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Abstract

Introduction The purpose of this study was to evaluate the
utility of iterative model reconstruction (IMR) in brain CT
especially with thin-slice images.

Methods This prospective study received institutional review
board approval, and prior informed consent to participate was
obtained from all patients. We enrolled 34 patients who
underwent brain CT and reconstructed axial images with fil-
tered back projection (FBP), hybrid iterative reconstruction
(HIR) and IMR with 1 and 5 mm slice thicknesses. The CT
number, image noise, contrast, and contrast noise ratio (CNR)
between the thalamus and internal capsule, and the rate of
increase of image noise in 1 and 5 mm thickness images be-
tween the reconstruction methods, were assessed. Two inde-
pendent radiologists assessed image contrast, image noise,
image sharpness, and overall image quality on a 4-point scale.
Results The CNRs in 1 and 5 mm slice thickness were signif-
icantly higher with IMR (1.2+0.6 and 2.2+0.8, respectively)
than with FBP (0.4+0.3 and 1.0+0.4, respectively) and HIR
(0.5£0.3 and 1.2+0.4, respectively) (» <0.01). The mean rate
of increasing noise from 5 to 1 mm thickness images was
significantly lower with IMR (1.7+£0.3) than with FBP (2.3
+0.3)and HIR (2.3£0.4) (p <0.01). There were no significant
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differences in qualitative analysis of unfamiliar image texture
between the reconstruction techniques.

Conclusion IMR offers significant noise reduction and higher
contrast and CNR in brain CT, especially for thin-slice images,
when compared to FBP and HIR.

Keywords CT - Iterative reconstruction - Brain - Radiation
dose

Introduction

Dose reduction in computed tomography (CT) has become of
major importance due to concerns over the risks of carcino-
genesis related to ionizing radiation [1-3]. Nevertheless, dose
reduction must be balanced by an acceptable level of image
quality, and diagnostic accuracy must be adequately main-
tained. Image noise is a particularly serious problem for brain
CT, as the safe level of CT imaging in normal brain tissues
such as the gray and white matter regions is as low as 5-10
Hounsfield unit (HU) [4, 5]. As such, brain CT is traditionally
reconstructed with a relatively thick image slice thickness
(5 mm for the new multislice CT and 10 mm for the older
CT), as image noise is inversely proportional to the square
root of the slice thickness [6]. However, it was previously
suggested that the thick reconstruction slices are prone to par-
tial volume effects that can interfere with assessment of small
hemorrhage [7]. Additionally, CT scanners generally mini-
mize the beam-hardening effect of the cranial bone by using
calibration correction and iterative beam-hardening correction
software. However, these techniques can often over- or
under-correct due to complicated patient anatomy [8].
Therefore, obtaining high spatial resolution brain CT with
adequate image noise is difficult without increasing the radi-
ation dose.
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Table 1 Scan

parameters of brain CT Scan parameters

Beam collimation (mm) 128 x 0.625
Slice thickness (mm) 5,1

Tube voltage (kVp) 120

Tube current (mA) 293
Rotation time (s) 0.4
CTDlI,q (mGy) 40.8

CTDI,,; volume CT dose index

An iterative reconstruction (IR) algorithm for CT was pre-
viously introduced to reduce the image noise, and recent stud-
ies suggest that iterative reconstruction techniques are suitable
for low-dose brain CT [9, 10]. However, these studies also
recommended that such IR techniques must be used with
low noise reduction settings due to the appearance of unfamil-
iar image texture and blocky noise when compared with the
filtered back projection (FBP) technique [9]. Nevertheless, the
recent evolution of the IR technique may allow development
of a full-IR system with more sophisticated modeling of the
real CT system, with promising results reported for various CT
examinations [11-15]. However, these reconstruction tech-
niques have only one reconstruction parameter and are not
specialized to brain CT examination. Further, to our knowl-
edge, clinical studies evaluating the utility of a full-IR tech-
nique with a system model for brain CT are unavailable.

