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Abstract
Purpose  To compare the effect of different acquisition and reconstruction methods on the radiation dose and accuracy of 
CT number measurements, using a 320-detector row CT and a Quantitative Imaging Biomarker Alliance (QIBA) recom-
mended phantom.
Materials and methods  Acquisitions were performed on a 320-detector row CT, as 64- and 80-detector row helical and 
wide detector step-and-shoot (i.e., wide volume) acquisitions with tube currents of 400 mA, 100 mA, 50 mA, 20 mA, and 
10 mA. Image was reconstructed with the filtered back projection (FBP), adaptive iterative dose reduction using 3D pro-
cessing (AIDR 3D), and forward projected model-based iterative reconstruction (FIRST) methods. The difference between 
measured CT numbers and the actual -856HU value of the phantom insert was determined by each CT acquisition protocol. 
Differences in actual and measured CT numbers were compared among acquisitions and among reconstruction methods by 
means of Tukey’s HSD test.
Results  The CT number obtained with 64-detector row helical acquisition was significantly larger than that obtained with 
others (p < 0.0001). At each tube current, the CT number reconstructed with FIRST was significantly smaller than that with 
others (p < 0.0001).
Conclusion  Acquisition and reconstruction methods are significantly affecting radiation dose reduction and accuracy of CT 
number measurements on a phantom study.
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Introduction

Computed tomography (CT) has been suggested as useful 
for management of chronic obstructive pulmonary disease 
(COPD). It can be used for COPD phenotyping and for early 
detection of emphysema in smokers, based on lung density 
measurement as an imaging biomarker [1–4]. Quantitatively 
assessed CT lung density metrics are typically evaluated as 
the percentage of voxels with CT numbers below a given 
threshold, or as a single CT number below a set relative lung 
volume, the relative area below − 950 Hounsfield units (HU) 
(RA950), 15th percentile density (PD15), etc. Therefore, 
reduction of variability in the density metrics has been con-
sidered an important factor in chest CT examination [5–8].

Since 2007, CT density variability has been investigated 
and efforts to reduce it have been organized by a few aca-
demic societies such as the Quantitative Imaging Biomarker 
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Alliance (QIBA) of the Radiological Society of North Amer-
ica, the European Imaging Biomarker Alliance (EIBALL) of 
the European Society of Radiology and Japan QIBA of the 
Japanese Society of Radiology. In addition, QIBA has sum-
marized the longitudinal studies in terms of repeatability by 
performing meta-analysis of the published data [9–14] and 
reported them as a QIBA profile [15, 16]. For reducing the 
variance of CT number measurement, QIBA has published 
the data of the COPDGene I or II phantom (Phantom Labs, 
Salem, NY, USA) examinations by four major CT vendors 
together with best-effort matching protocols for a variety 
of tube potentials and exposure settings [17, 18]. However, 
these studies [17, 18] have not dealt the different acquisi-
tion methods such as helical acquisition and wide-volume 
acquisition (i.e., step-and-shoot acquisition) on 320- and 
256-detector row CTs provided by Canon Medical Systems 
Corporation and General Electronic Healthcare, as well as 
the different reconstruction algorithms such as filtered back 
projection (FBP) and hybrid-type or model-based iterative 
reconstruction (IR) methods.

We hypothesized that the wide-volume acquisition or IR 
methods could more accurately evaluate lung CT number 
than helical acquisition or FBP method at different radiation 
dose settings at the QIBA suggested phantom study. The 
purpose of this study was thus to directly compare lung CT 
number measurement accuracy between wide-volume and 
helical acquisitions and among hybrid-type and model-based 
IR and FBP methods on a 320-detector row CT at different 
radiation dose setting in a QIBA recommended phantom 
study.

Materials and methods

Protocol, support, and funding

This study was financially and technically supported by 
Canon Medical Systems Corporation. Three of the authors 
(Y.F, K.F, and N.S) are employees of Canon Medical Sys-
tems, but did not have control over any of the data used in 
this study.

Phantom

The COPDGene II phantom (Phantom Labs) consists of 
three reference foam inserts (labeled 4 lb, 12 lb, and 20 lb, 
corresponding to nominal densities of 64.2 kg/m3, 192.6 kg/
m3, and 321.0 kg/m3, respectively), as well as air and water 
samples, embedded in a larger oval lung density equivalent 
foam made of a specially formulated urethane, with a CT 
number of − 856 HU, and attenuated by a chest wall equiva-
lent ring (Fig. 1) [18–20]. The water equivalent diameter of 

the phantom (Dw) was determined as 296 mm. In addition, 
all gold standards of foam inserts in this study were provided 
from Phantom Labs.

CT examinations

All CT data were obtained with a 320-detector row CT 
(Aquilion ONE; Canon Medical Systems Corporation, Ota-
wara, Tochigi, Japan) by means of wide-volume (i.e. step-
and-shoot acquisition) and helical acquisitions setting 64- 
and 80-detectors. For each acquisition, the following scan 
parameters were used: 120 kVp, 0.5 s gantry rotation time, 
512 × 512 matrix, and 400 mm field of view. In addition, 
the tube currents used in this study were 400 mA as stand-
ard-dose CT (standard-dose CT at 400 mA: 400 mA-CT), 
100 mA (reduced-dose CT at 100 mA: 100 mA-CT), 50 mA 
(reduced-dose CT at 50 mA: 50 mA-CT), 20 mA (reduced-
dose CT at 20 mA: 20 mA-CT), and 10 mA (reduced-
dose CT at 10 mA: 10 mA-CT). A detector collimation of 
320 × 0.5 mm and a step-and-shoot acquisition were used for 
each wide-volume scan, a 64 × 0.5 mm detector collimation 
and a beam pitch of 0.83 for each 64-detector row helical 
acquisition, and an 80 × 0.5 mm detector collimation and a 
beam pitch of 0.81 for each 80-detector helical acquisition. 
Detail of radiation dose on each CT protocol is shown in 
Table 1.

