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Abstract

Objectives: This thesis investigates the application of 3D-printing technology for
optimising coronary computed tomography (CT) angiography (CCTA) protocols using
iterative reconstruction (IR) algorithm as a dose optimisation strategy. The specific
objectives are to: (i) design and develop a novel 3D-printed cardiac insert phantom derived
from a volumetric computed tomography (CT) image datasets of the Lungman phantom;
(i) and (iii) investigate its application to evaluate the effect on CT image quality of IR
algorithms and their strengths with a low tube current or voltage for dose reduction of
CCTA protocols.

Methods: The study was conducted in three phases. In phase one, the novel 3D-printed
cardiac insert phantom was designed and developed. The size and shape of this printed
phantom replicated the original cardiac insert of the Lungman anthropomorphic chest
phantom. The attenuation (Hounsfield Unit, HU) values of the printed phantom filling
materials were compared to coronary CT angiography (CCTA) patients and Catphan® 500
images. In phase two, the printed phantom was placed within the Lungman phantom and
scanned at multiple dose levels, and the datasets were reconstructed using the filtered back
projection (FBP) and different IR algorithm strengths. The image quality characteristics of
image noise, signal-noise ratio (SNR), and contrast-noise ratio (CNR) were measured and
compared to the previous literature to determine the dose reduction potential. In the third
phase, the influence of using different IR algorithm strengths with low-tube voltage for
dose optimisation studies was investigated. The printed phantom and the Catphan® 500

phantoms were scanned at different tube currents and voltages. The results obtained were
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then compared to the patient datasets to measure the agreement between the phantoms
and patient datasets.

Results: In phase one, a novel 3D-printed cardiac insert phantom was developed. The
measurements of CT HU values were consistent between the printed phantom, patient and
Catphan® 500 images. In phase two, the results of the printed phantom showed that
decreasing dose levels had significantly increased the image noise (p<0.001). As a result,
the SNR and CNR were significantly decreased (p<0.001). The application of IR algorithm at
various strengths had yielded a stepwise improvement of noise image quality with a dose
reduction potential of up to 40%. Image noise was reduced significantly (p<0.001) and thus
increased the SNR and CNR as compared to the FBP. In phase three, the printed phantom
results showed a significant interaction between the effects of low-tube voltage and the IR
algorithm strengths on image quality (all p<0.001) but not the CT HU values. The mean
differences in image quality characteristics were small between the patient-phantom
datasets. The optimised CT protocols allowed up to 57% dose reduction in CCTA protocols
while maintaining the image quality.

Conclusions: The 3D printing technology was used to produce a novel design of cardiac
insert phantom for the Lungman phantom. The 3D-printed cardiac insert phantom can be
used to evaluate the effect of using IR algorithm on dose reduction and image quality. The
dose optimisation assessment using the phantom-method demonstrated a combination of
IR algorithm and low tube voltage could further reduce the radiation dose to the patient
while maintaining the image quality. This thesis proposes and validates a new method of

developing phantoms for CCTA dose optimisation studies.
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CHAPTER 1 Introduction and background

The first chapter presents an overview of the research topic, the problem addressed by the
research presented in this thesis, the objectives and specific aims of the work, an outline of

the research process, and the overview of the thesis chapters.



1.1 Increasing CT radiation dose

Computed Tomography (CT) imaging system has been recognised as an accurate,
rapid, and convenient diagnostic tool [1-3]. However, since its introduction, the rapid
increase of radiation dose received from CT examinations to the population has become a
particular concern among health professionals [4, 5]. In the United Kingdom, for example,
according to a multi-center survey, the radiation dose of CT examinations to the population
is around 68% of the dose from medical exposure compare to 40% over a decade, from
1998 to 2008 [6]. The recent report of the National Council on Radiation Protection and
Measurements (NCRP) has stated that the contribution of CT examinations to the radiation
dose of United States population is 24% and has increased by 10% per year since 1993 [7].
In Australia, the radiation dose from CT examinations has increased by 36% from 2006 to
2012 [8]. Thus, the increasing of CT radiation dose is a global trend [9-12] and CT
examinations are now considered to be the largest contributor to the population dose [13].

The primary cause of the increasing CT radiation dose to the population is due to the
rapid increase in the number of CT scanners available and scans being requested. In the
United States and Japan, for example, according to a survey conducted in 1996 [14] the
number of CT scanners per 1 million population was 26 in the United States and 64 in
Japan, respectively. Furthermore, it is estimated that more than 62 million CT scans are
currently requested each year in the United States, as compared with about 3 million in
1980 [15, 16]. In Australia, the number of CT scanners have also increased with the annual
growth rate ranging from 0.6 to 2.1 million over the last 15 years (1994-2009), with an

average increase of 8.5% per year [17] (see Figure 1.1).
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Figure 1.1 The estimated number of CT scans performed annually in the (a) United States [15, 16]
and (b) Australia [17].

CT radiation dose has also increased due to the recent technological developments
that gives major improvement to the diagnostic applications and accuracy of the CT
systems [18]. This is demonstrated by the increase of CT radiation dose reported after the
installation of multi-slice CT (MSCT) scanners due to the increase in the number of
detectors and field of view. A national survey in the United Kingdom for 2003, for example,
has reported that the mean dose for adult patients of MSCT scanners was found to be 10%
higher than the single-slice CT (SSCT) scanner [19]. Another study by Huda and Mergo [20]
has reported that an increase dose of 30% and 150% for CT head and body, respectively,

was found for MSCT scanners when compared to SSCT scanners. In Australia, a single
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centre study reported that the mean of dose length product (DLP) for routine CT
examinations, i.e., head, chest, abdominal and lumbar spine, has increased by 11-70% from
SSCT to 16-slices MDCT scanners [21].

In recent years, the availability of cardiac CT services has resulted in radiologists
and cardiologists using CT scanners to investigate cardiac disease [22]. Coronary CT
angiography (CCTA), for example, is one of the cardiac CT services that has experienced
tremendous growth [23-25]. Previously, the evaluation of the coronary artery disease
(CAD) with CT scanners was limited due to the technical difficulties associated with
imaging small coronary structures in a moving organ. However, the recent advances in CT
scanners and electrocardiographic (ECG)-gating methods have resulted in the improved
temporal and spatial resolution required to make CCTA clinically feasible [26, 27].
Currently, the cardiovascular imaging, including CCTA, accounts for nearly one-third of
diagnostic imaging services [28, 29]. Therefore, given the relatively safe, less invasive
procedure, and more recent advances of CT scanners available, thus, the number of CCTA

scans being requested is also increased and consequently, increasing the radiation dose.

1.2 Radiation-induced cancers risk

As mentioned in the earlier section, CT examinations are by far the most common
source of medical radiation exposure of many developed countries. The large number of
patients receiving radiation exposure from CT examinations has raised serious concerns
about the patient safety, especially to the risk of radiation-induced cancers [30, 31].
Radiation-induced cancer risk occurs when the DNA has been damaged by the hydroxyl

radicals as a result of the x-ray interactions with the water molecules [32]. In normal



circumstances, the damage caused by radiation-induced can be repaired by various
systems within the cell, but DNA double-strand breaks are less easily repaired.
Consequently, the damage occasionally can lead to induction of point mutations,
chromosomal translocations, and gene fusions, all of which are linked to the induction of
cancer [33]. In a typical CT examination, the organ being studied typically receives a
radiation dose in the range of 15 mSv for an adult with an average of two to three CT scans
per study. At this dose level, as reviewed elsewhere [34], the risk for radiation-induced
cancer is most likely to occur although relatively small.

CCTA is also associated with radiation-induced cancer risk due to the radiation dose
incidence on the lung and female breast organs during the scanning. The estimation of the
cancer risk is usually based on the measured organ dose and/or effective dose which can
be reported according to the age, sex, and countries [35, 36]. A study by Einstein et al. [37],
for example, has reported that with the organ dose that ranged from 42 to 91 mSv for the
lungs and 50 to 80 mSv for the female breast, the cancer risk estimates are 0.7% for a 20-
year-old woman and 0.03% for an 80-year-old man. A study by Huang et al. [31], which
used effective dose, has reported that with 3.7 mSv of prospective ECG-gating CCTA, the
cancer risk estimates are 0.014% and 0.035% for English, 0.013% and 0.036% for US, and
0.017% and 0.060% for Hong Kong males and females, respectively. Consequently, these
estimates of cancer risk from the literature suggest that the use CCTA is associated with a

non-negligible lifetime-attributable risk of cancer.



1.3 Challenges in dose optimisation strategies

In conjunction with the concerns about increasing CT dose associated with the risk
of radiation-induced cancers and to adhere to the "as low as reasonably achievable
(ALARA)" principle, various dose optimisation strategies have been developed. For CCTA,
the most common strategies [38-40] used are tube current reduction, low tube voltage,
high-pitch protocol, scan coverage limitation, bismuth shielding, ECG-controlled tube
current modulation, prospective ECG-gating method, and iterative reconstruction (IR)
algorithm. Of these, IR algorithm has become a particular interest among researchers due
to its ability to reduce noise at low exposure factors and thus, reducing dose while
maintaining the image quality [41-43]. Currently, filtered back projection (FBP) is the most
widely used of image reconstruction algorithm to reconstruct the data into CT images due
to its robust and fast algorithm. However, FBP inherently increasing the image noise and
producing artifacts at low exposure factors [44-46], and consequently, IR algorithm is used.

Since the introduction of the first IR algorithm in 2008 [47], multiple studies have
shown the potential of such algorithms to maintain or improve the image quality and to
allow for dose reduction while maintaining the image quality [41, 48, 49]. Along with these
studies, different types of IR algorithms have also been introduced by the vendors to
promote their solutions to reduce the dose in CT examinations. Although all types of IR
algorithms perform iterative image corrections at some point in the CT image
reconstruction process, there are considerable technical differences between one IR
algorithm to another which the details mechanism are usually undisclosed. Furthermore,
some vendors even offer more than one type of IR algorithm in their product range.

Consequently, in an attempt to optimise the CT protocols using different IR algorithms, the



results of dose reduction is always varied and makes them difficult to be compared. A
summary of the different types of IR algorithms with respect to their vendors is outlined in

the Table 1.1.

Table 1.1 Some of the major types of IR algorithms based on product names and vendors.

Algorithm Acronym Vendor
ASIR [50] Adaptive Statistical Iterative GE Healthcare, Milwaukee,
Reconstruction MI
Veo [51] Product name, not acronym GE Healthcare, Milwaukee,
MI
iDOSE* [52] Product name, not acronym Philips Medical Systems,

Best, Netherlands

IMR [53] [terative Model Reconstruction Philips Medical Systems,
Best, Netherlands

[RIS [54] [terative Reconstruction in Image Siemens Healthcare,
Space Forchheim, Germany

SAFIRE [55] Sinogram Affirmed Iterative Siemens Healthcare,
Reconstruction Forchheim, Germany

AIDR 3D [56] Adaptive Iterative Dose Reduction 3D  Toshiba Medical Systems,

Tokyo, Japan

Each IR algorithm has taken unique approaches to noise reduction based on the
distinct strength levels or settings [49, 57]. These strength levels are usually being selected
after the data acquisitions and during the reconstruction process. In general, the selection
of the IR algorithm strength levels influences the noise characteristics and image artifacts
[44, 58]. As a result, the selection of the preferred IR strength levels is a specific clinical
task germane to the individual preferences for image quality. For example, an individual

may prefer a higher IR strength levels for the detection of low-contrast structures, whereas



a lower levels may be chosen to aim at improving spatial resolution or decreasing artifacts,
rather than noise reduction. In early generation of IR algorithms, overuse of the noise
reduction can be associated with an “over smoothing” of the images, which leads to a
blotchy appearances [59, 60]. In the recent generation of IR algorithms, these effects have
been reduced and the techniques have been improved to allow for a more effective artifacts
reduction [43, 53, 61]. However, a practical consideration is still required prior to the
selection of IR strength levels in order to produce image quality comparable to the

traditional FBP techniques.

1.4 Phantom studies for dose optimisation

Phantom-based dose optimisation methodology is appropriate for CCTA studies
because the use of patient datasets is problematic due to the potential of increased
radiation dose and difficulties in recruiting a large cohort of patients who have known or
suspected CAD [49, 62]. Phantoms designed to assess the effect of IR algorithm on the
image quality are available in various types and shapes. The Catphan series (The Phantom
Laboratories, Salem, NY) and American College of Radiology (ACR) phantoms are the most
commonly used in the CCTA dose optimisation studies [47, 63-65]. These phantoms are
preferred due to their comprehensive and sophisticated features to perform various testing
including areas of sensitometry, contrast, resolution, geometry, and positioning. However,
these phantoms cannot replicate accurately the CCTA images due to their uniform shape
and size and consequently, a more realistic phantom is desired.

The ‘Lungman’ anthropomorphic chest phantom (Kyoto Kagaku co., Japan) has a

body size of an adult patient and a cardiac insert phantom to simulate the heart organ [66].



The surrounding structures such as bones, lungs, muscles, and soft tissues have similar
properties and image appearances to the real patient. However, the cardiac insert phantom
in the Lungman phantom does not have appropriate heart features to simulate the CCTA
images but only a homogenous and single material. Consequently, the lack of CCTA image
features can be addressed by replacing the current cardiac insert with a newly designed
cardiac insert phantom that can provide appropriate CCTA image appearances similar to
the real human heart.

Image noise, which mainly depends on the number of photons reaching the detector,
is one of the principal determinants of image quality [1, 67-70]. It can be measured by
placing the region of interest (ROI) in the vascular contrast-enhanced structures such as in
the aorta or the left ventricle wall [71]. Despite the image noise, image interpretability is
also influenced by the degree of vascular enhancement. Previous studies [72-76] have
suggested that attenuation values of 300-400 HU in the aorta are required for the image
interpretation of the small vessels in CCTA. Therefore, it is important when designing a
new cardiac insert phantom to include these features to enable the evaluation of image
quality for the CCTA dose optimisation studies.

The use of 3D printing technology in phantom development studies is increasing
dramatically [62, 77-80]. Many biomedical researchers have already explored its potential
to produce phantoms that could replicate the appropriate features for different types of
anatomical regions [81-83]. However, the application of a 3D-printed cardiac insert
phantom of a Lungman phantom for dose optimisation studies is unique. Consequently,
evidence to demonstrate the application of this 3D-printed cardiac insert phantom for

CCTA dose optimisation is lacking.



1.5 Main and specific objectives
This thesis investigates the application of 3D-printing technology for optimising CCTA

protocols using IR algorithm as a dose optimisation strategy.

The specific objectives for each study conducted (as outlined in the chapters three, four and
five respectively) for this thesis are to: -

1. develop a novel design of 3D-printed cardiac insert phantom derived from
volumetric CT image datasets of anthropomorphic chest phantom for the
investigations of CCTA protocols.

2. investigate the use of a 3D-printed cardiac insert phantom in the evaluation of an IR
algorithm and its different strength levels for dose reduction potential in CCTA
protocols.

3. evaluate the optimal IR algorithm strengths for a low tube voltage CCTA protocols
using a phantom-based methodology and validate using patient image noise

characteristics.

1.6 Ethics approval

Ethics approval was obtained from the South Western Sydney Local Health District
(SWSLHD) Research and Ethics Committee for Low and Negligible Risk Research to access
patient image datasets (Appendix 1). The hospital’s ‘site-specific authorisation’ letter is

provided in Appendix 2.
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1.7 Thesis outlines

This thesis is arranged into six chapters inclusive of the published, accepted,
submitted, and in-preparation articles. Each chapter is presented as individual sections
associated with the references. The outlines of the thesis are described in the next
preceding paragraphs.

Chapter 2 examines the primary literatures reporting on the dose reduction
potential achieved using the IR algorithm compared to the FBP while maintaining the
image quality. This chapter also focuses on assessing the current changes of dose reduction
potential among different types of IR algorithm available by all major CT vendors based on
the studies retrieved from seven online databases. Part of this chapter has been published
in the Journal of Medical Imaging and Radiation Oncology (JMIRO) 2016; 60:459-68. doi:
10.1111/1754-9485.12473.

Chapter 3 explains the methodological aspects of developing a physical cardiac
insert phantom using the 3D printing technology. The chapter outlines the process of
fabricating physical models from the volumetric CT image datasets and the printing
process of the physical cardiac insert phantom. The attenuation properties of the
anatomical structures of this novel cardiac insert phantom are also outlined. Part of this
chapter has been published in the Journal of Medical Radiation Sciences (JMRS) 2018; xx:1-
9. doi: 10.1002/jmrs.279.

Chapter 4 explores the utility of the 3D-printed cardiac insert phantom to evaluate
the impact of IR algorithm and its selectable strengths for dose reduction in CCTA while

maintaining the image quality. This chapter compares the experimental results obtained

11



with the findings in previous literature. Part of this chapter has been submitted to the
Journal of Computer Assisted Tomography (JCAT) and currently under review.

Chapter 5 investigates the application of the 3D printed cardiac insert phantom for
assessing CCTA dose reduction potential using different IR algorithm strengths and tube
voltage. The 3D-printed cardiac insert and Catphan® 500 (The Phantom Laboratory, Salem,
NY) phantoms are used to measure the impact of the different CCTA protocols. Patient
datasets are used to confirm and validate the results obtained. Part of this chapter is
currently in final preparation and will be submitted to the jJournal of Cardiovascular
Computed Tomography (JCCT).

Chapter 6 summarises the findings and discusses the implications and contribution
of the research project. The limitations of the research project and the recommendations

for future studies are also outlined.
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CHAPTER 2 Systematic review: Dose
reduction with iterative reconstruction
algorithm in coronary CT angiography

Part of this chapter has been published in Journal of Medical Imaging and Radiation

Oncology, 60 (2016) 459-468, doi:10.1111/1754-9485.12473.
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2.1 Bridging section

2.1.1 Background

As described in the previous chapter, a number of dose optimisation strategies have
been introduced in CCTA to reduce the patient dose to as low as reasonably achievable
(ALARA) [1-3]. However, the radiation dose remains an important issue for CCTA due to
the increasing number of CT examinations over the past few years, and consequently the
associated radiation-induced cancer risks [4, 5]. IR algorithm is not considered a new
technique as it was first proposed several decades ago [6]. However, IR algorithm was not
practical for CT clinical practice due to its long processing time, owing to the lack of
computational power at that time, and the algorithms complexity [6, 7]. With the recent
advancements in the computer processing, IR algorithm has become feasible for routine CT
clinical practice [8]. Over the past years, many new generations and types of IR algorithm
have been introduced by the CT vendors, leading to a surge in the number of publications.
Consequently, there is a need to further investigate the IR algorithm in keeping with the
regular changes and updates by the CT vendors.

