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PURPOSE
To assess the quantification accuracy of pulmonary nodules using virtual monoenergetic images 
(VMIs) derived from spectral-detector computed tomography (CT) under an ultra-low-dose scan 
protocol.

METHODS
A chest phantom consisting of 12 pulmonary nodules was scanned using spectral-detector CT at 
100 kVp/10 mAs, 100 kVp/20 mAs, 120 kVp/10 mAs, and 120 kVp/30 mAs. Each scanning protocol 
was repeated three times. Each CT scan was reconstructed utilizing filtered back projection, hybrid 
iterative reconstruction, iterative model reconstruction (IMR), and VMIs of 40–100 keV. The signal-
to-noise ratio and air noise of images, absolute differences, and absolute percentage measurement 
errors (APEs) of the diameter, density, and volume of the four scan protocols and ten reconstruction 
images were compared. 

RESULTS
With each fixed reconstruction image, the four scanning protocols exhibited no significant differ-
ences in APEs for diameter and density (all P > 0.05). Of the four scan protocols and ten reconstruc-
tion images, APEs for nodule volume had no significant differences (all P > 0.05). At 100 kVp/10 
mAs, APEs for density using IMR were the lowest (APE-mean: 6.69), but no significant difference was 
detected between VMIs at 50 keV (APE-mean: 11.69) and IMR (P = 0.666). In the subgroup analysis, at 
100 kVp/10 mAs, there were no significant differences between VMIs at 50 keV and IMR in diameter 
and density (all P > 0.05). The radiation dose at 100 kVp/10 mAs was reduced by 77.8% compared 
with that at 120 kVp/30 mAs.

CONCLUSION
Compared with IMR, reconstruction at 100 kVp/10 mAs and 50 keV provides a more accurate quan-
tification of pulmonary nodules, and the radiation dose is reduced by 77.8% compared with that at 
120 kVp/30 mAs, demonstrating great potential for ultra-low-dose spectral-detector CT.

KEYWORDS
Spectral computed tomography, chest phantom, pulmonary nodule, low-dose computed tomog-
raphy, reconstruction algorithm
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With increasing public attention on pulmonary nodules and lung cancer, low-dose 
chest computed tomography (CT) has become an effective modality for the diag-
nostic screening and prognostic evaluation of lung cancer.1,2 However, radiation 

dose remains a key public concern. Image quality in low-dose CT with frequently-used re-
construction algorithms has been widely discussed.3,4 With advances in reconstruction algo-
rithms, iterative reconstruction (IR) and deep learning image reconstruction technologies 
have improved image quality.4-7 In particular, IR decreases image noise and ensures image 
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quality by optimizing and correcting the raw 
data. The iDose4 is a hybrid IR algorithm con-
taining filtered back projection (FBP) and IR 
components, which could obtain low-noise 
and high-resolution images with a more 
complete and comprehensive system mod-
el.8 Additionally, iterative model reconstruc-
tion (IMR), another IR algorithm based on 
the complete model but without FBP com-
ponents, has been demonstrated to yield 
sufficiently high-quality images of the chest, 
abdomen, spine, and other organs.9-11

Dual-layer spectral CT (DLCT) with an ener-
gy level of 100 kVp is capable of energy anal-
ysis. Under a scanning protocol of 100 kVp/10 
mAs, an effective radiation dose is reduced 
to 0.2954 mSv, equivalent to 5–6 times that 
of chest radiography exposures. The virtual 
monoenergy of spectral CT ranges from 40 to 
200 keV; generally, the lower the keV value is, 
the higher the contrast and noise. Moreover, 
DLCT can reconstruct 161 virtual monoen-
ergetic images (VMIs) at different keV levels 
(40–200 keV), but the accuracy of the quan-
titative evaluation of new-generation spectral 
CT is rarely reported. Additionally, studies 
have revealed that the radiation dose level, 
virtual monoenergetic level, and kVp tube 
voltage settings significantly affect the quan-
titative accuracy and image quality of spectral 
CT.12,13 Therefore, this study aimed to assess 
the impact of different scanning protocols 
and reconstruction techniques on the quanti-
tative measurement of pulmonary nodules by 
performing low-dose CT and ultra-low-dose 
CT scans using different image reconstruction 
techniques on a chest phantom.14,15

Methods

Anthropomorphic chest phantom and syn-
thetic lung nodules

A commercially available multipurpose 
anthropomorphic thoracic phantom (Lung-

man; Kyoto Kagaku, Kyoto, Japan; http://
www.kyotokagaku.com) was utilized to 
simulate the human thorax. This phantom 
consisted of a life-size anatomical model of a 
human male thorax with substitute materials 
for soft tissues and synthetic bones. Three-di-
mensional synthetic pulmonary vessels and 
bronchi were inserted into the phantom 
lung.

In total, 12 spherical synthetic pulmo-
nary nodules (Supplementary Table 1 and 
Supplementary Figure 1) were utilized. The 
attenuation levels of the ground-glass nod-
ules (GGNs) were −800 and −630 Hounsfield 
unit (HU) and that of the solid nodules (SNs) 
was 100 HU. These nodules were random-
ly placed in the phantom by a technologist 
with 15 years of experience, and observers 
were blinded to the placement of the nod-
ules. This retrospective study was approved 
by the Second Affiliated Hospital of Naval 
Medical University institutional review board 
(CZ-20220512-06), and the need for informed 
patient consent was waived.

Computed tomography image acquisition 

All CT images were obtained using sec-
ond-generation DLCT equipment (Philips 
spectral CT 7500, Best, The Netherlands). 
These image acquisitions were performed 
using four different radiation dose levels (100 
kVp/10 mAs, 100 kVp/20 mAs, 120 kVp/10 
mAs, and 120 kVp/30 mAs). The effective 
dose (ED) was determined as dose length 
product (DLP) × k (0.014), where DLP is the 
actual value. The scan parameters were as 
follows: collimation, 128 × 0.625 mm; beam 
width, 80 mm; slice thickness, 1 mm; pitch, 
0.99; rotation time, 0.5 seconds. Each acquisi-
tion was repeated three times. 

Image reconstruction 

The dataset for each scanning dose con-
tained conventional images and monoen-
ergetic images from the original spectral 
base images data (SBI data) of Compton 
scattering and photoelectric effects. Con-
ventional images were reconstructed using 

FBP, iDose4 (level 5), and IMR (body routine 
level 2). In addition, VMIs were generat-
ed from SBI data obtained at 40–100 keV 
(iDose4, spectral level 5) with a 10–keV inter-
val (40/50/60/70/80/90/100 keV). In total, 40 
reconstruction imaging datasets were ob-
tained and analyzed.

