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Background: To systematically evaluate the physical image quality of low-dose computed tomography 
(LDCT) on CT scanners from 5 different manufacturers using a phantom model. 
Methods: CT images derived from a Catphan 500 phantom were acquired using manufacturer-specific 
iterative reconstruction (IR) algorithms and deep learning image reconstruction (DLIR) on CT scanners 
from 5 different manufacturers and compared using filtered back projection with 2 radiation doses of 0.25 
and 0.75 mGy. Image high-contrast spatial resolution and image noise were objectively characterized 
by modulation transfer function (MTF) and noise power spectrum (NPS). Image high-contrast spatial 
resolution and image low-contrast detectability were compared directly by visual evaluation. CT number 
linearity and image uniformity were compared with intergroup differences using one-way analysis of variance 
(ANOVA).
Results: The CT number linearity of 4 insert materials were as follows: acrylic (95% CI: 120.35 to 121.27; 
P=0.134), low-density polyethylene (95% CI: –98.43 to –97.43; P=0.070), air (95% CI: –996.16 to –994.51; 
P=0.018), and Teflon (95% CI: 984.40 to 986.87; P=0.883). The image uniformity values of GE Healthcare (95% 
CI: 3.24 to 3.83; P=0.138), Philips (95% CI: 2.62 to 3.70; P=0.299), Siemens (95% CI: 2.10 to 3.59; P=0.054), 
Minfound (95% CI: 2.35 to 3.65; P=0.589), and Neusoft (95% CI: 2.63 to 3.37; P=0.900) were evaluated and 
found to be within ±4 Hounsfield units (HU), with a range of 0.99–2.76 HU for standard deviations. There was 
no statistically significant difference in CT number linearity and image uniformity across the 5 CT scanners 
under different radiation doses with IR and DLIR algorithms (P>0.05). The resolution level at 10% MTF was 
6.98 line-pairs-per-centimeter (lp/cm) on average, which was similar to the subjective evaluation results (mostly 
up to 7 lp/cm). DLIR at all 3 levels had the highest 50% MTF values among all reconstruction algorithms. For 
image low-contrast detectability, the minimum diameter of distinguishable contrast holes reached 4 mm at a 
0.5% resolution. Increasing the radiation dose and IR strength reduced the image noise and NPS curve peak 
frequency while improving image low-contrast detectability. 
Conclusions: This study demonstrated that the image quality of CT scanners from 5 different 
manufacturers in LDCT is comparable and that the CT number linearity is unbiased and can contribute to 
accurate bone mineral density quantification.
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Introduction

Due to the aging population in China, the prevalence of 
osteoporosis and the risk of fragility fractures have increased 
significantly (1). The diagnosis and prevention of osteoporosis 
is mainly dependent on opportunistic screening by 
quantitative computed tomography (QCT) and the accuracy 
of the bone mineral density (BMD) measurements obtained 
(2,3). However, patients with a high risk of osteoporosis are 
often exposed to a significant amount of radiation dose due to 
repeated lumbar CT scans. According to the principle of “as 
low as reasonably achievable (ALARA)” (4), it is essential to 
optimize the radiation dose patients are exposed to while still 
maintaining the quality of the clinical diagnostic image. Low-
dose computed tomography (LDCT) has been applied as a 
promising approach for lung cancer screening, especially for 
early-stage lung cancer (3,5,6), as it can reduce the radiation 
dose patients receive (7), thereby reducing mortality (8) in 
high-risk populations. Hence, the combination of LDCT 
and lumbar QCT was proposed by the China Health Big 
Data (China Biobank) project to screen for osteoporosis and 
lung cancer simultaneously with high precision. This method 
allows for improved quality of clinical diagnostic images 
without the need for extra equipment, repeated examination, 
extra patient time, excessive radiation exposure, or substantial 
additional costs (3,9,10). BMD is a primary tool used to 
evaluate the fracture risk of osteoporosis in patients. It is also 
used for health screening, assisting clinicians and patients in 
making therapeutic decisions, and monitoring therapies (11). 
When measuring the BMD values of the lumbar spine and in 
standard-of-care diagnostic settings, the tube voltage of the 
LDCT scan can be set to 120 kV, according to the current 
recommendation for QCT, without affecting the number of 
Hounsfield units (HU) or BMD values compared with other 
tube voltages (12). However, reducing the radiation dose can 
increase the image noise and significantly degrade the image 
quality. This is particularly important for spinal LDCT, and it 
is thus essential to identify the image quality and differences 
between different CT scanners using an anthropomorphic 
phantom for calibration-based quality assurance.

While many studies have examined the use of LDCT 

screening for lung cancer and osteoporosis, few have 
compared the physical image quality obtained from 
the Catphan 500 using CT scanners from different 
manufacturers (3,9,13). Therefore, this study performed 
phantom experiment to systematically investigate the 
physical image quality of CT scanners from 5 different 
manufacturers using an LDCT scan protocol. 

Methods

CT scanners 

This study was performed by clinicians with postgraduate 
or higher qualifications, the majority of whom had 
expertise in osteoporosis preservation and medical physics. 
Technologists performed weekly air calibration on the CT 
scanners and data acquisitions. The weekly quality assurance 
(QA) testing and the image synthesis and evaluation of 
the CT number linearity, modulation transfer function 
(MTF), as well as the noise power spectrum (NPS) curves 
were acquired by engineers and performed by radiologists, 
respectively. The image acquisitions were performed on 
CT scanners from 5 different manufacturers, including 
Revolution CT (GE Healthcare, WI, USA), Brilliance 
iCT (Philips Healthcare, OH, USA), Somatom Force 
(Siemens Healthineers, Erlangen, Germany), Minfound 
128 ScintCare CT (MinFound Medical Systems, Zhejiang, 
China), and Neusoft NeuViz Glory (Neusoft Medical 
Systems, Shenyang, China). Each scanner had <5 years of 
scanning, and a patient workload (an average/a maximum) 
of 80 scans/day. Monthly QA testing was performed on 
all CT scanners, and the CT number calibration was 
conducted before each data acquisition throughout the 
experimental period to ensure optimal image quality. 

