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was excellent for subjective image noise, pixellated blotchy
appearance and diagnostic acceptability (x=0.80-1.00).
Intraobserver agreement was variable for motion artefacts
(k=0.35 for reader | and k=0.51 for reader 2) and streak
artefacts (k=0.96 for reader 1 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 sets 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
summarised in Fig. 3. There was consistent improvement both
at the iso-centre and off centre 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 radiologists (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*  0/1/98/1/0* 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% 6/12/82% 98/2/0% 97/2/1%* 27/67/6%* 83/16/1%*
Pixellated blotchy appearance (1/2/3)  100/0/0%% 99/1/0%% 1/99/0%% 100/0/0%% 99/1/0%% 4/96/0% %
Diagnostic acceptability (1/2/3/4) 99/1/0/01 6/10/49/351% 94/6/0/07+ 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 artefacts for reader 2 (**£<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 (* P<0.001) and in diagnostic acceptability for reader 1 (*T 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 (*F 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 soft-
tissue kernel) 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 kernel.

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 difficult. 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 Line graph summarises
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
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to be helpful for dose reduction, particularly in certain
patients and settings, 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, IR 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 eclectronic
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 strikes the detector. The algorithm weights
cach 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 =no 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 S=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. e '
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 spectra, 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 [18].

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, Omnipaque 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 coimpiited tomography dose index (CTDI,;) 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 I/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 1; 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. 7

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 Ccp EP central EP peripheral  monochromatic-  monochromatic-  monochromatic-
(mg I/ml) CP EP central EP peripheral
0 2.31 —-2.67 1.11 2.22 —2.08 2.09
1.875 49.35 33.93 38.48 50.92 4477 46.49
375 99.84 77.10 84.97 103.49 95.98 95.76
7.5 197.21 157.50 167.74 206.66 195.66 198.35
15 406.79 328.66 345.99 431.85 405.83 413.55
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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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

P values were calculated using analysis of covariance. P < 0.0083
was considered statistically significant with Bonferroni multiple-
comparison correction

* Statistically significant

that focal artifacts do not cause slope inconsistency in
conventional imaging; rather, a more diffuse variation of
CT numbers exists that can be eliminated by using dual-
energy CT imaging. In previously published papers, beam
hardening has been frequently mentioned as a cause of
pseudoenhancement [5—13]. When lower energy photons
of the beam are preferentially attenuated by higher density
material than water, and images are reconstructed with an
algorithm that compensates the excessive attenuation,
beam hardening occurs. Accuracy in CT number in our
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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Abstract

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
lung 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
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to be restricted particularly in chest CT owing to con-
comitant degradation of spatial resolution, since image
sharpness is critical for interpretation of the lung [3].

The iterative reconstruction technique, which has
recently become available on commercial CT scanners,
enables noise reduction with essentially no trade-off in
spatial resolution [4]. Previous studies for chest CT showed
that iterative reconstruction helped reduce the radiation
dose and improve image quality by reducing noise com-
pared with the conventional FBP technique [5-8]. Iterative
reconstruction, however, is not free from unfavorable
effects. Use of it alters the texture of image noise and can
yield a unusually homogenous image, which may not be
immediately appealing to most radiologists usually accus-
tomed to the FBP image [9]. It is also known that an
excessive degree of iterative reconstruction may obscure
fine and subtle findings [7].

In this study, we focused on subjective assessment of
image quality using a method based on Anderson’s func-
tional measurement theory. The theory was originally
developed for description of non-observable psychological
processes and has been applied efficiently to image quality
assessment [10-12]. With this method, the subjective
image quality can be represented as a score on an interval
scale, facilitating comparison of quality of images obtained
with different parameters.

The aims of this study were to assess the effect of
iterative reconstruction on the quality of lung CT images in
relation to radiation dose and to investigate attainable
degree of dose reduction compared with FBP.

