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Abstract

Background: Brain CT needs more attention to improve the extremely low image contrast and image texture.

Purpose: To evaluate the performance of iterative progressive reconstruction with visual modeling (IPV) for the im-
provement of low-contrast detectability (IPV-LCD) compared with filtered backprojection (FBP) and conventional IPV.

Materials and methods: Low-contrast and water phantoms were used. Helical scans were conducted with the use of a CT
scanner with 64 detectors. The tube voltage was set at 120 kVp; the tube current was adjusted from 60 to 300 mA with a slice
thickness of 0.625 mm and from 20 to 150 mA with a slice thickness of 5.0 mm. Images were reconstructed with the FBP,
conventional IPV, and IPV-LCD algorithms. The channelized Hotelling observer (CHO) model was applied in conjunction with the
use of low-contrast modules in the low-contrast phantom. The noise power spectrum (NPS) and normalizedNPSwere calculated.

Results: At the same standard and strong levels, the IPV-LCDmethod improved low-contrast detectability compared with
the conventional IPV, regardless of contrast-rod diameters. The mean CHO values at a slice thickness of 0.625 mmwere 1.83,
3.28, 4.40, 4.53, and 5.27 for FBP, IPV STD, IPV-LCD STD, IPV STR, and IPV-LCD STR, respectively. The normalized NPS for
the IPV-LCD STD and STR images were slightly shifted to the higher frequency compared with that for the FBP image.

Conclusion: IPV-LCD images further improve the low-contrast detectability compared with FBP and conventional IPV
images while maintaining similar FBP image appearances.
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Introduction

The capacity of diagnostic modalities to detect low-contrast
variations in anatomical regions, such as at the borders
of white and gray matters, is a critical issue in brain
computed tomography (CT) scans. Therefore, a higher
radiation dose is required for the detection of low-contrast
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regions. Iterative reconstruction (IR) is a useful tech-
nique used to control the increasing radiation dose while
maintaining image quality.1–3 However, researchers re-
ported that despite the improvements in image quality
parameters, using model-based IR (MBIR) compared
with FBP did not significantly improve low-contrast de-
tectability.4 Other researchers also indicated that the tex-
ture of images when MBIR is used influenced the
radiologist’s confidence for image interpretation.5 Addi-
tionally, IR images with modest radiation dose reduc-
tion cannot maintain observer performance.6 The reason
is attributed to the fact that the noise shifts to lower fre-
quency components, thus resulting in increased image
texture roughness.7,8 Therefore, IR images with the brain
CT need more attention to improve the extremely low
image contrast and image texture to maintain observer
performance.

Recently, iterative progressive reconstruction with visual
modeling (IPV) has been developed to improve low-
contrast detectability (IPV-LCD) as a reconstruction
method for brain CT. Compared with conventional IPV, the
use of IPV-LCD for brain CT employs multifrequency
signal recognition technology that improves signal sensi-
tivity by focusing on the low-frequency information for
which signal detection of low-contrast objects, such as
white and gray matter, is effective. Moreover, the frequency
response characteristics of the signal component are
modeled with the use of characteristics that are different
from those of the noise component. Therefore, the IPV-LCD
image expects additional low-contrast detectability im-
provements compared with filtered backprojection (FBP)
and conventional IPV. To investigate a large ensemble of
low-contrast detectability, the mathematical model observer
with the channelized Hotelling observer (CHO) was applied
in our study.9–12 The CHO can predict the capacity of
human vision to detect low-contrast objects in anatomical
images.

The purpose of our study was to focus on low-contrast
detectability and to evaluate the performance of IPV-LCD
compared with FBP and conventional IPV images in terms
of low-contrast detectability at different radiation doses, IR
levels, and slice thicknesses using the mathematical model
observer.

Materials and methods

Phantom

A low-contrast phantom (CCT189 MITA IQ low-contrast
phantom, The Phantom Laboratory Inc., Greenwich, NY,
USA) with a diameter of 220 mm was used for low-
contrast detectability evaluations in our study.13,14 The
phantom included eight contrast rods (four each with
10 and 40 mm lengths). At the 10 mm length, the nominal

contrast was 3, 5, 7, and 14 HU with fixed diameters
of 15 mm. At the 40 mm length, the combination of
nominal contrast and diameter was 3 HU with 10 mm,
5 HU with 7 mm, 7 HU with 5 mm, and 14 HU with 3 mm,
respectively. The present study excluded contrast rods
at 10 mm length and only used 40 mm length con-
trast rods mentioned above. Additionally, a water phan-
tom with an outer and inner diameter of φ210 and φ200,
respectively, was used to evaluate the noise power
spectrum.