Different types of IR algorithm are available to provide solutions for increasing
image noise at low exposure factors. Each IR algorithm has its own noise reduction
algorithms which are usually undisclosed by the CT vendors due to business competition.
As a result, each IR algorithm will produce different levels of noise reduction resulting in a
wide range in dose reduction potential. For example, the iDose (Philips Medical Systems,
Best, Netherlands) IR algorithm has been reported to have achieved up to 63% dose
reduction while maintaining the image quality [9] whereas the ASIR (Adaptive statistical

iterative reconstruction, GE Healthcare, Waukesha, WI) was reported to be 27% [10].
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Therefore, a thorough systematic review of IR algorithm is needed to present the average
ranges of dose reduction potential from all major CT vendors.

The findings of systematic review have revealed that the average ranges of dose
reduction using IR algorithm is varied from 30-41%. All the selected studies had shown no
statistical difference of image quality characteristics between the FBP and a lower dose CT
protocol using the IR algorithm. Consequently, these results are used as the benchmark for
dose reduction potential using IR algorithm and the first step to guide the CCTA dose

optimisation studies in this thesis.

2.1.2 Recent literature after publication

Several new studies have been published since the publication of this systematic
review. After the re-introduction of IR algorithm into CT systems in 2008 [6, 8], the
investigation on the effect of IR algorithm on dose reduction potential and image quality is
still being explored actively by many researchers. A study by Cha et al. [11] in 2018, for
example, continued to evaluate the effect between FBP and IR algorithm (iDose#, Philips
Medical Systems, Best, Netherlands) on dose reduction potential while maintaining the
image quality. Along with the recent updates by the CT vendors, new IR algorithm of
iterative model reconstruction (IMR) algorithm has also been included in this study. The
authors reported that compared with iDose* and FBP, IMR provided higher quality images
with less radiation exposure in CCTA. Similarly, a study by Maeda et al. [12] which
compared AIDR3D with the new IR algorithm of FIRST (Forward-projected model-based

Iterative Reconstruction SoluTion, Toshiba Medical Systems, Tokyo, Japan) showed that
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similar image quality was found between both IR algorithms when 28% radiation dose has
been reduced.

Two recent systematic reviews [13, 14] were found which also investigated the
effect of FBP and IR on dose reduction potential and image quality in CCTA. Both studies
reported that IR algorithm can reduce radiation dose to the patient while maintaining the
image quality, similar results to the systematic review shown in this chapter. The review by
Armstrong et al. [13] did not provide any specific amount or range of dose reduction but
Den Harder et al. [14] reported that IR algorithm allows for effective dose up to 48% with
preserved objective and subjective image quality. However, there were some limitations to
their methodology. With respect to the literature search, both studies have not included
2008 in their initial search strategy and only a small number of literature databases were
used therefore, some relevant articles were excluded. Consequently, the review by

Armstrong et al. [13] only included three studies while Den Harder et al. [14] included 10.
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2.2.1 Abstract

Objective: To evaluate the radiation dose reduction achieved using IR algorithm compared
to FBP in CCTA and assess the impact on diagnostic image quality.

Methods: A systematic search of seven electronic databases was performed to identify all
studies using a developed keywords strategy. A total of 14 studies met the criteria and
were included in a review analysis.

Results: The results showed that there was a significant reduction in radiation dose when
using IR algorithm compared to FBP (P<0.05). The mean and standard deviation difference
of CTDIyo1 and DLP were 14.70 + 6.87 mGy and 186 + 120 mGy.cm respectively. The mean *

SD difference of Ep was 2.9 + 1.7 mSv with the range from 1.0 to 5.0 mSv. The assessment of
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diagnostic image quality showed no significant difference (P>0.05). The mean * SD
difference of image noise, signal-noise ratio (SNR) and contrast-noise ratio (CNR) were
1.05 £ 1.29 HU, 0.88 £+ 0.56 and 0.63 * 1.83 respectively. The mean * SD percentages of
overall image quality scores were 71.79 * 12.29% (FBP) and 67.31 * 22.96% (IR
algorithm). The mean * SD percentages of coronary segment analysis were 95.43 + 2.57%
(FBP) and 97.19 * 2.62% (IR algorithm).

Conclusion: This review analysis shows that CCTA with the use of IR algorithm leads to a
significant reduction in radiation dose as compared to the use of FBP. Diagnostic image
quality of IR algorithm at reduced dose (30-41%) is comparable to FBP at standard dose in
the diagnosis of CAD.

Key words: coronary artery disease, coronary CT angiography, dose reduction, filtered

back projection, iterative reconstruction

2.2.2 Introduction

A minimally invasive tool for screening patients with suspected coronary artery
disease (CAD) is highly desirable, to exclude those with or without significant stenosis. In
most developed countries, coronary CT angiography (CCTA) has been shown to be a
reliable method for the exclusion of CAD and is now recommended for routine use in
clinical practice [1, 2]. CCTA has become a more powerful diagnostic imaging tool than
conventional coronary angiography, which tends to underestimate the significance of
stenosis and thus, limits performance [3]. However, CCTA has the disadvantage of a high

radiation dose to the patient and the potential risk of cancer over a lifetime period [3, 4].
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In recent years, several approaches have been taken to optimise radiation dose in
CCTA such as tube current reduction, low tube voltage, tube current modulation, and
prospective ECG-gating [5, 6]. A newer approach that has recently become commercially
available from CT vendors is to optimise the CT image reconstruction. Currently, the most
widely used reconstruction technique is FBP, which uses an analytic reconstruction
algorithm that assumes all acquired projection data are noise free [7]. In FBP, image
characteristics will be updated by filtering the acquired projection data and projecting back
into image space to reconstruct the overall image [8]. This reconstruction technique is fast
and robust but may lead to noisy images, which limits the amount of dose reduction
achievable by simply reducing exposure factors during acquisition.

IR algorithm, a statistical method and an alternative technique to FBP, has been
introduced to allow imaging at lower radiation dose with comparable image noise to FBP
[9, 10]. As a result, dose reduction may be achieved while maintaining diagnostic image
quality. IR algorithm can reduce image noise by performing repeated iterative
reconstruction cycles and comparing the images reconstructed from acquired projection
data to a modelled projection. With every cycle or iteration, the reconstructed image is
updated to selectively identify and subtract image noise [11]. Thus, the final images will
have similar or superior diagnostic image quality to that using FBP despite a significant
reduction in acquisition exposure factors.

While IR algorithm is a particularly useful technique, it has been historically
impractical owing to the heavy computational burden, poor convergence speed and
additional time requirements [12]. As a result, CT vendors have developed a hybrid FBP

and IR algorithms that is feasible for clinical use. Each vendor has a proprietary IR
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algorithm that shows promise of minimising the relationship between image noise and
radiation dose. Generally, in this technique, FBP is utilised to obtain the initial
reconstructed image, which is used as a starting point for IR algorithm [13]. The FBP is
blended with IR algorithm at different strengths to optimise the reconstruction technique.
Consequently, the technique will have the less computational burden and faster speed.
However, differences in IR algorithm implementation by each vendor have caused a wide
variation in outcomes regarding overall radiation dose reduction.

Over the past years, much research has been performed on the use of IR algorithm
for CT examinations. However, only a few studies have investigated the use of IR algorithm
during CCTA. Conclusions from the application of IR algorithm in other CT examinations
may not apply to CCTA as different diagnostic image quality criteria are used. Therefore,
the purpose of this systematic literature search is to evaluate the potential for radiation
dose reduction using IR algorithm for CCTA and also the impact on diagnostic image quality

of IR algorithm compared to FBP.

2.2.3 Materials and Methods

2.2.3.1 Search strategy

The literature search was carried out using a Preferred Reporting Items for
Systematic Reviews and Meta-Analysis (PRISMA) strategy [14] and the following seven
databases: MEDLINE; Web of Science; EMBASE; CINAHL; Science Direct; IEEE Xplore; and
SPIE Digital Library. The search was limited to items published between 2008 and 2015 as

the first commercial IR algorithm for clinical use was released in late 2008 [15]. The search
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was limited to include all the studies that had been published in the English language and

were performed on human subjects. The search terms used are shown in Table 2.1.

Table 2.1: A table shows the Boolean operators and keywords used.

Radiation dose

Image quality

CT dose/s CT image/s
CT dosage Digital image/s
CT radiation dose/s OR CT image quality
CT dosimetry CT diagnostic image quality
MSCT dose Image noise
MDCT dose CT image noise

AND
Multidetector CT Image reconstruction
Multislice CT CT image reconstruction
Dual source CT Iterative reconstruction
CT coronary angiography/m CT iterative reconstruction
coronary CT angiography/m OR CT iterative algorithm

MSCT coronary angiography
MDCT coronary angiography
DSCT coronary angiography

CT iterative image
Filtered back projection

Conventional back projection

1CT, Computed Tomography, $MSCT, Multi-slice Computed Tomography,
§MDCT, Multi-detector Computed Tomography,

2.2.3.2 Criteria for selection

All studies were selected based on the inclusion and exclusion criteria developed

using a Population, Intervention or Exposure (PECO), Comparison, Outcomes (PICO)

methodology [16]. Studies that compared the radiation dose and diagnostic image quality

between IR algorithm and FBP in adult patients (>18 years old) who underwent CCTA for
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investigation of CAD using a multi-slice/detector or a dual-source CT scanners were
included.

Studies excluded were those that used phantoms, animals or both phantoms and
humans as they did not specifically analyse the detection and classification of coronary
arteries. Case reports, summaries or reviews were also excluded due to insufficient
information about the background of the study, methodology and statistical data analysis
(e.g. mean, median and standard deviation). Finally, studies that specifically recruited
obese patients were excluded, this reduced the impact of patient weight as a biasing factor

on the dose.

2.2.3.3 Quality assessment

The quality assessment was carried out by two reviewers using a customised table
based on the Quality Assessment Tool for Quantitative Studies developed by the Effective
Public Health Practice Project (EPHPP) [17]. A table was created to assess the risk of bias,
identify any poor quality or irrelevant citations; assess the reproducibility of the scanning
parameters and reconstruction protocols; and evaluate the study design conducted to meet

the criteria of selection.

2.2.3.4 Data extraction

The following data were extracted from each study: first author name; type of IR;
total number of patients; patient age and gender; method of ECG-gating (retrospective or
prospective); the size of detector collimation; gantry rotation time; and exposure factors

(kVp, mA).
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Radiation dose was assessed using CT dose index volume (CTDlIyo1), dose-length-
product (DLP) and effective dose (Ep). These descriptors facilitate radiation dose
comparisons between different CT protocols and procedures [18]. The CTDIvo1 and DLP can
evaluate the radiation quantity of the specific CT examination performed, while Ep
estimates the potential radiation risk from a specific CT examination [19]. The Ep was
calculated as the DLP times standard conversion factor for CT chest of 0.014 mSv/mGy/cm-
1 [20]. This method was selected as most of the included studies used this conversion
factor. If studies used a different conversion factor, the Ep was recalculated using the above
method to allow comparison.

The measures of diagnostic image quality were divided into the quantitative and
qualitative assessment. The measures for quantitative assessment were the image noise,
the signal-noise ratio (SNR) and the contrast-noise ratio (CNR), whereas for qualitative
assessment were multi-point Likert-type scale and coronary segments analysis. Most
studies implement a 5-point Likert-type scale from 1 (poor) to 5 (excellent). However,
some studies used a 3- or 4-point scale, therefore, all scores were converted into
percentages, for example, 3/5 would be 60%, 2/3 would be 66%. The coronary segment
analysis involved measures of interpretable vessels in accordance with the coronary artery
model of American Heart Association (AHA) [21]. Only vessels with a minimum diameter of
1.5 mm were included. The descriptors of radiation dose and diagnostic image quality for
both FBP and IR algorithm were recorded regarding mean # standard deviation, range or
percentage values wherever available. The analysis of coronary segments was presented as

a percentage to enable comparison between FBP and IR algorithm.
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2.2.3.5 Statistical analysis

Data were entered into SPSS software (version 21, IBM Corp., New York) for
analysis. Results were presented as a mean and standard deviation. The values of radiation
dose and diagnostic image quality descriptors were combined across studies using the one
sample test. Statistical hypotheses (2-tailed) were tested at the 5% level of significance (p-

value <0.05).

2.2.4 Results

2.2.4.1 Search result

The flow chart for identifying relevant studies is shown in Figure 2.1. The
preliminary electronic databases search returned a total of 1,293 citations. Removal of
duplication resulted in 721 citations being identified as relevant to the review. Of these,
547 citations were not related to FBP and IR algorithm. A further 94 citations were
removed as they did not report radiation dose or diagnostic image quality. The remaining
80 citations were assessed using the inclusion and exclusion criteria of the PICO
(Population, Intervention, Comparison, Outcomes) methodology [16]. This resulted in 16
citations to be included in the review. Two further citations were excluded as they did not

present sufficient data to enable evaluation of radiation dose.
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1,293 citations were retrieved
within SEVEN databases during
initial searches

MEDLINE, Web of Science,
EMBASE, CINAHL, Science
Direct, IEEE Xplore, SPIE
Digital Library

572 citations after duplication

L4 and irrelevant removed
721 citations ]
547 citations weren’t related to
FBP and IR
v
[ 174 citations } —
94 citations weren’t related to
radiation dose and diagnostic
v image quality
[ 80 citations }

64 citations were excluded.

Excluded:
- Not relevant population

16 citations were mcluded

Included: - Not relevant intervention

- Relevant population (human [18+]) - Not relevant comparator
- Not relevant outcome

- Relevant intervention (IR algorithms) Report, review, poster

- Relevant comparators
(Ep, CTDIyo, DLP, Noise, CNR, SNR)

- Relevant outcome

2 citations were rejected due to

minimal effort for radiation dose
and diagnostic image quality

v
Total

14 citations were included

Figure 2.1: Flow chart outlining the search strategy used for this systematic review.

2.2.4.2 Characteristics of selected studies

The summary of study details of the selected citation are shown in Table 2.2 and 2.3.
The 14 studies recruited a total sample size of 3,428 patients [3, 22-34]. The ratio of male
to female was 1,664 to 1,706 patients; but one study did not provide the ratio values

between gender [34].
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Research design varied among studies mainly due to differing generations and
manufacturers of CT scanners being used. The scanning parameters and protocols were
determined depending on variations of CT scanners. These include the electrocardiogram
(ECG)-gating method used, detector collimation size, gantry rotation time, tube voltage and
tube current. A total of seven studies used prospective ECG-gating [3, 23, 25, 27, 30, 31, 33],
two studies used retrospective [26, 28], and four studies used both types [22, 24, 32, 34].
One study did not provide the type of ECG gating used [29]. There were four studies that
used a similar size of detector collimation of 64 x 0.625 millimetres (mm),[23, 24, 26, 34]
two studies that used 128 x 0.625 mm [32, 33], three studies that used 320 x 0.5 mm [3, 30,
31], and two studies of dual source scanner that used 32 x 0.625 mm [25, 28], and one
study of dual source scanner that used 64 x 0.25 mm [22]. Another two studies did not
provide the size of detector collimation [27, 29]. The range of gantry rotation time was
270-350 milliseconds (ms) ranging across 11 studies since three did not provide these
values [27, 29, 34]. The minimum tube voltage for all studies was 80 kVp, and the
maximum was 135 kVp with seven studies using between 100 and 120 kVp [23-25, 27, 28,
33, 34]. The mean * SD of tube current for FBP and IR algorithm across five studies was
481.32 + 331.26 and 327.56 * 189.06 respectively indicating approximately 68% reduction
of tube current used [3, 31-33, 35]. Nine studies did not provide values for tube current
[22-27, 29, 30]. Three studies were performed on each of the following IR algorithm;
adaptive statistical iterative reconstruction (ASIR, GE Healthcare, Milwaukee, WI, USA) [23,
24, 26]; sinogram affirmed iterative reconstruction (SAFIRE, Siemens Healthcare, Erlangen,
Germany) [22, 25, 27]; adaptive iterative dose reduction (AIDR, Toshiba Medical Systems Co

Ltd., Otowara, Japan) [3, 30, 31]; iDose (Philips Healthcare, Best, the Netherlands) [32-34];
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and two studies were performed with iterative reconstruction in image space (IRIS, Siemens

Healthcare) [28, 29].

2.2.4.3 Radiation dose

Dose indicators of CTDIye, DLP, and Ep were extracted from studies where available
(Tables 2.4 and 2.6). Six studies did not provide CTDIvol [23, 24, 26, 30-32]. CTDIyo for FBP
ranged from 16.20 to 60.30 milligray (mGy) while for IR algorithm was from 11.30 to 36.90
mGy. The mean of CTDIyo for FBP is significantly higher than IR algorithm with a difference
in the mean * standard deviation (SD) of 14.70 + 6.87 mGy (P = 0.029).

DLP values corresponded with CTDlIyo as they are derived from multiplying CTDIyor
with the scan length (centimetres, cm). Four studies did not report the DLP [23, 24, 26, 31].
The DLP for FBP is significantly higher (426 + 226 mGy.cm) than IR algorithm (241 + 106
mGy.cm) with a difference in the mean + SD of 186 + 120 mGy.cm (P = 0.019).

The Ep for FBP and IR algorithm was reported in 10 studies [3, 22, 25, 27-30, 32-34].
For FBP, the Ep ranged from 3.3 to 12.1 millisievert (mSv) (mean * SD: 6.0 * 3.2 mSv) and
for IR algorithm, ranged from 2.3 to 7.1 mSv (mean * SD: 3.1 * 1.5). The Ep for FBP is
significantly higher (mean * SD: 6.0 + 3.2 mSv) than IR algorithm (mean * SD: 3.1 * 1.5)
with a P-value <0.05 (P = 0.023). Radiation dose reduction associated with the use of IR
algorithm compared to FBP varies widely,_ranging from 1.0 to 5.0 mSv with mean * SD

difference of 2.9 = 1.7 mSv (Figure 2.2).
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2.2.4.4 Diagnostic image quality

Diagnostic image quality was compared between FBP and IR algorithm across all
studies (Tables 2.5 and 2.7). For FBP, the range of image noise was 18.70-39.00 Hounsfield
units (HU) (one study did not report) [23] and 13.70-41.00 HU for IR algorithm. Although
there was a reduction of the tube current for IR algorithm, there was no significant
difference (P = 0.743) in the measurement of mean * SD image noise (28.67 * 8.36 HU)
when compared to FBP (29.72 + 7.07 HU).