Catphan 500 phantom

QA assessment of the CT images was performed with a 
phantom study to measure the standard physical metrics 
of the CT scanners using the Catphan 500 phantom 
(Phantom Laboratory, Salem, NY, USA) which consists 
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of 4 modules. The CTP401 module consists of 4 wire 
ramps raised at 23° angles from the base to the top of the 
module, with a diameter of 15 cm and a slice width of  
2.5 cm. It is used to evaluate the CT number linearity and 
accuracy of 4 insert materials made from Teflon, acrylic, low-
density polyethylene (LDPE), and air. The CTP528 module 
consists of 21 line-pairs-per-centimeter (lp/cm) high-resolution 
test gauges and 2 impulse beads cast into a uniform material. 
It has a diameter of 15 cm and a slice width of 4 cm, and is 
used to measure the high-contrast spatial resolution. The 
CTP515 module is configured with supraslice and subslice 
contrast targets. It has a diameter of 15 cm and a slice width 
of 4 cm and is used to measure the low-contrast detectability. 
The CTP486 module is designed to be within a 2% of water 
density, has a diameter of 15 cm and a slice width of 5cm, and 
is used to evaluate image noise and image uniformity. The 
phantom was positioned separately in the isocenter of each CT 
scanner according to the manufacturer’s recommendations (14). 

Data acquisition and image reconstruction

CT images were obtained by LDCT with a low-tube 
current and manufacturer-specific iterative reconstruction 
(IR) algorithms, and by helical acquisition with a fixed 

tube voltage of 120 kV. The radiation dose was restricted 
to an ultralow-dose level, and the tube current was set to 
yield a volume CT dose index (CTDIvol) at 2 equivalent 
dose levels of 0.25 and 0.75 mGy, which corresponds to 
the dose settings for LDCT lung cancer screening in our 
previous study (9). The images reconstructed with filtered 
back projection (FBP) were acquired from all CT scanners. 
The images from the 5 CT scanners were reconstructed 
with manufacturer-specific algorithms using adaptive 
statistical iterative reconstruction (ASiR-V 50%) and new 
generation deep learning image reconstruction (DLIR) at 3 
different levels (low, medium and high), fourth-generation 
hybrid iterative reconstruction (iDose4; level 3), advanced 
modeled iterative reconstruction (ADMIRE; level 3), nano 
dose iteration (NDI; level 3), and clear view (CV; 50%), 
sequentially. The scan parameters for all scanners are 
presented in Table 1. All CT scanners were performed with 
the same scan parameters, and all data acquisitions were 
performed 3 consecutive times.

Dosimetry parameters

The computed tomography dose index (CTDI) consists of 3 
dose indicators of CTDI100, while the weighted CTDI (CTDIw) 

Table 1 A summary of the acquisition parameters of 5 different CT scanners

CT parameters GE Healthcare Philips Siemens Minfound Neusoft

Tube voltage (kV) 120 120 120 120 120

CTDIvol (mGy) 0.25/0.75 0.25/0.75 0.25/0.75 0.25/0.75 0.25/0.75

Tube current-time product (mAs) 25/75 20/60 28/82 10/30 25/75

Thickness/increment (mm) 1.25 1.0 1.0 1.25 1.25

Pitch (approximate number) 1 1 1 1 1

Detector configuration (mm) 256×0.625 64×0.625 96×0.6 64×0.625 64×0.625

Matrix size 512×512 512×512 512×512 512×512 512×512

Voxel size (mm) 0.61 0.49 0.49 0.61 0.61

DFOV (mm) 250 250 250 250 250

Reconstruction kernel Standard Standard Standard Standard Standard

Reconstruction algorithms FBP/ASiR-V50%/DLIR (L/M/H) FBP/iDose4 [3]/IMR [2] FBP/ADMIRE [3] FBP/NDI [3] FBP/CV50%

Acquisition mode Helical Helical Helical Helical Helical

Gantry rotation time (s) 0.5 0.5 0.5 0.5 0.5

CT, computed tomography; CTDIvol, volume CT dose index; mGy, milligray; DFOV, display field of view; FBP, filtered back projection; 
ASiR-V50%, adaptive statistical iterative reconstruction 50%; DLIR (L/M/H), deep learning image reconstruction, level low, medium, and 
high; iDose4 [3], fourth-generation hybrid iterative reconstruction, level 3; IMR [2], iterative model reconstruction, level 2; ADMIRE [3], 
advanced modeled iterative reconstruction, level 3; NDI [3], nano dose iteration, level 3; CV 50%, clear view 50%.
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and the CTDIvol were the QA dose quantities used to compare 
the doses among the different scan protocols (15,16). 

CTDI100

CTDI100 is a linear measure of the dose distribution for a 
pencil dosimeter (16), denoted by the following formula:

 ( )
50 mm

100 50 mm

1 dzCTDI D z
N T −

=
× ∫  [1]

where N is the number of slices acquired by a single scan, 
T is the nominal thickness of one slice, and D (z) is a dose 
profile along the longitudinal axis, centered at z =0 (17). 
The measurement of CTDI100 in a phantom is made at 
the center and at 4 peripheral positions 1 cm below the 
phantom surface (15). 

CTDIw

CTDIw represents the CTDI100 weighted average over the 
cross-section of standardized PMMA phantoms (16) and is 
calculated using the following formula: 

 
w 100, 100,

1 2
3 3c pCTDI CTDI CTDI= +  [2]

where CTDI100,c and CTDI100,p refer to the CTDI100 

measured at the center hole and the average of 4 
measurements at the peripheral positions in the phantom, 
respectively (15). 

