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Abstract
Background The adverse effect of low-dose CT on image quality may be mitigated using iterative
reconstructions. The purpose of this study was to evaluate the performance of the full model-based
iterative reconstruction (MBIR) and adaptive statistical reconstruction (ASIR) algorithms in low radiation
dose and low contrast dose abdominal contrast-enhanced CT (CECT) in children. Methods A total of 59
children (32 males and 27 females) undergoing low radiation dose (100kVp) and low contrast dose (270
mgI/ml) abdominal CECT were enrolled. The median age was 4.0 years (ranging from 0.3 to 13 years).
The raw data were reconstructed with MBIR, ASIR and �ltered back projection (FBP) algorithms into 6
groups (MBIR, 100%ASIR, 80%ASIR, 60%ASIR, 40%ASIR and FBP). The CT numbers, standard deviations,
signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) of liver, pancreas, kidney and abdominal
aorta were measured. Two radiologists independently evaluated the subjective image quality including
the overall image noise and structure display ability on a 4-point scale with 3 being clinically acceptable.
The measurements among the reconstruction groups were compared using one-way ANOVA. Results The
overall image noise score and display ability were 4.00±0.00 and 4.00±0.00 with MBIR, and 3.27±0.33
and 3.25±0.43 with ASIR100%, respectively, which met the diagnostic requirement; other reconstructions
couldn’t meet the diagnostic requirements. Compared with FBP images, the noise of MBIR images was
reduced by 62.86%-65.73% for the respective organs (F=48.15-80.47, P<0.05), and CNR increased by
151.38%-170.69% (F=22.94-38.02, P<0.05). Conclusions MBIR or ASIR100% improves the image quality
of low radiation dose and contrast dose abdominal CT in children to meet the diagnostic requirements,
and MBIR has the best performance.

Background
Low-dose CT has been used more often to reduce the potential risks of radiation-induced damage to
patients, especially pediatric patients [1]. To further reduce the potential risks of contrast-induced
nephropathy, CT scans with both low radiation dose and low contrast dose (“double-low”) are often
combined in contrast-enhanced CT (CECT) scanning [2,3]. As low-kV imaging can increase the absorption
of iodide ions to improve the enhancement effect of iodine contrast agents [4], it is often used in the
“double-low” CT scans. Iterative reconstruction (IR) has been used in the "double low" CT to reduce image
noise and to meet the diagnostic requirements and has been applied to CT applications in chest,
abdomen, blood vessel and other areas [5-11]. In addition, relevant studies have shown that the more
sophisticated full model-based iterative reconstruction (MBIR) algorithm is more powerful than the
adaptive statistical iterative reconstruction (ASIR) in image noise reduction [12-17]. So far, most of the
"double-low" CT studies have been focused on blood vessel(s) [3,4,6,8], or in adults, and there are only few
reports on CECT in children's abdomen, which often requires higher x-ray doses than other body regions
[18]. For this reason, the purpose of this study was to evaluate the performance of MBIR and ASIR
algorithms in improving the image quality of "double-low" abdominal CECT in children.

Methods
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General data
This retrospective study was approved by the ethics committee of our hospital. The requirement for
informed consent was waived. Consecutive pediatric patients in our hospital from August 2015 to
October 2015 were included, all patients underwent abdominal CT scans with low radiation dose and low
contrast dose scan protocol. The exclusion criteria were adolescent children over 14 years old and/or
children weighing more than 35 kg.