Likewise, no studies reported statistically significant differences in mean SNR and
CNR for FBP and IR algorithm, although seven studies did not provide either one or both of
the values [3, 22, 23, 26, 29, 32, 33]. The mean #* SD signal-noise ratio for FBP and IR
algorithm was 15.27 * 4.79 and 14.39 * 5.35 while for CNR was 15.67 + 8.37 and 16.30 *
6.54, respectively.

A total of nine studies used a Likert-scale point system to demonstrate overall image
quality [22, 25, 26, 28-30, 33, 34, 36]. Six studies were conducted with a 5-point Likert-
scale [22, 26, 28-30, 34], and another three studies used 4-point [3, 25, 33]. The five points
of classifications were poor, fair, moderate, good and excellent image quality while four
points classification has poor, fair, good and excellent image quality. The result of analysis
showed no significant differences in overall image quality between FBP and IR algorithm
with P = 0.711 (P > 0.05). Eight studies included analysis of the number of assessable and
non-assessable coronary segments [23-25, 27, 30-33]. A mean * SD of 95.43 + 2.57% (FBP)
and 97.19 £ 2.62% (IR algorithm) were found to be assessable with a very small number of

non-assessable segments reported in this review. Once again, no statistically significant
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difference image quality was reported between FBP and IR algorithm with P = 0.196 (P >
0.05).

Table 2.2: Summary of study details of the selected citation (part 1).

Type of Patients Mean age

Author IR (M: F) (years + SD) ECG-gating
Leipsic et al.[23] ASIR 574 (121:453) g? z g 8:1%1)) prospective
Shen, J. et al. [26] ASIR 338 (169:169) ggg i gg 8:1]%1)) retrospective
Tumur, O. et al. [24] ASIR 347 (169:178) gé i g gRB)P) both
Moscariello, A. et al. [22] SAFIRE 65 (48:17) ?3;;;71;) both

Wang, R. et al. [25] SAFIRE 78 (45:33) ggg i ;%6(1(15)]313) prospective
Yin, Wei-Hua et al. [27] SAFIRE 231 (139:92) ?:B%zll?{)l prospective
Park, E.A. et al. [28] IRIS 162 (78:84) 8:1]35;2913) retrospective
Renker M. et al. [29] IRIS 24 (12:12) g?:z : 57;:3 glgp) NS

Di Cesare, E. et al. [30] AIDR 200 (138:62) 223 i ;g glgp) prospective
Tomizawa N. et al. [31] AIDR 100 (61:39) 222 i 32 EE]%P) prospective
Williams, M. C. et al. [3] AIDR 942 (445:497) gg i ﬁg glgp) prospective
Carrascosa, P. et al. [32] iDose 200 (165:35) 228 i 2011(1?135)) both

Hou, Y. et al. [33] iDose 109 (74:35) gg i 1; E}:I?)P) prospective
Kordolaimi S.D. etal. [34]  iDose 58 (NS) >1.9+15.5 (FBP) both

55.7 + 8.9 (IR)

NS, Not stated; FBP, Filtered back projection; IR, Iterative reconstruction; ASIR, Adaptive statistical iterative
reconstruction; SAFIRE, Sinogram affirmed iterative reconstruction; IRIS, Iterative reconstruction in image
space; AIDR, Adaptive iterative for dose reduction; iDose; Iterative reconstruction; ECG-gating,

Electrocardiogram-gated.
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Table 2.3: Summary of study details of the selected citation (part 2).

Detector Gantry Tube voltage
Author collimation rotation 8 Tube Current (mA)
. (kVp)
(mm) time (ms)
o 275-800
Leipsic etal. [23] 64 x 0.625 350 100-120 (FBP & IR)
418-598 (FBP)
Shen, ]. et al. [26] 64 x 0.625 350 120 255-379 (IR)
600-711 (FBP)
Tumur, O. et al. [24] 64 x 0.625 350 100-120 450-600 (IR)
. 341 +30
Moscariello, A. etal. [22] 2 x 64 x 0.625 280 80-120 (FBP & IR)
354-430 (FBP)
Wang, R. etal. [25] 2x32x0.625 330 100-120 286-370 (IR)
Yin, Wei-Hua et al. [27] NS NS 100-120 NS
Park, E.A. et al. [28] 2x32x0.625 330 100-120 200-380
Renker M. et al. [29] NS NS 80-120 320-350
Di Cesare, E. et al. [30] 320x 0.5 350 100-135 300-510
_ 483 + 93 (FBP)
Tomizawa N. et al. [31] 320 x 0.5 350 120 289 + 74 (IR)
N 538 + NS (FBP)
Williams, M. C. et al. [3] 320x 0.5 350 100-135 426 + NS (IR)
203 + 15.4 (FBP)
Carrascosa, P. et al. [32] 128 x 0.625 270 100-120 195.7 + 26.8 (IR
1000 (FBP)
Hou, Y. et al. [33] 128 x 0.625 270 120 600 (IR)
Kordolaimi S.D. etal. [34] 64 x 0.625 NS 100-120 182 % 27.5 (FBP)

127.1+£29.1 (IR

NS, Not stated; FBP, Filtered back projection; IR, Iterative reconstruction; ASIR, Adaptive statistical iterative
reconstruction; SAFIRE, Sinogram affirmed iterative reconstruction; IRIS, Iterative reconstruction in image
space; AIDR, Adaptive iterative for dose reduction; iDose; Iterative reconstruction; kVp, kilovoltage peak; mA,

miliamperage.
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Table 2.4: Summary of radiation dose indicators of the selected citations.

Author LrZ:(%relstruction CTDLa (mGy)  DLP (mGy x cm) Eszfilt:‘]s o
Leipsic et al, [23] FBP 11.68-25.87 167-370 2.3-5.2

IR 9.5-17.59 134-248 1.9-3.5
Shen, J. et al. [26] f]fp 333131-;(11 1;2:?23 ig:;g
Tumr, O.ctal 24 7eders 0540 28460
Moscariello, . etal (22] | 160521015 229921518 32521
WangRoetalizsl J375478 3153355019 4412083
Vin,Wei-Huactal. 27] 10" 1Tores 1637475 23410
park B ctal 28] 150837 2a1sesr 36513
Reer M etal.29] O 197594 206951600 37227
DiCesare E.cxal [30] 10" 1921657043 25551
Tomizawa N. et al. [31] f[]{gp igg;g?}% i;jgi igzéig
Williams, M. C. et al. [3] FRBP igi i E: ié: i E: ;2: i 11:11:
Carrascosa, P. et al. [32] ff]fp E: ijiig i ;;1.4 ;i i (2)3
touveral 3 169535 Sesserd 71208
Kordolamis . etal.(34] |0 1aii2  1eeSisse 24208

NS, Not stated; FBP, Filtered back projection; IR, Iterative reconstruction; CTDI,, Computed Tomography

dose index volume; DLP, Dose-length product.
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Table 2.5: Summary of image quality indicators of the selected citations.

Image Image Noise Signal-noise Coptrast-. Qualitative
Author Recons- (HU) ratio (SNR) noise ratio assessment
truction (CNR)
o FBP NS NS NS 96.1%
Leipsic etal. [23] IR 6-10 2t0-3 NS 97.1%
FBP 35.00-35.03 11.6+2.1 NS 3.13+0.34
Shen, . et al. [26
en, J. etal. [26] IR 34.99-35.02 109 +1.9 NS 3.09 + 0.29
37.63 +
FBP 18.79 11.0+3.63  833+3.08  93.7%
Tumur, O. et al. [24
umur, 0. et al. [24] IR 39.93 + 1047 £329 795+2.68  98.2%
10.22
. FBP 247+74 NS NS 4(4-5)
M llo, A. et al. [22
oscariello, A-etal. [22] o 20.7 +7 NS NS 4(4-5)
FBP 2653+516 1344+375 19.70+486 92.7%
Wang, R. et al. [2
ang, R. etal. [25] IR 27.64+3.90 1558+3.15 20.82+471 93.9%
FBP 18.7+38  225+54 175455 98.6%
Yin, Wei-Hua et al. [27
in, Wei-Hua etal. [27] o 13.7+27  305+7.4 237+75 98.7%
FBP 248+40  22.7+46 16.1 + 4.0 412 +0.62
Park, E.A. etal. [28] IR 220+45  258+44 183+ 42 4.49 + 0.60
FBP 249+60 NS NS 4(4-5)
Renker M. et al. [29
enker M. etal. [29] IR 260+75 NS NS 5(4-5)
FBP 306+54  139+3.1 16.2£35 95%
Di C E.etal. [30
i Cesare, E. etal. [30] IR 27.6+39  17.7+35 20.6 +3.6 99.9%
FBP 221+43  189+46 221+49 98%
Tomi N. etal. [31
omizawaN.etal [31] o 23.0+40  199+45 23.0+4.7 98%
- FBP 32 + NS NS 12 £NS 3.3(3.2,3.4)
Williams, M. C. et al. [3
Hhams etal 3] ¢ 41 +NS NS 11+NS 3.1(3.0,3.2)
) betalzz) PP 378+14  122+14 NS 91.7 + 4.0%
Ir . .
arrascosa, . eta IR 382+24  121+14 NS 92.5 + 2.8%
FBP 39+ 10 NS 12 + 4 97.6%
Hou, Y. et al. [33
ou, Y. etal. [33] IR 33+6 NS 15+3 99.2%
FBP NS NS NS 96.1%
Kordolaimi S.D. et al. [34
ordolaimi S.D. etal. [34] o 6-10 2t0-3 NS 97.1%

NS, Not stated; FBP, Filtered back projection; IR, Iterative reconstruction; HU; Hounsfield units.
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Table 2.6: Summary of study details for radiation dose indicators.

Radiation Dose FBP IR P-value (sig.)
N(™) 8(6%) 8(6%)
Minimum 16.20 11.30 _

CTDLor (mGY) - imum 60.30 36.90 0.029 (sig.)
Mean + SD 33.87 £14.97 19.17 £ 8.10
N(*) 10(4*) 10(4*)

DLP (mGy.cm) Minimum 224.00 163.70 0.019 (sig.)
Maximum 858.30 504.40
Mean + SD 426.45 + 226.29 240.84 £ 106.02
N(*) 10(4*) 10(4*)

E S Minimum 3.30 2.30 0.023 (si

0 (mSv) Maximum 12.10 7.10 023 (sig)

Mean + SD 6.03 +3.17 3.14+1.49

FBP, Filtered back projection; IR, Iterative reconstruction; (*), no. of studies did not provide values.

Table 2.7: Summary of study details for diagnostic image quality indicators.

Diag. Image Quality FBP IR P-value (sig.)
N(¥) 12(2%) 12(2%)
l ) Minimum 18.70 13.70 0.743 )
mage noise Maximum  39.00 41.00 743 (nosig)
Mean+SD 29.72 +7.06 28.67 £ 8.36
N(*) 9(5%) 10(4%)
Signal-noise ratio (SNR) Minimum  11.00 1.00 0.485 (no sig.)
Maximum  22.70 30.50
Mean+SD 15.27 £4.79 15.67 + 8.37
N(*) 9(5%) 9(5%)
Contrast-noise ratio Minimum 5.60 6.30 0.509 (no sig)
(CNR) Maximum  22.10 23.70
Mean+SD 14.39 £5.35 16.30 £ 6.54
N(*) 5(9%) 5(9%)
Overall image quality Minimum  62.20 87.75 0.711 (no sig.)
Maximum  34.40 89.80
Mean+SD 71.79 +12.29 67.31+2296
N(*) 8(6%) 8(6%)
Corona'lry segment Minimum  91.70 92.50 0.196 (no sig.)
analysis Maximum  98.60 99.90
Mean +SD 95.43 +2.57 97.19 £ 2.62

FBP, Filtered back projection; IR, Iterative reconstruction; (*), no. of studies did not provide values.
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Figure 2.2: The boxplot shows the comparison of effective dose between FBP and IR.

2.2.5 Discussion

This systematic review presented an evaluation of the radiation dose reduction in
CCTA achieved using IR algorithm in comparison to FBP. It also evaluated the impact on
diagnostic image quality with relation to CAD based on the currently available literature.

Despite the development of many dose reduction strategies for CCTA, little attention
has been given to IR algorithm, since studies have mainly focused on data acquisition
rather than image reconstruction. This review showed that IR algorithm permits the use of
lower exposure factors which provides a reduction in patient radiation dose by reducing
the image noise during image reconstruction. Many types of IR algorithm have been
introduced by CT vendors; these may lead to changes in radiation dose and diagnostic
image quality. The results of our analysis showed that all types of IR algorithms
significantly reduce radiation dose with no significant difference in diagnostic image

quality between FBP and IR algorithm.
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This review analysis also revealed that reported radiation dose reduction using IR
algorithm varied widely across included studies. This can be described by looking at the
radiation dose indicators used in the analysis such as CTDlyo, DLP, and Ep. These indicators
showed that most selected studies had a wider range than in the current literature. For
example, the DLP range across selected studies is from 164 to 504 mGy.cm (varied by a
factor of 3.1) while in the current literature is from 129 to 337 mGy.cm (varied by a factor
of 2.6) [18]. This indicates that although IR algorithm has significantly reduced radiation
dose, there exists a wide range of reported dose reductions. Thus, IR algorithm used in
combination with other dose-saving strategies to further reduce radiation dose could be
achieved.

Three identified studies have demonstrated that IR algorithm associated with other
radiation dose-saving techniques, such as low tube voltage technique and prospective ECG-
gating can achieve a 25-76% radiation dose reduction in CCTA [37-39]. These results were
consistent with our analysis of different types of IR algorithm reported have also been
combined with other dose-saving techniques. Our analysis showed that in five studies
comparing 100 and 120 kVp protocols, a reduction in radiation dose from 27% to 50%
while maintaining diagnostic image quality was achieved. The effective dose of lower than
five mSv was reported in 80% of the studies performed with prospective ECG-gating which
is comparable to a 4.7 mSv mean effective dose reported by other previous studies [40].

All studies included in this review used either quantitative or qualitative (or both)
diagnostic image quality assessment. No studies had shown any statistical difference
between the FBP and IR algorithm. This indicates that although the tube current was

decreased, as a result of using IR algorithm, the diagnostic image quality never dropped
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below the acceptable range and was similar to the FBP. However, diagnostic image quality
indicators used (image noise, SNR, CNR, overall image quality and coronary segment
analysis) in this review analysis may not determine the potential of radiation dose
reduction. Diagnostic image quality may still deteriorate regarding spatial resolution and
artefacts [41]. Therefore, both should also be included as important end-points of IR
algorithm performance particularly for assessment of diagnostic accuracy in CAD.

There were some limitations with this review. Firstly, the diagnostic efficacy of
detecting CAD at lower doses was not evaluated. Consequently, the results of data analysis
should be used to provide an overview of the radiation dose reduction reported by
literature, not the impact on diagnosis. However, it is complicated to investigate diagnostic
efficacy as this can be influenced by different types of CT scanners and other radiation dose
reduction strategies. Another limitation is the lack of comparison between low-dose FBP-
only, routine FBP-only and low-dose IR algorithm. Naturally, the image noise would
increase with low dose FBP-only, but this might not have a significant impact on diagnostic
image quality for CCTA.

In summary, this review demonstrates that using IR algorithm with CCTA leads to a
significant reduction of radiation dose compared to FBP. The diagnostic image quality of IR
algorithm at a reduced dose (30-41%) is comparable to FBP at standard dose in the

diagnosis of CAD.
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CHAPTER 3 Development of a novel 3D-
printed cardiac insert phantom for
investigations in coronary CT angiography

Part of this chapter has been published by the Journal of Medical Radiation Sciences (2018)

1-9, doi: 10.1002 /jmrs.279.
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3.1 Bridging section
This section aims to highlight the need to develop a novel design of 3D-printed cardiac
insert phantom derived from volumetric CT image datasets of an anthropomorphic chest

phantom for the investigations of CCTA protocols.

3.1.1 Background

Imaging phantoms are tools that can be used to optimise CT protocols without
exposing the patients or animals to unnecessary radiation risk [1]. These phantoms are
inert objects that can be scanned repeatedly. They can be used for calibration, research and
teaching but usually, they are used to investigate various scanning parameter combinations
[2, 3]. For CCTA studies, the Catphan® (The Phantom Laboratory, Salem, NY) [4-6] and
American College of Radiology (ACR) [7, 8] phantoms have been commonly used for dose
optimisation investigations. These phantoms are constructed of separate modules that
allow an image quality assessment for specific criteria (see Figure 3.1). However, they are a
symmetrical shape and not similar to the human habitus or physical anatomy. Geometric
factors, such as patient size, shape, and subject contrast, can influence the image quality
assessment especially during dose optimisation studies [9, 10]. Therefore, phantoms that
are similar to the human body with associated organs are preferred to ensure accurate and

comparable results.
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Figure 3.1 An example of physical phantoms is the Catphan® 500 (The Phantom Laboratory, Salem,

NY). This phantom is widely used for testing the performance of CT scanners. The phantom consists

of five modules to assess the image quality; (i) CTP401 for slice width, sensitometry and pixel size,

(i) CTP528 for line pair and point source spatial resolution, (iv) CTP515 for sub slice and supra
slice low contrast and (v) CTP486 for image uniformity [11].

Anthropomorphic phantoms are also widely used in many CT dose optimisation
studies [12-14]. The anthropomorphic phantoms are designed to closely resemble the
patient body size, anatomy features and photon absorption. The Lungman phantom, by
Kyoto Kagaku company [15], for example, has been designed to resemble chest region of
normal adult patient with various body equivalent materials such as bones, lungs, muscles,
and soft tissue (see Figure 3.2). The provided cardiac insert phantom is constructed from a
single homogenous single material which lacks sufficient anatomical structures for CCTA
image quality assessment, e.g. the contrast-enhanced regions of main arteries and other
small vessels. The internal structures of the phantom, such as heart and lungs, are
removable and can be replaced by other phantom inserts. Therefore, modifications of the

cardiac insert design for CCTA dose optimisation studies are desirable.
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Cardiac

insert
phantom

Figure 3.2 (a) The Lungman anthropomorphic chest phantom by Kyoto Kagaku co., Japan is placed
on the CT table. (b) The removable cardiac (arrow) and lung structures contained within the
Lungman phantom.