CTDIvol 
CTDIvol is the pitch-corrected CTDIw with a unit of  
mGy (16), and is calculated as follow:

 
vol

wCTDI
CTDI

pitch
=   [3]

Data measurement and image evaluation

CT number linearity
The expected values of the 4 insert materials ranged from 
approximately +1,000 HU to –1,000 HU (Teflon ≈990 HU, 
acrylic ≈120 HU, LDPE ≈–100 HU, and air ≈–1,000 HU) (14).  
Four circle-shaped regions of interest (ROIs) with radii of 4–5 
mm were drawn and placed in the periphery of the image at 
the center of the module to measure the HU value and the 
standard deviation (SD) of the 4 insert materials. To evaluate 
the CT number linearity, the expected HU values of the 4 
materials were defined as the horizontal axis and the measured 
HU values as the vertical axis. A simple straight line was then 

used for linear fitting. Ideally, if the measured HU value is 
equal to the expected HU value, the curve will pass through 
the origin of coordinates with a slope of 1. The closer the 
curve is to the actual fitting, the better the linearity will be.

High-contrast spatial resolution
The high-contrast spatial resolution determines the 
ability of a CT system to resolve high-contrast objects 
of increasing spatial frequency (18). It is evaluated by 
visual evaluation with 21 lp/cm high-resolution gauges, 
and the bead point source and the MTF are estimated by 
an objective evaluation of the impulse source. The high-
resolution bars of the scan images were resolved directly 
through adjustment of the window width (WW) and 
window level (WL) until the highest number of visible line 
pairs was resolved. The high-resolution bars were visually 
counted independently and blindly by 2 radiologists, each 
with 5 years of radiology experience, to determine the high-
contrast spatial resolution (19-21). An objective evaluation 
was conducted to measure the high-contrast spatial 
resolution via the MTF curve that could distinguish the line 
pairs to a decimal level and analyze the curve trend within 
the low- and high-frequency ranges. The MTF curve 
represents the imaging capability of the CT system for the 
different frequency components. 

An in-plane MTF characterized the high-contrast spatial 
resolution. A ROI centered on the bead-point object image 
was selected to calculate the MTF, while the background 
of the ROI was subtracted, and the point spread function 
was integrated to yield the line spread function (LSF). The 
MTF curve was derived from a Fourier transform of the 
LSF and normalized with zero frequency (22).

Low-contrast detectability
Low-contrast detectability refers to the ability to 
differentiate objects with slightly different densities from 
their backgrounds (23). The CTP515 module consists of 3 
groups of cylindrical rods at 3 contrast levels of 1%, 0.5%, 
and 0.3% nominal contrast, with diameters of 15, 9, 8, 7, 6, 
5, 4, 3, and 2 mm. The supraslice target readability enables 
a visual evaluation of small objects with low-contrast from 
their backgrounds. The low-contrast detectability of CT 
images was determined by the smallest supraslice target 
diameter at the nominal contrast level of 1.0% (14). The 
WW and WL were adjusted to identify the diameter of the 
clearest supraslice target on the CT images at different dose 
levels and in the IR algorithms. Before manually counting 
the smallest supraslice target diameter, a direct side-by-side 
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comparison was made by the same 2 radiologists to acquire 
the low-contrast detectability, and readings were carried out 
independently and blindly (20). The equations are as follows: 

 ( ) max5M BWW CT CT SD= + +  [4]

 
2

BMCT CT
WL

+
=  [5]

where CTM is the mean CT number of contrast holes, CTB 
is the mean CT number of the background, and SDmax is 
the largest SD of the image noise. The subjective evaluation 
of image quality was performed by visually detecting low-
contrast objects in various sizes (24). 

Image noise
The CTP486 module is the image uniformity module 
cast from a uniform material, of which the CT number is 
designed to be within 2% of water density (–25 to 25 HU).  
It dedicated to the typical CT number in the range of 
5–18 HU, and it is scanned to measure the mean and SD 
of the CT numbers within an ROI and image noise (14). 
Five circle-shaped regions of interest (ROIs) with radii of 
5–6 mm were drawn and placed in central and peripheral 
locations (clock positions 12, 3, 6, and 9) within the scan 
images to determine the mean CT number, SD, and the 
image uniformity (14). The image uniformity was calculated 
by the deviation between the central and peripheral 
locations of the minimum and maximum CT number values 
with a recommended standard level of ±4 HU (25,26). 

Noise characterization is a significant component of 
image quality measurement, and it evaluates the NPS curve 
that represents the frequency and magnitude of image noise. 
Fourier transform represents the zero-mean input and output 
distribution; thus, the NPS is derived from the average modulus-
squared Fourier transform of the zero-mean image signal. The 
2D NPS is computed using the discrete Fourier transform 
(DFT), and 1D normalized NPS (NNPS) is determined by 
averaging the NPS values in terms of the same radial frequency 
in order to compare the NPS results and decrease the statistical 
fluctuations (22). Finally, an 11th order polynomial is used to fit 
the curve to further reduce the statistical fluctuations without 
changing the shape of the NPS curve. The image noise is 
calculated by using the following equation:

 ( ) ( ) ( ){ }2

21

1, | , ,N x y
x y D i ii

x y

D D
NPS f f FFT ROI x y ROI x y

N N N=
= − ×∑

 [6]
where ROIi(x, y) is the signal in the i-th ROI,  i ( , )ROI x y  is 

the mean of ROIi(x, y), N is the total number of ROIs(N=1), 
and FFT is the fast Fourier transform. The quantities of 
Dx, Dy, Nx, and Ny are the pixel spacing and the number of 
pixels at the x-direction and y-direction (27,28).

Two sets of the same CT images were acquired and 
subtracted using MATLAB software (MathWorks, Natick, 
MA, USA) to obtain an NPS curve for each reconstruction 
condition.

Statistical analysis

All data analyses were performed using SPSS 20 software 
(IBM Corp., Armonk, NY, USA). All curves of the CT 
number linearity, the MTF, and the NPS were computed 
by MATLAB R2018b. Data are expressed as mean 
± SD for continuous variables. Image high-contrast 
spatial resolution and image low-contrast detectability 
were compared directly, while CT number linearity, 
image uniformity, and image noise were compared with 
intergroup differences using one-way analysis of variance 
(ANOVA). Under different conditions, the least significant 
difference (LSD) was used to compare groups, and a 
homogeneity of variance test was performed to check the 
homogeneity assumption. A P value <0.05 was considered 
statistically significant.

