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Fig. 5.
description of gradients (SHDG) correction; lower side, T\WI without SHDG
correction of a subject in the present study. Figure shows representative
coronal, axial, and saggital slices of the original structural T, volume.

tion correction more accurately estimated brain
volume. However, in their phaniom study,
Jovicich’s group showed that the phantom volume
from a corrected image was much closer to the true
phantom volume.® We performed a similar inspec-
tion and obtained a similar result. Therefore, we
can conclude that VBM analysis using a corrected
image provides a result near to the true brain
volume.

Conclusions

We believe this is the first VBM siudy to show
that the use of corrected images can reduce volu-
metric errors caused by system variations. These
results indicate that correction of distortion in-
duced by gradient nonlinearity is mandatory in
multi-scanner or mulii-site imaging trials.
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Abstract

Objectives To prospectively evaluate dose reduction and
image quality characteristics of chest CT reconstructed with
model-based iterative reconstruction (MBIR) compared
with adaptive statistical iterative reconstruction (ASIR).
Methods One hundred patients underwent reference-dose and
low-dose unenhanced chest CT with 64-row multidetector CT.
Images were reconstructed with 50 % ASIR-filtered back
projection blending (ASIR50) for reference-dose CT, and with
ASIR50 and MBIR for low-dose CT. Two radiologists
assessed the images in a blinded manner for subjective image
noise, artefacts and diagnostic acceptability. Objective image
noise was measured in the lung parenchyma. Data were ana-
lysed using the sign test and pair-wise Student’s t-test.
Results Compared with reference-dose CT, there was a
79.0 % decrease in dose—length product with low-dose CT.
Low-dose MBIR images had significantly lower objective
image noise (16.93£3.00) than low-dose ASIR (49.24+
9.11, P<0.01) and reference-dose ASIR images (24.93+
4.65, P<0.01). Low-dose MBIR images were all diagnosti-
cally acceptable. Unique features of low-dose MBIR images
included motion artefacts and pixellated blotchy appearan-
ces, which did not adversely affect diagnostic acceptability.
Conclusion Diagnostically acceptable chest CT images ac-
quired with nearly 80 % less radiation can be obtained using
MBIR. MBIR shows greater potential than ASIR for
providing diagnostically acceptable low-dose CT images
without severely compromising image quality.
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Key Points

* Model-based iterative reconstruction (MBIR) creates
high-guality low-dose CT images.

« MBIR significantly improves image noise and artefacts
over adaptive statistical iterative technigues.

* MBIR shows greater potential than ASIR for diagnostically
acceptable low-dose CT.

* The prolonged processing time of MBIR may currently
limit its routine use in clinical practice.

Keywords Model-based iterative reconstruction - Adaptive

statistical iterative reconstruction - Radiation dose reduction -
Image noise - Spatial resolution

Abbreviations and acronyms

MBIR Model-based iterative reconstruction
ASIR  Adaptive statistical iterative reconstruction
FBP Filtered back projection

MTF  Modulation transfer function

ED Effective dose

Introduction

There are increasing concerns about the magnitude of
the radiation dose delivered in computed tomography
(CT) and the potential increase in the incidence of
radiation-induced carcinogenesis [1]. The estimated an-
nual effective dose (ED) from medical radiation expo-
sure per individual in the United States (US) population
has increased about six-fold over the past quarter cen-
tury (from 0.53 mSv in 1980 to 3.0 mSv in 2006) [2].
This dramatic increase is largely attributable to the rapid
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and substantial rise in CT utilisation (from 3,000,000
studies in the US in 1980 to 70,000,000 studies in 2006) [3].
Despite several activities that have been conducted to monitor
and reduce the radiation dose delivered to patients [3], the US
per capita ED from CT examinations in 2006 increased to
1.47 mSv, amounting to almost one half of total medical
exposure [4].

Several dose-reduction techniques, such as tube current
modulation [5], reduced tube voltage [6], use of a higher pitch
[7] and noise reduction filters [8], have been successfully
implemented and have been shown to reduce radiation expo-
sure. However, further reductions in radiation dose are hin-
dered by increased image noise and degraded image quality,
mainly as a result of limitations of the standard filtered back
projection (FBP) reconstruction algorithm currently used on
most CT systems. Use of an iterative reconstruction (IR)
algorithm is an alternative image reconstruction technique.
Unlike conventional FBP, which is based on simpler mathe-
matical assumptions of the tomographic imaging system, IR
generates a set of synthesised projections by accurately
modelling the data collection process in CT. One of the
first IR algorithms released for clinical use was the adap-
tive statistical iterative reconstruction (ASIR) algorithm
(GE Healthcare, Waukasha, WI, USA). Previous phantom
and clinical studies have shown that ASIR provides diag-
nostically acceptable images with a reduction in image
noise for low-radiation dose CT compared with the FBP
algorithm [9-18].

The recently developed model-based iterative reconstruc-
tion (MBIR) is a much more complex and advanced IR
technique than ASIR [19, 20] (see Appendix 1). Phantom
experiments have shown that MBIR provides a significant
reduction in image noise and streak artefacts, a significant
improvement in spatial resolution, and has the potential to
allow further radiation dose reduction without compromising
image quality [19]. However, few data are available on its
effect on radiation dose reduction in patients, and there are
no clinical studies to our knowledge that have directly com-
pared MBIR with ASIR. The purpose of this study was to
evaluate dose reduction and image quality characteristics of
three different chest CT protocols in the same patients: low-
dose CT reconstructed with MBIR, low-dose CT recon-
structed with ASIR and reference-dose CT reconstructed
with ASIR.

Materials and methods

This prospective clinical study was compliant with Health
Insurance Portability and Accountability Act guidelines and
was approved by the Human Research Committee of our
Institutional Review Board.

& Springer

Patients

The Radiology Information System was checked to identify
patients scheduled for unenhanced standard-of-care clinical
chest CT examinations (around 5-10 per day) at a single
tertiary care centre. Inclusion criteria for the present study
were the following: age >18 years, the patient was scheduled
for unenhanced standard-of-care CT examination of the chest,
the ability to give written informed consent, and the ability to
hold one’s breath and remain still for at least 10 s. Patients
who were unable to provide written informed consent, follow
verbal commands for breath holding or remain still for the
duration of CT acquisition were excluded. Women who were
pregnant or were trying to get pregnant were also exchuded.

Each potential subject was given a detailed informed
consent form written in simple language about the objective,
method and risks of study participation. The study proce-
dure, which involved an acquisition of reference-dose CT
followed by low-dose CT (both discussed later in detail),
was explained to the subjects. They were also informed that
the sum of reference-dose and low-dose CT acquisition
would not exceed the radiation dose for standard-of-care
chest CT at our institution. The risks associated with study
participation, particularly the possible influence on diagnos-
tic performance, in which the reference dose in the present
study was expected to be slightly lower compared to radia-
tion doses for standard-of-care CT, were explained to the
subjects in simple language. Subjects were also informed
that they would not receive any remuneration or benefit
from their participation in the study.