Quantitative evaluation of nodules and im-
age quality

The diameters and densities of the 12 
nodules were manually measured inde-
pendently by two radiologists with three 
years of experience in thoracic imaging. The 
longest nodule diameter on the maximum 
axial plane was measured. Nodule density 
was also measured on the maximum axial 
plane with a region of interest (ROI) large 
enough to cover the nodule, sparing the 
nodule margin to eliminate the partial vol-
umetric effect. The images were transmitted 
to automatic volume measurement software 
(Infervision Medical Technology, Beijing, Chi-
na) to automatically determine the volume 
of the nodules. Image quality was evaluated 
using the signal-to-noise ratio (SNR) and air 
noise (AN). The SNR was defined as the ratio 
of CT attenuation for the lung tissue to the 
standard deviation (SD) of AN. The ROIs were 
placed on the right lower lobe for the CT at-
tenuation of the lung and in front of the mid-
dle of the sternum for the AN.

Statistical analysis 

All statistical analyses were performed 
using SPSS software (version 26.0; IBM, Ar-
monk, NY, USA) and Python 3. The intraclass 
correlation coefficient (ICC) was used to ana-
lyze overall consistency, and a Bland–Altman 
analysis was utilized for subgroup consisten-
cy. The Kruskal–Wallis test of overall signif-
icance was used to assess the significance 
of image quality. In case of a significant dif-
ference in the whole population, a Nemenyi 
post-hoc test was further applied. The abso-
lute percentage measurement error (APE) 
was determined for the comparison of meas-

Main points

• A 100 kVp/10 mAs scan protocol based on 
spectral-detector computed tomography 
(CT) can accurately quantify the diameter 
and density of pulmonary nodules.

• Iterative model reconstruction (IMR) 
demonstrated improved image quality un-
der the 100 kVp/10 mAs scan protocol, and 
virtual monoenergetic images at 50 keV 
were similar to those obtained with IMR.

• The ultra-low-dose scan protocol (100 
kVp/10 mAs) based on spectral-detector CT 
reduced the radiation dose by 77.8% com-
pared with that at 120 kVp/30 mAs.

Table 1. Intra-observer agreement and inter-observer agreement of nodule parameters 
and image quality

Parameter Intra-observer 
agreement

Inter-observer 
agreement

Diameter 0.999 0.986

Density 0.992 0.999

AN 0.887 0.912

SNR 0.965 0.973

AN, air noise; SNR, signal-to-noise ratio.
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ured and reference data. The dimension and 
density of the mold provided by the phan-
tom’s manufacturer were used as reference 
data. The standard for volume was deter-
mined based on nodule dimension. The ab-
solute difference and APE were presented as 
mean ± SD and compared among different 
scan protocols and reconstruction images. 
A P value <0.05 was considered statistically 
significant. 

Results

Intra-observer and inter-observer consis-
tencies of nodule parameters and image 
qualities 

The ED values for the four scanning pro-
tocols were 0.2954, 0.588, 0.4774, and 1.3314 
mSv (Supplementary Table 2). The intra-ob-
server agreement levels for nodule diameter 
and density and the AN and SNR of images 
between observers were excellent, with ICCs 
of 0.999, 0.992, 0.887, and 0.965, respective-
ly. The inter-observer agreement levels for 
nodule diameter and density and the AN and 
SNR of images between observers were ex-
cellent, with ICCs of 0.986, 0.999, 0.912, and 
0.973, respectively (Table 1). The measure-
ment results from one scanning are listed in 
Supplementary Table 3.

Image quality comparison

The image quality obtained using the 
four different scanning protocols (100 
kVp/10 mAs, 100 kVp/20 mAs, 120 kVp/10 
mAs, and 120 kVp/30 mAs) revealed statis-
tical differences (P < 0.05) among nine of 
the image reconstruction types (FBP, iDose4, 
and seven VMIs), with the exception of IMR 
(P = 0.053) (Table 2). The post-test analysis 
revealed no significant difference in image 
quality at 50 keV between 100 kVp/10 mAs 
and 120 kVp/30 mAs (P > 0.05). At doses of 
100 kVp/10 mAs, 120 kVp/10 mAs, and 120 
kVp/30 mAs, AN and SNR levels among the 
10 image types demonstrated statistical dif-
ferences (all P < 0.05). 

Under a scanning protocol of 120 kVp/30 
mAs, IMR exhibited the best image quality 
(AN-mean: 6.03 and SNR-mean: 166.32). In addi-
tion, at 100 kVp/10 mAs, the image quality 
of IMR (AN-mean: 9.07 and SNR-mean: 111.22) was 
better than that of FBP (AN-mean: 31.20 and 
SNR-mean: 32.27) and iDose4 (AN-mean: 31.20 and 
SNR-mean: 32.37), and image quality at 100 keV 
was the poorest (AN-mean: 38.90 and SNR-mean:  
26.11) (Figures 1, 2).

Effects of the four scanning protocols and 
10 image reconstruction approaches on 
the diameter and density of pulmonary 
nodules 

In each scanning group, the nodule vol-
umes revealed no significant differences 

among the 10 reconstructed images (P > 
0.05). The four scanning dose groups exhibit-
ed no significant statistical differences in the 
volume, diameter, and density of pulmonary 
nodules for each reconstruction image (all P 
> 0.05) (Tables 3, 4, Figures 3, 4). Nodules with 

Table 2. Air noise and signal-to-noise ratio using 10 reconstruction images
Reconstruction 
algorithm