Instruments and equipment
All scan data were collected on a 64-row CT scanner with gemstone detector (Discovery, HDCT 750, GE,
USA). All patients followed same scan and contrast injection protocol: tube voltage of 100kV, helical pitch
value of 1.375, and rotation speed of 0.4 seconds. The tube current was set by automatic tube current
modulation (ATCM) in the range of 10-700mA during the scan to obtain age-based image noise index (NI)
settings: NI=11HU for children with age of 0-12 months; NI=13HU for 1-2 years old, and NI=15HU for 3-14
years old. Iodixanol (270mgI/ml, GE healthcare, American) was used as contrast agent, and contrast dose
was adjusted according to the body weight of children (1.8 ml/kg for 3-5 kg, 1.6 ml/kg for 5-10 kg, 1.4
ml/kg for 10-15 kg, 1.2 ml/kg for 15-35 kg). The contrast agent was injected using a single-head power
injector at injection rates of 0.4–3.0 ml/s adjusted to a �xed injection time of 15 s. Enhanced scans
started at 55 seconds after the start of injection for children under 3 years of age, and 60 seconds for
children over 3 years of age. During CT scans, the children were lying on their back with arms raised over
their head without holding breath. Oral sedative medicine (10% chloral hydrate, 0.5 ml/Kg) was given to
children who could not cooperate, and scan was performed after subjects fall asleep. The raw data were
reconstructed with MBIR, ASIR and �ltered back-projection (FBP) reconstruction algorithms into 6 groups
(MBIR, ASIR100%, ASIR80%, ASIR60%, ASIR40% and FBP) at image slice thickness of 0.625 mm.
Different weights (100%, 80%, 60% and 40%) were applied for the ASIR algorithm.

Subjective image quality evaluation
All images of were transmitted to GE AW4.6 CT workstation for analysis and measurement, the relevant
information of children, scanning parameters and reconstruction algorithms were shielded. Image quality
evaluation and scoring were carried out by 2 experienced radiologists with 13-year (3-year imaging
experience for adult, 10-years imaging experience for children) and 15-year of experience in imaging and
radiology for children. All images were randomly sorted. During the evaluation process, doctors can
adjust window width and level according to their personal habits, Multiplanar reconstruction (MPR) and
Volume rendering (VR) were also available for viewing.

Qualitative evaluation of image quality was performed in refer to relevant studies [6, 19], the 4-point
system was adopted to qualitatively evaluate image quality. The scoring content was divided into two
parts: the overall image noise and the display ability of tissues and structures. Standard for overall image
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noise was as follows: 4 points: image was excellent, only contained very little noise; 3 points: image was
�ne, contained certain noise, and could meet the diagnostic requirements; 2 points: more image noise,
could not meet the diagnostic requirements, but could determine lesion location and rough range; 1 point:
too much noise, image quality was not acceptable, and there were di�culties in distinguishing between
and/or within organizational structures. Criteria for evaluating the display ability of abdominal tissues
was as follows: 4 points: obvious enhancement in soft tissue, clear margins of organs and lesions, full
diagnostic; 3 points: adequate enhancement in soft tissue, clear margin of organs, abnormal density
structures could be identi�ed and measured, still meeting the diagnostic requirement; 2 points: poor
contrast enhancement degree in tissue or lesions, unclear margin of organs and the internal structure was
not clearly demarcated, for qualitative diagnosis only; 1 point: poor structural enhancement with marginal
boundary unclear, could not meet the diagnostic requirement.

Objective image quality measurement
After the subjective image quality evaluation was completed, the two doctors jointly measured the
objective image quality: CT number and standard deviation (SD) value (image noise), the porta hepatis
section was selected as the measuring cross-section, and a region of interesting (ROI) was used for CT
number and SD measurement. The ROI was generally about half of the cross-section area of the
abdominal aorta at the same image layer. The CT and SD values of liver, pancreas, kidney, abdominal
aorta and back muscle were measured. Measurement areas were selected on both the left lobe and right
lobe for liver, the head and body for pancreas, and the front and back cortex for kidney. Measurements
were averaged for the respective organs; the abdominal aorta was only measured once; and the mean
value of erector spinae muscles of both sides was calculated. Moreover, signal-to-noise ratio (SNR) and
contrast-to-noise ratio (CNR) of each organ were calculated:

SNR = CT value of organ / noise value of each organ

CNR = (CT value organ - CT value muscle)/((noise value organ + noise value muscle)/2).

ROIs were placed avoiding pathological changes and ROI sizes could change based on the organ size.
Because of the thinner renal cortex, ROI shape was changed, and ROI area was reduced to 1/4 of the
abdominal aorta area.