Between 1 July 2011 and 28 July 2011, 113 consecutive
eligible patients were identified. Nine patients refused to
participate in the study, and 104 gave informed consent to
participation in the study. None withdrew from the study
after signing the consent form. To understand the evaluation
system, two thoracic radiologists (HA and IM, with 8§ and
6 years of experience, respectively) were trained in the
subjective grading of image quality using the images of 4
patients, who were selected from the 104 patients using a
random number table, and subsequently climinated from
the rest of the analysis. Therefore, 100 patients were
included in the final analysis. The body weight of each
patient was recorded as well as other demographic infor-
mation (summarised in Table 1).

CT data acquisition

Unenhanced chest CT for reference-dose CT followed by
low-dose CT (discussed later) were acquired with a 64-row
multidetector CT system (Discovery CT750 HD; GE
Healthcare). All patients in the study were able to undergo
chest CT in the supine position with both arms elevated and
with a single breath-hold for each acquisition. In this
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Table 1 Patient characteristics and CT parameters

Men/women 55/45
Age (years) 65.6+12.4
Body weight (kg) 58.0£13.0
Acquisition mode Helical
Tube voltage (kVp) 120

Field of view {mm) 350*
Ganiry rotation time (s) 0.5

Table speed (mm per gantry rotation) 39.37
Detector configuration (mm) 64>0.625
Reconstructed section thickness (mm) 0.625
Pitch 0.934:1

Data are mean=+standard deviation for each value unless indicated other-
wise. A field of view of 350 mm was typically set; however, it was
adjusted according to patient size (*). The main clinical indications for
chest CT were as follows: follow-up for a pulmonary nodule (n=23),
abnormal chest radiograph (n=19), interstitial lung disease (n=17), stag-
ing or restaging of known or suspected malignancy (n=13), ground-glass
opacity (#=7), nontuberculous mycobacterial disease (n=6), obstructive
pulmonary disease (#=4), haemoptysis (#=3), pulmonary tuberculosis
{n=2), sarcoidosis (n=2), mediastinal mass (#=2), hypersensitivity pneu-
monitis (n=1) and asbestosis (n=1)

prospective clinical study, reference- and low-dose CTs were
acquired with minimal differences in data acquisition condi-
tions (with the exception of radiation dose). For instance, to
minimise the positional difference between the two acquisi-
tions for each patient, the time between completion of the
reference-dose CT and initiation of imaging for low-dose CT
was kept to a minimum (about 10 s or less). To avoid contrast
enhancement bias owing to the delay in imaging from the start
of the injection, only unenhanced CT images were included in
this study. Imaging parameters for both acquisitions were held
constant with the exception of noise index (NI, discussed
later) and are summarised in Table 1. For reconstructing both
reference-dose and low-dose CT images, we used the chest
kernel (a proprietary kernel of GE Healthcare), which is
equivalent to the lung kernel for depiction of lung and
equivalent to the sofi-tissue kemel for depiction of medi-
astinal soft-tissne structures [21, 22].

Rationale for slice thickness

All images were reconstructed with axial slices 0.625 mm
thick, which is standard in our institution for reading high-
resolution CT of the chest. Images with increased slice
thickness or coronal/sagittal reformats were not used for
evaluation in this study for the following reasons. It is
known that image noise is dependent on the reconstruction
thickness, as thicker slice reconstructions are less noisy than
thinner slice reconstructions. Generally, image noise is in-
versely proportional to the square root of the slice thickness
(e.g. by increasing slice thickness from 0.625 mm to

2.5 mm=4x0.625, image noise should decrease by a factor
of 1 divided by the square root of 4). However, our prelimi-
nary results of phantom experiments indicate that this does not
necessarily apply to MBIR, and the relationship between
image noise and slice thickness is different depending on the
reconstruction algorithm (unpublished data). Furthermore,
MBIR and ASIR behave differently in terms of image noise
when reformatted into coronal and sagittal slices (also unpub-
lished data). Therefore, to directly compare image quality
characieristics, only 0.625-mm-thick axial slices were used
in the present study.

Noise index setting

Both reference- and low-dose CT protocols involved the use
of automatic tube current modulation (ATCM; Auto mA 3D;
GE Healthcare). The operator-selected NI level modulates the
tube current during gantry rotation to achieve a predicted
average statistical noise level in the images of the specified
reconstruction slice thickness requested. In this study, a fixed
NI of 31.5 was used for reference-dose CT and of 70.44 was
used for low-dose CT. Both Nls are the predicted noise level at
a slice thickness of 0.625 mm. The rationale for the NI setting
in the present study is described in Appendix 2.

Image reconstruction

Images for reference-dose CT were reconstructed with
blending of 50 % filtered back projection and 50 % ASIR
image data (ASIR50). A blending factor of 50 % was chosen
based on the previous literature [16, 17] and recommenda-
tions from the vendor. Images for low-dose CT were recon-
structed with ASIR50 and MBIR. Blending with FBP does
not apply to MBIR, as it is a pure IR technique (see Appen-
dix 1). Thus, three image data sets (reference-dose ASIR,
low-dose ASIR and low-dose MBIR) were generated in each
patient (Fig. 1). Each image data set was coded, patient
information was removed and the data sets were randomised
before blinded evaluation (Fig. 2).

Objective image quality

Objective measurements were performed for the image
data sets of 100 patients (300 image sets) on a work-
station (Centricity RAI1000; GE Yokogawa Medical Sys-
tems) by a radiologist (MK) with 4 years of imaging
experience. Circular regions of interest (ROT) were
drawn in the descending thoracic aorta at the level of
the carina (15-20 mm in diameter) for each image data
set. Calcifications, soft plaques of the.aortic wall and
areas with prominent streak artefacts were carefully
avoided. Circular ROIs were also drawn in the homo-
geneous part of the lung parenchyma at the level of the

@ Springer
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Fig. 1 (a, d) Reference-dose CT images [dose-length product (DLP),
191.10 mGy/cm] reconstructed with adaptive statistical iterative recon-
struction (ASIR), (b, ¢) low-dose CT images (DLP, 38.45 mGy/cm)
reconstructed with ASIR and (¢, 1) low-dose CT images reconstructed
with model-based iterative reconstruction {MBIR) in a 58-year-old wor-
an (weight, 50 kg). The prominent streak artefact from the shoulders on
low-dose ASIR images (b, ¢) interferes with adequate visualisation ofthe
ground-glass opacity nodule in the lefi upper lobe (b, arow), which

carina (approximately 10 mm in diameter). The mean
and standard deviation (i.e. objective image noise) of
the CT values (HU) within the ROI were recorded. To
evaluate the radiation dose, the estimated CT dose index

@ Springer

renders the image "unacceptable for diagnostic interpretation”. Signifi-
canf improvements in image noise and streak artefacts are observed in
low-dose MBIR (c, f), and the nodule is clearly depicted (c, arrow). Low-
dose MBIR CT images in this patient have equivalent image quality to
reference-dose ASIR CT images (a, d) and were graded as “fully diag-
nostically acceptable” by both readers. Images are shown in lung [a—;
window width (WW), 1,500 HU; window length (WL), -600 HU] and
mediastinal (d; WW, 400 HU; WL, 40 HU) window settings

volume (CTDIvol) and dose-length product (DLP) were
recorded for each image data set following completion
of the CT examination, according to the dose report.
EDs were estimated from DLP using a constant of
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Fig. 2 Reference-dose ASIR

{a; CTDlvol, 4.22 mGy; and !
DLP, 150.43 mGy/cm) and
low-dose MBIR (b; CTDlvol,
0.85 mGy; and DLP, 30.24 mGy/
cm) chest CT images obtained in
a 53-year-old woman weighing
46 kg are shown in the lung
(WW, 1,500 HU; WL, -600 HU)
window seiting. Note the
blotchy, pixellated appearance
(arrows) in b compared

with a

0.014 mSv/imGy-cm as described in the report of the
national survey conducted in the UK in 2003 (NRPB
W67) [25]. Radiation dose descriptors in the present
study were compared with the typical dose described
in the NRPB W67 report [25].

