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X-ray Computed Tomography (CT) is an essential imaging technique for different diagnostic and
therapeutic tasks. However, ionizing radiation from CT scanners represents the largest source of medical
exposure for the population of industrialized countries. In order to reduce CT dose during patient
examination, iterative reconstruction algorithms have been developed to help existing dose reduction
methods. In this paper, we studied the image quality performance of a 64-slice CT scanner (Optima CT660,
GE Healthcare, Waukesha, W1, USA) that implements both the conventional filtered back-projection (FBP)
and the Adaptive Statistical Iterative Reconstruction (ASIR, GE Healthcare, Waukesha, WI, USA)
algorithm. In order to compare the performance of these two reconstruction technologies, CT images of the
Catphan®504 phantom were reconstructed using both conventional FBP and ASIR with different
percentages of reconstruction from 20% to 100%. Noise level, noise power spectrum (NPS), contrast-to-
noise ratio (CNR) and modulation transfer function (MTF) were estimated for different values of the main
radiation exposure parameters (i.e. mAs, kVp, pitch and slice thickness) and contrast objects. We found that,
as compared to conventional FBP, noise/CNR decreases/increases non-linearly up to 50%/100% when
increasing the ASIR blending level of reconstruction. Furthermore, ASIR modifies the NPS curve shape (i.e.
the noise texture). The MTF for ASIR-reconstructed images depended on both tube load and contrast level,
whereas MTF of FBP-reconstructed images did not. For lower tube load and contrast level, ASIR offered
lower performance as compared to conventional FBP in terms of reduced spatial resolution and MTF
decreased with increasing ASIR blending level of reconstruction.

1 INTRODUCTION

In the last years, concerns about ionizing radiations
exposure due to computed tomography (CT)
technology have lead to develop strategies to
optimize CT procedures (tube current modulation,
automatic exposure control, advances in detection
technology etc.) (McNitt-Gray, 2002). A promising
approach for dose reduction is represented by the
improvement of image reconstruction algorithms,
that, in contrast with FBP algorithm, take into
account a model of the imaging system to describe
the different physical aspects of image acquisitions.
This may offer the opportunity to reduce image
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noise with respect to FBP reconstructions. Because
of the strict correlation between radiation exposure
and image noise, IR algorithms can be employed
when CT data at reduced tube load product and/or
tube potential (i.e. at reduced radiation exposure) are
acquired (Willemink et al., 2013; Beister et al.,
2012). Therefore, IR algorithms can be used with
reduced radiation exposure without significantly
affecting the diagnostic image quality with respect to
conventional FBP (Willemink et al., 2013; Beister et
al., 2012).

In this study, our attention was focused on a 64-
slice CT scanner (Optima CT660, GE Helathcare,
Waukesha, WI, USA) which implements both the
conventional FBP algorithm and the Adaptive Statis-
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tical Iterative Reconstruction (ASIR, GE Healthcare,
Waukesha, WI, USA) algorithm (Willemink et al.,
2013; Beister et al., 2012; Argaud, 2009).

ASIR works on raw data space modelling the
fluctuations in the projection measurement and the
noise characteristics of the scanned object (Argaud,
2009). Furthermore, ASIR offers the possibility of
blending with FBP at various levels, from 0%
(conventional FBP) to 100% ("pure" IR).

Previous works have shown that the noise
reduction in the ASIR-reconstructed images is
accompanied by changes in the noise texture as
compared to FBP reconstruction, and the spatial
resolution can vary as a function of dose and
contrast (Richard et al., 2012; Samei et al., 2015;
Miéville et al., 2013).

In our study, we quantitatively assessed noise
level, noise power spectrum (NPS), contrast-to-noise
ratio (CNR) and modulation transfer function (MTF)
using different ASIR blending levels of reconstru-
ction and a wide range of the main radiation
exposure parameters (i.e. tube load, tube potential,
pitch, slice thickness) values as well as different
contrast objects.

The paper is organised as follows: after this brief
introduction, we describe the materials and methods
in which we present the image acquisition protocols
and the adopted methodology for data analysis; in
the next section, we describe the results in terms of
the main image quality parameters analysed (noise
level, NPS, CNR and MTF); then, we dedicate a
section to the discussion of our results and finally we
suggest our conclusions.

2 MATERIALS AND METHODS

2.1 Scanner and Phantom Acquisition

Images of the Catphan® 504 phantom (The Phantom
Laboratory, NY, USA) were acquired with a 64-slice
CT scanner (Optima CT660, GE Healthcare
Waukesha, WI, USA). This phantom is composed of
4 modules with cylindrical shape (internal diameter
of 15 c¢cm). We employed the CTP486 module (a
homogeneous water-equivalent module) and the
CTP404 module (composed of many inserts of
different materials in a water-equivalent background
- nominal CT Hounsfield’s units (HU) of the inserts
are reported in the Catphan® 504 Manual).