Results 

CT number linearity

For all 5 CT scanners examined, the measured HU values 
were consistent with the expected HU values, and the fitting 
curve indicated unbiased CT number linearity (Figure 1,  
Figure S1, Tables S1-S5). There was no statistically 
significant difference in CT number linearity of the 4 
insert materials, namely, acrylic [95% confidence interval 
(CI): 120.35 to 121.27; P=0.134], LDPE (95% CI: –98.43 
to –97.43; P=0.070), air (95% CI: –996.16 to –994.51; 
P=0.018), and Teflon (95% CI: 984.40 to 986.87; P=0.883) 
among the 5 CT scanners under different radiation doses 
and IR algorithms.

High-contrast spatial resolution

Subjective evaluation
The images acquired from the CTP528 module were 
visually inspected (Figure 2, Figure S2). In general, the 
high-contrast spatial resolution was comparable for each of 
the CT scanners from the 5 different manufacturers, and 

https://cdn.amegroups.cn/static/public/QIMS-21-245-supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-21-245-supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-21-245-supplementary.pdf


771Quantitative Imaging in Medicine and Surgery, Vol 12, No 1 January 2022

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2022;12(1):766-780 | https://dx.doi.org/10.21037/qims-21-245

most of the high-resolution bars were clearly separable at  
7 lp/cm but became blurred at 8 lp/cm. The resolving 
power was high-qualified, and the images showed similar 
spatial resolution on the 5 CT scanners. The bars of all 
acquired images at 0.25 mGy were less visible than those at 
0.75 mGy.

Objective evaluation
Generally, the MTF curve showed similar trends among 
the 5 different CT scanners, and the resolution levels 
for each scanner were approximately identical at 50% 
MTF, 10% MTF, and 5% MTF (Figure 3, Figure S3). 
The resolving power was similar between the objective 
evaluation and the subjective evaluation at 10% MTF 
(6.98±0.40 lp/cm). The observations demonstrated that 
the resolution at 10% MTF could be used to evaluate 
the high-contrast spatial resolution of the CT scanner. 
The MTF values of all the reconstruction algorithms at 
10% MTF, and 5% MTF were not significantly different. 
The conventional IR algorithms had 50% MTF values of 
about 4 lp/cm or less, while DLIR at all 3 levels had 50% 
MTF values about 4.5 lp/cm. The MTF curves of FBP 
were better than those of the manufacturer-specific IR 

algorithms at 0.25 and 0.75 mGy, and the MTF curves of 
DLIR at 3 strength levels were better than that of IMR [2]  
algorithms (Figure S3). There were no significant 
differences among the manufacturer-specific IR algorithms 
on the 5 CT scanners (P>0.05).

Low-contrast detectability 

The low-contrast detectability for the CT scanners from 
the different manufacturers under different acquisition 
conditions are shown in Figure 4 and Figure S4. All acquired 
images were viewed in a fixed window setting (WW/WL, 
70/100 HU) according to the above equations (24). In 
general, a 4 mm low-contrast object at a 0.5% contrast 
level could be clearly identified on all 5 CT scanners, and a 
diameter of <5 mm confirmed that the images were qualified 
in their quality (29). For all reconstruction algorithms, the 
image noise at 0.75 mGy was lower than that at 0.25 mGy,  
the image noise of the IR algorithms was lower than that 
of FBP, and the image noise of the DLIR and IMR [2] 
algorithms were significantly lower than the image noise 
of the 5 IR algorithms. These observations revealed that 
higher IR strength resulted in lower image noise. 

Figure 1 Fitting curve of CT number linearity of CT scanners from the 5 different manufacturers reconstructed with FBP (A,C) and the 
manufacturer-specific IR (B,D) at 0.25 mGy (A,B) and 0.75 mGy (C,D). The manufacturer-specific IR of the GE Healthcare, Philips, 
Siemens, Minfound, and Neusoft CT scanners were ASiR-V50%, iDose4 [3], ADMIRE [3], NDI [3], and CV 50%, respectively. CT, 
computed tomography; FBP, filtered back projection; IR, iterative reconstruction; mGy, milligray; HU, Hounsfield unit; ASiR-V50%, 
adaptive statistical iterative reconstruction 50%; iDose4 [3], fourth-generation hybrid iterative reconstruction, level 3; ADMIRE [3], 
advanced modeled iterative reconstruction, level 3; NDI [3], nano dose iterative, level 3; CV 50%, clear view 50%.
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Figure 2 High-contrast images of CT scanners from the 5 different manufacturers reconstructed with FBP (a, b, c, d, e) and the 
manufacturer-specific IR (f, g, h, i, j) at 0.25 mGy (A) and 0.75 mGy (B). The manufacturer-specific IR of the GE Healthcare, Philips, 
Siemens, Minfound, and Neusoft CT scanners were ASiR-V50%, iDose4 [3], ADMIRE [3], NDI [3], and CV 50%, respectively. CT, 
computed tomography; FBP, filtered back projection; IR, iterative reconstruction; mGy, milligray; ASiR-V50%, adaptive statistical iterative 
reconstruction 50%; iDose4 [3], fourth-generation hybrid iterative reconstruction, level 3; ADMIRE [3], advanced modeled iterative 
reconstruction, level 3; NDI [3], nano dose iterative, level 3; CV 50%, clear view 50%.
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CI: 2.62 to 3.70; P=0.299), Siemens (95% CI: 2.10 to 3.59; 
P=0.054), Minfound (95% CI: 2.35 to 3.65; P=0.589), and 
Neusoft (95% CI: 2.63 to 3.37; P=0.900) were assessed and 
fell within the recommended standard level of ± 4 HU. 
The uniformity values ranged from 1.40–3.90 HU, and 
the SD ranged from 0.99–2.76 HU, while the deviation 

in uniformity values varied by less than 2 HU from the 
baseline values (25,30). There was no significant difference 
among the different CT scanners when imaging with 
different IR algorithms and radiation doses (P>0.05), which 
validated that the image uniformity of the CT scanners 
from 5 different manufacturers was satisfactory. The 
detailed uniformity values are presented in Table S6.