Low-dose scanning 
scheme

AN SNR

kVp mAs APEs P APEs P

40 keV

100
10 18.03 ± 3.87

0.034

57.51 ± 11.07

0.034
20 28.17 ± 4.97 36.48 ± 5.75

120
10 36.63 ± 3.92 27.62 ± 3.07

30 24.03 ± 3.62 42.42 ± 6.69

50 keV

100
10 24.3 ± 2.52

0.044

41.66 ± 4.08

0.044
20 26.43 ± 1.12 38.11 ± 1.58

120
10 28.43 ± 2.15 35.43 ± 2.63

30 19.23 ± 1.8 52.45 ± 4.92

60 keV

100
10 30 ± 2.51

0.023

33.62 ± 2.95

0.023
20 27 ± 1.5 37.28 ± 2.09

120
10 24.63 ± 1.97 40.9 ± 3.15

30 17.13 ± 0.84 58.6 ± 2.8

70 keV

100
10 33.83 ± 3.82

0.023

29.9 ± 3.59

0.023
20 27.77 ± 2.72 36.39 ± 3.72

120
10 22.83 ± 2.03 44.16 ± 3.78

30 16.17 ± 0.49 62.04 ± 1.91

80 keV

100
10 36.33 ± 4.61

0.016

27.9 ± 3.81

0.016
20 28.4 ± 3.58 35.72 ± 4.8

120
10 21.87 ± 1.94 46.11 ± 3.98

30 15.8 ± 0.6 63.49 ± 2.38

90 keV

100
10 37.83 ± 5.11

0.016

26.82 ± 3.93

0.016
20 28.9 ± 4.17 35.22 ± 5.48

120
10 21.33 ± 1.79 47.23 ± 3.85

30 15.6 ± 0.72 64.34 ± 2.89

100 keV

100
10 38.9 ± 5.49

0.016

26.11 ± 4.03

0.016
20 29.23 ± 4.54 34.91 ± 5.91

120
10 21.07 ± 1.68 47.81 ± 3.71

30 15.53 ± 0.76 64.62 ± 3.04

FBP

100
10 31.2 ± 3.92

0.031

32.27 ± 4.11

0.031
20 23.93 ± 3.89 42.44 ± 6.31

120
10 22.67 ± 2.55 44.39 ± 4.71

30 15.63 ± 0.38 63.74 ± 1.16

iDose4

100
10 31.2 ± 3.92

0.031

32.37 ± 4.12

0.031
20 23.93 ± 3.89 42.5 ± 6.32

120
10 22.67 ± 2.55 44.46 ± 4.7

30 15.63 ± 0.38 63.98 ± 1.54

IMR

100
10 9.07 ± 0.95

0.053

111.22 ± 11.68

0.053
20 7.77 ± 1.01 130.45 ± 17.46

120
10 8 ± 0.52 125.52 ± 8.7

30 6.03 ± 0.42 166.32 ± 11.02

AN, air noise; SNR, signal-to-noise ratio; APEs, absolute percentage measurement errors; FBP, filtered back projection; 
IMR, iterative model reconstruction; iDose4, a hybrid iterative reconstruction algorithm.
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a size of 5 mm were not detected by the au-
tomatic detection software. In three scanning 
groups (100 kVp/10 mAs, 100 kVp/20 mAs, 
and 120 kVp/10 mAs), the pulmonary nodule 
densities obtained using the 10 reconstruc-
tion images were statistically different (all P < 
0.05); however, at 120 kVp/30 mAs, no statisti-
cally significant difference was identified (P > 
0.05). At 100 kVp/10 mAs, APEs for the density 
in IMR were the lowest (APE-mean : 6.69), and no 
significant difference was detected between 
50 keV (APE-mean: 11.69) and IMR (P = 0.666). In 
each scanning group, nodule diameters were 
statistically different for the 10 reconstruc-
tion images (P < 0.001). At 120 kVp/30 mAs, 

APEs for the nodule diameter in IMR were the 
lowest (APE-mean: 2.29) and no significant dif-
ference was identified between 50 keV (APE-

mean: 4.41), and IMR (P = 0.726) (Figures 5, 6).

Comparison of quantitative parameters be-
tween ground-glass nodules and solid nod-
ules for fixed reconstruction images

For fixed reconstruction images, no sig-
nificant differences in diameter and densi-
ty measurements were detected for GGNs 
at −800 and −630 HU and SNs at 100 HU in 
the reconstruction images obtained using 
the four scanning protocols (all P > 0.05). 
However, with the exception of the density 

of SNs (100 HU), a difference was identified  
between the 100 kVp/10 mAs and 120 
kVp/30 mAs scanning protocols for the 40-
keV reconstruction image (P = 0.036).

Comparison of quantitative parameters be-
tween ground-glass nodules and solid nod-
ules for fixed scanning protocols

For each scanning protocol, the diame-
ters of the SNs at 100 HU measured using 
the 10 reconstruction images were statis-
tically different (P < 0.001), but no signifi-
cant statistical difference was detected in 
the diameter of GGNs (CT value: −800 and 
−630 HU) (P > 0.05). Furthermore, the post-

Figures 1, 2. Box plots of air noise and signal-to-noise ratios for 10 reconstruction images using 4 low-dose scanning protocols. SNR, signal-to-noise ratio; FBP, 
filtered back projection; iDose4, a hybrid iterative reconstruction algorithm; IMR, iterative model reconstruction.

1.

2.
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test analysis revealed no significant sta-
tistical differences at 100 kVp/10 mAs, 100 
kVp/20 mAs, and 120 kVp/30 mAs between 
50 keV and IMR in the diameters of SNs  
(CT value: 100 HU) (all P > 0.05). However, 

at 120 kVp/10 mAs, a statistically significant 
difference was identified between 50 keV 
and IMR in the diameters of SNs (P = 0.029) 
(Supplementary Figures 2-4). 

For GGNs examined at −630 HU and SNs 
assessed at 100 HU, all four scanning proto-
cols exhibited statistical differences in den-
sity measurements in the 10 reconstruction 
images (P < 0.05). For GGNs examined at 
−800 HU, scanning protocols at 100 kVp/20 
mAs and 120 kVp/30 mAs displayed statisti-
cal differences in density measurements in 
the 10 reconstruction images (P < 0.05). For 
GGNs assessed at −800 HU, scanning proto-
cols at 100 kVp/10 mAs and 120 kVp/10 mAs 
had no statistical differences in density meas-
urements in the 10 reconstruction images (P 
> 0.05). For SNs assessed at 100 HU and GGNs 
examined at −630 and −800 HU, no signifi-
cant differences in density were detected 
between 50 keV and IMR at 100 kVp/10 mAs 
(P > 0.05) (Supplementary Figures 5-7). The 
CT images for the pulmonary nodules with 
different diameters and densities using IMR 
and the 50-keV reconstruction images under 
the four scanning protocols are presented in 
Figure 7.

Discussion
This study elucidated the differences in 

the accurate quantification of pulmonary 
nodules using different reconstruction pro-
tocols under ultra-low-dose scanning condi-
tions based on spectral-detector CT. Further-
more, the effects of 10 image reconstruction 
approaches on the diameter and density 
of lung nodules in a phantom were investi-
gated. Scanning at 100 kVp/10 mAs and 50 
keV was applied to GGNs and SNs without 
affecting the quantification of nodule diam-
eter and density. The image quality obtained 
using the IMR algorithm was superior; more-
over, VMIs at 50 keV exhibited similar perfor-
mance in the measurement of pulmonary 
nodules. This protocol reduced the effective 
radiation dose (ED: 0.2954 mSv) by 77.8% 
compared with that at 120 kVp/30 mAs (ED: 
1.3314 mSv).

The lung is filled with air and receives a 
lower dose of radiation compared with the 
other parts of the body. The radiation dose 
for routine chest radiography in two planes 
is approximately 0.1 mSv; the radiation dose 
for conventional chest CT scanning is 5–7 
mSv versus only 1–2 mSv for low-dose CT 
scanning.16-18 Based on the principle that a 
dose as low as reasonably achievable should 
be used, low-dose CT scanning is preferred 
without affecting the diagnosis.19,20 Addition-
ally, studies have demonstrated that distinct 
radiation doses have no significant effects 
on the measurement of pulmonary nod-
ules.21 Under different kVp/mAs scanning 
conditions, the higher the kVp/mAs is, the 

Table 3. Mean absolute percentage measurement errors of the volume of pulmonary 
nodules based on 4 low-dose scanning schemes using 10 reconstruction images