The cardiac insert phantom of the Lungman phantom has been used in many
previous and recent investigations [16-18]. The shape and attenuation features of the
Lungman phantom ensure realistic conditions during scanning the patient’s body.
Developing a new CCTA cardiac insert for the Lungman phantom requires technology that
can duplicate the original heart size and shape so that it can be accurately positioned into
the chest cavity. Consequently, 3D printing technology has been applied. This 3D printing
technology is a promising technique used to rapidly fabricate a high quality and cost-
effective physical models [19, 20]. In the recent years, the use of 3D printing technology has
rapidly grown in medicine [21]. This technology has been used to produce various
anatomical models such as personalised artificial parts, implants, medical devices, organ-

specific models, and bioprinting tissues [20, 22-26]. However, the role of 3D printing
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technology in developing CT phantoms in dose optimisation studies is relatively new and
not well-explored. Consequently, this 3D printing technology was used in this study to
produce a new cardiac insert for the Lungman phantom for preforming the CCTA dose
optimisation studies.

A new 3D-printed cardiac insert phantom was designed with the same shape and
size as the original Lungman cardiac insert and contained different attenuating materials
relevant for CCTA image quality assessment. The new 3D printed cardiac insert was
positioned into the Lungman phantom and scanned using a standard CCTA protocols. The
resultant images were compared to the patient and Catphan® 500 phantom images. HU
values of the attenuating materials within the new 3D-printed cardiac insert phantom were
comparable to tissues in the patient image datasets and materials in the Catphan® 500

phantom.
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3.2.1 Abstract

Introduction: An ideal organ-specific insert phantom should be able to simulate the
anatomical features with appropriate appearances in the resultant CT images. This study
investigated a 3D printing technology to develop a novel and cost-effective cardiac insert
phantom derived from volumetric CT image datasets of anthropomorphic chest phantom.
Methods: Cardiac insert volumes were segmented from CT image datasets, derived from
an anthropomorphic chest phantom of Lungman N-01 (Kyoto Kagaku, Japan). These
segmented datasets were converted to a virtual 3D-isosurface of heart-shaped shell, while
two other removable inserts were included using computer-aided design (CAD) software

program. This newly designed cardiac insert phantom was later printed by using a fused
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deposition modelling (FDM) process via a Creatbot DM Plus 3D printer. Then, several
selected filling materials, such as contrast media, oil, water and jelly, were loaded into
designated spaces in the 3D-printed phantom. The 3D-printed cardiac insert phantom was
positioned within the anthropomorphic chest phantom and thirty repeated CT acquisitions
performed using a multi-detector scanner at 120-kVp tube potential. Attenuation
(Hounsfield Unit, HU) values were measured and compared to the image datasets of real-
patient and Catphan® 500 phantom.

Results: The output of the 3D-printed cardiac insert phantom was a solid acrylic plastic
material, which was strong, light in weight, and cost-effective. HU values of the filling
materials were comparable to the image datasets of real-patient and Catphan® 500
phantom.

Conclusions: A novel and cost-effective cardiac insert phantom for anthropomorphic chest
phantom was developed using volumetric CT image datasets with a 3D printer. Hence, this
suggested the printing methodology could be applied to generate other phantoms for CT
imaging studies.

Key words: 3D printing, cardiac insert phantom, rapid prototyping, computed

tomography, computer aided design (CAD)

3.2.2 Introduction

Over the past few years, there has been increased use of 3D printing technology for
rapid prototyping of high quality printed objects [1]. Since its introduction, 3D printing
technology has been successfully applied in numerous areas, such as engineering, industry,

art, education, and medicine [2, 3]. In medicine, 3D printing technology has been used for a
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variety of purposes, e.g. assisting surgical planning [4], guiding interventional procedures
[5], manufacturing radiology components [6], printing personalised artificial parts [7], and
recently, developing phantoms [8-11].

Phantoms have been widely applied in medical imaging, especially in CT systems,
commonly for both quantitative and qualitative assessments of image quality. Many prior
studies [12-14] have highlighted the advantages of using phantoms, especially when the
investigations involve multiple radiation exposures with different acquisitions settings.
One of the most common phantoms used for the investigations of CT protocols is the
anthropomorphic chest phantom (Lungman N-01, Kyoto Kagaku, Japan). This phantom has
properties that are very similar to the anatomical features of an adult chest region, e.g. the
lungs, bones, and muscles. However, the cardiac insert of this phantom has single,
homogenous material that is not appropriate to simulate CT images, especially for cardiac
CT. An ideal cardiac insert should be able at least to simulate the heart features with
appropriate appearances in the resultant CT images.

Recently, many recent phantom studies [8-11, 15, 16] have employed the 3D
printing technology to construct their phantoms. For example, Solomon et al., [16] asserted
that this technology could be applied to generate anthropomorphic texture phantoms that
are feasible to assess the quality of CT images. Another was by Leng et al.,, [15] which used
3D printing technology to generate a comprehensive quality assurance phantom. However,
the major drivers are the limitations of available commercial phantoms which are often
costly and not customisable. This 3D printing technology allows researchers to design and
construct physical phantoms and organ inserts based on their preferences at a lower cost

than any commercially available physical phantoms. Additionally, the successful and
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validated 3D-printed physical phantoms can be reproduced by any other accessible 3D
printers.

Therefore, it is indeed possible to fabricate 3D-printed phantoms with specific
characteristics to suit various imaging investigations, particularly in CT systems. In this
study, the investigation of 3D printing technology offers an alternative to produce a novel
and cost-effective cardiac insert phantom containing a contrast-enhanced region directly
from volumetric CT image datasets of anthropomorphic chest phantom. The printing
methodology used in this study could be generally applied to generate other phantoms for

CT imaging studies.

3.3.3 Materials and Methods
The following three steps were taken to develop the new cardiac insert phantom:-

1. Step one involved obtaining acquisitions of volumetric datasets from a multi-
detector CT scanner.

2. Step two involved delineating the regions of interest (ROI) from the surrounding
structures, which resulted in segmented image datasets. This step also included the
optimization procedure, such as smoothing and wrapping.

3. Step three involved printing the new physical phantom and removing unnecessary
supporting structures so as to produce at final clean physical 3D-printed cardiac
insert phantom.

The phantom was printed using a 3D printer of Creatbot DM Plus Model (Mankati,
Shanghai, China). This 3D printer uses a fused deposition modelling (FDM) technique to

develop the phantom. This FDM technique is similar to inkjet printing but a filament is used
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instead of ink. Acrylonitrile butadiene styrene (ABS) filament passes through a moving
heated extruder to print ~0.25 mm layer of material onto the build tray. Next, a cooling fan
solidifies the ABS material creating a traced layer onto the tray. The process was then
repeated for each layer until completed. Additional support materials were also printed on
the layers to prevent the structures from collapsing.

The proceeding sections elaborate on the (a) designs of the 3D-printed cardiac
insert phantom, (b) process of printing the physical models, (c) after-printing process, and

(d) measurement of attenuation (HU) values.

3.3.3.1 Phantom design

The 3D-printed cardiac insert phantom was made of two main assemblies, (i) the heart-
shaped shell and (ii) the removable inserts:-

(i) The heart-shaped shell design was derived from the volumetric CT image
datasets of an anthropomorphic chest phantom (Lungman N-01, Japan; see Figure 3.1 (a-
b)). The cardiac insert was scanned on a multi-detector CT scanner (Alexion, Toshiba
Medical Systems Co Ltd., Otowara, Japan) using a 120-kVp tube potential and a fixed 200
mA tube current. The reconstructed image datasets were transferred to a segmentation
software program (3D Slicer, The Slicer Community, Harvard) [17] to delineate and outline
structures from the carina to the apex of the heart phantom, see Figure 3.1 (c-d). Next, the
segmented image datasets were exported to generate a virtual 3D-isosurface of the cardiac
insert using Rhinoceros 3D (McNeel, Seattle, WA, USA) and Autodesk 123D Design
(Autodesk Inc., San Rafael, CA, USA) software. To remove any defect, smoothing and surface

rendering methods were performed on the 3D-surface mesh. The mesh of the cardiac insert
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was then saved in a binary stereolithography (STL) file format before it was exported to the
3D printer for printing. The heart-shaped shell was designed to ensure it could be suitably
positioned in the anthropomorphic chest phantom for CT scanning.

(ii) The removable inserts were designed to have similar structures as coronary
arteries or ascending aorta (A) and ventricular anatomy (B) and fit within the heart-shaped
shell. Insert A was designed with varying diameters of cylindrical structures in order to
resemble the different sizes of contrast-enhanced regions of the coronary arteries and
ascending aorta placed on both sides of the insert to represent the right and left sides of the
heart. The diameters of the coronary arteries and the ascending aorta were set from 1.5 to
5.0 mm and 30 mm, respectively. A minimum diameter of 1.5 mm is the smallest diameter
detectable as in accordance to the American Heart Association (AHA) Guidelines [18]. The
dimensional size of these two removable inserts was further adjusted so that they fitted
and could be suitably positioned in the heart-shaped shell. Figure 3.2 (a-c) shows the cross-

sectional diagram and the virtual 3D-isosurface of the removable inserts A and B.
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Figure 3.3: (a) An anthropomorphic chest phantom (Lungman N-01, Kyoto Kagaku, Co., Ltd., Kyoto,
Japan). The anthropomorphic chest phantom was scanned on a multi-detector CT scanner in order
to obtain the volumetric datasets of the original cardiac insert; (b) The original size and the
appearance of the cardiac insert; (c) The segmentation process using 3D Slicer software program
(The Slicer Community, Harvard) [17]. The cardiac insert was segmented to ensure that the
modelling process could be performed to produce the heart-shaped shell; and (d) The virtual 3D
model of the original cardiac insert.
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Figure 3.4: (a) A cross-sectional diagram of the new custom-made design of 3D-printed cardiac
insert phantom. The measurements of each model were determined based on the adjustments
made so that the model could fit the size of the heart-shaped shell perfectly, as well as to be suitably
positioned in the anthropomorphic chest phantom. The modelling parts of the removable inserts
within the heart-shaped shell are (b) removable insert A, and (c) removable insert B.

3.3.3.2 Printing process

Three printing tasks had been employed to facilitate the printing process, which
were: (i) Insert A; (ii) Insert B; and (iii) Heart-shaped shell. Insert A was printed by
segregating it into Parts [ and II. Part I refers to the cylindrical structures, while Part II
denotes the base layer (Figure 3.3a). Meanwhile, Insert B was divided into three parts
(Parts I, II, and III). Part I refers to the top layer, while Part II denotes the ventricle-shape,
and Part III reflects the outermost cylinder shape in which to insert both the removable
inserts (Figure 3.3b). As for the heart-shaped shell, it was separated into Parts I and II,
where Part I is for the shell where the removable inserts could be placed, whereas Part Il is
the top layer (Figure 3.3c). Such division of printing parts or assemblies allowed easy filling

for the varied density materials, especially after the printing process. The printer settings
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used during the 3D printing process were configured based on the Simplify3D (Ohio, USA)

software program, as shown in Table 3.1.

Part 11l

N
; ’Ppart n {

Part I
Part I

(c) Heart-shaped shell

(a) Insert A (b) Insert B

Figure 3.5: Three separate tasks were carried out to facilitate the printing tasks. (a) Insert A was
divided into Parts I and II; (b) Insert B was separated into three parts (Parts I, II, and III); and (c)
Heart-shaped shell was divided into Parts I and II. These separation tasks of printing parts eased
the process of filling with varied density materials after the printing process.
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Table 3.1: The 3D printer settings applied in this study. In achieving very fine details with several
ranges of printing materials or 3D printer while avoiding gaps, leaking, and overlaps; varying
results could be generated. NB These settings are only applicable if a printer similar to Creatbot DM
Plus Model (Mankati, Shanghai, China) and a software program similar to Simplify3D (Ohio, USA)
are employed to design and to construct the phantom.

Settings Selection
i.  Extruder Nozzle diameter: 0.40 mm, Extrusion multiplier: 1.00,
Toolhead Extrusion width: Auto, Retraction distance: 1.00 mm,

Retraction speed: 1800.0 mm/min

ii. Layer Primary layer height: 0.25 mm, Top/bottom solid layers: 5,
Outline/perimeter shells: 5, Outline direction: Inside-out,
First layer height: 90%, First layer width: 100%,

First layer speed: 50%

iii.  Additions: Raft Raft layers: 1, Raft offset from part: 2.00 mm,

Separation distance: 1.50 mm, Raft infill: 100%

iv.  Infill Internal fill pattern: Grid, External fill pattern: Concentric,
Interior fill percentage:10%, Outline overlap: 50%,
Minimum infill length: 5.00 mm,
Print sparse infill every: 1 layer,

Infill angle offsets: 45/-45 degrees

v.  Support: Generate Support infill percentage: 25%, Dense support layers: 5
support material Dense infill percentage: 50%, Print support every layer

Support type: Normal, Support pillar resolution: 4.00 mm
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vi. Temperature

vii.  Cooling

viii.  G-code

ix.  Script

X. Others

Extruder: 240 degrees Celsius

Heated Bed/Platform: 230 degrees Celsius

Fan speed: 60%

Tick all boxes: 5D firmware, allow zeroing of extrusion distance,
firmware supports “sticky” parameters, update machine

definition (Cartesian robot), update firmware configuration
(Rep/Rap)

G28; home all axes

Default printing speed: 1800.0 mm/min, Outline under speed:

50%

Solid infill under speed: 80%, X/Y axis movement speed: 4800.0

mm/min

Z axis movement speed: 1000.0 mm/min

Filament diameter: 1.7500 mm

3.3.3.3 After-printing process

Additional support materials, e.g. rafts and pillars, were removed from the 3D-

printed cardiac insert phantom. Next, the external surface of heart-shaped shell and

removable inserts (Inserts A and B) was covered with acrylonitrile butadiene styrene (ABS)

liquid to prevent leakage of the materials. This ABS liquid was produced by soaking the ABS

filaments into acetone for approximately 30-45 minutes. All the removable inserts were
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glued together after the process of filling the phantom with materials of different densities
was completed. The heart-shaped shell that supported the two inserts was then filled with
jelly to simulate the myocardium. Insert A was filled with oil, while the surrounding tube-
like structures were filled with Ultravist-370 (Schering Health Care Ltd, Burgess Hill, UK)
iodinated contrast media to resemble the contrast-enhanced vessels. The iodine
concentration was adjusted to simulate cardiac CT imaging of coronary CT angiography at
100-120 kVp, 25-30 HU per milligram of iodine per millilitre [19]. Insert B was filled with

water material and separately with air material, where the latter simulated the trachea.

3.3.3.4 Attenuation properties

The average attenuation (Hounsfield Unit, HU) values were measured to verify the
properties of the phantom for cardiac CT imaging. All measurements were performed at
the CT scanner workstation. The 3D-printed cardiac insert phantom was positioned in the
anthropomorphic chest phantom and imaged thirty times with a multi-detector CT scanner
(Alexion, Toshiba Medical Systems). The acquisitions of the phantom were performed at
120-kVp tube potential, scan FOV 250 mm and 0.75-second rotation time. The tube current
was set at 200 mA and dose modulation was turned off. The projection image datasets
were reconstructed by applying only FBP and FC18 reconstruction kernel with a 1.0-mm
slice thickness and an axial FOV of 160-mm. The average attenuation values (Hounsfield
Unit, HU) values were measured by placing the region of interest (ROI) over each material
(contrast media, air, oil, and jelly) reconstructed axial images of the cardiac phantom, the
relevant anatomy (ascending aorta, air, fat, and muscle) of patient image datasets and also

the air and LDPE inserts of Catphan® 500 phantom (The Phantom Laboratory, Salem NY,
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USA). Both patient and Catphan® 500 phantom datasets were scanned at similar

acquisition protocols.

3.3.4 Results

The physical models and the axial CT images of the completed 3D-printed cardiac
insert phantom are illustrated in Figure 3.4 and Figure 3.5, respectively. The total printing
time was 12.1 hours and phantom preparation time, e.g. removing support materials,
covering surfaces with acrylonitrile butadiene styrene (ABS) liquid, assembling all parts,
and filling the phantom with materials was 10.2 hours. The cost of the phantom production
was approximately US$70, which covered the costs of the ABS filament and the internal
materials used. However, the cost of the 3D printer was excluded due to institute
ownership.

The mean attenuation values (HU) for circular ROI placed over varied materials
within 3D-printed cardiac insert phantom, real-patient image datasets, and Catphan® 500
are tabulated in Table 3.2 for FBP image reconstruction algorithms. As a result, the
measured values confirmed that the materials used in the 3D-printed cardiac insert
phantom are comparable with those obtained from the real-patient image datasets and the

standard CT image quality phantom Catphan® 500 phantom (Air and LDPE inserts).
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Figure 3.6: A 3D-printed cardiac insert phantom; heart-shaped shell, insert A, and insert B, before
(a-c) and after the printing process (d-f), respectively.
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Figure 3.7: The resulting axial CT images of (a) four inserts in Catphan® 500 phantom; (b) and (c)
patient image datasets for cardiac CT; (d) original cardiac insert of anthropomorphic chest
phantom; (e-f) 3D-printed cardiac insert phantom with contrast materials (CM), oil, air, water and

jelly segments labelled.
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Table 3.2: Mean of attenuation values (HU) obtained with FBP (FC18) for the 3D-printed cardiac
insert, as compared to the patient image datasets, and Catphan® 500 at 120 kVp.

HU values Contrast Air 0il / Fat Jelly / Muscle
material
3D-printed 354.3 -894.1 -92.4 25.9
cardiac insert
Patient image 327.0 -847.5 -90.0 17.6
datasets
Catphan® 500 n/a -968.9 -83.0 n/a

n/a: not available

3.3.5 Discussion

This paper presents a novel design of a 3D-printed cardiac insert phantom for an
anthropomorphic chest phantom, including the associated 3D printing methodology. This
phantom was comprised of a contrast-enhanced region to enable the investigation of the
impact of various settings upon cardiac CT protocols. In a prior work [20], the use of this
new cardiac insert phantom had been demonstrated to determine the impact of various
image reconstruction algorithms on image quality and dose reduction potential. The results
were consistent with past studies [21-23] as the image datasets reconstructed with
iterative reconstruction algorithm exhibited more noise reduction, hence resulting in
higher image quality, when compared to the FBP.

To ascertain image quality, researchers [24-27] measured image noise by placing
the ROI within a specific anatomical contrast-enhanced region to ascertain image quality.
For cardiac CT imaging of CCTA, the ROI is usually placed within the ascending aorta [24-

26]. In clinical case, this anatomical region refers to the time-to-peak enhancement of the
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contrast media, which has been often applied to test the adequacy of the contrast path, and
therefore, overall contrast enhancement level as well as diagnostic image quality [28]. For
the 3D-printed cardiac insert phantom, a cylindrical contrast-enhanced region was
designed with similar diameter to the average ascending aorta (~30mm). The large size of
this cylindrical contrast-enhanced region allowed for the measurement of image noise.

