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Background: Coronary computed tomography angiography (CTA) has been increasingly used to identify 
the degree of coronary artery stenosis and plaque lesions in vessels. This study evaluated the feasibility of 
using high-definition (HD) scanning with high-level deep learning image reconstruction (DLIR-H) to 
improve the image quality and spatial resolution when imaging calcified plaques and stents in coronary 
CTA as compared to the standard definition (SD) reconstruction mode with adaptive statistical iterative 
reconstruction-V (ASIR-V).
Methods: A total of 34 patients (age 63.3±10.9 years; 55.88% female) with calcified plaques and/or stents 
who underwent coronary CTA in HD-mode were included in this study. Images were reconstructed with 
SD-ASIR-V, HD-ASIR-V, and HD-DLIR-H. Subjective image quality with image noise and clarity of 
vessels, calcifications, and stented lumens was evaluated by 2 radiologists using a 5-point scale. The kappa (κ) 
test was used to analyze the interobserver agreement. Objective image quality with image noise, signal-to-
noise-ratio (SNR), and contrast-to-noise-ratio (CNR) was measured and compared. Image spatial resolution 
and beam-hardening artifacts (BHAs) were also evaluated using the calcification diameter and CT numbers 
in 3 points along the stented lumen (inside, at the proximal and distal ends just outside stent).
Results: There were 45 calcified plaques and 4 coronary stents. HD-DLIR-H images had the highest 
overall image quality score (4.50±0.63) with the lowest image noise (22.59±3.59 HU) and the highest SNR 
(18.30±4.88) and CNR (26.56±6.33), followed by SD-ASIR-V50% image quality score (4.06±2.49), image 
noise (35.02±8.09 HU), SNR (12.77±1.59), CNR(15.67±1.92) and HD-ASIR-V50% image quality score 
(3.90±0.64), image noise (57.7±12.03 HU), SNR (8.16±1.86), CNR (10.01±2.39). HD-DLIR-H images 
also had the smallest calcification diameter measurement (2.36±1.58 mm), followed by HD-ASIR-V50% 
(3.46±2.07 mm) and SD-ASIR-V50% (4.06±2.49 mm). HD-DLIR-H images had the closest CT value 
measurements for the 3 points along the stented lumen, indicating much less BHA. Interobserver agreement 
on the image quality assessment was good to excellent (HD-DLIR-H: κ value =0.783; HD-ASIR-V50%: κ 
value =0.789; SD-ASIR-V50%: κ value =0.671).
Conclusions: Coronary CTA with HD scan mode and DLIR-H significantly improves the spatial 
resolution for displaying calcifications and in-stent lumens while simultaneously reducing image noise.
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Introduction

Coronary atherosclerotic heart disease is caused by 
atherosclerotic lesions of the coronary artery, which in 
turn precipitate the stenosis or obstruction of the vascular 
cavity, myocardial ischemia, hypoxia, or necrosis. This 
condition is often called coronary heart disease. In recent 
years, the incidence rate of coronary heart disease and 
its mortality has been rapidly increasing (1-3). Coronary 
heart disease is more common in adults over 40 years old, 
and the incidence of the disease in males is earlier than in 
females, showing a younger trend in recent years. Coronary 
computed tomography angiography (CTA) is a powerful 
noninvasive imaging technology with a high temporal and 
spatial resolution that has improved risk stratification and 
management in patients with low-to-moderate coronary 
artery disease (CAD). Notably, coronary CTA is also an 
effective, safe, noninvasive, outpatient alternative to invasive 
coronary angiography (ICA) for patients with a high 
probability of clinically obstructive CAD (4-6).

However, there is an increasing need to further 
improve the spatial resolution of the coronary CTA 
system to improve diagnostic accuracy, especially in cases of 
calcification, and to assess the restenosis inside stents. Despite 
improvements in CT technology, extensive calcifications 
remain problematic,  as the lesions are frequently 
uninterpretable, or their severity is overestimated (7).  
Assessment of stented lesions is another limitation of CTA. 
The quantification of in-stent lumens in coronary CTA 
is challenging due to beam-hardening artifacts caused by 
metallic stent struts, especially in stents with a diameter 
<3.0 mm. This is mainly attributable to the limited spatial 
resolution of standard-resolution computed tomography 
(CT) (8). Assessment of stented lesions is another limitation 
of CTA. Image resolution in coronary CTA may be 
increased by using high-definition (HD) scanning, the 
HD reconstruction mode, or high-pass reconstruction 
kernels. However, under the same radiation dose (signal 
strength), image resolution increase is often accompanied 
by image noise increase in the HD reconstruction mode 
with conventional reconstruction algorithms, which may 
adversely affect image quality and diagnostic accuracy. CT 
manufacturers have implemented automatic tube current 