Subjective image quality

Two thoracic radiologists (HA and IM) independently
assessed the image data sets of 100 patients {300 image
sets) for image quality using a commercial software package
(EV Insite, PSP Corp., Tokyo, Japan). At the time of the
present study, both radiologists already had 2.5 years of
experience with ASIR images, which were introduced to
our department in January 2009. They had little experience
with MBIR images at the time of the present study, although
they became familiar with them in the training session. In
addition to the default preselected lung window settings
[window width (WW), 1,500 Hounsfield units (HU), win-
dow level (WL), -600 HU] and mediastinal window settings
(WW, 400 HU; WL, 40 HU), radiologists were allowed to
change the WW and WL for ease of assessment. Both
radiologists were blinded to patient data, clinical informa-
tion and image reconstruction techniques.

For each image data set, each radiologist graded subjective
image noise, artefacts, eritical reproduction of visually sharp
chest structures and diagnostic acceptability (see Appendix 3
for details). Image quality characteristics assessed in this study
have been described in the European Guidelines on Quality
Criteria for Computerised Tomography [26] and have been
used in multiple previous studies in the radiology literature
[13, 14, 16, 17]. To assess intracbserver agreement, 10

patients (30 image sets) were randomly selected from the
100 patients and these 30 images sets were analysed twice.
Consequently, 330 image sets were analysed in a blinded and
randomised manner by each radiologist.

Estimation of modulation transfer function

To compare the effect of MBIR, ASIR and FBP recon-
structions on spatial resolution, we performed a phantom
study to estimate the modulation transfer function (MTF)
by using the same system used for imaging patients as
that described above. A phantom (Catphan 600; The
Phantom Laboratory, Salem, NY, USA) with a 28-mm-
diameter tungsten wire was imaged at a tube current of
120 kVp, with 200 mA, a helical acquisition mode, a
section thickness of 0.625 mm, a 0.5-s gantry rotation
time and a standard reconstruction kernel (a proprietary
kernel of GE Healthcare). Images were reconstructed
with the MBIR technique, with 50 % and 100 % ASIR
techniques, and with the FBP technique. The MTF was
measured at the iso-centre and 10 cm off centre as the
angular average of the two-dimensional Fourier transform
of the point spread function in each of the reconstructed
image data sets.

Statistical analysis

The data were analysed using JMP 9.0.0 software (SAS
Institute, Cary, NC, USA). Whenever possible, results were
expressed as the mean=the standard deviation. Inter- and
intraobserver agreement for the two radiologists was esti-
mated for the subjective image quality parameters using
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Cohen’s weighted kappa (k) analysis. The following x val-
ues were used to indicate agreement: 0.00-0.20, poor agree-
ment; 0.21-0.40, fair agreement; 0.41-0.60, moderate
agreement; 0.61-0.80, good agreement; and 0.81-1.00, ex-
cellent agreement. A sign test was used for each reader to
compare subjective image quality assessments between im-
age pairs. A Student’s paired t-test was used to determine the
significance of differences in objective image noise between
image pairs. To reduce the possibility of significance due to
chance because of multiple statistical testing, a Bonferroni
correction was applied to the P value and significance was
assumed only when the P value was <0.016.

Results
Radiation dose

Radiation dose descriptors for chest CT examinations ac-
quired with reference-dose and low-dose CT for all 100
patients are summarised in Table 2. Compared with
reference-dose CT, there was a 79.1 % decrease in CTDIvol
and a 79.0 % decrease in DLP with low-dose CT. For direct
comparison of the radiation dose with NRPB W67 [25],
Table 3 selects out patients weighing 65-75 kg (11 patients;
9 male; age, 71.9+7.9 years; body weight, 67.6+2.2 kg).
For these patients, the DLP and ED for reference-dose CT
(395.5 mGy/cm, 5.54 mSv) were equivalent to the typical
dose described in NRPB W67 for chest CT examinations of
adults with a mean weight of about 70 kg (400 mGy/cm,
5.6 mSv) [25]. The ED for low-dose CT (1.13 mSv) was
equivalent to the average ED for low-dose CT described in
the NLST (1.5 mSv) [24].

Objective image quality

Low-dose MBIR images had significantly lower quantita-
tive image noise in the lung parenchyma (16.93£3.00) than
low-dose ASIR images (49.24+9.11, P<0.01) and
reference-dose ASIR images (24.93+4.65, P<0.01, Table 4).

Table 2 Comparison of the radiation dose for reference- and low-dose
CT

Reference-dose Low-dose
CTDIvel (mGy) 7.83+2.14 1.63+1.09
DLP (mGy/cm) 288.8+162.8 60.7+43.5
ED (mSv) 4.04 0.85

Data are mean=standard deviation for each value. CTDIvol=CT dose
index volume, DLP=dose~length products, ED=effective dose for
chest CT determined using a constant of 0.014 mSv/mGy/ecm. Com-
pared with reference-dose CT, there was a 79.1 % decrease in CTDIvol
and a 79.0 % decrease in DLP with low-dose CT

&) Springer

Table 3 Radiation dose in patients weighing from 65 to 75 kg

Reference-dose Low-dose
CTDIvol (mGy) 10.83+2.92 2.20£0.65
DLP (mGy/em) 395.5+106.3 $0.7+24.5
ED (mSv) 5.54 1.13

Data are mean+standard deviation of each value. CTDIvol=CT dose
index volume, DLP=dose-length products, ED=etiective dose for
chest CT deiermined using a constant of 0.014 mSv/mGy/cm. For 11
patients weighing from 65 kg to 75 kg (9 male and 2 female, age 71.9%
7.9 years, body weight 67.6+2.2 kg), DLP and ED for reference-dose CT
were equivalent to the typical dose described in NRPB W67 for chest CT
examinations of adults with a mean weight of about 70 kg (400 mGy/cm,
5.6 mSv)[25]. The ED for low-dose CT was equivalent to the average ED
for low-dose CT deseribed in the NLST (1.5 mSv) [24]

Conversely, objective image noise in the descending aorta
with MBIR (12.76+1.25) was significantly lower than with
low-dose ASIR (23.42+3.83, P<0.01), but was significant-
ly higher than with reference-dose ASIR (10.01+1.35, P<
0.01). Mean CT values within the ROI placed in the lung
parenchyma or the descending aorta did not differ signifi-
cantly (P>0.10 for each) among reference-dose ASIR, low-
dose ASIR and low-dose MBIR.