For each CT protocol acquisition, the phantom was 
scanned three times at each tube current, and thin-section CT 
images obtained at all tube currents were reconstructed at a 
contiguous section thickness of 1 mm with the FBP, adaptive 
iterative dose reduction system using a three-dimensional 
processing (AIDR 3D: Canon Medical) and forward pro-
jected model-based iterative reconstruction (FIRST: Canon 
Medical) methods. AIDR 3D and FIRST were used as the 

Fig. 1   Commercially available QIBA recommended phantom “COP-
DGene II” provided by Phantom Laboratory and used in this study. 
Photograph of commercially available QIBA recommended phantom, 
“COPDGene II” (Phantom Laboratory), used in this study. The CT 
numbers obtained with a typical 120 kV scan are approximate
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hybrid-type and model-based iterative reconstruction tech-
niques for this study. In addition, the FBP and AIDR 3D 
methods were applied for the reconstruction lung kernel 
(FC17, Canon Medical).

Image analysis

Each phantom density was determined as a value averaged 
from region-of-interest (ROI) measurements, which were 
performed ten times by a radiologist with 24 years’ expe-
rience (Y.O) using a commercially available workstation 
(Vitrea; Vital Images, Inc., Minnesota, MN, USA). On each 
CT protocol, ROI placement was performed at three slices 
as follows: 3 cm prior to center slice, center slice of QIBA 
phantom, and 3 cm posterior to center slice. Therefore, 
total 630 ROIs (7 ROIs placed at all density phantoms × 3 
slices × 3 scan × 10 times = 630 ROIs) measurements were 
performed in this study.

Statistical analysis

Pearson’s correlation analyses were performed to determine 
the relationship of actual and measured CT numbers for each 
phantom using each protocol.

For assessing repeatability for each CT number measure-
ment in the lung density phantom, repeatability coefficient 
of each CT acquisition was evaluated by Bland–Altman’s 
method [20].

To assess the effect of a given scanning method, recon-
struction algorithm and tube current used for evaluating a 
CT number in the lung density phantom, the CT number 
measured within the lung phantom was compared with the 
gold standard by means of ANOVA followed by Dunnett’s 

test. Moreover, Pearson’s correlation analyses were per-
formed to determine the relationship of actual and measured 
CT numbers for each phantom using each protocol.

To evaluate the effect of a given acquisition method for CT 
number assessment with the same reconstruction algorithm, 
differences between actual and measured CT numbers obtained 
with the lung density phantom were compared or 64-detector 
row helical acquisition, 80-detector row helical acquisition, 
and wide-volume acquisition methods at each tube current by 
means of ANOVA followed by Tukey’s HSD test.

To assess the effect of a given reconstruction algorithm 
on CT number assessment for the same scanning method, 
differences between actual and measured CT numbers 
obtained with the lung density phantom were also com-
pared for FBP, AIDR 3D, and FIRST at each tube current 
by means of ANOVA followed by Tukey’s HSD test.

Finally, the limits of agreement between actual and 
measured CT numbers obtained with the lung density were 
assessed for each protocol by means of Bland–Altman’s 
analyses [21, 22].

A p value < 0.05 was considered statistically significant 
for all statistical analyses.

Results

Phantom CT images obtained by means of 64-detector row 
helical scanning, 80-detector row helical acquisition, and 
wide-volume acquisition at each tube current and recon-
structed with each of the three methods are shown in Figs. 2, 
3, and 4.

On correlations between actual and measured CT num-
bers, there were significant and excellent correlations 

Table 1   Radiation dose of each 
CT protocol

CTDIvol volume computed tomography dose index, SSDE size-specific dose estimation

CT protocol Acquisition method CTDIvol (mGy) SSDE (mGy)

400 mA-CT 64-Detector row helical acquisition 29 36.3
80-Detector row helical acquisition 26.6 33.3
Wide-volume acquisition 22.7 28.4

100 mA-CT 64-Detector row helical acquisition 7 8.8
80-Detector row helical acquisition 6.3 7.9
Wide-volume acquisition 5.4 6.8

50 mA-CT 64-Detector row helical acquisition 3.5 4.4
80-Detector row helical acquisition 3.2 4.0
Wide-volume acquisition 2.7 3.4

20 mA-CT 64-Detector row helical acquisition 1.4 1.8
80-Detector row helical acquisition 1.3 1.6
Wide-volume acquisition 1.1 1.4

10 mA-CT 64-Detector row helical acquisition 0.7 0.9
80-Detector row helical acquisition 0.6 0.8
Wide-volume acquisition 0.5 0.6
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between actual and measured CT numbers for each protocol 
(r = 0.99, p < 0.0001).