Materials and methods
Image acquisition

One pair of porcine lungs inflated and fixed with Heitz-
man’s method [13] placed in an oval polymethylmethac-
rylate phantom with a long axis of 33.3 c¢m and a short axis
of 23.1 cm was scanned with a 64-slice CT system (Dis-
covery CT 750HD; GE Healthcare, Milwaukee, WI). Since
the lungs used are small (about 11 cm in the longest
diameter) and have no other extra-thoracic soft tissue
except for the thoracic vertebra and rib cage, a smaller
radiation dose was likely to be sufficient compared with
standard dose for human lungs. Therefore, we assumed a
standard dose for the porcine lungs using automatic
exposure control of the scanner (AutomA; GE Healthcare)
to keep the noise level similar to routine clinical lung CT.
Using AutomA, a tube current time product of 40 mAs was
chosen as standard, with a noise index of 11 for a 5-mm-
thick image and a standard reconstruction kernel. A half
dose and a quarter dose of the standard (i.e., 20 and

10 mAs) were also used for reduced-dose mode, and a
400-mAs dose was used to create high-quality’ images.
Helical scans were performed with scanning parameters
including a tube voltage of 120 kVp, a detector configu-
ration of 64 x 0.625 mm and a beam pitch of 0.984:1.
Image data were reconstructed with an FBP algorithm with
a standard kernel into 5-mm-thick axial images with
512 x 512 pixels and a 350-mm field of view. The data
obtained at 10, 20 and 40 mAs were also reconstructed
with ASIR, an implementation of iterative reconstruction
techniques (Table 1). In reconstruction with ASIR, the
original FBP and the fully converged ASIR (100%-ASIR)
images are blended to give the final ASIR image. Although
increasing the ratio of the full ASIR data to the FBP data
results in reduction of image noise, it also changes the
texture of noise and may cause loss of diagnostic infor-
mation. Because of the paucity of available data about
appropriate blending ratio of ASIR for chest CT at the time
of the experiment, we chose blending ratios of 20 and 40%
according to the result of a previous study [9].

Using picture archiving and communication system
equipment (Centricity; GE Healthcare, Milwaukee, WI)
with a DICOM-compliant 21-inch 2-megapixel liquid
crystal display (LCD) monitor (Radiforce R22; Eizo
Nanao, Ishikawa, Japan), one of the authors with 11 years’
experience in reading lung CT images selected a slice
without major artifacts from the image set obtained at
400 mAs. This image was saved into a TIFF format file
with a fixed lung window setting (window width and level
were 600 and —900, respectively). The window was
determined so that CT images of the fixed porcine lungs
resembled typical human lung CT images in terms of
subjective image noise and visually reproduction of lung
structures. Images at the same slice level with different
doses or reconstruction methods were saved in a similar

Table 1 Doses and algorithms used for image acquisition and
reconstruction

Image Dose (mAs) Reconstruction
Ag 10 FBP

Ago 10 20%-ASIR
Asp 10 40%-ASIR
By 20 FBP

Bao 20 20%-ASIR
Bao 20 40%-ASIR
Co 40 FBP

Cao 40 20%-ASIR
Cao 40 40%-ASIR
Do 400 FBP

FBP filtered back projection, ASIR adaptive statistical iterative
reconstruction
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manner. Images were then cropped to 256 x 256 pixels by
trimming a peripheral portion out of the thoracic cage with
ImageJ software (ImageJ, version 1.42; National Institutes
of Health, Bethesda, MD). The ten resulting images were
evaluated in the current study (Fig. 1).

Qualitative analysis

One trained and two board-certified radiologists with 4, 7
and 7 years’ experience in reading chest CT images inde-
pendently evaluated the quality of each image in the
following three areas: noise of lung parenchyma, image
sharpness and conspicuity of tiny nodules. For evaluating
image sharpness, readers were asked to evaluate the
sharpness of the walls of the bronchovascular structures
and the extent to which the peripheries of the structures
were visible. Nodules were about 1 mm in diameter and
predominantly seen in peripheral areas of the lungs, indi-
cating probable calcified granulomas. Experiments were
performed based on Anderson’s functional measurement
theory [10, 11, 14]. It was originally developed in the area
of psychology and has been applied efficiently to image
quality assessment [10—12]. Experiments using the theory

