Japanese Journal of Radiology (2021) 39:598-604
https://doi.org/10.1007/511604-021-01089-6

ORIGINAL ARTICLE q

Check for
updates

Deep learning image reconstruction for improvement of image
quality of abdominal computed tomography: comparison with hybrid
iterative reconstruction

Yasutaka Ichikawa'® - Yoshinori Kanii' - Akio Yamazaki' - Naoki Nagasawa' - Motonori Nagata' - Masaki Ishida’ -
Kakuya Kitagawa' - Hajime Sakuma'

Received: 21 November 2020 / Accepted: 2 January 2021 / Published online: 15 January 2021
© Japan Radiological Society 2021

Abstract

Purpose To evaluate the usefulness of the deep learning image reconstruction (DLIR) to enhance the image quality of
abdominal CT, compared to iterative reconstruction technique.

Method Pre and post-contrast abdominal CT images in 50 patients were reconstructed with 2 different algorithms: hybrid
iterative reconstruction (hybrid IR: ASiR-V 50%) and DLIR (TrueFidelity). Standard deviation of attenuation in normal liver
parenchyma was measured as the image noise on pre and post-contrast CT. The contrast-to-noise ratio (CNR) for the aorta,
and the signal-to-noise ratio (SNR) of the liver were calculated on post-contrast CT. The overall image quality was graded
on a 5-point scale ranging from 1 (poor) to 5 (excellent).

Results The image noise was significantly decreased by DLIR compared to hybrid-IR [hybrid IR, median 8.3 Hounsfield
unit (HU) (interquartile range (IQR) 7.6-9.2 HU); DLIR, median 5.2 HU (IQR 4.6-5.8), P <0.0001 for post-contrast CT].
The CNR and SNR were significantly improved by DLIR [CNR, median 4.5 (IQR 3.8-5.6) vs 7.3 (IQR 6.2-8.8), P <0.0001;
SNR, median 9.4 (IQR 8.3-10.1) vs 15.0 IQR 13.2-16.4), P<0.0001]. The overall image quality score was also higher for
DLIR compared to hybrid-IR (hybrid IR 3.1+0.6 vs DLIR 4.6 +0.5, P <0.0001 for post-contrast CT).

Conclusions Image noise, overall image quality, CNR and SNR for abdominal CT images are improved with DLIR compared

to hybrid IR.
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Introduction

Multidetector computed tomography (CT) plays a pivotal
role in the diagnosis of abdominal diseases with continu-
ous technological progressions. The recent technical devel-
opments include the introduction of image reconstruction
algorithms that improve and optimize data processing to
allow for radiation dose reduction while maintaining diag-
nostic image quality [1—4]. Since 2009, manufacturers have
adapted several types of iterative reconstruction (IR) algo-
rithms for use in CT [5-8]. IR techniques are classified as
hybrid- and model-based [9]. In hybrid IR, the projection
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data are iteratively filtered to reduce artifacts, and after the
backward projection step, the image data are iteratively fil-
tered to reduce image noise. Hybrid IR technology has the
potential to improve the image quality in the abdomen and
facilitate a reduction in radiation dose compared to previous
techniques [10]. Hybrid IR also has the advantage of allow-
ing much faster image reconstruction than model-based IR
(MBIR), since it is a less complex model with less emphasis
on system optics than MBIR. One important drawback of
hybrid IR is that high levels of IR results in over-smoothing
or plastic image features. This is one reason that the maximal
level of IR technique is typically not used in a clinical set-
ting. MBIR uses a probabilistic method, deriving a statistical
cost function by incorporating X-ray physics and CT optics
modeling to reduce noise and artifacts. MBIR can provide
dramatic noise reduction but requires significantly longer
reconstruction time, and there are concerns regarding its
associated altered image texture [3, 11-13].
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Deep learning image reconstruction (DLIR) is a recently
developed approach for CT reconstruction, which incor-
porates deep convolutional neural networks (DCNN) into
the image reconstruction algorithm. The DLIR algorithms
developed by GE Healthcare and Canon Medical system fea-
ture a DCNN, which is trained respectively with high-quality
filtered back projection (FBP TrueFidelity"", GE Healthcare)
and MBIR [Advanced intelligent Clear-IQ Engine (AiCE),
Canon Medical System] datasets to learn how to differentiate
noise from signals [14, 15]. During the training, the DCNN
analyzes the data and synthesizes a reconstruction func-
tion (the inference engine), which is optimized through the
learning process [16]. The inference engine has been tested
and developed using a large test dataset for validation. The
deep learning technology has recently demonstrated great
potential, to reconstruct CT images while suppressing noise
without changing noise texture or affecting anatomical and
pathological structures [14, 16, 17].