Despite image noise, most clinical-based studies [29-31] also employed the
detectability of coronary arteries to determine the subjective image quality that resulted
from varying protocols. For instance, Carrascosa et al. [30], determined the overall image
quality score based on coronary artery visualization. As for the present cardiac insert
phantom, the varying size of cylindrical contrast-enhanced regions represented this
purpose. Hence, the edges and the detectability of these cylindrical contrast-enhanced
regions over various protocols applied could be used to determine the overall subjective
image quality.

Another advantage of this new insert phantom is the removable inserts. This new
feature allowed the researchers to further customize the design or the filling materials
used to suit their purposes. Additionally, this design was successfully developed by using a
computer-aided design software program, hence making it possible for other researchers
to redesign and reproduce new physical phantom models. In fact, numerous other open
sources software programs are also available on the internet for users to download and use
to build their phantom designs.

The primary challenge of 3D printing technology had been seeking the most apt
printing methodology, which is inclusive of selecting suitable printing materials,

determining the correct temperature settings of the extruders, and choosing the most

80



appropriate printer protocols [32]. From this work of developing the present phantom,
deciding on the appropriate temperature for the extruder to lay the printing materials on
the platform had been an intricate issue. Another problem that was experienced had been
during the printing process of the removable inserts due to the surface intricacy and the
size of subtle diameters.

The new insert phantom offers a good alternative to researchers who need to
produce custom phantoms relatively quickly and cost-effectively. Sophisticated phantom
production demands the use of the latest three-dimensional printer technology that allows
a greater variety of filament materials and the ability to customize phantoms with the
desired geometrical features. There are several limitations related to the 3D printer used.
First, the new insert phantom resembled a static physical model of a dynamic organ
meaning the various changes that take place during the cardiac cycle were not displayed in
the projection images. Different printing materials moved by electrical motors could offer a
sequence of mechanical events similar to heartbeats. Second, more advanced 3D printing
technology can produce physical models with highly intricate surfaces and sides. This
advanced technology could be extended to produce a phantom from the real-patient
volumetric CT datasets.

This 3D-printed cardiac insert phantom was also comparable with the HU values
obtained from the real-patient image datasets and the Catphan® 500 phantom. Hence, it
was likely that for all the filling materials, the resulting image quality assessments did
display similar results upon using the real-patients or Catphan® 500 phantom.
Nonetheless, in any case, additional investigations, e.g. resolutions and detectability, using

other tools are indeed necessary to ensure that the image quality assessments are accurate.

81



In conclusion, this study demonstrates that a novel 3D-printed cardiac insert

phantom can be produced from volumetric CT images. This new insert phantom could be

reproduced by investigators who need a relatively cost- and time-effective method of

producing customized CT phantoms. Further advances in this 3D printing technology

promise to offer more flexibility in design, and this could become a more routine method in

producing phantoms in future.
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CHAPTER 4 An investigation of CT image
quality using iterative reconstruction
algorithm and a 3D-printed cardiac insert
phantom

Part of this chapter has been submitted to Journal of Computer Assisted Tomography and it

is currently under review.
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4.1 Bridging section
This section aims to highlight the need to investigate the use of a 3D-printed cardiac insert
phantom in the evaluation of an IR algorithm and its different strength levels for dose

reduction potential in CCTA protocols.

4.1.1 Background

In the previous chapter (chapter three), the development of a 3D-printed cardiac
insert phantom with CT attenuation values similar to patient and Catphan® 500 phantom
image datasets were described and investigated. In this chapter, the new printed phantom
was used to investigate the effect of IR algorithm on CT image quality and compare the
results obtained to what has been reported in the literature for dose reduction analysis. An
investigation of the use of this phantom for image quality assessment and dose reduction
potential is important to establish its suitability for CCTA dose optimisation studies.

Imaging phantoms are widely used as a tool for investigating the effect of IR
algorithm in CT examinations [1-6]. The physical phantoms such as Catphan® (The
Phantom Laboratory, Salem, NY) phantoms used in the previous studies [5, 7, 8] provide a
good first-order approximation of image quality. However, due to their current shape and
the complexity of IR algorithm, it is possible that such phantoms are not fully adequate to
assess the clinical impact of IR algorithm because patient body habitus can influence the
radiation dose during CT examination [9, 10]. An anthropomorphic phantom, such as the
Lungman phantom, is designed to be very similar to patient anatomy. Therefore, a
combination of this Lungman phantom with an organ-specific phantom such as the cardiac

insert, built with 3D printing technology, would be an appropriate simulation of scanning
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patient’s heart. To date, only a few studies have used 3D-printing phantoms to evaluate the
effect of IR algorithm dose reduction potential in CT examinations on image quality.
Solomon et al. [11] and Leng et al. [12] used the 3D-printed of lung and liver phantoms
respectively for their investigations of IR algorithm however, no study reported the
application of 3D-printed cardiac insert phantoms for CCTA. Consequently, the application
of a 3D-printed cardiac insert phantom associated with the Lungman phantom to evaluate
the effect of IR algorithms for CCTA dose optimisation studies is a novel investigation
methodology.

This chapter and the thesis are heavily focussed on the quantitative measurement of
image quality. Thus, a clear working definition of image quality is needed. The ICRU report
54 [13] indicates that a utilitarian approach results in the most comprehensive and
practical definition of image quality. In the report, image quality is defined as “the
effectiveness by which an image can be used for its intended task”. This idea is commonly
referred to as “task-based” image quality [14, 15]. Under this definition, physical
characteristics of the image, such as noise, SNR, or CNR may be used to determine image
quality, but are not necessarily metrics of image quality, i.e., spatial resolution. In other
words, these characteristics of objective image quality is not necessarily a metric of image
quality, but it is likely that any proper task-based image quality metric would be sensitive
to changing properties of the imaging system, especially if the visualization or
measurement is important to the clinical task in question [16]. Therefore, these
characteristics of objective image quality can and shall be used to measure the image
quality of this 3D-printed cardiac insert phantom especially for CCTA dose optimisation

studies.
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In this chapter, the findings of investigation were compared to the previous work in
chapter 2 to ensure that they were within the average dose reduction range reported in the
literature. The 3D-printed cardiac insert phantom, placed within the Lungman phantom,
was scanned using a standard CCTA protocol using three different low-dose protocols.
Then, the resulting image datasets were reconstructed with FBP and three strengths of the
IR algorithm. From the systematic review, up to 40% of dose reduction was achieved using
IR compared to the FBP for CCTA.

With respect to the image quality of image noise, SNR, and CNR, the results of this
3D-printed cardiac insert phantom study showed similar results to the previous literature.
These findings indicate that the 3D-printed cardiac insert phantom can be used to
investigate the impact of IR algorithm on image quality as compared to the FBP. CT vendors
claim that the higher strength levels of IR algorithms will result in higher noise reduction
and thus may improve the image quality [5, 17]. In line with that, this phantom study
showed that the AIDR3D with the strong level has the highest image noise reduction and
the mild level with the lowest for each of protocol. In summary, these results indicated that
it may be possible to use this 3D-printed cardiac insert phantom to investigate the effect of
IR algorithms with respect to the image quality and dose reduction potential. This work
will be submitted to the Journal of Computer Assisted Tomography (JCAT) with the title of
“An investigation of CT image quality using iterative reconstruction algorithm and a 3D-

printed cardiac insert phantom”.
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4.2 Manuscript
This section is written in a manuscript version as to be submitted to the Journal of
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4.2.1 Abstract

Objective: To investigate the use of a 3D-printed cardiac insert phantom when evaluating
IR algorithms in CCTA protocols. The objective image quality was measured with respect to
the different strengths of IR algorithm at multiple radiation dose levels.

Methods: The 3D-printed cardiac insert phantom was placed into an anthropomorphic
chest phantom and scanned with a multi-detector 16-slice CT scanner. Acquisitions were
performed with CCTA protocols using 120 kVp at four different tube currents; 300, 200,
100, and 50 mA (protocols A, B, C, and D respectively). The image datasets were

reconstructed with FBP and different IR algorithm (adaptive iterative dose reduction three-
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dimensional, AIDR3D) strengths. The image quality metrics image noise, SNR, and CNR
were calculated for each protocol.

Results: Decreasing dose levels have significantly increased the image noise, compared to
FBP of protocol A (p<0.001). As a result, the SNR and CNR were significantly decreased
(p<0.001). For FBP, the highest noise with poor SNR and CNR was protocol D with 19.0 *
1.6 HU, 189 + 2.5, 25.1 £ 3.6, respectively. For IR algorithm, the AIDR3Dstrong yielded the
lowest noise with excellent SNR and CNR. Comparing to previous literature, the percentage
differences between FBP and IR algorithm for the image noise, SNR, and CNR are from 1%
to 28% (mean * SD: 12 * 9%), from 1% to 36% (mean * SD: 15 * 13%), and from 4% to
35% (mean * SD: 16 * 12%), respectively. Consequently, the dose reduction of using
protocol B was possible.

Conclusions: The measurement image noise, in the 3D-printed phantom, was reduced
significantly with the IR algorithm and thus, SNR and CNR was increased compared to FBP.
Applying IR algorithm at various strengths has yielded a stepwise improvement of image
quality allowing a dose reduction of up to 40%.

Keywords: reconstruction settings; coronary CTA; dose reduction; phantom; image quality

4.2.2 Introduction

With the introduction of 64-slice and recently dual-source CT scanners, CCTA has
emerged as a practical diagnostic imaging modality and is a less invasive assessment of
CAD than invasive coronary angiography [1-4]. However, the rapid increase dose and thus
the potential of radiation-induced cancer risks have prompted efforts of CCTA dose

optimisation [5-8]. CCTA requires additional radiation dose with the advances in the CT
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spatial and temporal resolution that allows detection of small lesions [9-11].
Reconstruction algorithms are an important way to reduce dose. Currently, FBP is the most
widely used image reconstruction algorithm for CT imaging [12, 13]. FBP is a fast and
robust analytic technique that performs well in most situations; however, when radiation
dose is reduced or when large patients are examined, FBP results in images that are
deteriorated by both electronic and quantum noise [14].

IR algorithms have been developed to provide solutions for the increasing noise at
low dose protocols [15-17]. The advancement of computerisation has facilitated the
application of IR algorithm in CT examinations [18, 19]. IR algorithms use statistical noise
models to optimise the image quality of the final image [20, 21]. IR algorithms require
multiple steps, and with every step, noise is reduced according to the specific statistical
model of the IR algorithms. Hybrid IR algorithms involve the blending of IR algorithm with
FBP reconstructions to keep the noise characteristics and image appearance diagnostically
acceptable. [22] The amount of blending is represented by relative strengths of IR
algorithm which determine the ratio between FBP and IR algorithm [23, 24]. For example,
the adaptive iterative dose reduction three-dimensional (AIDR3D, Toshiba Medical Systems,
Tochigi, Japan) has three levels of strength; mild, standard, and strong. The mild has the
least iterative weighting, and the strong is the greatest. The assessment of CT image quality
can be used to characterise the performance of the IR algorithm.

In our previous work [25], a 3D-printed cardiac insert phantom had been developed
and the results showed that it is suitable for CCTA investigation protocols [25]. This article
has further evaluated the printed phantom to measure the image noise, SNR, and CNR for

the evaluation of IR algorithm on dose reduction potential. The purpose of our
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investigation was to verify that image quality characteristics are the same with previous
literature while noise is reduced by IR algorithm Therefore, in this study, we used a 3D-
printed cardiac insert phantom to investigate the effect of IR algorithm and its different
selectable strengths on dose reduction potential while maintaining the image quality in

CCTA protocols.

4.2.3 Materials and Methods

The 3D-printed cardiac phantom is a similar shape and size to the cardiac insert of
an anthropomorphic chest phantom (Lungman N-01, Kyoto Kagaku Co., Ltd., Kyoto, Japan)
and filled with different attenuating materials (Figure 4.1a). The phantom’s filling materials
were composed of a jelly (27.24 + 2.67 HU), water (-6.83 = 3.09 HU), oil (-93.73 + 4.35 HU),
and air (-996.77 + 2.35 HU. Cylindrical structures simulating the coronary vessels and

ascending aorta were filled with contrast media (354.33 = 3.21 HU) (Figure 4.1).

4.2.3.1 Acquisition protocols

The 3D-printed cardiac insert phantom was placed in the anthropomorphic chest
phantom and scanned using a multi-detector CT scanner (Alexion, Toshiba Medical
Systems Co Ltd. Otowara, Japan) (Figure 4.1, c and d). Acquisitions were based on the
CCTA protocols using a 120 kVp tube voltage and tube currents (mA) of 300, 200, 100, and
50 resulting in four CT dose index volumes (CTDlvo) of 19.2 mGy (Protocol A), 11.6 mGy
(Protocol B), 5.8 mGy (Protocol C), and 2.9 mGy (Protocol D). Protocol A was the reference
protocol with a 100% dose level. The dose reduction rates for B, C, and D were 40%, 70%,

and 85%, respectively. The detector collimation was 1 x 16 mm, the DFOV is 350 mm, and
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gantry rotation time was 0.75 s. Data acquisitions of the phantom were repeated thirty

times.

4.2.3.2 Reconstruction settings

Protocol A was reconstructed only with the FBP, and the protocols B, C, and D with
the FBP and the adaptive iterative dose reduction three-dimensional (AIDR3D) (Toshiba
Medical Systems Co Ltd., Otowara, Japan) IR algorithm. The AIDR3D is the manufacturer’s
commercial hybrid IR algorithm, which combines reconstruction in the raw data and image
space [26]. The iterations are executed in image space only, where edge preservation and
smoothing are performed. The corrected image is blended with the initial image from the
raw data to keep the noise granularity [27]. The AIDR3D has three different strengths:
mild, standard, and strong. Table 4.1 shows the imaging parameters. Note, the IR algorithm

is referred to as the AIDR3D in text and figures.

Table 4.1: CT acquisition parameters and reconstruction settings. Four different protocols are used;
protocols A, B, C, and D. For image reconstructions, FBP and three strengths of AIDR3D are used;
mild, moderate, and strong.

Parameters

Scanner type Toshiba Alexion

Detector collimation (mm) 16x1.0

Field of view (mm) 160

Rotation time (s) 0.75

Scan range (mm) 125

Tube Voltage (kV) 120

Tube current (mA) (protocol) 300 (A) 200 (B) 100 (C) 50 (D)
CTDIyvol (mGy) (protocol) 19.2 (A) 11.6 (B) 5.8 (C) 2.9 (D)
Reconstruction FBP, AIDR3D mild, standard, and strong
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Figure 4.1: (a) The 3D-printed cardiac insert phantom. (b) A schematic diagram of the phantom
with all filled materials. (c) The anthropomorphic chest phantom, containing the 3D-printed cardiac
insert phantom, is placed on the scanner couch. (d) An axial CT image shows the contrast-enhanced
region of the 3D-printed cardiac insert phantom; the centre simulates the contrast filled ascending
aorta, and the varying size diameters of cylindrical demonstrate coronary arteries.

4.2.3.3 Image quality and dose reduction

A region-of-interest (ROI) was placed in the centre of contrast-enhanced region that
simulates the contrast filled ascending aorta for each slice of axial CT images. The size of
ROI was adjusted to the maximum allowed area within that region. The measurements
were made from 15-slices at four dose levels, resulting in 15 x 4 = 60-slices. As the
acquisitions were repeated thirty-times, the total of images measured was 60 x 30 = 1,800-
slices for each reconstruction. Image noise was quantified as standard deviation (SD) of

attenuation values within the ROI. The signal-noise ratio (SNR) and the contrast-noise ratio
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(CNR) were calculated using equations 1 and 2, respectively [28, 29]. The SNR was
calculated by dividing the mean attenuation values (HU) by the corresponding SD

(Equation 1).

HUmean
SNR - T (Eq. 1)

CNR was calculated as the difference between the two mean HU values (A and B)
divided by the SD of the first material (A) (Equation2). A pair of contrasts was measured

(the contrast media (A) and the oil (B)) to simulate the ascending aorta and the fat.

_ HUmean (A)—HUpmean (B)
CNR = SD (B) (Eq.2)

Data analyses were carried out using Statistical Package for the Social Science (SPSS,
version 21; IBM Corp., New York, NY, USA). Descriptive statistics, e.g.,, mean and standard
deviation, were calculated. Image noise as well as SNR and CNR values were tested for
normality by the Shapiro-Wilk test. Analysis of variances test examined the differences

between image noise, SNR, and CNR.

In addition to that, the difference percentages of the measurement values for each
image reconstructions between the low dose protocols (protocols B, C, and D) and
reference protocol A were also calculated and reported. These percentages were produced
to allow comparison of the results obtained with the previous literatures for dose
reduction analysis. The previous literatures were selected based on our previous work [14]
which investigated on the effect of using IR algorithm compared to FBP in CCTA

examinations. In particular, seven databases (MEDLINE, Web of Science, EMBASE, CINAHL,
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Science Direct, I[EEE Xplore, and SPIE Digital Library) were searched to retrieve the
selected studies, and a rigorous assessment was performed during the selection process to

ensure only relevant studies were included.

4.2.4 Results

4.2.4.1 Image noise, SNR, and CNR

Image noise, SNR and CNR is shown in Table 4.2. The FBP image noise (HU values)
for protocols B, C, and D was significantly higher than protocol A with the highest for
protocol D (p<0.001 for all). For protocols B, C, and D, the AIDR3Dstrong yielded the lowest
image noise (9.8 £ 1.1, 12.4 + 0.7, and 15.5 + 1.2 HU, respectively) and the highest noise
reduction (15%, 16%, and 18%, respectively) when compared to the FBP. In contrast, the
AIDR3Dmiqa showed the highest image noise (11.0 * 1.2, 14.1 + 0.9, and 18.0 * 1.4,
respectively) but the lowest noise reduction (<5%).

The SNR values of protocol A was the highest when compared to the other three
protocols. For FBP, the SNR was significantly reduced for protocols B, C, and D, (12%-47%)
when compared to the protocol A (p<0.001 for all). For protocols B, C, and D, the
AIDR3Dstrong yielded the highest SNR while AIDR3Dmnilq showed the lowest compared to FBP
and the highest SNR percentage variation (11%, 30%, and 44%, respectively) when

Compared to AIDRgDstandard and AIDR3 Dstrong.

