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Deep learning reconstruction allows low-dose imaging while
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reconstruction and hybrid iterative reconstruction in
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Abstract: We aimed to compare the radiation dose and image quality of a low-dose abdominal
computed tomography (CT) protocol reconstructed with deep learning reconstruction (DLR) with
those of a routine-dose protocol reconstructed with hybrid-iterative reconstruction. This retrospective
study enrolled 71 patients [61 men; average age, 71.9 years; mean body mass index (BMI), 24.3 kg/m’]
who underwent both low-dose abdominal CT with DLR [advanced intelligent clear-IQ engine (AiCE)]
and routine-dose abdominal CT with hybrid-iterative reconstruction [adaptive iterative dose reduction
3D (AIDR 3D)]. Radiation dose parameters included volume CT dose index (CTDIvol), effective dose
(ED), and size-specific dose estimate (SSDE). Mean image noise and contrast-to-noise ratio (CNR)
were calculated. Image noise was measured in the hepatic parenchyma and bilateral erector spinae
muscles. Moreover, subjective assessment of perceived image quality and diagnostic acceptability was
performed. The low-dose protocol helped reduce the CTDIvol by 44.3%, ED by 43.7%, and SSDE
by 44.9%. Moreover, the noise was significantly lower and CNR significantly higher with the low-dose
protocol than with the normal-dose protocol (P<0.001). In the subjective assessment of image quality,
there was no significant difference between the protocols with regard to image noise. Overall, AiCE was
superior to AIDR 3D in terms of diagnostic acceptability (P=0.001). The use of AiCE can reduce overall
radiation dose by more than 40% without loss of image quality compared to routine-dose abdominal
CT with AIDR 3D.
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Introduction

Reconstruction algorithms based on machine deep learning
are increasingly being implemented in routine clinical
practice (1-8). Deep learning reconstruction (DLR)
has been shown to reduce image noise and improve the
contrast-to-noise ratio (CNR) with shorter reconstruction
times than model-based iterative reconstruction (MBIR)
(1-4). A deep convolutional neural network is used by
the first commercially available DLR tool for computed
tomography (CT) [advanced intelligent clear-IQ engine
(AiCE)] to recognize true signals amongst the noise in an
image. This deep learning algorithm is trained to provide
a high-dose MBIR image from the corresponding data at
12.5-75% of the dose of the target image, and during the
training process, the discriminating statistical features that
identify signals separately from the noise and artifacts are
learned (9-11). Previous studies have shown that DLR
has better image quality characteristics than filtered back
projection (FBP) or MBIR under the same conditions,
when performing low-dose abdominal CT imaging (3,12).
However, in actual daily clinical practice, hybrid iterative
reconstruction (hybrid-IR) is often used, and the clinical
usefulness of DLR should be compared with hybrid-IR. In
the future, DLR may replace hybrid-IR as the mainstay;
however, DLR must be able to reduce radiation exposure
and while guaranteeing lesion detectability. Evaluation
of diagnostic accuracy in low-contrast tasks in hepatic
enlargement differs from evaluation in high-contrast tasks
(e.g., detection of calcifications and pulmonary nodules), as
a small change in radiation dose has a large impact on the
detectability of low-contrast objects (13-18).

The aim of this study was to compare the radiation
dose and corresponding image quality of abdominal-CT
images reconstructed with DLR and hybrid-IR in order
to determine the usefulness of DLR in routine clinical
practice. We present the following article in accordance with
the GRRAS reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-21-1216/rc).

Methods
Patients and study design

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study
design was approved by the institutional review board
of Iwate Medical University (No. MH2019-093), and
informed consent was waived due to the retrospective
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Table 1 Imaging parameters of the abdominal CT studies
AIDR 3D

Parameter AiCE

Tube voltage (kVp) 120

Tube current (mA) Automatic exposure control

Noise level 16 12
Beam collimation (mm) 80x0.5
Pitch 0.813
Rotation time (s) 0.6

Slice thickness and interval (mm) 3

CT, computed tomography; AiCE, advanced intelligent clear-1Q
engine; AIDR 3D, adaptive iterative dose reduction 3D.

