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Abstract
The goal of this research was to demonstrate the potential of spectral CT for the
discrimination of vulnerable atherosclerotic plaques. It was proposed that spectral CT has the
potential to identify the presence of specific markers for vulnerable plaques: iron deposits and
lipid core. A spectral micro-CT system incorporating the latest Medipix spectroscopic photoncounting detectors was commissioned for this purpose. Using spectroscopic methods
developed with this system, it was possible to distinguish the presence of iron deposits and
lipid core within ex vivo atherosclerotic plaques.
Atherosclerosis or hardening of arteries is a systemic disease of the vessel wall that occurs in
the aorta, carotid, coronary and peripheral arteries. It is characterised by the deposition of
calcified plaques on the innermost layer of the artery wall. Vulnerable plaques are unstable,
prone to rupture and put the person at risk of cardiovascular events and strokes. Factors that
may lead to plaque instability are lipid content and iron deposits. This preclinical study is a
precursor to the development of a clinical technique that will enable vulnerable
atherosclerotic plaques to be identified in vivo prior to treatment or removal.
Following a preliminary study on atherosclerotic plaques with a prototype system, the
MARS-CT3 spectral micro-CT system incorporating Medipix3 was developed and
commissioned for further plaque studies. The spectral CT data sets acquired by this system
were assessed visually for morphology and analysed for material composition using a linear
algebra method. The results were correlated with photography and histology (the histology is
the current gold standard).
The presence of iron and lipid can be differentiated from the background soft-tissue using a
linear algebra method. However the quantification of iron in the presence of calcium is not
currently possible without additional data or constraints. Nevertheless the presence of iron
deposits within the plaques can be distinguished in the high resolution MARS-CT images and
has been correlated with photographic and histological evidence. Thus, using the high spatial
resolution spectral data from MARS-CT, the discrimination of lipid core and iron deposits
within ex vivo advanced human atherosclerotic plaques is feasible. This may provide the basis
for the development of a clinical technique that will identify vulnerable plaques in vivo by
high resolution spectral CT.
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(a) A reconstructed CT image of the perspex phantom with solutions of
different concentrations of calcium chloride acquired with a threshold
energy of 12 keV and a tube voltage of 50 kVp. (b) The measured CT
numbers as a function of concentration. There is a linear increase in
attenuation with increasing calcium chloride concentration to ~300
mg.ml-1 corresponding to a CT number of ~2000 HU (R2 = 0.997). The
standard uncertainties for the measured data are in the range 10 HU.
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to the cutting edges of the plaques which have been scanned with the
MARS-CT3 scanner.
Figure 11.10

(Top row) The photograph of atherosclerotic plaque segment A1 taken
before imaging and the atherosclerotic plaque lesions visualised by the
MARS-CT3 imaging at different energy thresholds. (Middle row)
The corresponding cross sections of the same specimen were stained
with Von Kossa, Perls Prussian Blue and Oil-red-O for histological
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(Top row) The photograph and the spectral CT images of
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atherosclerotic plaque segment (A2) at different energy thresholds.
These images visualised by the MARS-CT3 imaging at 38 µm voxel
size. (Middle row) The corresponding cross sections of the same
specimen were stained with Von Kossa, Perls Prussian Blue and
Oil-red-O for histological

examination. (Bottom

row)

Three

materials were decomposed in the image domain: the water-like,
calcium-like and lipid-like images. The calcium deposits can easily be
seen on the CT image. The low concentration of iron deposits appear as
slightly dense tissues on the high resolution calcium-like image. The
lipid is distinguished from soft tissue images. The MARS-CT3 images
matched the photographs taken before imaging and the material
decomposition images obtained from the MARS-CT3 imaging were
confirmed by the histological examination.
Figure 11.12

(Top row) The photograph of A3 plaque segment and the
corresponding spectral CT images obtained at different energy
thresholds. (Middle row) The plaque staining photos show the plaque
segment was stained with Von Kossa, Perls Prussian Blue and
Oil-red-O to validate the calcium deposits, iron deposits and lipid
respectively. The plaque staining photo shows that the small part of the
plaque segment is slightly broken due to the handling process during
staining. (Bottom row) The material decomposition images show the
water-like, calcium-like and lipid-like images. The calcium-like
image demonstrates the co-localisation of iron and calcium deposits in
the plaque. The clusters of randomly distributed punctate iron deposits
can also be seen on the CT image. The lipid and soft tissue images can
be observed as separate components. The high

resolution

MARS-CT3 images closely match the photographs taken before
imaging and the histological examination performed afterwards.
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Figure 11.13

(Top row) The photograph of atherosclerotic plaque segment B1
and the corresponding multi-energy CT images. (Middle row) The
plaque segment was stained with with Von Kossa, Perls Prussian Blue
and Oil-red-O to validate the calcium deposits, iron deposits and lipid
respectively. (Bottom row) The material decomposition technique
can identify lipid from soft-tissue and calcium/iron deposits in
atherosclerotic plaque. Plaque segment B1 has fewer iron deposits
than A1, A2, and A3 plaque segments. The lipid is distinguishable
from the soft tissue in the plaque images. The characterisation of
atherosclerotic plaque determined by MARS-CT3 closely matches
photographs taken before scanning and the histological examination
performed afterwards.
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This doctoral thesis was completed by preparing a series of academic papers, with the main aim
to demonstrate the potential of spectral micro-CT imaging for the discrimination of lipid, iron
deposits as a marker of hemorrhagic and calcium deposits of ex vivo atherosclerotic plaque
compared with the use of histological examination as the gold standard. The candidate’s
contributions are summarised as follows:
i.

Develop acquisition protocols, investigate capabilities of spectroscopic imaging and
assess the imaging performance of the MARS-CT2 system. Identify the improvement
and fed back into the design process for the MARS technical team members to
develop the MARS-CT3 system.

ii. Evaluate the performance of the MARS-CT3 system to characterise atherosclerotic
plaque components.
iii.

Develop the ex vivo atherosclerotic plaque imaging protocol and analysis methods
with phantom datasets.

iv.

Evaluate the ex vivo atherosclerotic plaque imaging protocol with the MARS-CT3
system using surgical specimens. Characterise and validate the atherosclerotic plaque
components.
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Chapter 1
Introduction to the thesis
The MARS research group is developing spectral CT for wide use in preclinical and clinical
healthcare including imaging of soft-tissues and novel contrast agents. This research supports
the long term visionary goal to improve the clinical diagnosis of atherosclerosis by the
application of spectral Computed Tomography (CT). The first section of this chapter describes
the visionary and thesis goals. The clinical and technical backgrounds to this study are then
provided. The following sections focus on the technical motivation for using spectral CT and the
clinical significance of this research. Finally the thesis organisation is given followed by a
summary of the main points.

1.1 Goals
1.1.1 The visionary goal
The long term visionary goal associated with this research is to develop spectral CT for
diagnosing human disease and one of the potential applications is for spectral CT to be
utilised in a clinical setting for diagnostic imaging of unstable (vulnerable) plaque
components in vivo prior to pharmacological or surgical treatment. Identification of unstable
(vulnerable) plaque is of utmost importance because of the high risk of it precipitating an
acute thrombotic occlusion (vascular blockage caused by a blood clot).

1.1.2 The thesis goal
The particular goal of this study is to demonstrate the potential of the Medipix All Resolution
System (MARS)-CT for discriminating the lipid core, iron deposits as a marker of intraplaque
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hemorrhage and calcium deposits of ex vivo advanced human atherosclerotic plaques.
Validation of the MARS-CT results will be by histological examination (the gold standard).

1.2 Clinical and technical background
Atherosclerosis or hardening of arteries is a systemic disease of the vessel wall that occurs in the
aorta, carotid, coronary and peripheral arteries (Fuster et al., 1999). It is characterised by the
deposition of plaques on the innermost layer of the arterial wall. Factors that may lead to plaque
instability are lipid content and iron deposits. The iron deposits in the plaque can be seen as a
marker of prior hemorrhagic, or bleeding events that put a person at risk for plaque eruption
(Bornstein et al., 1990; Starry et al., 1995). The challenge is to diagnose a vulnerable plaque by the
presence of these components and treat or remove it.
A review of the available literature on atherosclerosis shows that lumen size (the inner open
space of a blood vessel) is not sufficient to predict the occurrence of clinical events. The
information on plaque morphology and composition are more valuable in the vulnerability
assessment than lumen size (Glagov et al., 1995; Pasterkamp et al., 2000; Libby, 2009). Many
imaging modalities have been investigated in atherosclerotic plaque characterisation. The
details about atherosclerosis imaging techniques with regard to their ability to identify
unstable lesions at risk of rupture are covered more thoroughly in Chapter 6.
Many efforts have been made recently to extract meaningful information from CT scans,
especially the identification of tissues or material being imaged, by using the characteristic
energy-dependent attenuation of x-rays (Hounsfield et al., 1973). Furthermore, the use of CT
in the hospitals has grown exponentially during the last 25 years, with similar trending of data
from regions across the world (Thomas, 2011). The Organisation for Economic Co-operation

Chapter 1: Introduction to the thesis

3

and Development (OECD) records the availability of medical equipment in all health care
facilities, including the hospital and ambulatory sectors.
In New Zealand, the total CT scanners per million population have increased by more than
345% while the total MRI unit per million population has increased by 288% in the last two
decades (OECD, 2011). This data shows that the availability of CT scans has
significantly increased. It has also been reported that there is a remarkable growth in CT
utilisation particularly in emergency departments (Gamble, 2010; RSNA, 2010; Guidera,
2010; Manos, 2011). It is worthwhile noting that the rates of CT imaging have risen because of
various technological improvements that make them more useful in the diagnosis of many
types of diseases and enable provide excellent care to be provided cost-effectively.
A large number of studies have been performed over the last few years to investigate the
ability to characterise ex vivo atherosclerotic plaque composition by dual-energy CT imaging.
Using synchrotron-based micro-CT (with voxel size of (2 µm)3 and beam energies of 16 keV
and 20 keV), synchrotron based fluorescence microscopy and histology, Langheinrich et al.
(2007) demonstrated the ability to detect and discriminate iron and calcium deposits in the
wall of aorta by virtue of the size of the opacities (the area of individual iron deposits within a
single CT slice being <(100 µm)2). The distribution of iron deposits within the plaques
showed evidence of prior intraplaque hemorrhage in the mouse model of advanced
atherosclerosis. Iron deposit is a marker of intraplaque hemorrhage that accumulates in the
arterial wall.
A major challenge to using iron deposits as an imaging marker of plaque vulnerability is the
concurrent presence of calcium, which is indistinguishable from iron in conventional imaging
modalities. In 2009, Langheinrich et al. demonstrated the influence of voxel size on its ability
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to discriminate iron and calcium deposits in ex vivo coronary arteries. At a voxel size of
(20 µm)3 or smaller, iron deposits could be identified based on the CT grey scale value.
Voxels of (100 µm)3 or larger cannot resolve nor distinguish iron deposits from calcifications by
virtue of their CT grey scale values. The iron and calcium deposits cannot be differentiated at low
resolution due to the partial volume effect. The partial volume effect is the loss of
information in small objects or regions because of the limited resolution of the imaging
system. The resulting CT value represents the average attenuation properties of the structure
and the surroundings instead of the attenuation values to be determined.
On the other hand, a recent simulation study by Wang and his colleagues (Wang et al., 2010)
demonstrated that iron and calcium deposits can be differentiated using their morphological
features at voxel sizes up to (200 µm)3 using dual-energy CT. Wang et al. performed the
simulation phantom of human arterial wall with iron and calcium deposits using voxel sizes from
4 to 600 microns at 80 kVp and 140 kVp. The dual-energy ratio map of iron and calcium was
computed to distinguish material composition by taking the ratio of low and high energy images.
The dual-energy ratio map of iron and calcium remain visually different at a voxel size of (200
µm)3. The ability to use larger voxels sizes makes clinical implementation easier, reduces image
noise and decreases patient dose requirements. This study shows that the use of multiple energies
might improve material separation.
Multi-energy CT, often known as spectral CT, yields valuable quantitative information about
elemental and molecular composition of materials. It enables the identification of materials by
decomposing the total attenuation of the material into the various physical contributions for
each voxel (Schlomka et al., 2008). Feuerlein et al. (2008) used a preclinical spectral CT
scanner with a single-line photon-counting cadmium telluride array detector (MEXC; Gamma
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Medica Ideas, Northridge, Calif). It improved luminal depiction by differentiating among
intravascular gadolinium-based contrast agent, calcified plaque and stent material in an artery
phantom. Feuerlein et al. used the measurements of the six energy bins of the photon-counting
detector to estimate the contributions to the total attenuation of the photoelectric effect, the
Compton effect and the k-edge of gadolinium.
Cormode et al. (2010) performed a spectral CT study with contrast agents to characterise the
macrophage burden, calcification and stenosis in atherosclerotic plaque. They used
apolipoprotein E-knockout (Apo E-KO) mice as the model for atherosclerosis. The gold
particles were absorbed by macrophages that cause inflammation in the arterial wall at the
places of atherosclerotic plaques. Spectral CT enables differentiation of gold-based contrast
agent (K-edge energy, 80 keV) from an iodinated contrast agent (K-edge energy, 33.2 keV)
with the use K-edge of the materials. The advantages of the spectral CT method compared to
other methods such as Magnetic Resonance Imaging (MRI) and Positron Emission
Tomography (PET) include the lack of a need for pre-contrast scans, increased resolution and
faster imaging.

1.3 Motivation for using spectral CT
This study was motivated by the application of various clinically relevant dual-energy CT
imaging

methods

for

material

differentiation

and

elemental

decomposition.

Recent development of novel energy-resolved photon-counting detectors also motivates this
work to explore the potential of these detectors in spectral CT imaging. These novel detectors
have many advantages over energy-integrating x-ray detectors in x-ray CT, such as the ability
to measure the spectrum of x-ray beams. It is known that the attenuation of x-ray photons is
energy-dependent

and

each

substance

has

a

specific

attenuation

curve.

Therefore, measurement of the specific attenuation responses can enable material
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differentiation. Dual-energy datasets can be produced by using kV switching, dual source
systems or sandwich detectors. In this case of kV switched or dual source CT, x-ray beams with
different mean energies are used to measure the absorption characteristics of the material with
standard non-spectroscopic detectors. Spectral CT is achieved in synchrotron CT by
scanning over a range of narrow energies. In contrast, MARS spectral CT uses a fixed, but
broad, energy x-ray beam and novel energy-resolved photon counting detectors to measure the
energy dependent absorption information imprinted on the x-ray flux as it passes through the
materials.
This study was designed to explore the potential of novel photon-counting x-ray detectors for
assessing the unstable component (lipid core, iron deposits as a marker of intraplaque
hemorrhage) and calcium deposits on surgical specimens of advanced human atherosclerotic
plaque. Compared with standard detector technology, these detectors provide high spatial and
energy resolution. Thus, spectral CT has the potential to provide high resolution images
containing detailed information about plaque morphology and improved tissue differentiation.
The ability to characterise the composition of atherosclerotic lesions, especially the unstable
plaques that are more likely to undergo acute disruption and give rise to symptoms, may help
to understand their natural histology and detect lesions with high risk for acute events.
The detection of unstable plaques would help the surgeon to operate selectively on patients
who are at most risk and improve treatment in treating atherosclerosis diseases
(Pasterkamp et al., 2000).
As with all new modalities, the introduction and implementation of new technology and
imaging methods into clinical applications will be a challenge. The medical application of
such novel imaging systems demand precise conditions to be fulfilled and thus, work must be
done to identify all the advantages and limitations before translating it for medical diagnosis.
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Spectral CT imaging is currently available for research but not yet available for use in clinical
practice. A necessary step in the development of the clinical application is to prove the
concept of material differentiation by ex vivo spectral CT imaging of atherosclerotic plaques.

1.4 Clinical significance
The ability of the MARS-CT scanner using the Medipix photon-counting detector to obtain
high resolution images together with spectral information allows, for the first time, accurate
simultaneous assessment of lipid, iron deposits as a marker of intraplaque hemorrhage and
calcium in advanced human atherosclerotic plaques. This research performed on surgical
specimens with a spectral micro-CT scanner, represents a novel contribution to the science of
medical imaging. With continuing technical developments, it should be possible to translate
this technique onto a human scale CT system that will allow in vivo visualisation and analysis
of atherosclerotic plaques prior to treatment. This would be a highly significant advance in
clinical imaging. If unstable plaque composition could be predicted by imaging, stroke risk
assessment might be refined, allowing better selection of patients for surgery. This would
markedly improve the diagnosis and monitoring of atherosclerosis disease (myocardial
infarction, stroke and peripheral vascular disease) (De Feyter et al., 2003; Matter et al., 2009;
Halpern, 2011; Kiessling, 2011).

1.5 Thesis organisation
The research and development phases involved in the process of achieving the thesis goal are as
follows:
i.

Investigate the capabilities of spectroscopic imaging with the MARS-CT2 system.
Evaluate the data acquisition and imaging performance of the MARS-CT2 system.
Identify the improvement and feed back into the design process for MARS technical
team members to develop the MARS-CT3 system.
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Develop the ex vivo atherosclerotic plaque imaging protocol, analysis methods and
evaluate these using a phantom dataset.

iii.

Evaluate and demonstrate the capabilities of the MARS-CT3 system to characterise
atherosclerotic plaque components using surgical specimens.

iv.

Validate the MARS-CT results against those of histological examination (the gold
standard).

Based on the research and development phases above, the thesis is structured as follows:
Chapter 2 discusses the principles of x-ray interactions with matter. It also describes the
usefulness of energy information obtained from CT imaging for obtaining functional
information about tissues.
Chapter 3 focuses on conventional CT imaging. It presents the historical and basic physics of CT
to non-physicists and other clinical specialists. This chapter provides a description of the
properties of x-rays and how they are produced, the CT scanner features, tomographic image
reconstruction and how different types of tissues display on the CT image. This chapter also
discusses the evolution of spatial resolution in CT. Characteristics of CT image including
contrast, spatial resolution, noise and artifacts are also described.
Chapter 4 presents recent advances in x-ray detector technology particularly the
photon-counting (family of Medipix) detectors. It also presents the operating principles of
photon-counting detectors and the advantages of this type of detector for CT imaging.
Chapter 5 discusses spectral CT. It describes the evolution of CT imaging from conventional
(single energy) to dual-energy and spectral (multi-energy) CT.

It also presents the

development of the MARS-CT systems. The configuration details of the MARS-CT system,
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Some limitations in the

MARS-CT2 were overcome by developments and enhancements that were implemented in
the MARS-CT3 system. A description of the upgraded MARS-CT and its operation are also
given in this chapter. The potential influencing factors on spectral CT imaging assessments
are discussed.
As this study focuses on the use of spectral micro-CT imaging for the quantitative study of
atherosclerosis, Chapter 6 provides the description of atherosclerosis and biological markers
for vulnerable plaques. This chapter also includes a discussion on existing and emerging
techniques with regard to their ability to identify unstable lesions at risk of rupture. It is
followed by a discussion of the need for spectral CT to characterise atherosclerotic plaque and
overcoming the barriers of standard non-invasive techniques. This chapter states a concise
description of the issues and it discusses the particular focus of this thesis.
Chapter 7 demonstrates the preliminary studies of atherosclerotic plaque imaging with the
MARS-CT2 system. It presents the development of acquisition protocols for imaging of ex
vivo atherosclerotic plaque fixed in resin and unfixed specimens, investigates the
capabilities of spectroscopic imaging and assesses the overall performance of the MARS-CT2
system. The spectral CT results are compared with images obtained from other imaging
modalities. This chapter also discusses the limitations found in this system that were fed back
into the design process to develop the MARS-CT3 system.
In order to obtain good quality spectral CT images, the MARS-CT3 system has to be
calibrated before the system is used for CT imaging. Detailed discussion on the calibration of
the photon-counting (Medipix) detector is presented in Chapter 8. This chapter also discusses
the geometrical calibration, being the measurement of a set of parameters which sufficiently
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describes the geometry of data acquisition. These parameters are needed for accurate
tomographic reconstruction. The geometrical calibration of the MARS-CT3 scanner includes
the protocol for motor controller calibration, determination of centre of rotation, x-ray
projection magnification, vertical beam centre and detector translation skew.
Chapter 9 presents the performance evaluation of the MARS-CT3 system using phantoms
fabricated for the evaluation of spatial resolution, image uniformity, pixel noise, linearity,
spectroscopic performance.

The results of dose measurements at the isocentre and

demonstration images are also presented.
Chapter 10 describes a technique to analyse materials using spectral CT. This chapter
discusses the theory of a linear algebra method used to quantify different materials. The
linearity and spectroscopic response were evaluated before material decomposition was
applied. Results from the linear algebra method for a number of material combinations are
also presented.
Chapter 11 presents the assessment of the MARS-CT3 system for discrimination of unstable
components (lipid core and iron deposits as a marker of intraplaque hemorrhage) and calcium
deposits of ex vivo of advanced human atherosclerotic plaque. The results are compared with
histological examination as this is usually taken to be the gold standard. The evaluation of
imaging parameters for ex vivo atherosclerotic plaque with the MARS-CT3 scanner is
presented. The protocol for preparing surgical specimens for imaging is also given in this
chapter. It includes the excision of atherosclerotic plaque, preparation of specimens for
imaging with the MARS-CT3, image processing, image analysis and histological
examination. The results of the spectral analysis, quantification of spectral micro-CT images
and the validation of this study are discussed.
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The conclusion of this thesis is given in Chapter 12. Finally the list of references is presented.

1.6 Summary
1.

The visionary goal of the MARS team is to develop spectral CT for diagnosing human
disease and one of the potential applications is for spectral CT to be utilised in a
clinical setting for diagnostic imaging of plaque components in vivo prior to
pharmacological or surgical treatment.

2.

If unstable plaque composition could be predicted by imaging, stroke risk assessment
would be refined, allowing better selection of patients for surgery and early detection
and prevention of acute cardiac events.

3.

The main aim of this thesis is to demonstrate the advantages of spectral CT using
micro-CT equipped with state of the art photon-counting detector technology. This
study developed the necessary instrumentation and methods for demonstrating the
discrimination of plaque components (lipid core, iron deposits as a marker of
intraplaque hemorrhage and calcium deposits) in ex vivo advanced human
atherosclerotic plaques. Results of spectral CT are compared with histological
examination as this is usually taken to be the gold standard.
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Chapter 2
Interactions of x-rays with matter
In this chapter an overview of x-ray interaction mechanisms is presented. The photoelectric,
Compton and Rayleigh scattering mechanisms and their attenuation coefficients are discussed. A
description of the dependence of the attenuation mechanisms on atomic number and photon
energy is provided. The chapter concludes with a summary of the main points.

2.1 Introduction
Wilhelm Conrad Roentgen was the first person to discover the possibility of using
electromagnetic radiation to create what we now know as the x-ray. Electromagnetic radiation can
be described as a stream of photons, each carrying energy and moving at the speed of
light (v = 3 x 108 ms-1). Each photon contains a certain amount of energy and all
electromagnetic radiation consists of these photons. The electromagnetic spectrum ranges from
low energy radiation, such as radio waves and microwaves, to high energy radiation like
x-rays and gamma rays. Figure 2.1 shows the electromagnetic spectrum.
The electromagnetic waves are typically described by any of the following three physical
properties: the frequency, f, wavelength, λ, or photon energy, E. The relationship between
energy and frequency of electromagnetic radiation is described in the Planck relation or the
Planck-Einstein equation as shown in Equation 2.1.
E = hf

(2.1)
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Photon energy is directly proportional to the frequency of the wave. The higher the frequency
of the electromagnetic wave, the higher its energy. Planck’s constant is denoted as h, and
h = 6.62 x 10-34 J.s = 4.13 x 10-21 eV.s.

Figure 2.1 The electromagnetic spectrum presented as a function of wavelength, frequency and
energy. The x-rays are part of the high energy portion of the spectrum. Retrieved from Seibert
(2004).

X-ray radiography and CT imaging measure the relative transparency to x-rays as they pass
through the body. Diagnostic x-ray imaging relies on the differential attenuation of x-rays
when interacting with the object being imaged. As the x-ray beam passes through an object,
it produces a variable transmitted x-ray flux that is dependent on the attenuation along the beam
paths. Some of the x-rays will be absorbed, some scattered and some will penetrate without
interacting. There are three major x-ray interactions involved in the diagnostic x-ray energy
range (10-150 keV): photoelectric absorption, Rayleigh (coherent) scattering and Compton
scattering. Pair production is also involved in x-ray interaction but it only occurs when the
x-ray photon has energy greater than twice the rest mass of an electron (1.02 MeV).
Therefore, only the first three processes will be discussed. The photoelectric absorption and
Compton scattering interactions can result in energy deposition and secondary x-rays will be
present after this initial interaction. Rayleigh scattering does not deposit energy but can scatter the
photon to a new trajectory. See Figure 2.2.
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Figure 2.2 The three major x-ray interactions involved in the diagnostic x-ray energy range
(10-150 keV): photoelectric absorption, Rayleigh (coherent) scattering and Compton scattering.
Retrieved from Siebert et al. (2005).

2.2 Photoelectric absorption
Photoelectric absorption (Figure 2.2 (B)) is the process in which a photon interacts with an
inner shell electron in the absorbing atom that has a binding energy similar to but less than the
energy of the incident photon. If the incident photon energy is less than the binding energy of
the electron, photoelectric interactions cannot occur but if the x-ray energy is equal to or
greater than the binding energy, photoelectric absorption is feasible and a large attenuation
occurs.
In this photoelectric interaction, the incident x-ray photon transfers its energy to the electron
and the electron is ejected from its shell (e.g., K or L) with kinetic energy equal to the
difference of the incident photon energy, E0, and the electron shell binding energy, EBE. The
vacancy resulting from the electron ejection is filled by an electron from an outer shell (with
lower binding energy), producing a characteristic x-ray equal in energy to the difference in
electron binding energies of the inner electron shell and outer electron shell. The terms
K-edge or L-edge absorption edge refers to the sudden jump in the probability of
photoelectric absorption when the K- or L-shell interaction is energetically possible.
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The probability of photoelectric absorption per unit mass of a material above the K-edge is
approximately proportional to Z3/E3, where Z is the atomic number of the material and E is
the energy of the incident photon.

Therefore, photoelectric absorption increases with

increasing atomic number and decreasing photon energy. These facts explain the large
differences in attenuation between low-Z material like water and high-Z material like lead.
The photoelectric interaction is the main reason for signal contrast in x-ray imaging. Larger
x-ray transmission differences in matter occur at low energies, which enhance signal contrast

2.3 Rayleigh (coherent) scattering
Rayleigh scattering is also known as coherent scattering (Figure 2.2 (C)). It occurs when an
incident x-ray photon interacts with many electrons at once and is scattered with negligible loss
in the energy. Scattering is mainly in the forward direction and majority of the x-ray photons
are scattered with a small angle. The probability of this event occurring is low and it is a minor
contributor to the absorption coefficient.

2.4 Compton scattering
Compton scattering (Figure 2.2 (D)) occurs when the energy, E0, of an incident photon is
much greater than the binding energy of an atomic electron. The incident x-ray photon is
deflected from its original path by this interaction and the electron gains energy. The electron is
ejected from its orbital position at an angle, φ. The remainder of the energy, Es, is
transferred to a scattered x-ray photon with a trajectory at an angle, θ, relative to the trajectory of
the incident photon. The scattered photon may travel in any direction (scattering through any
angle θ from 0° to 180° while the recoil electron may only be directed forward relative to the angle
of the incident photon (> 0° to ~90°).
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The energy of the scattered photon is related to the scattering angle, θ, by considerations of
energy and momentum conservation according to:
𝐸𝑠
𝐸0

=

1
𝐸0
1+
511 𝑘𝑒𝑉

(1− cos 𝜃 )

(2.2)

where Es and E0 are the scattered and incident photon energies. The largest effects occur
when the photon energy is close to the rest mass of the electron is 511 keV. This equation
shows that the scattered x-ray energy becomes smaller as the scattering angle increases.
At higher incident energies, this effect is amplified. The energy of the recoiling electron Ere,
is defined as:
𝐸𝑟𝑒 = 𝐸0 - 𝐸𝑠

(2.3)

The energy transferred depends on a photon-electron interaction and it does not depend on the
density, atomic number or any other property of the absorbing material.

2.5 The energy dependence of x-ray attenuation
The attenuation coefficient reflects the fractional reduction of x-ray intensity as it passes
through matter. It is dependent on the thickness of a material, density of a material, atomic
number and photon energy. The total attenuation is the sum of the attenuation due to different
types of interactions. As discussed in the previous section, there are three major x-ray
interactions in the diagnostic energy range of 10-150 keV: photoelectric absorption, Rayleigh
(coherent) scattering and Compton scattering. Figure 2.3 (a) demonstrates the x-ray interactions
and total mass attenuation coefficients for soft tissue (Z=7), as a function of
energy.
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(b)
pair

production

and

total

mass

attenuation coefficients for soft tissue (Z=7) as a function of energy. (b) The linear attenuation
coefficients of water, bone, iodine (K-edge at 33.2 keV), gadolinium (K-edge at 50.2 keV).
Retrieved from Bushberg, (1998) and Wang et al. (2011b).