The iterative model reconstruction algorithm is a full-IR
technique that includes statistical and physical/system models
with specialized reconstruction parameters for various imag-
ing methods including brain CT. In the present study, we used
this system to evaluate the utility of IMR in brain CT, partic-
ularly with thin-slice images.

Table 2  Quantitative image analysis

Materials and methods

This prospective study received institutional review board ap-
proval. Prior informed consent to participate was obtained
from all patients.

Patients

Between February and March 2014, 34 patients with a suspi-
cion or a past history of brain disease were enrolled in this
study. There were 18 males and 16 females, ranging in age
from 16 to 94 years (mean 66.7 years).

CT scanning and reconstruction

All patients were scanned on a 256-slice MDCT scanner
(Brilliance iCT, Philips Healthcare, Cleveland, OH, USA)
with 120 kVp, a 0.4 s gantry rotation, helical pitch of 0.39,
and a 293 mA tube current. The detailed scan parameters are
shown in Table 1. For an estimation of the CT radiation dose,
the CT volume dose index (CTDI,,,) and the dose length
product (DLP) were recorded. The effective dose (ED) for
brain CT was derived from the product of DLP and a conver-
sion coefficient for the brain, as previously reported
(k=0.0021 mSv mGy ' em ") [16].

Image reconstruction was performed in a 25-cm display
field of view (FOV) with 1 and 5 mm slice thicknesses. All
images were reconstructed using a standard (FBP) algorithm
with a standard brain kernel (UB), the hybrid iterative recon-
struction with a standard brain kernel (UB, iDose"—level 2),
and the IMR technique (IMR—neuro routine level 1). We
selected low iterative reconstruction levels (hybrid iterative

Thickness  FBP HIR IMR p Value (pairwise comparisons)
FBPvs HIR  FBPvsIMR  HIR vs IMR
Mean CT number—thalamus (HU) 1 mm 31.3+£23 31.3+22  30.6+2.1 0.91 <0.01 <0.01
Mean CT number—internal capsule (HU) 26.7+2.1  26.7+£2.0 259+1.5 0.90 <0.01 <0.01
Contrast (HU) 45+27 45+2.6 47+19 0.98 0.36 0.52
Image noise (HU) 11.3+1.7 9.5+1.5 4.0+0.7 <0.01 <0.01 <0.01
CNR 04+0.3 05+0.3 1.2+0.6  <0.01 <0.01 <0.01
Mean CT number—thalamus (HU) 5 mm 314+1.8 314+18 30.6+1.8 1.00 <0.01 <0.01
Mean CT number—internal 26.6+1.5 26.6+15 255+14 0.73 <0.01 <0.01
capsule (HU)
Contrast (HU) 49+1.7 48+1.7 51+1.6 0.71 <0.01 <0.01
Image noise (HU) 49+0.5 41+04 24+03  <0.01 <0.01 <0.01
CNR 1.0+0.4 12+04 22+08 <001 <0.01 <0.01
Noise increasing rate - 23403 23+04 1.7£0.3 0.79 <0.01 <0.01

Data are shown as the mean + standard deviation

FBP filtered back projection, HIR hybrid iterative reconstruction, /MR iterative model reconstruction, CNR contrast noise ratio
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level of 2 and an IMR level of 1) for this study because pre-
vious reports suggested that the high level iterative reconstruc-
tion cannot preserve the low contrast detectability [17—19] and
the vender recommended us to use the low level iterative
reconstruction for brain imaging.

Quantitative image analysis

A board-certified radiologist with 19-year experience with
brain CT performed quantitative image analysis on 1 and
5 mm thickness images with each reconstruction technique.
The mean attenuation of the thalamus (CT#ga1amus) Without
pathology in a circular region of interest (ROI) of 10 mm and
the internal capsule (CT#ipeernat capsute) Without pathology in a
circular ROI of 4 mm were measured. In addition, to evaluate
the image noise, we measured the standard deviation (SD) of
attenuation on the ROI of the thalamus. To minimize bias from
single measurements, we measured three ROIs in three differ-
ent sequential slices for all ROIs and calculated the mean of all
measurements. Image noise was defined as the SD of ROI of
the thalamus. The CNR was calculated as follows:

CNR = (CT#thalamus_ CT#imemal capsule)/(image noise)

We also calculated the noise increasing rate (NIR) of hybrid
iterative reconstruction (HIR) and IMR to FBP from the 1 to
5 mm thickness images as follows:

NIR = (image noise of 1 mm thickness images)/

(image noise of 5 mm thickness images).