For noise analysis, images of the CTP486
module were acquired varying the main acquisition
parameters on a range of values as reported in Table
1. For spatial resolution evaluation, the CTP404

module was scanned across a range of acquisition
parameters as reported in Table 2. The contrast-to-
noise ratio (CNR) was computed from a subset of
the images used in spatial resolution analysis. All
images were reconstructed by using both
conventional FBP and ASIR with different blending
levels of reconstruction (20%, 40%, 60%, 80%,
100%).

2.2 Data Analysis

Image data analysis was performed using Imagel
(Wayne Rasband, National Institute of Health, USA)
and OriginPro 9.0 (OriginLab Corporation, MA,
USA) software packages.

2.2.1 Noise

Noise properties of ASIR reconstructed images were
evaluated by measuring the standard deviation (SD)
of HU values on a circular region of interest (ROI)
(4.5 cm diameter) centered in the images. In
addition, the noise power spectrum (NPS) was
calculated from images acquired using a subset of
the exposure parameters in Table 1 (tube load 112
mAs, tube potential 120 kVp, slice thickness 2.5
mm, pitch 0.984). We computed the 3D NPS
(Siewerdsen et al., 2002; Verdun et al., 2015;
Friedman et al., 2013) considering an ensemble of
20 volumes of interest (VOIs) selected from 19
slices. From each VOI we calculated the 3D NPS
and then we made the ensemble average. In order to
obtain a radial representation of NPS the f,=0 plane
of the 3D NPS was selected and a radial average was
performed (Friedman et al., 2013).

2.2.2 Spatial Resolution

Spatial resolution properties of ASIR reconstructed
images were assessed through the calculation of the
modulation transfer function (MTF).

The MTF analysis was performed at different
radiation exposure and considering 6 different
inserts (air, PMP, LDPE, polystyrene, delrin and
teflon). We adopted the circular edge method
(Richard et al., 2012; Samei et al., 2015; Friedman et
al.,, 2013; Takenaga et al., 2015) to compute the
MTF. We acquired an ensemble 7 distinct images
with the same scanning parameters and the MTF
curves corresponding to the same insert were
averaged. The uncertainty of the MTF estimation
was obtained as the standard deviation of the above
7 measurements.
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2.2.3 CNR

The CNR was obtained from 7 repeated acquisitions,
using a subset of the acquisition parameters reported
in Table 2 (tube load 140 mAs, 84 mAs, 56 mAs and
28 mAs). In this analysis, we considered polystyrene
(low contrast), LDPE (medium contrast) and teflon
(high contrast) inserts. The CNR was estimated as
follows:

CNR:(HUobject'Hubkg)/\/(Gzobject + szkg) (1)

where  HUogpject/Oobject  and  HUpig/Obke  are  the
mean/standard deviation of HU values in a circle
ROI in the insert and background region,
respectively. For each insert, the CNR values were
calculated from the mean value and its standard

deviation  (uncertainty) across the repeated
acquisitions.
Table 1: Acquisition protocol/parameters for noise

analysis.

Acquisition mode: helical

Tube load (mAs): 28,42, 56,70, 84,98, 112
Tube potential (KV): 80, 100, 120, 140
Tube rotation time (s): 0.7
Slice thickness (mm): 0.625, 1.25,2.5,3.75, 5,
7.5
Collimation along 40
longitudinal direction
(mm):
Pitch: 0.516, 0.984, 1.375
Number of reconstructed 19
slices

Table 2: Acquisition protocol/parameters for spatial
resolution and CNR analysis.

Acquisition mode: helical
Tube load (mAs): 28, 56, 84, 112, 140, 168,
196, 224
Tube potential (KV): 120
Tube rotation time (s): 0.7
Slice thickness (mm): 2.5
Collimation along 40
longitudinal direction
(mm):
Pitch: 0.984
Number of reconstructed 19
slices
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3 RESULTS

3.1 Noise

Figure 1 shows noise with varying tube load, tube
potential, slice thickness and pitch for conventional
FBP algorithm and ASIR with different blending
levels of reconstruction (20%, 40%, 60%, 80%,
100%). Noise decreased non-linearly with the
increase of ASIR blending level of reconstruction as
well as with increasing tube potential/tube load/slice
thickness. On the other hand, noise increased with
the increase of pitch value.

NPS results are reported in figures 2 and 3. ASIR
algorithm acts as a low pass filter whose effect
increases with the increase of blending level of
reconstruction (Fig. 3).

