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Abstract
The purpose of this phantom study is to compare radiation dose and image quality of abdominal computed tomography (CT)
scanned with different tube voltages and tube currents, reconstructed with filtered back projection (FBP), hybrid iterative
reconstruction (IR) and deep learning image reconstruction (DLIR) algorithms.
A total of 15 CT scans of whole body phantoms were taken with 3 different tube voltages and 5 different tube currents. The images

were reconstructed with FBP, 30% and 50% hybrid IR adaptive statistical iterative reconstruction (ASIR-V), and low, medium and
high strength DLIR algorithms. The image scanned with tube voltage/tube current of 120kV/ 200mA and reconstructed with FBP
algorithm was chosen as the reference image. Five radiologists independently analyzed the images individually and also compared it
with the reference image in overall, using the visual grading analysis. The mean score of each image was calculated and compared.
Using DLIR algorithms, the radiation dose was reduced by 65.5% to 68.1% compared with the dose used in the reference image,

while maintaining comparable image quality. Using the DLIR algorithm ofmedium strength, the image quality was even better than the
reference image with a reduced radiation dose up to 36.2% to 50.0%. The DLIR algorithms generated better quality images than
ASIR-V algorithms in all the data sets. In addition, among the data sets reconstructed with DLIR algorithms, image quality was the
best at the medium strength level, followed by low and high.
This phantom study suggests that DLIR algorithms may be considered as a new reconstruction technique by reducing radiation

dose while maintaining the image quality of abdominal CTs.

Abbreviations: ASIR = adaptive statistical iterative reconstruction, CT = computed tomography, DLIR = deep learning image
reconstruction, DLP = dose-length product, FBP = filtered back projection, IR = iterative reconstruction.
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1. Introduction

Due to its continuous technical evolution and wide availability,
computed tomography (CT) has become more and more useful in
the diagnosis and follow-up of almost all anatomical diseases.[1]

This had resulted in the inevitable increase in ionizing radiation
exposure, with reports mentioning up to an approximately 7-fold
increase in the general population over the last 3 decades.[2]

Accordingly, there is greater concern about the risks of radiation-
induced cancers since ionizing radiation may be carcinogenic,
especially in patients of younger age who are much more
susceptible to radiation-induced injuries.[3–5] Consequently, CT
dose reduction while maintaining image quality is a critical
issue.
Several dose reduction techniques including automated tube

current modulation, optimization of tube voltage, and iterative
reconstruction (IR) algorithms have successfully been used.[6–9]

Multiple studies have reported on the credible efficacy of IR in
terms of dose reduction.[9–13] However, IR produces images with
“plastic-looking” or “unnatural” impressions compared with the
filtered back projection (FBP), which becomes more evident with
greater IR strength.[8] In addition, the nonlinear and nonstation-
ary features of the IR algorithms leads to increased contrast or
dose dependence of the spatial resolution.[14] This may lead to the
limited administration of IR algorithms in clinical practice.
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With the increased use of machine learning as a subset of
artificial intelligence, deep learning image reconstruction (DLIR)
has emerged in CT imaging as a promising technique.[15] DLIR
uses deep neural networks in the reconstruction flow, which
consists of a training process to learn how to differentiate signal
from noise and to suppress the noise without altering the
structures, based on massive number of cases that cover different
body sizes, anatomies, and scanning parameters. The goal of the
DLIR algorithm is to develop images that is equivalent to the
quality of FBP images scanned with high dose radiation, for FBP
is the most ideal image reconstruction technique in high dose and
optimal scan environment. The DLIR can be done in 3 selectable
strength levels (low, medium, and high), which varies in the
degree of noise.[16] To the best of our knowledge, the effect of
DLIR algorithms in abdominal CTs at different tube voltages and
tube currents has yet to be evaluated. This is important because it
may help optimize radiation doses in abdominal CT examina-
tions which have the highest radiation dose compared with other
types of CT scans.[17]