The NPS curve
The NPS curve and the NNPS curve are shown in  
Figures 5,6, and Figures S5,S6. Increasing the radiation 

https://cdn.amegroups.cn/static/public/QIMS-21-245-supplementary.pdf
https://cdn.amegroups.cn/static/public/QIMS-21-245-supplementary.pdf
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dose, the strength of the IR, and the level of DLIR will 
induce a decrease in the NPS peak. All 3 levels of DLIR 
algorithms contributed to a perfectly fitting curve with no 
frequency shift at the 2 dose levels. The NPS curve with a 
high strength showed a low apex and a low noise level. The 
NPS peaks were higher at 0.25 mGy than at 0.75 mGy, but 
there was no significant shift in the NPS peak frequency as 
the radiation dose increased. The apex of the NPS curve 
with manufacturer-specific IR algorithms was significantly 
lower than that for the FBP algorithms. The apex of the 
NPS curve for DLIR algorithms was higher than that for 
the IMR [2] algorithm which had an irregularly normalized 
NPS curve. 

In general, all NNPS curves had similar shapes under 
different acquisition conditions. The NNPS curve showed 
a shift in the peak frequency towards a low level and had the 
low-frequency range as the radiation dose and IR strength 
increased, whereas the FBP led to a shift towards a high level. 

Discussion

It should be noted that all 5 CT scanners showed similar 

image quality and unbiased CT number linearity in the 
LDCT scan, which demonstrated that this scan protocol 
contributes to the stability of HU values and the accuracy 
of BMD quantification in the different CT scanners. 
Therefore, it is acceptable to perform the LDCT and 
lumbar QCT scans together to simultaneously screen for 
lung cancer, osteoporosis, and osteoporosis-associated 
fragility fractures (11). The “China Biobank” project and 
some other related studies are in agreement with our study 
(3,9,10).

Different QCT scan protocols can change the CT values, 
which can then influence BMD distribution in the QCT 
images (31). In this study, a Catphan 500 phantom was 
scanned at a fixed tube voltage of 120 kV, which assured the 
accuracy of the BMD values. The CT attenuation numbers 
are only affected by bean energy (kVp), whereas the variable 
tube current mainly affects image noise; thus, changing the 
tube voltage will influence QCT measurements (32). The 
tube voltage of a standard lumbar spine scan is set to 120 kV. 
In patients, the BMD values derived from routine lumbar 
spine scans at 120 kV are more accurate than those at  
140 kV (33). Many previous studies have shown that 

Figure 3 In-plane MTF curves of the CT scanners from 5 different manufacturers reconstructed with FBP (A,C) and the manufacturer-
specific IR (B,D) at 0.25 mGy (A,B) and 0.75 mGy (C,D). The manufacturer-specific IR of the GE Healthcare, Philips, Siemens, Minfound, 
and Neusoft CT scanners were ASiR-V50%, iDose4 [3], ADMIRE [3], NDI [3], and CV50%, respectively. MTF, modulation transfer 
function; CT, computed tomography; FBP, filtered back projection; IR, iterative algorithm; mGy, milligray; ASiR-V50%, adaptive statistical 
iterative reconstruction 50%; iDose4 [3], fourth-generation hybrid iterative reconstruction, level 3; ADMIRE [3], advanced modeled iterative 
reconstruction, level 3; NDI [3], nano dose iterative, level 3; CV 50%, clear view 50%.
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Figure 4 Low-contrast images of the CT scanners from 5 different manufacturers reconstructed with FBP (a, b, c, d, e) and the 
manufacturer-specific IR (f, g, h, i, j) at 0.25 mGy (A) and 0.75 mGy (B). The manufacturer-specific IR of the GE Healthcare, Philips, 
Siemens, Minfound, and Neusoft CT scanners were ASiR-V50%, iDose4 [3], ADMIRE [3], NDI [3], and CV50%, respectively. CT, 
computed tomography; FBP, filtered back projection; IR, iterative reconstruction; mGy, milligray; ASiR-V50%, adaptive statistical iterative 
reconstruction 50%; iDose4 [3], fourth-generation hybrid iterative reconstruction, level 3; ADMIRE [3], advanced modeled iterative 
reconstruction, level 3; NDI [3], nano dose iterative, level 3; CV 50%, clear view 50%.
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LDCT scans at 120 kV can accurately measure the BMD 
of the spine by QCT (3,9,10). At a given tube voltage of 
120 kV, the image noise is mainly influenced by the tube 
current-exposure time product, reconstruction kernel, and 
slice thickness (34). Though an LDCT scan can reduce 
the radiation dose, its contribution to the image noise is 
greatly increased. To improve the image quality in LDCT, 
we adopted the manufacturer-specific IR algorithms for 
the CT scanners and compared it to FBP, including the 
DLIR algorithms (new-generation deep learning image 
reconstruction algorithms). The DLIR algorithm from 
GE Healthcare integrates image quality improvement 

knowledge into a DNN composed by layers of mathematical 
equations that comprise many parameters to represent the 
characteristics of high-quality images even when acquired 
CT data is degraded by lower dose or non-ideal scanning 
conditions. These algorithms could reduce the radiation 
dose significantly without altering the image noise and 
produced high diagnostic quality images at a low radiation 
dose compared to other IR algorithms and FBP (35-37). 