3.2 Spatial Resolution

The spatial resolution results are reported in Figures
4 and 5. MTF of ASIR-reconstructed CT images
varied with the contrast level (Fig. 4), especially at
lower tube load. In particular, MTF decreased with
decreasing contrast level. We also verified that MTF
of FBP-reconstructed CT images was substantially
independent of the contrast level and tube load.
Furthermore, for ASIR-reconstructed CT images and
lower contrast level, MTF decreased with decreasing
tube load (Fig. 5 A). While for high contrast objects
or high mAs values ASIR preserves the spatial
resolution offered by FBP reconstruction , for lower
tube load and contrast level, MTF of ASIR-
reconstructed CT images was lower than MTF of
conventional FBP-reconstructed images, and the
first decreased with increasing blending level of
reconstruction (Fig. 5 B).

3.3 CNR

CNR results are reported in Table 3. CNR values
increased with increasing tube load. Also, for each
tube load value and insert (teflon, LDPE, polystyre-
ne), CNR values of ASIR-reconstructed CT images
were higher than CNR values of conventional FBP-
reconstructed CT images and increased non-linearly
with increasing blending level of reconstruction.
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Table 3: CNR values (mean + standard deviation) of teflon (high contrast)) LDPE (medium contrast)/polystyrene (low
contrast) inserts of the Catphan-CTP404 module for FBP- and ASIR-recontructed CT images with different blending levels
(20%, 40%, 60%, 80%, 100%). Tube load ranges from 140 mAs to 28 mAs and acquisition parameters are reported in
Table 2.

Teflon LDPE Polystyrene Teflon LDPE Polystyrene
140 mAs 56 mAs
FBP 59.7+39 148+04 | 10.0+0.6 FBP 36.4+3.1 9.8+0.3 6.1+0.4
ASIR 20% 65.8 +£4.8 166 £04 | 11.2+0.6 ASIR 20% 43.6+4.4 11.1+£03 | 7.1+ 0.6
ASIR 40% 72.9+£5.8 18.8+0.5 | 12.7+0.8 ASIR 40% 48.5+£5.2 126+04 | 8.0+0.7
ASIR 60% 81.1+7.2 21.6+£0.7 | 146+ 1.0 ASIR 60% 544+69 144+05 |1 9.1+09
ASIR 80% 90.6 £9.0 249+1.1 | 16.8+1.2 ASIR 80% 61.2+84 16.5+0.9 | 10.5+1.0
ASIR 100% | 100.5+11.0 | 28,6 1.6 | 192+ 1.5 ASIR 100% | 68.8+9.8 19014 | 120+1.3
84 mAs 28 mAs
FBP 414 +£3.6 11.1+03 | 74+£0.5 FBP 26.8+2.8 6.8+0.3 34+0.3
ASIR 20% 52.7+4.1 13.1+£04 | 8.8+0.6 ASIR 20% 31.2£3.0 3+£03 4.9+ 0.4
ASIR 40% 58.6 £5.7 148+04 | 10.0+0.7 ASIR 40% 35.1+423 83+03 55+04
ASIR 60% 65.5+7.0 169+0.8 | 11.5+1.0 ASIR 60% 39.8+6.3 95+0.5 6.3+0.6
ASIR 80% 73.6 +£8.8 194+£10 | 13.3+1.3 ASIR 80% 455+7.0 109+0.7 | 7.3+0.8
ASIR 100% | 82.5+10.2 222+15 | 154+14 ASIR 100% | 519+7.4 126 £0.7 | 84+1.0
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Figure 1: Noise (standard deviation) for conventional FBP algorithm and different ASIR blending levels of reconstruction
(20%, 40%, 60%, 80%, 100%) with varying tube potential (tube load 112 mAs, pitch 0.984, slice thickness 2.5 mm) (panel
A), tube load (tube potential 120 kVp, pitch 0.984, slice thickness 2.5 mm) (panel B), pitch (tube potential 120 kVp, tube
load 112 mAs, slice thickness 2.5 mm) (panel C) and slice thickness (tube potential 120 kVp, tube load 112 mAs, pitch
0.984) (panel D).
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Figure 3: Example (same parameters as Fig. 2) of radial
NPS for conventional FBP algorithm and ASIR algorithm
with different blending levels of reconstruction.
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Figure 4: MTF for ASIR-reconstructed CT images (blending level of reconstruction of 100%) and low (28 mAs) (panel
A)/high (224 mAs) (panel B) tube load, with varying contrast level (polystyrene, LDPE, delrin, PMP, teflon, air).

Acquisition parameters are reported in Table 2.