Therefore, the purpose of this phantom study is to compare the
radiation dose and image quality of abdominal CTs scanned with
different tube voltages and tube currents, reconstructed with FBP,
hybrid IR, and DLIR algorithms.
2. Materials and methods

Ethical approval was not necessary because of a phantom study.
2.1. Phantom

The trunk and bilateral thigh of the whole body phantom, PBU-
60 (Kyoto Kagaku Co., Ltd, Japan), simulating a man of 165cm
and 50kg was used in this study (Fig. 1). The phantom was made
of radiological soft tissue substitute with an embedded life-size
synthetic skeleton and organs such as the liver with portal and
hepatic veins, kidneys, spleen, pancreas, stomach, sigmoid colon,
rectum, and prostate. The phantomwas placed on the CT bed in a
head-first, supine position at the center of the gantry.

2.2. CT scanning

All CT images were acquired on a multi-detector Revolution CT
(GE Healthcare). The phantom was scanned 15 times with 3
Figure 1. The trunk and thigh of the PBU-60 (K
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different tube voltages (80, 100, and 120kV) and 5 different tube
currents (20, 40, 60, 100, and 200mA). All other CT parameters
were fixed (rotation time: 1 second, pitch: 0.992, and
reconstruction slice thickness: 2.5mm). The obtained raw data
was then processed on an advanced image processing station
(AW4.7, GE Healthcare) into the standard FBP, hybrid IR
Adaptive statistical iterative reconstruction (ASIR-V), and DLIR
algorithms (TrueFidelityTM). For the ASIR-V technique, 2
different levels of blending were chosen: 30% and 50%. As
for the DLIR technique, 3 different reconstruction strength levels
were chosen: low, medium, and high. Therefore, there were a
total of 6 CT data sets for each scan.
2.3. Radiation dose measurement

The volume computed tomography dose index and dose-length
product (DLP) for all of the 15 CT scans were obtained using the
dose page on our picture archiving and communication system
(PACS, Deja-View; Dong Eun IT, Bucheon-si, Republic of Korea)
provided by the CT scanner.
2.4. Assessment of image quality with visual grading
analysis

Five radiologists (JEL, JAH, SYC, MHL, and SL with 10 to 15
years of experience in abdominal imaging) independently
reviewed all images in random order, blinded to the scanning
parameters and the reconstruction algorithms, and graded the
images on a scale from 1 (worst) to 5 (best) for each imaging
features: subjective image noise, tissue interfaces, and visibility of
hepatic vasculatures (Table 1). The tissue interfaces were
evaluated by the severity of the blotchy irregular organ margin
shown as small steps at the tissue interfaces, affecting the
sharpness of the anatomical structures. Contrast of the structure
was evaluated by testing the visibility of hepatic vasculatures
(portal vein and hepatic vein branches) at the segmental level.[18]

The mean score among the 5 readers was calculated.
The images scannedwith a tube voltage of 120kV, tube current

of 200mA, and reconstructed with the FBP algorithm were
chosen as the reference image. For evaluation of the overall image
quality, all images were compared in random order, side-by-side
to the reference image by the same reviewers. Images were
displayed using the soft tissue window setting (window/level of
yoto Kagaku, Co., Kyoto, Japan) phantom.



Table 1

Scores and definition for visual grading analysis of the imaging
features.

Score Definition

Subjective image noise
5 Minimal image noise
4 Less than average image noise
3 Average image noise
2 Above average image noise
1 Unacceptable image noise

Tissue interfaces
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400/40 Hounsfield units). All reviewers were blinded to the
scanning parameters and the reconstruction algorithms. In
assessment of the overall image quality, the image noise,
sharpness of the organ margin, and detectability of small hepatic
vessels were all taken into consideration and was graded
according to the reviewers’ opinion about the overall diagnostic
acceptability. A 5-category relative visual grading analysis was
used for the quantification of the subjective opinions (Table 1),[19]

and the mean score among the 5 readers was calculated. The
images were considered comparable or superior to the reference
image when the mean score was equal to or greater than 3.
5 Minimal irregular blotchy tissue interfaces
4 Less than average irregular blotchy tissue interfaces
3 Average irregular blotchy tissue interfaces
2 Above average irregular blotchy tissue interfaces
1 Irregular blotchy tissue interfaces