Radiation and contrast agent dose
The radiation dose and contrast agent dose were recorded. The radiation dose included volumetric CT
dose index (CTDIvol), dose-length product (DLP) and the contrast dose included the total volume of
contrast agent used. The amount of iodine used was then calculated according to the concentration of
the contrast agent.
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Statistical analysis
The recorded data of the objective noise and subjective scoring were represented as X ± SD. The analysis
of variance (one-way-ANOVA) was used to compare the differences in the subjective score and objective
measurement among the 6 groups of different reconstruction methods. Tukey’s test was used to compare
the statistical differences among reconstruction methods. Kappa test was used to test the consistency of
subjective scores of the two physicians, the strength was recommended by Landis and Koch: κ < 0: worst;
0<κ<0.20: worse; 0.21<κ<0.4: poor; 0.41<κ<0.6: moderate; 0.61<κ<0.8: good; 0.81<κ<1.0: perfect.
Statistical analysis was carried out with SPSS 17.0 (IBM, USA) statistical software. P < 0.05 was
considered as having signi�cant difference.

Results

Cases information
A total of 59 children (32 males and 27 females) underwent abdominal CECT examination. The median
age was 4.0 years (ranging from 0.3 to 13 years). The mean body weight was 16.20±5.28kg (ranging
from 7.0 to 34.0 kg). There were 18 cases of neurogenic tumors, 9 cases of renal space-occupying
lesions, 4 cases of liver space occupying lesions, 1 case of teratoma, 2 cases of pancreatic space-
occupying lesions, 13 cases of postoperative reexamination, 3 cases of trauma, moreover, there were 7
cases of abdominal pain to be examined and 2 cases of hematemesis. The radiation dose for the group
was 1.67±0.83mGy in CTDIvol and 41.54±22.78 mGy·cm in DLP. The contrast dose was 21.42±7.42ml,
the amount of iodine used was 5.78±1.95gI.

Subjective image quality
Compared with other images, MBIR images reduced the granular noise artifacts signi�cantly and
provided clearer internal structures of organs, which was helpful to detect lesions with smaller density
difference and to better display the range and structure of lesions (Figure 1 and 2). The speci�c scoring
results are shown in Table 1. For the overall image noise score, MBIR was the best, followed by
ASIR100%, both of which provided diagnostic quality images, while images of the other 4 reconstruction
methods did not fully meet the diagnostic quality requirements. With the decrease of ASIR weight, the
image quality gradually decreased, FBP image was the worst, FBP images and ASIR40% images could no
longer show clearly the boundaries of organs and lesions; the ASIR60% and ASIR80% images could be
used to identify lesions of various low contrast densities, but their edges were not clear enough for
accurate size measurements. ASIR100% images could meet the diagnostic requirements, while MBIR
images got the full scores for displaying organs and lesions. The inter-observer Kappa value for the
subjective image quality score between the two observers was 0.81, indicating a good consistency.
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Objective image quality
The objective measurement results are shown in Fig.3 and supplementary �le. There was no statistically
signi�cant difference in CT numbers among the 6 reconstructed image sets; the noise value of MBIR
image was the lowest, followed by ASIR100%; with the decrease of ASIR weight, the noise value
increased, and that of FBP image was the highest; compared with FBP image, the noise value of MBIR
image was reduced by 64.03%; the trends of SNR and CNR were opposite to noise value, those of MBIR
image were the highest, and those of FBP image were the lowest, of which, the CNR of MBIR image
increased by 165.68% in comparison with that of FBP.

Discussion
With the optimization of scanning protocol, reduction of tube voltage, automatic adjustment of tube
current and other ways being studied and utilized, the radiation dose of CT scanning has been greatly
reduced. On this basis, some scholars have proposed a "double-low" CT scanning protocol, that is, low-
radiation-dose combined with low-contrast-dose CT, which can reduce ionization damage and kidney
damage caused by contrast agent simultaneously. Yu et al. [4] reported that low-voltage scanning can
increase the CT number of contrast agent, so it is possible to maintain CT number by reducing the dose
of contrast agent in low voltage scan protocol. However, low-voltage scanning may increase image noise
and adversely affect image quality.