Fig. 1 Upper left image D,
upper right image Co, lower left
image By, lower right image
Byo. Black arrows in image Dy
indicate tiny nodules and white
arrows bronchovascular
structures. Compared with
image C,, image Bg, which was
obtained at a half dose, appears
noisy, and bronchovascular
structures and nodules on image
By are blurred. The subjective
quality scores (SQSs) for image
By were significantly lower than
those for image C, for noise
(—0.41 vs. 0.47, P < 0.001) and
for sharpness (—0.18 vs. 0.64,
P = 0.015). From comparison
between image B, and image
By, image quality apparently
improved with 40% ASIR. The
SQSs for image B4, were
comparable to those for image
C,y on noise (0.43 vs. 0.47,

P > 0.999). Although no
statistically significant results
were observed, sharpness was
worse on Byg than on Cqp (0.43
vs. 0.64, P = 0.985), and
conspicuity of nodules was
better on B4 than on Cq (0.70
vs. 0.37, P = 0.551)

@ Springer

involve three steps: showing images as a pair, rating the
perceived difference in image quality and calculating
subjective quality scores (SQSs). To display images and

Fig. 2 16 circular regions of interest (ROIs) with a size of 24.3 mm?
are placed on lung parenchyma, avoiding apparent structures and
major artifacts. The 16 measurements for each image were averaged.
To measure at the same positions, ROIs were copied between images
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record the reader’s rating, an in-house program written in
JAVA language running on the PACS system was used.
One hundred image pairs, generated by a factorial combi-
nation of the ten prepared images, were presented on the
LCD monitor in random order. Readers rated differences in
quality between adjacently displayed paired images from
—10 to 10, using a slider displayed below the images,
without time limits or knowledge of parameters for image
acquisition. The sign of the scores indicated the side of the
preferred image. For each evaluation area, presenting
image pairs twice and averaging the scores of two sessions
yielded a 10 x 10 matrix with elements of scores, where
the row and column of the matrix corresponded to the
images displayed on the right and left sides. To minimize
the interindividual variation caused by the range used in
rating, elements of the data matrix were normalized using
the z score transformation [10, 11]. The z score z for a score
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Fig. 3 Result of experiments for qualitative analysis of image noise,
averaged for all readers. Each curve corresponds to images displayed
on the right side of the monitor, and the label on the x axis indicates
images on the left side. Points on curves correspond to perceived
difference in quality between paired images. Before averaging
between readers, individual scores were normalized using the
z score transformation. Note the approximate parallelism of the data.
Similar parallelisms were also observed on both image sharpness and

s is given by z = (s — p)/o, where p and ¢ are the mean
and standard deviation of scores. Before the calculation
based on the Anderson’s functional measurement theory, it
is required to observe parallelism for data within the dif-
ferent rows and columns of the matrix graphically or to
calculate the interaction between rows and columns by
means of two-way analysis of variance method (ANOVA)
[10, 11]. Then the SQS for image i, SOS;, can be calculated
from the data matrix as follows, according to the theory,
Tie — Tei
SQS; = =
Here 7, represents the marginal mean for row i of the
matrix, and 7,; represents the marginal mean for column
i of the matrix. Before an actual test session, readers
practiced for several minutes with an image set consisting
of images at the 1 cm caudal level, in order to become

B " Difference in Perceived Quality for Sharpness
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conspicuity of tiny nodules. To observe parallelism of data graphically
or, more preferably, to confirm no interaction between the rows and
columns of data matrix by means of two-way analysis of variance
method (ANOVA) is necessary for calculation for the subjective
quality score for each image based on Anderson’s functional
measurement theory. Result of two-way ANOVA showed no signif-
icant interactions between rows and columns of the data (P = 0.248
for noise, P = 0.717 for sharpness and P = 0.867 for nodules)
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familiar with the method of evaluation and the range of
image quality.

To minimize the increased risk of type I errors due to
multiple testing, SQSs were analyzed by Tukey’s honestly
significant differences test using a statistical suite (R,
version 2.9.2; http://www.R-project.org, R Foundation for
Statistical Computing, Vienna, Austria).