Qualitative image analysis

To evaluate the image quality under the different protocols, we
performed qualitative image analysis at a window level of 40
HU and a width of 100 HU (standard brain window setting) on
a PACS viewer (Synapse; Fuji Film Medical). Two
board-certified radiologists with 5 and 8 years of respective
experience with brain CT independently graded image contrast,
image noise, image sharpness, image texture, and overall image
quality. The CT datasets were randomized, and the radiologists
were blinded to the acquisition parameters; they were allowed
to adjust the window level and width. Using a 4-point subjec-
tive scale, they independently graded image contrast and over-
all image quality (1=unacceptable, 2 =acceptable, 3 =good,
4=excellent). Image noise and unfamiliar image texture were
similarly graded as image noise or unfamiliar image texture
present and unacceptable=grade 1, image noise or unfamiliar
image texture present and interfering with the depiction of ad-
jacent structures=grade 2, image noise or unfamiliar image
texture present without interfering with the depiction of adja-
cent structures=grade 3, and no noise or unfamiliar image

texture=grade 4. Image sharpness was graded by evaluating
the brain surface sharpness as blurry=grade 1, poorer than
average =grade 2, better than average=grade 3, and
sharpest=grade 4. In cases of interobserver disagreement, final
decisions were reached by consensus.

Statistical analysis

All numeric values are reported as the mean+SD. The CT
numbers, contrast, image noise, and CNR of each of the re-
construction images were compared using the Kruskal-Wallis
test. If there was a statistically significant difference among
the different reconstruction techniques, we performed
pairwise comparisons with the Holm test. For qualitative anal-
ysis, we used the Friedman’s test and the Scheffe’s test.
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Fig. 1 Quantitative image analysis of the contrast noise ratio and the
noise increasing rate with 1-mm-thick images. The contrast noise ratio
of the iterative model reconstruction was significantly higher than the
hybrid iterative reconstruction and the filtered back projection with 5-
mm slice thickness images (a) and with 1-mm slice thickness images
(b) (p<0.01). The mean noise increasing rate from 5 to 1-mm-thick
images was significantly lower with iterative model reconstruction than
that with the other reconstruction techniques (p <0.01)
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Table 3 Results of

qualitative image FBP HIR IMR Kappa  p Value (pairwise comparisons)
analysis
FBPvsHIR FBPvsIMR HIR vs IMR
Image contrast 31+£07 35+06 38+04 0.63 0.60 0.01 0.26
Image noise 1.9+08 25+£0.7 3.6x05 0.66 0.25 <0.01 0.01
Image sharpness 21+05 27+07 3.6+05 045 0.18 <0.01 0.04
Unfamiliar image 3.6+05 34+05 35+05 054 0.58 091 0.93
texture
Overall image quality  2.0£0.7 28+08 3.6+05 0.64 0.08 <0.01 0.10

Data are shown as the mean + standard deviation

FBP filtered back projection, /IR hybrid iterative reconstruction, /MR iterative model reconstruction

Differences of p<0.05 were considered statistically signifi-
cant. The scale for the Kappa coefficients for interobserver
agreement was less than 0.20=poor, 0.21-0.40="fair, 0.41—
0.60 =moderate, 0.61-0.80=substantial, and 0.81-
1.00=near perfect. Statistical analyses were performed with
the free statistical software “R” (R, version 2.6.1; The R
Project for Statistical Computing; http://www.r-project.org/).