The purpose of this study was to evaluate our initial expe-
rience with the DLIR algorithm TrueFidelity in abdominal
CT using qualitative reader evaluations and quantitative
assessments in comparison with our standard hybrid IR
method.

Materials and methods
Study population

Fifty consecutive patients (23 men, 27 women, age range
21-83 years; mean age, 60 + 16 years) who had pre-contrast
CT and post-contrast CT acquired at 2 min after contrast
injection covering the upper abdomen at our institution
between August and September 2019 were retrospectively
evaluated in this study. Written informed consent for under-
going contrast enhanced CT were obtained in all patients.
The body mass index of the subjects ranged from 15.9 to
33.0 (mean, 23.0+4.9). The clinical indications for the
abdominal CT were as follows: screening for liver tumor
(n=33), follow-up after surgery for gastric tumor (n=7),
renal tumor (n=5) and duodenal tumor (n=1), evaluation
of adrenal grand (n=2), and follow-up for liver metasta-
ses (n=2). This retrospective study was approved by our
institutional review board and written informed consent was
waived since this study used existing clinical CT image data.
The opportunity to opt-out of the inclusion to this study was
given through a notice in the hospital website. No patient
showed intention for an exclusion from this study.

CT image acquisition and reconstruction

All acquisitions were performed with a multidetector CT scan-
ner (Revolution CT, GE Healthcare, Milwaukee, WI, USA).

The scan protocols for abdominal CT were identical to the
setting used clinically at our institution and were as follows:
matrix 512X 512, noise index 20, tube voltage 120 kV, tube
current 100-740 mA with automatic exposure control, rota-
tion time 0.6 s, pitch factor 0.992, z-axis coverage 80 mm.
Nonionic contrast material (approximately 520 mgl/kg body
weight) was administered intravenously for 80 s by means of
a power injector. The scanning delays of the post-contrast CT
were approximately 120 s after the start of the contrast mate-
rial injection. All images were reconstructed with a slice thick-
ness of 1.25 mm combined with two different algorithms: (a)
hybrid IR (ASiR-V, GE Healthcare, Milwaukee, WI, USA)
at 50% blending factor with a standard kernel, and (b) DLIR
(TrueFidelity, GE Healthcare, Milwaukee, WI, USA). For
the setting of TrueFidelity, there are three selectable recon-
struction strength levels (Low, Medium, High) to control the
amount of noise reduction. In this study, the highest strength
level was used for the DLIR. The calculation time of ASiR-V
and DLIR in the abdominal CT of this study was approxi-
mately 16 s and 50 s, respectively.

Quantitative analysis of CT images

The pre and post-contrast CT images with a slice thickness
of 1.25 mm was objectively analyzed by one board-certified
radiologist (Y.K. with 6 years of radiology experience). Liver
attenuation was measured as the mean CT value of four
regions of interest (ROIs) with approximately 150 mm? in the
right anterior, right posterior, left medial, and left lateral seg-
ment of the liver on pre and post-contrast CT images. Care was
taken to avoid superimposition of the ROISs on the large vessels
in the liver. In addition, ROIs were placed within the aorta
and the portal vein for the attenuation measurements on post-
contrast CT. The aortic attenuation was recorded as the mean
measurement value of two ROIs at the celiac artery level and
superior mesenteric artery level. The portal vein attenuation
was recorded as the mean measurement value of two ROIs in
the right and left portal vein. The ROIs in the aorta and portal
veins were manually drawn as large as the vessel lumen.

On post-contrast CT, aortic and portal vein contrast-to-
noise ratio (CNR) was calculated as follows:

CNR = (ROIvessel - ROIliver)/N’

where ROI, . is the mean attenuation of the vessel of inter-
est, ROIL};,., the mean attenuation of the liver parenchyma,
and N is the noise determined as SD in the liver parenchyma.