To investigate the influence of radiation dose and 
reconstruction algorithm on CT image quality and the dose 
reduction potential in a routine LDCT scan, we analyzed 
the CT images of 5 different CT scanners designed for 
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Figure 5 The NPS and NNPS curves reconstructed with FBP (A,B) and the manufacturer-specific IR (C,D) at 0.25 mGy. The 
manufacturer-specific IR of the GE Healthcare, Philips, Siemens, Minfound, and Neusoft CT scanners were ASiR-V50%, iDose4 [3], 
ADMIRE [3], NDI [3], and CV 50%, respectively. NPS, noise power spectrum; NNPS, normalized noise power spectrum; FBP, filtered 
back projection; IR, iterative reconstruction; mGy, milligray; CT, computed tomography; HU, Hounsfield unit; ASiR-V50%, adaptive 
statistical iterative reconstruction 50%; iDose4 [3], fourth-generation hybrid iterative reconstruction, level 3; ADMIRE [3], advanced 
modeled iterative reconstruction, level 3; NDI [3], nano dose iterative, level 3; CV 50%, clear view 50%.
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Figure 6 The NPS and NNPS curves reconstructed with FBP (A,B) and the manufacturer-specific IR (C,D) at 0.75 mGy. The 
manufacturer-specific IR of the GE Healthcare, Philips, Siemens, Minfound, and Neusoft CT scanners were ASiR-V50%, iDose4 [3], 
ADMIRE [3], NDI [3], and CV 50%, respectively. NPS, noise power spectrum; NNPS, normalized noise power spectrum; FBP, filtered 
back projection; IR, iterative reconstruction; mGy, milligray; CT, computed tomography; HU, Hounsfield unit; ASiR-V50%, adaptive 
statistical iterative reconstruction 50%; iDose4 [3], fourth-generation hybrid iterative reconstruction, level 3; ADMIRE [3], advanced 
modeled iterative reconstruction, level 3; NDI [3], nano dose iterative, level 3; CV 50%, clear view 50%.
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QA assessment at 2 ultralow-dose levels. There was no 
statistically significant difference in CT number linearity 
of the 4 insert materials (P>0.05) among the 5 CT scanners 
under different radiation doses and IR algorithms. The 
resolution level at 10% MTF was 6.98 lp/cm on average, 
which was similar to the subjective evaluation results 
(mostly up to 7 lp/cm). Increasing the radiation dose and 
IR strength will decrease the image noise, NPS curve peak 
frequency, and a leftward shift of the NNPS curve, while 
improving the low-contrast detectability.

The principle of QCT measurement is to measure 
the volumetric bone mineral density (vBMD) of the 
lumbar vertebral body for the diagnosis of osteoporosis by 
converting a QCT number into a calibrated HU (38-40).  
CT number linearity is a significant consideration for the 
quantitative analysis of QCT, and our results showed that 
CT number linearity was unbiased, which contributed 
to the stability of HU values of the 5 CT scanners. The 
accurate BMD quantification calculated by the amount 
of calcium hydroxyapatite (HA) per volume unit of bone 
is the key to evaluating osteoporosis (19). The European 
Spine Phantom (No.145) contains 3 different inserts with 
trabecular bone compartments consisting of nominal design 
values of 50.2, 100.6, and 199.2 mg/cm3, which mimic the 
physiological range of BMD (13). A previous study showed 
that for reconstructed HA images of 0, 100, 200 mg/cm3,  
120kVp, and 3 energy levels of 40, 70, and 140 keV, the 
mean HU value was within the range of 0–900 HU (41).  
The expected HU values of acrylic, LDPE, air, and Teflon 
were 120, –100, –1,000, and 990 HU, respectively (14). 
Thus, the HU values of HA had an excellent correlation 
with the 4 insert materials. Therefore, the LDCT scan 
protocol is significantly suitable for QCT measurements of 
BMD values.

In terms of high-contrast spatial resolution, there were 
no significant differences among the 5 CT scanners, which 
showed that the resolution level at 50% MTF exhibited 
excellent performance for low-contrast spatial frequency, 
which is effective for the detection of low-contrast targets, 
such as the breast and abdomen (42-44). The resolving 
power was similar between 10% MTF and the subjective 
evaluation. The high-contrast spatial resolution at 5% 
MTF approached 8.00 lp/cm, reaching its limit at 2% MTF  
(9.29 lp/cm), as suggested in the user manual (14). These 
findings demonstrated that at 10% and 5% MTF, a 
superior high-contrast spatial resolution was achieved 
for high-contrast targets. Therefore, the high-contrast 
spatial resolution was evaluated using the value of 10% 

MTF (44,45). In our study, at 50% MTF, 10% MTF, and 
5% MTF, the high-contrast spatial resolution of FBP was 
higher than that of the IR algorithms, which confirmed that 
high-contrast spatial resolution decreased with the increase 
in the strength of the IR algorithms. DLIR at all 3 levels 
had the highest 50% MTF values among all reconstruction 
algorithms. FBP is sufficient for the screening of high-
contrast lesions, while IR algorithms are effective for low-
contrast lesions. There are some controversies regarding 
the effects of IR algorithms on high-contrast spatial 
resolution. It has been reported in some studies that high-
contrast spatial resolution is decreased by IR algorithms 
(46,47), which is consistent with our results. However, some 
studies suggest that IR algorithms do not affect the high-
contrast spatial resolution compared to FBP (48-50), but the 
subjective image quality assessment indicated that the high-
contrast spatial resolution varied greatly among different 
clinicians. Thus, MTF analysis may more accurately 
evaluate spatial resolution.

Image uniformity describes the consistency of the CT 
numbers of a homogenous material in the image, and the 
measurement of image uniformity has great significance in 
avoiding cupping and beam-hardening artifacts (22). The 
image uniformity values ranged from 1.40–3.90 HU and the 
SD ranged from 0.99–2.76 HU, which varied by less than 
±4 HU (corresponding to the recommended standard level) 
and 2 HU from baseline values on the CT scanners from 5 
different manufacturers, respectively. This was consistent 
with previous studies (25,26,30,51). However, the study by 
Miura et al. (52) differed slightly, as these authors reported 
that the image uniformity of simultaneous cone-beam CT 
(SCBCT) and dual cone-beam CT (DCBCT) was 6.8/10.9 
and 31.1 HU, respectively, which was higher than 4 HU.