nature of the study. Between May 2020 and April 2021,
287 dynamic abdominal low-dose CT scans with AiCE
were performed using a 320-row multidetector CT
scanner (Aquilion ONE PRISM; Canon Medical Systems,
Otawara, Japan) with suspected liver tumors. Of these,
75 patients underwent repeated dynamic abdominal
routine-dose CT with adaptive iterative dose reduction
3D (AIDR 3D) on a 320-row multidetector CT scanner
(Aquilion ONE GENESIS; Canon Medical Systems) within
3 months for close examination or follow-up. Patients
under 20 years of age and patients for whom the body mass
index (BMI) category (<20, 20-24.9, and >25) changed
between examinations were excluded from the study.
Patients who underwent surgery, transcatheter arterial
chemoembolization, or drug treatment and those who had a
liver injury during the study were also excluded.

CT technique

All examinations were performed with similar imaging
parameters, except for noise level (Table 1). A standardized
injection procedure was used across all patients. The
antecubital vein was injected with contrast enhancement
materials (Iohexol, Omnipaque, Daiichi-Sankyo, Tokyo,
Japan; iomeprol, Iomeron, Eisai, Tokyo, Japan; or
iopamidol, Iopamiron, Bayer Yakuhin, Osaka, Japan) using
a 20-gauge catheter at a dose of 600 mgl/kg. The scan
delays were determined using an automatic bolus-tracking
program (Canon Medical Systems) for arterial and portal
venous phase imaging. The region of interest (ROI) cursor
was placed at the level of the diaphragmatic dome in the
aorta. Once the trigger threshold of 100 HU was achieved,
scanning for the arterial and portal venous phases began
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automatically at 20 and 60 s, respectively. However, the
arterial phase images were not evaluated in this study.

Estimation of patient radiation dose

For each examination, the volume CT dose index
(CTDIvol) and dose-length product (DLP) were recorded
from the dose reports generated by the scanner. The
radiation effective dose (ED) was calculated as the DLP
multiplied by an abdominal-specific correction coefficient
(0.015 mSv/mGy x cm) (19). The method described
in the American Association of Physicists in Medicine
Task Group Report 204 was used to calculate the size-
specific dose estimate (SSDE) for all examinations, and the
scout CT images was used to measure the transverse and
anteroposterior diameters of each patient (19).

Objective assessment of image quality

For each patient, the mean attenuation of the hepatic
parenchyma and bilateral erector spinae muscles within
circular ROIs were measured by a medical student (IN, 3rd
year student) under the supervision of a CT technologist
(YO, with 18 years of experience in abdominal CT). Each
ROI area was set to approximately 150 mm’. Hepatic
attenuation was measured in the portal venous phase in
three separate areas (the left lobe and the anterior and
posterior segments of the right lobe) at the level of the
main portal vein. Areas with large vessels, focal changes
in parenchymal density, and prominent artifacts were
avoided. Attenuation of the two erector spinae muscles was
measured in the portal venous phases avoiding the areas of
macroscopic fat infiltration. The standard deviation (SD)
of the attenuation value of the hepatic parenchyma and the
bilateral erector spinae muscles was defined as the image
noise. The CNR of the abdominal aorta was calculated
by subtracting the mean attenuation of the ROI of the
erector spinae muscle from that of the ROI of the hepatic
parenchyma and dividing this difference by the image noise
of the erector spinae muscle.

Subjective assessment of image quality

Two blinded radiologists (EM and AT with 3 and 13 years
of experience in abdominal CT, respectively) were randomly
presented the two image sets. Standard abdominal window
settings (width, 300 HU; level, 50 HU) were used to
view the images. The radiologists independently graded
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the quality of portal phase axial CT images using a five-
point Likert scale for image noise, artifacts, sharpness,
and diagnostic acceptability as follows: 1, unacceptable; 2,
suboptimal; 3, average; 4, above average; and 5, excellent.
Patients who were included in the study, with or without
hepatocellular carcinoma (HCC) nodules, were evaluated
for image noise, artifacts, and sharpness. Patients with
HCC >1 cm were evaluated for diagnostic acceptability.
One attending radiologist with 15 years of clinical
experience in abdominal CT interpretation reviewed the
study patients’ medical records and radiology information
for confirmation of the lesion. All HCC nodules >1 cm
in diameter were diagnosed through careful image review
according to the Liver Imaging Reporting and Data System
(LI-RADS; version 2018), which includes a combination of
arterial enhancement and washout on portal and delayed
phase dynamic CT images (20). The observers assessed
the diagnostic acceptability of the HCC lesions after the
patients were informed of the number and location of the
lesions. Prior to image quality assessment, the radiologists
underwent a training session including abdominal CT
images from 10 patients to get familiar with the scoring
system.