In the zone where the photoelectric effect is dominant, the attenuation varies approximately as
E-3 whereas at higher energies, Compton scattering is the main mechanism of x-ray
interaction with matter, the attenuation varies as E−1 (Alvarez & Macovski, 1976).
At low energies the photoelectric absorption process aids the ability to detect subtle
differences in tissue composition. On the other hand, Compton scattering interactions
predominate over the majority of the diagnostic energy range in soft tissue and therefore
subject contrast is chiefly derived from differences in tissue density. The pair production
process is of no consequence in diagnostic radiography because of the extremely high
energies required for pair production to occur. Therefore CT imaging is largely dependent on the
different characteristics of the photoelectric and Compton effects.
In the presence of materials (e.g., contrast agents) with K-edges in the energy range of
interest, the attenuation coefficients of these materials can be determined by measuring the
x-ray absorption either side of the K-edge. The K-edge represents a sudden increase in
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attenuation coefficient of the element above the electron binding energy as shown in
Figure 2.3 (b). In this phenomenon, the photons with energies slightly greater than the binding
energy of the electrons are more likely to be absorbed than photons with energy levels just
below this binding energy and this produces a sudden increase in the attenuation coefficient at
the K-shell energy.
Conventional CT imaging relies on measuring the total absorption of an object regardless of
the particular energy of the incoming radiation. In fact, different combinations of materials
can produce the same absorption. Thus, conventional CT is unable to distinguish these
materials. Different types of material can be distinguished by taking advantage of the
characteristic energy dependence of the photoelectric and Compton effects. The identification
of K-edges within the diagnostic energy range allows multiple high-Z number elements to be
distinguished simultaneously, if the attenuation coefficient is measured at multiple energies.
The technique of acquiring spectral information and separating the contributions of the
photoelectric and Compton effect is achievable with spectroscopic photon-counting detectors.
The details of these novel detectors will be discussed in the next chapter.

2.6 Summary
1.

CT imaging is largely dependent on the two major x-ray interactions: photoelectric
and Compton effects. Rayleigh scattering is a minor contributor to the absorption
coefficient. The probability of photoelectric absorption per unit mass of a material is
approximately proportional to Z3/E3, thus photoelectric absorption increases with
increasing atomic number and decreasing photon energy. These facts explain the large
differences in attenuation between low and high-Z materials. Compton scattering
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interactions predominate over the majority of the diagnostic energy range in soft tissue
and therefore subject contrast is chiefly derived from differences in tissue density.
2.

Conventional CT imaging only measures total absorption of the material regardless of
the particular energy of incoming radiation, thus, differentiation of some materials is
impossible.

3.

The concept of gaining spectral information and separating the contributions of the
Compton and photoelectric effects is a technique for material differentiation.
Different types of material can be distinguished with spectroscopic photon-counting
detectors that record energy information for each incident x-ray photon.
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Chapter 3
Conventional CT imaging
This chapter begins with an historical review of x-ray imaging followed by an overview of the
basic principles of CT suitable for non-physicists and other clinical specialists. It presents a
description of x-ray production, the CT scanner features, tomographic image reconstruction
and how different types of tissues display on the CT image. The evolution of spatial
resolution in CT imaging is also discussed. This chapter describes the conventional measures
of image quality in CT and factors affecting CT image quality. The chapter concludes with a
summary of the main points.

3.1 Introduction
Diagnostic x-ray imaging has been used for over a century, after the published discovery of
x-rays by Wilhelm Conrad Roentgen in 1896 (Roentgen, 1896; Swinton, 1896). The interiors
of the human body can be seen from radiographic projections (Stanton, 1969). Figure 3.1
shows the first x-ray image Roentgen published. It is an image of his wife’s hand which
clearly revealed her wedding ring and bone. The image produced by x-rays is a projection (or
shadow) of the objects in the path of the x-rays. The images formed are due to the different
absorption rates of different tissues. In this image, the x-ray opaque regions such as bone
appear darker than the x-ray transparent regions like fat and other soft tissues on a film
recording of the x-ray image. This two-dimensional (2D) transmission image is called a
radiograph.
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Bertha Roentgen’s hand, the first x-ray image Roentgen ever published.

Retrieved from Medcyclopaedia (2011).

Planar x-ray radiography produces a simple 2D projection of the tissues lying between the
x-ray source and the film. It is used for different purposes including abdominal radiography to
study the liver, bladder, abdomen and pelvis; chest radiography for diseases of the lung and
broken ribs and x-ray fluoroscopy (in which images are acquired continuously over a period
of several minutes) for a number of different genitourinary and gastrointestinal diseases.
However, the overlapping part of soft tissue or bone structures on the projected image can be
difficult to interpret.
The introduction of CT in the 1970s was a major step toward reducing the superposition
problem in diagnostic imaging. CT is used to overcome this problem by producing threedimensional (3D) x-ray absorption images. CT differs from radiography in several aspects.
A major difference is the way the systems work. CT measures the spatial distribution of a
physical quantity from different angles with a detector and computes superposition-free
images from the data. On the other hand, radiography records the radiation emitted from the
x-ray tube and attenuated by the object from a single viewpoint with a detector, traditionally
by film.
For CT imaging, a number of studies proved that the internal structure of an object can be
reconstructed from multiple projections of the object. The mathematical principles behind the
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reconstruction of the CT image were established by the mathematician Johann Radon.
He introduced the concept of reconstructing an object on the basis of its line integrals
(Radon, 1917). In 1963, a South African nuclear physicist Allan MacLeod Cormack
developed a method of obtaining the distribution of x-ray attenuation coefficients for body
tissue in the context of attempting to improve upon existing methods of radiation treatment
planning (Cormack, 1963).
In addition, Richard Bates, an electrical engineer and his student Terence Peters, working at the
University of Canterbury in Christchurch, New Zealand proposed a method for producing
accurate cross-sections from x-ray shadowgrams by digital or optical filtering of traditional
tomograms generated by out-of-plane blurring (Bates & Peters, 1971). They also resolved
fundamental issues in CT and produced a seminal paper on the topic, just prior to CT’s
commercial development and use worldwide.
The most popular application of CT has been in the field of medical diagnostics where it was
known as x-ray Computerised Axial Tomography (CAT) during the 1970s. The inventor of this
imaging machine, Godfrey Hounsfield successfully conducted the first clinical trials on a
prototype scanner in 1972 (Hounsfield, 1973). The first clinical image of a patient with a
suspected brain lesion revealed the presence and location of a cystic tumour.
Following the successful introduction of the EMI head scanner by Hounsfield into the clinical
arena, a period of intensive development and marketing of CT scanners by commercial
manufacturers followed. A variety of CT scanner designs were developed directed primarily
at improving scan speed and accuracy while maintaining patient comfort and safety
(Ledley et al., 1974; Robb, 1982). In 1979, Godfrey Hounsfield was awarded the Nobel
Prize for Medicine along with Allan M. Cormack who demonstrated that the mathematics
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behind tomography is indeed applicable for real objects (Nobelprize, 1979). Improvements in
tomographs by Smith et al. (1973), Peters (1974), Bates et al. (1983) together with other
scientists have improved CT development and image reconstruction.
Historical details of the development of CT have been discussed in a number of review
articles and books (Robb, 1982; Bates et al., 1983; Kalender, 2005). In particular, Robb,
Bates, Peters and Kalender give a detailed discussion of the basic principles of CT within the
context of the evolution of CT and the relatively short history of x-ray CT. In addition to the
remarkable improvement in contrast resolution of CT over standard radiography, Robb
mentions another fundamental reason for its remarkable success, namely that it derives from
an ingenious engineering synthesis of several well-founded principles. Fleischmann & Boas
reviewed some of the latest innovations in CT together with their historic roots (Fleischmann
& Boas, 2011). This article explores earlier and simpler solutions to a given problem, or ideas
which could not be implemented until today, but may shed some light on the current
technology.

3.2 Basic principles of CT imaging
The basic components of CT imaging are the x-ray source, x-ray detector and object. The
x-rays are produced by accelerating electrons with a high voltage and allowing them to collide
with a high atomic number material such as the tungsten target (anode) in an x-ray tube. The
energy gained by the electron is equal to the potential difference (voltage) between the anode
and cathode usually expressed as the peak kilovoltage (kVp). When the electrons are suddenly
decelerated (slowed or stopped) by a nucleus of an atom of the metal target, x-rays which are
commonly known as bremsstrahlung or braking radiation are produced. The degree of
interaction of the accelerated electron with the metal target nucleus can vary, so the energy
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spectrum of the x-rays generated by this process is continuous. The energy of these x-rays
given in kV ranges up to kVp.
On the other hand, characteristic radiation occurs when bombarding electrons have sufficient
energy that when they strike the metal target, they eject an inner shell electron. Electrons from
higher states drop down to fill the vacancy, emitting x-ray photons with specific (discrete)
energies determined by the electron energy levels. These x-rays are called characteristic
x-rays. Figure 3.2 shows the x-ray spectrum with a combination of bremsstrahlung and
characteristic radiation (the sharp peaks are characteristic radiation associated with the atoms
in the target).

Figure 3.2 The emission spectrum for a tungsten target x-ray tube operated at 150 kVp.
Characteristic K x-ray emission occurs for tungsten whenever the tube voltage exceeds
60 kVp, corresponding to the K-shell binding energy for tungsten. The rising edge is due to the effect
of the filtration. The purpose of the filtration is to enrich the beam with high energy photons by
absorbing the lower energy component of the spectrum. The characteristic x-rays are seen as sharp
peaks on top of the broad continuum from the bremsstrahlung. The area under the spectrum
represents the total number of x-rays. Retrieved from OpenLearn LabSpace (2005).
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The lowest energy x-rays are absorbed by the x-ray tube and x-ray filters. These lower energy
x-rays are less penetrating and do not contribute to image formation but add to patient dose.
Most x-ray manufacturers add filtration to filter out the low energy x-rays. The composition of
an x-ray spectrum with respect to bremsstrahlung and characteristic radiation depends on three
factors; the anode material, kilovoltage and filtration.
The basic setup of CT imaging is shown in Figure 3.3. The x-ray source and detectors rotate
together around the patient, producing a series of projections at a number of different angles. The
image is then reconstructed from the resulting projection data producing cross-sectional images
of areas of the body.

Figure 3.3 (Left) The basic setup of CT imaging. The x-ray source and detector unit rotate
synchronously around the patient. Data is essentially acquired continuously during rotation. (Right)
An example of a single-slice CT image of the lung. Retrieved from U.S. Department of Health and
Human Services (2010).

Conventional CT systems use integrating detectors. These are composed of detecting elements
such as scintillating crystals and photodiodes. These detectors measure the energy deposited by
the interactions of x-ray photons as they pass through the object and convert the locally
absorbed x-ray energy into a visible light. This type of detector provides integrated
information about the total energy of the transmitted beam. Information about the energy
distribution of the detected x-ray flux is not recorded. Therefore, certain types and densities of
material cannot be differentiated with this type of detector.
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3.2.1 Image reconstruction in CT
The first CT machines used iterative reconstruction methods, the algebraic reconstruction
technique (ART), to provide a cross-sectional image based on the attenuation measurements of
x-rays transmitted through a patient’s body. For larger data volumes, finer image matrices and the
higher demand on image quality, approaches based on ART led to unacceptably high
computation times (Kalender, 2005).
CT image reconstruction is a process to retrieve x-ray attenuation coefficients from their
integrals along the beam path (Herman, 1980). The basic principles of CT image
reconstruction have been reviewed in books by Avinash C. Kak (Kak et al., 1988), Jerrold T.
Bushberg (Bushberg et al., 2001) and Jiang Hsieh (Hsieh, 2003). For mono-energetic sources the
attenuation occurs exponentially in matter as shown in Equation (3.1).

𝐼 = 𝐼0 exp −

𝜇 𝑥, 𝑦 𝑑𝜉

(3.1)

𝐿

where µ(x, y) represents the attenuation coefficient at a point (x, y), L is the path of the ray and
ξ is the distance along L. In CT, dividing the measured photon counts by the incident photon
counts and taking the negative logarithm yields samples of the Radon transform of the linear
attenuation map. Thus, the total attenuation of p of a ray position ξ on the projection angle, φ, is
given by the line integral:
𝑝 𝜉, 𝜑 = ln

𝐼
= −
𝐼0

𝜇 𝑥, 𝑦 𝑑𝜉

(3.2)

𝐿

In polar coordinates, the value of ξ onto which the point (x, y) will be projected at
angle, φ, can be written as:
𝜉 = 𝑥 cos 𝜑 + 𝑦 sin 𝜑

(3.3)
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Equation (3.2) can also be written as:
𝑝 𝜉, 𝜑 =

𝑓 𝑥, 𝑦 𝛿 𝑥 cos 𝜑 + 𝑦 sin 𝜑 − 𝜉 𝑑𝑥 𝑑𝑦

(3.4)

where f(x, y) represents μ(x, y), δ is the Dirac delta function and the coordinates x, y, ξ and δ are
defined in Figure 3.4.

Figure 3.4 The coordinate systems for Radon transform.

The function p(ξ, φ) is often referred to as a sinogram because a single point in the object
f(x,y) is mapped to a sinusoid in this projection space. A sinogram is a way to display the
projections, where projection data at one view are put in one row of the sinogram and the vertical
direction represents the view angle. A point in the object volume corresponds to a sine wave in
the sinogram.
To reconstruct a cross section requires us to find f(x,y) for given knowledge of p(ξ, φ). In
today’s CT scanners the so-called convolution-backprojection procedure is usually utilised
(Kalender, 2005). The most popular form of image reconstruction is based on a method first
described by mathematicians Ramachandran and Lakshminarayanan known as filtered
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backprojection (Ramachandran & Lakshminarayan, 1971). The back projection process can
be formulated as:
𝑓 𝑥, 𝑦 =

𝜋
0

𝑑𝜑 𝑝 (𝜑, 𝜉)∗ 𝑘 𝜉 |𝜉 = 𝑥 cos 𝜑 + y sin 𝜑

(3.5)

where p(φ, ξ ) represents the centre of rotation and k(ξ) is the reconstruction kernel. This
method is based on equations that describe an exact solution for the reconstruction in which the
projection data are first filtered using a convolution filter or kernel and then back
projected. The kernel is adjusted so that the final image is an exact representation of the
scanned object. Using the Fast Fourier Transform, the number of computations required for the
convolution step can be reduced by performing the convolution in Fourier space. Figure
3.5 shows a computer simulation of filtered back projection.

Figure 3.5 A computer simulation of filtered back projection.
Retrieved from AAPM (2010).
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The aforementioned section presents the 2D algorithms used to reconstruct the slice of the
measured object. To reconstruct a volume segment, the complete procedure must be
performed slice-by-slice with a small movement of the object or of the source-detector system
between each slice. For 3D reconstruction from circular cone beam projections, the
Feldkamp-Davis-Kress (FDK) algorithm is a well known algorithm for the planar detector
configuration. It was the first practical algorithm for cone beam CT acquired from a circular
source trajectory (Feldkamp, Davis & Kress, 1984). FDK has been the most widely
implemented method for 3D cone beam reconstruction from transmitted x-ray projections
because of its modest computational requirements and relative ease of implementation.
Figure 3.6 shows the geometry and gives the parameters for the FDK algorithm with a
planar detector. The projection angle 𝛽, the fan angle 𝛾, the cone angle k, and the source
trajectory radius R, are also shown in the figure.

Figure 3.6 The geometry description and parameters for the FDK algorithm.
Retrieved from Li et al. (2008).
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The detector plane (a, b) is placed on the rotation axis where b-axis coincides with the z-axis.
The projection data, pF, from planar detector is defined as pF(𝛽, a, b). In the FDK method, the
projection data are processed row by row, pre-weighted, and then convolution with the
rampfilter gP(a) is applied on the pre-weighted data:
𝑅

𝑝 𝐹 𝛽, 𝑎, 𝑏 =

𝑅2

+ 𝑎2 + 𝑏 2

𝑝𝐹 𝛽, 𝑎, 𝑏 ∗ 𝑔𝑝 (𝑎)

(3.6)

The pre-weighting factor is geometrically described as the product of two cosine factors of the
fan angle and cone angle. It is defined as:

𝑅

=

𝑅 2 + 𝑎2 + 𝑏 2

𝑅

𝑅 2 + 𝑎2

𝑅 2 + 𝑎2

𝑅 2 + 𝑎2 + 𝑏 2

= cos 𝛾 cos 𝑘

(3.7)

The pre-weighted and filtered projection data are backprojected into the reconstructed voxels as:
The pre-weighted and filtered projection data are backprojected into the reconstructed voxels
as:

2𝜋

𝑓𝐹𝐷𝐾 𝑥, 𝑦, 𝑧 =

0

𝑅2
𝑝 𝐹 𝛽, 𝑎 𝑥, 𝑦, 𝛽 , 𝑏 𝑥, 𝑦, 𝑧, 𝛽 𝑑𝛽
𝑈 (𝑥, 𝑦, 𝛽)2

(3.8)

where a (x, y, ß) and b(x, y, z, ß) are:
𝑎 𝑥, 𝑦, 𝛽 = 𝑅

𝑏 𝑥, 𝑦, 𝑧, 𝛽 = 𝑧

–𝑥 sin 𝛽 +𝑦 cos 𝛽
𝑅+𝑥 cos 𝛽 +𝑦 sin 𝛽

𝑅
𝑅 + 𝑥 cos 𝛽 + 𝑦 sin 𝛽

(3.9)

(3.10)
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The weighting in (3.8) is a function of the distance U(x, y, ß) between the source and the line
parallel with the detector that intersects the image point (x, y) as shown in Figure 3.6. This
distance can be expressed as:

𝑈 𝑥, 𝑦, 𝛽 = 𝑅 + 𝑥 cos 𝛽 + 𝑦 sin 𝛽

(3.11)

The integral is replaced by a sum over the projection angles for the discrete case. A 2D
interpolation of the filtered projection data is then required for each term of the back
projection sum.

3.2.2 CT image display
The reconstructed CT images are usually displayed as grey scale images. The pixel on the CT
image displays the average x-ray attenuation properties of the tissue in the corresponding
voxel. These attenuation values are often referred to as CT numbers and specified in
Hounsfield Units (HU) (Hounsfield, 1973). As introduced by Brooks (1977), the CT value of an
arbitrary tissue, x, with attenuation coefficient µx is normalised to water. The CT value is
obtained as shown in Equation (3.12):

CT value =

𝜇 𝑥 − 𝜇 𝑤𝑎𝑡𝑒𝑟
𝜇 𝑤𝑎𝑡𝑒𝑟 − 𝜇 𝑎𝑖𝑟

1000 HU

(3.12)

The CT values of water and air are independent of the energy of the x-rays and therefore
constitute the fixed points for the CT value scale. The air has a CT value -1000 HU and water,
the most common calibration material, has a value of 0 HU. Figure 3.7 shows the scale of CT
value of the most important human organs. The lower attenuating tissues exhibit negative CT
values due to their lower attenuation compared to water. The positive CT values
corresponding to other tissue types such as muscle, connective tissue and most soft tissue
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organs are due to the physical density of these tissues. Basically, the CT system will be
calibrated against some typical object before any quantitative assessment of CT values is
justified.

Figure 3.7

The CT Hounsfield scale for various human organs at an effective energy of

about 70 keV. The CT values show the attenuation coefficient of the tissues relative to the
density of water. The typical HU range of compact bone is 300 HU to 1300 HU.
Retrieved from Kachelrieß (2008).

3.3 Evolution of spatial resolution in CT imaging
Dramatic advances in imaging technology have been made in the molecular and genomic
imaging fields. Some objects of interest are far smaller than the human body and it has been
important to scale down clinical imaging modalities for specialised measurements of small
objects with a high resolution. Recent developments both in microfocus x-ray sources and pixel
detectors have resulted in the development of cone-beam CT systems with resolving power in
the order of tens of micrometers, creating a field known as microtomography (Ritman,
2004; Landis & Keane, 2010). Typical x-ray tube parameters used in micro-CT systems are
focal spot sizes in the range of 10-100 µm and tube currents of at most a few mA and anode
voltage of 25-75 kV (Cherry, 2004).
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Micro-CT has been widely used in preclinical examinations such as scans of tissue samples,
organs or small animals (ex vivo or in vivo) that are used as models to evaluate human
diseases and therapies (Paulus et al., 1999; Holdsworth & Thorton, 2002; Lee et al., 2003). It has
also been used as a tool for indirect approaches to molecular imaging (Ritman, 2004). The
widespread availability of micro-CT has driven the imaging technology forward and easy to use
imaging systems are available that can provide high sensitivity, high resolution, quantitative
images of specific biological targets in vivo and at low cost. Figure 3.8 shows the scales
involved in hierarchical fashion ranging from whole bodies to the sub-cellular level.

Figure 3.8

The hierarchy of scales associated with different forms of CT. The CT technique

can be used over the range of different resolutions, whilst using the same physical principles. In high
resolution CT, normal x-ray tubes can be used as a source, whereas for micro-CT special
microfocus x-ray tubes are required. The lower range of micro-CT as well as the nano-CT domain is
currently best assessed using synchrotron radiation. The images show from left to right, human
hand, trabecular bone structure, microcallus, murine cortical bone surface of a femur with
internal

vasculature

and

capillary

Retrieved from Stauber et al. (2008).

in

bone

surrounded

by

osteocyte

lacunae.
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Many articles on micro-CT have been discussed and published. Articles written by Ritman
(2007), Landis & Keane (2010) and Wang et al. (2011a) provide description of the physics
and the mathematical analysis behind the technique. They include example applications to
specific material characterisation problems, with a particular focus on the utilisation of 3D
image processing that can be used to extract a wide range of useful information.
One of the major challenges for in vivo micro-CT imaging is the radiation dose received by the
subject. The radiation dose of a standard micro-CT scan is relatively high mainly due to the
larger photon fluence needed to maintain an adequate signal-to-noise ratio (SNR) at the
higher spatial resolution. The cumulative radiation dose could influence the experimental
outcome by affecting animal survival rates and tumour growth (Willekens et al., 2010). The
smaller voxel size in micro-CT requires higher radiation doses to produce images comparable to
clinical CT. Therefore, its sensitivity is ultimately limited by its potential to induce radiation
damage. Improvements in the detector technology, the optimisation of the x-ray spectrum and
imaging geometry are needed to improve SNR and allow a reduction in the radiation dose for
micro-CT to be capable of safely acquiring high quality micro-CT images.

3.4 CT image quality
The basis for judging CT image quality is the ability to extract relevant information present in
the image for the diagnostic task. It is a concept of central importance for the evaluation of the
imaging system. The choice of x-ray tube voltage and output will affect the quality of the CT
image as well as the radiation dose received by the patient. CT image quality is dependent
upon four important factors to produce the best possible image for the anatomical region
being imaged. The four factors are: image contrast, spatial resolution, image noise and
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artifacts. The aim in CT imaging is to optimise image quality within suitable radiation dose
constraints. Therefore compromises have to be made depending on the diagnostic task.

3.4.1 Image contrast
Image contrast is the difference in the measured intensity of one area relative to another. The
measurement of the contrast is derived from the attenuation differences between an object and
the background material. The image contrast is related to photon energy but is independent of
x-ray beam intensity (e.g., milliampere second (mAs)). The photoelectric effect dominates in
low-energy x-rays and varies with material properties approximately as ρZ3 and with x-ray
energy as E-3. At higher energies, Compton scattering is the dominant interaction and it is
essentially independent of the effective atomic number of the tissue, is proportional to the
tissue electron density, and is weakly dependent on the energy of the incident x-ray. Thus the
radiographic contrast initially reduces quickly with energy for most materials.
The ability to distinguish between materials depends upon their contrast and also upon the
measurement noise of the system. Poor counting statistics can render two materials
indistinguishable regardless of the differences in their attenuation values. The contrast-tonoise ratio (CNR) quantifies contrast relative to random pixel noise. Other factors affecting
the image CNR is the x-ray filtration, object size and the type of the lesion being investigated
(Huda, 2002). The SNR is a measure of the average value of a signal relative to its
background noise. A thicker tissue will decrease the SNR because the x-rays have to travel
through a greater thickness and give a greater attenuation. These factors reduce the CNR of
the image. The value of CNR has been used to interpret the quality of CT image.
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The CNR is defined as:
CNR =

𝜇 detail − 𝜇 background
𝜎 2 detail +𝜎 2 background

(3.13)

where µdetail and µbackground are the attenuation coefficients for the detail (material) and the
background and σdetail and σbackground are the corresponding standard deviation for the detail
and the background. CNR is also known as the difference in SNR between two different
materials.

3.4.2 Spatial resolution
Another important descriptor of image quality is spatial resolution. The spatial resolution
describes the capability of an imaging system to display fine details separately. It is generally
determined for high-contrast structures in order to eliminate the influence of noise on this
measurement. The decisive geometrical factors influencing the resolution in the scan plane are the
focus size, the scan geometry, the detector element spacing, the aperture and the
movement of the focus during the measurement (Goldman, 2007). The evaluation of spatial
resolution is performed by direct or indirect measurements.
The standard direct measurement of spatial resolution is measurement with a series of hole
patterns or bar tests. The spatial resolution of an image using this technique is defined to be
the size of the smallest hole or bar patterns that is separately visible on the image. It is
typically given in line pairs per millimeter. The spatial resolution can be determined indirectly
by calculation of the point spread function (PSF) from a thin wire phantom or edge phantom.
The PSF is subjected to a Fourier transform to obtain the modulation transfer function (MTF).
The spatial resolution is taken from the full width at half maximum of the PSF or the 10%
value of the MTF.
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3.4.3 Image noise
Image noise is defined as the random fluctuation of pixel values in a region that receives
uniform radiation exposure. It is important for the detection of low-contrast lesions which may
be obscured by higher levels of image noise. The image noise can be quantified as the standard
deviation of the voxel values in a homogeneous phantom (typically a water phantom) and it is
determined by the number of x-rays contributing to each detector measurement. The fewer the
x-rays, the greater the graininess or mottle of the image. There are several parameters that
affect the number of detected x-rays.
The first parameter is the x-ray tube current. The number of x-rays produced by the x-ray
beam is proportional to the x-ray tube amperage. Doubling the x-ray tube current will double
the x-ray beam intensity. The x-ray tube current is usually considered together with the scan
time, thus, the product of the x-ray tube current in mA and scan time or exposure time in s is
known as mAs. The x-ray beam exposure is always proportional to the mAs. At a fixed x-ray
tube voltage, halving the mAs will increase the image noise by a factor

2

The slice thickness also affects the number of x-rays detected and hence the noise of the
image. The slice thickness is related to the beam width and therefore changing the thickness
will change the number of detected x-rays proportionally.

The x-ray tube voltage also affects the image noise as it is related to the x-ray tube output
intensity and energy spectrum. Changing the x-ray tube voltage changes the shape of the x-ray
spectrum. Increasing the tube voltage increases the x-ray tube output intensity. The image noise
and image contrast decrease with increasing tube voltage. The reconstruction filters also affect
the appearance of noise in the image. Sharp filters enhance the noise but the smooth filter
blurs the noise and reduces the visual impact.
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To summarise, the image noise can be reduced by increasing mAs, kV and slice thickness.
However increasing kV will reduce contrast and increasing slice thickness will reduce
resolution in the z-axis. The CT image noise can be minimised by the use of various
reconstruction filters.

3.4.4 Artifacts
Artifacts are defined as any structure that is seen on an image but is not representative of the
actual anatomy. The common types of CT artifacts are shading artifacts, ring artifacts and
streak artifacts (Hsieh, 2003). The beam-hardening effect is the most common type of shading
artifact. The beam hardening effect derives its name from its underlying cause: the increase in
mean x-ray energy (hardening) of the x-ray beam as it passes through the object. This occurs
because the lower energy photons are generally absorbed more easily than higher energy
photons. There are two types of artifact that can result from this effect: so-called cupping
artifacts and the appearance of dark bands or streaks between dense objects in the image.
Ring artifacts arise from errors, imbalances, calibration drifts or other inaccuracies in an
element of a detector array relative to its neighbors. This circular artifact visible on a clinical
image would rarely be confused with disease. Another artifact is the streak artifacts which
occur in very heterogeneous cross sections because the portion of the beam that passes
through one of the objects at certain tube positions is hardened less than when it passes
through multiple objects at other tube positions. Thus, dark bands or streaks can appear
between dense objects in an image. This type of artifact occurs both in bony regions of the
body and in scans where a contrast medium has been used. This artifact might be mistaken for
disease in nearby anatomy (Barrett & Nicholas, 2004). All of these types of artifacts degrade
the CT image quality and thereby make an accurate interpretation more difficult.
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3.5 Summary
1.

Since the discovery of x-rays by Wilhelm Conrad Roentgen, x-ray techniques have been
developed for clinical practice. The introduction of CT in 1972 was a major step towards
reducing the superposition problem in diagnostic imaging. CT measures the spatial
distribution of a physical quantity to be imaged by acquiring x-ray projections from
different angles with a detector and computing superposition-free images from the data.
On the other hand, the radiography records radiation emitted from the x-ray tube and
attenuated by the object viewed from a single viewpoint. Radiographic images
comprise the superposition of attenuation from multiple details and can be difficult to
interpret. Radiographic images are nowadays normally acquired by flat panel digital
detectors but were traditionally acquired by film.