Quantitative analysis

An experienced radiologist measured the standard devia-
tion of attenuation values (image SD) as quantitative noise
data with Image] by placing 16 circular regions of interest
(ROIs) with a size of 24.3 mm” on lung parenchyma,
avoiding apparent structures and major artifacts (Fig. 2).

Table 2 Subjective quality scores for noise

The 16 measurements for each image were averaged. To
measure at the same positions, ROIs were copied between
images. Pearson’s correlation coefficients between image
SDs and SQSs were calculated.

Results

Figure 3 shows approximate parallelism of data in the rating of
experiments for image noise. After no significant row-column
interaction was confirmed using two-way ANOVA tests
(P = 0.248 fornoise, P = 0.717 for sharpness and P = 0.867
for nodules), SQSs were calculated (Tables 2, 3, 4).

As expected, the objective noise of the FBP image
decreased as the dose increased (Fig. 4). At 1040 mAs,

Image SQS (mean + SD) Comparison by Tukey’s HSD
Ag Ag As Bo Bao Buao Co Cyo Cao Dy
Ay —1.12 £ 0.10 -
Aso ~0.88 + 0.08 NS _
Ay —0.55 £ 0.13 ¥ *k =
Bo —0.29 + 0.07 wok ok * —
Bao 0.00 £ 0.10 ok o ok " B
Bao 0.30 £+ 0.06 *k *k $k sk % _
Co 0.33 £ 0.03 ok *k ok *k ok NS _
Cyo 0.65 £ 0.04 * *k *k Aok *%k *k ook _
Cso 0.70 £+ 0.09 ok *% ok #k *k ek . NS _
Do 0.87 £ 0.12 ox *k ok ok *k ok . NS NS B

Image labels are defined in Table 1

SQOS subjective quality score, SD standard deviation, Tukey’s HSD Tukey’s honestly significant differences test

NS P > 0.05, * P < 0.05, * P <0.01

Table 3 Subjective quality scores for sharpness

Image SQS (mean + SD) Comparison by Tukey’s HSD
Ag Aag Aso Bo Bag Bao Co Cao Cao Do
A —0.99 = 0.23 -
Asg —0.90 &+ 0.08 NS -
Asp —0.75 + 0.05 NS NS -
By —0.12 £ 0.29 *¥ % Kk -
Bao 0.05 £ 0.15 ks e ik NS -
Bao 0.30 £ 0.09 ok HE xE NS NS -
Co 0.43 £+ 0.09 ke e whe = NS NS -
Cyo 0.54 £+ 0.07 ¥k ek et s NS NS NS -
(o 0.73 £ 0.20 *% gk ok e s NS NS NS -
Dy 0.72 £ 0.26 *x *k i *E ¥ NS NS NS NS -

Image labels are defined in Table 1

SOS subjective quality score, SD standard deviation, Tukey’s HSD Tukey’s honestly significant differences test

NS P > 0.05, * P < 0.05, ** P < 0.01
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Table 4 Subjective quality scores for nodules
Image SQS (mean + SD) Comparison by Tukey’s HSD
Ao Agg Ao By Bao Bao Co Cao Cao Do
Ag —-1.07 £ 0.12 -
Az —-0.90 + 0.14 NS -
Ago —0.76 £ 0.12 NS NS -
By —0.01 4+ 0.09 wE ik i -
Bao 0.25 £0.10 ok i ok NS -
Bao 0.48 + 0.01 i e ok * NS -
Cq 0.25 £ 0.14 wk wok Hek NS NS NS -
Cy 0.52 £ 0.06 * *E ik *k NS NS NS -
Cyo 041 £ 0.34 ek ek ik * NS NS NS NS -
Dy 0.83 £+ 0.01 ik ok ok i wk NS ik NS * -

Image labels are defined in Table 1

SQS subjective quality score, SD standard deviation, Tukey’s HSD Tukey’s honestly significant differences test

NS P > 0.05, * P < 0.05, ** P < 0.01

Quantitative Noise Measurement
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Fig. 4 Objective image noise measured as the standard deviation of
attenuation values is plotted against blending ratio of ASIR. As
expected, objective noise of 0%-ASIR image (FBP image) decreases
as dose increases. At 10-40 mAs, image noise decreases almost
linearly as the percentage of ASIR increases

objective noise decreased almost linearly as the percentage
of ASIR increased, which is consistent with the result of a
previous study [9].

