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Abstract

Background: Iterative reconstruction (IR) techniques have tried to reduce the radiation dose of computed tomography (CT)
scans while maintaining the image quality. One of the IR techniques is the adaptive statistical iterative reconstruction (ASIR).
Increasing the amount of ASIR in image reconstruction can lead to the emergence of artifacts and reduce the ability to detect
objects with low contrast.

Objective: This study aimed to optimize the ASIR technique to reduce the radiation dose and increase image quality in
pediatric abdominal CT.

Methods: This is a phantom study performed using variable tube current (40,100,140 and 200mA) and ASIR level (ASIR
10% to ASIR 100%). Various criteria including noise, high-contrast spatial resolution, and Channelized Hotelling observer’s
model were used to compare image quality at different captured levels. In this study CHO model was used for low contrast
detectability.

Results: The result was quit promising in the term of CHO’s used for mentioned purposes. The noise of reconstructed
images with 30% ASIR and higher levels had a significant difference compared to the reconstructed images by the Filter
Back Projection (FBP) method (P < 0.05). The spatial resolution of the images with tube currents of 140, 100, and 40 mA
reconstructed with 30, 50, and 80% levels of ASIR technique was equal to 0.8 + 0.144 pairs of lines per millimeter. The amount
of the spatial resolution of images obtained with standard radiation dose and reconstructed by FBP method was 1 pair of lines
per mm (p> 0.05).

Conclusion: Based on the results of this study, using 50% ASIR for the pediatric population can reduce the radiation dose
on abdominal and pelvic CT scans by 50% while maintaining image quality. Furthermore using ASIR 50% only for the
reconstruction of abdominal and pelvic images in children at standard radiation dose leads to optimal image quality.
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Abbreviations: ASIR: Adaptive Statistical Iterative
Reconstruction; FBP: Filter Back Projection; ROI: Region-Of-
Interest; CHO: Channelized Hotelling Observers; FOM: Figure
of Merit; AUC: Area Under the Curve; ROC: Receiver Operating
Characteristicc MTF: Modulation Transfer Function; SSP:
Section Sensitivity Profile.

Introduction

Although computed tomography produces high-quality
and accurate images and is widely used in early medical
diagnoses, it can be a relatively high radiation dose imaging
test [1]. Previous studies have shown that while computed
tomography accounts for only 15% of all imaging tests, it
accounts for more than 75% of all radiation [2-4]. Besides,
there are potential risks associated with ionizing radiation,
such as cancer, especially for children. They are also more in
danger of probable radiation hazards because of their long
life expectancy [5]. For this reason, the radiology community
has paid much attention to reducing the exposure of patients,
especially children, through the optimization of scanning
protocols. Companies manufacturing CT scanning systems
also attempted to invent techniques to maintain or improve
image quality while reducing the radiation dose. They
have made it one of the main focuses of their research and
development goals [6]. Low-dose CT imaging has always
been difficult because reducing the dose increases the noise
and reduces the image’s diagnostic quality.

Therefore, as part of image acquisition, most dose
reduction techniques try to maintain image quality while
reducing the amount of radiation by optimizing scan
parameters such as scan time and tube current. Iterative
reconstruction (IR) techniques have recently maintained
or even increased the diagnostic quality of images using
different strategies at low doses [6,7]. One of the iterative
reconstruction techniques is the adaptive statistical iterative
reconstruction (ASIR). Despite the high processing speed
and good image quality of the Filter Back Projection (FBP)
reconstruction technique, it is weak in low-dose imaging. In
addition, the images have lost their accuracy and diagnostic
quality due to excessive noise and artifacts. However, the ASIR
technique uses various complicated mathematical models
to eliminate noise from low-dose images and maintain or
improve image quality [6-8].