2.

The computed attenuation coefficients are displayed as CT values in HU relative to the
attenuation of water. Recent developments in high resolution micro-CT and the
widespread availability of this technology provide researchers with access to high
sensitivity, high resolution, quantitative images of specific biological targets in vivo
and low cost.

3.

CT image quality is described in terms of image contrast, spatial resolution, image
noise and artifacts. In standard CT with energy-integrating detectors, acceptable image
quality must be traded against acceptable radiation dose. In spectral CT, image quality
may be enhanced without dose penalties through the use of spectroscopic
photoncounting detectors that record more information per x-ray event.
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Chapter 4
The Medipix photon-counting detector
This chapter gives an overview of recent advances in x-ray detector technology and
particularly the development of the Medipix photon-counting detector. It describes the
operating principles of the Medipix detectors. The advantages of these energy-resolving
photon-counting detectors are compared to conventional energy-integrating detectors used in
clinical CT systems. This chapter concludes with a summary of the main points.

4.1 Introduction
The x-ray detector is one of the most important components in a CT system. It plays a special role
in recording the flux distribution of the incident ionising radiation. Progress in CT
performance depends upon the concurrent development of x-ray detector technology.
Conventional x-ray detectors used in CT systems are classified as energy-integrating in
contrast to detectors such as Medipix that are classified as photon-counting.
Energy-integrating detectors are commonly used in current clinical CT systems as discussed
in Chapter 3. The signals from multiple x-ray interactions accumulate over a certain sampling
period and the detector produces a signal that is proportional to the overall energy deposited
by all of the photons in the x-ray spectrum. Thus, information about the energy of individual
photons is lost and the ability to distinguish some materials is reduced using this type of
detector.
Photon-counting detectors operate using a different principle. The signal from each photon
interaction in the detector material is processed individually and the spatial distribution of
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incident events is recorded as a distribution of counts rather than total energy. Furthermore
because each signal pulse is processed individually, detectors like Medipix are able to
discriminate each event on the basis of their pulse-height and thereby record the energy
spectra of the incident flux.
The development of energy-resolving photon-counting detectors such as Medipix is enabling
a new evolution in CT imaging. These detectors were developed by the Medipix collaboration
at the European Organisation for Nuclear Research (CERN) (Medipix, 2011). The
development and use of photon-counting detectors has been studied extensively over the last
decade (Chmeissani & Mikulec, 2001; Llopart, 2002; Llopart & Campbell, 2003; Fornaini et
al., 2004; Ballabriga et al., 2007; Ballabriga, 2011). These studies describe the many design
improvements that have taken place in photon-counting detector technology. Several technical
challenges have been identified and addressed, including the need for improved count rate
capabilities of the detectors and readout electronics for x-ray CT imaging applications.
Spectroscopic photon-counting detectors offer a number of advantages for medical
applications. These include the potential for improved contrast detail, spectroscopic material
discrimination and reduced electronic noise (e.g. dark current) leading to an increase in SNR
(Beuville et al., 1998; Bert et al., 2003; Shikhaliev et al., 2005; Frallicciardi, 2009a;
Frallicciardi, 2009b).
Spectroscopic photon-counting detectors may also provide significant dose reduction by
improving image quality in terms of SNR for a given flux (Watt et al., 2003). The demanding
requirements for medical imaging applications such as uniformity of response, detector size,
counting rate and contrast sensitivity are driving the optimisation and improvement of the
design of these novel pixel detectors (Mikulec et al., 2003).
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4.2 Medipix detectors
The Medipix detectors are hybrid pixel detectors. They consist of a semiconductor sensor
layer bump-bonded to a readout Application Specific Integrated Circuit (ASIC) (Figure 4.1a).
Bump bonding is the process that connects each ASIC pixel to the semiconductor layer with a
bump of solder. Each pixel of the ASIC contains its own comparator and an individual
counter for processing events that occur within the corresponding pixel region of the sensor
layer.
The hybrid concept is particularly suitable for medical applications. It is fast due to thousands of
counting circuits working in parallel, it provides individually adjustable pixel electronics and the
capability to select the sensor material and the electronic layer independently.

(a)

(b)

Figure 4.1 Medipix detector assemblies. (a) The Medipix detection system and (b) the electronic
circuitry of a Medipix2 pixel cell. The analog side contains a charge preamplifier with direct current
leakage current compensation, a test capacitance and two branches of identical discriminators.
The digital side contains the double discriminator logic and 13-bit shift register.
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Schematic diagrams of the Medipix detector are shown in Figure 4.1. The Medipix detector
enables direct conversion of individual x-ray photons into an ionisation cloud of electrons and
holes within the semiconductor sensor. A depletion layer free from charge carriers is created in the
detection layer by the reverse bias voltage applied to the semiconductor. Most incoming
x-ray photons interact with the sensor layer by the photoelectric effect and deposit their
energy with a photoelectron. This electron sheds its large kinetic energy through the creation
of many electron-hole pairs along its path. These electron and hole charge carriers drift
towards the anode and cathode respectively where their charge is measured by the underlying
ASIC layer. These ASICs have an electronics chain for each pixel in the detector. The electric
signal is amplified and increments a counter if the signal is above a pre-set threshold.
The hybrid detector design allows for a choice of sensor layer to be bonded on the CMOS ASIC
depending on the imaging problem. There are three semiconductor materials available for bump
bonding onto the Medipix ASIC: Silicon (Si), Gallium Arsenide (GaAs) and Cadmium
Telluride (CdTe). These three semiconductor materials have different detection characteristics.
The energy dependent x-ray absorption coefficient of the material determines its intrinsic photon
detection efficiency. This in turn influences the choice of x-ray source parameters and the
relevant energy range that can be imaged.
Figure 4.2 shows the absorption probability of different sensor materials in the energy range
relevant to medical imaging. Si is chosen for its uniformity and availability but it has modest
quantum efficiency up to around 35 keV. This makes Si suitable only for preclinical imaging
of soft tissues. GaAs at the same thickness has a higher absorption probability which makes it
a reasonable choice for applications using x-ray energies up to around 50 keV. On the other
hand, high-Z materials like CdTe are needed for applications that require a high efficiency up
to 100 keV. At this time, it is difficult to grow crystals of GaAs or CdTe of suitable quality
for use with Medipix ASICs.
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Figure 4.2 Absorption probabilities of different semiconductor materials with 300 µm
thickness. The choice of sensor layer depends on the availability of the sensor layer for
application. For most energies Si has a lower absorption probability compared to GaAs and CdTe.
The higher-Z materials like GaAs or CdTe, have better conversion efficiencies than Si for x-rays in
the energy-range used for medical imaging (20-100 keV). Retrieved from Mitschke (2006).

The Medipix collaboration has developed a number of different versions of the Medipix
detector:

Medipix1

(Campbell

et

al.,

1998),

Medipix2

MXR

and

Timepix

(Llopart & Campbell, 2003; Medipix, 2011) and recently the Medipix3 detectors
(Ballabriga et al., 2007). The Medipix1 was designed with an array of 64 × 64 pixels. The
individual pixel size was (170 × 170) µm2 giving a total active area of 1.18 cm2. Each pixel
contained a preamplifier, an adjustable threshold and a counter. The Medipix1 detector was
extensively studied over the years by the Medipix collaboration and this led to the design of the
improved Medipix2 detector.
The Medipix2 detector represents an improvement on Medipix1 in circuit design. A single
Medipix2 detector was designed with an array of 256 × 256 pixels each of size (55 × 55) µm2
giving a total area of 1.96 cm2. Each pixel has two adjustable energy thresholds and a 14-bit
counter. Both of these Medipix detectors operate in single photon-counting mode, in which
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the signal from a photon is detected only if it exceeds a predetermined threshold (Medipix1) or
falls within a predetermined range (Medipix2). The reduction in pixel dimension from Medipix1
to Medipix2 is possible because of the tiny dimensions of individual transistors and high number
of metal interconnects layers.
Differences between the Medipix1 and Medipix2 detectors include the higher intrinsic spatial
resolution (55 µm pixel pitch) of Medipix2. Each Medipix2 pixel also has two thresholds
meaning that the Medipix2 detector can selectively count only those photons that fall within a
certain energy range (energy window). Furthermore, Medipix2 also has double-polarity
charge sensitivity. This allows it to collect either electron or hole charge carriers from the
radiation induced ionisation. This feature is important for room temperature compound
semiconductors, such as CdTe, where transport and collection of electrons is preferred to
holes.
However, pixellated photon-counting detectors have an intrinsic limitation called the charge
sharing effect (Campbell et al., 2008). The charge sharing effect occurs due to the diffusion of
charge when it drifts toward the pixel electrodes under the influence of the bias field. The
charge spreads laterally, and by the time it reaches the electrode the charge cloud extends over
multiple pixels instead of a single pixel. In this case, each pixel records only a fraction of the
event energy. It is a well-known feature of finely pixellated devices and has been evaluated as a
function of energy within the Medipix2 collaboration (Tlustos, 2005; Pennicard et al., 2010;
Gimenez et al., 2011). The charge sharing effect has a strong impact on the performance of
fine-pitch pixellated detectors as multiple counts can be induced in adjacent pixels from a
single x-ray photon of high energy in the detector bulk. As a consequence charge sharing will
also degrade the energy resolution (Pellegrini et al., 2007).

Chapter 4: The Medipix photon-counting detector

46

The single Medipix2 ASIC is made in 0.25 µm CMOS (Llopart et al., 2002). The Medipix3
detectors

increase

the

number

of counts per pixel by

using

0.13 µm CMOS

(Ballabriga et al., 2007). The Medipix3 consists of 256 × 256 pixels with a pitch of 55 µm and total
detection area of 1.96 cm2. Medpix3 provides better spectroscopic functionality through multiple
thresholds per pixel. The Medipix3 detectors are also designed with two additional operational
modes: single pixel mode and a charge summing mode. Single pixel mode is the traditional mode
of operation where each pixel operates independently processing pulses from individual interaction
events.
It has been shown that the charge-sharing events are successfully eliminated when Medipix3 is
operated in charge summing mode (Ballabriga, 2011). In this new operating mode, the full charge
generated by a photon is reconstructed by neighboring pixels and summing the charge collected in
each neighborhood. The event is then assigned as a single hit to the summing circuit with the
largest charge deposited.
The imaging performance of the Medipix detectors and their potential for medical
applications have been discussed in many publications (Bert et al., 2003; Roessl & Proksa,
2007; Roessl et al., 2009; Butzer et al., 2008; Butler et al., 2008; Feuerlein et al., 2008;
Firsching et al., 2009; Boll et al., 2009; Frallicciardi et al., 2009a; Frallicciardi et al., 2009b;
Anderson et al., 2010). However an issue with the Medipix detector is its small detecting area
-it is challenging to scan a large object. Members of the Medipix collaboration have
addressed this problem by developing multi-detector boards that is capable of
carrying a 2 × N chip array (e.g., a 2 × 2 quad Medipix array is 28 mm × 28 mm). The
Medipix read out chips are placed next to each other with a gap of less than 200 µm between
them.
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Figure 4.3 shows a single Medipix3 and a MARS camera with a Medipix3 detector array.
Mounting a number of detectors within a multi-detector board increases the heat produced. This
can cause temperature instabilities during operation that may degrade the performance of
Medipix detectors (Ronaldson et al., 2011a). The MARS research group have overcome this
issue by installing a Peltier cooler (thermoelectric heat pump) onto the detector board to
maintain the detector at constant temperature during operation.

Figure 4.3 (a) A single Medipix3 detector with 300 µm Si sensor layer has 256 x 256
pixels in a detection area of 14 mm × 14 mm. (b) A multi-detector board capable of carrying
up to 2 × 3 Medipix3 detectors. A Peltier cooler (thermoelectric heat pump) was mounted onto the
multi-chip board to maintain the Medipix detector at a constant temperature during scanning.

4.3 Summary
1.

The development of innovative energy-resolving photon-counting detectors that are
capable of measuring single photon events provides better performance compared to
conventional energy-integrating detectors. Photon-counting detectors process each
event individually and can provide an essentially noise free measure of the spatial flux
distribution. Energy-resolving detectors also provide spectroscopic data that may
allow different materials to be distinguished based on the energy dependence of their
linear attenuation coefficients.
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A number of technical developments have evolved with the family of Medipix
detectors. These include increased spatial resolution, flexible signal processing for
handling both electron and hole charge carriers and the development of charge
summing mode designed to correct the charge-sharing effect that degrades the
performance of fine-pitch pixel detectors.

3.

Improvements in CT performance that may result from the adoption of high resolution
spectroscopic photon-counting detectors include improved detectability of fine details,
the ability to discriminate between materials and tissue types by the spectroscopic
characteristics of their absorption coefficients and the reduction of electronic noise
leading to improved SNR.

4.

A further potential advantage that may result from the use of spectroscopic photoncounting detectors is a reduction in dose for a given contrast resolution. In
conventional CT, acceptable image quality must be traded against acceptable radiation
dose. In spectral CT, image quality may be enhanced without dose penalties through
the use of spectroscopic photon-counting detectors that record more information per
x-ray event.
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Chapter 5
Spectral CT
This chapter focuses on the evolution of CT imaging. It discusses the technological basis for
conventional, dual-energy and spectral (multi-energy) CT. It also covers the development of
the MARS-CT spectral micro-CT scanners that have been developed and built by our research
group in Christchurch, New Zealand. The Medipix photon-counting x-ray detectors developed
at CERN are a key component of the MARS-CT systems that are being developed for
preclinical research. MARS-CT is being developed as a joint project between the Universities
of Canterbury and Otago, New Zealand, and the CERN Medipix collaboration, Geneva. The
operational details of the MARS-CT systems used for pre-clinical applications are reviewed.
This chapter also discusses the configuration details of the MARS-CT systems, MARS
console and MARS workstation. Potential influencing factors for spectral CT imaging
assessment are also discussed. The chapter concludes with a summary of the main points.

5.1 Introduction
As discussed in Chapter 2, to differentiate different types of tissues, some physical property
that differs between them needs to be measured. Chapter 3 discussed the principle of
conventional CT imaging and showed that this type of system is sub-optimal with regard to its
ability to differentiate and classify tissues. Conventional CT based on a single photon energy
range has limited value in this respect. With knowledge of how x-rays interact with materials,
the new development of energy resolving photon-counting detectors allow material
information to be extracted from spectral CT data, thus enabling material differentiation.
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The development of spectral CT promises to enable exciting new research and ultimately
provide improved clinical diagnostic capability based on quantitative tissue characterisation.
The basic principle of spectral CT was introduced by Hounsfield in 1973 (Hounsfield, 1973).
He demonstrated that the atomic numbers of two materials can be determined by imaging
these materials at two different kilovoltages with CT. Three years later, Alvarez and
Macovski proposed a technique for performing separate reconstructions of the two basic x-ray
interactions; photoelectric absorption which occurs at low energies and depends on atomic
number, and Compton scatter which occurs at higher energies and depends on electron
density (Alvarez & Macovski, 1976).
A number of authors have presented methods by which additional information (such as
effective atomic number and electron density) can be extracted from CT scans carried out at
different energies (Rutherford et al., 1976a; Rutherford et al., 1976b; Millner et al., 1979;
Harding & Tischler, 1986; Roessl & Proksa, 2007). Spectral CT images are a useful measure
because the energy dependence of the x-ray attenuation coefficient of an object is a function of
elemental composition and density.
The following section focuses on the evolution of CT imaging for improving the capability of
CT for quantitative tissue characterisation. It is followed by a description of the spectral
micro-CT systems developed by our research group in Christchurch, New Zealand. These
systems are being provided for researchers to take advantage of recent advances in x-ray
detector technology in their work to develop exciting pre-clinical research applications.

5.2 Evolution of CT imaging
Conventional CT technology is of proven clinical value for both diagnostic and interventional
purposes. It has generated steady enthusiasm because of the rapid development and emerging
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capabilities of the technology. The continuing technical development of CT such as
improvements in spatial and temporal resolution, multislice capabilities, speed, innovative
and improving structural design of the scanner (e.g., dual source CT) provide radiologists and
physicians with more detailed anatomical information allowing better discrimination of
tissues and thus more accurate diagnosis (Kalender, 2005).
Another evolving aspect is the data handling, storing, printing and transmission of
information in medical imaging (Peters et al., 1986). In the 1980s, Peters reported that CT
planning systems were being introduced to establish frame related coordinate systems based
on fiducial markers that were recognised on a slice-by-slice basis in CT images. These
programs ran on the CT computers which typically were 16 bit minicomputers. As computer
hardware became cheaper and more widely available, independent systems evolved that could
read images from different modalities and from scanners supplied by different manufacturers
(Hardy & Koch, 1982; Hardy et al., 1983; Peters et al., 1986). The evolution of the Digital
Imaging and Communications in Medicine (DICOM) standard (Clunie 2006) in the mid
1980s has largely eliminated the problems of data incompatibility between manufacturers
(Peters, 2006). These technical advances improve the workflow and data management.
The following paragraphs describe the evolution of CT imaging techniques and the
technological basis for dual-energy and spectral CT. The concept behind all forms of CT
imaging is to measure the x-ray attenuation properties to characterise the tissues accurately.
Figure 5.1 illustrates the evolution of the CT imaging technique from conventional (single
energy) CT scanning to dual-energy and spectral CT.
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Figure 5.1 Differences between conventional CT, dual-energy CT and spectral CT. The
conventional CT system measures the x-ray flux averaged over the entire spectrum, dualenergy CT measures the flux over two separate spectra and spectral CT detects the flux within
multiple energy bands of a single spectrum. The multiple energies are measured by a photoncounting detector, (Medipix) allows a more complete attenuation curve to be reconstructed.
Spectral CT can identify multiple materials simultaneously whereas conventional and dualenergy CT have insufficient information to differentiate these materials. This diagram has
been used by other MARS team members in several published papers (Anderson et al., 2010;
Zainon et al., 2010a) and talks. The diagram has been modified here to suit the thesis context.

In conventional CT, an image is created by passing x-ray beams through an object from
multiple directions and measuring the resultant decrease in their intensity. Each material’s
x-ray attenuation depends on its atomic number and electron density. The grey levels in a CT
slice correspond to x-ray attenuation, which reflects the proportion of x-rays scattered or
absorbed as they pass through each voxel. So conventional CT characterises tissues with a
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single scalar value in HU, giving total attenuation in a voxel but it cannot reliably differentiate
many types of tissue. This is because it measures the cumulative attenuation over the entire
energy range for all tissues within the voxel and information about energy dependence of the
attenuation coefficient is not retained.
On the other hand, the dual-energy CT technique for improving material separation uses two
incident x-ray energy spectra, from a single source repeated at a different tube kilovoltage or by
using different source filtrations or both (Marshall et al., 1981; Marshall et al., 1984;
Kalender et al., 1986). It can be performed using dual-source synchronous acquisition (Flohr et
al., 2006),

single-source

sequential

acquisition

and

single-source fast-kVp-switching

acquisition (Pavlicek et al., 2010). In dual-energy CT, an additional attenuation measurement is
obtained at a second energy, allowing the differentiation of the two materials. It exploits the
differential relative attenuation of x-ray photons exhibited by materials at different x-ray
energies to generate a pair of images that separate structures.
The first attempts to assess the feasibility and usefulness of dual-energy CT for medical
indications date back several decades (Millner et al., 1979; Chiro et al., 1979; Kalender et al.,
1986; Vetter et al., 1986). These early experimental prototypes ordinarily required the
acquisition of two separate CT data sets at different kilovoltage levels. The clinical
applications of the aforementioned dual-energy CT are bone removal (Sommer et al., 2009;
Yamamoto et al., 2009; Uotani et al., 2009), iodine content computation (Johnson et al., 2007;
Graser et al., 2009), differentiation between calcium and iodine (Tran et al., 2009) or between
blood, blood mixed with pus, bile and urine (Mahnken et al., 2009) as well as classification of
kidney stones (Primak et al., 2007; Stolzmann et al, 2008). Subsequent image co-registration
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was required which limited their clinical utility and naturally precluded imaging the beating
heart.
State of the art of micro-CT imaging is now capable of providing improved material
characterisation using spectral CT. This concept involves the use of a single standard x -ray
beam and an energy resolving photon-counting detector. The detector uses a semiconductor
sensor layer to directly convert x-ray photons into electron-hole pairs and records the
properties of an x-ray beam on a photon by photon basis. Thus, multiple energy
measurements necessary for enhanced material discrimination can be obtained from a
conventional CT scan. Spectral CT utilises this useful detector technology by dividing a
single, broad x-ray spectrum into definable and separate energy bands. Subsequent processing
of the spectral data can be used to increase tissue contrast or enable material differentiation.
Spectral CT provides images acquired at multiple energies and these images are known as
spectroscopic or spectral CT images. The energy dependence of the x-ray linear attenuation
coefficients are functions of the energy dependent probabilities of the Compton and
photoelectric interactions as determined by elemental composition and density of the material.
Spectral CT data thus enables enhanced differentiation of tissue types such as bone, muscle,
fat and contrast agents either through analysis of the relative contributions of the Compton
and photoelectric effects or of the elemental composition. Spectral CT is also promoted as
colour CT. The component images from the analysis of the Spectral CT data can be combined
into a single composite image with colour coding for each contribution.

5.3 Development of the MARS-CT systems
Recent developments in novel spectroscopic photon-counting detector technology have
enabled the design of CT systems with high spatial resolution and spectral capability. This
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technology has extended the capability of micro-CT beyond what was previously achievable.
Spectral micro-CT scanners have a number of advantages over traditional clinical CT
scanners.
Firstly they provide images with high spatial resolution. As discussed in Chapter 3, the spatial
resolution is determined by the x-ray source focal spot size, magnification factor and the
detector pixel size. Conventional CT systems typically have a spatial resolution of (0.5 mm)3
(Geleijns & Dewey, 2010). Micro-CT systems utilise micro-focus x-ray tubes and high
resolution imaging detectors and in principle are able to produce images with a spatial
resolution of the order of a few tens of microns. This resolution is sufficient for the evaluation of the
3D micro-structure of specimens.
Secondly, spectroscopic photon-counting detectors measure the energy distribution of photons
with no additional weight and noise (Wang et al., 2011a). Thus, spectral micro-CT systems
equipped with these novel detectors provide the potential for implementing advanced imaging
techniques. The spectral information can be used to provide enhanced contrast resolution or to
classify and quantify relevant materials within specific biological targets (Alvarez &
Makowski, 1976). In principle, improvements in resolution, sensitivity and quantitative
accuracy for specimen imaging are possible with spectral micro-CT. These scanners have
been specifically designed to obtain anatomical, functional and molecular information.
Therefore, spectral micro-CT imaging is now considered as an alternative functional imaging
technique (De Kamp et al., 2010).
Our research group in Christchurch, New Zealand has developed a number of novel spectral
micro-CT scanners (Butzer et al., 2008; Butler et al., 2008; Anderson et al., 2009; Zainon et
al., 2010a; Walsh et al., 2011; Butler et al., 2011b; Butler et al., 2011c). These systems are
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based on semiconductor photon-counting detectors developed by the Medipix European
collaboration. These detectors are popular for various kinds of imaging applications due to
their advantages over charge-integrating systems. Our research group focuses on the
application of these novel photon-counting detectors for pre-clinical research.
The spectral micro-CT scanner equipped with the Medipix detector simultaneously provides well
resolved spatial and energy x-ray data and so is referred to as the Medipix All Resolution System
(MARS). The MARS-CT1 was a proof-of-concept device produced in 2008. A year later the
MARS-CT2 scanner was designed and manufactured. Limitations in both versions were
identified and design improvements were incorporated in the MARS-CT3. The development
and design of the MARS-CT scanners has been led by the Department of Physics and
Astronomy, University of Canterbury with assistance from University of Otago, Christchurch
and local industry. Performance testing of the scanners and development of research
application protocols is taking place at the Bioengineering Laboratory in the Department
of Radiology at Christchurch Hospital, New Zealand.
To date, these scanners have been used for pre-clinical applications such as imaging of
multiple contrast agents (Butzer et al., 2008; Firsching et al., 2009; Anderson et al., 2010;
Butler et al., 2011c), atherosclerotic plaque imaging (Zainon et al., 2009; Zainon et al., 2010b)
and soft tissue imaging (Melzer et al., 2008; Butler et al. 2008; Berg et al., 2009; Butler et al.,
2011b; Ronaldson et al., 2011b). Compared with other CT technology, the MARS-CT
systems are able to provide more information to the researchers, enabling tissue
differentiation without the drawbacks of the dual-source approach. Development of the
technology and application protocol is an ongoing process and the MARS research group is
continuing to advance the field of spectral micro-CT technology.
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5.3.1 The MARS-CT systems
The MARS-CT system comprises several sub-systems. Figure 5.2 shows the workflow of a
MARS-CT system. The sub-systems include the MARS Scanning Unit, the MARS Console and
the MARS Workstation. The MARS Scanning Unit consists of the scanner gantry, Medipix
detector, micro-focus x-ray tube and Medipix readout system. The MARS Console provides the
man-machine interface and is the control unit for all scanning/examination procedures. The
MARS Workstation is the data processor for image processing, image reconstruction and
evaluation of scanning/examination results.

Figure 5.2 The MARS-CT workflow. There are three different sub-systems involved in this process.
The MARS scanning unit consists of the scanner gantry, the micro-focus x-ray tube and the Medipix
readout system. The physical scanning processes are performed in this unit. The man-machine
interface is implemented in the MARS Console that also temporarily caches the scan data. The image
pre-processing, image reconstruction, 3D visualisation and analysis of images are performed in the
MARS Workstation.

5.3.1.1 MARS scanning unit
The MARS-CT scanning unit system consists of a rotating gantry that holds the x-ray source
and detector. It also has control systems that control the gantry motors and various power
supplies. The Medipix detector and x-ray tube are housed in a ring shaped unit called the
gantry. The rotating gantry is driven by a computer-controlled stepper motor system. The
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gantry rotates around the fixed object during scanning (Figure 5.3). The scanner was designed
with adjustable source-to-object distance (SOD) and source-to-detector distance (SDD) so
that users can mechanically change the magnification. The Medipix readout system is an
interface board for the Medipix detector. It supports serial communication with the Medipix
detector.

Figure 5.3

The object is placed in the centre of the rotating gantry carrying the Medipix detector

and micro-focus x-ray source. The SOD and SDD are adjustable so that users can mechanically
change the magnification.

5.3.1.2 MARS console
The MARS Console allows the operator to communicate with the computer and scanner. The
operating console is connected to the MARS scanning apparatus and supplies instructions to the
apparatus to perform the scanning data acquisition operations. It also includes a menu for
selecting imaging parameters such as the scan region of a subject, energy range and exposure
times. The MARS Console also temporarily stores the scanning data prior to processing in the
MARS Workstation.

5.3.1.3 MARS Workstation
Images stored in MARS console are transferred to the MARS Workstation for image
pre-processing, image reconstruction and 3D visualisation. This workstation employs a

Chapter 5: Spectral CT

59

variety of features to streamline the reporting of spectral CT data. These aspects enable the
researcher to analyse the spectral CT data and produce spectral images using methods such as
Principle Components Analysis (PCA) (Butler et al., 2011a).

5.3.2 The MARS-CT2 system
The MARS-CT2 scanner is housed in a lead shielded box consisting of 1.8 mm lead
sandwiched between 0.5 mm aluminium and 0.5 mm stainless steel. The scanner gantry is
constructed from two solid steel endplates attached to each other by four steel rods to form a
strong and rigid rotating unit. For safety reasons, the scanner sample doors are interlocked and
a warning light on the scanner box illuminates automatically when x-rays are being produced.
The cables going to the rotating gantry are arranged to accommodate a half twist as they leave
the scanner through a port in line with the centre of rotation. The endplates rotate on large
diameter bearings, leaving a 106 mm hole for sample tubes to pass through. The MARS-CT2
scanner can accommodate a sample up to 100 mm diameter and 200 mm length.
Figure 5.4 shows the MARS-CT2 system. The micro focus x-ray tube and high voltage
generator are located on one side of the gantry. The x-ray tube can be moved in or out to give
various amounts of imaging magnification. A fan has been mounted to cool the x-ray tube and
allow continuous operation at full current. On the opposite side, a Medipix2 detector is
positioned. It is mounted on a plate that allows fine angular adjustment to ensure the detector
pixels are aligned with the vertical axis. Since the detectors are small (either a single detector
at 14 mm × 14 mm, or a quad detector assembly at 28 mm × 28 mm) they can be translated
vertically to create a complete projection radiograph. The scanner was designed to take full
advantage of the high spatial and energy resolution that Medipix2 offers (55 μm × 55 μm
pixels). The mounting plate is connected to a screw-drive which accurately translates the
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detector to each imaging position. The screw-drive is supported by the steel base plate and can
be translated perpendicular to the axis of rotation to accommodate different sample sizes
(Zainon et al., 2010a).