modulation, bowtie filters, lower tube voltage (kVp), 
adaptive collimation, and iterative reconstruction (IR) 
algorithms to reduce the dose and optimize image quality 
(9,10). IR algorithms, such as the adaptive statistical iterative 
reconstruction-V (ASIR-V) algorithm, have been developed 
to reduce image noise. However, studies have shown that 
the use of medium-strength IR algorithms may not be 
adequate to overcome the noise increase. High-strength 
IR algorithms sometimes cause over-smoothing in images, 
reduce spatial resolution, and produce unnatural-looking 
image textures (11-13), which may negate the benefits of 
using the HD scanning and reconstruction mode.

Recently, several CT manufacturers have developed 
deep learning–based reconstruction algorithms that have 
demonstrated strong image noise-reduction ability (14-17).  
The algorithm developed by United Imaging uses a 
3-dimensional (3D) residual convolutional network to 
learn the difference between low-dose images and normal-
dose images (18), while the algorithm developed by Canon 
uses the images reconstructed with a model-based IR 
algorithm as the gold standard. GE Healthcare developed 
a deep learning image reconstruction (DLIR) algorithm 
based on a deep convolutional neural network. DLIR is 
the first of its kind in the world to be approved by the 
Food and Drug Administration (FDA, USA). A CT image 
reconstruction engine based on a deep neural network can 
generate high-quality TrueFidelity CT images. DLIR solves 
the current challenges of filtered back projection (FBP) 
and IR algorithms and represents a new era of CT image 
reconstruction (19). DLIR is trained by using standard-dose, 
high-quality FBP images, which, in theory, can provide 
powerful noise-reduction capabilities while maintaining the 
high spatial resolution of detailed structures (20). The aim 
of our study was to evaluate the feasibility of using DLIR 
at a high level (DLIR-H) with the HD reconstruction 
mode to improve image quality and spatial resolution for 
imaging calcified plaques and stents in coronary CTA in 
comparison with ASIR-V with the standard-definition (SD) 
reconstruction mode. We present the following article in 
accordance with the GRRAS reporting checklist (available 
at https://qims.amegroups.com/article/view/10.21037/
qims-22-186/rc).
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Methods

Patient population

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). This study was 
approved by our institutional review committee, and all 
patients or their family members signed informed consent 
for undergoing coronary CTA. The requirement for a 
signed consent form for using the images was waived due to 
the retrospective nature of this study.

From August to October 2020, 34 patients who 
underwent coronary CTA in The First Affiliated Hospital 
of Xi’an Jiaotong University including 15 males and 19 
females, were included in the study (Table 1). These patients 
were diagnosed with CAD by imaging and laboratory 
pathological examination, and no other serious heart, liver, 
or kidney diseases were found. The sample size was 34, and 
the sampling method was random sampling.

CT acquisition parameters

All patients were examined on a GE Revolution CT (GE 
Healthcare, Chicago, IL, USA). The HD scanning mode 
was used. The other scanning parameters were as follows: 
a tube voltage of 100 kV, a smart tube current (SmartmA) 
range of 300–570 mA, a gantry rotation speed of 0.28 s, a 
slice thickness of 0.625 mm, a slice spacing of 0.625 mm, 
and a collimation width of 256×0.625 mm.

Patients were scanned in the supine position and under 
free breathing. The scanning range was from 2 cm below 
the bifurcation of the trachea to 2 cm below the diaphragm. 

Patients were injected with the contrast agent of iohexol 
(370 gI/L). The contrast dose and flow rate were calculated 
according to the body mass index of the patient. The contrast 
dose was 35–50 mL, and the flow rate was 3.5–5 mL/s. 
Coronary CTA was triggered using the bolus-tracking 
technique and started after the descending aorta reached 
the threshold of 210 Hounsfield unit (HU).

Image reconstruction

After scanning, coronary CTA images were reconstructed 
in 3 reconstruction modes: SD with 50% ASIR-V (SD-
ASIR-V50%), HD with 50% ASIR-V (HD-ASIR-V50%), 
and HD with high-level DLIR (HD-DLIR-H). The 
high level for DLIR was selected based on the previously 
published results for coronary CTA application (21) and to 
limit the scope of our study.