Results
Quantitative image analysis

The results of the quantitative image analysis of patients are
summarized in Table 2 and Fig. 1. The average DLP and the
ED were 833.5+67.1 mGy cm and 1.75+0.01 mSv, respec-
tively. The mean CT numbers of the thalamus and the internal
capsule were significantly lower with IMR images than with
FBP and HIR in 1 and 5 mm thickness images (p<0.01). The

contrast of the thalamus and the internal capsule was signifi-
cantly higher with IMR (5.1£0.2 HU) than with FBP (4.9
+1.7 HU) and HIR (4.8+1.7 HU) in 5 mm thickness images
(»<0.01). The image noise was significantly lower with IMR
(1 mm 4.0+0.7 HU, 5 mm 2.4+0.3 HU) compared to FBP
(Imm11.3+1.7HU, 5mm4.9+0.5 HU) and HIR (1 mm 9.5
+1.5 HU, 5 mm 4.1+0.4 HU) (p<0.01). The CNR in 1 and
5 mm slice thickness images were significantly higher with
IMR (1.2+0.6 and 2.2 +0.8, respectively) than with FBP (0.4
+0.3 and 1.0+0.4, respectively) and HIR (0.5+0.3 and 1.2
+0.4, respectively) (p<0.01). The mean noise increasing rate
from 5 to 1 mm thickness images was significantly lower with
IMR (1.7£0.3) than that with FBP (2.3+£0.3) and HIR (2.3
+0.4) (p<0.01).

Qualitative image analysis

On visual evaluation, there were no significant overall differ-
ences in unfamiliar image texture. However, there were

p=001 p<0.01 p<0.01 p=091 p <001
r 1 r 1 I 1 T | r 1

4 p=0.60 p=0.26 p=0.25p=0.01 p=0.18 p=0.04 p=0.58 p=0.93 p=0.08 p=0.10
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Fig. 2 Qualitative image analysis. Pairwise comparisons revealed that
iterative model reconstruction provided significantly higher scores in
image contrast, image noise, image sharpness, image texture, and
overall image quality than filtered back projection (p <0.05). The
iterative model reconstruction also provided significantly higher scores
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significant overall differences with respect to image noise,
image sharpness, and overall image quality (p<0.05) (Table
3, Fig. 2). Pairwise comparisons revealed that IMR provided
significantly higher scores in image contrast, image noise,
image sharpness, image texture and overall image quality than
FBP (p<0.05). IMR also provided significantly higher scores
in image noise, image sharpness and overall image quality
than HIR (p<0.05). However, there were no significant dif-
ferences in all qualitative analyses between FBP and HIR.
There was moderate-to-substantial interobserver agreement
for image contrast, image noise, image sharpness, image tex-
ture, and overall image quality (kappa=0.63, 0.66, 0.45, 0.54,
and 0.64, respectively). Representative cases are shown in
Figs. 3 and 4.

Discussion

Our results demonstrate that the IMR technique significantly
improved both qualitative and quantitative image quality in
low-dose brain CT when compared with the FBP and HIR
techniques. This advanced IR technique offers extremely
higher noise reduction, especially in thin-slice images, than

%

Fig. 3 Thin-slice thickness (1 mm) transverse images and the
multiplanar reformation images of filtered back projection (a), hybrid
iterative reconstruction (b), and iterative model reconstruction (c¢) for an
87-year-old man with acute right middle cerebral artery thrombosis. The
iterative model reconstruction provided significant noise reduction com-
pared with hybrid iterative reconstruction and filtered back projection and
clearly depicted the border of the infarction area. The iterative model
reconstruction also increased the contrast between the cerebral infarction
area and the non-infarction area

Fig. 4 Thin-slice thickness (1 mm) transverse images and the
multiplanar reformation images of filtered back projection (a, d), hybrid
iterative reconstruction (b, e), and iterative model reconstruction (c, f) for
brain CT in a 71-year-old man with a traffic accident. Thin-slice thickness
(1 mm) transverse images with iterative model reconstruction clearly
depicted the small brain contusion in the right frontal lobe, and the image
noise was lower than other reconstruction techniques

that with the HIR technique. Additionally, unfamiliar image
texture was not a significant problem for the IMR technique.