The CNR values of AIDR3D in protocols B, C, and D were significantly lower than the
FBP in protocol A (p<0.001 for all). Of these, the lowest CNR was measured in the protocol

D. For FBP, the highest CNR was the protocol B (41.3 + 5.7) with only 12% of percentage
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variation compared to the Protocol A. For IR algorithm, the higher strength of AIDR3D
resulted in higher CNR. For protocols B, C, and D, the AIDR3Dstong yielded the highest
increase in CNR while AIDR3Dmniq showed the lowest increase in CNR compared to the FBP

for each protocol.

Table 4.2: Results of image noise, SNR, and CNR at multiple dose levels using the 3D-printed cardiac
insert phantom. Protocol A is the reference protocol, to demonstrate the dose reduction potential
between other three protocols of B, C, and D between FBP and IR algorithms. Increasing the
strength of IR algorithm (AIDR3D) results in more noise reduction. The strong level has the highest
noise reduction while the mild has the lowest among the three IR strengths.

Image 19.2mGy 11.6 mGy Diff. 5.8 mGy Diff. 2.9 mGy Diff.
i 0, 0, 0
reconstructions Protocol Protocol (%) Protocol (%) Protocol (%)
A B C D
FBP 95+0.7 11.5+1.2 21 14.7+0.9 54 19.0+ 1.6 99
Image
_ 8 AIDR3Dmiq 11.0+1.2 15 14.1+0.9 48 18.0+1.4 89
noise
(HU) AIDR3Dstandard 10.0+1.1 6 13.0+0.8 36 164 +1.2 72
AIDR3Dystrong 98+1.1 3 12.4 +0.7 30 155+1.2 63
FBP 355+34 31.2+39 12 242+28 32 189+25 47
AIDR3Dmiq 31.5+3.6 11 249+28 30 19.7 + 2.3 44
SNR AIDR3Dstandard 33.9+34 4 27.3+3.2 23 21.5+2.4 39
AIDR3Dstrong 35.0+4.4 1 28.0+2.8 21 22.2+2.1 37
FBP 46,6 +43 413+57 12 32.0+%3.8 31 25.1+3.6 46
AIDR3Dmiq 416+52 11 33.0+3.8 29 26.1+3.3 44
CNR AIDR3Dstandard 448+49 4 36.0 +4.2 23 28.5+3.3 39
AIDR3Dystrong 46.2 +6.3 1 37.0+3.8 21 29.4 + 3.0 37

All the measurement values show a significance level of P<0.001 by ANOVA.
Diff.: Differences
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4.2.4.3 Dose reduction analysis

Findings of the previous literature search based on the previous work are
summarized in Table 4.3. Data was extracted into authors’ name, year of published, image
noise values, SNR values, CNR values, and the difference percentages. For image noise, the
noise reduction between FBP and IR algorithms was from 1% to 28% (mean+SD: 12+9%).
With respect to SNR and CNR, the ranges were from 1% to 36% (mean+SD: 15+13%) and
from 4% to 35% (mean+SD: 16+12%), respectively. For dose reduction potential analysis
(Figure 4.2), the mean difference percentages published in literature search between FBP
and IR algorithms were compared to the protocols B, C, and D. From our analysis, protocol
B results are below the mean values of previous literature indicating similar image quality
to the reference protocol A. For protocol C and D, the image noise, SNR, and CNR results are

above the mean percentage variation of the previous literature.
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Table 4.3: The summary of the literature which compares the difference in image noise, signal-noise

ratio (SNR), and contrast-noise ratio (CNR) between FBP and IR algorithms.

Image

Author Recons- Image Noise Diff. Signal-noise Diff. Contrast-noise Diff.
0 1 0, 1 0]
truction (HU) (%) ratio (SNR) (%) ratio (CNR) (%)
Leipsic et al. FBP NS NS NS
NS NS NS
[30] IR 6-10 -2to-3 NS
Shen, J. et al. FBP 35.00-35.03 NS 11.6+2.1 NS NS NS
[31] IR 34.99-35.02 109+1.9 NS
Tumur, O.etal. FBP 37.63 £18.79 6 11.0 £ 3.63 c 8.33 +3.08 c
[32] IR 39.93 +£10.22 10.47 + 3.29 7.95 + 2.68
i +
Moscariello, A. FBP 24.7+7.4 16 NS NS NS NS
etal. [33] IR 20.7 +7 NS NS
Wang, R. etal. FBP 26.53 £5.16 4 13.44 + 3.75 16 19.70 + 4.86 6
[34] IR 27.64 +£3.90 15.58 + 3.15 20.82 +4.71
Yin, Wei-Hua FBP 18.7 + 3.8 97 22.5+54 36 17.5+55 35
etal. [35] IR 13.7 £ 2.7 30.5+7.4 23.7+7.5
Park, E.A.etal. FBP 24.8+4.0 11 22.7+4.6 14 16.1 +4.0 14
[36] IR 22.0+45 25.8+4.4 18.3+4.2
+
Renker M. etal. FBP 249 +6.0 4 NS NS NS NS
[12] IR 26.0+7.5 NS NS
Di Cesare, E.et FBP 30.6 +5.4 10 13.9+3.1 97 16.2+3.5 97
al. [37] IR 27.6+3.9 17.7 £ 3.5 20.6 +3.6
Tomizawa N. et FBP 22.1+4.3 4 189+ 4.6 c 22.1+49 4
al. [38] IR 23.0+4.0 199 +45 23.0+4.7
Williams, M. C. FBP 32 +NS )8 NS NS 12 £ NS 8
etal. [39] IR 41 £ NS NS 11 £ NS
Carrascosa, P. FBP 37.8+1.4 1 12.2+1.4 1 NS NS
etal. [40] IR 38.2+24 12.1+1.4 NS
Hou, Y. et al. FBP 39+10 NS 12 +4
’ 15 NS 25
[41] IR 33+6 NS 15+3
Kordolaimi S.D. FBP NS NS NS
NS NS NS
etal. [42] IR 6-10 -2to-3 NS

NS: Not Stated. Diff.: Differences.
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Figure 4.2: For dose reduction potential analysis, a comparison of image noise, signal-noise ratio
(SNR), and contrast-noise ratio (CNR) among results were obtained with our 3D-printed cardiac
insert phantom and the relevant previous literature. The literature sets the mean percentage
variations published for comparison among other protocols B, C, and D. From the graph, overall
protocol B results are below the mean values indicating similar image quality to reference protocol
A. For protocol C and D, the image noise, SNR, and CNR results are above the mean values.
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Figure 4.3: CT images of the 3D-printed cardiac insert phantom at four dose levels in columns and
reconstruction methods, FBP, AIDR3Dmild, AIDR3Dstandard, and AIDR3Dstrong, in rows. The
insert contains contrast-material to simulate the ascending aorta and varying size of coronary
arteries during cardiac CT imaging of CCTA.

4.2.5 Discussion

IR algorithms claim to maintain or improve the image quality CT image quality
when reducing dose by lowering the exposure factors [24, 43]. IR algorithms reduce image
noise resulting from low photons flux [44]. The effect of IR algorithms on noise reduction
depends on the photons flux and the selected IR strengths. This study demonstrates that
using a 3D-printed cardiac insert phantom, an IR algorithm and increasing its strength have
yielded a stepwise improvement in an objective measurement of image quality when

compared to FBP.
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The objective image quality measures of noise, SNR, and CNR are commonly used
for the evaluation of IR algorithm [15, 45]. The noise characteristics of the CT image is just
one metric of image quality, but it is likely that any changes made on them would affect the
visualisation or measurement in a clinical task [46-48]. For example the visualisation of
low contrast liver lesions are noise dependant, so reductions in noise would result in
clearer visibility of the lesion. For CCTA, the image noise is usually measured in the centre
of the ascending aorta as it is the area of the highest density of contrast-enhanced region
[33, 49, 50]. In this study, the ROI was placed at the center of the largest diameter of the
cylindrical contrast-enhanced region to simulate the ascending aorta and measure the
image noise, SNR, and CNR. In line with previous studies [29, 37-39, 51-53], the IR
algorithm results show significantly less image noise as compared to FBP. For the IR
algorithm, increasing the strength from AIDR3Dmig to the AIDR3Dstrong has resulted in a
range of noise reduction with improved measures of SNR and CNR.

For dose reduction analysis, the mean difference percentages published in the
previous literature search between FBP and IR algorithms were compared to the different
percentages measured in the low dose protocols B, C, and D. In the previous literature, the
results showed that CCTA with the use of IR algorithm leads to a significant reduction in
radiation dose compared to the FBP. In addition, the image quality of IR algorithm at
reduced dose (30-41%) is also comparable to FBP at standard dose in the diagnosis of
CAD. In line with that findings, the results of our phantom and literature analysis has
shown that the dose reduction was possible especially when using protocol B with up to

40% dose reduction over protocol A. On the other hand, protocol C and D were not
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acceptable because the higher image noise than the reported mean difference percentages
in the previous literature may result in loss of image details.

As the dose reduction potential was compared to the previous patient-based
literature, the results of this study could infer the similar impact if performed in clinical
settings. This is especially indicated by the image quality of IR algorithm at the reduced
dose of 11.6 mGy (CTDlIyo), which was similar to FBP at 19.2 mGy (CTDlIyol). For a typical
CCTA scan of 12-16 cm coverage in chest region [54], using this study values of 40% dose
reduction, the effective dose could be reduced from 3.2-4.3 mSv for FBP reconstruction to
1.9-2.6 mSv when using IR algorithm for similar image quality assessment. In line with
these findings, previous studies which also investigated on IR algorithm on adults or
paediatrics have shown the similar results. In a previous study by Den Harder et al. [3], the
authors reported that IR algorithm allows CCTA with an adult effective dose of 2.2 mSv
while maintaining image quality. A study by Tricarico et al. [55] showed that an average
dose reduction in CCTA was between 0.28-1.6 mSv for paediatrics. The lower effective dose
for paediatrics, compared to adults, was not surprising, given that children has smaller size
and weight. As such, the results of this 3D-printed cardiac insert phantom study would aid
in development of dose optimised protocols for a department and thus, reducing the risks
associated with the dose received by all types of patients. This opens up the potential of
creating size specific phantoms, normal variant specific phantoms and pathology specific
phantoms for optimisation. Researchers could use this 3D-printed methodology to
investigate the effects on dose of rare normal variants such as citus inversus or dextra

cardia.
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While our results using the 3D-printed cardiac insert phantom showed good
alignment to the previous literature, several limitations have been found. First, the image
quality metrics were objective measures of noise only. However, in real patients, the
subjective measurements, e.g. visual or perceptual, of image quality are also important for
CT images with lesions. We aim to include subjective measurements in future studies using
the varying size diameters of the cylindrical contrast-enhanced region to simulate lesion
detectability. Second, the 3D-printed cardiac insert phantom involves no physiological
motion such as breathing, heartbeat, or peristalsis. We recognised that motion contributes
a significant impact on the image quality as motion during scanning can reduce the
visualisation of coronary vessels [56]. Modern CTCA scanners and protocols use a large
field of view, fast gantry rotation and regular heart rate to minimise the impact of
physiological motion. Also, the ECG-gating method used in the recent studies [57-59] have
shown that images used for reconstructed are effectively still during the acquisitions.
However, in this study, the heart phantom was developed to simulate a CTCA free of
motion artifacts, thus removing a constant confounding factor from all experiments.
Further work plans to improve this design by introducing features to simulate the heart
movement during a cardiac cycle. Third, the study was conducted using 16-slice CT
scanner, an early type of CT scanner used for CCTA. Since the 3D-printed cardiac insert
phantom has no cardiac motion the temporal resolution of the 16-slice is sufficient [60].
Also, this 16-slice scanner is used due to its similar ability, compared to 64-slice scanner, to
visualise the smallest coronary vessels diameter of 1.5 mm in the 3D-printed cardiac insert
phantom [61, 62]. However, in future studies, the 3D-printed cardiac insert phantom is

planned to be acquired in other scanner models to provide more comparable results to the
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current technology introduced. Last, the physical geometry of our 3D-printed cardiac insert
phantom is smooth with less complexity than in the real heart. These cardiac phantom
features could produce different measurements of image quality metrics when compared
to the CT images of the human heart as shape and size can affect the image noise.

Using IR algorithms and increasing its strength have yielded a stepwise
improvement in image quality. With the application of IR, image noise was reduced
significantly and thus increased the SNR and CNR when compared to FBP. This study shows
that dose reduction was achievable with up to 40%. It is possible to use a 3D-printed
cardiac insert phantom to investigate the effect of IR algorithm with respect to image

quality and dose reduction potential.
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CHAPTER 5 Optimisation of iterative
reconstruction strengths in a low tube
voltage coronary CT angiography using a
3D-printed cardiac insert phantom

This chapter (Paper 4) will be submitted to Journal of Cardiovascular Computed

Tomography (2018).
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5.1 Bridging section
This section aims to highlight the need to evaluate the optimal IR algorithm strengths for
the low tube voltage CCTA protocols using a 3D-printed cardiac insert phantom and

evaluate the validity of the image quality in a group of patients.

5.1.1 Background

In the previous chapter (chapter four), the study investigated the use of a 3D-
printed cardiac insert phantom for IR algorithm. Increasing its strength has yielded a
stepwise improvement of image quality. The study also confirmed that dose reduction was
achievable of up to 40% with similar image quality. However, further evaluation of the 3D-
printed cardiac insert phantom is required to investigate other aspects of image quality
assessment. In this chapter, the Catphan® 500 phantom was introduced to evaluate the
high spatial resolution and low contrast resolution. The combination of this Catphan® 500
phantom and the 3D-printed cardiac insert phantom is important to support the findings
suggested in the previous chapter. Furthermore, the results of the 3D-printed cardiac insert
phantom were then compared to the patient image datasets to test its validity against
clinical studies.

As indicated in the preceding chapters (from chapter one to three), IR algorithms
can reduce dose from 30-41% to the patient by allowing use of low dose protocols while
maintaining image quality [1-4]. However, the previous studies [5-7] have also shown that
a combination of IR algorithm to other dose optimisation strategies such as prospective
ECG-gating method, high pitch acquisitions, and low tube voltage could also further reduce

the dose. A previous study by Shen et al. [8], for example, reported that when IR algorithm
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was combined to prospective ECG-gating method, very low dose CCTA can be achieved.
Excellent image quality was found with the lowest dose of 1.8 mSv which is more than 50%
dose reduction compared to FBP. Further dose reduction is also possible with the use of
high pitch acquisitions. A recent study by Minwen et al. [9], who evaluated the feasibility of
an IR algorithm combined with high pitch acquisitions, reported that very low dose of less
than 0.1 mSv was achieved with better image quality noted when using IR algorithm
compared to FBP. Thus evidence suggests that IR algorithms should be combined with
other dose optimisation strategies if one to further reduce dose to the patient. The low tube
voltage has been increasingly used in CCTA to reduce dose to the patient [10-12]. The
continuous improvement in CT systems (e.g., faster gantry rotation, more detectors, and
dual-energy tube) has resulted in various low tube voltages used in CCTA such as 70, 80,
and 100 kVp [6, 13]. However, the very low tube voltages of 70-80 kVp protocols are still
under investigation and limited to patients with low to normal BMI, which is not
representative of the CAD population [14, 15]. In this chapter, the CT dose optimisation
study were carried out using a 64-slice CT scanner where the current CCTA protocols used
in the centre, is 120 kVp of the tube voltage. Therefore, the IR algorithm was suggested to
combine with the low tube voltage CCTA of 100 kVp to further reduce radiation dose.

In addition to that, the IR algorithm strength levels were also modified in order to
find the balance between the image quality and dose reduction potential. Based on the
findings in the previous chapter (chapter four), it was postulated that IR algorithm with
higher strength levels may allow the use of low tube voltage of 100 kVp and thus reducing
dose to the patient. As a result, the higher IR algorithm strength levels will then improve

the detection of small object size; allowing more noise reduction than the standard levels.
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Therefore, the modification of IR strength levels could be an important clinical benefit for
detecting small diameter of lesions and coronary vessels.

This phantom-based study demonstrated that radiation dose could be substantially
reduced up to 57% with the use of 100 kVp and ASIR 60%. This combination yielded a
comparable image quality to the current local CCTA protocols using 120 kVp of ASIR 40%.
Consequently, further dose reduction has been achieved with 16% higher than the average
range (30-41%) which was found in the previous chapters. The comparison of the image
noise, SNR, and CNR values between the 3D-printed cardiac insert phantom and the 27
series of patient image datasets using the Bland-Altman plots indicated small mean
differences of the measurement of agreements. Therefore, the phantom-based
methodology using 3D printing technology can be used for CCTA dose optimisation studies
and may be comparable to the findings of a clinical study of dose optimisation. This is
important because dose optimisations studies using phantoms are faster, cheaper, and can
be carried out by people that are not licenced to do CT on humans, but can use phantoms.
In Australia, for example, those with 1A9 licence could carry out this optimisation studies

and find results similar to a clinical study.
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5.2.1 Abstract

Objective: The purpose of this study was to investigate the optimal IR algorithm strength
for low tube voltage CCTA protocols using a phantom-based methodology and validate the
image quality characteristics with retrospective patient CCTA datasets.

Methods: A 3D-printed cardiac insert that was placed in the Lungman phantom and
Catphan® 500 phantom were scanned using CCTA protocols at 120 kVp and 100 kVp tube
voltages. All image datasets were reconstructed with FBP and ASIR algorithm at 40% and
60%. HU values, image noise, SNR, CNR, high spatial resolution, and low contrast resolution
were reported and analysed. A total of 27 series of patient image datasets were

retrospectively retrieved from a local database of the same CT workstation. The
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measurement of agreement of the image quality characteristics between patient and
phantom datasets were compared.

Results: There was a significant interaction between the effects of low tube voltage and IR
algorithm strengths on image noise, SNR, and CNR (all p<0.001) but not HU values. Image
noise of the image datasets of the 120 kVp FBP versus 100 kVp ASIR 60% (16.6 * 3.8 vs
16.7 £ 4.8), SNR of 120 kVp ASIR 40% versus 100 kVp ASIR 60% (27.3 + 5.4 vs 26.4 + 4.8),
and CNR of 120 kVp FBP versus 100 kVp ASIR 40% (31.3 + 3.9 vs 30.1 * 4.3) were not
significantly different (all P > 0.05). For the modulation transfer function (MTF), there was
a minimal change of image quality (<10%) for each tube voltage but increases (>10%)
when higher strengths of ASIR were used. For low contrast detectability, the highest was
seen at ASIR 60% at 120 kVp. The mean differences of image quality characteristics were
small between the patient datasets and the 3D-printed cardiac insert phantom.
Conclusion: This phantom-based methodology study incorporating a novel 3D-printed
cardiac insert demonstrated that the radiation dose could be substantially reduced up to
57% with the use of 100 kVp and ASIR 60% in CCTA examinations. This combination
yielded comparable image quality noise characteristics to the standard CCTA protocols
using 120 kVp of ASIR 40%.