Reconstruction 
algorithm

Low-dose scanning protocol Volume

kVp mAs APEs P

40 keV

100
10 12.43 ± 12.74

0.449
20 16.64 ± 14.64

120
10 13.88 ± 11.02

30 9.82 ± 11.75

50 keV

100
10 13.50 ± 11.50

0.303
20 13.95 ± 10.26

120
10 14.11 ± 13.63

30 9.82 ± 11.17

60 keV

100
10 12.83 ± 10.91

0.352
20 15.92 ± 13.50

120
10 13.83 ± 13.53

30 9.39 ± 10.83

70 keV

100
10 10.72 ± 9.19

0.240
20 15.86 ± 13.43

120
10 13.86 ± 13.69

30 8.55 ± 11.29

80 keV

100
10 9.23 ± 8.05

0.244
20 15.57 ± 13.15

120
10 14.62 ± 13.19

30 8.59 ± 11.40

90 keV

100
10 7.63 ± 7.29

0.338
20 15.18 ± 13.26

120
10 14.35 ± 13.03

30 8.67 ± 11.39

100 keV

100
10 7.94 ± 7.02

0.490
20 15.14 ± 13.23

120
10 14.13 ± 13.27

30 8.61 ± 11.44

FBP

100
10 13.45 ± 12.74

0.440
20 16.45 ± 14.93

120
10 12.99 ± 12.36

30 10.21 ± 10.49

iDose4

100
10 11.60 ± 12.12

0.875
20 14.75 ± 13.25

120
10 12.77 ± 11.92

30 9.39 ± 10.94

IMR

100
10 12.39 ± 12.55

0.508
20 13.33 ± 11.84

120
10 7.58 ± 7.18

30 8.25 ± 10.52

APEs, absolute percentage measurement errors; FBP, filtered back projection; IMR, iterative model reconstruction; 
iDose4, a hybrid iterative reconstruction algorithm.



 

696 • September 2023 • Diagnostic and Interventional Radiology Zhou et al.

better the image quality, but the radiation 
dose also increases. However, tube voltage 
has a well-known exponential association 

with radiation dose; thus, lowering tube volt-
age can significantly decrease the radiation 
dose.22,23 A radiation dose is linearly related 

to mAs; with decreasing mAs, the radiation 
dose decreases correspondingly. Four low-
dose scanning protocols (120 kVp/30 mAs, 
100 kVp/20 mAs, 120 kVp/10 mAs, and 100 
kVp/10 mAs) exhibited no significant differ-
ences in the diameter and density of GGNs 
and SNs (P > 0.05). Therefore, the 100 kVp/10 
mAs protocol may be recommended (ED: 
0.2954 mSv) for the evaluation of pulmonary 
nodules, which would greatly reduce the ra-
diation dose for ultra-low-dose CT (0.13–0.49 
mSv).24

The reconstruction algorithm is critical 
for CT examination, and image quality varies 
with different reconstruction algorithms. The 
traditional FBP has been used in CT image re-
construction for a long time with an obvious 
disadvantage; its key characteristic is that im-
age noise is related to dose, with image noise 
increasing significantly when the radiation 
dose is reduced, affecting the accuracy of di-
agnosis.25,26 The IR aims to reduce noise and 
improve image quality through the cost func-
tion, and based on the task, the cost function 
differs. As a result of technological develop-
ments, we are able to obtain low-noise and 
high-resolution CT images through iDose4 
and IMR technology.8 This study revealed 
that under a scanning protocol of 100 kVp/10 
mAs, superior image quality can be obtained 
using IMR (AN-mean: 9.07, SNR-mean: 111.22), and 
AN and SNR are significantly more effective 
than FBP and iDose4, which is consistent with 
a study by Kim et al.27 When they applied five 
scanning protocols at 120 kVp (100/50/20/10 
mAs) and 80 kVp/10 mAs, the volume APE 
and image noise analysis of partly solid nod-
ules (PSNs) and SNs demonstrated that IMR 
was significantly more effective than iDose4 
and FBP. For GGNs, IMR reduced the diame-
ter measurement error and improved image 
quality.28 Gavrielides et al.29 determined that 
IMR improved measurement accuracy for 
5-mm GGNs (−800 and −630 HU),30 but its 
advantage needs to be verified for the meas-
urement of smaller nodules. This study did 
not measure nodules with a diameter below 
5 mm; therefore, the accuracy of IMR for the 
evaluation of nodules with a diameter below 
5 mm also needs to be further elucidated. In 
the evaluation of nodules larger than 5 mm 
in diameter, IMR improved image quality in 
low-dose CT, allowing patients to obtain an 
accurate diagnosis without increasing the 
radiation dose. In first-generation DLCT, at 
the same kVp and mAs, the repeatability of 
monoenergetic reconstructed images was 
significantly higher than that of convention-
al images. The measurement repeatability of 

Table 4. Mean absolute percentage measurement errors of the diameter and density of 
pulmonary nodules based on 4 low-dose scanning protocols using 10 reconstruction 
images