Reproducibility of each CT protocol and results of com-
parisons of measured CT numbers in the lung density phan-
tom with the corresponding gold standard for all protocols 
are shown in Table 2.

On 64-detector row helical acquisition, reproducibil-
ity coefficient (RC) of each CT protocol reconstructed by 
FBP method was as follows: 400 mA-CT, 0.0 ± 0.3HU; 
100  mA-CT, 0.0  ±  0.3HU; 50  mA-CT, 0.0  ±  0.4HU; 
20  mA-CT, 0.0  ±  0.5HU; 10  mA-CT, 0.0  ±  0.7HU. 
When reconstructed by AIDR 3D, RC of each CT proto-
col was determined as follows: 400 mA-CT, 0.0 ± 0.3HU; 
100  mA-CT, 0.0  ±  0.3HU; 50  mA-CT, 0.0  ±  0.4HU; 
20 mA-CT, 0.0 ± 0.4HU; 10 mA-CT, 0.0 ± 0.5HU. In addi-
tion, RC of each CT protocol reconstructed by FIRST was 
assessed as follows: 400 mA-CT, 0.0 ± 0.2HU; 100 mA-CT, 
0.0  ±  0.2HU; 50  mA-CT, 0.0  ±  0.2HU; 20  mA-CT, 
0.0 ± 0.3HU; 10 mA-CT, 0.0 ± 0.4HU.

When assessed 80-detector row helical acquisition, RC 
of each CT protocol reconstructed by the FBP method 
was as follows: 400 mA-CT, 0.0 ± 0.3HU; 100 mA-CT, 
0.0  ±  0.3HU; 50  mA-CT, 0.0  ±  0.4HU; 20  mA-CT, 
0.0±0.4HU; 10 mA-CT, 0.0 ± 0.6HU. For AIDR 3D, RC 

of each CT protocol was evaluated as follows: 400 mA-CT, 
0.0  ±  0.3HU; 100  mA-CT, 0.0  ±  0.3HU; 50  mA-CT, 
0.0  ±  0.3HU; 20  mA-CT, 0.0  ±  0.3HU; 10  mA-CT, 
0.0 ± 0.5HU. In addition, RC of each CT protocol recon-
structed by FIRST was determined as follows: 400 mA-CT, 
0.0  ±  0.2HU; 100  mA-CT, 0.0  ±  0.2HU; 50  mA-CT, 
0.0  ±  0.2HU; 20  mA-CT, 0.0  ±  0.2HU; 10  mA-CT, 
0.0 ± 0.4HU.

On wide-volume acquisition, RC of each CT protocol 
reconstructed by FBP method was as follows: 400 mA-CT, 
0.0  ±  0.2HU; 100  mA-CT, 0.0  ±  0.2HU; 50  mA-CT, 
0.0  ±  0.3HU; 20  mA-CT, 0.0  ±  0.4HU; 10  mA-CT, 
0.0 ± 0.6HU. When reconstructed by AIDR 3D, RC of 
each CT protocol was evaluated as follows: 400 mA-CT, 
0.0  ±  0.2HU; 100  mA-CT, 0.0  ±  0.2HU; 50  mA-CT, 
0.0  ±  0.3HU; 20  mA-CT, 0.0  ±  0.3HU; 10  mA-CT, 
0.0 ± 0.4HU. In addition, RC of each CT protocol recon-
structed by FIRST was determined as follows: 400 mA-CT, 
0.0  ±  0.2HU; 100  mA-CT, 0.0  ±  0.2HU; 50  mA-CT, 
0.0  ±  0.2HU; 20  mA-CT, 0.0  ±  0.2HU; 10  mA-CT, 
0.0 ± 0.3HU.

With 64- and 80-detector row helical acquisition, 
mean measured CT numbers in the lung density phantom 
for each protocol showed significant differences with the 

Fig. 2   CT images obtained by 64-detector row helical scan at 
400  mA-CT, 100  mA-CT, 50  mA-CT, 20  mA-CT, and 10  mA-CT, 
and reconstructed with the FBP, AIDR 3D, and FIRST methods. 

Reduction in tube currents resulted in gradual increase in image 
noise on CT images reconstructed by the FBP method, and a smaller 
increase in those reconstructed by the AIDR 3D and FIRST methods
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corresponding gold standard (both helical scans: p < 0.0001). 
With wide-volume acquisition, mean measured CT numbers 
in the lung density phantom obtained using all the proto-
cols reconstructed with FBP (p < 0.0001) and AIDR 3D 
(p < 0.0001) and the protocol at 10 mA reconstructed with 
FIRST (p = 0.03) were significantly different those of the 
corresponding gold standard. Moreover, there were signifi-
cant correlations between actual and measured CT numbers 
for each protocol (r = 0.99, p < 0.0001).

Results of a comparison between actual and measured 
CT numbers obtained with the three scan methods at the 
same tube current and with the same reconstruction method 
are shown in Table 3. At each tube current and for each 
reconstruction method, the CT number differences obtained 
with 64-detector row helical acquisition were significantly 
larger than their 80-detector row helical and wide-volume 
acquisition counterparts (p < 0.0001). In addition, 80-detec-
tor row helical acquisition CT number differences were sig-
nificantly larger than their wide-volume acquisition coun-
terparts (p < 0.0001).