Image noise is an essential factor for image quality, while 
the radiation dose and IR algorithm are the main factors 
for image noise. After increasing the radiation dose and IR 
strength simultaneously, the apex of the NPS curve of the 
radiation dose declined faster than that of the IR algorithm. 
The NNPS curve showed a slight shift in the peak 
frequency with increased radiation dose. It had a shift in the 
peak frequency towards a lower level with IR algorithms, 
but shifted to a higher level with FBP. The 3 levels of 
DLIR algorithms can reduce image noise while preserving 
noise texture and the IMR [2] algorithm contributed to 
the lowest image noise without compromising the image 
quality. Therefore, all of reconstructions used in this 
study improved the detectability of low-contrast objects, 
whereas FBP improved the detectability of high-contrast 



777Quantitative Imaging in Medicine and Surgery, Vol 12, No 1 January 2022

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2022;12(1):766-780 | https://dx.doi.org/10.21037/qims-21-245

objects. In a previous study, FBP was shown to be sufficient 
for detecting high-contrast lesions, such as osteoporotic 
fractures with an optimal cutoff of 117.9 HU, and 
pseudoarthrosis with a value of 139.8 HU (53).

In comparison, the IR algorithm can improve the 
detection of low-contrast lesions such as synthetic ground-
glass opacities (GGOs) with a CT value of –800 HU and 
emphysema with a threshold of –950 HU (53-55). Lesion 
detectability was improved by optimizing the IR algorithms 
corresponding to the clinical diagnosis. Notably, all 3 
levels of DLIR algorithms can reduce image noise while 
preserving noise texture and anatomical and pathological 
details compared to other algorithms (56).

This study has several limitations. First, the accuracy of 
BMD values in this study was evaluated by converting the 
CT number into the calibrated HU. Further investigation 
into the accuracy of the BMD values of the lumbar spine 
vertebrae using the European Spine Phantom together with 
the LDCT and the lumbar QCT scan is recommended. 
Second, clinical patient experiments were not conducted 
to confirm this phantom study. Finally, the acquisition 
parameters in this study were limited to a few variations of 
slice thickness, radiation dose, strength of the IR algorithms, 
and reconstruction kernels. Subsequent studies investigating 
various ranges of radiation dose, strength of IR algorithms, 
and different reconstruction kernels should be performed to 
complement the findings in the present study. 

Conclusions

This phantom study demonstrated that the image quality 
of the CT scanners from 5 different manufacturers for 
LDCT scan was comparable, and the CT number linearity 
was unbiased, which contributed to the stability of the HU 
values and the accuracy of the BMD quantifications. 
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Supplementary

Figure S1 The fitting curves of the CT number linearity for the GE Healthcare and Philips CT scanners reconstructed with DLIR (L/M/H) 
and IMR [2] at (A) 0.25 mGy and (B) 0.75 mGy. CT, computed tomography; DLIR (L/M/H), deep learning image reconstruction, level low, 
medium, and high; IMR [2], iterative model reconstruction, level 2; HU, Hounsfield unit; mGy, milligray.

Figure S2 High-contrast images of the GE Healthcare and Philips CT scanners reconstructed with DLIR (L/M/H) and IMR [2] at 0.25 
mGy (a, b, c, d) and 0.75 mGy (e, f, g, h). CT: computed tomography; DLIR (L/M/H): deep learning image reconstruction, level low, 
medium, and high; IMR [2]: iterative model reconstruction, level 2; mGy: milligray.
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Figure S3 In-plane MTF curves of the GE Healthcare and Philips CT scanners reconstructed with DLIR (L/M/H) and IMR [2] at 
0.25 mGy (A) and 0.75 mGy (B). CT, computed tomography; MTF, modulation transfer function; DLIR (L/M/H), deep learning image 
reconstruction, level low, medium, and high; IMR [2], iterative model reconstruction, level 2; mGy, milligray. 

Figure S4 Low-contrast images of the GE Healthcare and Philips CT scanners reconstructed with DLIR (L/M/H) and IMR [2] at 0.25 
mGy (a, b, c, d) and 0.75 mGy (e, f, g, h). CT, computed tomography; DLIR (L/M/H), deep learning image reconstruction, level low, 
medium, and high; IMR [2], iterative model reconstruction, level 2; mGy, milligray. 
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Figure S5 The NPS and NNPS curves of the GE Healthcare and Philips CT scanners reconstructed with DLIR (L/M/H) and IMR [2] 
algorithm at 0.25 mGy (A,B) and 0.75 mGy (C,D). CT, computed tomography; NPS, noise power spectrum; NNPS, normalized noise 
power spectrum; HU, Hounsfield unit; mGy, milligray; DLIR (L/M/H), deep learning image reconstruction, level low, medium, and high; 
IMR [2], iterative model reconstruction, level 2.

Table S1 The CT number linearity of 4 insert materials using the GE Healthcare CT scanner

Radiation dose (mGy) Algorithms Acrylic LDPE Air Teflon

0.25 FBP 115.65±0.78 –101.25±0.35 –997.20±0.42 874.40±4.25

0.25 ASiR-V50% 116.95±2.19 –99.95±0.50 –999.15±1.06 874.35±4.17

0.25 DL-L 113.20±1.84 –97.75±0.78 –996.75±1.06 872.10±5.93

0.25 DL-M 117.45±1.48 –98.55±1.48 –997.85±1.06 866.13±4.96

0.25 DL-H 113.45±2.76 –99.75±0.50 –998.25±0.64 868.00±0.14

0.75 FBP 117.20±0.14 –99.70±0.57 –996.85±0.92 867.60±1.13

0.75 ASiR-V50% 118.15±2.33 –99.15±0.64 –998.10±0.14 871.70±3.35

0.75 DL-L 112.55±0.92 –99.30±0.57 –995.79±0.30 870.15±3.32

0.75 DL-M 116.95±0.78 –99.35±0.35 –993.65±4.87 864.30±4.38

0.75 DL-H 117.30±0.85 –99.80±0.42 –998.15±0.50 867.90±0.01

CT, computed tomography; mGy, milligray; LDPE, low-density polyethylene; FBP, filtered back projection; ASiR-V50%, adaptive statistical 
iterative reconstruction 50%; DLIR (L/M/H), deep learning image reconstruction, level low, medium, and high. 
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Table S2 The CT number linearity of 4 insert materials using the Philips CT scanner