Reconstruction 
algorithm

Low-dose scanning 
scheme

Diameter Density

kVp mAs APEs P APEs P

40 keV

100
10 4.64 ± 3.33

0.746

32.08 ± 47.46

0.716
20 4.01 ± 2.92 26.53 ± 37.71

120
10 4.91 ± 3.58 17.08 ± 25.19

30 4.71 ± 3.64 16.92 ± 24.17

50 keV

100
10 4.61 ± 2.89

0.741

11.69 ± 19.00

0.841 
20 4.25 ± 3.37 12.92 ± 16.64

120
10 4.82 ± 3.85 12.11 ± 15.68

30 4.41 ± 3.95 13.89 ± 22.39

60 keV

100
10 5.03 ± 3.54

0.971

18.64 ± 29.58

0.675 
20 5.28 ± 4.08 14.44 ± 24.94

120
10 5.18 ± 3.21 17.25 ± 25.13

30 5.66 ± 4.42 17.47 ± 29.68

70 keV

100
10 5.85 ± 4.61

0.849

26.97 ± 41.99

0.887
20 5.62 ± 4.94 20.97 ± 33.21

120
10 5.47 ± 3.58 22.25 ± 32.52

30 6.38 ± 4.87 21.75 ± 34.81

80 keV

100
10 6.10 ± 4.83

0.997

33.42 ± 50.16

0.826 
20 6.25 ± 5.27 25.81 ± 39.04

120
10 5.89 ± 4.05 26.28 ± 37.27

30 6.56 ± 5.37 25.03 ± 38.23

90 keV

100
10 5.64 ± 4.08

0.994

37.47 ± 55.56

0.764 
20 5.66 ± 4.93 29.08 ± 42.92

120
10 5.46 ± 4.14 28.81 ± 40.30

30 5.85 ± 4.87 27.03 ± 40.44

100 keV

100
10 6.62 ± 5.21

0.875

42.11 ± 60.15

0.725
20 6.34 ± 5.61 31.19 ± 45.64

120
10 5.82 ± 4.60 30.64 ± 42.39

30 6.66 ± 5.01 28.50 ± 42.06

FBP

100
10 2.76 ± 2.22

0.383

9.61 ± 13.94

0.670
20 2.96 ± 2.72 10.81 ± 16.98

120
10 3.74 ± 2.81 13.83 ± 20.15

30 3.04 ± 3.10 17.42 ± 30.37

iDose4

100
10 3.92 ± 3.19

0.764

10.47 ± 15.11

0.788 
20 3.24 ± 2.91 10.89 ± 17.20

120
10 3.13 ± 2.96 14.08 ± 20.51

30 3.99 ± 3.96 17.39 ± 30.22

IMR

100
10 2.55 ± 2.26

0.478

6.69 ± 10.06

0.235 
20 2.08 ± 1.77 8.08 ±10.23

120
10 2.53 ± 1.83 8.22 ± 9.32

30 2.29 ± 2.90 10.86 ± 18.34

APEs, absolute percentage measurement errors; FBP, filtered back projection; IMR, iterative model reconstruction; 
iDose4, a hybrid iterative reconstruction algorithm.
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VMIs for pulmonary nodules were equivalent 
to that of conventional images using the IR 
algorithm at a standard dose, suggesting the 
use of monoenergetic images might allow 
lung cancer screening at a lower radiation 
dose.31 Other data revealed that images at a 
low single-energy level have lower noise and 
higher image contrast.32 Regarding spectral 
CT, low VMIs exhibited better image quality 
than conventional images from the same 
system.33 This outcome is consistent with 
that of the present study. At a VMI energy 
level of 50 keV, image quality is not optimal, 
but 50 keV did not affect the diameter and 
density of lung nodules in the examined 
chest phantom.

This study has some limitations. First, the 
phantom involved in this study was a simple 
simulation of the adult chest, with a scan-
ning length of 33 cm, which does not rep-
resent the actual clinical situation, including 
the influence of factors such as respiratory 
movement and patient body shape on the 
quantitative accuracy and image quality of 
spectral CT. Additionally, studies have indi-
cated that scan length also affects the radia-
tion dose received by patients,34,35 which was 
not evaluated in the present study. Second, 
second-generation DLCT was applied, and 
first-generation should be further validated 
in patients. Third, during scanning, the phan-
tom was scanned 12 times under four scan-

ning conditions (three times for each scan-
ning condition). The positions of nodules in 
the phantom were inevitably changed when 
they entered and left the bed, which might 
impact the measurements. Fourth, the phan-
tom only contained 12 nodules, and pulmo-
nary nodules in this study were circular; how-
ever, irregular nodules were not included in 
the phantom, and PSNs were not evaluat-
ed. Therefore, this study may only be appli-
cable to circular GGNs and SNs.

In conclusion, 100 kVp/10 mAs with 50-
keV reconstruction demonstrated more ac-
curate quantification of pulmonary nodules 
than IMR, and the radiation dose was re-

Figures 3, 4. Box plots of the mean absolute percentage measurement errors of the diameter and density of pulmonary nodules for 4 low-dose scanning protocols 
using 10 reconstruction images. APEs, absolute percentage measurement errors; FBP, filtered back projection; iDose4, a hybrid iterative reconstruction algorithm; 
IMR, iterative model reconstruction.

3.

4.
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duced by 77.8% compared with that at 120 
kVp/30 mAs, revealing great potential for ul-
tra-low-dose spectral-detector CT.
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Supplementary Figures 2-7. Diameter and density mean absolute percentage measurement error box plots of nodules obtained at densities of −800, −630, 
and 100 HU for 10 reconstruction images under 4 scanning protocols. HU, Hounsfield unit; APEs, absolute percentage measurement errors; FBP, filtered back 
projection; iDose4, a hybrid iterative reconstruction algorithm; IMR, iterative model reconstruction.

Supplementary Figure 1. Artificial pulmonary nodules with four distinct 
diameters (5, 8, 10, and 12 mm) and three different densities (−800, −630, 
and 100 HU). HU, Hounsfield unit.
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4.
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7.
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Supplementary Table 1. Characteristics of 12 spherical 
synthetic lung nodules

Nodule number Diameter 
(mm)

Density (HU) Nodule type

1 12 −800 GGN

2 10 −800 GGN

3 8 −800 GGN

4 5 −800 GGN

5 12 −630 GGN

6 10 −630 GGN

7 8 −630 GGN

8 5 −630 GGN

9 12 100 SN

10 10 100 SN

11 8 100 SN

12 5 100 SN

GGN, ground-glass nodule; SN, solid nodule; HU, Hounsfield unit.

Supplementary Table 2. Estimated radiation dose for various computed tomography protocols

kVp/mAs CTDIvol (mGy) L (cm) DLPactual mGy*cm ED (mSv)

100 kVp/10 mAs 0.5 32 21.1 0.2954

100 kVp/20 mAs 1 32 42 0.588

120 kVp/10 mAs 0.8 32 34.1 0.4774

120 kVp/30 mAs 2.3 32 95.1 1.3314

CTDIvol, computed tomography dose index; L, length of the exposure; DLPactual, actual value of dose length product; ED, effective dose.
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Supplementary Table 3. Nodule parameters and image quality for one scanning protocol
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120 kVp/30 mAs

40 keV -1001.1 24.5 12.3 -833.9 10.4 -818.1 8.2 -837.6 5.3 -821.7 12.2 -617.1 10.4 -631.4 8.2 -619.6 5.6 -688.3 12.6 181.2 10.6 117.1 8.9 144 5.5 91.2

50 keV -1001.8 19.1 12.2 -827.4 10.2 -820.3 8.2 -832 5.2 -825.7 12 -634.1 10 -643.4 8.1 -640.9 5.4 -698.1 12.6 134.3 10.2 87.1 9.1 93.8 5.4 51.9

60 keV -1001.8 16.6 12.5 -823.7 10.2 -821.4 8.4 -828.8 5.2 -828.2 12.3 -643.8 10.1 -650.5 8.1 -653.5 5.5 -703.8 12.8 106.7 10.5 69.3 9.3 64.4 5.8 28.9

70 keV -1001.9 15.6 12.3 -821.5 10.3 -822.2 8.3 -826.9 5.1 -829.7 12.4 -659.8 10.1 -654.6 8.3 -661 5.4 -707.3 12.9 90.3 10.8 58.9 9.3 46.9 5.6 15

80 keV -1001.9 15.2 12.1 -820 10.1 -822.7 8.2 -825.6 5.2 -830.7 12.5 -653.6 9.8 -657.4 8.2 -665.9 5.6 -709.4 12.9 79.8 10.6 52.2 9.3 35.6 5.8 6.2

90 keV -1002.1 15 12 -819.1 10 -823.1 8.2 -824.9 5.2 -831.2 12.3 -655.9 9.9 -659.1 8.1 -668.9 5.2 -710.8 13 72.9 10.8 47.8 9.1 28.4 5.6 0.5

100 keV -1002.2 15 12.6 -818.4 10.1 -823.3 8.2 -824.3 5.3 -831.5 12.3 -657.7 10.3 -660.2 8.5 -671 5.5 -711.9 12.8 68.4 10.8 44.9 9.3 23.4 5.8 -3.4

FBP -999.6 15.9 12.4 -824.2 10.1 -822.8 8.1 -820.9 5.1 -825.4 11.8 -642.1 9.9 -649.4 8 -655.6 5.2 -700.3 12.5 102.8 9.9 75.9 8.6 61.2 5.5 27