CT scanning and image reconstruction

A CT scanner with 64 detectors (SCENARIA View, FU-
JIFILM Healthcare Corporation, Tokyo, Japan) was used in
all CT scans. The same area was scanned 50 times with the
use of the following scanning parameters: scan mode, he-
lical scan; beam width, 40.0 mm; beam pitch, 0.6; tube
voltage, 120 kV; gantry rotation time, 0.5 s; and detector
collimation, 64 × 0.625 mm, with eight different tube
currents (i.e., 60, 90, 120, 150, 180, 210, 240, and 300 mA)
with a slice thickness of 0.625 mm, and with the use of eight
different tube currents (i.e., 20, 30, 40, 50, 60, 90, 120, and
150 mA) with slice thickness of 5.0 mm. The display field-
of-view and slice thickness were set at 220 mm and 0.625/
5.0 mm, respectively. Filtered backprojection images were
reconstructed with a head standard reconstruction kernel
(F12). Conventional IPV images were reconstructed at two
noise reduction levels [standard 3 (IPV STD), nominal noise
reduction: 32%; strong 3 (IPV STR), nominal noise re-
duction: 56%]. IPV-LCD images were reconstructed at
two noise reduction levels [standard 4 (IPV-LCD STD),
nominal noise reduction: 32%; strong 3 (IPV-LCD STR),
nominal noise reduction: 56%] to obtain the same level of
noise reduction.

Low-contrast detectability index

A CHO analysis was used to quantify the low-contrast
detectability index.10 Ten dense-difference of Gaussian
(D-DOG) channels were used in the CHO.15,16 The channel
parameters used were: σ0 = 0.005, α = 1.4, and Q = 1.67,
which are the same values proposed in the referred publi-
cation.15 Internal noise was not considered in this study. The
inputs were subimage patches that were segmented with the
regions-of-interest (ROIs) of signal-present and signal-
absent images. The sizes of the ROIs were all 96 ×
96 pixels regardless of the size of the contrast-rod. The ROIs
of signal-present images were positioned at the center of
gravity of each contrast-rod in images, which were averaged
for signal-present slices. The ROIs of signal-absent images
were positioned at the same X–Yposition of each contrast-
rod in the low-contrast rod section. The low-contrast de-
tectability indices were measured by using 800 independent
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signal-present and signal-absent image pairs (40 contiguous
images × 20 scans) for a slice thickness of 0.625 mm, and
160 image pairs (eight contiguous images × 20 scans) for a
slice thickness of 5 mm for each combination of contrast-
rod, exposure dose (mAs), and reconstruction method.
Signal-present and signal-absent images were split into half
pairs before training and testing in observer studies.

NPS and normalized NPS

For five reconstruction methods (FBP, IPV STD, IPV STR,
IPV-LCD STD, and IPV-LCD STR) with a tube current of
50 mA, 390 images (39 contiguous slice images/scan ×
10 scans) were produced with a slice thicknesses of
0.625 mm. The ROI was defined as the central part of the
uniform section image, which consisted of 256 × 256 pixels.
The data were corrected for low-frequency trends using
second-order polynomial fitting. The power spectrum of the
ROI was obtained by dividing the squared magnitude of the
two-dimensional Fourier transform of the noisy ROI image
by the area of the ROI. This process was repeated for all
390 images and the mean of the spectra was calculated and
defined as the NPS.17,18 The normalized NPS was calcu-
lated by dividing the NPS value by the area under the NPS
curve.

Statistical analysis

The Student’s t-test was used to compare the improvement
ratio between the conventional IPVand IPV-LCD protocols
and between IPV-LCD STD and IPV-LCD STR protocols.
A probability (p) value < .05 was considered statistically
significant. All statistical analyses were performed with the
free-source statistical software R (version 4.0.3, The R
project for statistical computing, Vienna, Austria, http://
www.rproject.org/).

Results

Low-contrast detectability index

Figure 1 (slice thickness: 0.625 mm) and Figure 2 (slice
thickness: 5.0 mm) show the box plot graphs of the low-
contrast detectability index at different contrast-rod diam-
eters between the FBP and each IPV method. At the same
standard and strong levels, the IPV-LCD method improved
low-contrast detectability compared with conventional IPV,
regardless of contrast-rod diameters. The mean CHO values
at a slice thickness of 0.625 mm were 1.83, 3.28, 4.40, 4.53,
and 5.27 for FBP, IPV STD, IPV-LCD STD, IPV STR, and
IPV-LCD STR, respectively (Table 1). The IPV-LCD STD
had higher values than conventional IPVs of standard and
strong levels (IPV STD and IPV STR). The mean values for
a slice thickness of 5.0 mm exhibited similar tendencies as

those for a slice thickness of 0.625 mm. Additionally, the
IPV-LCD method obtained higher values than the con-
ventional IPVand FBP methods (Table 1). The areas-under-
curves (AUCs) obtained from low-contrast detectability at
slice thicknesses of 0.625 mm and 5.0 mm corresponded to
0.62–0.99 and 0.61–1.0 in the case of the FBP, 0.72–1.0 and
0.63–1.0 in the case of IPV-LCD STD, and 0.75–1.0 and
0.63–1.0 with IPV-LCD STR (Figure 3).