Differences between actual and measured CT numbers 
among the three reconstruction methods with the same 
acquisition method and at the same tube current are shown 

in Table 4. For each acquisition at all tube currents, CT num-
ber differences for FIRST were significantly smaller than 
those for FBP and AIDR 3D (p < 0.0001). In addition, CT 
number differences for AIDR 3D were significantly smaller 
than those for FBP at all tube currents except 400 mA-CT 
(p < 0.0001).

The limits of agreement between actual and measured CT 
numbers in the lung density phantom for all CT protocols 
are shown in Table 5. A comparison of the limits of agree-
ment for all scan methods and using each reconstruction 
algorithm showed that those values obtained with wide-vol-
ume acquisition were smaller than their 64- and 80-detec-
tor row helical acquisition counterparts at each tube current 
and with the same reconstruction methods. In addition, the 
80-detector row helical acquisition values were lower than 
their 64-detector row helical acquisition counterparts at each 
tube current and with the same reconstruction methods. A 
comparison of the limits of agreement for all reconstruction 
methods showed that those values of AIDR 3D and FIRST 
were smaller than those of FBP at each tube current and 
using the same acquisition. In addition, the values for FIRST 
were lower than those for AIDR 3D at each tube current and 
with the same acquisition.

Fig. 3   CT images obtained by 80-detector row helical scan at 
400  mA-CT, 100  mA-CT, 50  mA-CT, 20  mA-CT, and 10  mA-CT, 
and reconstructed with the FBP, AIDR 3D, and FIRST methods. 
Reduction in tube currents resulted in gradual increase in image 

noise on CT images reconstructed by the FBP method, and a smaller 
increase in those reconstructed with the AIDR 3D and FIRST meth-
ods
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Discussion

Our results show that both acquisition and reconstruction 
methods significantly affect accuracy of CT number assess-
ment for lung in a QIBA recommended phantom study. In 
addition, the wide-volume scan and the FIRST methods 
suggest to be potentially better for radiation dose reduction 
while maintaining the accuracy of CT number assessment 
for lung than other scan and reconstruction methods. To 
the best of our knowledge, no other studies have assessed 
the capabilities of these methods for accurate CT number 
measurement and radiation dose reduction using ADCT in 
this setting, because QIBA study was mainly focused on 
standard helical acquisition on 64-detector row CT at stand-
ard tube current in each vendor and reconstructed by the 
FBP method. In addition, QIBA had not been assessed CT 
number measurement by 64- and 80-detector row helical 
acquisition as well as wide-volume acquisition and recon-
structed by on not only FBP, but also IR methods. Therefore, 
ADCT, which has the capability for obtaining CT data by 
each acquisition method as well as all reconstruction meth-
ods, might be useful for assessing for this study purposes.

When assessed reproducibility coefficient for CT num-
ber measurement on the lung density phantom by all CT 

protocols, all reproducibility coefficients were equal to or 
less than 0.7 HU and considered as small enough for clini-
cal purpose.

Assessment of the effect of acquisition method, recon-
struction algorithm and tube current on evaluating CT 
numbers in the lung density phantom and mean measured 
CT numbers in the lung density phantom for each proto-
col using 64- and 80-detector row helical acquisition and 
all reconstruction methods showed that these numbers dif-
fered significantly from those of the gold standard. On the 
other hand, when wide-volume acquisition was used, mean 
measured CT numbers on CT images reconstructed with the 
FIRST method at all tube currents except 10 mA showed no 
significant differences. Therefore, wide-volume acquisition 
as well as the FIRST method would be better than helical 
acquisitions for accurate lung density measurement based on 
the results obtained with the QIBA recommended phantom 
study.

Examination of the relationship between actual and meas-
ured CT numbers in different forms obtained with all CT 
protocols within the QIBA recommended phantom showed 
significant and excellent correlations between not only 
400 mA-CT with 64-detector row helical acquisition and the 
FBP method, which are considered the standard protocol for 

Fig. 4   CT images obtained by wide-volume scanning at 400 mA-CT, 
100  mA-CT, 50  mA-CT, 20  mA-CT, and 10  mA-CT, and recon-
structed with the FBP, AIDR 3D, and FIRST methods. Reduction 

in tube currents resulted in gradual increase in image noise on CT 
images reconstructed by the FBP method and a smaller increase in 
those reconstructed with the AIDR 3D and FIRST methods
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Table 2   Reproducibility coefficient of CT numbers measured in lung density phantom on each protocol and result of comparison of CT numbers 
measured in lung density phantom on each protocol with gold standard

FBP filtered back projection, AIDR 3D adaptive iterative dose reduction using 3D processing, FIRST forward projected model-based iterative 
reconstruction
*Significant difference with gold standard (p < 0.0001)
**Significant difference with gold standard (p = 0.03)

Acquisition method Reconstruction 
method

CT protocol Reproducibility coefficient (HU) CT number (HU)
(Mean ± standard deviation) (Mean ± standard deviation)

64-Detector row helical acquisition FBP 400 mA-CT 0.0 ± 0.3 − 861.3 ± 0.2*
100 mA-CT 0.0 ± 0.3 − 861.9 ± 0.2*
50 mA-CT 0.0 ± 0.4 − 862.4 ± 0.3*
20 mA-CT 0.0 ± 0.5 − 865.8 ± 0.3*
10 mA-CT 0.0 ± 0.7 − 870.0 ± 0.5*