Keywords: CT image reconstruction, 3D printing, phantom, dose reduction, image quality

5.2.2 Introduction
CCTA has emerged as a powerful diagnostic tool for diagnosing CAD [1-3]. With the
increasing number of MSCT scanners worldwide, the volume of CCTA scans performed is

likely to increase. CCTA contributes to the overall burden of medical radiation exposure,
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although the radiation-induced cancer risks are relatively small versus the benefits of its
diagnostic information [4, 5]. In a previous multi-centre study [6], the authors reported an
average effective dose of 12 mSv associated with CCTA and demonstrated a wide variation
(5-30 mSv) among participating centres. Accordingly, strategies to obtain diagnostic CCTA
images with as low as reasonably achievable (ALARA) radiation dose need to be developed.
The current strategy that has become a particular interest among many researchers is the
use of a low tube voltage.

CCTA is usually performed with a tube voltage of 120 kVp [7-9]. Scanning
acquisitions at a low tube voltage of 100 kVp has been suggested as an effective way to
reduce radiation dose in non-obese patients while maintaining the image quality [10, 11].
The low tube voltage helps to enhance coronary vessels as a result of the increased
attenuation of iodinated contrast material [12, 13]. However, the low tube voltage can also
deteriorate the image quality by increasing noise and beam hardening artifacts [14]. The
tube current settings can compensate the increment of noise, [12] but this method
produces additional radiation dose to the patients. Consequently, IR algorithms are used.

An IR algorithm is an effective method of reducing radiation exposure while
maintaining the image quality [15, 16]. Currently, FBP has been widely used but contains
inherent limitations of increasing image noise and producing artifacts at reduced exposure
factors [17]. IR algorithms provide noise reduction when the exposure factors are reduced
[18]. They also offer a wide selection of strength levels that represents the power of noise
reduction [19, 20]. Depending on the type of the IR algorithms, increasing strengths of the
IR algorithm may also result in “blooming” artifacts that typically affect the visualisation of

small structures [21]. As a result, the process of increasing the IR algorithm strengths must
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be carefully considered to balance with the impact on the image quality. We previously
have described the use of our 3D-printed cardiac insert phantom for evaluating the effect of
IR algorithm and increasing its strength levels on image quality and as dose reduction
potential [22]. Therefore, the purpose of this study was to investigate the optimal IR
algorithm strengths for a low tube voltage of 100 kVp at CCTA protocols using a phantom-
based methodology, incorporating a 3D-printed cardiac insert phantom, and validate the

resultant noise image quality characteristics with relevant patient datasets.

5.2.3 Materials and Methods

5.2.3.1 Phantoms

Two phantoms were used in this present study; (i) 3D-printed cardiac insert
phantom, and a (ii) Catphan® 500 (The Phantom Laboratory, Greenwich, NY, USA)
phantom (see Figure 5.1). The 3D-printed cardiac insert phantom, simulating the contrast-
enhanced region of the ascending aorta and coronary vessels in CCTA, was constructed
using 3D printing technology and placed within an anthropomorphic chest phantom
(Lungman N-01, Kyoto Kagaku Co., Ltd., Kyoto, Japan). We previously have described the
development of the 3D-printed cardiac insert phantom [22]. The contrast medium used
was Ultravist 370 (Schering Health Care Ltd, Burgess Hill, UK). For the Catphan® 500
phantom, two modules of CTP528 and CTP515 were included. The modules were used to

assess the axial spatial resolution and the performance of low contrast detectability.
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Figure 5.1: (a) The Catphan® 500 phantom (The Phantom Laboratory, Greenwich, NY, USA); (b) The
3D-printed cardiac insert phantom; (c) The Catphan® 500 phantom was positioned on the scanner
table; and (d) The anthropomorphic chest phantom (Lungman N-01, Kyoto Kagaku, Japan), with the
3D-printed cardiac insert phantom positioned within (arrow), was placed on the scanner table.

5.2.3.2 Acquisition and reconstruction
The 3D-printed cardiac insert phantom was positioned within the Lungman
phantom. The Lungman and the Catphan® 500 phantoms were scanned using 64-slice

SPECT/CT scanner (Discovery 570c, GE Healthcare, Milwaukee, WI, USA). Both phantoms

were scanned at 120 kVp and 100 kVp tube voltages with auto mA settings resulting two
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CT dose indices volume (CTDIvo) of 4.27 mGy and 1.82 mGy, respectively. For the IR
algorithm, the adaptive statistical iterative reconstruction (ASIR) (GE Healthcare,
Milwaukee, WI, USA) was used. Three different strengths were investigated: ASIR 0%
(FBP), ASIR 40%, and ASIR 60%. The 120 kVp with the ASIR 40% is the standard tube
voltage and IR strength level used in the current local CCTA protocols. Table 5.1 shows the
summary of CT parameters and reconstruction settings used in this present study.

Table 5.1: Summary of CT parameters and reconstruction settings.

Parameters

Collimation (mm) 64 x 0.625

Tube current (mA) Auto

Tube voltage (kVp) (CTDIvol (mGy)) 120 (4.27),100 (1.82)
Reconstruction settings FBP, ASIR 40%, ASIR 60%

5.2.3.3 Image quality assessment

For the 3D-printed cardiac insert phantom, image quality was determined using
Image] software (v1.46r, National Institutes of Health, Bethesda, MD, USA,
http://imagej.nih.gov/ij/), while for the Catphan® 500 phantom, the AutoQA Lite™
program (v3.1.5.7, Iris QA, LLC, Maryland, USA) was used.

The attenuation values (Hounsfield Units, HU) and the image noise were measured
by placing a region of interest (ROI) within the contrast-enhanced region simulating the
ascending aorta included in the 3D-printed cardiac insert phantom (Figure 5.2(a)). The
signal-noise ratio (SNR) and the contrast-noise ratio (CNR) were calculated according to

equations (1) and (2) respectively. The CNR was obtained by using the HU values and
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image noise of the contrast material (CM) and the oil to simulate the myocardial fat in the

equation (2) (Figure 5.2(b)).

SNR = HGU”" (Eq. 1)
_ HUcm - HUoi1
CNR = om + 0u)/2 (Eq.2)

The axial spatial resolution was measured using the images obtained from the
CTP528 module of Catphan® 500 phantom. First, the point spread function (PSF) was
calculated from the scan of a small tungsten carbide bead (approximately 250 microns in
diameter) (Figure 5.2(c)). Next, the line spread functions (LSF) were determined by
integrating the PSF along vertical and horizontal directions. Last, the modulation transfer
function (MTF) was calculated from the discrete Fourier Transform of the LSF datasets. The
MTF values were automatically calculated by the AutoQA Lite™ program with the output
measures of MTFs9, MTF109%, and MTF 2.

The axial spatial resolution was measured using the images obtained from the
CTP528 module of Catphan® 500 phantom. First, the point spread function (PSF) was
calculated from the scan of a small tungsten carbide bead (approximately 250 microns in
diameter) (Figure 5.2(c)). Next, the line spread functions (LSF) were determined by
integrating the PSF along vertical and horizontal directions. Last, the modulation transfer
function (MTF) was calculated from the discrete Fourier Transform of the LSF datasets. The
MTF values were automatically calculated by the AutoQA Lite™ program with the output

measures of MTFspo, MTF109%, and MTF2.
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Figure 5.2: (a) To measure noise an ROl was placed within the contrast-enhanced region of the 3D-
printed cardiac insert phantom simulating the ascending aorta. (b) Two similar sizes of ROIs were
placed to measure CNR between the contrast material (the ascending aorta) and the oil (fat). (c)
The CTP528 module of Catphan® 500 phantom was used for the evaluation of MTF (axial spatial
resolution). (d) The CTP515 module of Catphan® 500 phantom was used for the evaluation of low
contrast resolution.

5.2.3.4 Patient datasets

The local ethics committee approved the study in July 2017 (Appendix 2). Nine
patients with suspected or known CAD who had CCTA imaging in August 2017 were
randomly selected. The CCTA patient image datasets were retrieved from the same CT
systems used to perform acquisitions of the two previously described phantom
acquisitions. Three male and six female patients with a mean age of 61 * 7 years old were

included in the CCTA image dataset. The datasets were then exported to the 3D
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reconstruction settings. All image datasets retrieved were scanned using CCTA protocols
with tube voltage of 120 kVp.

The image datasets were reconstructed using three different strengths of IR
algorithm; 0% (FBP), ASIR 40%, and ASIR 60%. The image noise, defined as the standard
deviation, was measured by placing the ROI within the ascending aorta. The SNR and CNR
were measured by using the same equations that were described previously. Results were
compared to the analysis of the 3D-printed cardiac insert phantom image datasets using
CCTA protocols with tube voltage of 120 kVp.

Data analyses were carried out using Statistical Package for the Social Science (SPSS,
version 21; IBM Corp., New York, NY, USA). Descriptive statistics, e.g., mean and standard
deviation, were calculated. Image noise, SNR and CNR values were tested for normality by
the Shapiro-Wilk test. The Analysis of variances test was used to examine the differences

between image noise, SNR, and CNR.

5.2.4 Results

5.2.4.1 Image noise, SNR, CNR and resolution

There were a significant differences between the measures of image noise, SNR, and
CNR (all P <0.001) for IR strengths and the tube voltage, but not for HU (Table 5.2). The
simple main effect analysis showed that SNR and CNR of the image datasets of ASIR 40%
and ASIR 60% were significantly higher than FBP, regardless of the tube voltage. The image
noise was significantly lower for the image datasets of 120 kVp tube voltage as compared
to the 100 kVp, whereas the SNR and CNR were significantly higher (all P < 0.001, Table

5.2). The image datasets of ASIR 60% with 120 kVp resulted in the lowest image noise and
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the highest SNR and CNR (P < 0.05), whereas the FBP with 100 kVp protocol showed the

highest image noise and the lowest SNR and CNR. There was no significant difference in HU

values between the image datasets of the 120 kVp and 100 kVp. Image noise of the image

datasets of the 120 kVp FBP versus 100 kVp ASIR 60% (16.6 + 3.8 vs 16.7 * 4.8), SNR of

120 kVp ASIR 40% versus 100 kVp ASIR 60% (27.3 = 5.4 vs 26.4 + 4.8), and CNR of 120

kVp FBP versus 100 kVp ASIR 40% (31.3 * 3.9 vs 30.1 * 4.3) were not significantly

different (all P > 0.05, Figure 5.3).

Table 5.2: Results of HU, image noise, SNR, and CNR of the 3D-printed cardiac insert phantom
between 120 kVp and 100 kVp.

Parameter 120 kVp 100 kVp
FBP ASIR ASIR FBP ASIR ASIR
40% 60% 40% 60%
mean* mean* meanz* P- mean+* meanz meant P-
SD SD SD value SD SD SD value
CT number 4079+ 408.0+ 408.0+ NS 421.0+ 4210+ 421.0+% NS
(HU) 6.4 6.5 6.5 5.6 5.6 5.6
Image noise 16.6+ 135+ 12.1+ 0,001 23.7+ 189+ 16.7+ £0.001
3.8 4.2 4.3 ' 4.1 4.6 4.8 '
Signal-noise 217 + 2 + + 18.1 + 231 + 26.4 +
e 7+ 73+ 309+ <0.001 8.1+ 3.1+ 6.4 + 0,001
3.5 5.4 6.8 2.3 3.7 4.8
Contrast-
31.3+ 389+ 438+ 239+ 301+ 343+%
; ; <0.001 <0.001
noiseratio 5 g 5.7 71 2.8 43 5.4

FBP, filtered back projection; HU, Hounsfield unit; IR, iterative reconstruction; SD, standard

deviation
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Figure 5.3: Bar graphs demonstrate significant differences in image noise (a), SNR (b), and CNR (c)
(all P<0.05) between the 120-kVp and the 100-kVp. No significant differences of 120 kVp FBP
versus 100 kVp ASIR 60% for image noise, 120 kVp ASIR 40% versus 100 kVp ASIR 60% for SNR,
and 120 kVp FBP versus 100 kVp ASIR 40% for CNR. The 120-kVp series reconstructed with ASIR
60% provided the lowest image noise and highest SNR and CNR (P<0.05), whereas 100-kVp series
reconstructed with FBP showed the highest image noise and lowest SNR and CNR.

Table 5.3 shows the results of MTF obtained with the Catphan® 500 phantom when
the strengths of IR algorithm were increased. For both tube voltages, the spatial frequency
of MTF was mildly affected by the reconstruction levels (variation <10%). As a result, there
was a minimal change in the image quality. However, between 120 kVp and 100 kVp
protocols, the spatial frequency of MTF was strongly affected (variation >10%), indicating

changes in the image quality.
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Table 5.3: Results of modulation transfer function, MTF at 120 kVp and 100 kVp.

Tube voltage Reconstruction  MTF 50% (lp MTF 10% (Ip MTF 2% (Ip

(kVp) settings mm-1) mm-1) mm-1)

120 FBP 0.416 0.659 0.806
ASIR 40% 0.411 0.699 0.850
ASIR 60% 0.414 0.720 0.888

100 FBP 0.370 0.702 0.804
ASIR 40% 0.307 0.693 0.817
ASIR 60% 0.297 0.686 0.840

Figure 5.4 illustrates the behaviour of low contrast resolution for different strengths
of IR algorithm at 120 kVp and 100 kVp. The low contrast object diameter range was 3 to
15 mm for both tube voltages and at all reconstruction settings. From the graph, the image
datasets reconstructed with FBP at 100 kVp required the highest contrast to detect the
smallest size of object diameter of 3 mm and decreases as the object size diameter
increases, i.e. the FBP at 100 kVp has the lowest contrast resolution among the others. The
ASIR 60% at 100 kVp has a higher contrast resolution for the small object diameter than

the FBP at 120 kVp. The highest contrast resolution was the ASIR 60% at 120 kVp.
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Figure 5.4: Results of low contrast resolution using CTP515 module of Catphan® 500.

5.2.4.2 Measurement of agreement

The mean differences in the measured image noise, SNR, and CNR, which are an

estimate of agreement, were small between the 3D-printed cardiac insert phantom and

patient (image noise: difference, 11.9 * 3.8 HU; 95% CI, 10.4 to 13.4 HU; limits of

agreement, 4.7 and 19.1 HU, signal-noise ratio (SNR): difference, -9.6 + 5.0; 95% CI, -11.6 to

-7.6; limits of agreement, -19.5 and 0.2, and contrast-noise ratio (CNR): difference, -16.7

6.3; 95% CI, -19.2 to -14.2; limits of agreement, -29.2 and -4.2)(see Figure 5.5).
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Figure 5.5: Bland-Altman plot. Differences in measured a) image noise, b) signal-noise ratio (SNR),
and c) contrast-noise ratio (CNR) between the 3D-printed cardiac insert phantom and patient.
Dotted lines delineate limits of agreement between two datasets.

5.2.5 Discussion

The results of this phantom-based methodology, incorporating the 3D-printed
cardiac insert phantom, showed that the ASIR 60% with a low tube voltage of 100 kVp has
produced comparable image quality noise characteristics to the current local CCTA
protocols of 120 kVp and ASIR 40%. Consequently, the radiation dose has been reduced by
more than half. In a previous systematic review by Abdullah et al. [23], the authors
concluded that using an IR algorithm allows up to 41% dose reduction as compared to FBP

while maintaining similar image quality. However, our study showed that a 57% dose
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reduction was achieved when combined with the lower tube voltage. Our findings revealed
that although the IR algorithm is already a powerful tool to reduce dose, the higher IR
strengths at a lower tube voltage of 100 kVp has resulted in further dose reduction.

The IR algorithm is claimed to maintain, or in some cases improve, CT image quality
while allowing reduced dose to the patient [24, 25]. The IR algorithm works by reducing
image noise when using lower CT exposure factors. The power of noise reduction is
strongly related to the IR algorithm strengths used during image reconstruction [26-28].
The higher strengths usually produce better image quality noise characteristics. However,
overly increasing the strengths may also degrade the image quality characteristics. For
example, a previous study by Kroepil et al. [27] reported that compared to FBP, CT images
reconstructed using the highest IR strength may appear more ‘blotchy’ with loss of
granular image appearances mainly due to a smoothing effect. Therefore, the appropriate
IR algorithm strengths have to be carefully considered to prevent poor image quality and
lower diagnostic value. Our study has shown that the ASIR 60% at 100 kVp was
comparable the image quality compared to the current protocols of ASIR40% at 120 kVp
and thus, resulting in a dose reduction to the patient. Demonstrating again, that image
optimisation result acquired from this type of bespoke phantom are comparable to those
reported in the literature. This opens up a new field of phantom design, allow the
researcher to design a phantom for a specific research question without having to rely only
on commercially available phantoms.

Our study adds to existing data by investigating the combination of higher IR
algorithms strengths and low tube voltage at CCTA using two phantoms; 3D-printed

cardiac insert and Catphan® 500 phantoms. These phantoms allow us to adequately
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evaluate all possible image quality noise characteristics such as image noise, SNR, CNR,
high spatial resolution, and low contrast resolution. The results derived from the
acquisitions with phantoms were similar to those in the patient datasets where the mean
differences to estimate agreement were small. Consequently, the 3D-printed cardiac
phantom in conjunction with Catphan® 500 phantom can be used as a tool for dose
optimisation in clinical CCTA studies.

Several limitations of our study merit consideration. First, this investigation was
conducted at a single centre using a 64-slice CT scanner and thus, the results may not be
applicable to other institutions where different types of CT scanners (e.g., 128 or 320-slice),
protocols, and IR algorithms settings are used. However, the results could provide an
opportunity for other researchers to implement similar studies at their centre to assess
optimum protocols. Second, all scans were performed on the phantoms without cardiac
motion. Cardiac motion is an important factor in CCTA examination that could produce
artifacts and deteriorate the image quality. Therefore, we are planning to develop a heart-
beating cardiac insert phantom in the future that may better simulate CCTA images. Third,
the subjective image quality was not assessed by the clinical observers which would
support the findings. Last, a small number of patients were included in this study.
Therefore, in future studies, a larger cohort may be required to improve the accuracy of
results.