Figure 5.4 (Left) The MARS-CT2 scanner with its main components labelled: (a) lead shielded
box, (b) stepper motor, (c) gantry, (d) motor controller, (e) x-ray controller, (f) fan switch, (g) power
supply and (h) MUROS power. (Right) The scanner gantry with its main components labelled:
(a) Medipix detector, (b) sample (in this case a human atherosclerotic plaque fixed in resin),
(c) sample holder and (d) micro focus x-ray tube.

During the scanning process, at each position of the gantry and detector, an image frame of the
object is acquired and saved onto the computer. Multiple frames from each position can be
combined into a single, larger image known as the projection image. Projection data is
gathered from specified angles in both gantry rotation directions and the sub-images are then
reordered and spliced together.
A Thermo Scientific Kevex PXS11-150-75 micro-focus x-ray source (Scotts Valley, United
States) is installed in the MARS-CT2 scanner. It has a tungsten anode with a focal spot size of
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45 µm and a 0.13 mm beryllium exit window. An additional 0.5 mm aluminium filtration was
installed to remove the soft x-ray component from the spectrum. The maximum tube current
and accelerating voltage are 0.15 mA and 75 kVp.

5.3.3 The MARS-CT3 system
The design of the MARS-CT3 scanner incorporates various mechanical and
electromechanical improvements. Sub-projects have been set up to develop the designs of the
MARS camera and software (Doesburg et al., 2009). It demonstrates that the design
improvements will make this scanner suitable for longer term research projects. Compared
with the previous version, the MARS-CT3 scanner has a shorter scan time, computer
controlled adjustable geometrical magnification and improved software interfaces and
protocols. The MARS-CT3 scanner interfaces via ethernet to a separate MARS camera unit
that can accommodate single or multiple Medipix detectors according to the imaging
application. The MARS camera unit is being developed separately from the main gantry unit
and is capable of greater data transfer speeds than the old MUROS based system.
Figure 5.5 shows the MARS-CT3 scanner. The MARS-CT3 scanner is designed for use with
x-ray tubes such as the Source Ray SB 80 1K (Ronkonkoma, New York). This device has a
tungsten anode with a focal spot size of 33 µm. The maximum tube current and accelerating
voltage are 1 mA and 80 kVp respectively. The Source Ray SB 80 1K includes 1.8 mm of
aluminium (equivalent) intrinsic filtration. This removes the low energy portion of the
spectrum to minimise surface dose and reduce the beam hardening effect. Compared with the
Kevex x-ray unit used in the MARS-CT2 scanner, the reduced focal spot size and increased
power of the Source-Ray SB-80-1K results in better spatial resolution and reduced acquisition
times.
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Figure 5.5 (Left) The MARS-CT3 system. (a) A warning light (it illuminates when x-rays are on) and
(b) the emergency stop button. (Right) The top view of the gantry. (a) The sample holder, (b) webcam,
(c) Medipix3 detector box and (d) x-ray tube.

The MARS-CT3 scanner machine-human interface is more advanced than that of the previous
system and provides a graphical user interface (GUI) for all operations. The control and
interface software is also being developed as a separate sub-project and aims to make the
scanner operation more intuitive and easier for new users. In addition to the GUI interface, the
new software also utilises a webcam installed inside the scanner to view the position of the
sample in the gantry.

5.4 Potential influencing factors on spectral CT imaging
assessment
There are variety of factors that affect the spectral CT imaging assessment. These factors
include CT image acquisition parameters, CT image reconstruction settings and evaluation
method of spectral CT images. These factors are summarised in three parts in Figure 5.6. A
good combination of spectral CT imaging parameters will give good image quality for preclinical assessments. The first part covers the CT image acquisition parameters. It includes the
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x-ray tube settings such as x-ray tube current, x-ray tube voltage, focal spot size, pre-filtering at
the x-ray tube, object magnification, exposure time, number of projections and x-ray
detector properties. The second part presents the CT image reconstruction factors that affect the
image features. These factors include the resulting voxel size, image reconstruction type and
settings, grey scale range and artifact reduction methods. The last part is the evaluation of
spectral CT image. It includes the evaluation method used to analyse the spectral CT images
and reference grey scale range.

Figure 5.6 Factors potentially influencing spectral CT assessment.

For spectral CT scanning parameters, the x-ray tube settings such as the x-ray tube current,
x-ray voltage potential and the exposure time are adjustable and these parameters control the
energy and intensity of the x-ray flux. The image noise and image contrast rely on these
parameters and therefore, the most suitable combination of x-ray tube voltage and current
have to be chosen to suit the imaging purpose. As discussed in Chapter 3, the image noise is
determined primarily by the number of detected photons interacting with the detector. The
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image noise can be reduced by increasing the x-ray tube current or exposure time and voltage but
at the cost of increased radiation dose. On the other hand, the image contrast only depends on the
x-ray tube voltage. CT image contrast increases as the tube voltage decreases and better
tissue contrast is achieved with relatively low voltages.
The focal spot size is the area of electron interaction and emanation of x-rays from the target
surface. Ideally, the use of a small focal spot is preferred to minimise geometric blurring of
object structure. The pre-filtering at the x-ray tube will reduce the number of x-rays with low
energies that are emitted from the tube. These lower energy photons are not useful for CT
imaging as such x-rays do not have sufficient energy to pass through the object and reach the
detector. Therefore, the lower energy photons just add to the subject dose without providing
any benefit to image quality. In CT imaging, the object magnification is obtained as a
consequence of the system geometry. The SDD and SOD can be adjusted to get appropriate
object magnification for different assessments. The number of projections affects the image
quality in terms of image noise and image contrast. In addition, the properties of the selected
sensor layer have to suit the imaging purpose. As discussed in Chapter 4, there are 3 different
types of sensor layer used with Medipix detectors: Si, GaAs and CdTe.
In CT reconstruction, the diagnostic imaging assessments rely on the CT reconstruction
settings and resulting voxel size to determine the visibility of the object structure.
Larger voxel sizes generally produce images with less noise but fine details may be lost.
When viewing the reconstructed images, the grey scale range or, as it is more usually known,
the window setting determines the visibility of low contrast features and noise in a CT image.
A narrow grey scale range or window enhances image contrast and thus also the visibility of
noise. Well chosen window settings used to view the image will give reasonable image
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quality and aid the visualisation of features of interest. Reduction of artifacts is performed
using filtering algorithms in the image reconstruction process. Selection of image filtration
requires a compromise between the desired level of noise reduction and unwanted blurring of
image details.
These considerations apply equally to spectral CT as to conventional CT. However, in
addition, to maintain exact registration between the different energy images, one may choose
to use the same reconstruction parameters when reconstructing each spectral CT energy
dataset. After analysis of the elemental or interaction components, selection of appropriate
reconstructed image grey scale or window settings will assist the differentiation of different
types of material.

5.5 Summary
1.

Our research team in Christchurch, New Zealand has designed and built a number of
spectral micro-CT systems based on the Medipix family of energy resolving photoncounting detectors. The design path of these spectral micro-CT systems has taken
account of various pre-clinical research requirements as well as the need for system
reliability and longevity. To date, these scanners have been used for pre-clinical
applications such as imaging studies of atherosclerotic plaque, fatty liver and multiple
contrast agents.

2.

Improvements in resolution, sensitivity and quantitative accuracy for pre-clinical
specimen imaging are possible with spectral micro-CT systems. Compared with
current clinical CT, state of the art spectral micro-CT provides a number of
advantages. Firstly it has higher spatial resolution. Secondly, it offers excellent
contrast resolution which is adequate to allow quantitative analysis of certain
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biological targets. Thirdly, it enables spectroscopic imaging for improved contrast
resolution and materials discrimination. Lastly, compared with conventional CT,
spectral CT can be used to reduce the radiation dose for a given CNR.
3.

There are a variety of factors that may influence the quality of assessments based on
spectral CT imaging. These factors include the CT image acquisition parameters,
CT image reconstruction settings and CT evaluation method. Careful selection of
imaging parameters is required to produce the best spectral CT imaging results.
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Chapter 6
Atherosclerosis Imaging
This chapter provides background material on imaging for atherosclerosis including a
description of atherosclerosis and the biological markers for vulnerable plaques. It also
discusses existing and emerging imaging techniques with regard to their ability to identify
unstable lesions at risk of rupture.

This chapter states the need for characterising

atherosclerosis and how spectral CT can be used to overcome the barriers associated with
standard non-invasive techniques. A concise description of the issues and the particular focus
of this thesis are then stated. The chapter concludes with a summary of the main points.

6.1 Atherosclerosis
Recent studies have revealed that there are mainly two different kinds of atherosclerotic
lesion: stable and unstable plaques. The rupture of so-called vulnerable or unstable
atherosclerotic lesions is responsible for a significant proportion of myocardial infarcts and
strokes (Kullo et al., 1998). Atherosclerosis can cause a heart attack if it completely blocks
the blood flow in the heart (coronary) arteries. It can also cause a stroke if it completely
blocks the brain (carotid) arteries. It is often debilitating or fatal (American Heart Association,
2011).
The well-known risk factors of this disease are cigarette smoking and hypercholesterolemia
(Allen et al., 1988) but there are also other contributing factors such as high blood pressure,
physical inactivity and obesity (American Heart Association, 2011). Detection of patients at
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risk using advanced imaging with spectral CT would represent a significant advance in
diagnostic capability.
Figures 6.1 and 6.2 illustrate the progress of atherosclerosis and the structure of
atherosclerotic plaque. The stable plaque typically has a thick fibrous cap with an abundance
of vascular smooth muscle cells and a lipid core that represents less than half the plaque
volume. On the other hand, the unstable plaque consists of large lipid deposition that accounts
for more than half the volume of the plaque. It has many infiltrating macrophages and a thin
collagen and smooth muscle cell layer (fibrous cap) that covers the lipid pool core (Gutstein
& Fuster, 1999).
The unstable plaque is prone to inflammatory changes near the thin fibrous cap, activated
proteases weaken the fibrous cap and a sudden rupture of the unstable plaque may occur. The
lipid core contains many thrombogenic (tending to produce a thrombus or clot) factors. Thus, the
rupture of an unstable plaque may subsequently obstruct arterial blood flow, resulting in acute
myocardial infarction, heart attack or sudden death.
Clinical evidence shows that the fine structure and composition of atherosclerotic plaque
rather than the degree of arterial stenosis appears to be a critical determinant of plaque
stability and thrombogenicity (Pasterkamp et al., 2000; Schaar et al., 2004; Rudd et al., 2005).
Therefore, it has become an important clinical goal to rapidly identify those persons with
potentially unstable plaques who are at high risk of clinical syndromes. Early treatment can
minimise the potential complications. The identification of persons at high risk for
cardiovascular events is the major focus of primary prevention efforts because lifestyle
changes and pharmacological interventions have been shown to increase the life expectancy
of high-risk persons.
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(c)

Figure 6.1 The formation of a stable atherosclerotic plaque. (a) The human artery has three
different layers: the intima (the innermost layer and site of plaque formation), the media
(consisting of mostly smooth muscle cells) and the adventitia (the outer layer of the artery).
Plaque builds up on the innermost layer of the arteries and is formed from cholesterol, fat, calcium
and other substances in the blood. (b) The fatty streak develops inside the intima. (c) It can evolve into
a stable plaque with a thick fibrous cap and a small fatty core. Retrieved from American Heart
Association (2011).
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(c)

The formation of an unstable atherosclerotic plaque. (a) Once the fatty streak

develops inside the intima, it can develop into an unstable plaque with a thin fibrous cap and large fatty
core. It is vulnerable to rupture. (b) The ruptured material from an unstable plaque protrudes into the
artery, causing a partial or complete obstruction to blood flow. (c) The blood clot can grow,
leading to a sudden occlusion of the artery. This condition is called arterial thrombosis. Retrieved
from American Heart Association (2011).
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6.2 Characterisation of atherosclerotic lesions by various
imaging modalities
Characterisation of atherosclerotic plaques is clinically highly relevant. The role of
atherosclerosis imaging is to aid risk stratification. The aim of clinical risk stratification is to
depict as closely as possible the histology and then precisely target treatment to specific
problem lesions (Stary et al., 1995). Over the last decade, there has been much interest in the
use of imaging to identify patients at risk of atherosclerotic disease. Modalities capable of
characterising the tissue of the atherosclerotic lesion may help to understand its natural history
and detect lesions with high risk for acute events. It is therefore, important that in addition to
being able to identify the presence of disease, the imaging modality must be able to detect the
presence of vulnerable plaque.
There has been increased recognition that atherosclerosis imaging adds greatly to the ability to
identify patients at high risk for cardiac events. Several techniques are being used nowadays to
define atherosclerotic plaque composition. It is noted that the perfect imaging technique would
provide the maximum amount of diagnostic information whilst being non-invasive, cheap and
safe (Pasterkamp et al., 2000).
For the clinician, the modality that aims to characterise the vulnerable plaque should have
diagnostic or predictive value. Thus, validation of imaged features like lipid or fibrous cap,
plaque type and inflammation must not only be based on a priori knowledge of the expected
localisation of that feature within the image but also on histology. Secondly, the modality
should be safely applicable for in-vivo studies and thirdly the predictive value of the
vulnerable plaque determinants for a plaque to rupture needs to be investigated.
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To the best of our knowledge, current diagnostic modalities are insufficient to detect
vulnerable carotid lesions. Until now, no studies have been performed on the predictive value of
each of the three vulnerable plaque markers (the iron deposits, lipid core and thin fibrous cap)
(Pasterkamp et al., 2000; Rudd et al., 2005). This section reviews current invasive and
non-invasive imaging modalities that have been used in imaging atherosclerosis in the context of
the aforementioned imaging requirements.

6.2.1 Invasive techniques
There are several multiple invasive modalities that have been used to assess atherosclerotic
plaque composition. However, the disadvantages of these procedures are their high cost, and the
associated substantial procedural morbidity and mortality. Consequently, these procedures are only
justified in intermediate to high-risk symptomatic patients (Hoffman et al., 2005). Angiography
and intravascular ultrasound are invasive imaging modalities that have been utilised in clinical
practice for imaging patients suffering from atherosclerosis.
Angiography has been the gold-standard modality for diagnosing occlusive coronary artery
disease for the past 60 years. The presence or absence of atherosclerosis is judged according
to whether or not there is stenosis (luminal narrowing). Ambrose et al. (1988), Little et al.
(1988) and Gaemperli et al. (2010) have shown that the flow limiting stenoses are present
only in 30% - 40% of cases of myocardial infarction. Thus, this technology is limited in its
ability to detect non-stenotic plaque providing insufficient data regarding vessel wall and
plaque composition and underestimating the severity of the plaque burden (Rudd et al., 2005;
Hoffman et al., 2005; van Gils et al., 2012). Furthermore, angiography is not suitable for
serial monitoring of symptomatic patients because it is invasive and uses ionising radiation.
Therefore, angiography falls well short of fulfilling the criteria for the perfect
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imaging method to diagnose and monitor atherosclerosis. However, it will continue to be
used to guide intervention (angioplasty or bypass surgery) for symptomatic lesions for the
foreseeable future (Rudd et al., 2005).
Intravascular ultrasound

(IVUS) requires an intravascular catheter-based ultrasound to

provide cross-sectional images of the coronary artery lumen and vessel wall with an in-plane
resolution of 80-150 µm. IVUS can differentiate atherosclerotic plaque composition such as
lipid core, fibrous cap, surface thrombus, intraplaque hemorrhage and calcification because of
their differences in acoustic impedance (Nissen et al., 2001). Mintz et al. (2001) and Nair et
al. (2002) reported that, based on plaque echogeneity, the plaque composition can be divided
into

three

groups:

highly

echo-reflective (calcified),

microcalcification) and hypoechoic (thrombotic

or

lipid).

hyperechoic (fibrosis or

Therefore, IVUS has clear

advantages over angiography for the detection of unstable lesions.

However, IVUS provides only limited characterisation of calcified plaque. The acoustic
impedance of the calcification is so high that characterisation is frequently impossible. Since
IVUS is costly and invasive, it can only be used clinically in patients that undergo
angiography (Rudd et al., 2005; Hoffman et al., 2005) or during an intervention in which it can
aid in the selection of the most appropriate transcatheter therapy (Fayad et al., 2000). Nissen
et al. (2004) reported that it has also been used to monitor the effects of plaque stabilising
drugs, such as statins, on atherosclerotic progression.
A further three invasive imaging modalities are thermography, spectroscopy and Optical
Coherence Tomography (OCT). These modalities are currently used in investigations of
atherosclerosis and Rudd et al. (2005) reported that they are likely to remain as research tools for
the foreseeable future. Thermography uses a temperature sensitive thermistor mounted on an
intravascular
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catheter inserted into the lumen of an artery to detect the small changes in artery wall
temperature that are associated with atherosclerotic plaques (Stefanadis et al., 1999; Rudd et al.,
2005). It has the potential to identify the plaque inflammation but it provides no
information on plaque size, site or ultrastructure of atherosclerotic plaque.
Raman spectroscopy or near infrared spectroscopy (NIRS) is an intravascular, catheter based
method. Under illumination by a laser or broadband infrared light source, various plaque
components emit unique spectra that can be used to characterise the chemical composition of
the plaque. This technology can distinguish calcified from lipid-rich plaque (Brennan et al.,
1997) but provides neither functional nor structural information about the plaque (Romer et
al., 2000). On the other hand, OCT uses a similar technique to IVUS based on
light interferometry to visualise subsurface structure in tissues (Yabushita et al., 2002,
Giattina et al., 2006). In particular, it enables the differentiation of plaque into fibrous, lipid and
calcified components.

6.2.2 Non-invasive techniques
The non-invasive techniques have lower complication rates than do their invasive
counterparts and therefore, have greater potential for both screening of high-risk patients and for
long term follow-up studies (Hoffman et al., 2005). There are four non-invasive methods that will
be discussed in this section.
The first method is transvascular (surface) ultrasound. The ultrasound probe is placed directly
over the site of interest and it is mainly used to image large accessible arteries such as carotid,
aorta and lower limb arteries. This B-mode ultrasound is capable of imaging and measuring
the thickness of the vessel wall and intima media based on the echogenicity of the plaque. It is
also capable of estimating the degree of luminal stenosis by measuring the blood flow
velocity. However, it is impossible to characterise the plaque morphology and delineate the
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features of the lesion with this technology due to its low SNR. The principal advantages of
this imaging modality are its widespread availability, low cost, lack of side effects and short
examination time.
The second non-invasive imaging modality used for atherosclerosis studies is MRI. Compared
with x-ray based methods, a particular advantage of MRI for the characterisation of
atherosclerotic plaque composition is that it does not involve ionising radiation and studies
can therefore be repeated to monitor the progression and regression of the disease (Hoffman
et al, 2005; Choe, 2005). Hatsukami et al. (2000) and Yuan et al. (2001) demonstrated that
MRI allows the characterisation of the fibrous cap and lipid core of the atherosclerotic plaque.
The lipid core appears hyper intense on T1 and proton density but has a low-intermediate
signal on T2. Calcification and fibrous lesions have low and low-intermediate signals
respectively on all the sequences. Lima et al. (2004) used MRI to assess the response of the
plaque to treatment and found that the size of aortic plaque is reduced with the use of statin to
lower cholesterol levels. Currently, research is being directed toward the use of magnetic
resonance contrast agents such as ultra small particles of iron oxide that are engulfed by
macrophages within the plaque thus enabling macrophage imaging (Kooi et al., 2003). To
date, whole body MRI at 1.5 T has insufficient resolution (400 µm) for accurate
measurements of cap thickness and characterisation of the atherosclerotic lesion within the
coronary circulation.
The third non-invasive imaging modality is CT. There has been a growing interest in
assessment of plaque burden with the use of CT. Multi-slice spiral CT (MSCT) is increasingly
important for the imaging of coronary heart disease (Tan et al., 2008). It has been developed
from traditional single slice helical CT and relies on the use of a rotating gantry with up to
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256 rows of detectors and the injection of contrast agent to differentiate vessel lumen from
wall (Rudd et al., 2005). MSCT has the ability to identify stenotic and non-stenotic plaque
and distinguish non-calcified plaque (lipid and fibrous tissue) from calcified and mixed
plaque that contains both calcified and non-calcified tissue (Cademartiri et al., 2006). MSCT
can also assess luminal stenosis at the expense of a high radiation dose (Rudd et al., 2005;
Tan et al., 2008). However a sub-classification between lipid and fibrous plaques appears
difficult. The visualisation of non-calcified lesions is hampered by plaque and vessel sizes
compared with the limited spatial resolution of presently available CT technology
(Cademartiri et al., 2006).
The dual-energy CT and micro-CT scans show that these imaging modalities can detect
excess iron deposits in plaque (Langheinrich et al., 2007;). However, non-invasive imaging of
iron deposits is challenging because it often coexists with calcium deposits in atherosclerotic
plaques, yet it is indistinguishable from calcium on standard MRI and CT. The scans usually
show narrowing of arteries from plaque build-up but that does not identify if the plaque inside
those vessel walls is imminently dangerous. Current non-invasive imaging for plaque does not
yet have the necessary resolution to detect iron as a natural marker in high risk plaque
patients.

6.3 The need for spectral CT imaging in characterisation of
atherosclerotic plaque
The overall problem relates to the diagnostic capability of clinical equipment. Diagnosis and
monitoring of patients and the effectiveness of their treatment is currently hampered by the
inability of existing technology to image the features of unstable plaques. Currently available
clinical equipment does not have the spatial resolution to distinguish material components by
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morphology nor the spectroscopic capability to derive the composition from spectral
characteristics.
The unstable or vulnerable plaques constitute a high-risk because of their propensity to
rupture, thus predisposing the patient to an acute event. Previous studies have shown that
current CT technology can detect calcification within atherosclerotic plaques but cannot
identify lipid or iron deposits as a marker of intraplaque hemorrhage (Knollman et al., 2008).
These limitations are due to lack of spatial resolution, image noise and the fundamental
limitations of energy integrating detector technology.
At the spatial resolution of interest, clinical CT scanners suffer from partial volume effects
due to the relatively large detector pixel size compared with the small hemorrhage deposits
((10 µm)3 to (100 µm)3) in human atherosclerotic plaque (Langheinrich et al., 2007). Thus
identifying patients with vulnerable plaques is unreliable with currently available techniques,
and accurate screening of patients for possible treatment is not feasible (Cademartiri et al.,
2006).
Until a suitable clinical method becomes available, the use of various imaging modalities
described above will be restricted to research aimed at identifying features of atherosclerotic
plaques that render them potentially unstable. It is the contention of our research group that
spectral CT has the potential to make in vivo measurement of the material components of
atherosclerotic human plaque and thereby provide the solution to this overall problem. The
effectiveness of material differentiation and quantification methods depends upon many
factors (Firsching et al., 2004, Clavijo and Pelc, 2009, Liu et al., 2009; Mikulec et. al., 2003).
CT system performance, x-ray tube and detector characteristics, the selection of detector
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energy thresholds and the suppression of artefacts will each affect the ability to distinguish
and quantify plaque components.
The next chapters of this thesis investigate these factors and, with the use of MARS-CT,
demonstrates the capability of spectral CT to characterise ex vivo human advanced
atherosclerotic plaques and compares the performance of spectral CT with other modalities.
The next chapters include the investigation and implementation of material decomposition of the
plaques using MARS-CT. The result of spectral CT imaging is compared with histological
examinations (the gold standard).

6.4 Summary
1.

Current imaging modalities have limited ability to detect the three markers for a
plaque to rupture: lipid core, iron deposits as marker of intraplaque hemorrhage and a
thin fibrous cap.

2.

High resolution spectral CT equipped with photon counting detectors provide high
spatial and energy resolution. This capability may potentially be used to determine the
composition of atherosclerotic plaques and identify the presence of markers for plaque
instability.

3.

The next chapters of this thesis will demonstrate the feasibility of differentiating
plaque components in ex vivo advanced human atherosclerotic plaques. Comparisons
will be made with other modalities. The final evaluation will be by comparison of
spectral CT results with those of histological examination (the gold standard).
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Chapter 7
Preliminary studies on atherosclerotic plaque with the
MARS-CT2 system
This chapter describes a preliminary study on atherosclerotic plaque using spectral micro-CT.
The aim was to explore the potential of the MARS-CT2 system equipped with a Medipix2MXR ASIC bump-bonded to GaAs and CdTe sensor layers to image and detect the
atherosclerotic plaque lesions. The data acquisition protocols for ex vivo atherosclerotic
plaque imaging are described and the selection of appropriate CT imaging parameters is
discussed. The reconstructed CT images and the results of applying the PCA method to the
spectral CT data to differentiate material types by their spectroscopic absorption
characteristics are presented. The spectral CT results are compared with images obtained from
other modalities. Structural features and material components of the atherosclerotic plaques
are identified and the ability of the different imaging methods to visualise the plaques is
examined. The limitations of this study are identified and improvements in technique and
equipment for assessing atherosclerotic plaque components with the next version of the
scanner (MARS-CT3) are recommended. The chapter concludes with a summary of the main
findings from this study. This work has been presented at two conferences and published in
the New Zealand Medical Journal (Zainon et al., 2009; Zainon et al., 2010b; Zainon et al.,
2010c).
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7.1 Introduction
Atherosclerosis is the ‘silent killer’ responsible for coronary heart disease, cerebrovascular
disease (stroke) and heart attack. This disease is the world’s largest killer, claiming
17.3 million lives a year (World Heart Organisation, 2011).

In

the

Western

world,

atherosclerosis is a leading cause of morbidity and mortality. In New Zealand, it is the leading
single cause of death accounting for almost over 40% of deaths annually (Hay, 2004; National
Heart Foundation of New Zealand, 2007). Thus, it becomes increasingly important to be able
to predict the risk factors of these diseases based on the plaque composition. Atherosclerotic
plaque composition is the primary determinant of whether or not a plaque is likely to rupture
(Ross, 1999). Characterisation of plaque and identification of vulnerable plaque is a clinically
relevant goal.
Identification and differentiation of unstable features such as lipid and hemorrhage in
atherosclerotic plaques may improve risk stratification for incident cardiovascular events
(American Heart Association, 2011). As discussed in Chapter 6, these plaques are referred to
as unstable, vulnerable and of high-risk because of their propensity to rupture, thus
predisposing the patient to an acute event. This type of plaque is an important determinant of
acute clinical events regardless of the amount of calcium or the degree of initial luminal
narrowing (Cai et al., 2002).
Current invasive and non-invasive imaging modalities are unable to adequately characterise
the vulnerable plaque components. The ideal clinical imaging modality would be noninvasive, cheap, safe and effective for assessing plaque vulnerability. New developments in
x-ray CT imaging offer the potential for differentiating tissues and materials based on
differences in x-ray attenuation coefficients. Micro-CT scanning was first developed in the
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1980s (Elliot & Dover, 1982; Flannery et al., 1987). It has been used primarily to provide 3D
images of anatomic structures of human specimens and/or small animals, to detect and
monitor disease. A major difference between micro-CT and clinical CT is the ability of
micro-CT to represent objects within small voxels thereby reducing the effect of partial
volume artifacts. Partial volume artifacts are the representation of complex anatomical
structures by voxel grey scale values that are the average over the different features of
interest. The amount of structural information lost in this way depends on the length scales
and relative x-ray attenuation coefficients of the anatomical features within the voxel volume.
In the context of plaque characterisation, the partial volume effect is the main limitation of
clinical CT.
Recent advances in x-ray detector technology include the development of high resolution
spectroscopic photon-counting detectors. Micro-CT systems equipped with photon-counting
detectors can perform high spatial resolution spectroscopic imaging for visualisation of
complex morphology and improved soft tissue contrast. Spectral CT is a new approach that
might allow superior tissue discrimination for studies on atherosclerotic plaques.
This study was designed to explore the capacity of the MARS-CT2 scanner to image and
characterise excised atherosclerotic plaque. Spectral CT measurements at different and
relatively independent energies are obtained through the use of energy resolving detectors that
provide simultaneous measurements of the x-ray attenuation at multiple energies using
standard polychromatic x-ray sources. These detectors typically use solid-state radiation
sensors combined with fast readout ASICs that process the signals from individual photon
interactions. The application of this recently developed technology to distinguish different
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types of plaque tissues using high resolution spectral CT imaging is a novel approach with the
potential to greatly enhance future health studies.

7.2 Materials and Methods
7.2.1 Study design
Three human advanced atherosclerotic plaques were scanned with the MARS-CT2 system. As
soon as the plaques were removed from surgery, the specimens were placed in specimen
containers packed with ice. The plaques were transported on ice to the imaging lab in a
biohazard marked container. Two of the plaques (femoral and carotid artery plaques) were
fixed in resin (CraftSmart liquid gloss, CraftSmart Australia, Glayton North, Australia) in a
25 mm internal diameter polymethyl methacrylate (PMMA) tube prior to imaging. The other
surgical specimen was unfixed and stored in a -80 °C freezer.
The frozen unfixed specimen was sliced into segments of length 2 to 3 mm using a hand held
microtome blade prior to imaging. This work was performed in a 4 °C cold-room to maintain
the freshness of the specimen. Each cut surface was photographed at high resolution by the
biology photography technician.