AIDR 3D 400 mA-CT 0.0 ± 0.3 − 861.3 ± 0.2*
100 mA-CT 0.0 ± 0.3 − 861.5 ± 0.2*
50 mA-CT 0.0 ± 0.4 − 861.4 ± 0.2*
20 mA-CT 0.0 ± 0.4 − 861.7 ± 0.2*
10 mA-CT 0.0 ± 0.5 − 862.3 ± 0.5*

FIRST 400 mA-CT 0.0 ± 0.2 − 858.2 ± 0.2*
100 mA-CT 0.0 ± 0.2 − 858.4 ± 0.4*
50 mA-CT 0.0 ± 0.2 − 858.5 ± 0.5*
20 mA-CT 0.0 ± 0.3 − 859.1 ± 0.4*
10 mA-CT 0.0 ± 0.4 − 859.6 ± 0.6*

80-Detector row helical acquisition FBP 400 mA-CT 0.0 ± 0.3 − 858.9 ± 0.2*
100 mA-CT 0.0 ± 0.3 − 859.6 ± 0.1*
50 mA-CT 0.0 ± 0.4 − 860.3 ± 0.2*
20 mA-CT 0.0 ± 0.4 − 862.4 ± 0.3*
10 mA-CT 0.0 ± 0.6 − 868.6 ± 0.5*

AIDR 3D 400 mA-CT 0.0 ± 0.3 − 858.9 ± 0.1*
100 mA-CT 0.0 ± 0.3 − 859.2 ± 0.1*
50 mA-CT 0.0 ± 0.3 − 859.2 ± 0.1*
20 mA-CT 0.0 ± 0.3 − 859.4 ± 0.2*
10 mA-CT 0.0 ± 0.5 − 860.2 ± 0.4*

FIRST 400 mA-CT 0.0 ± 0.2 − 857.5 ± 0.1*
100 mA-CT 0.0 ± 0.2 − 856.8 ± 0.2*
50 mA-CT 0.0 ± 0.2 − 856.8 ± 0.5*
20 mA-CT 0.0 ± 0.2 − 857.0 ± 0.4*
10 mA-CT 0.0 ± 0.4 − 857.7 ± 0.5*

Wide-volume acquisition FBP 400 mA-CT 0.0 ± 0.2 − 857.8 ± 0.2*
100 mA-CT 0.0 ± 0.2 − 858.4 ± 0.2*
50 mA-CT 0.0 ± 0.3 − 859.0 ± 0.3*
20 mA-CT 0.0 ± 0.4 − 861.5 ± 0.4*
10 mA-CT 0.0 ± 0.6 − 867.0 ± 0.6*

AIDR 3D 400 mA-CT 0.0 ± 0.2 − 857.8 ± 0.2*
100 mA-CT 0.0 ± 0.2 − 858.0 ± 0.2*
50 mA-CT 0.0 ± 0.3 − 858.0 ± 0.3*
20 mA-CT 0.0 ± 0.3 − 858.4 ± 0.3*
10 mA-CT 0.0 ± 0.4 − 859.0 ± 0.4*

FIRST 400 mA-CT 0.0 ± 0.2 − 856.2 ± 0.3
100 mA-CT 0.0 ± 0.2 − 855.8 ± 0.4
50 mA-CT 0.0 ± 0.2 − 855.7 ± 0.5
20 mA-CT 0.0 ± 0.2 − 855.6 ± 0.5
10 mA-CT 0.0 ± 0.3 − 856.5 ± 0.5**
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lung density measurement [19, 23–28], but also in the case 
of other protocols. Some of these findings were compatible 
with those reported in the literature [19, 23–28], although 
our results suggest that other acquisition as well as recon-
struction methods can potentially be used for the same clini-
cal purpose with each dose CT acquisition.

On the other hand, assessment of the effect of scanning 
method on the difference between CT numbers and the gold 
standard for the same reconstruction algorithm and tube cur-
rent, wide-volume acquisition showed smaller differences 
than both of the helical acquisitions. In addition, 80-detector 
row helical acquisition resulted in slightly smaller differ-
ences than 64-detector row helical acquisition, and might 
be considered due to slightly smaller beam pit between 
64-detector row helical acquisition (beam pitch 0.83) and 
80-detector row helical acquisition (beam pitch 0.81). These 
findings were not surprising because wide-volume acquisi-
tion is a step-and-shoot acquisition. The previous studies 
have established that step-and-shoot acquisition is more 
useful for evaluating CT numbers than helical acquisition 
and a smaller beam pitch [19, 23–28]. Our results are, there-
fore, compatible with those previously reported. In addition, 
wide-volume acquisition as well as a smaller beam pitch 
for helical acquisition proved to be key issues for accurate 
evaluation of CT numbers of lung density measurements.

Assessment of the effect of the reconstruction algo-
rithm on CT number assessment using the same acquisition 
method, the difference in CT numbers for FIRST was sig-
nificantly smaller than that for FBP and AIDR 3D at each 
radiation dose. Moreover, the difference in CT numbers for 
AIDR 3D was significantly smaller than that for FBP at all 
tube currents except 400 mA. These findings also hinted at 
how significantly reduced image noise for FIRST or AIDR 
3D methods might be affected to improve image quality and 
produce more accurate CT number assessment than with 
the FBP method on all other CT acquisitions [19, 23–28]. 
Moreover, it has been suggested that the FIRST method is 
capable of significantly reducing image noise and improv-
ing accuracy for quantitative evaluation with computer-aided 
volumetry more than is possible with the AIDR 3D method 
[28]. Our results, therefore, also suggest that FIRST is more 
useful than both the AIDR 3D and FBP method for quan-
titative lung CT number measurement with radiation dose 
reduction at 10 mA level for an ADCT examination.