Although just using the ASIR technique in reconstruction
can significantly reduce image noise, radiologists still use
a hybrid reconstruction algorithm consisting of FBP and
IR to reconstruct images. Radiologists decide how much
ASIR to use (as a percentage) in image reconstruction in
each imaging test. In many protocols that use the ASIR
reconstruction technique, the value is set between 10 and
40% [7]. It means that the exposure can be reduced by 10
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to 40% without jeopardizing image quality. Previous studies
have also suggested a combination of 30-50% ASIR and FBP
for abdominal and pelvic imaging in adults [9-11]. However,
few studies have attempted to establish an appropriate
reconstruction protocol in the pediatric population [12-14].
In most previous studies [9,10] radiation dose and image
quality have been optimized using patients. Using patients
to optimize radiation dose may increase the dose received
by patients, so in this study, phantom and model observer
were used. The use of the model observer brings the results
obtained in this study closer to the clinical results. In fact,
The model observer represents the conditions of an ideal
observer and predicts its performance. Today, various
models observer have been developed to predict human
observer performance [15]. One of these models is called
CHO. The CHO model has been widely used in a variety of
imaging modalities including CT scan, MRI, mammography
and nuclear medicine [16-19]. Furthermore, previous
studies have indicated that increasing the amount of ASIR in
image reconstruction can lead to the emergence of artifacts
and reduce the ability to detect objects with low contrast [4].
Therefore, this study aimed to optimize the ASIR technique
to reduce the radiation dose and increase image quality in
pediatric abdominal CT.

Methods
CT scanner and phantom

All experiments in this study were performed on a 64-slice
scanner (GE Healthcare. Light Speed VCT). The BMMD-7
phantom made in the USA (Figure 1) was used to evaluate the
image quality. This phantom consists of four sections to assess
the parameters of low contrast resolution, spatial resolution,
noise, and CT number accuracy. The diameter of the phantom
was 16cm. It should be noted that despite significant changes
in dimensions in the age group studied, the average standard
diameter defined for children is 16 cm, so in this study, a
phantom with a diameter of 16 cm was used.

-

Figure 1: MDCT scanner and BMMD 7-phantom.
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Imaging of phantom was performed based on the scan
parameters shown in Table 1. These parameters were
selected according to the recommended scan conditions
for imaging children’s abdomen and pelvis. To evaluate the
impact of ASIR on the radiation dose, the scan was repeated
with various mAs (140, 100, and 40 mA).

Scanning parameters
Tube voltage 100
Tube current 200
Rotation time 0.5
Slice thickness 5
Matrix 512 x512
Pitch ratio 1

Table 1: The scan parameters for a patient with an ideal
weight.

Image reconstruction

All raw imaging phantom data obtained with tube
currents of 200, 140, 100, and 40 mA were reconstructed by
FBP and ASIR (ASIR 10% to ASIR 100%). A total of 396 image
(FBP: four mAs setting * nine times repeating the scan; ASIR:
four mAs setting * nine times repeating the scan* ten levels
of ASIR) of the phantom were obtained according to different
imaging parameters and different reconstructions.
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Numerical measurement

Noise

The noise was determined on images of the uniform
BMMD-7 CT module as the standard deviation of the pixel
values in a square region-of-interest (ROI) situated at the
center of the phantom module. To measure the noise of the
obtained images, a central ROI of 500 pixels was immersed in
the center of the water phantom image, and four other ROIs
of the same size were located at a distance of one centimeter
from the edges of the phantom, and finally, the standard
deviation of CT numbers was reported as the image noise. To
reduce error and get the right results, each of the noise values
shown in this study was obtained based on five repetitions of
the image, and its average was reported as noise.

High-Contrast Spatial Resolution

The phantom spatial resolution model (Figure 2) consists
of seven rows of cavities with a maximum density difference
relative to the background, which reduces the diameter and
distance between the holes from top to bottom. The lowest
row in which two adjacent holes are observed separately
is considered as the spatial resolution. In other words, if
a linear array is considered for each row of cavities, and if
the signal between two cavities varies a lot, two adjacent
cavities can be distinguished separately. Therefore, to find
the maximum changes, it is necessary to take a derivative or
gradient in the cavities’ direction. Then, for each array, the
differential value was calculated, and its standard deviation
was obtained. If number achieved for each row is greater
than the noise threshold, that row is separable. It is repeated
for each row to obtain spatial resolution based on a pair of
lines per millimeter.

Figure 2: High-contrast spatial resolution calculations.