Many studies have suggested that the full-IR method is
suitable for the majority of imaging modalities. However, it
has not been widely applied to brain CT, and compared with
other techniques, image reconstruction of brain CT requires
assessment of the beam-hardening effect from the skull bone,
which may lead to artifacts if not correctly handled during
reconstruction. In FBP-based methods, the beam hardening
due to bone is generally corrected by post-processing steps
[20]. For example, the initial images are first reconstructed
using uncorrected projection data. Secondly, the bone is de-
tected using a Hounsfield unit cutoff. Thirdly, these are for-
ward projected and a custom beam-hardening correction for
each detector element is performed. Lastly, the final images
are reconstructed using corrected projection data. For full-IR
methods, a number of methods have been introduced into the
iterative reconstruction loop or directly on the projection data
to avoid beam-hardening artifacts [21]. However, this process
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can make it difficult to develop a full-IR method for the brain
when compared with other examinations.

Our data suggests that IMR provides a higher image noise
reduction than that for HIR especially with thin-slice images.
The reason why IMR can reduce more image noise than HIR
might be that IMR technique might be a fully iterative recon-
struction technique using various models. For example, accu-
rate simulation of the Poisson distribution of the X-ray photon
using a “statistical model” and the cone beam X-ray and the
absorbing voxels using a “system physical model” were re-
ported to suppress various artifacts [22]. High noise reduction
rate of IMR might be well-suited for low-dose brain CT.
Additionally, IMR offers a thin-slice volume acquisition with
adequate image noise that allows multiplanar reconstruction
(MPR). The clinical value of MPR images for brain disease in
MRI has been widely reported [23, 24], and we consider that
MPR brain CT images with IMR may be useful for improving
the diagnostic performance of brain CT.

The development of unfamiliar texture with IMR was not a
serious problem in the present study. However, it was previ-
ously reported that other full-IR techniques can exhibit a
pixelated blotchy appearance and lack of familiarity for radi-
ologists [25-27]. The cause of these contrasting results is un-
known, although tuning of the reconstruction parameters of
IMR to the brain may suppress this unfamiliar image texture.
IMR changes the tuning of iterative reconstruction based on
the body area and the experimental reconstructed images and
thus may allow tuning of the IMR reconstruction parameters
to mimic the conventional appearance of brain CT images
with the FBP technique.

Another finding of our study was that FBP and HIR exhib-
ited a similar CT number, while IMR exhibited a slightly
lower CT number and higher contrast than other reconstruc-
tion technique. There is no phantom study about the change of
the CT number at iterative model reconstruction for brain CT;
therefore, a detailed phantom study may be required to define
which reconstruction technique offers the most precise CT
numbers. However, the increased contrast in IMR may be
particularly suited to detection of slight attenuation changes
in brain CT examination.

There are some limitations to our study. First, we did not
evaluate the radiologist’s diagnostic performances for brain
disease because the prevalence of brain disease in this study
population is too low to perform such an evaluation.
Large-scale clinical trials containing various patient cohorts
are needed to evaluate the performance of IMR with low ra-
diation dose brain CT. Second, we evaluated only one radia-
tion dose setting in this study. Previous reports suggested that
the other IR technique failed to improve the detectability of
low-contrast objects at low radiation doses [19]. Additionally,
there was only one phantom study about the IMR for brain CT
in this study period [28]. Therefore, we cannot have confi-
dence in the image quality of the IMR at extremely
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low-dose setting and evaluated the innocuous dose setting
for diagnosis in this study. Third, the small size of the sample
may limit the generalization of our results. Finally, we used
the DLP based on CTDI,,; and the scan range to estimate the
ED. Hurwitz et al. [29] reported that use of the DLP method to
calculate ED could result in underestimations, compared with
direct organ measurements. Therefore, we may have
underestimated the ED in our study, as accurate ED evaluation
requires direct organ measurements.

In conclusion, the IMR offers significant noise reduction
and higher contrast and CNR in brain CT, especially with
thin-slice images, when compared to FBP and HIR.
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