IDose4 -999.7 15.9 12.4 -824.5 10.2 -824.4 8.2 -822.1 5.1 -826.6 12 -644.4 10.1 -650.9 8.2 -656.3 5.4 -700.8 12.5 102.4 10 75.5 8.7 61.3 5.6 27.2

IMR -1000.2 5.9 11.9 -820.8 10.2 -821.8 8 -817.2 5 -821.3 12.1 -642.9 9.6 -645.4 8 -647 5 -682.9 12 115.6 9.8 92.8 8.4 92.5 5 73

120 kVp/10 mAs

40 keV -1001.3 40.3 12.5 -821.5 10.5 -805.3 8.5 -830.9 4.9 -827 12.2 -621.8 10.3 -630.8 8.2 -661.8 5.1 -646.5 12.9 193 10.8 154.1 8.6 126.9 5.3 79.1

50 keV -1002.6 30.8 12 -819.2 10.2 -816.5 8.5 -826.9 4.5 -828.6 12.2 -636.9 10.3 -648 8.4 -666.6 5.2 -667.5 12.9 138.2 10.4 105.8 8.8 74.5 5.6 38.4

60 keV -1003.3 26.9 12.6 -817.8 10.7 -823.1 8.3 -824.5 4.9 -829.6 12.3 -645.8 10.7 -658.4 8.5 -699.3 5.3 -679.9 12.8 106.1 10.8 77.3 9 43.8 5.4 14.5

70 keV -1003.8 25.1 12.2 -817 10.7 -827.1 8.2 -823 5 -830.4 12.5 -651.1 10.5 -664.4 8.5 -671 5 -687.2 13.2 86.9 10.8 60.4 8.7 25.6 5.5 0.2

80 keV -1004 24 12.6 -816.5 10.5 -829.6 8 -822 5.2 -830.8 12 -645.5 10.4 -668.4 8.5 -672.1 4.9 -691.9 13.4 74.7 10.8 49.5 8 13.7 5.5 -9

90 keV -1004.3 23.3 12.5 -816.2 10.7 -831.2 8.3 -821.4 4.9 -831.2 12.2 -656.7 10.8 -670.8 8.6 -672.7 4.9 -695 13.1 66.7 10.6 42.6 8 6.3 5.6 -15

100 keV -1004.3 22.9 12.5 -816 11 -832.3 8.2 -821.1 5 -831.2 12.3 -658.2 10.6 -672.6 8.4 -673.2 4.8 -696.9 13.2 61.3 10.8 37.8 8.9 1.1 5.5 -18.8

FBP -998 25.6 12.4 -819 10.4 -823.4 8.3 -821.4 4.4 -824.7 12.1 -649 10.5 -655.7 8.4 -664.2 5.2 -675.8 12.4 107.5 10.4 86.6 8.5 52.9 5.4 32.6

IDose4 -1000.3 25.6 12.2 -819.3 10.2 -825.4 8 -822.4 4.7 -827.5 12.1 -649.1 10 -657.6 8.1 -666.2 4.9 -678.5 12.4 105.9 10.6 86.2 8.5 51.7 5.2 32.9

IMR -1002.6 8.3 11.9 -814 10.6 -822.1 8.1 -813.3 4.7 -824.5 11.9 -644 10.2 -649.5 8 -657.2 4.8 -661 12.3 116.9 10.3 102.3 8.2 80.2 5.1 85.7

40 keV -1003.8 25.6 12.2 -839.1 10.3 -838.7 8.1 -824.9 4.9 -854.5 12 -608.1 9.7 -627.4 8.1 -611 5.3 -670.3 12.4 212.5 10.1 174.5 8.6 182.1 5.2 126.2

100 kVp/20 mAs

50 keV -1004.3 25.2 12.3 -830 10.2 -828.4 8 -823 4.7 -841 11.9 -633.7 9.8 -646.5 8 -642.1 5.1 -677.5 12.8 141.8 10.1 120.9 8.8 105.7 5.3 48.6

60 keV -1004.5 27 12.3 -824.6 10.5 -822.2 7.9 -821.9 5.1 -833.1 11.8 -648.7 10.2 -657.7 8.1 -660.5 5.5 -681.8 12.7 100.2 10.6 89.3 9 60.7 5.3 3

70 keV -1004.5 28.7 12.4 -821.5 10.4 -818.6 8.1 -821.2 4.9 -828.4 12.2 -657.6 10 -664.4 8 -671.4 5 -684.4 12.8 75.4 10.7 70.6 9 34 5.3 -24.2

80 keV -1004.5 30 12.4 -819.4 10.2 -816.3 8.1 -820.7 4.9 -825.4 12.4 -663.5 9.9 -668.6 8.2 -678.5 5.3 -686 13 59.5 10.8 58.6 9 16.8 5.4 -41.7

90 keV -1004.6 31 12.2 -818.1 10.2 -814.9 8.2 -820.4 5 -823.5 12.2 -667 10 -671.4 8.5 -682.9 5 -687.1 12.8 49.4 10.9 50.8 9.1 5.8 5.5 -52.8

100 keV -1004.6 31.6 12.3 -817.3 10.5 -813.8 7.9 -820.4 4.8 -822.1 12.2 -669.7 10.1 -673.3 8.4 -686 5.1 -687.8 12.8 42.4 10.9 45.5 8.7 -1.7 5.5 -60.3

FBP -1000.1 21.3 12.5 -822.3 10.2 -820.5 8.1 -815.2 4.7 -832.1 12 -647.5 9.7 -646.8 8.1 -655 5.1 -668.3 12.1 104.9 10.1 105 8.3 74.4 4.9 34.1

IDose4 -1000.8 21.3 12.4 -823.9 10.1 -822.5 8 -817.4 4.8 -832.9 12 -647.2 9.6 -648.9 8.1 -655.9 5.1 -671.9 12.1 104.4 10.2 103.7 8.6 78.1 5 30.1

IMR -1001.5 6.7 12.3 -820.9 10 -821.2 7.8 -810.7 4.9 -833.5 12.2 -640.4 9.7 -644 7.8 -644.7 4.9 -656.2 12 117 10.1 118.5 8.1 105.1 4.6 60.4

40 keV -1006.8 22.5 12.2 -830.4 8.4 -637.7 8.6 170.9 5.1 -824.5 12 -593.7 9.9 -857.6 8.4 -637.7 5.1 -646.5 12.6 212.5 10 194.2 8.6 170.9 5.7 234.7

100 kVp/10 mAs

50 keV -1005.3 27.2 12.1 -824.5 8.3 -653.2 8.6 103.1 5.1 -834.8 11.5 -627.3 9.5 -838.6 8.3 -653.2 5.2 -673.6 12.7 149.8 10.2 112.3 8.6 103.1 5.4 100.1

60 keV -1004.4 31.5 12.2 -821.1 7.7 -662.1 8.7 63.1 5.3 -840.8 12 -647.1 9.8 -827.2 7.7 -662.1 5.1 -689.7 13 113.1 10.3 64 8.7 63.1 5.4 21