Channelized Hotelling observers (CHO) model

In this study CHO model was used for low contrast
detectability. The observer model used in this study was
implemented in the MATLAB program (MATLAB R2015a). In
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the CHO model, detection is considered as confirmation of
one of these two unique hypotheses: HO (no signal) and H1
(signal). For this purpose, the information of the observed
image (g) is given to Equation 1.
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H,:g=hx+b, h=0,1 (1)

Which, the known signal and background is denoted by x
and b, respectively. In addition, the presence or absence of
the signal is controlled by the binary variable “h”. Then, a
two-dimensional image (test image, signal, or background)
is displayed by a vector using vertical concatenation. If the
observed image has a JM #JM pixel, its vector version
(g) is a M x 1 [20]. It has been proposed to add a channel
mechanism to predict human performance by embedding
channels in the frequency domain thought to exist in human
visual systems [21]. The use of channels involves multiplying
images by a series of channel pattern images. In other words,
if it is assumed that we have a channel image in total “L ,
and each channel image is in the form of an M x 1 vector,
by applying each channel vector on the image vector, a
numerical answer is obtained for example:

t

Vi=ug

Which “ui” is the trusted channel and “vi” is the answer “I”
the trustworthy channel. Adding channel responses together
results in a channel data vector:

V= (v, Vv, Ve v,)

The CHO statistical criterion is given by the following
equation 2:
A= Wyov (2)

Which:
WZH() =5 (VI _Vo) (3)

And v, =U"g, ,and v, =U"g, are the total average of the
channeled vectors are the images of the existing signal and
the missing signal, respectively.

Also, 1
S= E[K] +K,] (4)
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Which K and K are the covariance for the channel images of
the existing signal and the missing signal, respectively.

In addition, a figure of merit (fom) can be calculated to
describe the CHO detection function. Area under the curve
(AUC) is a type of FOM that can be calculated with the sum
of the area under the receiver operating characteristic (ROC)
diagram. In cases where the AUC is not close to one, the AUC
is estimated and then converted to detectability (SNR
which is defined by the following equation 5 [22]:

AUC)’

SNR,,. = erf” (2AUC-1) (5)

Alternative Forced Choice (2AFC) Study

On the images obtained from the phantom, ROIs with a
size of 128 x 128 pixels and a FOV size of 6.2 * 2.2 square
centimeters were considered. Some of these ROIs were
around contrast bars and some were on signalless images.
After extracting the ROIs, the obtained images were provided
to human observers and the observer model for 2AFC studies.
A total of 17 2AFC studies were performed, including 4
studies on FBP (4 mA configuration) and 13 studies on ASIR
(4 mA configuration and 10 ASIR reconstruction levels). Each
2AFC study consisted of 80 trials in which one signalless
image and one signal image were placed side by side (Figure
3). Human observers and the observer model decided which
image had the signal.

In order to evaluate the performance of the CHO model in
the 2AFC experiment, we obtain the AUC values in the signal
with and without signal by calculating the signal-to-noise
ratio or the area under the ROC curve. This value represents
the percentage of correct decisions made by the CHO model
in the 2AFC experiment.

Figure 3: Seventeen 2AFC studies (FBP: 4 studies and ASIR: 13 studies) were generated by extracting a small region of interest
around the lesion and at the corresponding location on the background image.
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Human Observer

Three experienced radiologists analyzed all images
obtained in this study in a workstation with constant ambient
light and image display contrast. The images were randomly
provided to observers, and they had no information about
the scan parameters associated with each image. Observers
could only change the magnification of the images. The images
were displayed with a window surface of 40 and a width of
400. Also, observers were asked to rate their confidence in
the analysis results for each image using a 6-part scale (i.e.,
ranging from 0 to 5; 5 means the highest confidence in the
presence of the signal ).

Radiation dose

To demonstrate the average radiation dose that is
delivered to the scan volume, the volume CT dose index
(CTDI ) can be utilized express for a particular examination,
which a derivative of the CT dose index (mGy). It may be
employed as a measure to compare protocols throughout
various scanners and practices when associated variables,
including the resulting image quality, are taken into
consideration as well. CTDI , has a direct and linear
relationship with the tube current, and in many scanners, its
value is estimated before the scan begins by specifying the
imaging parameters. After each scan, CTDI  values were
extracted from the CT scan machine screen.