Visibility of hepatic vasculatures
2.5. Statistical analysis

Our data are presented using a semi-quantitative, subjective
image analysis which is well established as a clinically relevant
method.[20] Descriptive statistics were used to present our results.
5 Excellent image contrast
4 Above average contrast
3 Acceptable contrast
2 Suboptimal contrast
1 Very poor contrast

Overall image quality (relative visual grading analysis)
5 Test image is clearly superior to reference image
4 Test image is somewhat superior to reference image
3 Test image is equal to reference image
2 Test image is somewhat inferior to reference image
1 Test image is clearly inferior to reference image
3. Results

3.1. Radiation dose

Compared with the radiation dose used in the reference image,
the DLP was decreased by 70.0% for 120kV/ 60mA, 68.1% for
100kV/ 100mA, and 65.5% for 80kV/ 200mA data sets. In the
data sets scanned with 100kV/ 200mA and 120kV/ 100mA,
DLP was only decreased by 36.2% and 50% respectively,
compared with the reference image (Table 2).
3.2. Assessment of image quality according to the
reconstruction algorithm

As for the subjective image noise and tissue interfaces, the FBP
algorithm resulted in the lowest mean scores, which increased
gradually in order from ASIR-V 30%, ASIR-V 50%, DLIR-low,
DLIR-medium to DLIR-high algorithm. The DLIR-high algo-
rithm produced images with the lowest image noise and minimal
irregular blotchy tissue interfaces, among the image sets scanned
with same dose parameters (Table 3). As for the visibility of
hepatic vasculatures, the mean scores were equal among ASIR-V
30%, ASIR-V 50%, DLIR-low, and DLIR-medium algorithms in
each image sets, where the mean scores were slightly lower for
FBP and DLIR-high algorithms (Table 3).
As for the overall image quality, in all data sets except for the

80kV/ 20mA, 80kV/ 40mA, and 100kV/ 20mA data sets where
the radiation dose was extremely low resulting in clearly inferior
Table 2

Scan voltage, current, and dose for each data set.

Current (mA) 80

CTDIvol DLP CTDIv

20 0.5 (3.5) 26.03 (3.4) 0.93 (6
40 1.0 (6.9) 50.06 (6.6) 1.85 (1
60 1.5 (10.4) 78.1 (10.3) 2.78 (1
100 2.5 (17.5) 130.16 (17.2) 4.63 (3
200 4.99 (34.4) 260.32 (34.5) 9.25 (6

CTDI = computed tomography dose index, DLP = dose–length product.
Note: data are mGy for CTDIvol and mGycm for DLP. The numbers in the parentheses represent the per
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overall image quality regardless of the reconstruction algorithm
used, DLIR algorithms led to better overall image quality
compared with the ASIR-V or FBP algorithms. Among the DLIR
algorithms, medium strength level reconstruction resulted in the
best overall image quality, followed by low and high strength
level reconstruction (Table 4) (Figs. 2 and 3).
3.3. Assessment of image quality according to the scan
parameter

Using DLIR of low or medium strength, the overall image quality
was comparable to that of the reference image scanned at 120kV/
200mA, even with scan parameters of 80kV/ 200mA or 100kV/
100mA, resulting in 65.5% or 68.1% less radiation doses,
respectively (Fig. 4). In addition, by using DLIR of medium
strength, the overall image quality was even better than the
reference image in the 100kV/ 200mA and 120kV/ 100mA data
Voltage (kV)

100 120

ol DLP CTDIvol DLP

.4) 48.23 (6.4) 1.45 (10.0) 75.54 (10.0)
2.8) 96.46 (12.8) 2.9 (20.0) 151.07 (20.0)
9.2) 144.68 (19.2) 4.35 (30.0) 226.61 (30.0)
2.0) 241.14 (31.9) 7.25 (50.0) 377.68 (50.0)
3.8) 482.28 (63.8) 14.49 755.36

centage of the radiation dose compared to the reference image (120kV/ 200mA). Phantom: 32 cm.
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Table 3

Mean scores of the visual grading analysis for each imaging features.