70 keV -1003.8 35.3 12.2 -819 10.1 -820.5 8.9 39.5 5.6 -844.3 11.9 -658.8 10.1 -820.5 8.6 -667.5 5.1 -699.1 12.8 91.2 10.3 35.4 8.9 39.5 5.6 -26.6

80 keV -1003.5 38.1 12.2 -817.7 10.1 -816.2 8.8 24.2 5.5 -846.7 12.1 -666.4 10.1 -816.2 8.5 -670.9 5.3 -705.3 12.7 77.2 10.6 17 8.8 24.2 5.8 -56.3

90 keV -1003.2 40 12.3 -816.9 9.7 -813.3 8.8 14.4 5.1 -848.1 12.2 -671.3 9.7 -813.3 8.5 -673.2 5.1 -709.2 12.9 68.1 10.6 5.1 8.8 14.4 5.9 -75.6

100 keV -1003.1 41.4 12.1 -816.3 9.6 -811.6 8.9 7.8 5.5 -849.1 12.5 -674.5 9.6 -811.6 8.5 -674.8 5.1 -711.9 13.3 62 10.8 -2.9 8.9 7.8 6 -88.8

FBP -995.8 34.9 12.2 -821.8 9.6 -815.9 7.6 -812.9 5.1 -835.3 12 -640.5 9.9 -646.2 8.1 -657.1 4.9 -679.9 12.3 122.2 10 90 8.4 85.5 5.2 79.4

IDose4 -998.9 34.9 12.2 -821.6 10 -821.3 7.6 -816.7 5.5 -834.1 11.9 -641.1 10 -648.6 8.1 -659.3 5 -686.3 12.5 120.5 10.4 88.3 8.8 81.9 5.6 67.6

IMR -1000.5 9.1 12.1 -816.8 10 -824.7 7.7 -812.3 5.4 -839.2 12.1 -636.9 10 -824.7 7.9 -647.6 4.5 -674.2 12.3 126.2 9.9 101.3 8.5 106.7 5.2 100.7

SD, standard deviation; FBP, filtered back projection; IMR, iterative model reconstruction; iDose4, a hybrid iterative reconstruction algorithm; HU, Hounsfield unit.      SD, standard deviation; FBP, filtered back projection; IMR, iterative model reconstruction; iDose4, a hybrid iterative reconstruction algorithm; HU, Hounsfield unit.
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Supplementary Table 3. Nodule parameters and image quality for one scanning protocol
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120 kVp/30 mAs

40 keV -1001.1 24.5 12.3 -833.9 10.4 -818.1 8.2 -837.6 5.3 -821.7 12.2 -617.1 10.4 -631.4 8.2 -619.6 5.6 -688.3 12.6 181.2 10.6 117.1 8.9 144 5.5 91.2

50 keV -1001.8 19.1 12.2 -827.4 10.2 -820.3 8.2 -832 5.2 -825.7 12 -634.1 10 -643.4 8.1 -640.9 5.4 -698.1 12.6 134.3 10.2 87.1 9.1 93.8 5.4 51.9

60 keV -1001.8 16.6 12.5 -823.7 10.2 -821.4 8.4 -828.8 5.2 -828.2 12.3 -643.8 10.1 -650.5 8.1 -653.5 5.5 -703.8 12.8 106.7 10.5 69.3 9.3 64.4 5.8 28.9

70 keV -1001.9 15.6 12.3 -821.5 10.3 -822.2 8.3 -826.9 5.1 -829.7 12.4 -659.8 10.1 -654.6 8.3 -661 5.4 -707.3 12.9 90.3 10.8 58.9 9.3 46.9 5.6 15

80 keV -1001.9 15.2 12.1 -820 10.1 -822.7 8.2 -825.6 5.2 -830.7 12.5 -653.6 9.8 -657.4 8.2 -665.9 5.6 -709.4 12.9 79.8 10.6 52.2 9.3 35.6 5.8 6.2

90 keV -1002.1 15 12 -819.1 10 -823.1 8.2 -824.9 5.2 -831.2 12.3 -655.9 9.9 -659.1 8.1 -668.9 5.2 -710.8 13 72.9 10.8 47.8 9.1 28.4 5.6 0.5

100 keV -1002.2 15 12.6 -818.4 10.1 -823.3 8.2 -824.3 5.3 -831.5 12.3 -657.7 10.3 -660.2 8.5 -671 5.5 -711.9 12.8 68.4 10.8 44.9 9.3 23.4 5.8 -3.4

FBP -999.6 15.9 12.4 -824.2 10.1 -822.8 8.1 -820.9 5.1 -825.4 11.8 -642.1 9.9 -649.4 8 -655.6 5.2 -700.3 12.5 102.8 9.9 75.9 8.6 61.2 5.5 27

IDose4 -999.7 15.9 12.4 -824.5 10.2 -824.4 8.2 -822.1 5.1 -826.6 12 -644.4 10.1 -650.9 8.2 -656.3 5.4 -700.8 12.5 102.4 10 75.5 8.7 61.3 5.6 27.2

IMR -1000.2 5.9 11.9 -820.8 10.2 -821.8 8 -817.2 5 -821.3 12.1 -642.9 9.6 -645.4 8 -647 5 -682.9 12 115.6 9.8 92.8 8.4 92.5 5 73

120 kVp/10 mAs

40 keV -1001.3 40.3 12.5 -821.5 10.5 -805.3 8.5 -830.9 4.9 -827 12.2 -621.8 10.3 -630.8 8.2 -661.8 5.1 -646.5 12.9 193 10.8 154.1 8.6 126.9 5.3 79.1

50 keV -1002.6 30.8 12 -819.2 10.2 -816.5 8.5 -826.9 4.5 -828.6 12.2 -636.9 10.3 -648 8.4 -666.6 5.2 -667.5 12.9 138.2 10.4 105.8 8.8 74.5 5.6 38.4

60 keV -1003.3 26.9 12.6 -817.8 10.7 -823.1 8.3 -824.5 4.9 -829.6 12.3 -645.8 10.7 -658.4 8.5 -699.3 5.3 -679.9 12.8 106.1 10.8 77.3 9 43.8 5.4 14.5

70 keV -1003.8 25.1 12.2 -817 10.7 -827.1 8.2 -823 5 -830.4 12.5 -651.1 10.5 -664.4 8.5 -671 5 -687.2 13.2 86.9 10.8 60.4 8.7 25.6 5.5 0.2

80 keV -1004 24 12.6 -816.5 10.5 -829.6 8 -822 5.2 -830.8 12 -645.5 10.4 -668.4 8.5 -672.1 4.9 -691.9 13.4 74.7 10.8 49.5 8 13.7 5.5 -9

90 keV -1004.3 23.3 12.5 -816.2 10.7 -831.2 8.3 -821.4 4.9 -831.2 12.2 -656.7 10.8 -670.8 8.6 -672.7 4.9 -695 13.1 66.7 10.6 42.6 8 6.3 5.6 -15