The ex vivo spectral micro-CT study of the unfixed

specimens were obtained after photographing the plaques. The unfixed specimens were then
returned to the -80 °C freezer while the images were processed. A femoral plaque fixed in
resin was imaged with MRI at 1.5 T using fast imaging with steady-state acquisition
(FIESTA). The high resolution CT images of femoral plaque in resin were compared with the
pre-operative CT and MRI images. The ex vivo spectral micro-CT images of excised
specimen were compared to high resolution photographs of the plaque.
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7.2.2 Ex vivo MARS-CT2 scanning protocol
The advanced femoral and carotid artery plaques in resin were imaged with the MARS-CT2
scanner equipped with a single Medipix2-MXR ASIC bump-bonded to a GaAs sensor layer.
The unfixed ex vivo advanced carotid artery plaque was scanned with the same scanner but
equipped with a single Medipix2-MXR ASIC bump-bonded to a CdTe sensor layer. The
imaging was performed using these different approaches to assess the capability of MARSCT2 system for assessing the advanced atherosclerotic plaque components under different
conditions. The study assessed the different sensor layers with a view to obtaining good
image quality over a range of detection energies. The effects of scanning conditions and
choice of sensor layer on the ability to analyse atherosclerotic plaque components with
spectral CT were qualitatively assessed by comparison of the CT images with the high
resolution plaque photographs.
The MARS-CT2 scanner used a Thermo Scientific Kevex PXS11-150-75 micro-focus x-ray
source (Scotts Valley, United States) with beryllium exit window. The focal spot size of the
x-ray tube was 45 µm. An additional 0.5 mm of aluminium filtration was used to remove the soft
x-ray component from the spectrum. The magnification factor was 1.41 and an isotropic voxel of
(43 µm)3 was used for the reconstructed images.
The advanced femoral and carotid artery plaques fixed in resin were imaged using x-ray
settings of 75 kVp, 0.15 mA and four threshold energies: 14.5, 21.5, 28.6 and 39.2 keV. The
same tube voltage and tube current was used for imaging the unfixed advanced atherosclerotic
plaque. The frozen specimen was scanned with four energies: 14.0, 20.0, 25.0 and 34.5 keV.
In both cases the scanning was performed with 303 projection angles over 360°
and an exposure time selected to acquire 2000 counts per pixel with the open beam. The
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frozen unfixed plaque was transferred to a 15 ml falcon tube packed with dry ice at both ends of
the tube to keep the specimens frozen during the scan. Flat-field measurements were taken after
specimen scanning to correct for variations in pixel response.

7.2.3 Ex vivo MRI scanning protocol
The femoral plaque embedded in resin was imaged with a HRW array coil in a 1.5 T GE
Sigma Excite MR scanner (GE Medical Systems, Milwaukee, Wisconsin, USA). Parameters
for the 3D FIESTA were as follows: TR/TE 7.15/2.17 ms, field of view (FOV) 10 cm,
thickness 1.8 mm, 320 × 256 matrix, number of excitations (NEX) 2, flip angle 55°.

7.2.4 MARS-CT image processing
The frames were stitched to form large area projections. The projection images were corrected and
normalised using the flat-field images. The normalised images were reconstructed using the
Octopus commercial CT reconstruction software version 8.2 (Dierick et al., 2004). The
reconstructed CT slices for the specimen images were calibrated in HU using air and resin
references. For the fixed plaques, the resin was assumed to be water equivalent (µresin = µwater). For
the frozen plaque, the images were processed and normalised to water and air (Brooks, 1977) as
expressed in Equation 7.1:
CT = 𝜇

𝜇 − 𝜇 𝑤𝑎𝑡𝑒𝑟
𝑤𝑎𝑡𝑒𝑟 − 𝜇 𝑎𝑖𝑟

1000 HU

(7.1)

where the µ is the attenuation coefficient of the reconstructed object and µair and µwater are the
attenuation coefficients of air and water respectively.
The spectral micro-CT images were analysed with PCA (Butler et al., 2011a) to determine the
different spectral characteristics. The results were evaluated by comparing the CT image of
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_____________________________________________________________________________
the femoral plaque in resin with the MRI image and comparing the unfixed plaque images
with the high resolution plaque photographs taken prior to scanning.

7.3 Results
Figure 7.1 shows a reconstructed slice of femoral plaque fixed in resin. The high spatial
resolution of the MARS-CT2 scanner was able to visualise the structure of the plaque. Two
types of opacities were observed within the atherosclerotic lesion. One type of opacity
appears as clusters of randomly distributed punctate deposits and the other as a confluent
accumulation located in the arch of the atherosclerotic plaque. As can be seen in the image,
some ring artifacts were visible due to pixel-to-pixel variations of the threshold positions that
were inadequately corrected during flat field normalisation.

Figure 7.1 A single slice of femoral artery plaque fixed in resin. The complexity of the plaque
structure is apparent. Large confluent dense areas (with a linear size >1000 µm) are seen
peripherally, whereas the central densities tend to be punctate and much smaller (with a linear size
from 100 µm to 1000 µm). Some ring artifacts are also visible. The plaque was imaged at 75 kVp
with the detector threshold set at 14.5 keV.

The ex vivo femoral plaque fixed in resin was also imaged with other modalities. Figure 7.2
compares a high resolution ex vivo femoral plaque image obtained from the MARS-CT2
scanner with a CT image acquired from a clinical Multi-Detector Computed Tomography
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(MDCT) and MRI images. The pre-operative CT image was obtained during routine patient care
for diagnosis and surgical planning. The spatial resolution of the MDCT and MRI images is poor
compared with that of the MARS-CT2 image.

Figure 7.2 Matching of multi-modality images. The femoral plaque images acquired from (a)
high resolution of MARS-CT2 scanner, (b) clinical MDCT scanner, (c) MRI scanner with 1.5 T
3D FIESTA. The high resolution MARS-CT2 image shows the femoral plaque lesions and the
structure within the plaque whereas the spatial resolution of the images from the other modalities
is too poor to visualise these features.

Figure 7.3 shows a high resolution image from the MARS-CT2 system and a MDCT image of a
selected slice of carotid artery plaque. The relatively poor resolution of the MDCT image does
not allow much of the plaque structure to be identified. Two peripheral calcifications are evident
but many of the other features are indistinct. The higher resolution of the MARS-CT2 system
clearly reveals the detailed structure of the plaque.
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Figure 7.3 A high resolution MARS-CT2 image (left) and a MDCT image (right) of slice 156 of the
carotid artery plaque.

Figure 7.4 shows the excised femoral and carotid artery plaques fixed in resin. These plaques were
imaged with the MARS-CT2 scanner using multiple threshold energies. The image is annotated
with the slice location number of each image used in Figures 7.5 and 7.6.

Figure 7.4

Excised femoral plaque (left) and carotid plaque (right). Both plaques were fixed in

resin within a 25 mm internal diameter PMMA tube. The annotations give the slice location number
of each image used in Figures 7.4 and 7.5.

The spectral images of femoral artery and carotid artery plaques (fixed in resin) obtained at
several energies with the MARS-CT2 scanner are shown in Figures 7.5 and 7.6. Excellent
detail is seen in both plaque lesions. The calcification in both plaques show decreasing
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attenuation with increasing energies. This characteristic is typical for medium-Z materials
where attenuation is dominated by photoelectric absorption at low energies and Compton
scattering contributions increase and become more significant with increasing energy.
Imaging of these spectral differences allows intrinsic tissue contrast to be enhanced by
additional data processing such as principal components analysis (PCA). The ring artifacts on
the images are due to imperfect flat-field correction. Additional sources of noise in the images
are random errors in the flat-field correction data and in the object projection images. The
images acquired with high threshold energies appear noisier and exhibit more ring artifacts
than those obtained with low threshold energies because of the reduction in available signal at
higher threshold energies. The noise in the difference image is further increased due to the
accumulation of two sets of random errors and the reduction in net signal.
These high resolution images demonstrate the complexity of calcification morphology and the
internal architecture of the plaque, although this has been distorted by surgery and fixation.
The bright opacities in plaque are clearly distinguishable from the less opaque regions by their
spectroscopic characteristics as well as the grey scale appearance. At lower energies, the
highly detailed morphology of both the highly absorbing (bright) and less absorbing (dark)
regions is apparent. As the energy threshold is increased the contrast due to the difference in
absorption is reduced, especially in the less absorbing non-calcified regions. The images of
slice 156 in Figure 7.5 show the air trapped in the resin. This carotid plaque has large
confluent calcified areas peripherally but lacks the small central densities of the femoral
plaque.
The colour CT images of all advanced atherosclerotic plaque images were obtained by PCA
analysis. PCA was applied to enhance the images by identifying and extracting the
components of greatest variance within the spectral data set. In the femoral artery image of
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Figure 7.5, the bright pink colour correlates with the calcification whereas the blue region
correlates with the air. In the carotid artery image of Figure 7.6, the calcified region is coded
bright yellow and the air region is coded blue. On both images, the spectroscopic contrast for
distinguishing soft tissues and lipid is apparently much less than that for distinguishing
calcium.

PCA image
Figure 7.5 Spectral images of femoral artery plaque (fixed in resin) obtained at several
energies. These images were scaled to HU normalised using regions of air (the black region on
the CT greyscale image) and resin. The colour coded images were obtained from PCA.
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PCA image
Figure 7.6

Spectral images of cross sections through carotid artery plaque (fixed in resin). Several

images were selected at different energies to display the progression of calcification in plaque and
the response of absorption characteristics of dense and non-dense regions over the entire energy
range. The colour coded images were obtained from PCA.

The dual-energy subtraction imaging technique is an alternative approach to PCA for imaging
and visualising energy-dependent attenuation differences. With this technique, the spectral CT
images are calibrated in HU the usual way so that air corresponds to -1000 HU and water to
0 HU, then the difference between the high and low energy images is calculated to cancel out
the background soft-tissue structures. Figure 7.7 shows the results of applying dual-energy
subtraction to the femoral artery dataset. The subtraction images indicate that the
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atherosclerotic plaque tissues are spectroscopically distinct from resin. If there were no energy
related contrast differences then the subtraction images would be blank.

Figure 7.7 The low and high energy images of femoral artery plaque (fixed in resin). These
images were scaled to HU normalised using regions of air and resin. The images in the final column
are subtraction images showing the difference in HU between images obtained using the lowest and
highest threshold energies.
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The low and high energy images of cross sections through carotid artery

plaque (fixed in resin). The images in the final column are subtraction images showing the
difference in HU between images obtained using the lowest and highest threshold energies.

Figure 7.9 demonstrates the spectral CT images, PCA image and photograph of each section of
the unfixed plaque. The spectral CT images are scaled to CT numbers measured in HU. The
energy dependence of CT number varies with material according to atomic number. The
differences in energy dependence are identified using PCA and used to classify the
components of the plaque.
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Photograph

Figure 7.9 Spectral images, PCA images and photographs of 3 mm slices of a carotid
artery plaque, snap frozen. The plaque was imaged using four energy thresholds: 14.0 keV, 20.0 keV,
25.0 keV and 34.5 keV.

7.4 Discussion
In the present study, there are two key findings. Firstly, the high resolution of the MARS-CT2
scanner enables the visualisation of the complex structure of advanced atherosclerotic plaque.
Secondly, different components of atherosclerotic plaques have different energy responses to
x-rays that can be measured and visualised using spectral CT. These results were achieved
using the novel Medipix photon-counting detector to measure the intrinsic properties of the
tissue without the presence of contrast agent.
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Plaque morphology is an important predictor of postoperative outcomes and identification of
patients at risk will lead to better and earlier diagnosis of cardiovascular disease (Pasterkamp et
al., 2000). Conventional CT does not provide enough resolution to distinguish the
necessary tissue structures. The results of this study show that the MARS-CT2 scanner can be
used to assess the complex morphology of the atherosclerotic plaque lesions.
The MARS-CT2 images show dense deposits in advanced atherosclerotic plaques forming
complex structures. There are two types of opacities within the plaques: the confluent
peripherally and punctate centrally. These appearances are similar to synchrotron images of
human coronary atheroma reported by Langheinrich et al (2007). They showed that the
peripheral, highly attenuating areas of plaque were due to calcifications with a linear size
greater than 1000 μm while the tiny random dots of increased attenuation (usually <100 μm)
were iron from intraplaque haemorrhage. Based on this, it is possible that the confluent and
punctate densities in our plaques are also calcium and iron respectively. However, this study
was not designed to distinguish iron and calcium deposits in the plaque. To distinguish and
determine the distribution of iron and calcium at high resolution within atherosclerotic plaque
it will be necessary to include histology and staining specifically for these materials. The resin
preservation technique used in this study limits our ability to apply these methods and future
work should focus on fresh, unfixed specimens. A study specifically aimed at separating these
two elements with histological correlation is the next logical step.
Images obtained from high resolution scanning with MARS-CT2 were compared with
conventional CT and MRI images. MARS-CT2 allowed reconstructions to be made using a
voxel size of (43 μm)3. Compared with this, images acquired from conventional MDCT and
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MRI had poor spatial resolution and identification of fine structure within the plaque was
impossible.
The spectral CT images display the attenuation characteristics of the various plaque materials
over the entire energy range. At lower energies, the detailed morphology of the bright
opacities as well as the less opaque regions is apparent. As the energy increases, the image
contrast decreases. The bright opacities are clearly distinguishable from the less opaque
regions by their spectroscopic characteristics as well as their grey scale values. Generating CT
images at different photon energies and then generating a difference image by subtraction can
highlight material specific variations in energy dependent x-ray attenuation (due to photoelectric and Compton effects). This shows that spectral information from multi-energy
imaging can be used to differentiate different types of tissue. If there were no material specific
variations in contrast with energy then the difference images would be blank. However the
spectroscopic contrast was poor and many materials were indistinguishable. This may have
been partly due to the choices of sensor layer and imaging parameters.
The surgical specimens were imaged with an x-ray tube accelerating voltage of 75 kVp with a
range of detector threshold energies up to 40 keV. The detector sensor layers used were GaAs
and CdTe. These sensor layers have good detection efficiency up to 80 and 100 keV
respectively (Zwerger et al., 2007), but currently, the uniformity of these sensor layers is not as
good as that of the Si sensor layer. The maximum variation in attenuation coefficient for soft
tissue samples occurs at low x-ray energies. Thus, the uniformity of the sensor is more
important than its detection efficiency at higher energies.
The tube voltage setting of 75 kVp produces a relatively hard x-ray spectrum and so is also
not ideal for obtaining high contrast in soft tissues. Use of a lower accelerating voltage will
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produce a greater proportion of x-rays that will be completely absorbed (photoelectric effect)
rather than scattered (Compton interactions) and thus, will enhance the tissue contrast. In
summary, the choice of sensor layer and imaging parameters used in this study could be
improved upon. For future studies, the experimental design should consider use of a more
uniform sensor layer (such as Si) and a lower tube voltage, together with an increased current or
exposure time. Careful selection of these imaging parameters will improve the image
contrast and enhance the assessments of atherosclerotic plaque components.
The capabilities of the MARS-CT2 scanner for imaging the unfixed ex vivo atherosclerotic
plaque were also investigated. In comparison with the results for the fixed specimens, the
images of the unfixed specimens show greater contrast and this approach allows the CT
images to be validated against other methods such as photography and histology. Since the
MARS-CT2 scanner was not designed for fresh specimen imaging, the scan time and imaging
parameters have to be taken into account to preserve the freshness of the scan specimens.
Thus, to keep the specimen frozen, dry ice was placed at both ends of the sample tube.
Unfortunately, this technique works only for relatively short scans (~1 hour). The total scan
time of the plaques with the MARS-CT2 scanner is 2.5 hours for 2 detector positions, four
energies and 303 projection angles. Thus, to image unfixed and fresh surgical specimens,
improved acquisition speeds and an appropriate cooling system will be needed for the next
generation of MARS-CT scanner. At the time of the final submission of this thesis, various
improvements have been performed on the mechanical system and software. As a result the scan
time has been reduced by a factor of 3.75.
The spectral CT images of both the fixed and unfixed specimens were analysed with PCA to
enhance the spectral images in the energy domain from a statistical analysis of the number of
independent patterns of spectral variation. The method requires no a priori knowledge of the
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materials being imaged and it can be applied to large data sets. The method is able to identify and
extract the important features of a dataset into only a few basis images that can be easily
interpreted. The application of PCA was performed on reconstructed CT slices to separate
different materials and display the relevant information in only a single coloured image.
However, the PCA method was only successful in highlighting materials in the plaque with a
relatively large difference in atomic number. The CT images analysed with PCA may have
insufficient contrast for differentiating lipid and soft tissues in the plaque. Furthermore, PCA
does not use a priori knowledge of the materials present, so it cannot be used to decompose
the spectral data into a previously selected set of basis materials. Thus, an alternative analysis
technique will be required for specific analysis of materials such as soft tissues, calcium, iron
and lipid.
A common problem with CT is the appearance of imaging artifacts. The most prominent
artifacts observed in this study are ring artifacts. Ideally these types of artifact are avoided by
optimising the imaging conditions and correcting for pixel variations using flat-field images
during image processing. The ring artifacts from the Medipix detector are due to a
combination of fixed-pattern noise and detector inhomogeneities that vary over the course of
the scan. The energy dependence of the flat-field correction has been reported previously
(Mikulec et al., 2003). It was noted that simple flat-field corrections are generally inadequate.
In addition, the pixel inhomogeneity pattern on the CdTe sensor layer is affected by the high
flux irradiation and also cannot be fully corrected using a simple flat-field correction (Aamir
et al., 2011). The simple flat-field correction technique used in this study corrects for the
fixed-pattern noise component but the variable component remains to cause ring artifacts in
the reconstructed images.

Therefore, improved flat-field correction and ring artifact

suppression may be needed for future work.
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In summary, this study has shown the potential for using high resolution multi-energy spectral
CT for depicting the internal structure of excised atherosclerotic plaque and discriminating the
material components. The use of the MARS-CT2 and the PCA method was successful in
depicting and discriminating some of the plaque structures and materials. It suggests that
spectral CT may have the potential to independently differentiate vulnerable plaque markers
such as iron deposits and lipid. However, it should be possible to obtain improved
measurement results by studying the material composition of fresh (unfixed) specimens of
excised atherosclerotic plaque with a better selection of spectral CT scanning parameters,
sensor layer, improved specimen cooling and reduced imaging time. The results would be
correlated using cross-sectional photography and histological examination.

7.5 Conclusion
In conclusion, this preliminary study on multi-energy imaging of atherosclerotic plaques
performed with the MARS-CT2 and Medipix2-MXR photon-counting detector shows that
high resolution spectral CT is able to visualise the plaque morphology and determine the
differences in absorption spectra of different materials in the plaques. The potential for the
MARS-CT2 scanner to be used as a research tool for characterising fresh (unfixed) specimens
of excised atherosclerotic plaques has been demonstrated.

The use of cross-sectional

photographic images for validating the morphology and structure has also been demonstrated.
Sectioning the unfixed plaques will also allow correlation with histological examination.
A better combination of imaging parameters such as reduced tube voltage, increased tube
current, and the use of a more uniform and more stable Si sensor layer will improve the image
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contrast. This will also enhance the spectroscopic assessments of atherosclerotic plaque
components.
For future studies on fresh (unfixed) plaques a cooling system will be needed as well as
improvements in the speed of data acquisition. However, technological challenges remain to
be solved with the design of the MARS camera readout to improve the speed of data transfer
and to allow the use of 2 × N chip arrays. Improvements in flat-field correction and ring
artifact suppression techniques should be implemented to compensate for the effects of pixel
response variations on the reconstructed images. Many of these issues are addressed in the
following chapters.
In this study, PCA has been used to determine the presence of plaque materials with distinct
x-ray absorption properties. This technique does not require nor allow the use of an a priori
set of basis materials. For future imaging studies of specific materials (e.g. calcium, iron and
lipid) within the plaques the use of an alternative material decomposition technique should be
investigated.

7.6 Summary
1.

This study demonstrates that the MARS-CT2 scanner is able to image and characterise
fresh and fixed specimens of excised atherosclerotic plaque. The energy information
obtained from multi-energy imaging allows the characterisation of plaque components
with cross-sectional photography and histological examination as a gold standard.

2.

Further consideration of imaging parameters such as tube voltage, tube current, energy
range and the choice of sensor layer is required to improve the image contrast and
enhance the assessments of ex vivo atherosclerotic plaque components.
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A cooling system is needed for future imaging of fresh surgical specimens. Increasing
the MARS readout speed and size of the detector by creating a 2 × N chip array will
enable shorter scan times and reduce the cooling requirements.

4.

Improvements in flat-field correction and ring artifacts suppression techniques are
needed to reduce the effect of pixel response variations on the reconstructed images.

5.

PCA has been used to successfully determine the presence of different materials
within the plaques. However, this technique does not allow the use of an a priori set of
basis materials. For future imaging studies of specific materials (e.g. calcium, iron and
lipid) an alternative material decomposition technique will be required.
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Chapter 8
Calibration of the MARS-CT3 system with Medipix3
The limitations of the MARS-CT2 system identified in the preceding chapters were addressed
in the design of the revised MARS-CT3 system. This system incorporates the MARS
camera: a new design of readout capable of supporting both Medipix2 and the latest Medipix3
detector chips. A version of MARS-CT3 incorporating a MARS camera with a Medipix3 with
Si sensor was provided for further studies of atherosclerotic plaques. It is anticipated that the
performance of the upgraded MARS-CT3 with Medipix3 will be sufficient to characterise the
composition and morphology of atherosclerotic plaques and thereby determine the presence of
markers for vulnerable plaques.
To achieve this goal, it is first necessary to calibrate the x-ray detector and scanning gantry
sub-systems. This chapter presents the methods and results for both calibrations. The section on
the Medipix3 configuration and calibration discusses threshold equalization and energy
calibration. The subsequent sections on the geometrical calibration and alignment of the
scanning gantry include the protocols for determining the motor controller calibration, centre of
rotation, x-ray projection magnification, vertical beam centre and detector skew. Finally, a
summary of the main points of this chapter is presented.
The candidate has performed this work with the MARS commissioning team
members (Dr Nicholas Cook, J Paul Ronaldson, Dr Judy Mohr, Raja Aamir and Maggie
Anderson), as part of commissioning the system for biomedical research applications.
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Portions of this work have been documented in the MARS quality system documentation
(MARS, 2011).

8.1 Introduction
The MARS-CT3 system supplied for this work is a completely new scanner design with a
number of significant improvements over the MARS-CT2 including computer-controlled
source and camera axes and a new MARS camera readout and Medipix3 detector sub-system. To
achieve the optimum measurement performance, several calibrations need to be done. These
calibrations include equalisation and energy calibration of the Medipix3 detector and
geometrical calibration of the spectral micro-CT system.
The first and second generation of Medipix detectors successfully demonstrated the potential
for hybrid spectroscopic photon-counting detectors to provide new and useful information for
x-ray CT imaging (Campbell et al., 1998; Llopart & Campbell, 2003). The Medipix3 detector
is the latest generation of the Medipix family. The main motivation of its design was to
eliminate the charge sharing effect that occurs when charge from a single event is shared
between adjacent pixels. This has been achieved with the implementation of a new operating
mode referred to as charge summing mode. However, because of temperature instabilities and
pixel allocation biases associated with the Medipix3 when operated in charge summing mode
(Ronaldson et al., 2011a), the Medipix3 detector was operated in single pixel mode for this
work. Nevertheless the detector is an advanced design and the use of a Si sensor layer is
expected to provide improved image quality and soft-tissue contrast compared with the
previous system.
The geometry of the MARS-CT scanning gantry sub-system has five moveable axes driven
by computer-controlled stepper motors that require calibration and characterisation. These
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moveable axes include the vertical movement of the x-ray detector, the lateral movement of the
x-ray detector and x-ray source platforms to adjust the magnification, and the rotation of the
scanner gantry. Accurate characterisation of each axis is essential to ensure that the system will
produce images free of misalignment artifacts. Parameters obtained from the geometric
calibration are needed for the tomographic image reconstruction.
The reconstructed image quality crucially depends on the precise knowledge of the scan
geometry of the acquisition system. Therefore, calibration methods are needed to account for
a potential misalignment of the acquisition system (Noo et al., 2000; Lee et al., 2003; Kim et
al., 2005; Cho et al., 2005; Ohta et al., 2006; Perilli et al., 2007; Gui et al., 2009). In the past
few years, several methods have been proposed to calibrate micro-CT systems (Rougee et al.,
1993; Von Smekal et al., 2004; Kalender, 2005; Cho et al., 2005; Yang et al., 2006; Sun et al.,
2006; Hu et al., 2010). The usual approach is to use the projection data of a known calibration
object (a phantom) to determine the calibration parameters. This approach was adopted for
this work and a number of simple geometric calibration phantoms were built to calibrate the
MARS-CT system.

8.2 Materials and Methods
8.2.1 Medipix3 configuration and calibration
The MARS-CT3 system was equipped with a single Medipix3 detector bump bonded to a
300 µm Si sensor layer. It has 256 × 256 pixels and a pitch of 55 µm. The scanner was
equipped with a Source-Ray SB-80-1K x-ray tube (Source-Ray Inc, Ronkonkoma, New
York) with tungsten anode and 1.8 mm of aluminium (equivalent) intrinsic filtration.
The Medipix3 detector needs to be configured and calibrated before it is used in the
experimental work. Configuration consists of setting the 25 global Digital-to-Analog-

Chapter 8: Calibration of the MARS-CT3 system with Medipix3

104

Converters (DACs) and then equalising the pixel thresholds by adjusting the 5-bit pixel
DACs. The procedure used was that described by the chip designer (Ballabriga, 2011) and
previously implemented in a characterisation study of the Medipix3 (Ronaldson et al.,
2011a).
The energy calibration is performed to relate the arbitrary units of the threshold DAC to
physical units of photon energy. The energy calibration of the Medipix3 detector was
performed by passing x-rays through different metal foils with known fluorescence lines such as
molybdenum or indium. The fluorescence spectra were recorded by performing a threshold scan
and numerically differentiating the response curve.
The 17.5 keV Kα x-ray line from Molybdenum and the 24.2 keV Kα x-ray line from indium
generated from foils with sub-millimetre thickness were used for energy calibration. The
differentiated response curve was plotted against the threshold DAC values. The DAC values
corresponding to the locations of the fluorescence peaks were noted and the energy calibration
was determined by a linear regression fit of threshold DAC index against the corresponding
fluorescence peak energies.

8.2.2 Geometrical calibration of the MARS-CT scanner
A precise knowledge of the imaging system geometry is required for accurate image
reconstruction. The geometrical calibration of the MARS-CT system consists of measuring
values for the centre of rotation (COR), vertical beam centre (VBC), detector translation skew and
x-ray projection magnification. The x-ray projection magnification is determined by the source
to object and source to detector distances (SOD and SDD).
The geometry of the MARS-CT system described using Cartesian coordinates (x, y, z) is
shown in Figure 8.1. The axis directions are given by the right hand rule. Ideally the x-axis is
coincident with the axis of rotation of the gantry, the y axis is perpendicular to the x-axis and
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parallel with the plane of the detector, and z-axis is the normal to the detector. The projection of
the principal axis of rotation (i.e., the axis the gantry rotates about) onto the imaging device is
known as the centre of rotation (COR). The beam axis is perpendicular to this axis and also
called the optical axis. The vertical beam centre (VBC) is the beam axis detector column
where the optical axis and the x-ray detector intersect.

Figure 8.1 The geometry of MARS-CT system. The view from positive Z shows the COR and VBC
sensor column and row locations. The view from positive X shows the relative locations of the
source, gantry axis and optical axis.

In the MARS-CT system, the gantry axis is horizontal but the images obtained from the
MARS camera are rotated 90° anticlockwise (from the observer's viewpoint). In the CT
reconstruction software package (Octopus), the assumed orientation of the stage rotating axis
is vertical and the image frames are referred to as though they are projections onto a single
unrotated vertical screen. After the frames from a number of detector positions have been
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stitched, the result is a single frame with an image oriented as though it had been collected
using equipment in the standard arrangement described in the Octopus manual (Dierick et al.,
2004).
In this standard geometry, the image column numbers correspond to a horizontal location in
physical space and the image row numbers correspond to a vertical location in space. The
projection of the rotation axis onto the imaging device is known as the centre of rotation. The
optical axis is perpendicular to the gantry axis. The vertical beam centre is given by the
detector column where the optical axis and the x-ray detector intersect.
Before the orientations and locations of the various scanning axes are determined it is
necessary to confirm the nominal values for the motor drive index coefficients.

8.2.2.1 Motor controller calibration
The accuracy of the motor drive movements was checked by measuring displacements of the
motor drive for a series of known stepper motor index values. The scanner gantry was rotated to
expose the motor drives to the access port (Figure 8.2). Both the x-ray detector and x-ray source
were moved to their initial positions (with index value = 0 which is furthermost from the sample
axis position). The x-ray detector was moved by increments of 4000 index values from its initial
position. The movement of the exposed detector motor drive was measured for each increment.
Then, the same method was repeated to check the accuracy of the x-ray motor drive movement with
index value.
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Figure 8.2 X-ray detector and source motor drives of MARS-CT scanner. The view is of the bottom
of the gantry and the blue box of the MARS camera is just visible between the movable x-ray and
camera platforms.