SQSs are plotted against quantitative noise data in Fig. 5.
In general, both SQS and image SD were improved with
increasing the scan dose and the blending ratio of ASIR.
The correlation between the mean SQS and image SD

was good (Pearson’s correlation coefficient: r = —0.991
for noise, —0.967 for sharpness and —0.953 for nodule,
respectively).

At all doses, applying 40% ASIR to an FBP image
increased the SQS for noise significantly (P < 0.01, at all
doses). Applying 40% ASIR to an FBP image also

increased the SQSs for image sharpness and conspicuity of
tiny nodules, but these increases were generally not sig-
nificant. A half dose 40%-ASIR image (B4g) had a slightly
smaller SD value than the standard dose FBP image (C,)
(5.0 vs. 5.2) and was comparable in terms of SQSs (0.30 vs.
0.33, P = 1.000 for noise; 0.30 vs. 0.43, P = 0.993 for
sharpness; 0.48 vs. .25, P = 0.653 for nodules). A quarter
dose 40%-ASIR image (A4o) had a slightly higher SD
value than the half dose FBP image (Bg) (7.6 vs. 7.1) and
was significantly worse than the image Bg in terms of SQSs
(—0.55 vs. —0.29, P = 0.038 for noise; —0.75 vs. —0.12,
P = 0.007 for sharpness; —0.76 vs. —0.01, P < 0.001 for
nodules).

Discussion

On assessment of image quality, objective analysis is
considered to be superior to subjective analysis in terms of
accuracy and reproducibility of the result and suitable for
strict quality assessment of technologies or products. For
quality check of clinical images, however, assessment by
the expert in medical imaging is still necessary at the
present time because no objective measurements give a
precise enough prediction of perceived image quality for
the expert to abandon the subjective analysis. In the present
study, a method based on Anderson’s functional measure-
ment theory was applied for the subjective analysis. Pre-
senting images as a pair, by placing images side by side or
toggling between two images by user operation [15], helps
readers to evaluate the superiority or inferiority of images
in more detail than presenting images separately. Presen-
tation of image pairs is also utilized in the double-stimulus
continuous-quality scale (DSCQS) method, which is a
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Fig. 5 The mean of the subjective quality score (SQS) is plotted
against the standard deviation of attenuation (image SD). The
correlation between the mean of SQS and the image SD is relatively
good (Pearson’s coefficient of correlation: r = —0.991 for noise,
—0.967 for sharpness, and —0.953 for nodules). Image A4 had

popular method for assessment of image quality in the field
of broadcasting proposed by the International Telecom-
munication Union. Use of a scale with at least ten steps is
recommended by functional measurement theory [14]. A
psychological study reported that, irrespective of popular
use, a five-point scale was not optimal and more response
categories appeared better with regard to reliability,
validity and discriminating power [16]. We think the
method in the present study was likely to evaluate superi-
ority and inferiority of image quality more sensitively and
reliably than conventional five-step rating.

In the present study, a 40%-ASIR image obtained at half
dose generally had comparable image quality to the stan-
dard-dose FBP image. The 40%-ASIR images obtained at
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a higher SD value than image Bgy (7.6 vs. 7.1, respectively) and
significantly lower SQSs than image Bg (—0.55 vs. —0.29, P = 0.038
for noise; —0.75 vs. —0.12, P = 0.007 for sharpness and —0.76 vs.
—0.01, P < 0.001 for nodules, respectively). a Noise, b sharpness,
¢ nodules

the quarter dose were worse than half-dose FBP images
with regard to both the image SD and subjective score.
According to the trend seen in Fig. 3, it may be difficult to
improve subjective image quality of the quarter dose image
to the level of the half-dose FBP image. These results may
imply that using ASIR cannot compensate for the degra-
dation of quality of a reduced-dose image at a lower range
of scan doses as well as at a standard range. If a low-dose
scan protocol for clinical lung imaging had already been
used, considerable dose reduction would not have been
achievable using ASIR.