Subjective image quality

Interobserver agreement between the two radiologists was
excellent {k=0.81-0.96) for subjective image noise, pixel-
lated blotchy appearance and diagnostic acceptability,
whereas it was moderate (k=0.41-0.52) for motion and
streak artefacts. Intraobserver agreement for each reader

Table 4 Objective image quality (mean CT value and image noise)
measured within each region of interest

Region of interest Reference-dose Low-dose Low-dose
ASIR ASIR MBIR

Lung parenchyma -891.73=27.66 -889.78+28.68 -839.18+28.25
(CT value)

Lung parenchyma 24.93+4.65%  49.24+9.11*  16.93+3.00*
(image noise)

Descending aorta  38.05+5.21 37.26x7.28 36.86+5.76
{CT value)

Descending aorta  10.01+1.35" 234223837 12.76=1.25

(image noise)

Data are mean=standard deviation (in HU). Image noise was expressed
as the standard deviation of the CT values within the region of interest.
Tmage noise was significantly lower (*P<0.01, Student’s paired t-test)
in low-dose MBIR than in reference-dose ASIR images for the lung
parenchyma; however, it was significantly higher (t P<0.01) for the
descending aorta. Mean CT values location did not differ significantly
irrespective of region of interest (P>0.10 for all) among reference-dose
ASIR, low-dose ASIR and low-dose MBIR images.
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was excellent for subjective image noise, pixellated blotchy
appearance and diagnostic acceptability (k=0.80-1.00).
Intraobserver agreement was variable for motion artefacts
(x=0.35 for reader 1 and k=0.51 for reader 2) and streak
artefacts (x=0.96 for reader | and k=0.67 for reader 2).

Subjective image noise, image artefacts and diagnostic
acceptability with MBIR and ASIR techniques are summar-
ised in Table 5 (also see Appendix 3 for details of subjective
scores). For subjective image noise, modal scores were “less
than average” for low-dose MBIR and “average” for
reference-dose ASIR (P<0.001 for both readers). None of
the low-dose MBIR images was graded with “substantial”
or “unacceptable image noise”. Conversely, low-dose ASIR
images were typically associated with “substantial” or “un-
acceptable image noise™ (P<0.001 each vs. the other two
image data seis for both readers). For diagnostic accept~
ability, modal scores were “fully acceptable” or “probably
acceptable” for low-dose MBIR and “fully acceptable” for
reference-dose ASIR (P<0.001 for reader 2). There were no
“diagnostically unacceptable” low-dose MBIR images,
whereas low-dose ASIR images were typically graded as
“diagnostically unacceptable” (P<0.001 each vs. the other
two image data sets for both readers).

While streak artefacts were unapparent or minimally
recognisable in most reference-dose ASIR images, streak
artefacts not affecting diagnostic interpretation were noted
in some low-dose MBIR images, with variability between
readers (P>0.90 for reader 1 and P=0.0023 for reader 2).
Low-dose MBIR images were also more often associated
with motion artefacts and pixellated blotchy appearance
compared with ASIR images (P<0.001 for both readers).
However, neither of the artefacts affected diagnostic
interpretation.

Pixellated blotchy appearance resulted in a step-like ap-
pearance at the tissue interfaces and notably affected the
sharp visualisation of the following anatomical structures in

low-dose MBIR images: pulmonary fissures (13/100 for
reader 1, 18/100 for reader 2; P<0.001 each vs. reference-
and low-dose ASIR for reader 2), the small peripheral lung
vessel walls and bronchus (8/100 for reader 1, 1/100 for
reader 2; P<0.001 each vs. reference- and low-dose ASIR
for reader 1) and the border between the pleura and the
thoracic wall (84/100 for reader 1, 7/100 for reader 2; P<
0.001 each vs. reference- and low-dose ASIR for both
readers).

MTF estimation

Results of the estimation of the MTF, or spatial resolution, are
surmarised in Fig, 3. There was consistent improvement both
at the iso-centre and off cenire in the spatial resolution of
images reconstructed with MBIR compared with the ASIR
and the FBP images at 5 %, 10 % and 50 % MTF.

Discussion

In this prospective study of 100 patients, image quality
characteristics of low-dose chest CT reconstructed with
MBIR and ASIR, and reference-dose chest CT recon-
structed with ASIR were compared. In chest CT images
acquired with nearly 80 % less radiation (low-dose CT),
significant improvements in image noise and streak artefacts
were observed with the use of MBIR compared with ASIR.
Low-dose CT images obtained using MBIR were diagnos-
tically acceptable. To the best of our knowledge, this is the
first prospective clinical study to evaluate CT radiation dose
reduction in the same patients and compare image quality
characteristics with two different reconstruction methods,
MBIR and ASIR.

For low-dose CT, MBIR significantly improved objective
image noise in the lung parenchyma compared with ASIR.

Table 5 Subjective image quality scores for the two radiologisis (reader 1 and reader 2)

Image quality Reader 1 Reader 2
Reference-dose  Low-dose Low-dose Reference-dose  Low-dose Low-dose
ASIR ASIR MBIR ASIR ASIR MBIR
Noise (1/2/3/4/5) 0/0/99/1/0* 0/1/5/59/5* 0/100/0/0/0%  O/L/98/1/0% 0/1/8/61/30% 8/75/17/0/0*
Motion artefact (1/2/3) 96/4/0% 95/5/0% 77/23/0% 94/6/0% 95/4/1% 58/38/4%
Streak artefact (1/2/3) 99/1/0% 6/12/32% 98/2/0% 97/2/1%* 27/67/6%% 83/16/1%*
Pixellated blotchy appearance (1/2/3)  100/0/011 99/1/011 1/99/01% 100/0/0%% 99/1/01% 4/96/011
Diagnostic acceptability (1/2/3/4) 99/1/0/0%% 6/10/49/35¢F  O4/6/0/0%F  97/2/1/0 *== 8/13/49/30%**  41/53/6/0%**

Data show the frequency of numerical scores given in each category for the 100 patients. Using a sign test, the subjective score differences were
statistically significant between all pairs in image noise for both readers (*P<0.001), in streak artetacts for reader 2 (**P<0.003) and in diagnostic
acceptability for reader 2 (***P<0.001). The subjective score differences of low-dose ASIR vs. reference-dose ASIR, and low-dose ASIR vs. low-
dose MBIR were significant with regard to streak artefacts for reader 1 (f P<0.001) and in diagnostic acceptability for reader 1 (** P<0.001). The
subjective score differences of low-dose MBIR vs. reference-dose ASIR, and low-dose MBIR vs. low-dose ASIR were significant with regard to
motion artefacts for both readers (* P<0.001), and in pixellated blotchy appearance for both readers (** P<0.001)
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Compared with reference-dose ASIR, objective image noise
in the lung parenchyma was significantly lower with low-
dose MBIR than with reference-dose ASIR; however, the
results were the opposite in the descending aorta. This may
be for the following reason: it is acknowledged that recon-
struction kernels used for FBP images can largely influence
objective image noise in FBP and subsequently in ASIR-
FBP-blended images (50 %/50 % blending was used in the
present study). High-pass filter algorithms preserve the
higher spatial frequencies at the expense of greater noise,
whereas low-pass filter algorithms reduce the higher fre-
quency contribution, which decreases noise but also
degrades spatial resolution. The chest kernel used in the
present study is equivalent to a high-pass filter algorithm
(e.g. the lung kernel) for depiction of the lung and is
equivalent to a low-pass filter algorithm (e.g. the sofi-
tissue kemnel) for depiction of the mediastinal soft tissue
[21, 22]. Therefore, the mixed results between the lung
parenchyma and the aorta for objective image noise can
be largely explained by the reconstruction kemnel.