Imaging features Subjective image noise Tissue interfaces Hepatic vasculatures

Current (mA) Voltage (kV) 80 100 120 80 100 120 80 100 120

20 FBP 1 1 1 1 1 1 1 1 1
ASIR-V 30% 1 1 1 1 1 1 1 1 1
ASIR-V 50% 1 1 1 1 1 1 1 1 1
DLIR-low 1.2 1.4 1.6 1.2 1.2 1.2 1 1 1
DLIR-medium 1.4 1.6 2 1.2 1.2 1.2 1 1 1
DLIR-high 1.6 1.8 2.4 1.2 1.2 1.2 1 1 1

40 FBP 1 1 1.2 1.2 1.4 1.8 1 1.2 1.8
ASIR-V 30% 1 1 1.2 1.2 1.4 1.8 1 1.4 1.8
ASIR-V 50% 1 1 1.4 1.2 1.4 2 1 1.4 1.8
DLIR-low 1.4 1.6 2.4 1.6 1.8 2.4 1 1.4 1.8
DLIR-medium 1.6 1.8 2.8 1.6 1.8 2.6 1 1.4 1.8
DLIR-high 1.8 2 3 1.8 2 2.8 1 1.2 1.6

60 FBP 1 1 1.8 1.6 1.8 2.4 1.4 2.4 3.2
ASIR-V 30% 1 1 1.8 1.6 1.8 2.6 1.6 2.4 3.4
ASIR-V 50% 1 1.2 2 1.6 1.8 2.8 1.6 2.4 3.4
DLIR-low 1.6 1.8 2.8 2 2.2 3.2 1.6 2.4 3.4
DLIR-medium 1.8 2 3.4 2 2.4 3.6 1.6 2.4 3.4
DLIR-high 2 2.2 3.8 2.2 2.4 3.6 1.4 2.2 3.2

100 FBP 1.4 1.6 2 2.8 3 3.4 2.8 4.4 4.6
ASIR-V 30% 1.4 1.6 2.4 2.8 3.2 3.6 3 4.8 4.8
ASIR-V 50% 1.4 1.8 2.4 2.8 3.4 3.6 3 4.8 4.8
DLIR-low 2.2 2.4 3 3.6 3.6 3.8 3 4.8 4.8
DLIR-medium 3 3.2 3.6 3.8 3.8 4 3 4.8 4.8
DLIR-high 3.2 3.4 4.4 3.8 3.8 4 2.8 4.4 4.6

200 FBP 2 2 3 3.2 3.8 4 4.8 5 5
ASIR-V 30% 2 2 3.4 4 4.8 5
ASIR-V 50% 2 2.2 3.4 4 4.8 5
DLIR-low 2.8 3 3.8 4 4.8 5
DLIR-medium 3.4 3.6 4 4.2 4.8 5
DLIR-high 4 4.2 4 4.2 4.6 4.8

ASIR = adaptive statistical iterative reconstruction, FBP = filtered back projection, DLIR = deep learning image reconstruction.
∗
Data are the mean value of the scores given respectively by the 5 radiologists.
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sets, with 36.2% and 50% lower radiation doses, respectively.
When a tube voltage as low as 80kVwas used with a tube current
of 100mA and DLIR of medium strength as the reconstruction
method, the mean score of the overall image quality was 2.8: 4
readers scored 3 and only 1 of the 5 readers scored 2 due to the
relatively poor delineation of the small hepatic vessels while the
image noise and sharpness of the organ margin was comparable
to that of the reference image (Tables 3 and 4). In this case, the
radiation dose was reduced by up to 82.5% compared to the
reference image.