On pre and post-contrast CT images, liver signal-to-noise
ratios (SNR) was calculated as follows:

SNR = RO, /N,
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Qualitative analysis of CT images

Two experienced radiologists independently performed
quantitative analysis of the pre and post-contrast CT
images. For the qualitative image analysis, there were
two steps—(1) training session and (2) assessment ses-
sion. In the training session, the two readers overviewed
the image noise and image quality on pre and post-contrast
abdominal CT images reconstructed with hybrid-IR in 20
patients (11 men, 9 women; age range 43—80 years; mean
age, 67+ 11 years; mean body mass index, 22.0 +4.2) not
included in this study subjects. The images were presented
on a preset soft tissue window; the window width and level
were 240 and 40 Hounsfield unit (HU), respectively. The
averaged image noise and quality observed in the training
session was regarded as reference standard for the subse-
quent visual analysis. In the assessment session, the read-
ers qualitatively evaluated image noise and overall image
quality on the pre and post-contrast CT reconstructed with
hybrid-IR and DLIR in 50 subjects. The images were pre-
sented in random order on a preset soft tissue window;
the window width and level were 200 HU and 20 HU on
pre-contrast CT, and 240 HU and 40 HU on post-contrast
CT, respectively. The observers were allowed to scroll and
adjust window level and width while reviewing the cases.
The readers were blinded to all patient demographics and CT
parameters. Image noise was qualitatively assessed and was
graded on a 5-point scale: score 1 =substantially increased
in image noise, score 2 =mildly increased in image noise,
score 3 =comparable image noise to CT observed in the
training session, score 4 =mildly decreased in image noise,
and score 5 =substantially decreased in image noise. Ves-
sel conspicuity (visibility of small structures, especially the
detection of the segmental branch level of the portal vein) on
post-contrast CT images was graded on a 5-point scale: score
1 =very poor, score 2 =suboptimal, score 3 =comparable
vessel conspicuity to CT observed in the training session,
score 4 =above average, and score 5 =excellent. The over-
all image quality was also scored on a 5-point scale: score
1 =poor image quality, score 2 =slightly degraded image
quality, score 3 =comparable image quality observed in the
training session, score 4 =slightly improved image quality,
and score 5 =substantially improved image quality.

Radiation dose

To assess radiation exposure, the CT dose index (CTDIvol),
the dose-length product (DLP), the effective radiation, and
the size-specific dose estimate (SSDE) [18, 19] was recorded
for each patient. The effective radiation dose was calculated
as the product of the DLP multiplied by a conversion coef-
ficient for the abdomen (k=0.015) [20].
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Statistical analysis

All continual valuables are expressed as median and inter-
quartile range (IQR). The scores for image noise and over-
all image quality are expressed as mean + standard devia-
tion. Wilcoxon matched-pairs signed-rank test was used
to analyze differences in the image noise, CNR, SNR, and
the scores of image noise, vessel conspicuity, and overall
image quality between hybrid-IR and DLIR CT images.
Differences were considered to be statistically significant at
P <0.05. Statistical analysis was performed with IBM SPSS
Statistics version 25 (IBM Corporation, New York, USA).

Results
Representative cases are shown in Figs. 1 and 2.
Radiation exposure

The median CTDIvol, DLP, effective dose, and SSDE values
for abdominal scans were 15.1 mGy (IQR 11.9-20.9 mGy),
964.7 mGy - cm (IQR 692.4-1389.2 (mGy - cm)),
14.5 mSv (IQR 10.4-20.8 (mSv)), and 22.1 mGy (IQR
18.2-28.1 mGy), respectively. They were slightly lower
compared to conventional abdominal CT reported as the
Japanese diagnostic reference levels [21].

Quantitative analysis of image noise, CNR, and SNR

The image noise was significantly decreased by DLIR com-
pared to hybrid IR on pre-contrast CT (hybrid IR: median,
8.3 Hounsfield unit (HU) (IQR, 7.6-9.2 HU); DLIR: median,
5.2 HU (IQR 4.6-5.8 HU), P <0.0001) as well as post-con-
trast CT (hybrid IR 8.9 HU (IQR 8.2-9.8 HU); DLIR 5.5 HU
(IQR 5.1-6.2 HU), P<0.0001) (Fig. 3). The mean reduction
rate of the image noise by DLIR on pre and post-contrast CT
between 35.5+15.8% and 38.0 +2.5%, respectively, com-
pared to hybrid-IR method. There was significant improve-
ment of the CNR of aorta and portal vein by DLIR method
on post-contrast CT [aorta: median, 4.5 (IQR 3.8-5.6) vs 7.3
(IQR 6.2-8.8), P <0.0001; portal vein: 5.3 (IQR 4.5-6.3) vs
8.5 (IQR 6.8-10.3), P <0.0001]. In addition, SNRs on pre
and post-contrast CT were significantly improved by DLIR
compared to hybrid-IR [pre-contrast CT: 6.1 (IQR 5.4-6.7)
vs 9.6 (IQR, 8.5-10.9), P <0.0001; post-contrast CT: 9.4
(IQR 8.3-10.1) vs 15.0 (IQR 13.2-16.4), P <0.0001].