Statistical analysis

Patients were divided into three BMI categories (<20,
20-24.9, and >25) to compare the radiation dose and image
quality. All numerical values are reported as mean = SD.
We used a paired 7-test to compare the quantitative image
analysis data. Differences in the qualitative analysis were
compared using the Wilcoxon signed-rank test. Kappa
statistics for the two readers’ assessments of image quality
were calculated. Statistical analysis was performed using the
SPSS software (version 24; IBM Corp., Armonk, NY, USA).

Statistical significance was set at P<0.05.

Results
Patients

Overall, 71 patients [6]1 men and 10 women; average age,
71.9 years (range, 44-87 years); mean body weight, 65.2 kg
(range, 41-100 kg); mean height, 163.4 cm (range, 146-181 cm);
mean BMI, 24.3 kg/m’ (range, 17.8-32.2 kg/m’)] who
underwent both low-dose CT with AiCE and routine-dose
CT with AIDR 3D served as the study group. Of the 71
patients, 34 had a total of 45 HCCs >1 cm.
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Table 2 Radiation dose for the AiCE and AIDR 3D protocols
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All patients BMI <20 (n=7) BMI 20-24.9 (n=37) BMI 225 (n=27)
Parameter Dose Dose Dose Dose
(mean + SD) AICE  AIDR 3D reduction AiCE AIDR 3D reduction AiCE AIDR 3D reduction AiCE AIDR 3D reduction

(%) (%) (%) (%)
CTDIvol (mGy) 10.8+3.9 19.4+5.6 44.3  6.9+1.1 11.8+2.3 415 8.7:2.1 16.8£3.1 482  14.7+2.9 25.0+35 41.2
ED (mSv) 49+2.0 87+3.0 437 3107 51x1.4 392 3.8+1.0 7.3+1.6 479  6.9:24 11.6:21 405
SSDE (mGy) 14.6+4.1 26.5:5.7 449  10.5+1.2 18.4+2.7 429 12.5+2.4 24.0:3.4 47.9  18.7+2.9 32.0:3.3 41.6

AICE, advanced intelligent clear-IQ engine; AIDR 3D, adaptive iterative dose reduction 3D; SD, standard deviation; BMI, body mass index;
CTDlvol, volume CT dose index; ED, effective dose; SSDE, size-specific dose estimate.

Table 3 The mean image noise and CNR for the AiCE and AIDR 3D protocols

All patients
Parameter

BMI <20 (n=7)

BMI 20-24.9 (n=37) BMI 225 (n=27)

AICE AIDR3D P~

AICE AIDR3D P~

AICE AIDR3D P~ AICE AIDR3D P*

Image noise (mean + SD)

Erector spinae muscles 11.7+6.3 12.9+6.6 <0.001
Hepatic parenchyma 9.2+0.9 9.8+0.9 <0.001
CNR (mean = SD)

Hepatic parenchyma 5.0+1.5 4.3x1.3 <0.001

9.5+1.7 11.6+3.4 0.028 10.8+6.2 11.7+6.5 0.002
8.9+0.8 9.2+0.7 0.391

5.3+1.5 4.3+0.9 0.033 5.3+1.3 4.7+1.3 0.001

13.6+£6.8 14.8+7.0 0.054

8.9+0.8 9.5+0.7 <0.001 9.6+1.0 10.4+0.7 <0.001

4.4+1.5 3.7+1.2 <0.001

*, statistical comparison using t-test. CNR, contrast-to-noise ratio; AiCE, advanced intelligent clear-IQ engine; AIDR 3D, adaptive iterative

dose reduction 3D; BMI, body mass index; SD, standard deviation.

