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Introduction

Chest CT angiography (CTA) is a common clinical 
examination technique for identifying thoracic vessel 
abnormalities and has been widely used in children. It 

can quickly and noninvasively identify the main vascular 

malformation (1-3) and pulmonary malformation (4-6), 

especially in children experiencing refractory wheezing (7),  

hemoptysis (8), or repeated pneumonia (9). However, 
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Iterative reconstruction algorithms are often used to reduce image noise but encounter limitations under low 
dose conditions. Deep learning-based image reconstruction algorithms have been developed to overcome 
these limitations. We assessed the quantitative and qualitative image quality of thin-slice chest CTA in 
children acquired with low radiation dose and contrast volume by using a deep learning image reconstruction 
(DLIR) algorithm.
Methods: A total of 33 children underwent chest CTA with 70 kVp and automatic tube current 
modulation for noise indices of 11–15 based on their age and contrast volume of 0.8–1.2 mL/kg. Images 
were reconstructed with 50% and 100% adaptive statistical iterative reconstruction-V (ASIR-V) and high-
setting DLIR (DLIR-H) at 0.625 mm slice thickness. Two radiologists evaluated images in consensus for 
overall image noise, artery margin, and artery contrast separately on a 5-point scale (5, excellent; 4, good; 3, 
acceptable; 2, sub-acceptable, and 1, not acceptable). The CT value and image noise of the descending aorta 
and back muscle were measured. Radiation dose and contrast volume was recorded.
Results: The volume CT dose index, dose length product, and contrast volume were 1.37±0.29 mGy, 
35.43±10.59 mGy·cm, and 25.43±13.32 mL, respectively. The image noises (in HU) of the aorta with 
DLIR-H (19.24±5.77) and 100% ASIR-V (20.45±6.93) were not significantly different (P>0.05) and 
were substantially lower than 50% ASIR-V (29.45±7.59) (P<0.001). The 100% ASIR-V images had over-
smoothed artery margins, but only the DLIR-H images provided acceptable scores on all 3 aspects of the 
qualitative image quality evaluation.
Conclusions: It is feasible to improve the image quality of a low radiation dose and contrast volume chest 
CTA in children using the high-setting DLIR algorithm.
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children are radiation-sensitive, and CT scans should be 
performed following the as low as reasonably achievable 
(ALARA) principle (10). In recent years, the radiation dose 
and contrast medium (CM) dose for CTA in children have 
decreased significantly with the application of low tube 
voltage and iterative reconstruction (IR) algorithms (11), 
and the combination of low tube voltage and IR algorithms 
such as the adaptive statistical iterative reconstruction-V 
(ASIR-V) is routinely used in our hospital. The latest 
research has shown that the use of low tube voltage, 
especially 70 kVp in chest CTA, can significantly improve 
image contrast (12-14). Simultaneously, the use of IR 
algorithms has been shown to reduce image noise (15-17)  
effectively, and the combination of these 2 methods can 
significantly reduce doses and maintain image quality. 
The exposure greatly influences image noise, and the 
effectiveness of IR algorithms in reducing image noise 
depends on their modeling capability. 

Almost all currently used IR algorithms are constrained 
by their modeling limitation, and the non-linear and non-
stationary properties of IR algorithms make the spatial 
frequency distribution dependent on radiation dose and 
the object contrast (18). Most IR algorithms are designed 
to have different weights, with higher weights providing 
more image noise reduction. However, constrained by the 
modeling complexity, there is a need to balance spatial 
frequency distribution and image noise. When high weights 
are used in IR algorithms, the noise power spectrum (NPS) 
and image texture are often changed, which gives “blotchy” 
and “plastic-looking” visuals (19) that differ from the look 
and feel of the traditional filtered back-projection (FBP) 
images (20). Higher weights in IR algorithms also make the 
images too smooth, resulting in loss of spatial resolution. 
These will affect the efficiency of noise reduction in IR 
algorithms and limit their use in clinical applications. 