Currently, QIBA is trying to standardize quantitative 
CT evaluation for lung density by 64-detector row helical 
acquisition with standard-radiation dose for all the vendors 
[18]. One phantom study by the QIBA lung density commit-
tee team, in an attempt to establish standard-dose CTs for 
four scanner manufacturers, reported that a mixed-effects 
model analysis using the lung foam that did not participate 
in the calibration as a test case showed that the 95% con-
fidence intervals were − 862.0 HU to − 851.3 HU before 

standardization and − 859.0 HU to − 853.7 HU after stand-
ardization to 80 kVp. This study used three calibrated foam 
densities to establish an HU-electron density relationship for 
each machine protocol, and found that 95% confidence inter-
vals for differences between CT numbers and gold standard 
ranged from − 6.1 HU to 4.6 HU before standardization, and 
from − 3.1 HU to 2.3 HU after standardization to 80 kVp 
[18]. Taking the above-mentioned results into consideration 
and utilizing a 320-detector row CT, all CT protocols using 
wide-volume and 80-detector row helical acquisition with 
the FIRST and AIDR 3D methods and by 64-detector row 
helical acquisition with the FIRST method were considered 
appropriate on the basis of smaller CT number variances. In 
addition, 64-detector row helical acquisition with the AIDR 
3D method was also deemed to be capable of reducing the 
radiation dose to 50 mA level while maintaining smaller CT 
number variances. With the FBP method on the other hand, 
the ADCT could be used for 64-detector row helical acqui-
sition at 400 mA, for 80-detector row helical acquisition at 
400 mA, 100 mA, and 50 mA, and wide-volume acquisition 
at 400 mA, 100 mA, and 50 mA, while maintaining smaller 
CT number variance. Therefore, radiation dose reduction 
while maintaining accurate CT number assessment for chest 
CT is affected by not only scanning, but also reconstruction 
methods, and wide-volume acquisition with model-based 
iterative reconstruction (i.e., FIRST) methods would appear 
to be for use in routine clinical practice.

Our study has several limitations. First, although we 
directly evaluated measurement errors or variances in CT 
numbers, we did not standardize the findings to relative 
electron density or CT number at 80 kVp, similar to what 
was done in a previous study [18]. Therefore, our results 
were affected by differences in tube voltage as well as ker-
nels on CT images reconstructed with the FBP and AIDR 
3D methods. In addition, we applied FIRST and AIDR 3D 
and FBP methods. However, all the methods used in this 
study were provided by only one company, so that compar-
isons with methods provided by the other vendors could 
not be made. Moreover, reconstruction time for the FIRST 
method was 10 min, slightly longer than others. Therefore, 
further studies are warranted to assess the actual potentials 
of the newly developed model-based iterative reconstruc-
tion methods. Second, we used the FBP, AIDR 3D, and 
FIRST methods for thin-section CT image reconstruction. 
In addition, we used soft-tissue kernels, and did not evalu-
ate lung kernels from the point of view of use of quantita-
tive CT evaluation for COPD assessment. In addition, we 
applied AIDR 3D and FIRST methods at standard levels, 
and did not assess them at other levels. Therefore, further 
investigations were also recommended. Third, although 
mean CT number had significant difference between all CT 
protocols by 64- and 80-detector row CTs and 10 mA-CT 
by wide-volume scan and gold standard, among different 



407Japanese Journal of Radiology (2019) 37:399–411	

1 3

Table 3   Differences between 
actual and measured CT 
numbers using three different 
acquisition methods and 
the same tube current and 
reconstruction method

FBP filtered back projection, AIDR 3D adaptive iterative dose reduction using 3D processing, FIRST for-
ward projected model-based iterative reconstruction
*Significant difference with 64-detector row helical acquisition (p < 0.0001)
**Significant difference with 80-detector row helical acquisition (p < 0.0001)

CT protocol Reconstruction 
method

Acquisition method Difference between actual and 
measured CT numbers (HU)
(Mean ± standard deviation)

400 mA-CT FBP 64-Detector row helical acquisition − 5.3 ± 0.2
80-Detector row helical acquisition − 2.8 ± 0.2*
Wide-volume acquisition − 1.8 ± 0.1*,**

AIDR 3D 64-Detector row helical acquisition − 5.3 ± 0.2
80-Detector row helical acquisition − 2.9 ± 0.1*
Wide-volume acquisition − 1.8 ± 0.1*,**

FIRST 64-Detector row helical acquisition − 2.0 ± 0.2
80-Detector row helical scan − 0.5 ± 0.1*
Wide-volume acquisition − 0.2 ± 0.1*,**

100 mA-CT FBP 64-Detector row helical acquisition − 5.9 ± 0.2
80-Detector row helical acquisition − 3.6 ± 0.1*
Wide-volume acquisition − 2.4 ± 0.2*,**

AIDR 3D 64-Detector row helical acquisition − 5.5 ± 0.2
80-Detector row helical acquisition − 3.2 ± 0.1*
Wide-volume acquisition − 2.0 ± 0.2*,**