Radiation dose

Overall, the AiCE protocol allowed reduction of CTDIvol
by 44.3%, ED by 43.7%, and SSDE by 44.9% compared
to AIDR 3D (7able 2). All radiation dose parameters were
significantly lower for the AiCE protocol compared with
those for the AIDR 3D scans for the entire population as
well as when the patients were divided according to their
BMI category (P<0.001).

Objective assessment of image quality

The mean image noise and CNR for the low-dose AiCE
and standard-dose AIDR 3D protocols are presented in
Table 3. In all patients, AiCE had significantly lower noise
in the erector spinae muscles and liver parenchyma, and
higher CNR in the liver parenchyma than AIDR 3D
(P<0.001). Results for image noise varied when analyzed per
BMI category. For all BMI categories, the CNR of the liver
parenchyma was significantly higher in AiCE than in AIDR
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3D (P<0.001).

Subjective assessment of image quality

Table 4 shows the results of the subjective image quality
assessments. On a five-point Likert scale, there was no
significant difference in image noise between AiCE and
AIDR 3D overall, however, AiCE was significantly superior
in the subgroup with BMI >25 (P=0.034). The assessment
of artifacts was not significantly different for the whole
group or for each subgroup. For sharpness, AiCE was
significantly better than AIDR 3D both in the whole group
and in each subgroup (P<0.001-0.025). Overall, AiCE was
superior to AIDR 3D in terms of diagnostic acceptability
(P=0.001). Figures 1,2 show an example of noise reduction,
sharpness, and diagnostic acceptability with AiCE and
AIDR 3D. Between the two readers, there was substantial
to almost perfect inter-observer agreement for all subjective
image quality metrics (x =0.66, 0.43, 0.71, and 0.82, for
noise, artifacts, sharpness, and diagnostic acceptability,
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Table 4 Results of subjective image quality assessments

All patients BMI <20 (n=7) BMI 20-24.9 (n=37) BMI =25 (n=27)
Parameter
(mean = SD) AiCE AIDR 3D pP* AiICE  AIDR 3D pP* AiCE  AIDR 3D p* AICE  AIDR 3D pP*
Noise 4.0£0.5 3.9+04 0.239 4.1£0.3 3.8+x0.7 0.157 4.0+0.3 3.9+04 0.206 4.0£0.5 3.9+0.5 0.034
Artifacts 4.0£04 4.0+0.3 0.467 4.1+0.5 4.1+04 0.317 4.0£0.3 4.0+0.3 0.257 41+0.5 4.0£0.4 0.739
Sharpness 41+£0.5 3.9+0.5 <0.001 3.9+0.7 3.5x0.5 0.025 4.2+x0.5 4.0+04 <0.001 4.1+0.4 3.9+0.5 0.008
Diagnostic 3.9+0.7 3.7+0.6 0.001 4.3+0.4 3.9+0.3 0.104 4.1x0.5 3.9+0.5 0.003 3.4+0.7 3.3:t0.6 0.375

acceptability

*, statistical comparison using Wilcoxon signed-rank test. SD, standard deviation; BMI, body mass index; AiCE, advanced intelligent
clear-1Q engine; AIDR 3D, adaptive iterative dose reduction 3D.

Figure 1 A 63-year-old man with HCC. Axial portal phase images obtained with pre-set soft-tissue window (width, 300 HUj level, 50
HU). Low-dose image (noise level, SD16; CTDIvol, 11.4 mGy) reconstructed with AiCE (A) and routine-dose image (noise level, SD12;
CTDlvol, 21.6 mGy) reconstructed with AIDR 3D (B). Comparable or better image quality and lesion conspicuity of HCC are present
in (A) compared with (B). HCC, hepatocellular carcinoma; AiCE, advanced intelligent clear-IQ engine; AIDR 3D, adaptive iterative dose
reduction 3D.