Image analysis

The 3 reconstruction groups were transferred to a 
postprocessing workstation (Advantage Workstation 4.7, 
GE Healthcare) for measurement and evaluation. CT 
values (the corresponding value of each tissue in the image 
corresponding to the X-ray attenuation coefficient) and their 
standard deviation values at 1 cm from the opening of the 
right coronary artery, left anterior descending branch, left 
circumflex branch, the aorta, and the pericardial fat at the left 
crown outlet were measured by 2 radiologists independently 
and averaged to produce the final results. The measured 
area was 150–200 mm2. Lesions, vascular calcification, and 
artifacts were avoided during measurement. Image noise 
(expressed as the standard deviation value), signal-to-noise 
ratio (SNR; SNR = mean HU value/noise), and contrast-to-
noise ratio [CNR; (mean HU value of the aorta − mean HU 
value of the paraspinal muscle)/standard deviation of the 
subcutaneous fat] of the aorta were calculated. The diameter 
of calcified plaques at their maximum cross-section was 
measured to evaluate the impact of spatial image resolution 
of the 3 different scan-reconstruction combinations on 
image quality. For patients with stents, CT values of the 
lumen at 3 locations (in-stent, just out of the stent, and 
at the proximal and distal ends) were measured along the 
stented lumen. Smaller calcification size measurements and 
smaller differences among CT value measurements of the 
in- and out-stent lumens indicated fewer blurring artifacts 
and higher image spatial resolution.

The same 2 radiologists with more than 5 years of 

Table 1 Baseline characteristics

Characteristic Value

All patients (n) 34

Age (years), mean [range] 63 [37–83]

Men, n (%) 15 (44.12)

Women, n (%) 19 (55.88)

Height (cm) 164±8.01

Weight (kg) 60.93±6.58

Body mass index (kg/m2) 22.50±3.29

Calcified plaques (n) 45

Coronary stents (n) 4

Date are presented as mean ± standard deviation, if not 
otherwise specified.
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experience evaluated subjective image quality in terms 
of overall image noise, blood vessels edge display, clarity 
of calcification, and the display of the in-stent lumen 
using a 5-point scoring system. For each image, there was 
no annotation to ensure readers were blinded to patient 
information and the algorithms used for reconstruction. The 
scores of the 2 radiologists were averaged to generate the 
final score. Scoring criteria were as follows: 5 points, excellent 
image quality with no artifacts, very low noise, excellent 
vessel enhancement and contrast from surrounding areas, 
clear and sharp edges of calcified plaques, and clear display 
of stent and in-stent lumen; 4 points, good image quality 
with no artifacts, low noise, good vessel enhancement and 
contrast from surrounding tissues, clear edges of calcified 
plaque, and somewhat clear display of stent and in-stent 
lumen without obvious interference; 3 points, average image 
quality with some artifacts, moderate image noise, adequate 
vessel enhancement and contrast from surrounding tissue, 
somewhat blurred edge of calcified plaque, and stent and 
in-stent lumen observable but somewhat blurred; 2 points, 
poor image quality with artifacts, heavy image noise, poor 
vessel enhancement and poor contrast between blood vessels 
and surrounding tissues, blurred edge of calcified plaque, 
and unidentifiable stent and in-stent lumen; and 1 point, 
unacceptable image quality with heavy artifacts, excessive 
image noise, poor vessel enhancement and poor contrast 
between the blood vessels and the surrounding tissue, 
blurred edge of calcified plaque, and a lack of discernability 
between the stent and in-stent lumen.

Statistical analysis

SPSS 21.0 (IBM Corp, Armonk, NY, USA) was used for 
data analysis. The measurement data are expressed as 
the mean ± standard deviation. The data were tested for 
normality using the Kolmogorov-Smirnov test. Continuous 
data following normal distribution from the 3 reconstruction 
groups were compared using repeated-measures analysis 
of variance (ANOVA), and post hoc pairwise comparisons 
were adjusted for multiple comparisons with the Bonferroni 
correction. The image quality scores that were ordinal and 
continuous data and did not follow the normal distribution 
were tested using Friedman test. A P value <0.05 was 
considered statistically significant.