Image features uniquely noted in the MBIR-reconstructed
images in the present study included motion artefacts and a
pixellated blotchy appearance. The reason why there are
greater motion artefacts with MBIR than with ASIR images
is not clear; however, it may be due to differences in time
resolution between MBIR and ASIR, and needs to be fully
investigated in future studies. The exact reasons for the
pixellated blotchy appearance uniquely seen on MBIR
are also unknown; inherent differences in image recon-
struction may have contributed to these differences. One
can argue that the pixellated blotchy appearance may be
ascribed to lower spatial resolution; however, our phan-
tom study shows consistent improvement in the spatial
resolution of images reconstructed with MBIR compared
with the ASIR (Fig. 3). A pixellated blotchy appearance
has been described in many initial ASIR reports [9,
14—17]. However, this appearance was not prominently
seen on ASIR images in the present study, which,
according to the vendor, can be attributed to the
advancements of the ASIR algorithm that have been
made following the earlier studies. A pixellated blotchy ap-
pearance on MBIR images resulted in a step-like appearance
at the tissue interfaces and affected the sharp visualistion of
some anatomical structures (rated “not sharply visualised”),
such as the pulmonary fissures, small pulmonary vessels and
bronchi, and the border between the pleura and the thoracic
wall. Overall, these MBIR-unique image features were not
overly distracting in the present study and had little effect on
diagnostic acceptability. However, the difference in image
appearance and lack of reader familiarity may have contribut-
ed to the variability between the readers, particularly in the
subjective evaluation of some image artefacts and anatomical
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structures. This variability should decrease over the course of
familiarisation with MBIR images and may decrease even
more if the MBIR-unique image appearance becomes less
prominent with further advancement of the MBIR algorithm.

The radiation dose delivered by low-dose CT in the
present study was almost equivalent to the dose described
in NLST [24]. As the present results indicate that MBIR has
a greater potential than ASIR to provide diagnostically
acceptable low-dose CT images without severely compro-
mising image quality, MBIR is expected to be helpful par-
ticularly in certain patients and settings, such as imaging
infants and young patients or screening for lung cancer. The
ability of MBIR to detect and localise lesions not only in the
chest but also in different body regions needs to be investi-
gated in further clinical studies. Although not assessed in the
present study, the behaviour of MBIR concerning image
noise at increased slice thicknesses (e.g. 2.5~5 mm) and in
coronal/sagittal reformats, which may be used by many
radiologists for clinical work, needs to be further investigated
in clinical studies. The influence of other dose-reduction tech-
niques such as reducing tube voltage on MBIR should also be
assessed in future studies. Another issue to consider for MBIR
in a practical setting is the long reconstruction time. Although
recent advances have reduced this time to about 1 h per case
(the reconstruction time in the present report was not recorded
as it was not a feature in the application software), MBIR may
not yet be suitable for evaluation in acute clinical settings.

Several limitations of this study must be considered.
First, all of the chest CT examinations were performed
without intravenous contrast medium administration.
The presence of streak artefacts from the superior vena
cava is one important issue that needs to be considered
in contrast-enhanced chest CT images, and the perfor-
mance of MBIR with regard to these streaks should be
fully investigated in future studies. Second, although
MBIR is expected to be helpful in low-dose CT for
paediatric patients, patients under the age of 18 were
not included in the study. Third, the body size of the
patients in this study was generally small. MBIR has
not yet been assessed in extremely large or obese
patients, and this needs to be investigated in future
studies. A fourth limitation of the study is that the
results may not apply to other similar iterative recon-
struction methods available from other vendors; fifth,
owing to the difference in image appearance, blinding
of the radiologists between MBIR and ASIR during
subjective image analysis was difficul. However, we
randomised the image sets acquired with different dose
levels and reconstruction techniques.

In conclusion, chest CT images acceptable for diag-
nostic interpretation acquired with nearly 80 % less
radiation can be obtained with the use of MBIR. MBIR
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Fig. 3 Linc graph summariscs
modulation transfer function
(MTF) at the iso-centre (a) and
at 10 cm off centre (b) for
0.625-mm images CT recon-
structed with filtered back pro-
jection (FBP), ASIR (50 % and
100 %) and MBIR. Compared
with the ASIR and FBP images,
MBIR images had higher spa-
tial resolution at 5 %, 10 % and
50 % MTF. Ip/cm=Line pairs
per centimetre, STD=standard
kernel

shows greater potential than ASIR for providing diag-
nostically acceptable low-dose CT images without se-
verely compromising image quality. MBIR is expected

Ipfcm
STDFBP STDS0% ASIR  STD 100% ASIR MBIR
50% MTF (Ip/cm) 4.12 4.05 3.99 6.40
10% MTF (Ip/cm) 6.86 6.94 7.04 11.81
5% MTF (Ip/cm) 7.54 7.68 7.86 13.04
1
—STD FBP
0.8 o STD 50% ASIR
STD 100% ASIR|
-—~MBIR
0.6 +
=
= 4
0.4 4
0.2 4
0 g —— e e . ——
0 5 10
Ip/em
STD FBP STDS0% ASIR  STD 100% ASIR MBIR
50% MTF (Ip/cm) 3.62 3.52 341 4.41
10% MTF (lp/cm) 6.07 6.00 5.93 8.50
5% MTF (Ip/cm) 6.76 6.72 6.69 9.58

to be helpful for dose reduction, particularly in certain
patients and seitings, such as imaging of infants and
young patients and screening for lung cancer.
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Appendix 1

ASIR and MBIR are new iterative reconstruction (IR)
algorithms. Unlike the conventional FBP, which is based
on simpler mathematical assumptions of the tomographic
imaging system, TR generates a set of synthesised pro-
jections by accurately modelling the data collection pro-
cess in CT. The model incorporates statistical system
information (including photon statistics and electronic
noise in the data acquisition system) and details of the
system optics (including the size of each detector cell,
dimensions of the focal spot, and the shape and size of
each image voxel). The synthesised image is mathemat-
ically compared and corrected with the actual measure-
ment in order to adjust estimation of the object’s image.
The technique then iterates this comparison and correc-
tion step in order to achieve close proximity between
actual and measured projections. Inconsistencies in the
projection measurement due to limited photon statistics
and electronic noise are corrected with multiple itera-
tions. These data-processing steps help to improve image
quality from the noise and resolution perspectives, but
prolong the reconstruction duration compared with FBP
because of the intensive computations particularly required
for incorporating system optics information.

The ASIR technique models just the photons and
electronic noise statistics that primarily affect image
noise, which are not as computationally intensive or
time-consuming. This enables near real-time display of
images at the time of imaging. ASIR also differs from
other IR techniques in that the vendor provides a blend-
ing tool to blend the FBP with the ASIR images. This
is accomplished by reconstruction of CT raw data with
both FBP and ASIR techniques and then performing a
weighted summation of each data set for the final
reconstructed images. Prior phantom and clinical studies
have already shown that ASIR provides diagnostically
acceptable images with a reduction in image noise for
low-radiation dose CT compared with the FBP algo-
rithm [9-18].