In conclusion, this phantom-based study demonstrated that radiation dose could be
substantially reduced with the use of ASIR 60% at 100 kVp of low tube voltage. This
combination yielded a comparable noise image quality characteristics with a 57%

reduction in CTDIvo compared with the current local protocol using 120 kVp of ASIR 40%.
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Therefore, the optimisation of IR algorithm settings in low tube voltage CCTA protocols

using this phantom-based methodology is possible and a 3D-printed cardiac insert

phantom can be used as part of CCTA protocol dose optimisations strategy.
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6.1 Discussion

From this research, a novel design cardiac insert phantom was developed using 3D
printing technology and its application for optimising CCTA protocols investigated. In this
section, a summary of the findings and their clinical implications are discussed in the light
of the role of a 3D-printed cardiac insert phantom in CCTA dose optimisation studies using
an IR algorithm as the dose optimisation strategy. This work is discussed with regards to
the three research aims of the experimental studies outlined in chapters three, four, and
five of this thesis.

The first study, in chapter three, of the thesis is outlined development and initial
assessment of a novel design of 3D-printed cardiac insert phantom for an anthropomorphic
chest phantom or Lungman, including the associated 3D printing methodology. Presently,
the most widely used phantoms in CCTA dose optimisation studies are quality assurance
phantoms such as the Catphan® phantoms (The Phantom Laboratory) [1-3] and ACR
phantom (American College of Radiology) [4, 5]. These phantoms are comprehensive and
serve well for CT image quality assessment. However, their shape could be improved to
produce relevant CCTA images to include the surrounding structures such as bone, soft
tissue, and muscles. These structures and their locations can inherently affect the image
quality due to beam hardening effects [6, 7]. Therefore, in this study, the anthropomorphic
chest phantom was used. The anthropomorphic chest phantom or Lungman is also widely
used in many CT dose optimisation studies [8, 9] but in CCTA, this phantom is lacking due
to insufficient heart features to resemble CCTA images. The design of the new cardiac
insert phantom for the Lungman and the ability of 3D printing to duplicate the heart size

with relevant features make it more suitable for CCTA dose optimisation studies.
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Although 3D printing is able to produce a high quality printed phantom in a rapid
manner, but the initial stage of getting the appropriate settings is cumbersome. Many
previous studies have indicated that numerous trials were taken to produce high quality
printed objects despite the printer settings have been pre-set by the suppliers [10, 11].
With respect to the fused deposition modelling 3D printer that was used in this study,
many factors had to be considered, i.e. the printing platform temperature, the cooling fan
speed, the nozzle size opening, the printer speed, the printing resolution and the thickness
of layers. In addition,, the process of improving the models, e.g. minimising the surface
errors, using the computer-aided design software added more time and effort to 3D
printing process. However, in this study, the details of the print settings used have been
shared in Table 3.1 and the softcopy link of the model is embedded in the appendix 3. Other
researchers who wish to perform similar investigations can download the cardiac 3D
model and test the printer settings on their 3D printer. The printer settings would need to
adjust as different printers may have different impact on the output but providing an
existing model and initial settings reduce could reduce the development time for other
investigators.

Another issue when developing the phantom is the cost required. Although the
expense of commercial phantoms is justified due to their longevity and reusability, their
high cost of may be a barrier for some researchers. In this study, a rigorous cost analysis
was not performed, but the total of phantom production can be considered as cost-
effective. The 3D printer and the printing materials are the largest cost contributed during
the production. It is estimated that the cost of the fused deposition modelling 3D printer is

less than USD5,000 [12, 13]. The amount is considered appropriate since the printer can be
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used numerous times and could last a long time if well-maintained. The printing materials
are consumable products. There are various types of printing materials available such as
PLA, ABS, and lay bricks. The cost for these types of materials can vary from USD10 to
USD160 per kilogram [14]. As indicated in the chapter three, in total, the cost for printing
materials and internal materials was USD70. If the phantom lasts for 6 months, and a new
phantom is to be developed every 6 months, the total for a year will be $140 for a year.

3D printing technology is also commonly used to produce phantoms in clinical
nuclear medicine [15-17]. The phantoms have been manufactured in a shell or empty space
similar to our phantom development technique but they have been filled with water and
radionuclide. A study by Gear et al. [18], for example, investigated a 3D-printed shell of
liver, spleen and kidney then filled both with the water and radionuclides (Tc-99m SPECT
and F-18 PET). The results show the phantom is able to display the anatomy of interest and
suitable for their investigations as a validation tool for dose optimisation studies in post-
selective internal radiation therapy. In this study of thesis, the phantom has been
developed for CT dose optimisation studies also using a 3D printed shell with different fill
materials of different electron densities inserted to produce background anatomy to
represent the heart. Although the internal design does not represent the real features of
human cardiac anatomy the attenuation properties for investigations for CCTA dose
optimisation studies are comparable to the patient and the Catphan® 500 images.

The 3D-printed cardiac insert phantom’s design allows CCTA dose optimisation
investigations, in particular, the quantitative measurement of noise image quality
characteristics, similar to patient data. This new phantom contains a contrast-enhanced

region to allow measurement of noise image quality for the purpose of optimisation in
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CCTA protocols. The contrast-enhanced region has been designed in a cylindrical shape
with a similar diameter to the average ascending aorta (~30mm). In the literature, the
measurement of image noise is usually taken by placing the ROI in the contrast-enhanced
region of aorta to measure the image noise which is represented by the standard deviation
values [19-22]. Therefore, the phantom has been designed to have the contrast-enhanced
region simulating the aorta to allow the measurement. Measurements of noise image
quality in the 3D printed phantom contrast enhanced region were comparable to patient
datasets and the quality assurance phantom of Catphan® 500.

The second study of the thesis investigated the application of the 3D-printed cardiac
insert phantom for CCTA dose optimisation studies by comparing the IR algorithm and FBP
reconstruction methods at different tube current levels. This study assessed whether the
phantom is able to measure the image quality characteristics such as the image noise, SNR,
and CNR in the centre on the contrast-enhanced region of aorta for CCTA dose optimisation
studies. The ROI measurement provided the attenuation values and standard deviation
values which can be used to calculate SNR and CNR. The original cardiac insert of the
Lungman also did not have the contrast-enhanced features which thus the ROI
measurement for CCTA image quality measurement could not be performed. For phantom
studies such as the Catphan® phantom, the ROI measurement is placed within the inserts of
the CTP401/404 modules that used to represent the contrast-enhanced of the CT images
[3, 23-25]. However, the results may inappropriate due to CCTA requires greater HU values
of contrast-enhanced region than other CT examinations to enable visualisation of the

small diameters of coronary vessels.

151



The results also show that using low dose levels has produced more image noise
than the reference protocols and increasing the strengths of the IR algorithm resulted in
more noise reduction. In the literature, many phantoms studies [25-27] have reported the
results of using various IR algorithms compared to FBP but only a few [28, 29] have shown
the results between FBP and different IR algorithm strength levels. This 3D-printed
phantom study has investigated the use of FBP and different IR algorithm strength levels.
The investigations of IR algorithm and its strength level could provide better results to
represent the impact of using the IR algorithm in CCTA dose optimisation studies.

In clinical settings, the amount of dose reduction is important to reduce the
radiation-induced cancer risks [30-32]. Therefore, in this study, the dose reduction analysis
was performed by comparing the image quality measurements obtained to the previous
literature. The method was chosen due to these previous literature represents the actual
results in patients using the IR algorithm. The mean difference percentages of image
quality measurements outlined between the FBP and IR algorithm among the selected
studies is relevant to indicate the appropriate ranges or values. Therefore, the results can
determine the minimum dose level that can be used for dose reduction on patient studies.
The results of this study have indicated that the dose could be reduced up to 40% which is
also below the range reported in the systematic review of the chapter two. Consequently,
this phantom could be used to determine the dose reduction potential with respect to the
use of IR algorithm and its different strength levels.

The final study has demonstrated that the phantom-based methodology allowed the
assessment of IR algorithm strengths for the noise reduction when a low tube voltage is

used. The use of 3D-printed cardiac insert phantom, which incorporated to the Lungman
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phantom, in this study has provided evidence that it can be used for CCTA dose
optimisation studies. The phantom can be used to modify the IR algorithm strength levels
especially when a lower exposure factors has been proposed. As a result, the impact can be
assessed before commencing the patient studies.

The results have shown that the dose can be reduced when the higher strength level
of IR algorithm was chosen. The IR algorithm strength level has been increased due to the
increasing image noise at the low tube voltage of 100 kVp. Previous studies [24, 29] have
reported that IR strength level should be increased when the low exposure factors were
used but did not determine by how much, especially for CCTA protocols. They only
suggested the importance of the increase IR strength level to produce the optimum image
quality. Therefore, in this final study of thesis, the IR algorithm strength level has been
increased from 40% to 60% to allow for more noise reduction as well as significant

changes to the image quality. Consequently, the SNR and CNR were also affected.

6.2 Limitations

This phantom-based methodology has suffered several limitations. First, the shape
and size of the cardiac insert has been replicated from the Lungman phantom. This insert
has no coronary vessels and subsequently does not precisely replicate the human heart. As
a result, the effect of changes the IR algorithm strength levels on the ability to evaluate the
CAD in the vessels was unable to be investigated.

Second, the phantom does not provide representation of surrounding lung tissues
that would normally present in CCTA images. The lung tissues have also been removed

during the phantom scanning as they are attached to the original cardiac insert phantom.
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The removal of lung tissues causes the beam directly penetrating the phantom that could
have impact on the image quality noise characteristics.

Third, the methodological approach adopted provided quantitative assessment
rather than qualitative. Consequently, it did not consider clinical decision making or
radiologists’ perception of image quality or diagnostic confidence.

Fourth, the assessment of the 3D-printed cardiac insert phantom associated with
the Lungman phantom for the performance of dose optimisation studies was only
performed on a single scanner. It is important to compare various types of CT scanner to
provide more information and validate its impact on dose reduction and image quality.

Fifth, the phantom is static and does not represent cardiac motion during scanning.
The cardiac motion is an important factor CCTA protocols due to the motion artifacts
during the scanning. However, for the investigation of the impact of IR algorithm on noise
image quality, a static phantom can be used as motion-free images are reconstructed.

Sixth, only CT tube current and voltage were investigated. Further research is
required to determine how the 3D-printed cardiac insert phantom performs at the
assessment of dose optimisation for other CT parameters, such as slice thickness, filters,
high-pitch, etc.

Last, only two types of IR algorithm have been investigated in this research. More
types of IR algorithm should be described and measured since they work differently and

are exclusive to each CT vendors.
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6.3 Future investigations

This study has identified a number of potential future investigations including
producing a dynamic 3D-printed cardiac insert phantom. This investigation using dynamic
3D-printed heart will provide better simulate CCTA images in which the heart that moves,
in a motion similar to a heartbeat, during the scanning. This will also provide opportunities
to investigate other dose optimisation strategies used during the CCTA scanning such as
the prospective ECG-gating and high pitch acquisitions.

The qualitative assessment of the image quality is an important for the detection
coronary lesions in the coronary segments. The detectability of the small diameters
structures usually can be evaluated using the qualitative scores with the inclusion of other
criteria such as the image artifacts.

Further, the new fully IR algorithms, such as the Forward-projected-model-based
Iterative Reconstruction SoluTion or FIRST (Toshiba Medical Systems, Tokyo, Japan) which,
in theory, has greater potential to provide improved noise reduction and therefore dose
reduction than the hybrid IR algorithms studied in this thesis. Consequently, this would

benefit from further investigations using the 3D-printed cardiac insert phantom.

6.4 Conclusions

This thesis has investigated the application of a novel 3D-printed cardiac insert
phantom for CCTA dose optimisation studies using IR algorithm. Findings demonstrate the
developed 3D-printed cardiac insert phantom is able to represent CCTA images for dose
optimisation studies. Analysis has shown that this phantom is suitable to investigate the

effect of IR algorithm on dose reduction while maintaining noise image quality. A new
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phantom-based methodology for CCTA dose optimisation studies has been proposed that

contains anatomical structures with equivalent electron densities and improved

surrounding attenuation. Evidence provided should also provide new horizons to

researchers for novel 3D-printed phantoms and facilitate better CT optimisation process

regarding their clinical implementation.
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2017. This Human Research Ethics Committee is constituted and operates in accordance with the
National Health and Medical Research Council’s National Statement on Ethical Conduct in Research
Involving Humans and the CPMP/ICH Note for Guidance on Good Clinical Practice.

| am pleased to advise that the Committee has granted ethical approval of the above project.

The following documentation has been reviewed and approved:

Low and Negllglble R-isk"Form . AUIGI7666‘27:1F£7 i 1i 05201:7
Protocol 2.0 18.07.2017

numborl documant date and gage numbenng ]

Momlonng Requinemems
t Chapters 2.1 and 5.5)

« The Committee has classified this project as:

« Monitoring required for this study will be:
< Submission of Annual Progress Reports with the first report due 23 July 2018 and
annually thereafter for the duration of the approval period

Approval is valid for the following site only:
e Bankstown-Lidcombe Hospital
Please note the following conditions of approval:
1. The Principal Investigator will immediately report anything which might warrant review of
ethical approval of the project in the specified format, including:

- any serious or unexpected adverse events; and
- unforeseen events that might affect continued ethical acceptability of the project.
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2. The Principal Investigator will report proposed changes to the research protocol, conduct of
the research, or length of HREC approval to the HREC in the specified format, for review. For
multi-centre studies, the Chief Investigator should submit to the Lead HREC and then send
the amendment approval letter to the investigators at each sites so that they can notify their
Research Governance Officer.

3. The Principal Investigator will inform the HREC, giving reasons, if the project is discontinued
before the expected date of completion.

4. The Principal Investigator will provide an annual report to the HREC and at completion of the
study in the specified format.

5. The Principal Investigator must reassure participants about confidentiality of the data.

6. Proposed changes to the personnel involved in the study are submitted to the HREC
accompanied by a CV where applicable.

7. The Principal Investigator is responsible for ensuring the research project is conducted in line
with relevant NSW Health, South Western Sydney Local Health District and Hospital policies

available from: hitp://www.sswahs.nsw.gov.au/swslhd/ethics/policies_html

HREC approval is valid for (5) years. If the study is ongoing at the conclusion of the five year approval
period, a full resubmission may be required. Ethics approval will continue during the re-approval
process.

The South Western Sydney Local Health District Human Research Ethics Committee has been
accredited by the NSW Ministry of Health to provide single ethical and scientific review of
research proposals conducted within the NSW public health system and Victorian and
Queensland Public Health Organisations participating in the Mutual Acceptance Scheme.

You are reminded that this letter constitutes ethical approval only. This research project must
not commence at a site until separate authorisation from the Chief Executive or delegate of
that site has been obtained. It is your responsibility to forward a copy of this letter together
with any approved documents as enumerated above, to all site investigators for submission to
the site’s Research Governance Officer.

Should you have any queries about your project please contact Annamarie D’Souza on the telephone
number listed above. The HREC Terms of Reference, Standard Operating Procedures, membership

and standard forms are available from the SWSLHD
website: hifp., A thd/ethi L htm!

Please quote the Local HREC reference HE17/112 in all correspondence. The HREC wishes you
every success in your research

Yours faithfully

Daoan

Annamarie D'Souza

on behalf of

Professor Jeremy Wilson

Chairperson, SWSLHD Human Research Ethics Committee

This HREC is constituted arx! operates in accordance with the National Health and Medical Research Council's
{NHMRC) National Statement on Ethical Conduct in Human Research (2007). The processes used by this HREC to
review multi-centre research proposals have been certified by the National Health and Medical Research Council.
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Appendix 2: Site specific authorisation letter.

N W - H I th Research and Ethics Office
Leadership - Quality - G

(V) H PRI s Locked sag 108 VBRSO B Ny 1671

R ou estern Sydney o Phone: 02 8738 6304

covernment | Local Health District MMMAWZZSEI:&MNQMHMJEI

South Western Sydney Local Health District acknowledges the traditional owners of this land.
7 August 2017
Mr Kamarul Abdullah
Medical Radiation Sciences Facility of Health Sciences
The University of Sydney

Dear Mr Abdullah,

Project Title: Phantom validation and dose reduction potential for coronary
CT angiography

HREC Reference: LNR/17/LPOOL/209

SSA Reference LNRSSA/M7/LPOOL/210

Local Project Number: HE17/112

***SITE SPECIFIC AUTHORISATION***

Thank you for your correspondence received 3 August 2017 in response to our request for further
information dated 24 July 2017.

| am pleased to inform you that the Chief Executive has granted authorisation for this study to take
place at the following site(s):

e Bankstown-Lidcombe Hospital

The following conditions apply to this research project. These are additional to those conditions
imposed by the Human Research Ethics Committee that granted ethical approval:

1. Proposed amendments to the research protocol or conduct of the research which may affect
the ethical acceptability of the project, and which are submitted to the lead HREC for review,
are copied to this office.

2. Proposed amendments to the research protocol or conduct of the research which may affect
the ongoing site acceptability of the project, are to be submitted to this office.

3. Please note that you are responsible for making the necessary arrangements (e.g. identity
pass and vaccine compliance as per NSW Health Policy Directive PD2011_005) for any
researcher who is not employed by the South Western Sydney Local Health District and is
conducting the research on-site.

4. The Principal Investigator is responsible for ensuring the research project is conducted in line
with relevant NSW Health, South Western Sydney Local Health District and Hospital policies
available from: http://www. sswahs nsw.gov.au/swsihd/ethics/policies.html

5. Proposed changes to the personnel involved in the study at South Westem Sydney Local
Health District sites are submitted to the South Western Sydney Local Health District
Research and Ethics Office accompanied by the required supporting documents. A list of the
documentation required to add an Investigator to a study is located on the South \Westem
Sydney Local Health District Research and Ethics Office website:

S lhd.nsw.gov. hics/ html

— Yours sincerely,

) Aona

Annamarie li ouza
Manager, Research and Ethics Office
South Western Sydney Local Health District (SWSLHD)
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Appendix 3: 3D-printed models and the softcopy link of the models.

Part Il
Part |

=

Part 11l

Part Il Part Il

Insert A Insert B Heart-shaped shell

a) Insert A
Part I (Link: https://goo.gl/1xYeme)
Part II (Link: https://goo.gl/MfyijW)

b) Insert B

PartI (Link: https://goo.gl/E3]Lg9)
Part II (Link: https://goo.gl/ARHko06)
Part III (Link: https://goo.gl/CH5ih9)
c) Heart-shaped shell

Part I (Link: https://goo.gl/Fmxg4s)
Part II (Link: https://goo.gl/jsoG8e)
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