FIRST 64-Detector row helical acquisition − 2.2 ± 0.4
80-Detector row helical acquisition − 0.8 ± 0.2*
Wide-volume acquisition 0.2 ± 0.4*,**

50 mA-CT FBP 64-Detector row helical acquisition − 6.4 ± 0.3
80-Detector row helical acquisition − 4.3 ± 0.2*
Wide-volume acquisition − 2.9 ± 0.3*,**

AIDR 3D 64-Detector row helical acquisition − 5.4 ± 0.2
80-Detector row helical acquisition − 3.3 ± 0.1*
Wide-volume acquisition − 2.0 ± 0.3*,**

FIRST 64-Detector row helical acquisition − 2.5 ± 0.4
80-Detector row helical acquisition − 0.8 ± 0.4*
Wide-volume acquisition 0.3 ± 0.4*,**

20 mA-CT FBP 64-Detector row helical acquisition − 8.8 ± 0.1
80-Detector row helical acquisition − 6.4 ± 0.3*
Wide-volume acquisition − 5.5 ± 0.4*, **

AIDR 3D 64-Detector row helical acquisition − 5.7 ± 0.1
80-Detector row helical acquisition − 3.4 ± 0.2*
Wide-volume acquisition − 2.4 ± 0.3*,**

FIRST 64-Detector row helical acquisition − 3.1 ± 0.1
80-Detector row helical acquisition − 1.0 ± 0.4*
Wide-volume acquisition 0.4 ± 0.4*,**

10 mA-CT FBP 64-Detector row helical acquisition − 14.0 ± 0.4
80-Detector row helical acquisition − 12.6 ± 0.4*
Wide-volume acquisition − 5.5 ± 0.4*,**

AIDR 3D 64-Detector row helical acquisition − 6.3 ± 0.4
80-Detector row helical acquisition − 4.2 ± 0.4*
Wide-volume acquisition − 3.0 ± 0.4*,**

FIRST 64-Detector row helical acquisition − 3.6 ± 0.4
80-Detector row helical acquisition − 1.7 ± 0.4*
Wide-volume acquisition − 0.5 ± 0.4*,**
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Table 4   Differences between 
actual and measured CT number 
using three reconstruction 
methods and the same 
acquisition method and tube 
current

FBP filtered back projection, AIDR 3D adaptive iterative dose reduction using 3D processing, FIRST for-
ward projected model-based iterative reconstruction
*Significant difference with FBP method (p < 0.0001)
**Significant difference with AIDR 3D method (p < 0.0001)

Acquisition method CT protocol Reconstruction 
method

Difference between actual and 
measured CT number (HU)
(mean ± standard deviation)

64-detector row helical acquisition 400 mA-CT FBP − 5.3 ± 0.2
AIDR 3D − 5.3 ± 0.2
FIRST − 2.0 ± 0.2*,**

100 mA-CT FBP − 5.9 ± 0.2
AIDR 3D − 5.5 ± 0.2*
FIRST − 2.2 ± 0.4*,**

50 mA-CT FBP − 6.4 ± 0.3
AIDR 3D − 5.4 ± 0.2*
FIRST − 2.5 ± 0.4*,**

20 mA-CT FBP − 8.8 ± 0.1
AIDR 3D − 5.7 ± 0.1*
FIRST − 3.1 ± 0.1*,**

10 mA-CT FBP − 14.0 ± 0.4
AIDR 3D − 6.3 ± 0.4*
FIRST − 3.6 ± 0.4*,**

80-detector row helical acquisition 400 mA-CT FBP − 2.8 ± 0.2
AIDR 3D − 2.9 ± 0.1
FIRST − 0.5 ± 0.1*,**

100 mA-CT FBP − 3.6 ± 0.1
AIDR 3D − 3.2 ± 0.1*
FIRST − 0.8 ± 0.2*,**

50 mA-CT FBP − 4.3 ± 0.2
AIDR 3D − 3.3 ± 0.1*
FIRST − 0.8 ± 0.4*,**

20 mA-CT FBP − 6.4 ± 0.3
AIDR 3D − 3.4 ± 0.2*
FIRST − 1.0 ± 0.4*,**

10 mA-CT FBP − 12.6 ± 0.4
AIDR 3D − 4.2 ± 0.4*
FIRST − 1.7 ± 0.4*,**

Wide-volume acquisition 400 mA-CT FBP − 1.8 ± 0.1
AIDR 3D − 1.8 ± 0.1
FIRST − 0.2 ± 0.1*,**

100 mA-CT FBP − 2.4 ± 0.2
AIDR 3D − 2.0 ± 0.2*
FIRST 0.2 ± 0.4*,**

50 mA-CT FBP − 2.9 ± 0.3
AIDR 3D − 2.0 ± 0.3*
FIRST 0.3 ± 0.4*,**

20 mA-CT FBP − 5.5 ± 0.4
AIDR 3D − 2.4 ± 0.3*
FIRST 0.4 ± 0.4*,**

10 mA-CT FBP − 5.5 ± 0.4
AIDR 3D − 3.0 ± 0.4*
FIRST − 0.5 ± 0.4*,**
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Table 5   Limits of agreement between actual and measured CT number in lung density phantom for all CT protocols

FBP filtered back projection, AIDR 3D adaptive iterative dose reduction using 3D processing, FIRST forward projected model-based iterative 
reconstruction