The MBIR technique, on the other hand, is a pure IR
technique that does not involve blending with FBP images,
and is mathematically more complex and accurate than
ASIR. MBIR not only incorporates modelling of photon
and noise statistics like ASIR, it also involves modelling
of system optics. This is unlike ASIR, which uses an ideal-
ised set of system optics (as does FBP), resulting in similar
data utilisation per image. MBIR analyses the x-ray beam at
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the focal spot, then as it passes through the patient’s body
and again as it sirikes the detector. The algorithm weights
each data point so that noisy projections have less influence
on the final results, and this allows more accurate image
reconstruction. Phantom experiments have shown that
MBIR has the potential to further reduce image noise,
improve spatial resolution and thereby allow further dose
reduction without compromising image quality [19]. With
incorporation of system optics information and therefore a
more accurate account of voxel and focal spot size and
geometry, one can expect improvements in spatial resolution
[19, 20]. Because MBIR is a complicated algorithm, using
multiple iterations and multiple models, the reconstruction
time is significantly longer than FBP as well as the other IR
techniques, even with dedicated state-of-the-art parallel pro-
cessors. The reconstruction time in the present study was
about 1 h per case, although the exact time was not recorded
as it was not a feature of the application software.

Appendix 2

The rationale for the NI setting in the present study is as
follows. As the specified slice thickness for a given NI
setting decreases by a factor of x, maintenance of the same
radiation dose requires an increase in NI by a factor of 1
divided by the square root of x. According to the previous
radiology literature [13, 23], the NI of 15.75 at a slice
thickness of 2.5 mm has been used for reference-dose chest
CT. Multiplying 15.75 by the square root of 4 (= 2.5/0.625)
results in 31.5. Theoretically, the fixed NI of 31.5 at
0.625 mm should achieve the same radiation dose for
reference-dose chest CT from the previous radiology litera-
ture. As for the NI setting for low-dose CT, we referred to
the average ED for low-dose CT described in the National
Lung Screening Trial (NLST, 1.5 mSv) [24], which is about
one fifth of the radiation dose for reference-dose chest CT
described in the previous radiology literature [13, 23]. As
the radiation dose decreases by 1/y, the image noise
increases by the square root of y. Multiplying the NI for
reference-dose CT in the present study (= 31.5) by the
square root of 5 results in an NI of 70.44.

Appendix 3

Subjective image noise was defined as overall graininess or
mottle in the lung parenchyma, and was assessed in the lung
window setting on a five-point scale {1 =neo or only minimal
image noise, 2=less than average image noise, 3=average
image noise, 4=more than average or substantial image
noise that may interfere with diagnostic decision-making
in less than half of the lung parenchyma, and 5=more than
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average or substantial image noise that may interfere with
diagnostic decision-making in more than half of the lung
parenchyma). Artefacts were graded on a three-point scale
(1=artefacts unapparent or only minimally recognisable, 2=
artefacts recognised but not interfering with diagnostic
decision-making, and 3=substantial artefacts recognised af-
fecting diagnostic decision-making). The following artefacts
were assessed: streak artefacts, motion artefacts due to heart
wall motion and blotchy pixellated appearance at the tissue
interface (Fig. 2b). Critical reproduction of visually sharp
anatomical structures was assessed. The following anatom-
ical structures were evaluated: pulmonary fissures; second-
ary pulmonary lobular structures such as interlobular
arteries; large- and medium-sized pulmonary vessels; small
pulmonary vessels; large- and medium-sized bronchi; small
bronchi; the pleuromediastinal border; the border between
the pleura and the thoracic wall; the thoracic aorta; anterior
mediastinal structures including thymic residue; the trachea
and main bronchi; paratracheal tissue; the carina and lymph
node area; and the oesophagus. Diagnostic acceptability was
assessed on a four-point scale (1="fully acceptable, 2=prob-
ably acceptable, 3=deemed acceptable only for limited clin-
ical conditions, and 4=unacceptable).
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Abstract

Purpose To compare dual-energy computed tomography
(CT) spectral imaging and conventional CT imaging in
terms of precision of the measurement of CT numbers in
phantoms.

Materials and methods A circular phantom (CP) and an
elliptical phantom (EP) were used. Capsules filled with
iodine contrast media solutions at various concentration
levels were placed in the phantoms. Conventional CT was
performed at a tube voltage of 120 kVp. Simulated
monochromatic images at 65 keV were obtained by dual-
energy CT spectral imaging. The CT number of each
iodine capsule was measured. A linear regression model
was used to evaluate linearity, while analysis of covariance
was used to investigate the degree of variability according
to phantom shape for each imaging method.
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Results With conventional imaging, the slopes of the
regression lines for CT numbers measured at the EP center
and EP periphery were significantly lower than those
measured for CP (P < 0.0001 for both EP center vs. CP
and for EP periphery vs. CP). No significant difference in
slope was found among phantom shapes in dual-energy
spectral CT imaging.

Conclusion Computed tomography numbers varied con-
siderably depending on the phantom shape in conventional
CT, whereas dual-energy CT provided consistent CT
numbers regardless of the phantom shape.

Keywords Dual-energy CT - CT number - Precision -
Phantom - Monochromatic imaging

Introduction

Computed tomography (CT) number is a calculated value
and an estimate of the X-ray attenuation coefficient of a
voxel, generally expressed in Hounsfield units (HU), where
the CT number of air is —1000 HU and that of water is
0 HU. Despite its seemingly physical definition, values are
reported to be variable, being dependent on factors such as
the model of CT scanner, tube voltage, reconstruction
algorithm, and distribution of the examined object [1—4]. A
clinical example of the poor reproducibility of CT number
has been reported as pseudoenhancement, such as
increased attenuation of small simple renal cysts on con-
trast-enhanced CT scans [5-13].

Dual-energy CT methods are one of the most promising
recent technological advances in CT. CT data acquisition is
generally performed using a particular X-ray tube potential,
By using two different X-ray spectra, dual-energy CT can
distinguish pixels with the same CT number but that
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consist of different materials, e.g., calcium, iodine, or uric
acid [14-16]. In measuring the X-ray attenuation of an
object using two different specira, it is possible to resolve
attenuation measurements in the density of two arbitrarily
chosen materials. This mathematical process is termed
‘material decomposition’ [17]. Using this method, mono-
chromatic images are synthesized from the material density
images. The monochromatic image is the virtual image that
would be obtained if the X-ray source produced only X-ray
photons at a single energy. In general, the monochromatic
image is similar to a conventional CT image, but has fewer
artifacts, particularly beam-hardening artifacts [1%].

One of the causes of the poor reproducibility of CT
numbers is thought to be nonlinear errors due to scatter in
attenuation measurement, which is difficult to correct
adequately [19]. Also, it was reported that the material
decomposition process in dual-energy CT imaging meth-
ods had a compensating effect for scatter [20]. The pur-
pose of the present study is to compare dual-energy CT
spectral imaging and conventional CT imaging in terms of
the precision of measurements of CT numbers with
phantoms.