8.2.2.2 Centre of rotation
The centre of rotation refers to the projection from the x-ray source through the axis of
rotation onto the detector surface. The image column number corresponds to the centre of
rotation value used within the CT reconstruction software. A wire phantom (Figure 8.3) was used
in this study to evaluate the centre of rotation. The phantom was placed in the scanner and
projection images acquired at gantry angles 180˚ apart. The images were superimposed and the
column where the images of the diagonal wire intersect was identified.

Figure 8.3 The wire phantom used to find the centre of rotation.

Chapter 8: Calibration of the MARS-CT3 system with Medipix3

108

8.2.2.3 X-ray projection magnification
The object magnification was evaluated as a function of detector position for each of four
gantry rotation positions 0°, 90°, 180° and 270°. A phantom containing a steel ball with a
diameter of 3.88 mm was used for this purpose (Figure 8.4). This experiment was also
performed to find the SOD and SDD of the scanner. The object magnification, M(i), for each
detector position was calculated from the ratio of the diameter, Si, of a steel ball phantom on the
x-ray image to its known diameter, S0 :

𝑀 𝑖 =

(a)

𝑆𝑖
𝑆0

(8.1)

(b)

Figure 8.4 (a) The magnification phantom and (b) a projection image of the phantom.

8.2.2.4 Vertical beam centre and gantry tilt
The vertical beam centre corresponds to the row number where the optical axis meets
perpendicularly with the detector surface. Figure 8.5 shows the vertical beam centre measurement
phantom. For a truly circular gantry rotation the image path is the perspective
projection of an ellipse. If the SOD is sufficiently large with respect to the orbit of the target
object then an ellipse is an adequate approximation. The ratio of the minor and major axes of
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the ellipse determines the offset to the VBC. In addition the angle of the ellipse with respect to
the axes of the imaging plane is equal in magnitude to the gantry tilt (and opposite in sign). Thus
this measurement can be used to determine both the VBC and gantry tilt.
The phantom was placed in the scanner with the high contrast object close to the optical axis.
Then the gantry was rotated and the phantom was scanned. The projection path of the high
contrast object was plotted and an ellipse fitted to the data. The VBC and gantry tilt were
determined from the results of the fit.

8.2.2.5 Detector translation skew
The detector translation skew was measured using the same small ball bearing phantom as
used for measurement of the vertical beam centre (Figure 8.5(a)). The detector translation
skew measurement was evaluated using a single detector at multiple positions. The effective
skew of the detector depends on the direction of detector travel with respect to the image axes.
The phantom was placed in the scanner with the projection of the high contrast object at one
edge of the frame as shown in Figure 8.5(b). The detector was moved along its vertical
translation axis with 100 index value increments. A projection measurement was acquired at
each position.

(a)
Figure 8.5

(b)

(a) The phantom used for measurement of the vertical beam centre and detector

translation skew. A high contrast steel ball is mounted on the tip of the phantom.
(b) A projection image of the phantom.
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8.3 Results and Discussion
8.3.1 Energy calibration of Medipix detector
Figure 8.6 shows the spectra obtained with molybdenum and indium foils within the open
beam. The peaks correspond to the molybdenum and indium K fluorescence lines at 17.5 and
22.5 keV. A third point was determined from the location of the centre of the noise floor
(threshold DAC = 16, not shown). The locations of the fluorescence peaks and the noise floor
were used to determine the relationship between the arbitrary units of threshold and the physical
units of photon energy (keV). Figure 8.7 shows the linear relationship between these two
variables.

Figure 8.6 The spectra obtained with molybdenum and indium foils within the open beam. The peaks
correspond to the molybdenum and indium K fluorescence lines at 17.5 keV and 22.5 keV respectively.
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A linear regression fit of the threshold DAC values for the two fluorescence peaks and

the noise floor against the corresponding energies is shown. The straight line relationship gives
the threshold DAC value in terms of detector threshold energy E.

8.3.2 Calibration of motor controller
The movements of the x-ray detector and x-ray source were evaluated by plotting the
measured displacement against index values. Figure 8.8 demonstrates the results from
movements of both the x-ray detector and x-ray source as a function of index value. Both
graphs show straight lines with gradients consistent with the nominal index motor
coefficients. The displacement rates for both the x-ray detector and x-ray source motors are
2 × 10-4 cm/index.
Thus, for movement of the x-ray detector, m = (2.00 ± 0.04) x 10-4 cm/index while for
movement of the x-ray source, m = (2.00 ± 0.11) x 10-4 cm/index.
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Figure 8.8 The x-ray detector (top) and x-ray source (bottom) displacements plotted as a function
of index value.

8.3.3 Scanner geometry measurement
8.3.3.1 Centre of rotation
The centre of rotation of the scanner is obtained from the point of intersection of the projected
images of the diagonal wire. Figure 8.9 shows the superimposed images of the wire phantom
and the corresponding column number. In this case the centre of rotation is at column 137.

Figure 8.9 The superimposed images of a wire phantom taken with the gantry rotated by 180°. The
intersection of the images of the diagonal wire indicates the centre of rotation of the scanner. In this
case the centre of rotation is at column 137.
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8.3.3.2 X-ray projection magnification
The magnification of the steel ball phantom was plotted against detector index and a linear fit for
object magnification obtained. Figure 8.10 shows the magnification as a function of
detector position index i for four gantry angles 90° apart.

Figure 8.10 The object magnification with detector position for four gantry angles 90° apart. In
each case the SOD is obtained from the reciprocal of the gradient and the SDD by substitution into
the equation for magnification.

The SOD was determined from the gradients of the fitted lines (see Figure 8.10):

𝑆𝑂𝐷 =

−∆ 𝑆𝐷𝐷 (𝑖)
∆𝑀 (𝑖)

(8.2)

The results were averaged over the four gantry rotation angles to reduce errors caused by
misalignment of the ball with the rotation axis. The SOD and intercept M(0) were substituted
into the following equation for magnification to give the SDD at zero detector position index:
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(8.3)

The average SOD obtained from the gradient is SOD = 64581 index units and the average SDD
for zero detector position index is SDD = 118777 index units. The detector and x-ray platforms
move closer together with the motor index at a rate of 2 x 10-3 mm/index. Therefore the SDD and
SOD as functions of detector and x-ray indices i and j are:

𝑆𝐷𝐷 𝑖, 𝑗 = 237.6 − 𝑖 + 𝑗 x 2 ∙ 10−3 mm

(8.4)

(8.5)
𝑆𝑂𝐷 𝑗 = 129.2 − 𝑗 x 2 ∙ 10

−3

mm

The magnification M(i,j) as a function of the motor index values can now be calculated by
substitution of equations (8.4) and (8.5) into (8.3).

8.3.3.3 Vertical beam centre and gantry tilt
Figure 8.11 shows the path of the phantom ball as the gantry rotated. The path that the
phantom ball projects onto the imaging plane is approximated by an ellipse with major axis a and
minor axis b. The minor axis of the ellipse vanishes when the ball is positioned at the vertical
beam centre.
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___________________________________________________________________________
The projections of the phantom were plotted and an ellipse was fitted to the data. The row
location Cy of the ellipse and the sizes of the major and minor axes a and b were used to
determine the row displacement to the vertical beam centre. The orientation of the ellipse was
assumed to be perpendicular to the row number axis and the orbit size is much less than the
SDD, therefore:

∆𝑦 = 𝑆𝐷𝐷

𝑏
𝑎

𝑉𝐵𝐶 = 𝐶𝑦 ± ∆𝑦

(8.6)

(8.7)

In this case, based on Figure 8.11 the position of the centre of the ellipse is (230.3;
232.5) pixels. The track of the ball was measured with the camera at sensor index position
16000 corresponding to SDD = 205.6 mm, hence the row number of the vertical beam centre is
303 pixels. The rotation angle of 0.2° corresponds to the tilt of the gantry axis (-0.2°).

Figure 8.11 The projections of the phantom were plotted and an ellipse was fitted to the data.
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8.3.3.4 Detector translation skew
The displacement location of the high contrast ball was plotted for different detector
translation index values. The gradient was recorded for use in the frame stitching algorithm. The
effective detector translation skew for multiple detector positions is θ = 89.05° with respect to
the image row axis as shown in Figure 8.12.

Figure 8.12

The ball position displacement is plotted for a series of detector translations. The

image stitching vector is determined from the motor index coefficient and the sine of the angle
θ = 89.05° of the fitted line with respect to the y-displacement axis.
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8.4 Conclusion
The proposed calibration methods have been used to successfully calibrate the Medipix3
detector within the MARS camera and the electromechanical gantry sub-system of the
MARS-CT system. The equalisation and energy calibration of the Medipix3 detector was
successfully performed. The energy calibration was completed using x-ray fluorescence
spectra generated by the open beam x-ray interactions with thin metal foils of molybdenum
and indium.
The geometric calibration technique is easy to implement and uses a number of simple
calibration phantoms. These phantoms provide an easily analysable set of projection data.
This geometric calibration involves the estimation of a set of parameters that describe the
geometry of the spectral micro-CT system and are essential for accurate image reconstruction.

8.5 Summary
1.

The equalisation and energy calibration of the Medipix3 detector must be performed
prior to imaging. The performance of the MARS-CT system depends on the
uniformity of pixel response and the ability to accurately select thresholds of known
energy.

2.

The energy calibration of the Medipix3 detector was successfully performed. The
energy calibration was completed using x-ray fluorescence peaks. The methods used are
simple to implement and may be repeated regularly to optimise the performance of the
Medipix3 detector.

3.

The proposed geometric calibration technique uses simple calibration phantoms. The
geometrical calibration of the tomographic system is important as the reconstructed
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image quality of a CT system crucially depends on the precise knowledge of the
scanning geometry. The proposed methods have been used to determine the COR,
VBC, gantry tilt and detector translation skew angle.
4.

The methods for calibration of the Medipix3 detector and the MARS-CT system are
part of the overall commissioning protocol and may be used to prepare the system for
pre-clinical applications.
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Chapter 9
Performance evaluation of the
MARS-CT3 system
This chapter describes the performance assessment of the MARS-CT3 system prior to being
used for pre-clinical studies. The performance evaluation of the MARS-CT3 system was
investigated in terms of spatial resolution, image uniformity, pixel noise, linearity,
spectroscopic calibration and dose measurement with calibration phantoms. The methods and
results are described and discussed. This chapter also presents demonstration images obtained
from the MARS-CT3 system. The data acquisition and image processing methods are also
described. The chapter concludes with a summary of the main points. Most of this work has
been presented at the Nuclear Science Symposium and Medical Imaging Conference in
Valencia, Spain (Ronaldson et al., 2011b). The candidate is one of the co-authors of this
paper.

9.1 Introduction
The MARS-CT scanners are designed for use in various pre-clinical applications such as soft
tissue imaging (Melzer et al., 2008; Butler et al. 2008; Berg et al., 2009; Zainon et al., 2010b;
Butler et al., 2011b; Ronaldson et al., 2011c) and multiple contrast agents imaging (Butzer et
al., 2008; Anderson et al., 2010; Butler et al., 2011c). The requirements in terms of sample
size, spatial resolution, quantitative accuracy and precision differ by application. Thus, the
performance of this scanner has to be evaluated against the requirements of the intended
pre-clinical applications. Furthermore, as technical developments are implemented within new
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versions of the scanner, re-evaluation of the performance is necessary to confirm the
continuing accuracy of the system and the absence of technical problems such as electronic drift
or electromechanical inaccuracies that may be introduced by system upgrades.
The criteria for evaluating the performance of the MARS-CT systems have been inspired by
the quality control recommendations for clinical CT scanners in Report No.39 of the
American Association of Physicists in Medicine (AAPM, 1993). The report states there is a
need for scanner performance evaluation, scan parameter optimisation and a quality assurance
system to monitor scanner stability. The calibration phantoms used in this work were
designed and fabricated specifically for this purpose. The performance evaluation of the
MARS-CT3 system was evaluated in terms of spatial resolution, uniformity, pixel noise,
linearity, spectroscopic performance and dose measurement.

9.2 Materials and methods
9.2.1 MARS-CT system
The MARS-CT3 system was equipped with a single Medipix3 detector that was bump bonded
to a 300 µm Si sensor layer. It has a format of 256 × 256 pixels with a pitch of 55 µm.
This detector was operated in single-pixel mode. It was mounted within a fan-cooled MARS
camera readout box (Mars Bioimaging, Christchurch, New Zealand). The Source-Ray SB-801K x-ray tube (Source-Ray Inc, Ronkonkoma, New York) had a tungsten anode and included
1.8 mm of aluminium (equivalent) intrinsic filtration. The focal spot size was 33 µm and the
maximum accelerating voltage and tube current were 80 kVp and 1 mA respectively. The
magnification of the MARS-CT3 is adjustable via moveable x-ray detector and x-ray source
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platforms. The x-ray detector and x-ray source positions were held constant in this work to
provide a magnification factor of 1.44 and an isotropic voxel size of (38 µm) 3.

9.2.2 Scanning protocol and data processing
A scanning protocol with

250 projection angles was used to scan the phantoms for

performance assessment of the MARS-CT3 system. The measurements were performed with
the micro-focus x-ray source operating at 50 kVp and 0.5 mA with detector exposure times
that were chosen to give approximately 2000 counts per pixel in open beam. Flat-field
measurements for each detector position were taken before and after the sample scan to
compensate for variations in detector performance that occur over the duration of the scan.
The raw projection data obtained were then corrected and normalised using a combination of
the initial and final flat-field projection images. Frames were stitched to form large area
projections and sinograms formed from the normalised data. The sinograms were filtered
(Munch et al., 2009) to reduce ring artifacts before the CT images were reconstructed using the
Octopus commercial CT reconstruction software (Dierick et al., 2004). The reconstructed
images from the phantom data obtained from the MARS-CT3 system were stacked and
averaged to represent a slice thickness of 1 mm. A single reconstructed slice for each
biological specimen together with the 1 mm slice averages for the phantom data were
calibrated in HU using air and water references. The uncertainties on the CT numbers were
obtained by standard error propagation of the observed pixel noise.

9.2.3 Performance evaluation
Results from the preliminary study of atherosclerotic plaque imaging with the MARS-CT2
system (Chapter 7) showed that improvements in system performance were needed for a
quantitative study. Performance evaluation of the MARS-CT3 system was by measurement of
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the spatial resolution, image uniformity, pixel noise, linearity, spectroscopic calibration and
dose measurement. The calibration phantoms were fabricated to evaluate these aspects of
performance of the MARS-CT3 system.

9.2.3.1 Spatial resolution
The spatial resolution was determined from the MTF measured at the edge of a cylindrical
perspex phantom of diameter 10 mm with polished surfaces (Figure 9.1). The phantom was
scanned at 50 kVp with a threshold energy of 10 keV and reconstructions performed without
beam hardening correction. The reconstructed slices corresponding to a thickness of 1 mm
were stacked and averaged. The edge profile of the perspex-air boundary was numerically
differentiated and the MTF computed from the Fourier transform of the result. The resolution
corresponding to the spatial frequency at 10% MTF was determined.

Figure 9.1 The MTF phantom used in the measurement of spatial resolution of the system.
The diameters of the three sections from top to bottom were 5, 10 and 15 mm respectively.

9.2.3.2 Image uniformity
Image uniformity was evaluated by measuring the CT numbers at the centre and periphery of
a water phantom of diameter 15 mm with perspex walls of thickness 1.5 mm respectively. The
water phantom was scanned at 50 kVp with a threshold energy of 10 keV with the MARSCT3 system. CT reconstructions performed with simple polynomial beam hardening
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correction (Herman, 1979) for phantom data obtained. The reconstructed slices corresponding to
a thickness of 1 mm were stacked and averaged. The mean CT number and standard
deviation per pixel in regions of interest at the centre and near the periphery of the
reconstruction were determined and compared. The CT number profile through the centre of the
phantom was also evaluated and examined graphically.

9.2.3.3 Pixel noise
The pixel noise characteristics were analysed by measuring the relationship between pixel
noise and exposure from scans of a water phantom of diameter 15 mm with perspex walls of
thickness 1.5 mm. This phantom was scanned with a fixed tube voltage of 50 kVp and
threshold energy of 10 keV for a number of exposure (Q = current x time) settings. The
standard deviation, σ, of CT number for regions of interest (ROI) taken from CT
reconstructions corresponding to a slice thickness of 1 mm were used to evaluate the
relationship between noise and exposure. The graph of σ2 against Q-1 was examined to
determine the relative contributions of random (quantum) and systematic effects.

9.2.3.4 Linearity
A 10 mm diameter perspex phantom with 2 mm diameter inserts containing aqueous solutions
of calcium chloride at concentrations of 74.9, 147.0, 294.0 and 735.0 mg.ml-1 were used to
evaluate the linearity of the system. The calcium chloride phantom was scanned at 50 kVp
with threshold energy of 12.3 keV. The CT number response and standard uncertainty for
ROIs over the centre of each solution insert were calculated from the reconstructed images.
The relationship between signal intensity and calcium chloride concentration was determined
by linear regression.
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9.2.3.5 Spectroscopic calibration
The spectroscopic calibration was performed by scanning a 10 mm diameter perspex phantom with
2 mm diameter inserts containing: sunflower oil (fat surrogate), 3 mg.ml -1 of iodine Ultravist
300 (Bayer Schering Pharma, Berlin), 50 mg.ml-1 of ferric nitrate, 200 mg.ml-1 of calcium
chloride, air and water. For brevity, the ferric nitrate, calcium chloride, sunflower oil and iodine
are represented as ‘Ca’, ‘Fe’, ‘Oil’ and ‘I’ in the following sections. The multicontrast phantom
was scanned at 50 kVp with threshold energies of 9.8, 15.1, 20.4, 25.6, 30.9 and 36.2 keV. The
CT number response and uncertainty for ROIs over the centre of each material insert were
calculated from the reconstructed images. The CT number was plotted against threshold
energies for each material. The ability to distinguish material types was confirmed by
comparing the spectroscopic CT responses.

9.2.3.6 Dose measurement
A pencil shaped ionisation chamber (Unfors Xi CT) was used to measure the dose rate in air
at the isocentre of the MARS-CT3 system. The micro-focus x-ray source and x-ray detector
were set at the same positions as for phantom and specimen imaging. The pencil chamber
dosimeter was placed at the isocentre of the scanner. Tube voltages of 35 kVp, 50 kVp,
80 kVp and tube currents of 100 µA, 500 µA, 1000 µA were used to acquire integrated doses
over 10 s from which the dose rates were obtained. The dose rates at different kVp were
measured to quantify the x-ray exposure to be expected under different scanning conditions.

9.2.4 Demonstration with biological specimens
Two biological specimens were scanned to demonstrate the performance of the MARS-CT3
system. A human femoral plaque set in resin (Craftsmart liquid gloss, CraftSmart Australia,
Glayton North, Australia) was scanned at 50 kVp with threshold energy of 9.8 keV.
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An Apo-E deficient mouse was injected with iodine contrast agent into the tail vein and
euthanised a few minutes later. A CT scan of the abdominal region was taken at 50 kVp and
threshold energy of 9.8 keV.

9.3 Results
9.3.1 Spatial resolution
Figure 9.2 shows the MTF phantom image and the graph of line spread function (LSF) and
MTF. The MTF falls to 10% of its maximum at a spatial frequency of 8.8 mm-1 equivalent to a
resolution of 110 µm. The spatial resolution of the system (110 µm) is sufficient to allow
imaging of most objects within small animal models and human specimens.

Figure 9.2 (Top) A reconstructed image of perspex phantom used for evaluation of spatial
resolution. (Bottom left) The LSF and (bottom right) MTF measured at the edge of the perspex
phantom. The MTF falls to 10% of its maximum value at a spatial frequency of 8.8 mm-1. The
phantom was scanned at 50 kVp with threshold energy of 9.8 keV.
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9.3.2 Image uniformity
Figure 9.3 shows the reconstructed slices from the uniformity phantoms with mean CT
numbers for ROIs located at the centre and near the periphery. The signal intensity profile taken
through the centre of water phantom is presented. The mean CT number and standard deviation
values range from -11.8 to +11.4 HU and from 23.5 to 35.8 HU respectively. The CT number
profile through the water phantom is essentially uniform and located near 0 HU for the region
containing water.

(a)
Figure 9.3

(b)

(a) A reconstructed slice of a 15 mm diameter water-filled phantom with CT

response uniformity (after beam hardening correction) measured at the centre and near the
periphery. (b) The CT number profile through the centre of the phantom. The phantom was scanned
at 50 kVp with a threshold energy of 9.8 keV.
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The standard uncertainty (JCGM, 2008) due to residual non-uniformity after beam hardening
correction is 6.7 HU. It is computed as shown in Equation (9.1).

𝜎𝑢 =

11.4+11.8
2∙ 3

HU = 6.7 HU

(9.1)

ߚ

9.3.3 Pixel noise
Pixel noise describes the extent of the variation in CT number in an image of a uniform
medium. It is a critical limiting factor in CT since much soft tissue detail is low contrast in
nature (AAPM, 1993). Figure 9.4 shows the water phantom images scanned with different
exposures at 50 kVp.

Figure 9.4 CT slices of the water phantom obtained at different exposure times: 250 mAs, 100 mAs,
50 mAs and 25 mAs. The CT image noise depends on the number of x-ray photons contributing to the
image.

Figure 9.5 shows quantitative measurement of the pixel noise variance (σ2) in the
reconstructed images as a function of reciprocal exposure (Q-1). Noise variance is
approximately linear (R2 = 0.994) with reciprocal exposure:

𝜎 2 = 157.6 HU + 165.4 HU2 mAs x 𝑄 −1

(9.2)
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Figure 9.5 Graph of noise variance, σ2, against reciprocal exposure Q-1 from scans of a
15 mm diameter water phantom. The noise variance is approximately linear (R2 = 0.994) with
reciprocal exposure.

9.3.4 Linearity
The CT reconstruction of the linearity phantom and the CT number response to the calcium
chloride solutions of various concentrations are shown in Figure 9.6. Regression analysis
indicates that the system is linear over the range of concentrations up to 294.0 mg.ml-1
(R2 = 0.997). Beyond this concentration, corresponding to a CT number of approximately
2000 HU, the CT number response is underestimated.
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(b)

(a) The reconstructed CT image of the phantom with air, water and calcium chloride at

concentrations of 74.9, 147.0, 294.0 and 735.0 mg.ml-1 and (b) the measured CT numbers, S, as a
function of calcium chloride concentration, C. The phantom was scanned at
50 kVp with a threshold energy of 12.3 keV.

9.3.5 Spectroscopic calibration
The CT reconstructions of a multi-contrast phantom and the measured CT numbers versus
threshold energies for each material are shown in Figures 9.7 and 9.8.

Figure 9.7

(a)-(f) Spectral CT reconstructions of a perspex phantom containing Ca, Fe, I, oil,

water and air at six different energies. The photoelectric and Compton effects that contribute to
spectral response in attenuation are energy and material dependent.
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Figure 9.8 The spectral dependence of the CT values of Ca, Fe, I, oil and water.
Additional attenuation measurement obtained at different energies allowing the differentiation of
materials.

9.3.6 Dose measurement
Figure 9.9 shows the relationship between dose rate measured in mGy.s-1 and tube current in
mA. Phantom and specimen imaging in this study were performed with 50 kVp and 0.5 mA
corresponding to a received dose rate of 1 mGy.s -1. Increasing the current increases the
radiation dose rate proportionally.

Figure 9.9
of current.

The dose rate measured at the isocentre for different tube voltages as a function
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9.3.7 Demonstration with biological specimens
Two biological specimens were scanned to demonstrate the performance of the MARS-CT3
system. Figure 9.10 shows single slice CT images of a human femoral plaque in resin
(Craftsmart liquid gloss, CraftSmart Australia, Glayton North, Australia) and the abdominal
region of a euthanised mouse with kidneys enhanced using iodine contrast agent. The mouse was
injected with iodine contrast agent into the tail vein and euthanised a few minutes later. These
specimens were scanned at 50 kVp with threshold energy of 10 keV. These images show
acceptable image quality for soft tissue imaging. The scanning of animal and human tissue was
approved by regional ethics committees - Human Ethics (URB/07/02/001) and Animal Ethics
(University of Otago Animal Ethics Approval C8/07).

Figure 9.10

A single slice of femoral plaque in resin and the abdominal region of a

euthanized mouse with kidneys enhanced using iodine contrast agent.

9.4 Discussion
9.4.1 Spatial resolution
Spatial resolution is defined as the size of the smallest possible feature that can be detected by
an imaging system. The spatial resolution properties of an imaging system may be described
by its MTF. MTF describes the variation of apparent contrast that is recorded by the imaging
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system as a function of spatial frequency. As for clinical CT, the spatial resolution of the
micro-CT system is affected by various physical parameters such as the focal spot size, the
detector element size, the magnification ratio, the reconstruction algorithm and detector
resolving power (Holdsworth et al., 1993).
The spatial resolution of the MARS-CT3 system is 110 µm at the magnification ratio of 1.44
is sufficient for pre-clinical examinations such as scans of tissue samples, organs or small
animals that are used as models to evaluate human diseases. In atherosclerotic plaque study,
this configuration system may not be able to resolve the iron deposits or fine microcalcification with a single energy measurement (Langheinrich et al., 2009). The detection of
iron deposits in the plaque can be differentiated from their morphological features at voxel
sizes up to (200 µm)3 with multi-energy measurements (Wang et al., 2010). In this case, the
detection of iron deposits in the plaque is not limited to the spatial resolution of the system.
However, better spatial resolution might be obtained from the MARS-CT3 system by using a
higher magnification ratio or an x-ray tube with a smaller focal spot size.

9.4.2 Image uniformity
The CT number profile through the water phantom is essentially uniform. Ideally, the same
attenuation coefficient should be recorded for a homogenous material regardless of the
measurement position within a reconstructed slice. However, some systematic effects such as
beam hardening that occurs with polychromatic sources cause cupping artefacts in the
reconstructed slices and require specific corrections to the data prior to reconstruction
(Herman, 1979). The polynomial beam-hardening correction reduces the cupping artifacts and
improves the uniformity of CT image.
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9.4.3 Pixel noise
Image noise is the random fluctuations of pixel counts in a region that receives the same
radiation exposure as another. The statistical fluctuation of CT numbers within a homogenous
region of interest contributes to the measurement uncertainties of derived quantities such as
linear attenuation and material composition. Statistical noise particularly affects the ability to
detect low contrast materials (Lin et al., 1993). The amount of random quantum noise present in
the reconstructed image depends on scan parameters such as mAs and ideally other sources of
system error should be relatively insignificant (Kalender, 2001).
As expected image pixel noise increases with decreasing tube current. The tube kilovoltage and
current affect both image contrast and dose delivered to the object. Therefore, these
technical parameters must be selected carefully to provide adequate CNR at minimal dose. A
tube voltage of 50 kVp was chosen for this study because the focus is on soft tissue imaging and
other studies also used the same tube voltage for this application (Zhu et al., 2009; Zhang et al.,
2010). The use of a higher tube voltage would reduce contrast resolution for soft tissues whereas
the x-ray flux obtained with lower voltages would be insufficiently penetrating and beam
hardening effects would become significant.
The general form of the relation between pixel noise and exposure obtained from our results
(Figure 9.5) concur with the established result that image noise is inversely related to the
square root of exposure Q (Judy et al., 1977; Lin et al., 1993; McNitt-Gray, 2006). Total
measured pixel noise can be written as the quadrature summation of random quantum noise
and system noise (Du et al., 2007; Zhu et al., 2009). The systematic component of the noise is
given by the intercept (12.6 HU) of Figure 9.5. For low exposure measurements, the
contribution from random quantum effects will dominate the total noise of the system whereas
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the systematic contribution will limit the performance of the MARS-CT3 system for higher
exposures.

9.4.4 Linearity
Linearity is important for quantitative applications such as the analysis of blood clots and
calcium deposits in atherosclerotic plaque (Langheinrich et al., 2007; Hyafil et al., 2007),
fat or iron in the metabolic syndrome (Luu et al., 2009) and improved detection of
microcalcification in breast cancer

(Lemacks et al., 2002). These specific tasks require

accurate CT numbers to be able to distinguish different types of tissues. The linear range of
the MARS-CT3 system operated at 50 kVp extends to approximately 2000 HU which is
adequate for most soft-tissue materials. However, the CT numbers of more highly attenuating
materials may not be accurately measured by the system in its current configuration.

Optimisation of scanning parameters such as peak voltage and selection of energy bins will be
required for acceptable performance in some applications. As well as the beam hardening
mentioned above, it can cause an artificial reduction in the measured attenuation values that
appear as dark bands or streaks between dense objects. The magnitude of the effect depends on
the thickness, density and atomic number of tissues in the ray path (Judy et al., 1977). The
Source-Ray x-ray tube used for this work includes filtering equivalent to 1.8 mm aluminium
that is designed to remove the low energy portion of the spectrum and thereby reduce beam
hardening effects. Nevertheless, beam hardening streaks are evident in the measurements of the
calcium chloride linearity phantom (Figure 9.6).