4. Discussion

In our study, a novel DLIR algorithmwas assessed in comparison
with the FBP and ASIR-V algorithms in the aspect of radiation
dose and image quality using relative visual grading analysis. Our
results showed that DLIR can reduce the radiation dose by
approximately one-third while maintaining the image quality,
and that DLIR ofmedium strength expressed images with the best
quality among all the reconstruction techniques.
Multiple studies have reported that IR is useful for preserving

image quality while decreasing radiation dose.[9,13,21–23] How-
ever, several issues with IR have also been noted, such as the
contrast and dose dependence of the spatial resolution,[14]

degradation of image texture, and impaired detection rate for low
4

contrast resolution lesions in decreased radiation doses.[24] The
DLIR algorithm developed by GE Healthcare (TrueFidelityTM)
uses the deep neural network, which is capable of learning by
comparing a massive number of output images produced by low
dose sinograms to the ground truth images–a high dose version of
the same data reconstructed by FBP.[25] DLIR uses advanced
computational power to handle significantly higher number of
parameters, whereas IR relies on human management.[25]

Therefore, DLIR is expected to outperform IR with better dose
performance and image quality. As expected, our study results
showed that the images reconstructed with DLIR exhibited the
best image quality followed by those reconstructed with ASIR-V
and FBP, regardless of the dose parameter.
The DLIR algorithm developed by GE Healthcare (TrueFide-

lityTM) provides 3 selectable reconstruction strength levels: low,
medium, and high.[25] In the case of ASIR-V, blending with the
traditional FBP was performed in 10% increments according to
the user preference.[8] In previous reports comparing IR of
different levels,[16,26] higher levels of IR induced exaggerated
noise reduction, leading to excessive image smoothing or
unnatural images compared with the FBP, which radiologists
favor and are used to. Consequently, high level IR algorithms
have limited usage in clinical practice. In the case of DLIR,
Greffier et al[27] reported that with the increase of DLIR levels, the
detectability of simulated lesions on this phantom study increased



Table 4

Mean scores of the relative visual grading analysis for overall
image quality with 120kV/ 200mA as the reference image.

Imaging feature Overall image quality

Current (mA) Voltage (kV) 80 100 120

20 FBP 1 1 1
ASIR-V 30% 1 1 1
ASIR-V 50% 1 1 1
DLIR-low 1 1 1
DLIR-medium 1 1 1.2
DLIR-high 1 1 1

40 FBP 1 1 1
ASIR-V 30% 1 1 1
ASIR-V 50% 1 1 1.2
DLIR-low 1 1 2.2
DLIR-medium 1 1.2 2.2
DLIR-high 1 1 2

60 FBP 1 1 1.6
ASIR-V 30% 1 1 2
ASIR-V 50% 1 1 2
DLIR-low 1.6 2 2
DLIR-medium 2 2.2 2.8
DLIR-high 1.8 2 2

100 FBP 1.4 2 2.4
ASIR-V 30% 1.8 2 3
ASIR-V 50% 1.8 2 3
DLIR-low 2.6 3 3
DLIR-medium 2.8 3 3.8
DLIR-high 2.2 2 2.6

200 FBP 2 2.2 3
ASIR-V 30% 2 2.4
ASIR-V 50% 2.2 2.8
DLIR-low 3 3.2
DLIR-medium 3 3.8
DLIR-high 2.6 2.8

ASIR = adaptive statistical iterative reconstruction, FBP = filtered back projection, DLIR = deep
learning image reconstruction.
∗
Data are the mean value of the scores given respectively by the 5 radiologists.