Materials and methods
Phantoms

We used a 15-cm-diameter circular phantom (CP) and an
elliptical phantom (EP), 22 cm in the anterior-posterior
direction and 33 cm in the lateral direction, to evaluate the
effect of the surrounding density distribution on CT num-
ber (Fig. 1). The CP was made of 15-cm-thick tough-water
equivalent phantom (Kyoto Kagaku, Kyoto, Japan). Opti-
mal CT number measurement with less error was repre-
sented by measurement in the CP. Five cylindrical holes of
1 cm diameter were placed circularly on the CP.

The EP (Multislice CT phantom MHT type; Kyoto
Kagaku, Kyoto, Japan) was made of polyurethane with
cylindrical holes located in the center and at the 15 cm
periphery from the center along the long axis. The EP
was used as an imitation of the human body with similar
shape, size, and density, and was expected to cause scatter
and CT number measurement error. CT scans were
acquired after placement, into the holes of the phantoms,
of micro test tubes filled with a dilution series of iodine
contrast media. Iodine contrast media of 300 mg I/ml
(iohexol, Ommipaque 300 Syringe; Daiichi Sankyo,
Tokyo, Japan) was diluted by 5% to make a dilution
equivalent to 15 mg I/ml iodine solution. Then twofold
serial dilution was performed to make dilutions equivalent
to 1.875, 3.75, and 7.5 mg I/ml iodine solution. Pure
water was used as 0 mg I/ml solution.

Fig. 1 a Simulated monochromatic CT image at 65 keV shows a
sectional view of the circular phantom. The micro test tubes are filled
with iodine contrast medium solutions at various concentrations.
b Simulated monochromatic CT image at 65 keV shows a sectional
view of the elliptical phantom. The holes at the center and at the 15
cm periphery along the long axis were used to evaluate the CT
number of each solution of the iodine contrast media

CT imaging and measurement

Scans were acquired with a 64-slice CT system (Discovery CT
750HD; GE Healthcare). All examinations were performed in
axial scanning mode with a large body filter. Conventional CT
images were acquired with a tube potential of 120 kVp and
tube current of 410 mA. Simulated monochromatic images at
65 keV were obtained by dual-energy CT spectral imaging
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with fast kVp switching between 80 and 140 kVp, with a tube
current of 600 mA. The tube current was set to adjust the
volume computed tomography dose index (CTDL,,;) to a level
similar to that in conventional CT. We chose a value of
65 keV for the simulated monochromatic images because CT
numbers of water measured at 65 keV are similar to those
measured in conventional imaging at tube potential of
120 kVp. Scanning was performed with the phantoms placed
at the center of the scan field. The following parameters were
used in both imaging techniques: detector coverage, 20 mm;
slice thickness, 5.0 mm; rotation time, 1.0 s; scanned field-of-
view, 50 cm. All images were reconstructed using STAN-
DARD kernel with the target micro test tubes located at the
center of the reconstructed image and a 20-cm field of view.
Appropriate slices were selected to avoid partial volume
effects at the ends of the tubes, and mean CT numbers were
measured one time in HU using a circular region of interest
(ROI) that was carefully placed at the center of the cross-
sectional image of each tube. Area of the ROI was 20 mm?,
and the ROI was replicated with copy function on a work-
station to measure all the tubes. CTDI,; values were recorded
during CT scanning to evaluate radiation exposure.

Statistical analysis

A linear regression model was used to evaluate linearity.
Variability of the CT numbers for each imaging method was
investigated in terms of phantom shape using analysis of
covariance with Bonferroni multiple-comparison correc-
tion. All statistical computations were performed using JMP
software (version 8.0.2, SAS Institute Japan, Tokyo, Japan).

Results

Computed tomography numbers in HU corresponding to
iodine concentration at 0, 1.875, 3.75, 7.5 and 15 mg T/ml

Table 1 Measured CT numbers and regression parameters

were 2.31, 49.35, 99.84, 197.21 and 406.79, respectively,
when using conventional image and the CP hole. Those for
conventional image and the EP central and peripheral hole,
and for simulated monochromatic image and the CP, EP
central and peripheral hole were —2.67, 33.93, 77.10,
157.50 and 328.66; 1.11, 38.48, 84.97, 167.74 and 345.99;
222, 50.92, 103.49, 206.66 and 431.85; —2.08, 44.77,
95.98, 195.66 and 405.83; and 2.09, 46.49, 95.76, 198.35
and 413.55, respectively. Slopes of regression lines of the
measured CT numbers for conventional image and the CP,
EP central and peripheral hole, and simulated monochro-
matic image and the CP, EP central and peripheral hole were
27.01, 22.18, 23.10, 28.72, 27.27 and 27.61, respectively.
There was a uniformly high correlation of CT number with
iodine concentration, regardless of the combination of
phantom and CT imaging method used (Table !; Fig. 2).
The coefficient of determination was above 0.999 under all
experimental conditions.

In the conventional CT method, significant difference
was found regarding the slope of the linear relation
between CT number and concentration measured in the EP
compared with those in the CP, although linearity was good
for both phantoms, whereas no significant difference was
found in measured slope for the simulated monochromatic
images (Table 2). The mean CT numbers are presented in
Table 1. The CT number for water density was approxi-
mately 0 HU (mean & standard deviation, 0.50 % 2.27)
under all conditions.

CTDI,, values were 34.87 mGy for conventional CT
and 36.18 mGy for dual-energy CT spectral imaging with
fast kVp switching.

Discussion

Although both conventional and simulated monochromatic
imaging achieved very high linearity of CT numbers in

Iodine Conventional- Conventional- Conventional-  Simulated Simulated Simulated
concentration CpP EP central EP peripheral ~ monochromatic- monochromatic-  monochromatic-
(mg T/ml) CcP EP central EP peripheral
0 231 -2.67 1.11 222 -2.08 2.09
1.875 49.35 33.93 38.48 50.92 44.77 46.49
3.75 99.84 77.10 84.97 103.49 95.98 95.76
75 197.21 157.50 167.74 206.66 195.66 198.35
15 406.79 328.66 345.99 431.85 405.83 41355
Regression parameters :
Slope 27.01 22.18 23.10 28.72 27.27 27.61
Y intercept —0.83 —5.88 -2.27 —-2.52 -5.38 —4.08
Coefficients of determination 0.9996 0.9996 0.9996 . 0.9993 0.9997 0.9992