Recently, a deep learning image reconstruction (DLIR) 
algorithm was developed based on artificial intelligence 
and deep neural networks to overcome the usual tradeoffs 
among image noise, image appearance, and spatial 
image resolution in the conventional IR algorithms, as 
demonstrated in the phantom study by Greffier et al. (20). 
Other studies have demonstrated that using DLIR can 
further reduce image noise while avoiding blurring artifacts 
with IR algorithms. These studies focused on imaging 
coronary arteries, lower extremities, and the brain (21-23). 
As far as we know, no previous studies have applied DLIR 
to low radiation dose and contrast medium dose protocols 
in pediatric chest CTA. Thus, this study aimed to compare 

the quantitative and qualitative image quality of pediatric 
chest CTA images obtained with 70 kVp and DLIR to 
explore whether DLIR can further improve image quality 
and reduce radiation dose compared with the state-of-the-
art ASIR-V algorithm. 

Methods

General information

This was a retrospective study approved by our hospital’s 
ethics committee (Ethics reference number: 2020-Z-161), 
and informed consent from patients was waived. Chest 
CTA examinations were acquired continuously over a 
month from September 16, 2019, to October 20, 2019. A 
total of 33 children were included, including 14 boys and 
19 girls, with an average age of 5.85±4.16 years (range,  
4 months – 13 years). There were 17 cases with pneumonia, 
8 cases with neoplasms, 5 cases with congenital lung 
malformations, and 3 cases with Takayasu’s arteritis. The 
average volume CT dose index (CTDIvol), dose length 
product (DLP), and contrast volume were 1.37±0.29 mGy,  
35.43±10.59 mGy·cm, and 25.43±13.32 mL, respectively.

CT scan and image reconstruction

All examinations were performed on a 256-row multi-
detector CT scanner (Revolution CT, GE Healthcare, 
USA) using a low tube voltage of 70 kVp, helical pitch value 
of 1.375:1 with 40 mm detector width, and 0.5 s rotation 
speed. The automatic tube current modulation (ATCM) 
technique was used with tube current in the range of 50–
500 mA to achieve age-dependent noise indices between 
11 and 15: 11 for 0–1 year (mAs range: 169.5–231.5 mAs), 
13 for 1–7 years (mAs range: 102.0–212.5), and 15 for  
7 years and older (mAs range: 53.0–201.5). All scans were 
performed when children were in a quiet state. For children 
who could not cooperate, 10% chloral hydrate at a dose of 
0.4 ml/kg based on body weight was given orally, and scans 
did not start until patients fell asleep. 

For the contrast-enhanced CT protocol, a peripheral 
venous cannula was pre-placed in the superficial vein 
of the dorsum of the hand. An iodinated contrast agent  
(320 mgI/mL iodixanol; GE Healthcare, USA) was 
administered using a single-head power injector. The 
contrast medium dose was calculated according to the 
bodyweight of each child: 1.4 mL/kg for children weighing 
3–5 kg, 1.2 mL/kg for 5–10 kg, 1.1 mL/kg for 10–20 kg,  
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1.0 mL/kg for 20–30 kg, and 0.9 mL/kg for 30–50 kg. The 
flow rate was adjusted according to a fixed injection time of 
15 s and the contrast-enhanced scan started 17 s after the 
start of contrast injection.

The raw data was reconstructed to 0.625 mm thin slice 
images using 3 reconstruction methods: ASIR-V with the 
standard 50% weight (50% ASIR-V), 100% weight (100% 
ASIR-V), and DLIR with a high setting (DLIR-H). All 
reconstructions used a standard kernel. The patient and 
scan information are listed in Table 1.