Results

The image quality of the 3 reconstruction modes met the 

diagnostic requirements with scores greater or equal to 3. 
The mean subjective evaluation scores were 4.27±0.63 
for the SD-ASIR-V50% group, 3.90±0.64 for the HD-
ASIR-V50% group, and 4.50±0.63 for the HD-DLIR-H 
group. The differences between the SD-ASIR-V50% and 
HD-DLIR-H groups and between the HD-ASIR-V50% 
and HD-DLIR-H groups were all statistically significant 
(all P<0.05). Interobserver agreement of the image quality 
assessment was good to excellent (HD-DLIR-H: κ value 
=0.783; HD-ASIR-V50%: κ value =0.789; SD-ASIR-V50%: 
κ value =0.671).

The CT value, noise, SNR, and CNR of the aorta of the 
3 reconstruction modes were compared. The HD-DLIR-H 
group had the lowest image noise and highest SNR and 
CNR values (Table 2). The HD-DLIR-H group also had 
the smallest calcified plaque diameter measurement of  
2.59±1.87 mm, fol lowed by the HD-ASIR-V50% 
group (3.46±2.07 mm) and the SD-ASIR-V50% group  
(4.06±2.49 mm; Figure 1). The CT values of the 3 points 
in the lumen among the stent in the HD-DLIR-H group 
were also the closest (Figure 2). The SD-ASIR-V50% had 
the highest in-stent lumen CT values, indicating that HD-
DLIR-H images had the highest spatial resolution and the 
smallest beam-hardening artifacts.

Discussion

In this study, coronary CTA was carried out in HD scanning 
mode but with different reconstruction modes (SD vs. HD) 
and algorithms (ASIR-V vs. DLIR) to compare the effects 
on image noise, spatial resolution, and overall image quality. 
By measuring image noise, calcification size, and CT value 
differences among the in-stent lumen, we demonstrated that 
combining the HD scan and reconstruction with a newly 
developed DLIR algorithm could increase the resolution 
enabled by the HD scanning mode while containing or even 
reducing image noise in coronary CTA.

Coronary CTA has been widely used in the clinic because 
it has rapid imaging speed, less trauma, and high sensitivity 
and specificity in diagnosing CAD (22). However, due to 
the limitation of spatial resolution, the beam-hardening 
artifacts caused by objects with a high atomic number 
and the partial volume effect still affect the display of 
calcified plaques, stents, and the in-stent lumen, resulting 
in inaccurate evaluation of in-stent lumen restenosis (23). 
Coronary CTA image spatial resolution may be increased 
by using HD scanning and the HD reconstruction mode. 
However, the use of HD scanning and reconstruction 
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Table 2 Results of the quantitative image quality evaluation among 3 groups

Variable SD-ASIR-V50% HD-ASIR-V50% HD-DLIR-H P value

CT value of RCA 416.22±36.34 398.97±61.67 384.66±23.79 >0.05

CT value of LAD 441.04±37.43 486.42±53.67 382.46±21.07 >0.05

CT value of LCX 420.14±38.66 442.16±62.40 370.13±22.54 >0.05

Aorta (HU) 482.99±32.65 484.27±53.05 464.79±22.97 >0.05

Aorta noise (HU) 35.02±8.09+ 57.7±12.03+ 22.59±3.59*° <0.001

Signal-to-noise ratio 12.77±1.59+ 8.16±1.86+ 18.3±4.88*° <0.001

Contrast-to-noise ratio 15.67±1.92+ 10.01±2.39+ 26.56±6.33*° <0.001

Date are presented as the mean ± standard deviation. Post-hoc pairwise comparison with Bonferroni adjustment for multiple testing reveals 
significant mean differences from SD with 50% ASIR-V (SD-ASIR-V50%) (*), HD with 50% ASIR-V (HD-ASIR-V50%) (°), and HD with high-level 
DLIR (HD-DLIR-H) (+) (P<0.05). ASIR-V, adaptive statistical iterative reconstruction-V; CT, computed tomography; DLIR, deep learning image 
reconstruction; HD, high definition; HU, Hounsfield unit; LAD, left anterior descending; LCX, left circumflex; RCA, right coronary artery; SD, 
standard definition.

Figure 1 A case of a patient with coronary artery calcifications and coronary artery stenosis (76-year-old male). (A) SD with 50% ASIR-V (SD-
ASIR-V50%). (B) HD with 50% ASIR-V (HD-ASIR-V50%). (C) HD with high level DLIR (HD-DLIR-H). The scale bar denotes 10 mm. 
ASIR-V, adaptive statistical iterative reconstruction-V; DLIR, deep learning image reconstruction; HD, high definition; SD, standard definition. 