Improvement ratio of low-contrast detectability

Figure 4 shows the improvement ratio of the low-contrast
detectability of IPV with respect to FBP. At a slice thick-
nesses of 0.625 mm, the improvement ratios of the low-
contrast detectability for IPV/FBP and IPV-LCD/FBP were
1.82 vs 2.43 (p < .001) at standard levels, and 2.59 vs 2.91
(p < .001) at strong levels, respectively. The improvement
ratio of low-contrast detectability increased in the case of
IPV-LCD compared with the conventional IPV method,
regardless of the IR levels and slice thickness values.
Figure 5 shows the improvement ratio of IPV-LCD for
conventional IPV on standard and strong levels. The im-
provement ratios on 0.625 mm and 5.0 mm slice thicknesses
were higher in the case of the standard compared with the
strong level. Statistically significant differences were ob-
served between IPV-LCD/IPV STD and IPV-LCD/IPV STR
at 0.625 mm (p < .001) and at 5.0 mm (p < .01).

NPS and normalized NPS

Figure 6 presents the NPS and normalized NPS for FBP,
conventional IPV, and IPV-LCD. The NPS of IPV-LCD
STR images yielded the largest decreases compared with the
FBP images over the entire frequency range at a slice
thickness of 0.625 mm (Figure 6(a)). The IPV-LCD STD
was obtained at the lower NPS curve compared with the IPV
STD. The normalized NPS for the IPV-LCD STD and STR
images were slightly shifted to the higher frequency
compared with that for the FBP image (Figure 6(b)).

Discussion

The study investigated the performance of extremely low
image contrast images obtained with IPV-LCD compared
with FBP and conventional IPV using the mathematical
model observer. In the model observer study, CHO analysis
was typically used for the evaluation of the low-contrast
detectability because it captures the overall human de-
tectability trends. Compared with conventional IPV, the
IPV-LCD method for slice thicknesses of 0.625 mm and
5.0 mm improved the low-contrast detectability values by
34.1% and 16.3% at the standard level and by 29.1% and
14.0% at the strong level, respectively. Additionally, the
IPV-LCD at the standard level yielded a more pronounced
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Figure 1. Box plot graphs of the low-contrast detectability index at different contrast-rod diameters between the filtered
backprojection (FBP) and each iterative progressive reconstruction with the visual modeling (IPV) method tested herein (slice
thickness: 0.625 mm). At the same standard and strong levels, the IPV-low-contrast detectability (LCD) method yielded improved low-
contrast detectability compared with the conventional IPV method, regardless of contrast-rod diameters.

Figure 2. Box plot graphs of the low-contrast detectability index at different contrast-rod diameters between the FBP and each IPV
method (slice thickness: 5.0 mm).
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improvement ratio than that of the strong level. The NPS
with IPV-LCD yielded lower curve values than that with
IPV at the same standard or strong levels. The NPS with
IPV-LCD and IPV images controlled the lower frequency
shift in the reconstruction images so that a similar curve was
obtained as that in the case of the FBP images.

IPV-LCD enables additional low-contrast detectability
improvements with images with similar appearances as FBP
images. The conventional IPV uses the equivalent fre-
quency response between signal and noise components. In

the case of the use of IPV-LCD for brain CT, the frequency
response characteristics in the noise frequency component
were different from the signal frequency response. The
noise in the images included the higher frequency com-
ponent compared with the frequency of the signal in the
image. Moreover, IPV-LCD introduced multifrequency
signal recognition technology pertaining to the frequency
information of the recognized signal. The technology im-
proved signal sensitivity based on the effective use of the
low frequencies responsible for low-contrast signals. For

Table 1. Mean CHO and standard deviation values with FBP, conventional IPV, and IPV-LCD methods at a slice of 0.625 mm and
5.0 mm.

