systems
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