CP circular phantom, EP elliptical phantom
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a - CT numbers by conventional imaging Table 2 Comparisons of the slopes of CT numbers
400.00 arquiar phantom R = 09996 :[ :} P value
¥k
350.00 g Conventional imagin
_ & St = R 20999 ) ag _8_
2 30000 central R? 400096 Circular versus elliptical central <0.0001*
g Circul lliptical peripheral <0.0001*
g 250.00 a elliptic phantom - lrl-:’u.ar versus elliptic penp .
e periphral Elliptical central versus elliptical peripheral 0.0482
2 W Simulated monochromatic imaging
150.00
5 Circular versus elliptical central 0.0281
10000 | Circular versus elliptical peripheral 0.1267
5000 ¢ Elliptical central versus elliptical peripheral 0.5404
0.0 0 2 : 6 T 10 12 14 16 P values were calculated using analysis of covariance. P < 0.0083
iodine concentration (mgl/mi) was co_nsidered stz'itisl:ica.lly significant with Bonferroni multiple-
comparison correction
b - CT numbers by simulated monochromatic imaging * Statistically significant
450.00
R = 099931
crcular phantom P 5 : . .
400.00 R = 0.9%2 : that focal artifacts do not cause slope inconsistency in
R= x . - . LTy
] _ s conventional imaging; rather, a more diffuse variation of
= X000 |  centd CT numbers exists that can be eliminated by using dual-
2 ; . : :
E 2000} actipne ) cncrgy_CT imaging. In previously pul?llshed papers, beam
2 peripheral hardening has been frequently mentioned as a cause of
£ 20000
= pseudoenhancement [5-13]. When lower energy photons
5 _- of the beam are preferentially attenuated by higher density
100.00 material than water, and images are reconstructed with an
50.00 algorithm that compensates the excessive attenuation,
0.00 NS beam hardening occurs. Accuracy in CT number in our
3 4 6 8 10 12 14 16

iodine concentration {mgl/mi)

Fig. 2 a Plots of the CT numbers acquired with conventional CT
imaging and their regression lines. All coefficients of determination
(R*) were above 0.999. The slopes of the regression lines calculated
using the data from the center and the periphery of the elliptical
phantom show a statistically significant difference compared with
those of the circular phantom. b Plots of the CT numbers acquired
with simulated monochromatic imaging using dual-energy CT and
their regression lines. All coefficients of determination (R*) were
above 0.999. There was no statistically significant difference in slope
among the three regression lines

terms of iodine concentration, consistent slopes were not
attained in the conventional imaging method. Conventional
imaging did not yield consistent CT numbers for the same
iodine solution in differently shaped phantoms. In contrast,
simulated monochromatic imaging produced almost the
same CT numbers regardless of phantom shape. These
results suggest that simulated monochromatic imaging
using dual-energy spectral CT potentially enables better
reproducibility of CT numbers, at least for iodine contrast
media solutions, without influence from the surrounding
environment.

It is possible that artifacts such as streaks could have
affected the present results; however, none of the images
acquired in our experiments demonstrated obvious unde-
sirable artifacts, The very high linearity observed for all
imaging methods and phantoms supports the assumption

experiments using simulated monochromatic images was
achieved at least partly because the beam-hardening effect
was corrected with dual-energy measurements [17]. Addi-
tionally, in our experiment, CT number inconsistency was
found in the measurements with EP that had similar size
and density to the patient’s body. Body-sized objects cause
scatter and give rise to CT number measurement error, as
Joseph et al. [19] demonstrated. Simulated monochromatic
images might be accurate in CT number measurement
because the error induced by scatter was compensated in
the process of material decomposition, as Vetter et al. [20]
indicated.

Clinically, increased attenuation of small simple renal
cysts on contrast-enhanced CT is reported as ‘pseudoen-
hancement;” however, enhancement of a renal mass on
contrast-enhanced CT is an essential criterion for distin-
guishing between tumors and benign cysts [5-13]. The
present results show the effect of the shape of surrounding
tissue on the CT number of the lesion of interest. Essen-
tially, variability in the shape of the surrounding tissue
means that the distribution of density also varies. The
density distribution in a contrast-enhanced CT image is
substantially different from that in a plain CT image; one
possible cause of pseudoenhancement may be this change
in density distribution. The present results indicate that it
may be possible to apply dual-energy CT to eliminate
undesirable effects of the surrounding environment that
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affect the CT number of the lesion of interest, to achieve
accurate CT number acquisition. Furthermore, simulated
monochromatic images created with dual-energy CT may
enable more accurate diagnoses dependent on CT number
measurement such as distinction between adrenal adenoma
and other tumors [21-24] because the accuracy of CT
number measurement without the influence of body shape
means robustness against individual differences.

A potential disadvantage of dual-energy spectral CT is
increased radiation exposure. In our experiment, however,
the CTDI,,, values for dual-energy CT spectral imaging
were almost equivalent to conventional CT imaging.
Although we did not assess image quality closely, standard
deviation of background noise was below 10 HU in both
the conventional and simulated monochromatic images.
Both image sets seemed to show almost the same image
quality subjectively. Simulated monochromatic images
were capable of substituting for conventional CT images in
this regard.

The present study has some limitations. We chose
65 keV as a parameter for simulated monochromatic
imaging because these images have CT numbers similar to
those of images acquired at 120 kVp in conventional
imaging. However, we did not investigate optimal keV
values for CT number reproducibility. In addition, this
study was conducted as a phantom study, and clinical
feasibility was not investigated.

The present results in a phantom study demonstrated
that CT number consistency was better achieved by dual-
energy spectral CT imaging than by conventional CT
imaging. This result has some possible practical applica-
tions in clinical CT. Using the dual-energy spectral CT
imaging method, precise measurement of CT number could
be obtained, thereby enabling more accurate comparison of
the densities of lesions of interest. In conclusion, the
measured CT attenuation numbers of water solutions of
iodine contrast media varied depending on phantom shape,
and dual-energy CT spectral imaging using simulated
monochromatic images achieved better CT number con-
sistency than that obtained using conventional CT imaging.
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Abstraet

Purpose The purpose of this study was to assess the
effects of dose and adaptive statistical iterative recon-
struction (ASIR) on image quality of pulmonary computed
tomography (CT).

Materials and methods Inflated and fixed porcine lungs
were scanned with a 64-slice CT system at 10, 20, 40 and
400 mAs. Using automatic exposure control, 40 mAs was
chosen as standard dose. Scan data were reconstructed with
filtered back projection (FBP) and ASIR. Image pairs
were obtained by factorial combination of images at a
selected level. Using a 21-point scale, three experienced
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radiologists independently rated differences in quality
between adjacently displayed paired images for image
noise, image sharpness and conspicuity of tiny nodules. A
subjective quality score (SQS) for each image was com-
puted based on Anderson’s functional measurement theory.
The standard deviation was recorded as a quantitative noise
measurement.

Results At all doses examined, SQSs improved with
ASIR for all evaluation items. No significant differences
were noted between the SQSs for 40%-ASIR images
obtained at 20 mAs and those for FBP images at 40 mAs.
Conclusion Compared to the FBP algorithm, ASIR for
Iung CT can enable an approximately 50% dose reduction
from the standard dose while preserving visualization of
small structures.

Keywords Computed tomography - Iterative
reconstruction - Dose reduction - Image quality

Introduction

Worldwide, the number of CT examinations has escalated
from one to three procedures per 1000 people during
1977-1980 to about 35 procedures per 1000 people during
1997-2007 [1]. CT accounts for more than 40% of the
collective effective dose of medical radiation worldwide
[11, and 0.6-3.2% of the cumulative risk of cancer until the
age of 75 could be attributable to diagnostic exposure in
developed countries [2]. Thus, public concerns about
medical radiation exposure and dose reduction have been
growing. Reducing the dose, however, results in an
increase in image noise that degrades image quality with
the standard filtered back projection (FBP) reconstruction.
Some image filters can reduce noise, but use of them tends