Statistical analysis

In this study, SPSS software version 20 was used for
statistical analysis. two-way ANOVA was used to investigate
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the relationship between dose and image quality. To evaluate
the relationship between observers, intra class correlation
(ICC) was computed. The correlation of the observers’ results
and the software was also calculated using the Pearson
correlation coefficient.

Results
Radiation dose

CTDI (vol) in low-dose CT imaging for tube currents
of 140, 100, and 40 mA was 9.42, 6.28, and 3.14 mGy,
respectively. Besides, the CTDI (vol) value in standard dose
imaging (200 mA tube current and FBP reconstruction) was
12.56 mGy.

Noise

AsshowninFigure 4, withincreasing ASIRreconstruction
level from 0 to 100% under constant radiation conditions
(200mA, 100KVp), the amount of continuous image noise is
reduced. The noise of reconstructed images with 30% ASIR
and higher levels had a significant difference compared to
the noise of reconstructed images by the FBP method (P
< 0.05). Besides, the mean amount of noise in the images
obtained from the phantom with tube currents of 140, 100,
and 40 mA reconstructed with 30, 50, and 80% levels of ASIR
technique were equal to 4.33 +_ 0.31, which did not have a
significant difference with the amount of noise in the images
obtained with standard radiation dose and reconstructed by
FBP method (4.6) (P > 0.05).

-

noise
(4]

o 4 O L1 L
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ASIR level

Figure 4: The effect of ASIR reconstruction technique on noise.

J

High-Contrast Spatial Resolution

Evaluation of the results reported by observers and
ones obtained by the software (Figure 5) showed that with
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increasing the level of ASIR reconstruction in images obtained
with a tube current of 200 mA, the spatial resolution of the
images did not change significantly (p> 0.05). Besides, the
spatial resolution of the images obtained from the phantom by
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human observers with tube currents of 140, 100, and 40 mA
reconstructed with 30, 50, and 80% levels of ASIR technique
was equal to 0.8 + 0.144 pairs of lines per millimeter, which
did not have a significant difference with the amount of
the spatial resolution of images obtained with standard
radiation dose and reconstructed by FBP method (1 pair of

-
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lines per mm) (p> 0.05). The ICC coefficient, which indicates
the degree of agreement between the results reported
by observers, was 0.801. Also, there was a statistically
significant relationship (p = 0.004) and moderate (Pearson
correlation coefficient = -0.468) between the values reported
by observers and the values obtained by the software.

1.4

1.2

0.8

high contrast (LP/mm)

0 L] L] L] L] L] L]

ASIR ASIR ASIR ASIR ASIR ASIR ASIR ASIR ASIR ASIR FBP
10 20 30 40 50 60 70 80 90 100

ASIR level

Figure 5: The Analysis Results of High-Contrast Spatial Resolution Phantom Images by Software and Human Observers.

Osoftware

oDsernvers

Evaluation of correlation between model
observer and human observer

Figure 6 shows a comparison of PC values in the 2AFC
test for the human observer and the model observer in the
abdomen-pelvic examinations. The results indicate that
human and model observations had a high correlation
for 4 levels of tube current in pediatric abdomen-pelvic

examinations and reconstructed with 30,50, 80% level of
ASIR technique. Pearson correlation coefficient for FBP
reconstruction in abdomen-pelvic examinations was 0.973,
respectively. In addition, PC values obtained from human and
models observations at differentlevels of ASIR reconstruction
were highly correlated. Pearson correlation coefficient for
ASIR reconstruction in abdomen-pelvic examinations was
0.980, respectively.