Qualitative image analysis
The results of image quality scores are shown in Table 1.

There was significant improvement in image noise score
by DLIR method compared to hybrid IR [observer 1:
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Fig.1 Pre-contrast (a, b) and
post-contrast (¢, d) abdominal
CT images of 83 years old
man. Image reconstruction was
performed with hybrid-IR (a,
¢) and DLIR (b, d). Compared
with the hybrid-IR, the image
noise was improved with DLIR
technique

Fig.2 Post-contrast abdomi-
nal CT images of 65 years old
woman. Image reconstruction
was performed with hybrid-IR
(a, ¢) and DLIR (b, d). Com-
pared with the hybrid-IR, the
image noise was reduced with
DLIR method

hybrid-IR 3.0+0.7 vs DLIR 4.4 +0.6, P <0.0001 (pre-
contrast CT); observer 2: hybrid IR 3.1 £0.6 vs DLIR
4.0+0.5, P<0.0001 (pre-contrast CT)]. There was signifi-
cant improvement in vessel conspicuity by DLIR method
compared to hybrid IR (observer 1: hybrid IR 3.1 +£0.8 vs
DLIR 3.7+ 1.0, P<0.0001; observer 2: hybrid IR 3.2+0.9
vs DLIR 4.2 +0.4, P<0.0001). Overall image quality

score on DLIR images was significantly higher than that
on hybrid IR images [observer 1: hybrid-IR 3.1 +0.7 vs
DLIR 4.3+0.6, P<0.0001 (pre-contrast CT); observer 2:
hybrid IR 3.2 +0.5 vs DLIR 3.9+0.6, P <0.0001 (pre-
contrast CT)]. All DLIR images received a score of 3
or higher for both image noise score and overall image
quality score. Pre-contrast DLIR images received a rating
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Fig.3 Comparison of image noise (a, b), contrast-to-noise ratio (c, d)
and signal-to-noise ratio (e, f) between hybrid-IR and DLIR images.
Bars indicate median values (white circle) and inter-quartile range. P
values were calculated with the Wilcoxon matched-pairs signed rank
test

of score 4 or 5 for image noise in 94% (47/50) and 84%
(42/50) of subjects from observer 1 and 2, respectively.
Post-contrast DLIR images received a rating of score 4
or 5 for image noise in 94% (47/50) and 96% (48/50) of
subjects from observer 1 and 2, respectively.
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Discussion

The present study demonstrated that the recently devel-
oped DLIR substantially reduced image noise and
improved image quality on pre- and post-contrast abdomi-
nal CT, compared to hybrid-IR technique with a blending
factor of 50%.

CT manufacturers have recently developed algorithms
that use deep learning convolutional neural networks to
perform image reconstruction. There are currently two
commercialized CT reconstruction tools using DLIR—
Advanced intelligent Clear IQ Engine (AiCE; Canon Med-
ical Systems) and TrueFidelity (GE Healthcare). AiCE is
the first commercialized deep learning reconstruction tool.
For the deep learning approach, training pairs of hybrid-
IR images and high-dose MBIR images are given [14].
Tatsugami et al. [17] recently conducted a retrospective
study that investigated the value of the DLIR method for
improving image quality of coronary CT angiography in
30 patients. They found that the mean image noise, rep-
resented by SD of attenuation in the paraspinal muscle,
was significantly improved by the DLIR method compared
to hybrid IR (18.5+2.8 HU vs. 23.0+4.6 HU, P <0.01).
The study also demonstrated that the CNR in the proximal
left coronary arteries was significantly higher than that
on hybrid IR (22.8 +5.0 HU vs. 26.3+5.0 HU, P <0.01).
Akagi et al. [14] demonstrated that image noise, overall
image quality, and CNR on hepatic ultra-high-resolution
dynamic CT were significantly improved with the DLIR
compared to hybrid-IR and MBIR. As the deep learn-
ing convolutional neural network is trained with MBIR
images, the DLIR approach using AiCE has potential to
generate comparable image quality to the MBIR images
[14].