Image quality evaluation

All images were transferred to an advantage workstation 
(AW4.7, GE Healthcare, USA). Two observers with 15 
and 8 years of experience in reviewing pediatric chest CT 
images evaluated the qualitative image quality using a 
5-point scoring system. All patient and scanning-related 
information were hidden from observers. The observers 
could freely adjust the window width and position for 
observation and used multiplanar reconstructions (MPR) 
and three-dimensional images for the evaluation. If the 

scores given by the 2 observers were not the same, a third 
senior doctor with 20 years of experience in reviewing 
pediatric chest CT images evaluated the images and 
gave the final score. Qualitative image quality evaluation 
included the overall image noise, vascular structure contrast, 
and vascular structure edge clarity. Scores with at least 3 
points were accepted for diagnosis, with 5 points being the 
best. The specific evaluation criteria are listed in Table 2. 

After the qualitative evaluation, the 2 observers 
conducted quantitative measurements on the AW 
workstation together. They selected the largest section of 
the heart and set a circular region of interest (ROI) on the 
descending aorta (Ao) with a diameter half that of the Ao 
and on the back muscle (Mu) at the same imaging level to 
measure their CT attenuation value (in HU) and standard 
deviation (SD) value. The signal-to-noise ratio (SNR) and 
the contrast-to-noise ratio (CNR) of the descending aorta 
were calculated using the following formula: 

( ) ( )SNR CT Ao SD Ao=  [1]

( ) ( )( ) ( ) ( )( )( )2CNR CT Ao CT Mu SD Ao SD Mu= − + [2]

Statistical analysis

All the data were expressed as mean ± standard deviation. 
The differences among the 3 image groups were analyzed. 
Continuous variables following the normal distribution 
were analyzed using the repeated measures analysis of 
variance with Bonferroni correction. The ordinal scales or 
variables that failed to follow the normal distribution were 
analyzed using Friedman’s test. P<0.05 was considered to 
indicate a statistically significant difference. 

Results

The results of the qualitative scores and quantitative 
measurements are shown in Table 3.

Exemplary images are shown in Figure 1. Figure 1A,B,C 
are the MPR images, and 1D,E,F are axial images. Figure 

Table 1 Patient and scan information

Value (n=33)

Age (years) 5.85±4.16 [4 month – 13 years]

Sex (male/female) 14/19

Tube voltage (kV) 70 

Noise index (NI) setting, n (%)

NI=11 (0–1 years) 7 (21.2)

NI=13 (1–7 years) 13 (39.4)

NI=15 (7–18 years) 13 (39.4)

CTDIvol (mGy) 1.37±0.29 [0.90–2.03]

DLP (mGy·cm) 35.43±10.59 [23.66–60.00]

Contrast dose (mL) 25.43±13.32 [8–56]

Values are represented as mean ± SD [range] or n (%).

Table 2 Specific criteria for qualitative evaluation

1 point (non-diagnostic) 2 points (sub-diagnostic) 3 points (diagnostic) 4 points (good) 5 points (excellent)

Overall image noise Severe High Moderate Little Rare

Vascular contrast Poor Detection only Acceptable Good contrast Excellent

Vascular edge clarity Cannot define Blurred, no clear Somewhat blurred Clear identification Very clear identification
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1G,H,I are three-dimensional images with 50% ASIR-V, 
100% ASIR-V, and DLIR-H, respectively. The qualitative 
scoring results showed that for the overall image noise, the 
50% ASIR-V image (Figure 1A) and the 100% ASIR-V 
image (Figure 1B) had lower qualitative scores than 
DLIR-H (Figure 1C), which was a statistically significant 
difference (P<0.001). At a 0.625 mm thin slice thickness, the 
50% ASIR-V images had higher than desired image noise 
for the soft tissue to meet the diagnostic requirements, even 
though they were acceptable for analyzing the vessels. The 
vascular contrast of all 3 reconstruction groups met the 
diagnostic requirements. The 100% ASIR-V and DLIR-H 
images had no statistically significant difference (P>0.05), 
while both were statistically better than the 50% ASIR-V 
images (P<0.001) (Figure 1D,E,F). For blood vessel margins, 
DLIR-H outperformed the ASIR-V images (P<0.05), 
and those of the 100% ASIR-V images were judged to be 
too smooth to meet the diagnostic requirements (Figure 
1G,H,I). The quantitative measurement results showed 
that the CT values of the 3 reconstruction groups were not 
significantly different and that image noise, SNR, and CNR 
of DLIR-H images were similar to those of 100% ASIR-V 
images, which were both significantly better than the 50% 
ASIR-V images. 