Figure 6: The amount of percent correct in each of the 2AFC tasks obtained by human observers and CHO model observer.
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Impact of iterative reconstruction on 2AFC Task

From the point of view of human observers, the use of
ASIR reconstruction during low-dose imaging of the pediatric
abdomen-pelvic improves the amount of percent correct
(PC). The amount of PC in 30% reduction of radiation dose
(140 mA) from 85.6% 1.7% to 94.65+ 1.5% (P = 0.001) and in
50% reduction of radiation dose (100 mA) from 80.94 +2.5%
t0 91.15_+ 2.3% (P = 0.021) increased. In fact, using the ASIR
technique can increase the ability to detect low-contrast
objects at low dose radiation. As in human observers, the
PC values improved by the control model from 86.1 +1.4%
to 94.8 £1% (P = 0.012) in a 30% reduction in radiation
dose and 81.96 +2.8% to 91.66 +2.1% (P = 0.001) in 50%
reduction of radiation dose was reported. In addition, from
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the point of view of human observers and observer model
the amount of PC in 80% reduction of radiation dose (40 mA)
was equal to 82.8%%*3.4%, which was significantly different
with the amount of PC in standard radiation dose (200 mA,
FBP) (P>0.05).

Optimization of ASIR technique

Figure 7 shows the AUC values for objects with a contrast
of 5HU and a diameter of 3 mm in the FBP reconstruction
method and different levels of ASIR reconstruction (from
10% to 100%) for abdomen-pelvic imaging (200mA,100
KVp). Based on curve in abdominal-pelvic imaging, with
increasing ASIR reconstruction level from 0 to 50%, the AUC
value reaches its maximum (P = 0.003).

Figure 7: The amount of AUC obtained by CHO model observer for each level of ASIR reconstruction.

Discussion

Previously, CT scanners only used the FBP method to
reconstructimages. FBPisafastreconstructiontechnique that
uses simple mathematical models and limited calculations to
reconstruct the image. Although this method is very simple
to use and leads to an increase in image reconstruction
speed, this simplicity in the reconstruction process causes
an excessive increase in image noise at low doses [6]. Unlike
the FBP reconstruction method, iterative reconstruction
techniques use extensive and complex mathematical models
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to reconstruct the image and reduce noise. The complexity of
the calculations in iterative reconstruction methods has led
to a longer reconstruction time than the FBP method [12].
ASIR is one of the iterative reconstruction methods. The ASIR
reconstruction method does not assume that the measured
signal is noise-free, but more accurate statistical modeling
is used to reduce or eliminate noise in the reconstruction
process [8]. The present study demonstrated that using
the ASIR reconstruction method and combining it with the
FBP method can reduce the radiation dose by 50% while
maintaining effective quality parameters such as noise,
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spatial resolution, and contrast resolution. In fact, using
the ASIR technique can increase the ability to detect low-
contrast objects in the 2afc test by compensating for the
noise of images obtained at low radiation doses. Besides, the
ASIR technique can be used to reduce noise and optimize
image quality.

Extensive studies have been performed on applying the
ASIR technique in adultabdominal CT scans [10,11,15]. Their
results showed thatusing the ASIR technique could reduce the
radiation dose by 31-41% while maintaining image quality.
However, although children are more sensitive to radiation
than adults, few studies have been conducted on applying
the ASIR technique in imaging children [13,14]. In this study,
the ASIR reconstruction technique’s effect on reducing
radiation dose and improving image quality in pediatric
abdominal and pelvic CT scans was investigated. The present
study results showed that the amount of radiation dose in
abdominal and pelvic imaging could be reduced by 50%
using the ASIR technique. Simultaneously, the parameters
affecting the image quality, such as noise, spatial resolution,
and contrast resolution, can be maintained as standard.
Reducing the radiation dose by 80% and using a 40-mA
tube current significantly reduces the quality of the image
reconstructed with the ASIR technique. Overall, the results
reported in this study were consistent with previous studies
on the phantom [22-24]. In most of these studies, using ASIR
40-50% is recommended. Also, limited clinical studies have
been performed by Vorona, et al. [12], Brady, et al. [25], and
Sing, etal. [15], who has reported dose reductions of 30-48%.
The rate of radiation dose reduction in the present study was
greater than in the previous clinical study. In most clinical
studies, the use of ASIR 40% and radiation dose reduction of
30-40% is recommended [25,26]. Differences in the results
reported in previous clinical studies with the present study
results may be due to differences in study design.