100 keV -1004.3 22.9 12.5 -816 11 -832.3 8.2 -821.1 5 -831.2 12.3 -658.2 10.6 -672.6 8.4 -673.2 4.8 -696.9 13.2 61.3 10.8 37.8 8.9 1.1 5.5 -18.8

FBP -998 25.6 12.4 -819 10.4 -823.4 8.3 -821.4 4.4 -824.7 12.1 -649 10.5 -655.7 8.4 -664.2 5.2 -675.8 12.4 107.5 10.4 86.6 8.5 52.9 5.4 32.6

IDose4 -1000.3 25.6 12.2 -819.3 10.2 -825.4 8 -822.4 4.7 -827.5 12.1 -649.1 10 -657.6 8.1 -666.2 4.9 -678.5 12.4 105.9 10.6 86.2 8.5 51.7 5.2 32.9

IMR -1002.6 8.3 11.9 -814 10.6 -822.1 8.1 -813.3 4.7 -824.5 11.9 -644 10.2 -649.5 8 -657.2 4.8 -661 12.3 116.9 10.3 102.3 8.2 80.2 5.1 85.7

40 keV -1003.8 25.6 12.2 -839.1 10.3 -838.7 8.1 -824.9 4.9 -854.5 12 -608.1 9.7 -627.4 8.1 -611 5.3 -670.3 12.4 212.5 10.1 174.5 8.6 182.1 5.2 126.2

100 kVp/20 mAs

50 keV -1004.3 25.2 12.3 -830 10.2 -828.4 8 -823 4.7 -841 11.9 -633.7 9.8 -646.5 8 -642.1 5.1 -677.5 12.8 141.8 10.1 120.9 8.8 105.7 5.3 48.6

60 keV -1004.5 27 12.3 -824.6 10.5 -822.2 7.9 -821.9 5.1 -833.1 11.8 -648.7 10.2 -657.7 8.1 -660.5 5.5 -681.8 12.7 100.2 10.6 89.3 9 60.7 5.3 3

70 keV -1004.5 28.7 12.4 -821.5 10.4 -818.6 8.1 -821.2 4.9 -828.4 12.2 -657.6 10 -664.4 8 -671.4 5 -684.4 12.8 75.4 10.7 70.6 9 34 5.3 -24.2

80 keV -1004.5 30 12.4 -819.4 10.2 -816.3 8.1 -820.7 4.9 -825.4 12.4 -663.5 9.9 -668.6 8.2 -678.5 5.3 -686 13 59.5 10.8 58.6 9 16.8 5.4 -41.7

90 keV -1004.6 31 12.2 -818.1 10.2 -814.9 8.2 -820.4 5 -823.5 12.2 -667 10 -671.4 8.5 -682.9 5 -687.1 12.8 49.4 10.9 50.8 9.1 5.8 5.5 -52.8

100 keV -1004.6 31.6 12.3 -817.3 10.5 -813.8 7.9 -820.4 4.8 -822.1 12.2 -669.7 10.1 -673.3 8.4 -686 5.1 -687.8 12.8 42.4 10.9 45.5 8.7 -1.7 5.5 -60.3

FBP -1000.1 21.3 12.5 -822.3 10.2 -820.5 8.1 -815.2 4.7 -832.1 12 -647.5 9.7 -646.8 8.1 -655 5.1 -668.3 12.1 104.9 10.1 105 8.3 74.4 4.9 34.1

IDose4 -1000.8 21.3 12.4 -823.9 10.1 -822.5 8 -817.4 4.8 -832.9 12 -647.2 9.6 -648.9 8.1 -655.9 5.1 -671.9 12.1 104.4 10.2 103.7 8.6 78.1 5 30.1

IMR -1001.5 6.7 12.3 -820.9 10 -821.2 7.8 -810.7 4.9 -833.5 12.2 -640.4 9.7 -644 7.8 -644.7 4.9 -656.2 12 117 10.1 118.5 8.1 105.1 4.6 60.4

40 keV -1006.8 22.5 12.2 -830.4 8.4 -637.7 8.6 170.9 5.1 -824.5 12 -593.7 9.9 -857.6 8.4 -637.7 5.1 -646.5 12.6 212.5 10 194.2 8.6 170.9 5.7 234.7

100 kVp/10 mAs

50 keV -1005.3 27.2 12.1 -824.5 8.3 -653.2 8.6 103.1 5.1 -834.8 11.5 -627.3 9.5 -838.6 8.3 -653.2 5.2 -673.6 12.7 149.8 10.2 112.3 8.6 103.1 5.4 100.1

60 keV -1004.4 31.5 12.2 -821.1 7.7 -662.1 8.7 63.1 5.3 -840.8 12 -647.1 9.8 -827.2 7.7 -662.1 5.1 -689.7 13 113.1 10.3 64 8.7 63.1 5.4 21

70 keV -1003.8 35.3 12.2 -819 10.1 -820.5 8.9 39.5 5.6 -844.3 11.9 -658.8 10.1 -820.5 8.6 -667.5 5.1 -699.1 12.8 91.2 10.3 35.4 8.9 39.5 5.6 -26.6

80 keV -1003.5 38.1 12.2 -817.7 10.1 -816.2 8.8 24.2 5.5 -846.7 12.1 -666.4 10.1 -816.2 8.5 -670.9 5.3 -705.3 12.7 77.2 10.6 17 8.8 24.2 5.8 -56.3

90 keV -1003.2 40 12.3 -816.9 9.7 -813.3 8.8 14.4 5.1 -848.1 12.2 -671.3 9.7 -813.3 8.5 -673.2 5.1 -709.2 12.9 68.1 10.6 5.1 8.8 14.4 5.9 -75.6

100 keV -1003.1 41.4 12.1 -816.3 9.6 -811.6 8.9 7.8 5.5 -849.1 12.5 -674.5 9.6 -811.6 8.5 -674.8 5.1 -711.9 13.3 62 10.8 -2.9 8.9 7.8 6 -88.8

FBP -995.8 34.9 12.2 -821.8 9.6 -815.9 7.6 -812.9 5.1 -835.3 12 -640.5 9.9 -646.2 8.1 -657.1 4.9 -679.9 12.3 122.2 10 90 8.4 85.5 5.2 79.4

IDose4 -998.9 34.9 12.2 -821.6 10 -821.3 7.6 -816.7 5.5 -834.1 11.9 -641.1 10 -648.6 8.1 -659.3 5 -686.3 12.5 120.5 10.4 88.3 8.8 81.9 5.6 67.6

IMR -1000.5 9.1 12.1 -816.8 10 -824.7 7.7 -812.3 5.4 -839.2 12.1 -636.9 10 -824.7 7.9 -647.6 4.5 -674.2 12.3 126.2 9.9 101.3 8.5 106.7 5.2 100.7

SD, standard deviation; FBP, filtered back projection; IMR, iterative model reconstruction; iDose4, a hybrid iterative reconstruction algorithm; HU, Hounsfield unit.      SD, standard deviation; FBP, filtered back projection; IMR, iterative model reconstruction; iDose4, a hybrid iterative reconstruction algorithm; HU, Hounsfield unit.