Figure 2. Graph shows the mean overall image quality score for each
reconstruction algorithm of all the 14 image sets. A score of 3 was given when
the image quality of the test image was equally good compared to the reference
image, 2 for somewhat inferior, and 1 for clearly inferior image quality. Themean
overall image quality score of the DLIR algorithms were superior to that of the
adaptive statistical iterative reconstruction (ASIR-V) or filtered back projection
(FBP) algorithms. Among the DLIR algorithms, the mean overall image quality
score was highest for the DLIR of medium strength, followed by DLIR-low and
DLIR-high.
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as well. However, in our study, medium-level DLIR resulted in
the best overall image quality, followed by low and high level
reconstructions. This was due to the stronger noise reduction
performance of the DLIR compared to FBP or ASIR-V, which
increased progressively from low to high reconstruction strength
level. The tissue interfaces were also smoother as the reconstruc-
tion strength level increased in DLIR algorithm. On the other
hand, the aggressive noise reduction of DLIR-high algorithm, so
called “oversmoothing” of the images resulted in rather
unfamiliar plastic image textures, and smudging of the smaller
hepatic vasculatures in liver segments, leading to decreased image
contrast and overall, inferior image quality compared to that of
the low level reconstruction. This result was achieved in
consensus among all of the 5 readers of our study.
Optimal tube voltage is one of themost important factors in the

dose optimization of CTs.[6] With higher tube voltage, image
noise may be reduced, but increased radiation dose is inevitable.
Furthermore, lower tube voltage increases the X-ray absorption
of iodine which improves iodine enhancement and potentially
decreases the amount of contrast material used.[28] Convention-
ally, tube voltage of 120kV has been widely used for abdominal
CTs for optimal soft-tissue imaging.[29] However, in contrast-
enhanced abdominal CTs, the desire to lower the tube voltage in
order to obtain better image contrast for the higher attenuation of
5

iodine as well as decreased radiation dose exists.[6] In our study,
with the help of medium level DLIR, comparable image quality
was sustained even with decreased tube voltage up to 100kV or
even 80kV when a tube current higher than 100mA was used.
Although our phantom study proceeded without contrast
enhancement, only 1 reviewer scored 2 for the overall image
quality due to the relatively faint delineation of small hepatic
vessels, while the other 4 reviewers gave a score of 3 for the 80kV/
100mA image. We speculate that the usage of contrast
enhancement may improve this issue with the visibility of small
vessels. Accordingly, we expect that our study may open the
possibility of further reducing tube voltage to 100kV or more,
without degrading image quality. However, further prospective
human studies are needed to support our results.
There were several limitations to our study. First, we used a

phantom with only simple anatomical structures and rather
homogenous density that did not take into consideration the
differences in actual patient’s body habitus. Second, our study
used a single CT scanner with a given DLIR algorithm, making it
difficult to apply our results fully to scanners from other
manufacturers. Third, although there was a significant trend in
the results, comparison of the overall image quality was
performed using a scoring system dependent on the subjective
judgment of each radiologist. Therefore, further prospective
clinical studies must be performed using objective quantitative
parameters to confirm our results.
In conclusion, DLIR algorithms can be used as a new

reconstruction technique to reduce radiation dose while main-
taining image quality in abdominal CTs.

http://www.md-journal.com


Figure 3. Axial abdominal CT images acquired with a scanning parameter of 80kV/ 100mA using different reconstruction algorithms: (A) FBP, (B) ASIR-V 30%, (C)
ASIR-V 50%, (D) DLIR-low, (E) DLIR-medium, and (F) DLIR-high. The images reconstructed with DLIR algorithms (D-F) resulted in better image quality than those
reconstructed with FBP (A) and ASIR-V algorithms (B-C) due to the reduced image noise. However, the mean score was best for DLIR-medium which was 2.8, and
decreased to 2.2 for DLIR-high due to excessive image smoothing.
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Figure 4. (A) Axial images of abdominal CTs acquired with the scanning parameter of 120kV/ 200mA and reconstructed with FBP, which was chosen as the
reference image. Axial images of abdominal CTs using the DLIR-medium algorithm with comparable image quality to the reference image (mean score: 3), scanned
with different parameters: (B) 80kV/ 200mA, (C) 100kV/ 100mA, and (D) 120kV/ 100mA.
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