Most studies that have examined the application of the
ASIR technique in radiation dose reduction were clinical
investigations [25,26]. These studies were designed in two
forms, prospective and retrospective. Prospective studies
require additional CT examinations on a patient, and because
it is attempted to minimize radiation for children, this will
not be ideal. In retrospective clinical studies, two groups with
almost the same weight are compared, the ASIR technique
will be used for one group, and the FBP method will be used
for the other group. Although this type of study increases
the sample size, it is assumed that two patients of the same
weight have the same body shape and composition. However,
there are large differences in body size and shape in growing
children at a certain weight [12]. Thus, the present study was
performed on a standard phantom with a diameter of 16 cm,
which is equivalent to children’s bodies. Although the results
of studies on the phantom may be slightly different from
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the actual effects of the ASIR technique on image quality,
it prevents unnecessary radiation to children and, due to
the constant dimensions of the phantom, more accurate
comparisons can be made.

The present study’s findings showed that although the
lowest amount of noise in the image is obtained using the
100% ASIR reconstruction method, but according to the
results obtained from the CHO model, it can be said that the
use of 50% ASIR in abdomen-pelvic tests improves optimal
image quality. In other words, using more than 60% of the
ASIR technique leads to smoother borders and reduced
visibility of small structures with low contrast. In abdominal
and pelvic imaging, optimization of reconstruction methods
is of great importance due to the lack of appropriate intrinsic
contrast between the lesions and soft tissue.

Clinical evaluations by physicians are the most common
method to determine image quality. The use of clinical
methods to achieve a reasonable radiation dose and
determine image quality is very laborious and requires high
accuracy in the design and implementation of the study.
The results obtained from clinical evaluations have little
capability to compare different imaging and reconstruction
protocols in different scanners [27,28]. Therefore, we need
quantitative methods to evaluate the quality of images
in CT scan. Modulation transfer function (MTF), Section
sensitivity profile (SSP) and NPS are some of the physical
methods used to evaluate image quality. These quantitative
criteria alone cannot be used in studies because they cannot
provide a complete description of the image quality [29,30].
In addition, some of these physical metrics are not applicable
to some imaging protocols. The CHO model observer is one
of the image quality assessment methods that has been
widely welcomed in studies in recent decades [31,32].
However, relatively few studies have examined the quality of
CT scan images using the CHO model. Wunderlich and Noo
used a CHO for modeling the human observer performance
in the diagnosis of simulated lesions [33]. Richard et al.
investigated the relationship between model observers
and the performance of human observers for diagnostic
tasks in multislice CT [34]. In their studies, it was assumed
that the noise was constant and Gaussian, and computer
simulations were used in diagnostic task. In addition, Lifeng
Yu et al. investigated how the observer model CHO could
predict human observer performance for a simple diagnostic
task [33]. In the present study, the CHO model was used
to evaluate the image quality. In this study, unlike many
previous studies [35,36], instead of using simulated signals,
low-contrast phantom scans were used to produce signal-
absent and signal-present images. The results of this study
showed that there is a excellent agreement in performance
between human observers and CHO model in different dose
levels for both FBP and ASIR reconstruction methods and the
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CHO model has the potential to be used to optimize radiation
doses and scan protocols for clinical scenarios. However,
placing the signals on a uniform background may simplify
the decision to determine the presence of the signal in the
image and the results in clinical terms seem a bit unrealistic.

This study faced some limitations. First, in this study,
only one iterative reconstruction method was evaluated on
a scanner model. Therefore, the results obtained are only
applicable to one type of iterative reconstruction. Second,
no clinical evaluation was performed to optimize radiation
dose and image quality in this study. It was just attempted
to do this optimization using phantoms and evaluating
physical parameters affecting image quality. However, to
achieve more practical radiation dose optimization and
image quality results, this study needs to be completed with
a clinical evaluation.

Conclusion

Based on results of this study, using of 50% ASIR for
the pediatric population can reduce the radiation dose on
abdominal and pelvic CT scans by 50% while maintaining
image quality. Also, using ASIR 50% only for the reconstruction
of abdominal and pelvic images in children leads to optimal
image quality. A CHO-based model observer can be used to
predict human observer performance at different radiation
dose and for both FBP and IR reconstruction methods. CHO
model can provide a quantitative approach to efficiently
optimizing CT protocol and radiation dose.
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