9.4.5 Spectroscopic calibration
Spectral CT imaging is becoming an important pre-clinical technique for determining material
types (Schlomka et al., 2008; Anderson et al., 2010). Spectral CT is able to discriminate and
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quantify materials according to differences in the energy dependence of their attenuation
coefficients. The x-ray attenuation properties are energy and material dependent. The
spectroscopic characteristics of CT number measured with the MARS-CT3 system are
consistent with the energy dependent attenuation coefficients of the test materials (Ca, Fe, I,
oil and water).
At low energies the CT number response for the higher-Z materials is much greater than that
of water due to the strong influence of the photoelectric effect at these energies. With
increasing energy the CT numbers for these materials decrease as the relative contribution of
the photoelectric effect reduces and Compton scattering becomes more significant. The CT
numbers of the lower-Z materials increase with energy. The CT number for iodine increases
with energy due to the influence of the K-edge at 33.2 keV. The reference materials within the
phantom are relevant to pre-clinical spectral CT research. It is therefore expected that a basis
for quantification can be established for the analysis of tissue specimens and small animal
models (Zainon et al., 2011).

9.4.6 Dose measurement
The issue of radiation exposure is generally not a problem for in vitro measurements of samples
such as surgical specimens or dead specimens. The dose rate measurement at the isocentre of the
scanner for specimen and phantom imaging in this study is 1 mGy.s -1. This dose rate is
acceptable for in vitro imaging of specimens but must be taken into account when imaging live
biological systems such as intact specimens and live animals.
The radiation dose depends in tube current (amperage), scan time and tube peak kilovoltage.
Findings of our measurements are in good agreement with the expectation that a 50%
reduction in mA produces a 50% reduction in dose and it also shows that image noise
increases by 40% with this condition. Another aspect that affects radiation dose is the tube
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voltage. Increasing the tube voltage increases the intensity and mean energy of the x-ray
output thereby increasing the radiation dose rate at the sample. Furthermore, higher energy xrays are more penetrating and there will be a consequent increase in the intensity of the x-ray
flux that passes through the object to reach the detector.

9.5 Conclusions
The performance of the MARS-CT3 scanner has been evaluated. Phantoms were fabricated
for evaluation of image quality such as spatial resolution, uniformity, pixel noise, linearity,
spectroscopic performance and dose measurement in MARS-CT3 system. The performance of
the MARS-CT3 system was found to be acceptable for our soft tissue imaging research
applications. System spatial resolution is investigated in terms of MTF and it falls to 10% of its
maximum value at a spatial frequency of 8.8 mm-1. This corresponds to a spatial resolution of
110 µm.
The uniformity result from the MARS-CT3 system shows that the CT number profile through
the phantom is essentially uniform. The noise variance is inversely related to the reciprocal of
exposure. The linear range of the MARS-CT3 system extends to approximately 2000 HU due
to the beam hardening effect. It is adequate for most soft-tissue materials but the CT numbers
of more highly attenuating materials may not be accurately measured by the system in its
current configuration. Corrections for beam hardening and ring artefacts are required for
accurate results. Further optimisation of system parameters will be required for specific
applications.
The spectroscopic response of CT number is characteristic of the relevant test materials. The
received dose rate at the isocentre is 1 mGy.s-1 with 50 kVp and 0.5 mA settings. The overall
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performance of the MARS-CT3 system is demonstrated in cross-sectional images of human
femoral plaque and mice. The image quality is acceptable for soft tissue imaging.
At present, several MARS-CT systems have been developed each with particular
improvements in software and hardware. The calibration phantoms used in this study allow
these measurements to be repeated for these spectral micro-CT systems on a regular basis as
part of a routine quality assurance program.

9.6 Summary
1.

The physical performance characteristics of the MARS-CT3 system have been
evaluated and found to be acceptable for our soft tissue imaging research applications.

2.

Calibration phantoms were used to evaluate various image-quality parameters
including spatial resolution, image uniformity, pixel noise, linearity, spectral response
and dose rate at the isocentre.

3.

The calibration phantoms used in this study allow these measurements to be
repeated on a regular basis, as part of a routine quality assurance.
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Chapter 10
Material decomposition with spectral CT imaging
This chapter describes the application of a technique for determining material composition
using spectral CT imaging. The technique uses linear algebra to model the effective
attenuation measured by spectral CT in terms of a number of basis materials. The
effectiveness of the method for quantifying components to be found in atherosclerotic plaques
with and without additional linear constraints is described. This work involves the evaluation of
the system linearity and spectroscopic response. Examples of material decomposition
applied to spectral CT images are also given in this chapter. This work has been presented at the
World Congress on Technology and Engineering: Bioinformatics and Biomedical
Engineering Conference in Shanghai, China (Zainon et al., 2011).

10.1 Introduction
Spectral CT is a new trend in x-ray CT that expands the single energy measurement of CT to
multiple energies. The potential to use spectral information from x-ray beams was first
reported in the mid 1970s. The early work focused on material decomposition of the linear
attenuation coefficient into contributions from the photoelectric process and the Compton
effect with two spectrally distinct measurements (Alvarez & Macovski, 1976).
In recent years, the development of spectroscopic photon-counting detectors have opened up
new possibilities for improving material-specific imaging with spectral (multi-energy) CT.
The signal output in integrating detector is dependent on the energy flux integrated over the
entire x-ray spectrum. Therefore, no element-specific attenuation profiles with characteristic
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photon energy distributions can be obtained. In contrast, spectral CT with the use of
energyresolving photon-counting detectors is capable of extracting quantitative information
about the elemental, molecular information of tissues and contrast materials on the basis of
their attenuation properties (Schlomka et al., 2008; Anderson et al., 2010; Aslund et al.,
2010; Shikhaliev & Fritz, 2011; Wang et al., 2011b).
Quantitative approaches for pre-clinical material decomposition using spectral CT imaging
have been published and most of the studies focus on rigorous basis decomposition methods
(Firsching et al., 2004; Roessl & Proksa, 2007; Schlomka et al., 2008; Shikhaliev, 2008; Liu et
al., 2009; Butler et al., 2011a). Firsching et al. (2004) developed a technique to reconstruct the
stoichiometric composition of the material examined with a maximum likelihood
estimation approach. This method uses vector space transformations to calculate the effective
areal density for each considered material inside the object.
On the other hand, Roessl and Proksa (2007) presented the theory of projection-based
material decomposition from energy-binned photon-counting data in imaging K-edge material.
The image processing described in this study is based on an extension of the dualenergy method first introduced by Alvarez and Macovski (1976) to a higher number of basis
components. They demonstrated this technique using simulated images of an atherosclerotic
coronary vessel filled with gadolinium-based contrast agent. The images resulting from the
energy-selective measurements and maximum likelihood-based pre-processing showed the
differentiation between various basis components including images showing only the contrast
agent. In this work, gadolinium was used as contrast agent but other high-Z materials are
feasible. A year later, Schlomka et al. (2008) proved the feasibility of spectral CT imaging
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to differentiate multi-contrast agents simultaneously with the use of energy discriminating
detectors with more than two energy bins.
Three-material decomposition developed by Liu et al. (2009) can measure elemental
concentrations and mass fractions under low noise imaging conditions using dual-energy CT.
The algorithm is based on mass-conservation and they demonstrate that the proposed method is
heavily dependent on the dual-energy ratios of the two elements in the mixture. Factors that
affect CT number accuracy such as beam hardening, scatter and the partial volume effect
might produce an error in material analysis. In the same case, Kelcz et al. (1979) also reported
that errors in material analysis due to errors in CT number measurements may be amplified
especially if the dual-energy ratios of the two elements are close. Therefore, they highlighted
that the most critical factor in material mass-fraction decomposition is the difference in dual
energy ratios of the two elements in the tissue.
Butler et al. (2011a) demonstrated that spectral CT imaging can differentiate multiple contrast
agents and background tissues in the intact non-living mouse using PCA. The goal of PCA is
to identify linearly independent patterns of variance within a data set. The analysis is
performed on acquisitions taken of the same object in different spectral bands. The PCA
method leads to a representation of the data in several components that span a majority of the
variance. Results show that it allows the separation of spectral data into different channels:
background tissues and different contrast agents. This implies that multiple radiographic
contrast materials could be given at different time points of an examination but imaged at a
single phase.
In this work, a linear algebra technique is proposed to decompose spectral CT images into
basis material images and thereby differentiate atherosclerotic plaque components.
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The MARS-CT3 scanner has been calibrated experimentally with phantoms containing known
solutions of clinically relevant materials and the resulting spectroscopic CT data analysed to
determine the feasibility of the proposed analysis method.

10.2 Theory
CT numbers are effective linear attenuation values measured in reconstructed voxels and
scaled (Brooks, 1977) so that by definition CTair = -1000 HU and CTwater = 0 HU.

𝐶𝑇 =

𝜇 − 𝜇𝑤𝑎𝑡𝑒𝑟
1000
𝜇𝑤𝑎𝑡𝑒𝑟 − 𝜇𝑎𝑖𝑟

(10.1)

The CT number measurements can be transformed into values that are directly proportional to
the attenuation coefficients of the unknown materials. For µair << µwater we obtain:

𝑧 = 1+

𝐶𝑇
1000

≈

𝜇
𝜇 𝑤𝑎𝑡𝑒𝑟

(10.2)

In cases where beam-hardening and scattering are negligible Beer’s Law applies and the
effective linear attenuation coefficient of a mixture of material components xi, i = 1…M is the sum
of the attenuation coefficients for the individual components.

𝑧=

Σ𝑖 𝜇𝑖 𝑥𝑖
𝜇𝑤𝑎𝑡𝑒𝑟

(10.3)

Measuring the CT numbers of a set of material components at multiple energy thresholds
j = 1…N allows us to write a linear matrix equation for the transformed variables [zj] in terms of
the (unknown) composition [xi] and a spectroscopic calibration matrix A with errors which ϵ we
will assume follow a Gaussian distribution:
𝒛= 𝐀 ∙𝐱+ ϵ

(10.4)
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Constraints can be built into the expression above by augmenting it with additional linear
equations. From an initial estimate of the composition x0 and its covariance P0, the optimal
solution (Rodgers, 1996) for the updated composition x1 and covariance P1 given a
measurement z with covariance Cz is:

(10.5)
(10.6)

The effectiveness of the measurement may be measured by the reduction in information
entropy, δH, of the covariance matrix P1 and by the increase in the effective number of
degrees of freedom of the system. The information entropy is a logarithmic measure of the
volume of the uncertainty covariance with change after measurement given by:

(10.7)
The effective number of degrees of freedom for the fitted composition measures the number of
components recovered by the measurement and is given by the trace of the hat matrix:

(10.8)

10.3 Materials and Methods
10.3.1 Spectral CT system
The MARS-CT scanner comprises a Source-Ray SB-80-1K micro-focus x-ray tube (SourceRay Inc., Ronkonkoma, New York) and a Medipix3 detector within a rotating gantry driven
by computer-controlled stepper motors. The Medipix3 photon-counting detector is bump
bonded onto a 300 µm thick silicon sensor layer and configured in 55 µm fine-pitch mode.

Chapter 10: Material decomposition with spectral CT imaging

143

The CT gantry has the facility for providing variable magnification via movable camera and
source platforms. For this work the source-to-detector and source-to-object distances were held
constant to provide a magnification factor of 1.44 and a CT reconstruction voxel size of
(38 µm)3.
The measurements were performed at 50 kVp and 0.5 mA with detector exposure times that were
chosen to give approximately 2000 counts per pixel in open beam. Large area projection images
at each angle were obtained by moving the detector and tiling the individual images in software.
Flat-field measurements for each detector position were taken before and after the sample scan to
compensate the variations in detector performance over the duration of the scan. The raw
projection data obtained were then corrected and normalised using a combination of the initial
and final flat-field projection images. Frames were stitched to form large area projections and
sinograms formed from the normalised data before reconstructing the CT slices using the
Octopus commercial CT reconstruction software (Dierick et al., 2004).

10.3.2 Linearity
A perspex phantom of 10 mm diameter containing aqueous calcium chloride solutions of various
concentration 74.9, 147.2, 294.0 ad 735.0 mg ml-1 was used to evaluate the linearity of the system
response with calcium concentration. It was scanned at 50 kVp with threshold energy of 12.3
keV. The CT number and standard deviation for each concentration were measured in Hounsfield
units for an ROI placed manually over each solution insert. The relationship between CT number
and calcium chloride concentration was determined by linear regression analysis.

Chapter 10: Material decomposition with spectral CT imaging

144

10.3.3 Spectroscopy
A perspex phantom of 10 mm diameter containing ferric nitrate, calcium chloride, sunflower
oil, iodine, air and water was used to evaluate the spectroscopic CT number response for
different materials. The phantom was scanned at 50 kVp with threshold energies of 9.8, 15.1,
20.4, 25.6, 30.9 and 36.2 keV. The CT number and standard deviation for each material were
measured in HU for an ROI placed manually over each solution insert. The relationship
between CT number and detector threshold energy was evaluated graphically.

10.3.4 Materials Analysis
The spectroscopic CT number response for each material was transformed as described above
to be proportional to the material attenuation coefficient. For sunflower oil and water the
response was expressed in terms of a unit volume of the liquid at room temperature. For the
dissolved species (Ca, Fe, I) we expressed the response in terms of the attenuation of the
species alone.

(10.9)

(10.10)

where C is the molar concentration of the dissolved species.
Response matrices were assembled for measurement scenarios with different sets of
unknowns: (i) {Ca, Fe, Oil, Water}; (ii) {I, Oil, Water}; (iii) {Oil, Water}. An optional
volume conservation constraint was also included: V oil + Vwater = constant. The change in
information entropy and the number of degrees of freedom obtained were calculated for
measurements using up to six energies for both the constrained and unconstrained systems of
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(covariance matrix) before measurement was

defined to be P0 = I. For each scenario the expected covariance matrix after measurement P1
was calculated using the appropriate response matrix A and an input data covariance matrix
Cz computed assuming standard measurement uncertainties of 10 HU on the CT number data.
The change in information entropy after a set of measurements was computed from the
determinant of the updated covariance matrix P1:

(10.11)
The number of degrees of freedom of the system after a set of measurements was computed
from the trace of the hat matrix as described previously.

10.4 Results
10.4.1 Linearity
Figure 10.1 shows a CT reconstruction of the linearity phantom and the graph of CT number as
a function of increasing calcium chloride concentration. The result of the linear regression
shows that the system is linear over the range of concentrations to at least 294.0 mg.ml-1 with
R2 of 0.997. It is not linear up to the highest concentration of calcium chloride
(735.0 mg.ml-1).
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(b)

Figure 10.1 (a) A reconstructed CT image of the perspex phantom with solutions of
different concentrations of calcium chloride acquired with a threshold energy of 12.3 keV and a tube
voltage of 50 kVp. (b) The measured CT numbers as a function of concentration. There is a linear
increase in attenuation with increasing calcium chloride concentration to ~300 mg.ml-1
corresponding to a CT number of ~2000 HU (R2 = 0.997). The standard uncertainties for the
measured data are in the range 10 HU.

10.4.2 Spectroscopy
The CT reconstructions for all six energy thresholds are shown in Figure 10.2. The higher-Z
materials such as Ca and Fe show stronger decreases in attenuation than that of water, with
increasing energies due to strong influence of the photoelectric effect at lower energies.
As the energy increases the relative contribution of the photoelectric effect reduces and
Compton scattering becomes more significant.

The iodine solution exhibits strong attenuation at 33.2 keV due to the influence of the K-edge
of iodine and this can be seen on the CT images and on the spectral graph
(Figures 10.2 and 10.3). The light materials (lower density) such as oil, water and perspex have
larger hydrogen content and the attenuation of these materials is dominated by Compton scatter.
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Figure 10.2 Spectral CT reconstructions of a perspex phantom containing Ca, Fe, oil, water and
air. Data were acquired with a tube voltage of 50 kVp and six threshold energies.

Figure 10.3 The material-specific CT numbers of materials tested (Ca, Fe, I, oil and water) plotted
versus photon energy. The spectroscopic response to the materials tested is consistent with the
energy dependent attenuation coefficients for those materials. The standard uncertainties for
each data point are 10 HU.
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10.4.3 Material analysis
Results from linearity and spectral analysis demonstrate that the response of the CT system is
approximately linear up to ~2000 HU for our sample size and it can measure the
spectroscopic response for different materials of interest effectively. Therefore, quantification of
materials of interest within atherosclerotic plaques can be performed with this system. The
cumulative information entropy and the number of degrees of freedom after a sequence of up to
six measurements at different threshold energies for both the unconstrained and constrained
systems of equations are given in Figure 10.4.
The unconstrained measurements of {Oil, Water} recover two degrees of freedom after the
first three spectroscopic measurements have been made. The full number of degrees of
freedom for the {I, Oil, Water} case are recovered only after six spectroscopic measurements.
For the constrained system, the full number of degrees of freedom for these two scenarios is
quickly recovered after only the first and third spectroscopic measurements respectively. The
full number of degrees of freedom for {Ca, Fe, Oil, Water} are never recovered with either
system of equations. In all cases the information entropy is significantly improved by the use
of volume constraints.
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Figure 10.4 (a) The cumulative information entropy (solid lines) and number of degrees of freedom
(dashed lines) retrieved by a sequence of spectral CT measurements for an unconstrained
system. (b) The cumulative information entropy and number of degrees of freedom for a system
including volume constraints on oil and water.

Figure 10.5 shows the CT images of basis materials obtained from the proposed technique.
The materials were decomposed into four basis functions: high-Z, K-edge (iodine), low-Z and
water. The high-Z image is dominated by the photoelectric effect and Fe and Ca are the most
prominent in the high-Z image. Iodine is distinguished from the other high-Z materials by its
K-edge and it is shown separately in the K-edge image. The Compton effect is more dominant
in the low-Z image and this distinguishes oil and the perspex. The water image is
characterised by the contributions of both Compton and photoelectric effects and water is
most visible in this image. The basis material decomposition can distinguish high-Z material,
low-Z material and K-edge material in the reconstructed images from spectral information.
However, the method is unable to distinguish Fe and Ca independently in the energy range of
interest.
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As can be seen in the images, there are some ring and beam hardening artifacts. The ring
artifacts are due to pixel-to-pixel variations of the threshold positions while the beam
hardening effects appear on the reconstructed image as streaks and shadows.

(a)

(b)

(c)

(d)

Figure 10.5 Material-selective images obtained from the proposed technique. (a) Fe and Ca,
(b) K-edge material (iodine), (c) water and (d) oil images.

10.5 Discussion
In this study, we demonstrated that multi-material decomposition is experimentally feasible
with our Medipix3 energy-resolving photon-counting detector. Recently there has been a
noticeable trend towards quantitative micro-CT imaging (Schladitz, 2011). Our spectral
micro-CT scanner with energy-resolving photon-counting detector takes advantage of the
detector capability to produce basis material images with spectral CT measurements. This
evaluation was performed with phantoms containing surrogates for materials found in
atherosclerotic plaque. The system linearity and spectral analysis were evaluated before
performing basis material decomposition. The linearity measurements indicate that the system
response is linear up to ~300 mg.ml-1 of calcium chloride corresponding to a CT number of
~2000 HU. The beam hardening effects limits the linearity of the system at higher
concentrations.
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The spectroscopic response to the materials tested (Ca, Fe, I, oil and water) is consistent with
the energy dependent attenuation coefficients for those materials. At low energies the CT
number response for the higher-Z materials is much greater than that of water due to the
strong influence of the photoelectric effect at these energies. With increasing energy the CT
numbers for these materials decrease as the relative contribution of the photoelectric effect
reduces and Compton scattering becomes more significant. The CT number for iodine
increases with threshold energy due to the influence of the K-edge at 33.2 keV.
The spectral measurements contain information about the spectral dependence of the x -ray
absorption in the object and can be used to extract information about elemental composition
of the object. Using the volume constraint based algorithm described in this study, we
demonstrate that the linear method for materials analysis performs well for up to three
materials {Ca/Fe, Oil, Water}. In the absence of a K-edge, the effective atomic numbers and
densities are the keys to distinguishing these materials. The effective atomic number and
density determine the relative contributions of the photoelectric and Compton effects. The
energy dependence of the resulting attenuation curves forms the basis for separating these
materials.
Alternatively, with the presence of K-edge material, the linear method for material analysis
can categorised materials into four categories: K-edge material (e.g., iodine), high-Z materials
(e.g., Ca, Fe), low-Z materials (e.g., oil) and others (e.g., close to water). In this case, the
material with K-edge features readily identifiable K-edge effects in the energy range of
interest and demonstrates different energy dependence from those without K-edges. Thus, this
phenomenon facilitates the material separation in the energy range investigated.
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The most significant limitation found in this study is the inability to simultaneously
distinguish the four material unknowns: Ca, Fe, oil, and water. The material analysis is unable to
return the full number of degrees of freedom even with the use of six energy thresholds. The
differentiation of Fe from Ca is more challenging because neither material has a K-edge within
the energy range investigated and exhibit then similar Compton and photoelectric
contributions to their attenuation coefficients over the energy range investigated. The
proposed algebra technique can be used to distinguish the atherosclerotic plaque components
such as differentiation of lipid from the soft tissues. However, to distinguish both Fe and Ca
may require further work to investigate the impact of additional energy thresholds and/or
alternative constraints such as mass conservation (Liu et al., 2009).
A lesser problem is the appearance of some ring and beam hardening artifacts on the
reconstructed images. These artifacts in the reconstructed spectral CT images propagate
through to the differentiated material images. Image quality must be improved to reduce this
problem.

10.6 Conclusions
The linearity of the MARS-CT system and the calibration of spectroscopic response for
different materials of interest have been evaluated prior to material quantification analysis.
Results from these measurements indicate that spectral CT can be applied to a range of
materials found in atherosclerotic plaques up to approximately 2000 HU. Material analysis is
viable using the proposed linear algebra method for a number of material combinations and the
efficacy of the method is improved with the use of appropriate volume constraints.
However the method may not be able to simultaneously distinguish Fe, Ca, oil and water
without additional data or constraints.
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10.7 Summary
1.

Over the range of clinically relevant energies, x-ray attenuation is caused by the
combination of the photoelectric and Compton effects. These two mechanisms are
both energy and material-dependent. Material differentiation and elemental
decomposition is therefore possible with spectral CT.

2.

The linearity and spectroscopic response of the MARS-CT system was found to be
acceptable for atherosclerotic plaque material decomposition. The linear algebra
technique proposed in this study is able to quantify materials such as {Oil, Water},
{I, Oil, Water}, {Ca, Oil, Water} and {Fe, Oil, Water}. The efficacy of the method is
improved with the use of appropriate volume constraints.

3.

For the case of four material unknowns {Ca, Fe, Oil and Water}, this study shows that
the analysis needs additional information or constraints to independently distinguish
these materials.
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Chapter 11
Characterising ex vivo human carotid arteries with the
MARS-CT3
This chapter presents a study of the potential of the MARS-CT3 scanner for characterising
ex vivo atherosclerotic plaques. The results of the spectral CT examinations are compared to
histology. The first section of this chapter presents a phantoms study designed for evaluating
the parameters for ex vivo atherosclerotic plaque imaging. It is followed by a description of
the methods for preparing specimens, specimen imaging, image processing, image analysis
and histological examination. The analysis and results of the experimental work are then
presented in the following section. This chapter also describes the limitations of this study.
The findings of this study are given in the conclusion. The final section summarises the main
points of this chapter.

11.1 Introduction
The morphological features and composition of atherosclerotic plaque have been suggested as
a complement to luminal narrowing for assessment of plaque vulnerability (Ross, 1999). The
presence of lipid or haemorrhage in carotid plaques has been shown to be a risk factor for
producing carotid occlusion (Bornstein et al., 1990). Carotid artery plaques with a large lipid
core are also considered to represent an increased risk for stroke. The vulnerable plaque is
considered to be a plaque with less calcification but with substantial fibrous and lipid
components. The non-invasive identification of high-risk or vulnerable atherosclerotic
plaques is one of the ultimate goals of imaging. It would dramatically improve risk
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stratification of both symptomatic and asymptomatic patients. Primary prevention includes
changes in lifestyle or drug therapy especially in patients at high risk of a cardiovascular event
(Pasterkamp et al., 2000).
Previous studies have shown that non-invasive in vivo imaging of atherosclerotic plaques
holds promise for clinical decision-making and treatment. Multiple non-invasive imaging
modalities such as CT (De Weert et al., 2006) and MRI (Larose et al., 2005; Yuan et al.,
2006) have been used to detect and classify plaque either in vivo or experimentally. Current
clinical CT systems cannot identify iron deposits as a marker of intraplaque hemorrhage
(Knollman, 2008). These limitations are due to lack of spatial resolution. At the required
resolution, most clinical CT systems suffer from the partial volume effect due to the large
detector pixel size compared with the small hemorrhage deposits ((10 µm)3 to (100 µm)3) in
human atherosclerotic plaque (Langheinrich et al., 2007). Calcified plaque characterisation is
also impaired by beam-hardening artefacts.
A major challenge in using iron as an imaging marker of vulnerable plaque is the
co-localisation of iron and calcium deposits. It is difficult to detect and distinguish these two
components using low resolution conventional CT systems equipped with standard integrating
detectors. However, differentiation of iron deposits from co-localised calcium as a marker for
hemorrhage inside individual plaques might be possible using spectral CT. The multiple
energy datasets measured by spectral CT allow material differentiation according to their
spectroscopic attenuation properties.
Secondly, the iron deposits in vulnerable plaque are very small. Therefore, the detection of
iron deposits requires high spatial resolution. Although haemorrhage has been detected in
mouse atherosclerotic plaques using dual-energy micro-CT (Langheinrich et al, 2007) and
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MRI (Chu et al., 2004), in general, vulnerable plaques in humans are unable to be detected
using current imaging techniques. Moreover, the use of MRI is expensive and time
consuming, and not sufficiently available for population-wide use.
Recently, the development of new targeted nanoparticle contrast agents has led to molecular
imaging of specific plaque components (Cherry, 2004). The nanoparticle contrast agents are
usually used to detect the plaque inflammation. However, there are several challenges in this
field including the lack of standardised evaluation of new CT contrast agents, the cost of the
agents and the need to prove the biocompatibility (Cormode & Fayad, 2011). It has been
suggested that studies must be performed to evaluate the toxicity and excretion rates of these
agents.
This study focuses on the ex vivo evaluation of atherosclerotic plaque components,
particularly lipid and hemorrhage, by spectral micro-CT imaging (using the MARS-CT3
without a contrast agent) in comparison with histology. The aim of this work was to
demonstrate that images acquired from energy resolved photon-counting detectors contain the
requisite information to allow separation of specific materials of interest. Limitations in
preliminary studies of atherosclerotic plaque imaging with the MARS-CT2 were overcome by
improving the imaging parameters with the MARS-CT3.
This study was designed as follows. Firstly, the imaging parameters and performance of the
MARS-CT3 scanner were evaluated using a phantom dataset designed for assessment of
ex vivo atherosclerotic plaque. Secondly, the determination of the sensitivity for separating
iron and calcium was performed by evaluating the dual-energy ratio difference between iron
and calcium. Thirdly, the imaging protocol of ex vivo atherosclerotic plaques with the
MARS-CT3 was developed based on results obtained from phantom studies. Finally, material
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specific images were reconstructed from spectral CT images using the linear basis technique
and validation was performed by histology.

11.2 Materials and Methods
11.2.1 Evaluation of imaging parameters
The evaluation of suitable imaging parameters for unfixed (fresh) ex vivo carotid
atherosclerotic plaque with the MARS-CT3 scanner equipped with a Source-Ray SB-80-1K
micro-focus x-ray tube (Source-Ray Inc., Ronkonkoma, New York) and quad Si Medipix3
detector was performed by phantom studies. Several assessments were performed with
calibration phantoms including evaluation of the effects of the number of projections, tube
voltage and detector energy thresholds on image quality, and the sensitivity for separating
iron and calcium. A 5 mm diameter perspex phantom was imaged with different numbers of
projection angles to determine a suitable number of projection angles to be used for ex vivo
atherosclerotic plaque imaging. This calibration phantom was scanned at 50 kVp with 125,
250, 500 and 1000 projections. It was imaged with a threshold energy of 10 keV.

The evaluation of the best tube voltage for specimen imaging was performed with a
multi-contrast phantom. A 10 mm diameter perspex phantom was prepared containing
sunflower oil, 3 mg.ml-1 of iodine Ultravist 300 (Bayer Schering Pharma, Berlin), 50 mg.ml-1
of ferric nitrate, 200 mg.ml-1 of calcium chloride, air and water. The diameter of each insert
was 2 mm. This calibration phantom was scanned with four threshold energies, 10, 16, 22 and
28 keV, at three tube voltages: 35, 50 and 80 kVp.
The same phantom was used to determine the sensitivity for separating iron and calcium with
the MARS-CT3 scanner. The phantom can be considered clinically relevant for ex vivo
studies because the diameter matches the average diameter of the human artery. The
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sensitivity was evaluated by measuring the difference in dual-energy ratios between iron and
calcium in the 10 mm multi-contrast phantom for different tube voltages.
The spectral CT analysis of materials that mimic atherosclerotic plaque components were
evaluated using the spectral CT images of the multi-contrast phantom. An ROI was drawn on the
CT images for each material insert and for each ROI, the mean CT number and standard
uncertainties were measured. The mean CT numbers of each material were plotted against
threshold energy for each selected tube voltage.