Figure 2 A 73-year-old man with liver cirrhosis. Axial portal phase images obtained with pre-set soft-tissue window (width, 300 HU;
level, 50 HU). Low-dose image (noise level, SD16; CTDIvol, 6.6 mGy) reconstructed with AiCE (A) and routine-dose image (noise level,
SD12; CTDlIvol, 13.0 mGy) reconstructed with AIDR 3D (B). In (A), the noise level is lower than in (B), and the liver margins are clearly
delineated. AiCE, advanced intelligent clear-IQ engine; AIDR 3D, adaptive iterative dose reduction 3D.
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respectively).

Discussion

In our retrospective study, we showed that the use of a low-
dose protocol with AiCE can improve CNR compared to
the standard AIDR 3D protocol, while improving image
noise and significantly reducing radiation dose by more than
40%. In fact, all CNRs according to BMI category were
higher with AiCE. Image noise was also well reduced using
this AiCE protocol. Even though images were acquired
with higher target noise levels, final image noise of the
images reconstructed with AiCE was lower than for the
routine clinical protocol acquired with lower target noise
levels and were reconstructed with AIDR3D. Importantly,
no subjective reduction in image quality was identified in
the AiCE cohort. According to literature, when patients are
grouped according to BMI, AIDR 3D-reconstructed images
show large variability in terms of radiation dose reduction
and quantitative image quality assessment (15); however, our
study results do not support this. This may have been due
to technical improvements in the AIDR 3D by the vendor.
Previous reports have shown that when comparing AiCE and
MBIR, the noise reduction effect of vendor-specific MBIR
is reduced as the body size increases, whereas AiCE has a
consistent noise reduction effect, regardless of body size (3).
Similarly, for the images reconstructed with AiCE in the
current study, no significant variation was observed in terms
of radiation dose reduction and quantitative image quality
assessment in the groups classified by BMI. In abdominal
CT images, subtle low-contrast lesions in the parenchymal
organs may get obscured due to high image noise,
increasing the risk of missing liver tumors (13,17,21-23).
CNR is necessary to delineate small tumors with low
contrast. An important finding of this study is that, despite
the inevitable decrease in CNR due to photon starvation in
larger patients, AiCE decreased more slowly than AIDR 3D.

In many medical institutions, dynamic CT plays an
important role in the imaging diagnosis of HCC. In LI-
RADS, in addition to arterial phase hyperenhancement,
washout appearance (a visual assessment in which liver
enhancement decreases over time from early to late
phases, resulting in portal hypo-enhancement or delayed
phase hypo-enhancement) is also evaluated in tumor
diagnosis (20). The washout appearance of HCC is related
to the degree of tumor differentiation. In this study, not
only were subjective measures such as image noise, artifacts,
and sharpness equal to or partially superior to AIDR 3D,
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but there was also a significant difference in the delineation
of HCC in the portal phase despite significant light
reduction under AiCE use. This information is important
in the routine clinical use of DLR. In addition, a substantial
noise reduction might be associated with an over smoothing
of the image leading to a blotchy appearance with IR
algorithms in particular (14,24), but such an event has not
been reported in DLR (3-9,25).

This study has several limitations. First, the sample
size was relatively small, and the retrospective study was
conducted using a single cohort during various temporal
phases at one institution. Second, because of the low
prevalence of HCC in both groups, the assessment of the
potential diagnostic superiority of DLR over hybrid-IR
was not considered to be appropriate. Third, in our study,
the mean BMI was lower than the global average. Finally,
the present comparative study was conducted between two
reconstruction algorithms (AIDR 3D and AiCE) from the
same manufacturer; hence, to generalize the findings to
other vendors may not be possible. Recently, GE Healthcare
has developed the DRL algorithm “TrueFidelity” and has
reported on their image evaluation (5,8). Noda ez al. (8)
reported that TrueFidelity improves the image quality
through noise reduction and improved CNR on pancreatic
low-dose CT compared with hybrid-IR. Although DLR
appears to be a promising technology, the methods still
constitute an upcoming field of technology; hence, this
study could be considered preliminary. Therefore, further
investigation is required.

In conclusion, our study shows that abdominal CT
examinations with AiCE can reduce the overall radiation
dose by more than 40% without loss of image quality
compared to routine-dose C'T" examinations with AIDR 3D.
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