Nodule size FBP IPV STD IPV-LCD STD IPV STR IPV-LCD STR

0.625 mm 3φ 0.94 ± 0.46 1.85 ± 0.85 2.39 ± 1.12 2.67 ± 1.04 2.89 ± 1.35
5φ 1.62 ± 0.61 3.01 ± 1.24 4.03 ± 1.54 4.21 ± 1.54 4.86 ± 1.91
7φ 2.35 ± 0.80 4.21 ± 1.61 5.68 ± 1.98 5.73 ± 1.93 6.84 ± 2.44
10φ 2.42 ± 0.85 4.06 ± 1.49 5.49 ± 1.93 5.51 ± 1.77 6.51 ± 2.32
Total 1.83 ± 0.68 3.28 ± 1.30 4.40 ± 1.64 4.53 ± 1.57 5.27 ± 2.01

5.0 mm 3φ 1.62 ± 0.95 2.10 ± 1.28 2.60 ± 1.74 2.56 ± 1.30 2.74 ± 1.81
5φ 2.71 ± 1.36 3.31 ± 1.82 4.14 ± 2.12 3.87 ± 1.88 4.29 ± 2.37
7φ 3.95 ± 1.95 4.81 ± 2.56 6.04 ± 2.81 5.52 ± 2.59 6.27 ± 3.06
10φ 3.72 ± 1.46 4.36 ± 2.09 6.02 ± 2.59 5.17 ± 2.25 6.22 ± 2.93
Total 3.00 ± 1.43 3.64 ± 1.94 4.70 ± 2.31 4.28 ± 2.00 4.88 ± 2.54

Figure 3. Areas-under-curves obtained from low-contrast detectability at the slice thicknesses of 0.625 mm and 5.0 mm.
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this reason, the IPV-LCD provided improved visibility of
low-contrast signals. Using the technology, the IPV-LCD
reduced the image noise and preserved low-contrast signals
based on the accurate discrimination of signal and noise
frequencies. Therefore, further improvement of low-contrast
detectability was achieved with IPV-LCD compared with
conventional IPV. The noise characteristics with IPV-LCD are
explained by the results of normalized NPS. The peak fre-
quency of the normalized NPS with the IPV-LCDmethod was
shifted slightly to higher frequencies compared with FBP.

Dose optimization is more challenging for low-contrast
regions while maintaining image quality, image appearance,
and diagnostic confidence. Image quality of conventional IR
with the noise reduction in higher IR levels could not be
compared with that of FBP owing to the different noise
texture patterns, such as “plastic,” and “oil-paint” impres-
sions.8 The image appearance influenced the radiologist’s
confidence for image interpretation, especially the diagnosis
of low-contrast lesions. For instance, in clinical thrombo-
lytic therapy for hyperacute ischemic stroke, accurate lo-
calization of early ischemic changes on brain CT is valuable
in determining the indication for treatment and prognosis.19

Therefore, it is necessary to detect the low-contrast area on
the affected side, and accurately depict at the same time the
parenchymal structure on the healthy side. The improve-
ment of signal sensitivity of low-contrast subjects and the
difference in frequency characteristics between signal and
noise components by the IPV-LCD can improve lesion
detection in left–right comparative reading in brain CT of
hyperacute stroke patients. Furthermore, the change in
image texture caused by the shifting of noise to the lower
frequency side may affect the reliability of image diagnosis
during comparative reading with past images. Therefore, the
improvement of noise and suppression of image texture
changes by the IPV-LCD is anticipated to lead to more
accurate diagnosis of hyperacute stroke and scoring out-
comes based the on Alberta Stroke Program Early CT Score
(ASPECTS).19,20

This study is associated with several limitations. First,
our study did not attempt all the combinations of IR levels,
but applied two levels, which were associated with
equivalent noise reductions between the conventional IPV
and IPV-LCD. At these IR levels, standard levels are
commonly used in clinical situations. Second, tube current

Figure 4. Improvement ratio of the low-contrast detectability of IPV for FBP. The improvement ratio of low-contrast detectability
increased in the case of IPV-LCD compared with the conventional IPV method, regardless of the iterative reconstruction levels and
slice thickness values.
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Figure 5. Improvement ratio of IPV-LCD for conventional IPV on standard and strong levels. The improvement ratios were higher at
the standard compared with the strong levels.

Figure 6. Noise power spectrum (NPS) and normalized NPS for FBP, conventional IPV, and IPV-LCD. The normalized NPS for the IPV-
LCD STD and STR images were slightly shifted to higher frequencies compared with the FBP image.
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values for slice thicknesses of 0.625 mm and 5.0 mm were
predetermined based on the AUC values for low-contrast
detectability of FBP images. Finally, the mathematical
model observer with the CHO was applied to detect the
large ensemble of low-contrast objects. Although the CHO
can predict the capacity of human vision, the obtained
values may not be exactly the same as those of human
observers. Nonetheless, the study results can be directly
translated to clinical situations.

In conclusion, our study focuses on low-contrast de-
tectability, and compared IPV-LCD image outcomes with
those obtained by FBP and conventional IPV imaging. IPV-
LCD images further improve the low-contrast detectability
compared with IPV and FBP images while maintaining
similar FBP image appearances.
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