Discussion

In our study, we investigated the feasibility of improving 
image quality in pediatric chest CTA acquired with low 

radiation dose and contrast volume by using the newly 
developed DLIR algorithm compared with the state-of-the-
art ASIR-V algorithm. The low radiation dose condition 
was realized by using a combination of 70 kVp and ATCM 
with relatively low mAs ranges, which generates increased 
image noise when conventional FBP reconstruction is used. 
Our results demonstrated the ability of DLIR to further 
reduce image noise under the low radiation dose condition 
without negatively impacting the display of small vessels 
and edges.

Specifically, our results indicated that DLIR-H further 
reduced image noise by 35% compared to the 50% ASIR-V 
(19.24±5.77 vs. 29.45±7.59 HU). We also reconstructed 
images using ASIR-V with 100% weight (100% ASIR-V) 
to demonstrate ASIR-V’s noise reduction ability with 
higher weights. Our results indicated that 100% ASIR-V 
also further reduced image noise by 30% compared with 
50% ASIR-V (20.45±6.93 vs. 29.45±7.59 HU). However, 
we noticed blurred blood vessel walls (Figure 1E) or some 
spatial resolution loss for the small blood vessels (Figure 
1H) with the 100%ASIR-V algorithm. On the other hand, 
the DLIR-H algorithm significantly reduced image noise to 
similar levels as the 100% ASIR-V images, and at the same 
time, maintaining good spatial resolution for displaying 
small vessels and vessel walls (Figure 1C,F,I). By optimizing 
both image noise and spatial resolution, DLIR-H was the 
only algorithm that provided acceptable scores on all 3 
aspects of the qualitative image quality evaluation in our 
study. Our results were consistent with the findings of 

Table 3 Results of qualitative scores and quantitative measurements

50% ASIR-V 100% ASIR-V DLIR-H Statistical value P value

Subjective evaluation#

Overall noise 2.27±0.55 3.36±0.58 4.05±0.21 76.91 <0.001

Vascular margin 3.77±0.61* 2.86±0.56 4.05±0.58* 24.79 <0.001

Vascular contrast 3.14±0.64 4.00±0.62* 4.14±0.64* 16.19 <0.05

Objective evaluation&

Aorta CT 412.50±118.05* 413.00±118.00* 413.41±118.18* 0.00 1.00

Aorta SD 29.45±7.59 20.45±6.93* 19.24±5.77* 14.78 <0.001

Aorta SNR 14.64±4.66 21.53±6.8* 22.58±7.04* 10.45 <0.001

Aorta CNR 13.73±4.00 21.6±5.76* 20.68±6.00* 14.35 <0.001

SD, image noise value. *, without in-group statistical difference; #, subjective scores were compared with Friedman’s test; &, objective 
scores were compared with one-way ANOVA. ASIR-V, adaptive statistical iterative reconstruction-V; DLIR-H, high-setting deep learning 
image reconstruction; SNR, signal-to-noise ratio; CNR, contrast-to-noise ratio.