Iterative reconstructions (IR) can reduce image noise, which provide strong support to the development of
"double-low" CT protocol. IR algorithms such as ASIR of GE, iDOSE of Philips, SAFIRE of Siemens have
demonstrated the ability to provide acceptable images with lower radiation dose. The new generation of
IR algorithms, such as MBIR algorithm adds physics model and X-ray optical model in addition to the
original noise mode to not only take into account the noise character, but also the geometric characters of
the CT detection system. It can accurately describe each volume pixel and restore the real X-ray detection
mechanism.

MBIR has been applied in clinical practice; through the analysis of the existing literatures, MBIR can
greatly reduce noise and dramatically improve image quality [11-18], so, we evaluated 0.625mm thin slice
image quality instead of routine 5mm images (with ASIR40%) to obtain more details. In addition, it has
been reported that MBIR can improve the recognition of necrotic lesions in children and is suitable for
displaying the density difference of soft tissue [20]. Therefore, this study was designed to apply ASIR and
MBIR to evaluate the recognition ability of soft tissue lesions in children's abdominal "double low" CT and
the feasibility of their clinical application.

The subjective evaluation results of this study showed that in terms of overall image noise score, the
MBIR image quality was signi�cantly superior to ASIR and FBP image qualities to reach a full mark
(4.00±0.00 points); it had signi�cantly less granular image noise, and the image quality was excellent.
ASIR image quality was improved in comparison with FBP image quality, and with the increase of ASIR
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weight, the granular image noise was signi�cantly reduced, the image was better, the image density was
more uniform, the ASIR100% image score reached 3.27±0.33 points, which met the diagnostic
requirements; the average overall image noise score was higher than 2 points with ASIR80% and equal to
2 points with ASIR60%, indicating that in some clinical cases, for example, in the images with high
contrast and high CNR, these images were acceptable for diagnosis; but for some lesions, the size
measurement might not be accurate due to the rough edges caused by image noise. Images with
ASIR40% and FBP had overall image noise scores less than 2, indicating that these images could not
meet the diagnostic requirements. In terms of the display ability of organs and lesions in abdomen, the
MBIR images had the best ability; due to the dramatic reduction of image noise, the contrast noise ratio
of MBIR images was signi�cantly improved, which was more conducive to display small structures and
low contrast objects. Therefore, MBIR could display more �ne structures, such as gastric mucosa (Figure
1), small Intrahepatic venous vessels (Figure 2) even in a low contrast situation. MBIR improved the
lesion diagnosis both qualitatively and quantitatively. The tissues display ability score of ASIR100%
image was 3.25±0.43 points, which met the diagnostic requirements. The ASIR80%, ASIR60%, ASIR40%
and FBP images could show the structure and density of lesions, but because of excessive noise, the
edges of lesions with different densities and structures were blurred, and some small structures could not
be observed clearly. At the same time, we also noticed that blurring effect could be seen on the edges of
MBIR images with different densities, but with low enough image noise, it could still meet the diagnostic
requirements and increase the diagnostic con�dence of observers. With the increase of ASIR weight, the
gradually increased edge blurring effect could be seen at the edges of different densities, but we believed
that this blurring effect was not enough to affect the con�dence of diagnosis, and was deemed
acceptable, which was similar to a previous study [21]. In the abdominal CECT examination of children,
we believe that the reason why ASIR100% images could be accepted was that there were obvious density
differences among different tissues in images, and these obvious density differences were due to the
application of 100kV low voltage. Under the same conditions, the CT value of contrast agent in low-tube-
voltage images was signi�cantly increased in comparison with that in high-tube-voltage images [19,22],
which is conducive to distinguish different structures in CECT images. Even though low-concentration
contrast agent (270mgI/ml) was used in this group of cases, which was 15.63% lower than that of the
320mgI/ml contrast agent commonly used before, it could still maintain a high contrast ratio under
100kV low-voltage condition. The potential image noise increase in low tube voltage scanning was
compensated with the use of IR algorithms to ensure adequate contrast noise ratio. The objective noise
evaluation results showed that different reconstruction algorithms had no effect on CT number value (F =
0.01-0.04, P > 0.05), but with the increase of ASIR weight, the objective noise of different tissues
decreased in various degrees. Compared with FBP image, the noise of MBIR image decreased by
62.86%-65.73% (F = 48.15-80.47, P < 0.05) for the respective organs, both SNR and CNR were improved,
and the CNR of MBIR image was increased by 151.38%-170.69% (F = 22.94 - 38.02, P < 0.05).