A ASIR 100% - Polystyrene B Polystyrene - 28 mAs
1.0 1.0
—— FBP
0.8 0.8 ASIR 20%
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ASIR 60%
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Figure 5: MTF for ASIR-reconstructed CT images (blending level of 100%) and low (polystyrene) contrast level, with
varying tube load (28 mAs, 56 mAs, 84 mAs, 112 mAs, 140 mAs, 168 mAs, 196 mAs, 224 mAs), (panel A). MTF for low
(28 mAs) tube load and low (polystyrene) contrast CT images, with varying reconstruction methods (FBP (black) , ASIR
with 20% (red), 40% (blue), 60% (fuchsia), 80% (green) and 100% (violet) of blending level of reconstruction), (panel B).
Acquisition parameters are reported in Table 2.
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4 DISCUSSION

In this quantitative phantom study, CT image quality
performance of two different reconstruction techno-
logies have been carefully evaluated.

We comprehensively characterised the physical
properties (in terms of several quality parameters
such as noise, NPS, MTF and CNR) of the ASIR-
reconstructed CT images using different blending
levels of reconstruction in a number of experimental
designs.

Our findings confirm the dose reduction potential
of ASIR (Richard et al., 2012; Samei et al., 2015;
Migéville et al., 2013; Smith, 2014 et al.; Brady et al.,
2012; McCollough et al., 2015; Yanagawa et al.,
2010). As compared to conventional FBP,
noise/CNR decreases (Fig. 1)/increases (Table 3) up
to 50%/100% when using ASIR. Also, ASIR does
not modify the typical noise dependence on the
acquisition parameters. Furthermore, the noise and
CNR vary non-linearly with the ASIR blending level
of reconstruction. In addition, NPS analysis (Fig. 3)
shows that ASIR acts as a low-pass filter and
modifies noise texture: for ASIR-reconstructed CT
images, the frequency of the maximum of the NPS
curve shifts non-linearly toward lower frequencies
with increasing blending level of reconstruction, in
agreement with the results of previous studies
(Samei et al., 2015; Miéville et al., 2013).

We assessed the spatial resolution by estimating
the MTF at different contrasts and exposure values.
We found that, unlike conventional FBP, the MTF
decreases with decreasing contrast and tube load. It
should be noted that, for lower contrast and tube
load, the MTF of ASIR-reconstructed images is
lower than that of FBP-reconstructed images, and
decreases with increasing blending level of
reconstruction.

Recent studies have shown that these effects may
affect low-contrast resolution and thus may
influence the performance of automatic contour
detection software (Precht et al., 2016).

When compared to conventional FBP reconstru-
ction, ASIR allows for an improvement of image
quality in terms of reduced noise and increased CNR,
and hence a potential dose reduction in CT imaging
can be obtained while preserving diagnostic
capabilities. However, ASIR can modify noise
texture as well as affect spatial resolution at low
contrast and radiation exposure. For these reasons,
the optimal ASIR blending level of reconstruction
(i.e. the best trade-off between image quality and
dose reduction) should be assessed for each specific

application through quantitative as well as subjective
analysis.

Because of the noise reduction and CNR
increment offered by ASIR, CT examinations can be
performed at reduced radiation exposure levels.
However, in order to avoid potential effects of losses
in spatial resolution, which are inherent to ASIR and
may reduce the diagnostic value of CT images, the
optimal blending level of reconstruction should be
assessed for each specific clinical application.

In this regard, CT follow-up examinations (Lim
et al., 2016; Precht et al., 2016) and screening
programs could benefit of this new reconstruction
technology. In particular, the use of ASIR in CT
screening programs — aimed at detecting small
contrast lesions with low dose — should be carefully
evaluated.

S CONCLUSIONS

A relevant noise reduction and CNR increment in
CT images are achieved with the ASIR algorithm
with respect to the conventional FBP reconstruction
in different experimental designs. For this reason,
the iterative reconstruction approach represents an
effective method for optimizing dose in CT imaging.
However, for low dose and low contrast acquisitions
(typical for instance of screening programs) ASIR
can provide lower performance, in terms of reduced
spatial resolution capabilities, as compared to
conventional FBP, and its use, along with the choice
of the optimal blending level of reconstruction,
should therefore be carefully evaluated.

Moreover, this work lays the basis for further
studies on CT imaging with ASIR. In particular, our
recent interests are focused on the performance of a
Computed Aided Detection (CAD) system with
ASIR-reconstructed clinical images of the lung. In
fact, the CAD system has been developed by taking
into account the FBP-related appearance of the
images and therefore, an investigation on the CAD
response to the ASIR-reconstructed images could be
of considerable interest.
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