CT protocol Reconstruction method Acquisition method Limits of agreement between actual and 
measured CT numbers in lung density 
phantom
(Mean ± 1.96 × standard deviation [HU])

400 mA-CT FBP 64-Detector row helical acquisition − 5.3 ± 0.4
80-Detector row helical acquisition − 2.8 ± 0.4
Wide-volume acquisition − 1.8 ± 0.2

AIDR 3D 64-Detector row helical acquisition − 5.3 ± 0.4
80-Detector row helical acquisition − 2.9 ± 0.2
Wide-volume acquisition − 1.8 ± 0.2

FIRST 64-Detector row helical acquisition − 2.0 ± 0.4
80-Detector row helical acquisition − 0.5 ± 0.2
Wide-volume acquisition − 0.2 ± 0.2

100 mA-CT FBP 64-Detector row helical acquisition − 5.9 ± 0.4
80-Detector row helical acquisition − 3.6 ± 0.2
Wide-volume acquisition − 2.4 ± 0.4

AIDR 3D 64-Detector row helical acquisition − 5.5 ± 0.4
80-Detector row helical acquisition − 3.2 ± 0.2
Wide-volume acquisition − 2.0 ± 0.4

FIRST 64-Detector row helical acquisition − 2.2 ± 0.8
80-Detector row helical acquisition − 0.8 ± 0.4
Wide-volume acquisition 0.2 ± 0.8

50 mA-CT FBP 64-Detector row helical acquisition − 6.4 ± 0.6
80-Detector row helical acquisition − 4.3 ± 0.4
Wide-volume acquisition − 2.9 ± 0.6

AIDR 3D 64-Detector row helical acquisition − 5.4 ± 0.4
80-Detector row helical acquisition − 3.3 ± 0.2
Wide-volume acquisition − 2.0 ± 0.6

FIRST 64-Detector row helical acquisition − 2.5 ± 0.8
80-Detector row helical acquisition − 0.8 ± 0.8
Wide-volume acquisition 0.3 ± 1.2

20 mA-CT FBP 64-Detector row helical acquisition − 8.8 ± 0.2
80-Detector row helical acquisition − 6.4 ± 0.6
Wide-volume acquisition − 5.5 ± 0.8

AIDR 3D 64-Detector row helical acquisition − 5.7 ± 0.2
80-Detector row helical acquisition − 3.4 ± 0.4
Wide-volume acquisition − 2.4 ± 0.6

FIRST 64-Detector row helical acquisition − 3.1 ± 0.2
80-Detector row helical acquisition − 1.0 ± 0.8
Wide-volume acquisition 0.4 ± 0.8

10 mA-CT FBP 64-Detector row helical acquisition − 14.0 ± 0.8
80-Detector row helical acquisition − 12.6 ± 0.8
Wide-volume acquisition − 5.5 ± 0.8

AIDR 3D 64-Detector row helical acquisition − 6.3 ± 0.8
80-Detector row helical acquisition − 4.2 ± 0.8
Wide-volume acquisition − 3.0 ± 0.8

FIRST 64-Detector row helical acquisition − 3.6 ± 0.8
80-Detector row helical acquisition − 1.7 ± 0.8
Wide-volume acquisition − 0.5 ± 0.8
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acquisition methods at each tube current and among dif-
ferent reconstruction methods at each tube current, these 
differences were not determined as clinically significant 
in this study. In addition, the uniformity difference within 
scan volume was not evaluated between wide-volume scan 
and both detector row helical scans. Therefore, further 
investigation might be warranted. Fourth, although we 
evaluated the effect of scanning method and reconstruc-
tion method for radiation dose reduction on quantitatively 
assessed CT numbers, we did not evaluate the effect on 
RA950 and PD15 measurements in an in vivo study. In 
addition, we had not evaluated the other indexes such as 
the RA960 suggested by Madani et al. [7] and 15th per-
centile point of the density histogram (i.e., P15), which 
were used in a few studies including COPD Gene study [8, 
29, 30], in this study, because we followed previous QIBA 
studies [15–18]. We are, therefore, considering additional 
assessments of radiation dose reduction as a result of com-
bining these techniques as well as other indexes and to 
determine the clinical significance of such techniques for 
quantitatively assessed CT evaluation of COPD. Fifth, we 
evaluated one single model of CT (i.e., Aquilion ONE) 
and did not directly compare the other scanners in this 
study. In addition, we only apply AIDR 3D and FIRST 
as hybrid-type and model-based IR methods and did not 
assess the other IR techniques and CTs provided by the 
other vendors. We, therefore, consider to directly compare 
Aquilion ONE with the other scanners provided by not 
only Canon Medical, but also other vendors, and AIDR 
3D or FIRST with other IR techniques provided by other 
CT vendors in near future.

In conclusion, scan and reconstruction methods used for 
ADCT had a significant effect on radiation dose reduction 
and accuracy of CT lung density measurements in a QIBA 
recommended phantom study. In addition, the use of the 
newly developed FIRST and AIDR 3D methods for 80-detec-
tor row helical and wide-volume acquisitions showed that 
radiation dose can be reduced to a level of less than 4% (i.e., 
10 mA) of that for the standard dose recommended by the 
QIBA CT lung density committee team while maintaining 
sufficient accuracy of CT number measurements.
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