3055Quantitative Imaging in Medicine and Surgery, Vol 11, No 7 July 2021

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2021;11(7):3051-3058 | http://dx.doi.org/10.21037/qims-20-1158

Figure 1 A 3-year-old boy, 13 kg, who suffered from mycoplasma pneumonia. The scan voltage was 70 kVp, 15 mL contrast medium was 
used, the CTDIvol was 1.17 mGy, and the dose length product (DLP) was 26.82 mGy·cm. (A,B,C) Multiplanar reconstruction (MPR) 
images; (D,E,F) axial images; (G,H,I) three-dimensional (3D) images with 50% ASIR-V, 100% ASIR-V, and DLIR-H, respectively. The 
50% ASIR-V image (A) had too much noise, the 100%ASIR-V image (B) had a blurred margin, and the DLIR-H image (C) had the best 
image quality for the aorta with less noise and a sharper margin. The tiny artery’s qualitative score (short white arrow) was best shown on 
the DLIR-H image. The boundary of the pulmonary vein was affected by the high noise on (D) (50% ASIR-V) and blurring on (E) (100% 
ASIR-V) but was clear on (F) (DLIR-H). The intercostal artery (long white arrow) was obscured on the 100% ASIR-V image (H) because 
of the blurred artery margin. The qualitative scores of 50% ASIR-V, 100%ASIR-V, and DLIR-H were, respectively, 3, 4, and 5 for overall 
image noise, 4, 5, and 5 for vascular contrast, and 3, 2, and 4 for vascular edge clarity.

A
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B

E

H
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F

I
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Greffier et al. (20). Their phantom study noted that both the 
DLIR with a high setting and 100% ASIR-V significantly 
reduced the NPS peak value compared to 50% ASIR-V. 
However, the task-based transfer function (TTF) of 100% 
ASIR-V was degraded, and the values were significantly 
lower than those of DLIR and 50% ASIR-V at every dose 
level.

Our study results indicated that even at a low radiation 
dose level, we had enough vessel contrast and relatively 
clear vessel margins for diagnosing blood vessels using 
50%ASIR-V images. However, under the low radiation 
dose condition, image noise for the soft tissue on the thin 
slice images was obvious, and the image quality scoring 
in terms of image noise was sub-optimal for diagnosis. In 
our routine clinical practice, higher than desired image 
noise is handled by using images at thicker slice thickness  
(5 mm) for reviewing soft tissues and organs, which of 
course requires additional reconstruction in the workflow 
and sacrifices spatial resolution in the axial direction. 
However, with DLIR-H, high image noise was significantly 
reduced to fully satisfy the diagnostic requirement for 
reviewing soft tissues and organs using thin-slice images, 
significantly improving clinical workflow and spatial 
resolution. Furthermore, vessel contrast and vessel clarity 
were also improved with the DLIR-H algorithm. The 
improved image contrast and image noise may provide 
room for future radiation dose and/or contrast volume 
reduction should we decide to maintain the current image 
quality.

There were still some shortcomings in our study. First, 
the number of cases was relatively small. Hence, studies 
with a larger number of cases should be carried out in the 
future. We did not subcategorize contrast enhancement 
based on patient age to study the possible age-dependent 
variations in contrast enhancement due to the small number 
of patients. Also, this study was focused on whether DLIR 
could improve image quality; therefore, only a small 
part of the stored data was used, and no comprehensive 
disease types were included. Secondly, this study was a 
retrospective study to assess the potential of DLIR in 
image quality improvement at the current low dose scan 
conditions. Even though image noise reduction can often 
be indirectly converted to the dose reduction ability, further 
research is needed using the actual scans acquired at lower 
radiation doses to evaluate the dose reduction potential 
directly. Third, due to the limited patient population in our 
study, we did not evaluate the reconstruction algorithms' 
dependence on tube voltage and radiation exposure level. 

Future studies must obtain a complete picture for these 
reconstruction algorithms and the optimal combination of 
different tube voltages and DLIR with different strengths. 
Finally, because the original scan was designed for CTA, no 
observation of the lungs could be made to evaluate further 
whether DLIR improved the lungs’ diagnosis.

Conclusions

The use of DLIR-H can significantly improve image quality 
and further, reduce image noise by 35% compared to 50% 
ASIR-V in thin slice pediatric chest CTA acquired at low 
radiation and contrast medium doses. The improved image 
quality can then be converted into further radiation and/or 
contrast volume reduction.
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