A

B

C
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modes typically also significantly increases the image noise, 
which may have a negative impact on image quality and 
diagnostic accuracy. For this reason, it is not routinely used 
in coronary CTA (10). IRs are often used to reduce image 
noise, but their noise reduction power is limited due to the 
risk of generating images with unnatural image textures 
when high-strength IR is used (24). DLIR was developed 
to overcome the shortcomings of IR algorithms by using 
a brand-new approach based on a deep convolutional 
neural network and trained using standard-dose, high-
quality FBP images, which, in theory, can provide powerful 
noise reduction capabilities while maintaining the high 
spatial resolution of detailed structures (25). Benz et al. (7) 
reconstructed images using ASIR-V 70% with SD and HD 
kernels and DLIR with an HD kernel at moderate and high 
levels to evaluate image noise, image quality, and coronary 
artery stenosis. They compared the diagnostic accuracy 
with that of ICA. Their results indicated that, compared 
with ASIR-V, DLIR significantly reduced image noise in 
coronary CTA and produced superior image quality at the 
same diagnostic accuracy. In our study, we extended the 
work by Benz et al. (7) by investigating the feasibility of 
combining the HD scanning mode and HD reconstruction 
mode with the DLIR algorithm to realize the competing 
goals in coronary CTA of increasing spatial resolution while 
reducing image noise. We focused our study on coronary 
CTA patients with calcifications and stents. We did not 
directly measure the image spatial resolution in our study. 
Instead, we used the size measurement of calcifications 

and CT number uniformity along the stented lumen to 
reflect the system spatial resolution and the degree of 
beam-hardening artifacts caused by the dense materials. 
Spatial resolution can be measured using the point spread 
function (PSF); the smaller the PSF is, the better the spatial 
resolution. Therefore, the apparent diameter of the calcified 
plaques in images is closely related to the spatial resolution. 
When the spatial resolution is insufficient, the boundary of 
the objects in images is not sufficiently clear. Lower spatial 
resolution causes more blurring of the boundaries and 
makes objects appear larger than they really are. Therefore, 
the measured size of dense and small objects can be an 
indicator of the spatial resolution of imaging systems. In 
addition, high-density objects, such as stents, cause more 
beam-hardening artifacts under lower spatial resolutions, 
and beam-hardening artifacts alter the CT values. 
Therefore, the smaller differences between the in-stent and 
out-stent (which has no beam-hardening artifacts) CT value 
measurements demonstrate fewer blurred artifacts from 
the stents and higher image spatial resolution. Our results 
indicated that, when the high-resolution scanning mode was 
adopted, the spatial resolution was improved. Calcifications 
were more concentrated to yield smaller sizes in images. 
The in-stent lumen had less contamination from the stents 
to have similar CT attenuation values as the lumen sections 
just outside the stents. The in-stent lumen was also better 
visualized with an HD scan and reconstruction mode with 
the DLIR algorithm. When the HD reconstruction mode 
was used with the current ASIR-V algorithm, image noise 
was significantly increased, resulting in lower overall image 
quality. However, the use of HD reconstruction with DLIR 
significantly suppressed image noise while maintaining 
higher spatial resolution. Our results indicated that the 
image noise in HD-DLIR-H images was even lower than 
that of SD-ASIR-V, suggesting further dose reduction 
is feasible in coronary CTA with DLIR in the future. In 
addition, Sun et al. (15) in their feasibility study of calcium 
defects in coronary CTA in the field of artificial intelligence 
[Enhanced Superresolution Generative Adversarial Network 
(ESRGAN)], demonstrated the impact of improved image 
spatial resolution on the diagnostic accuracy for patients 
with calcifications. Their results showed that ESRGAN-
processed images inhibited the blooming artifacts associated 
with severe coronary artery calcification and improved the 
specificity and positive predictive values.

There were still some limitations in this study. First, 
due to the small number of stents included in our study, a 
detailed analysis using the stent as an important influencing 
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factor could not be carried out, and this needs to be further 
explored in the future. Second, coronary angiography was 
not included in the study as the gold standard, and we did 
not evaluate the diagnostic accuracy of different approaches. 
Further research is needed to compare the diagnostic 
efficacy in the future.

In conclusion, coronary CTA with the HD scanning 
mode together with HD reconstruction using DLIR-H 
significantly improved the spatial resolution for displaying 
calcifications and the in-stent lumen while reducing image 
noise and improving overall image quality.
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