Radiation dose (mGy) IR Acrylic LDPE Air Teflon

0.25 FBP 122.00±2.55 –93.25±0.50 –986.75±4.60 939.20±1.05

0.25 iDose4 [3] 122.45±1.77 –91.50±1.41 –989.10±1.79 940.40±4.80

0.25 IMR [2] 124.20±0.57 –94.00±0.14 –994.15±3.60 946.15±1.20

0.75 FBP 120.40±1.70 –90.85±1.00 –986.40±4.37 928.45±3.04

0.75 iDose4 [3] 122.00±1.13 –91.80±1.84 –988.75±0.78 923.00±1.70

0.75 IMR [2] 120.70±0.71 –92.95±1.91 –991.65±0.07 931.00±0.29

CT, computed tomography; mGy, milligray; IR, iterative reconstruction; LDPE, low-density polyethylene; FBP, filtered back projection; 
iDose4 [3], fourth-generation hybrid iterative reconstruction, level 3; IMR [2], iterative model reconstruction, level 2.

Table S3 The CT number linearity of 4 insert materials using the Siemens CT scanner

Radiation dose (mGy) IR Acrylic LDPE Air Teflon

0.25 FBP 122.45±1.77 –98.20±1.84 –1011.15±1.49 967.50±2.55

0.25 ADMIRE [3] 119.30±2.35 –98.50±2.12 –1014.40±0.57 970.65±3.57

0.75 FBP 122.15±0.50 –97.15±1.77 –1012.10±1.84 964.15±3.43

0.75 ADMIRE [3] 121.80±0.29 –97.95±1.63 –1015.50±0.83 96.340±2.20

CT, computed tomography; mGy, milligray; IR, iterative reconstruction; LDPE, low-density polyethylene; FBP, filtered back projection;  
ADMIRE [3], advanced modeled iterative reconstruction, level 3.

Table S4 The CT number linearity of 4 insert materials using the Minfound CT scanner

Radiation dose (mGy) IR Acrylic LDPE Air Teflon

0.25 FBP 125.20±2.55 –89.00±0.71 –960.85±1.77 951.90±4.52

0.25 NDI [3] 124.40±2.26 –88.15±0.92 –953.80±1.31 952.25±4.74

0.75 FBP 124.70±1.91 –90.20±1.56 –960.40±3.82 951.90±2.21

0.75 NDI [3] 123.70±1.13 –90.00±0.28 –960.20±0.28 951.40±2.23

CT, computed tomography; mGy, milligray; IR, iterative reconstruction; LDPE, low-density polyethylene; FBP, filtered back projection; NDI 
[3], nano dose iterative, level 3.

Table S5 The CT number linearity of 4 insert materials using the Neusoft CT scanner

Radiation dose (mGy) IR Acrylic LDPE Air Teflon

0.25 FBP 123.50±2.26 –94.55±1.62 –995.55±1.96 930.75±2.15

0.25 CV50% 122.75±2.05 –93.75±3.18 –991.45±2.90 926.35±2.67

0.75 FBP 122.75±2.90 –94.95±2.76 –999.20±1.93 937.70±4.61

0.75 CV50% 122.40±2.26 –93.40±3.25 –984.90±4.38 939.80±0.42

CT, computed tomography; mGy, milligray; IR, iterative reconstruction; LDPE, low-density polyethylene; FBP, filtered back projection; CV 
50%, clear view 50%.
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Table S6 A summary of the image uniformity of the 5 different CT scanners

Radiation dose 
(mGy) 

Algorithms
The CT number values of 5 different CT scanners (HU)

GE Healthcare Philips Siemens Minfound Neusoft

0.25 FBP 3.60±2.55 3.10±2.19 1.40±0.99 3.40±2.40 3.80±2.69

0.25 ASiR-V50% 3.70±2.62 – – – –

0.25 DL-L 3.90±2.76 – – – –

0.25 DL-M 3.70±1.56 – – – –

0.25 DL-H 3.70±2.62 – – – –

0.25 iDose4 [3] – 3.50±2.47 – – –

0.25 IMR [2] – 2.90±2.05 – – –

0.25 ADMIRE [3] – – 3.50±2.47 – –

0.25 NDI [3] – – – 2.70±1.91 –

0.25 CV50% – – – – 3.60±2.55

0.75 FBP 3.70±2.61 3.90±2.76 2.70±1.91 2.60±1.84 3.90±2.76

0.75 ASiR-V50% 3.90±2.76 – – – –

0.75 DL-L 3.10±2.19 – – – –

0.75 DL-M 2.80±1.98 – – – –

0.75 DL-H 3.30±2.33 – – – –

0.75 iDose4 [3] – 3.10±2.19 – – –

0.75 IMR [2] – 2.80±1.27 – – –

0.75 ADMIRE [3] – – 2.72±1.27 – –

0.75 NDI [3] – – – 3.30±2.33 –

0.75 CV50% – – – – 2.70±1.91

All continuous variables are presented as mean ± standard deviation (SD) and expressed in HU. CT, computed tomography; mGy, 
milligray; HU, Hounsfield unit; FBP, filtered back projection; ASiR-V50%, adaptive statistical iterative reconstruction 50%; DLIR (L/M/H), 
deep learning image reconstruction, level low, medium, and high; iDose4 [3], fourth-generation hybrid iterative reconstruction, level 3; IMR 
[2], iterative model reconstruction, level 2; ADMIRE [3], advanced modeled iterative reconstruction, level 3; NDI [3], nano dose iterative, 
level 3; CV 50%, clear view 50%.
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