Low-voltage scanning can improve the CT value of contrast agent, which made it possible to reduce the
dose of contrast agent. However, the application of low-voltage scanning to patients with large body size
will signi�cantly increase image noise and affect image quality. Combining with our practical work
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experience and referring to the recommendation of ICRP121 [23], 100 kV CT scanning mode was adopted
in our clinical work, which took into account the image enhancement degree and the overall noise of
images; moreover, it was easy to operate and can be applied in most children's examinations. In order to
avoid insu�cient penetrating force of X-ray caused by the oversize of children and too much noise which
may affect image quality, 120kV scanning scheme was still adopted for children over 14 years old or
weighing more than 35 kg, and they were not included in the study group.

There were some limitations in this study. Firstly, the sample size was small, and differences among
different diseases, ages and genders were not considered. The main reason was that the MBIR
reconstruction time was too long to meet the speed requirements of our center's daily work. Secondly, due
to the large age span of this group of children, the image quality obtained by other low tube voltages was
not compared with. In future research, we will study the application of 80kV or 70kV combined with IR
algorithms, especially with very young population. Lastly, we did not carry out research and evaluation on
abdominal CTA.

Conclusion:
The “double-low” CT can reduce the potential risks of ionization damage and contrast agent damage,
MBIR or ASIR100% can be used to increase image CNR and provide diagnostic quality images in the
abdominal CECT scans in children with low radiation dose and contrast dose, and MBIR algorithm
provides the best performance.
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Tables
table1 Subjective scores of images: overall image noise and display ability of abdomen tissues

    overall image noise display ability of abdomen tissues
Reconstruction type FBP 1.00±0.00 2.05±0.23

ASIR40% 1.50±0.50 2.15±0.35
ASIR60% 2.00±0.51 2.37±0.44
ASIR80% 2.50±0.50 2.75±0.44

ASIR100% 3.27±0.33 3.25±0.43
MBIR 4.00±0.00 4.00±0.00

Statistical values F value 857.85 588.78
p value <0.001 <0.001
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Figure 1

6 years old boy, abdominal CECT examination, all images were 0.625mm in slice thickness. A: FBP
reconstructed image; B: 40%ASIR image; C: 60%ASIR image; D: 80%ASIR image; E: 100%ASIR image; F:
MBIR image. All images had a low contrast object, the contrast of Aorta and kidney were better than other
tissues. Image noise decreased in IR images, especially in 100%ASIR and MBIR images, and these two
groups of images had higher contrast to noise ratio (CNR) values. MBIR could display more �ne
structures, such as gastric mucosa (white arrow), and observe lesions more clearly, such as bile-cyst and
necrotic lesion (black arrow). The tissues display ability score of the ASIR100% image could meet the
diagnostic requirements. The rest of the images could not meet the diagnostic requirements, these
images could still be used to identify different density objects but the structure borders were not clear
enough because of the high noise level and low CNR.
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Figure 2

5 years old girl, abdominal CECT examination, all images were 0.625mm in slice thickness. A: FBP
reconstructed image; B: 40%ASIR image; C: 60%ASIR image; D: 80%ASIR image; E: 100%ASIR image; F:
MBIR image. All images had high contrast objects, such as the hepatic and hepatic vessels (black arrow),
all images could display the vessels clearly, but it was di�culty to show some tiny vessels (white arrow)
in Fig. 2A-2C because of the high image noise, which reduced the contrast to noise ratio (CNR). MBIR
images had the best image quality. The 80%ASIR and 100%ASIR images provided the diagnostic quality.
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Figure 3

Objective measurements of MBIR, ASIR and FBP images. There was no statistically signi�cant difference
in CT number among different reconstructions; the noise value of FBP image was the highest, with the
decrease of ASIR weight, the noise value increased, and that of MBIR image was the lowest; the trends of
SNR and CNR were opposite to noise value, those of MBIR image were the highest, and those of FBP
image were the lowest.
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