In the present study, fairly good linear correlation was
observed between the subjective score and the objective
measurement for'image noise. Although ASIR changes
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noise texture [4, 6], the change had less effect on the
perceived amount of image noise. Relatively good corre-
lation was also observed between the SQS and the image
SD with regard to sharpness and visualization of tiny
nodules. The image SD may be used as a rough predictor of
subjective image quality as long as the dose reduction is
less than 50%. ‘

This study had limitations. Since no human images were
assessed, results of this study may not directly apply to
clinical imaging. The assumed standard dose for porcine
lungs may not simulate a standard dose of clinical lung
imaging as well. Use of a slice thickness of 5 mm is
another major limitation of this study. Smaller slice
thicknesses are currently used in clinical chest imaging,
and many normal and abnormal findings on chest CT are
visualized suboptimally on 5-mm slices. This may signif-
icantly affect the result particularly for the evaluation of
approximately 1-mm peripheral nodules. Another limita-
tion is that a reconstruction kernel that emphasizes a high
frequency component was not used. With such a kernel,
image noise would increase, and use of ASIR might be
more effective. Experiments with a thinner slice and a
kernel emphasizing high frequency would be more suitable
for considering the quality of ASIR images for lung CT.
Lesions with ground-glass opacity including bronchi-
oloalveolar carcinoma and interstitial pneumonia were not
evaluated, nor were low attenuating areas present in
emphysema. Images with an ASIR level of more than 40%
were not evaluated. A higher degree of ASIR would be
beneficial for dose reduction in some clinical situations like
screening. A recent article using clinical images reported
that images reconstructed with a higher percentage of
ASIR (70%) had a blothy pixilated texture, which did not
affect the diagnostic confidence [17]. Application of
Anderson’s functional measurement theory in medical
research is not common, and the reproducibility of the
result was not tested.

In conclusion, compared to the FBP algorithm, ASIR for
lung CT may enable an approximately 50% reduction in
dose from the standard dose, and visualization of small
structures is preserved.
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Abstract The objective was to investigate the
influence of the beat-to-beat movement of the coro-
nary arteries on image quality of multi-segment
reconstruction (MSR) images. Although MSR
improves temporal resolution, image quality would
be degraded by beat-to-beat movement of the coro-
nary arteries. In a retrospectively review, 18 patients
(mean age, 67.0 years) who underwent coronary CT
angiography using a 320-detector row CT were
included. The displacement and diameter of coronary
artery segments for each of the identified nine
landmarks was recorded. The motion ratio was
calculated as the division of displacement by diam-
eter. Image quality (IQ) was graded by a four-point
scale. The correlation between MSR 1Q score and the
motion ratio showed stronger negative correlation
than that between MSR 1Q score and the displacement
(r = —0.54 vs. r = —0.36). The average motion ratio
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for segments in which half-scan reconstruction (HSR)
IQ was better than MSR IQ (29.1%, group A) was
higher than that for segments in which MSR IQ was
better than HSR IQ (16.0%, group C). The motion
ratio in group C was lower than 25%. Difference in 1Q
scores of the HSR images was more frequent in group
A than in the remaining segments in which the motion
ratio was lower than 25% (16.7% vs. 66.0%;
P < 0.0002). The motion ratio could be a better index
than the displacement to evaluate the influence of the
motion of coronary arteries on image quality. MSR
images would be impaired by a motion ratio larger
than 25%. Image impairment of one of the HSR
images might also impair MSR images.

Keywords Coronary CT angiography -
Half-scan reconstruction - Image quality -
Multi-segment reconstruction -
Movement of coronary artery

Introduction

Advances in computed tomography (CT) have
improved image quality, leading to increased accu-
racy of diagnosis of coronary artery disease. Coro-
nary CT angiography (CCTA) is indicated in several
clinical pathologies due to its high negative predic-
tive value [1-5]. The wide area of the detector in 320-
detector row CT has enabled whole heart coverage in
an axial (not helical) scan mode with one gantry

@ Springer