Following AiCE, TrueFidelity has recently become
available for clinical use, and its usefulness in improving
CT image quality has been verified by phantom experi-
ments [22-24]. Several studies on the clinical application
of TrueFidelity have also been reported [16, 25-27], and it
is expected to be used in daily clinical practice. Benz et al.
retrospectively evaluated the value of the TrueFidelity for
improving image quality of coronary CT angiography in
43 patients, compared to ASiR-V 70% [25]. They demon-
strated that TrueFidelity yielded a substantial reduction
in image noise of up to 43% on coronary CT angiogra-
phy, compared to ASiR-V 70%, while diagnostic accuracy
of CCTA reconstruction by TrueFidelity remained equal
to ASiR-V 70% using invasive coronary angiography as
the standard of reference. The usefulness of TrueFidel-
ity in the abdominal region has been reported by Jensen
et al. [16]. They retrospectively investigated the value of
TrueFidelity for improving image quality of portal venous
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Table 1 Image quality scores of

3 - Observer 1 Observer 2
hybrid IR and DLIR images
Hybrid-IR DLIR P values Hybrid-IR DLIR P values

Image noise
Pre-contrast images 3.0+0.7 44+0.6 <0.0001 3.1+0.6 4.0+0.5 <0.0001
Post-contrast images 3.0+0.5 4.4+0.6 <0.0001 3.2+0.5 4.1+04 <0.0001
Vessel conspicuity 3.1+0.8 37+1.0 <0.0001 3.2+0.9 4.2+04 <0.0001

Overall image quality
Pre-contrast images 3.1+0.7 4.3+0.6 <0.0001 3.2+0.5 39+06 <0.0001
Post-contrast images 3.1+0.6 4.6+0.6 <0.0001 3.3+0.5 4.2+04 <0.0001

Data are presented as mean +standard deviation. P values were calculated with the Wilcoxon matched-

pairs signed rank test

IR iterative reconstruction, DLIR deep learning image reconstruction

abdominal CT, compared to ASiR-V 30%, and found that
TrueFidelity was scored significantly better for overall
image quality, lesion diagnostic confidence, artifacts,
and image noise and texture. TrueFidelity, like AiCE, is
a promising technology for improving CT image quality,
and further accumulation of clinical evidence will be nec-
essary for its effective use in the future.

IR algorithms have limitations on significantly reducing
the radiation dose on abdominal CT while preserving diag-
nostic performance for low-contrast detection tasks (e.g.,
detection of liver metastases on abdominal CT images) [11,
13, 28, 29]. Jensen et al. [13] recently performed a prospec-
tive study that included 52 adults with 233 colorectal liver
metastases who underwent routine-dose (mean CTDIvol,
25.8 mGy) and reduced dose (mean dose reduction, 54%)
scans within the same breath hold, and compared observer
performance between routine-dose FBP and reduced-dose IR
(ASiR-V 60%). Lower-dose CT examinations (mean CTDI-
vol, 11.8 mGy) using IR demonstrated decreased observer
performance, primarily owing to suboptimal detection of
subcentimeter lesions. Whether the new DLIR technology
will enable further radiation dose reduction while preserv-
ing diagnostic performance for low-contrast detection tasks
compared to current IR algorithms are still unknown. This
issue needs to be explored in further studies on the diagnos-
tic performance of DLIR images for the detection of low-
contrast lesions.

Our study has some limitations. The study population
was relatively small, and the research was retrospectively
conducted at a single institution. Second, the current study
focused on subjective and objective assessments of image
quality. We did not assess the impact of DLIR on the diag-
nostic performance. Third, while there are three selectable
reconstruction strength levels (Low, Medium, High) to
control the amount of noise reduction for TrueFidelity, this
study evaluated only one strength level parameter (High) for
the DLIR algorithm. Prior to the clinical implementation
of this new technology, further rigorous evaluation may be

necessary to determine the optimal intensity level for the
DLIR algorithm. Furthermore, only the blending factor
of 50% was used for ASiR-V in this study. Changing the
blending factor for ASiR-V may have a significant impact
on the study results. In this study, the potential ability of the
recently-developed DLIR to reduce image noise was exam-
ined in comparison to ASiR-V with an intermediate blend
factor setting, which is commonly used in abdominal CT.
Forth, analysis of the noise texture on the CT images was
not performed in this study.

Conclusion

Image noise, overall image quality, CNR and SNR on pre-
and post-contrast abdominal CT images are significantly
improved with the DLIR method compared to hybrid-IR
technique.
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