11.2.2 Preparation of atherosclerotic plaque imaging
The excised carotid atherosclerotic plaques obtained from surgery were placed in specimen
containers on dry ice. For primary plaque imaging, the plaques were placed in a 15 mm
diameter polypropylene tube and imaged using the MARS-CT3 scanner. The primary plaque
imaging was performed to choose the optimal slice locations that have low levels of
calcification and no major calcification deposits. This was important as the calcification might
cause difficulty during plaque sectioning.
For plaque sectioning, the plaques were sliced into 3 mm segments using a hand held
microtome blade in a 4 °C fridge. Cut points were determined by CT imaging. Each cut
surface was photographed at high resolution by the biology photography technician.
Each segment was placed in a 15 mm diameter of polypropylene tube and imaged using the
MARS-CT3 scanner. The plaques were returned to the -80 °C freezer while the CT data were
processed. Then, the sectioned plaques were stained for histological examination.
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11.2.2.1 Ex vivo MARS-CT3 imaging protocol of the excise carotid
atherosclerotic plaque
The calibration phantoms and unfixed (fresh) plaques were scanned with the MARS-CT3
equipped with a quad Medipix3 detector bump-bonded to a 300 µm Si sensor layer. It has
512 × 512 pixels with 55 µm pitch. This scanner used a Source-Ray SB-80-1K micro-focus xray tube (Source-Ray inc, Ronkonkoma, NY) with a 33 µm focal spot, a tungsten anode and
1.8 mm of aluminium (equivalent) intrinsic filtration. The tube voltage and x-ray beam
current were set to 50 kVp and 0.5 mA respectively. Exposure times were chosen to give
approximately 2000 counts per pixel in open beam.
The best imaging parameters were chosen from the calibration phantom imaging results.
For primary imaging, two excised carotid atherosclerotic plaques were scanned with
250 projection angles at 50 kVp and energy of 10 keV. For spectroscopic measurements, the
plaque segments were scanned at 50 kVp with four threshold energies: 10, 16, 22 and 28 keV.
The magnification factor was set to 1.58 and the isotropic voxel size was (38 µm)3.
Frequent flat-field measurements were taken to compensate the variations in detector
performance over the duration of the scan.
Two designs of cooling chamber were evaluated for keeping the specimens cool during the
scan. The first cooling chamber was made of polystyrene (Figure 11.1(top)). This chamber
can be filled with 500 ml of liquid nitrogen. The cool gas evaporating from the chamber was
delivered to the specimen via a tube. After several trial scans, it was determined that this
chamber did not provide adequate cooling over the full duration of the scan. The liquid
nitrogen remained in the chamber for approximately 45 min. A second cooling chamber was
created as shown in Figure 11.1 (bottom). A steel thermos was used to keep liquid nitrogen. A
bolt was attached through the cap of the cooling chamber for thermal conduction and a vent-
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hole added to prevent pressurisation. The specimen sample bottle was attached to the bolt to act
as a cold-chamber for the sample. The second cooling chamber was able to keep the
specimens cool for approximately 90 min.

Figure 11.1 Cooling chambers used for keeping the specimens cool during imaging. (Top)
The first cooling chamber could be filled with 500 ml of liquid nitrogen and remained cold for
approximately 45 min. (Bottom) The second design of cooling chamber also contained 500 ml
of liquid nitrogen but remained cool for approximately 90 min.

11.2.2.2 MARS-CT3 image processing
The raw projection images of calibration phantoms were corrected and normalised using
flat-field images. The raw projection images of the excised carotid atherosclerotic plaques
were corrected and normalised using a combination of consecutive flat-field images. The gaps
between the individual Medipix3 detectors were interpolated by nearest-neighbour
interpolation. The physical gap between adjacent ASICs was about 4 pixels and the pixels on
the edges of the ASIC were unusable due to their high sensitivity resulting in a total gap to be
interpolated of approximately 6 pixels. The sinograms were filtered to reduce ring artifacts.
After pre-processing, the CT slices were reconstructed using the Octopus commercial CT
reconstruction software (Dierick et al., 2004). The reconstructed calibration phantom images
were stacked and averaged to represent a slice thickness of 1 mm.
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The plaque segments have an irregular shape at the cutting edge. This makes the correlation
between CT image, plaque photograph and histology difficult as a single CT reconstructed
slice does not match the shape of the cutting edge of the plaque. The top row of Figure 11.2
shows the irregular cutting edge of the carotid atherosclerotic plaque. Slice A shows the first
slice, slice B presents the next few slices of the plaque and slice C shows the surface of the
plaque. The bottom row shows the corresponding CT images. The images at slice A and slice
B do not match the cutting edge of plaque at C that is required for image correlation between
the MARS-CT3 images, plaque photograph and histology. Therefore an irregular surface
‘slice’ image was reconstructed from the data set to visualise the tissue voxels on the plaque
surface. The voxel size for the surface ‘slice’ images was the same as that of the axial CT
slices.

Figure 11.2

The cutting edge of the plaque segment and the corresponding CT

reconstructed slices. The surface ‘slice’ image (Slice C) shows the surface of the plaque exposed
by the histological cutting C.
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11.2.2.3 Image analysis
Both calibration phantoms and specimen images were calibrated in HU using air and water
references. The water reference was obtained from the calibration phantom scanned prior to
specimen imaging. The evaluation of the effect of the number of projection images on image
noise were performed by evaluating the image noise in the images reconstructed from
125, 250, 500 and 1000 projections.
The determination of the best tube voltage for specimen imaging were performed by
comparing the image contrast of different materials in calibration phantoms at 35, 50 and
80 kVp. The CNR is defined as:

(11.1)

The dual-energy ratio determines the contrast between two materials at different energies. The
dual-energy ratio of iron and calcium solutions in a multi-contrast phantom is computed by
dividing the mean CT numbers of the low-energy dataset by the mean high energy CT value:

Dual energy ratio = CT NumberLow keV
CT NumberHigh keV

(11.2)

The ability to discriminate between different materials in spectral CT imaging depends
primarily on the relative difference in dual-energy ratios (Wang et al., 2010). In this case we
define the relative difference as the difference in the dual-energy ratio between calcium and
iron divided by the average of the dual-energy ratio for these two materials. The evaluation of
the relative difference in dual-energy ratio can be used to improve the performance of
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material-specific spectral CT imaging by selection of suitable energy ranges. The percentage
dual-energy ratio difference for any specific pair of energies is expressed as:

Dual energy ratio difference =

Dual energy ratioCa − Dual energy ratioFe
x 2 x 100
Dual energy ratioCa + Dual energy ratioFe

(11.3)

The dual-energy ratio difference of iron and calcium were plotted and evaluated for each
possible combination of energy used in this study. This was repeated for each different tube
voltage.
The excised carotid atherosclerotic plaque components were decomposed using the material
decomposition technique as described in Chapter 10. Validation of the specimen images was by
histological analysis.

11.2.3 Ex vivo histological processing of carotid endarterectomy specimens
The gold standard for validation of the MARS-CT3 images is histological examination after
processing the plaque sections with common staining techniques. The plaque sections were
stained with modified Von Kossa, Perls Prussian Blue and Oil-red-O to identify calcium, iron
deposits and lipid respectively. The modified Von Kossa, Perls Prussian Blue and Oil-red-O
staining protocols used were taken from the protocol database (Protocol database, 2011). This
work was performed by biochemists under the supervision of Dr Nicola Scott.
The plaque segments were re-photographed prior to plaque staining. For Von Kossa calcium
staining, the plaque segments were immersion fixed for 3 min in 10% neutral buffered
formalin then rinsed in several changes of distilled water. The plaque segments were then
incubated in 1% silver nitrate solution under ultraviolet light for 20 min. The plaque segments
were rinsed in several changes of distilled water followed by 5 min in 5% sodium thiosulfate
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solution to remove any unreacted silver nitrate. After further rinsing in distilled water, the
plaque segments were photographed.
The plaque segments were stained for iron using a Perls Prussian blue mixed method. After
rinsing with distilled water, the plaque segments were immersed in a solution containing
equal parts ferrocyanide (2% solution) and hydrochloric acid (2% solution) for 10 min. The
plaque segments were then rinsed in several changes of distilled water and photographed for the
co-localisation of calcium and iron deposits.
Finally the plaques were stained for the presence of lipid with Oil-red-O. The plaque
segments were immersed for 10 min in freshly filtered Oil-red-O working solution. The Oilred-O working solution was made by combining three parts saturated stock solution with two
parts distilled water and filtering through a syringe-driven filter unit. The syringe had a
0.22 µm pore. The plaque segments were then rinsed in several changes of distilled water and
finally photographed for the combined co-localisation of calcium, iron and lipid.

11.2.3.1 Postprocessing of ex vivo spectral micro-CT images and histological
sections
After sectioning the plaque, the ex vivo MARS-CT3 images were registered to the
histological sections by scaling, translation and rotation transformation with ImageJ 1.44p
software (National Institutes of Health, USA). The translation and rotation were adjusted to
match the orientations of the CT slice and corresponding histological sections. The surface
slice images obtained from the MARS-CT3 scanner were matched with the plaque
photographs and histology by observing the overall morphological features of the plaques.
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11.3 Results
11.3.1 Phantom study
11.3.1.1 Determination of number of projections
A 5 mm perspex phantom was used to evaluate the image noise at different numbers of
projection angles. The image noise is defined as the measured standard deviation of pixel
grey-scale values in the homogenous perspex phantom. This image noise can be influenced by a
large number of technical parameters used in the scan including the tube current and
exposure time (tube current-time product or mAs setting), peak tube voltage, reconstruction
filter, detector efficiency and focal spot size.
This study was conducted to evaluate the image noise at different numbers of projection
angles with other technical factors held constant. This image noise evaluation is important
particularly for viewing low-contrast soft-tissue structures. The trade-off between scanning
time and image noise required for this particular task was then considered.
Figure 11.3 shows the results from imaging the perspex with 125, 250, 500 and 1000
projections. The CT reconstructed image noise increases with decreasing numbers of
projections. The standard deviation obtained from reconstructing with each number of
projections was recorded and plotted against number of projections as shown in Figure 11.4.
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The perspex phantom images acquired on the same scanner with all the

technical factors the same except the number of projection angles. The perspex phantom was
scanned with 125, 250, 500 and 1000 projection angles to evaluate the image noise.

Figure 11.4 Standard deviation of pixel grey-scale value for the perspex phantom imaged with
different numbers of projection angles.

11.3.1.2 Evaluation of tube voltage
The CNR of different materials was analysed with the multi-contrast phantom at 35, 50 and 80
kVp. The CNR measurements quantify the image contrast compared to the noise.
Better CNR will provide good contrast and less noise but several other parameters must also
be considered before choosing the best tube voltage for specimen imaging. The results are
shown in Figure 11.5. This figure shows that tube voltage affects both image contrast and
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noise. The CNR is greatest at the lowest tube voltage (35 kVp), but the noise is also highest at
this setting.

Figure 11.5

The MARS-CT3 images of various solutions of contrast material within the

calibration phantom, showing the effect of increasing tube voltage. (a) 35 kVp, (b) 50 kVp and
(c) 80 kVp. This phantom was scanned at four threshold energies: 10, 16, 22 and 28 keV.
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Figure 11.6

CNR in oil and aqueous solutions of iron and calcium in a multi-contrast

phantom as a function of tube voltages (35, 50 and 80 kVp). These materials mimic iron, calcium
deposits and lipid in atherosclerotic plaque.
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The CNR for image regions of materials that mimic atherosclerotic plaque components such
as iron, calcium and lipid was investigated using this phantom. The CNR of each solution was
plotted against the energies for each tube voltage as shown in Figure 11.6. The CNR of
calcium and iron reduced by approximately 25-30% with an increase in tube voltage from
35 kVp to 50 kVp, and by approximately 8-17% with an increase in the tube voltage from 50
kVp to 80 kVp. The CNR of oil which mimics lipid reduced by approximately 10% with an
increase in tube voltage from 35 kVp to 50 kVp and by a similar amount with a further
increase in tube voltage from 50 kVp to 80 kVp.

11.3.1.3 Evaluation of sensitivity for differentiating iron and calcium
The sensitivity for distinguishing iron and calcium was assessed using the phantom dataset at
different tube voltages with multiple energies. The ability to discriminate between these two
materials in spectral CT imaging depends primarily on the differences in dual-energy ratios
for any specific pair of energies. Selecting an appropriate pair of energies will increase the
sensitivity for discrimination. This phantom was scanned with four threshold energies at
10, 16, 22 and 28 keV. This energy range was selected as Si has a high absorption efficiency
at energies below 30 keV.
The dual-energy ratio difference between iron and calcium as a function of all possible
combinations of high and low energies used in spectral CT are presented in Figure 11.7. The
maximum separation between iron and calcium occurs when the energies are most different. In
this case, the maximum relative dual energy ratio differences are: 5.6%, 7.6 % and 12% for tube
voltages of 35, 50 and 80 kVp respectively.
As expected the energy pair of 10 keV and 28 keV provides the maximum separation for iron
and calcium. In general two materials may be distinguished by the energy dependent
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differences in the attenuation coefficients at two well chosen energies. The greater the spectral
separation, the easier it is to differentiate between the two materials. The effective energy of a
spectral measurement depends upon both the energy threshold and the x-ray spectrum.
Increasing the x-ray tube voltage increases the average photon energy and the attenuation
coefficients are thus measured at a slightly higher effective energy. The greatest material
separation in this case was obtained with 80 kVp. Compared with lower tube voltages, this
has resulted in a measurable increase in the dual energy ratio difference for the calcium and iron
pair. These results show that the selection of an appropriate accelerating voltage and
semiconductor material can

help

to

maximise

the

sensitivity

of

spectral

CT

performance. High Z semiconductor material allows greatest selection of pair of detector
threshold energies that gives maximum separation between iron and calcium. This is
relevant for distinguishing two materials with close atomic numbers like calcium (Z = 20)
and iron (Z = 26).

(a)

(b)

(c)

Figure 11.7 The differences in dual-energy ratios for the combination of threshold energy pairs
to discriminate iron and calcium at different tube voltages (a) 35 kVp, (b) 50 kVp and (c) 80 kVp.

11.3.1.4 Demonstration of spectral CT analysis with a multi-contrast phantom
The spectral CT response was investigated using a multi-contrast phantom. This phantom
contains different types of solution mimicking different types of atherosclerotic plaque
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components. A reconstructed slice of the multi-contrast phantom is as shown in
Figure 11.5 (B). A plot of CT number against threshold energies at 50 kVp is presented in Figure
11.8.

Figure 11.8

A plot of CT number for different materials in the multi-contrast phantom

evaluated against threshold energies at 50 kVp. The standard uncertainties are in the range 4-15
HU. The CT number response is characteristic of the material .

11.3.2 Ex vivo atherosclerotic plaque images
The MARS-CT3 images of the atherosclerotic plaque segments and the respective
photomicrographs are shown in Figures 11.10 to 11.13. The MARS-CT3 images closely
match the histology. The specimens were scanned with four threshold energies: 10, 16, 22 and 28
keV at a tube voltage of 50 kVp. The soft tissue has highest contrast at lowest energy. The
attenuation of calcium/iron deposits in atherosclerotic plaque decreases as the energy
increases because of the relative contributions of the photoelectric effect and Compton
scattering.
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The photoelectric effect reduces as the energy increases and Compton scattering
becomes more significant. The atherosclerotic plaque segment images show significant beam
hardening artifacts around the calcified regions particularly in the low energy dataset. The
beam hardening artifacts reduce with increasing energy threshold.
The calcium/iron deposits, lipid and soft tissue images were obtained using the linear basis
technique in Chapter 10. The iron deposits are indistinguishable from calcium deposits with
this material analysis technique. However, the morphology of iron deposits can be seen on the
MARS-CT3 images. The local accumulations of randomly distributed punctate deposits or
small clusters of iron deposits have good correlation with histology. The useful spectral CT
information enhances material decomposition to differentiate the lipid from the soft tissue in
atherosclerotic plaque (an important marker for vulnerable plaque). The material-specific
images obtained from this technique were validated with histological analysis.
The corresponding plaque segments were subsequently stained with Von Kossa, Perls
Prussian Blue and Oil-red-O to validate the calcium deposits, iron deposits and lipid
respectively. The darker the color of staining solutions, the denser the plaque components. The
Von Kossa calcium staining shows dark brown on the histological examination confirming
the presence of calcium deposits. Using Perls’s staining, iron deposits are shown with a blue
color. Large lipid deposits are stained red by Oil-red-O.

Figure 11.9 Plaque A has been cut into small segments. A1-A3 and B1 corresponds to the cutting
edges of the plaques which have been scanned with the MARS-CT3 scanner.
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Figure 11.10

(Top row) The photograph of atherosclerotic plaque segment A1 taken

before imaging and the atherosclerotic plaque lesions visualised by the MARS-CT3
imaging at different energy thresholds. (Middle row) The corresponding cross sections
of the same specimen were stained with Von Kossa, Perls Prussian Blue and Oil-red-O
for histological examination. The darker the color of staining solutions, the denser the
plaque components. (Bottom row) The material decomposition images show the waterlike, calcium-like and lipid-like images. The calcium-like image shows the iron and
calcium deposits in the atherosclerotic plaque. The lipid is clearly distinguishable from
soft tissue in atherosclerotic plaque. All of the CT images closely match the photographs
taken before imaging and the histology examination performed afterwards.
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Figure 11.11

(Top row) The photograph and the spectral CT images of atherosclerotic

plaque segment (A2) at different energy thresholds. These images visualised by the
MARS-CT3 imaging at 38 µm voxel size. (Middle row) The corresponding cross sections of the
same specimen were stained with Von Kossa, Perls Prussian Blue and Oil-red-O for histological
examination. (Bottom row) Three materials were decomposed in the image domain: the
water-like,calcium-like and lipid-like images. The calcium deposits can easily be seen on the CT
image. The low concentration of iron deposits appear as slightly dense tissues on the high resolution
calcium-like image. The lipid is distinguished from soft tissue images. The MARS-CT3 images
matched the photographs taken before imaging and the material decomposition images
obtained from the MARS-CT3 imaging were confirmed by the histological examination.
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Figure 11.12 (Top row) The photograph of A3 plaque segment and the corresponding
spectral CT images obtained at different energy thresholds. (Middle row) The plaque
staining photos show the plaque segment was stained with Von Kossa, Perls Prussian Blue
and Oil-red-O to validate the calcium deposits, iron deposits and lipid respectively. The
plaque staining photo shows that the small part of the plaque segment is slightly broken
due to the handling process during staining. (Bottom row) The material decomposition
images show the water-like, calcium-like and lipid-like images. The calcium-like image
demonstrates the co-localisation of iron and calcium deposits in the plaque. The clusters
of randomly distributed punctate iron deposits can also be seen on the CT image. The lipid
and soft tissue images can be observed as separate components. The high resolution
MARS-CT3 images closely match the photographs taken before imaging and the
histological examination performed afterwards.
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Figure 11.13 (Top row) The photograph of atherosclerotic plaque segment B1 and the
corresponding multi-energy CT images. (Middle row) The plaque segment was stained
with with Von Kossa, Perls Prussian Blue and Oil-red-O to validate the calcium deposits,
iron deposits and lipid respectively. (Bottom row) The material decomposition technique
can identify lipid from soft-tissue and calcium/iron deposits in atherosclerotic plaque.
Plaque segment B1 has fewer iron deposits than A1, A2, and A3 plaque segments. The
lipid is distinguishable from the soft tissue in the plaque images. The characterisation of
atherosclerotic plaque determined by MARS-CT3 closely matches photographs taken
before scanning and the histological examination performed afterwards.
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11.4 Discussion
This study demonstrates the proof of principle that the MARS-CT3 scanner equipped with
Medipix3 detector can characterise the atherosclerotic plaque components. The phantom
studies designed to assess the effects of various scanning parameters on the image quality of
ex vivo atherosclerotic plaque imaging have been used to enhance the performance of the
MARS-CT3 scanner. The high contrast and spatial resolution provided by the MARS-CT3
scanner allowed characterisation of calcium/iron deposits and lipid which accurately reflects
the composition of the lesion as validated by histological examination as a gold standard. The
lipid is distinguishable from soft tissue in the plaque images. This study also shows that at the
high resolution of ex vivo scanning, the iron deposits can be identified based on CT grey scale
value and morphology. The spectral CT information allows decomposition of atherosclerotic
plaque components.
In phantom studies, the effect of the numbers of projections on reconstructed image noise was
investigated with the MARS-CT3 scanner. The image noise increases as the number of
projection angles of CT imaging decreases. The image noise influences the visibility of high
resolution details. One thousand projections gave less noise than reconstructions with fewer
projections but was not justified when the time taken to scan the specimens was considered.
Considering the overall scan time, electronic stability over time, pixel noise and the
requirement to keep the specimens cool, 250 projection angles were selected for specimen
imaging.
The tube voltage for ex vivo atherosclerotic plaque imaging was selected after considering the
results of the phantom study. Soft tissue contrast was evaluated for the multi-contrast
phantom as a function of tube voltage. The 80 kVp setting (the highest tube voltage) has the
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highest x-ray output in terms of both flux and energy and thus the CT images acquired at
80 kVp have less image noise but also less image contrast. For ex vivo atherosclerotic plaque
studies, the effect of using a tube voltage of 80 kVp on the visibility of plaque lesions such as
lipid and soft tissue should be considered. The CNR of oil that mimics lipid in atherosclerotic
plaque is relatively poor at 80 kVp. The lowest tube voltage (35 kVp) provides high image
contrast but with an increased level of noise in the images caused by the reduced photon flux.
Therefore, 50 kVp was selected for ex vivo atherosclerotic plaque imaging as this tube
voltage gives good CNR for oil, iron and calcium solutions which are lipid, soft-tissue, iron and
calcium surrogates respectively. Other studies have also used 50 kVp for small animal and
human specimen imaging (Paulus et al., 2009).

After determining the optimum number of projection angles and tube voltage, the evaluation
of sensitivity for iron and calcium separation was performed. To evaluate the potential for
discrimination with spectral CT, the dual-energy ratios for iron and calcium on the
combination of energy pairs were assessed using spectral CT images of the multi-contrast
phantom acquired at different tube voltages. The dual-energy ratio difference analysis
determines the difference in image contrast between iron and calcium for the combination of
threshold energy pairs used in this study. The results of this study demonstrate that the use of
appropriate tube voltage and energy range can increase the dual-energy contrast between two
materials. The higher the dual-energy ratio difference on the combination of energy pairs, the
easier to differentiate iron and calcium. A large increase in dual-energy ratio difference can
significantly enhance the ability of spectral CT to discriminate between calcium and iron
deposits. This technique may be of clinical value for the non-invasive detection of intraplaque
hemorrhage as a marker for vulnerable plaques before rupture.
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The results of this study indicate that the dual-energy ratio difference for calcium and iron
increased from 5.6% to 7.6% with a tube voltage increase from 35 kVp to 50 kVp and to 12%
with a further increase to 80 kVp. The relative separation between iron and calcium is greatest
when the threshold energy pairs are most different: 10 and 28 keV. By increasing the tube
voltage, the x-ray beam spectrum is shifted to the higher, more penetrating, energies. Thus,
the contrast of objects under examination will reduce. However, these spectroscopic effects
depend upon the atomic number of the material. At higher tube voltages such as 80 kVp the
relative contribution of the photoelectric effect is reduced compared to that of the Compton
effect and this difference is more pronounced for materials with higher atomic number such as
iron. A tube voltage of 50 kVp was chosen for this study to enhance the image contrast for
soft tissue imaging however higher tube voltages and increased threshold energies may be
more suitable for the discrimination of iron and calcium.
The Medipix3 photon counting detector allows a flexible choice of multiple energies for
scanning. A well chosen energy pair will improve the detection of atherosclerotic plaque
components. This study was performed with quad Si Medipix3 detector because it is
homogenous and has good absorption efficiency for low energy imaging. Accordingly this
detector has given excellent results for soft tissue imaging. However, the restricted energy
range limits the ability to discriminate between materials such as calcium and iron.
The spectral CT analysis of the multi-contrast phantom using the selected number of
projections and tube voltage was performed to confirm the ability of the MARS-CT3 to image
the plaque material components. The spectral CT analysis shows that the attenuation of x-ray
photons is energy dependent and that each material has a specific attenuation curve. This
spectral CT data confirms that differentiation and classification of materials is possible
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with multi-energy imaging. On the other hand, ring artifacts were observed in many images. The
ring artifacts are due to pixel variations that are not compensated by the flat-field correction. The
flat-field scan was performed only after a phantom scan. The pixels response varies over the time
due temperature instabilities during operation and it degrades the performance of Medipix
detectors (Ronaldson et al., 2011a). As the pixels vary over the time, these flat-field
measurements do not compensate the pixel variations. An improved flat-field measurement
technique using multiple flat-field measurements taken before, during and after specimen
scanning was used to overcome this problem. The Medipix3.1 detectors will be available in the
near future for imaging and the initial tests at CERN suggest the pixel response will be more
stable. Therefore, this problem may be reduced with the new version of Medipix detectors.
Based on phantom studies, the imaging protocol of ex vivo atherosclerotic plaque was
developed. The image quality obtained from the MARS-CT3 system is better than those
obtained from the MARS-CT2 scanner (Chapter 6).

By taking

multiple flat-field

measurements, the pixel variations are well corrected and improvements can be seen on the
atherosclerotic plaque images. The new cooling chamber works well and keeps the specimen
frozen during the scan.
The characterisation of atherosclerotic plaque determined by the MARS-CT3 images closely
matched the histological examination and photographs taken before scanning. The high
spatial resolution of the MARS-CT3 scanner revealed the spatial distribution of clusters of
randomly distributed punctate iron deposits. The low concentration of iron deposits can also
be detected on the MARS-CT3 scanner. It appears as dense tissues on the MARS-CT3
images. The high contrast spectral CT images obtained from Si Medipix3 detector highlights
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the contrast difference from the soft tissue. The material-specific images obtained from the
linear basis technique provide separate calcium/iron deposits, lipid and soft tissue images.
The material decomposition technique can identify lipid from soft-tissue and calcium/iron
deposits in atherosclerotic plaque. The detection of lipid in atherosclerotic plaque has been the
main goal of non-invasive characterisation of plaque morphology in recent times. The
presence of a large lipid core is a key feature of plaque instability as it has been shown to be
causative of plaque rupture with subsequent acute coronary thrombosis (Oliver et al., 1999).
Previous studies have demonstrated that high resolution micro-CT imaging allows detection
and discrimination of iron and calcium deposits in atherosclerotic plaque by virtue of the
different sizes of the individual iron and calcium deposits and by their individual CT grey
scale values (Langheinrich et al., 2009). Further investigation by Wang et al. (2011)
demonstrated that the iron and calcium remain visually different for voxel sizes up to 200 µm.
Results from this study show that the MARS-CT3 scanner can detect vulnerable plaque based on
the presence of a substantial lipid core and iron deposits in atherosclerotic plaques. The iron
deposits can be observed by their morphology on the high resolution MARS-CT3 images.
The MARS-CT3 images show a high correlation with the histological analysis. The phantom
studies suggest that the difference in dual-energy ratio on the combination energy pairs may
allow differentiation of iron and calcium deposits. Therefore, the iron and calcium deposits are
distinct on spectral CT.
The beam hardening effects are observed on the atherosclerotic plaque images particularly at low
energy. However, there is substantial reduction in the beam-hardening effect in the higher energy
dataset.

Chapter 11: Characterising ex vivo human carotid arteries with the MARS-CT3

182

11.5 Limitations
Our study has two significant limitations. Firstly this study was performed with a limited
detector energy range. Thus, the separation of iron and calcium deposits in atherosclerotic
plaques based on energy information is limited. Other sensor layer materials such as CdTe and
GaAs will extend the energy range for spectral CT imaging.
Secondly the presence of artifacts such as ring artifacts in the higher energy datasets and beam
hardening in the lower energy images limited the ability to distinguish materials both by
morphology and spectroscopy. Some artifacts are the result of technological limitations in
current detector design whilst others such as beam hardening are physical effects that may be
eliminated by improvements in measurement and analysis techniques. The availability of
Medipix3.1 detectors in the near future will improve the image quality as this detector has been
designed with a more stable pixel response.

11.6 Conclusion
This study demonstrates that the composition of atherosclerotic plaques can be determined by the
MARS-CT3 equipped with Si Medipix3 detector and the results accurately reflect the
composition of plaque as validated by histological examination. The material-specific images
obtained from the linear basis technique differentiate lipid and iron/calcium deposits in
atherosclerotic plaque.
The results of a phantom study assessment of the imaging parameters for ex vivo
atherosclerotic plaque were used to enhance the performance of the MARS-CT3 scanner for
the characterisation of plaque lesions. The difference in the dual-energy ratio between calcium
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and iron in a phantom on the combination of energy pairs shows that spectral CT can enhance
the separation of these two materials.
A good combination of tube voltage, tube current and the use of a quad Si Medipix3 detector
provided high contrast resolution for imaging atherosclerotic plaque lesions. An improved
flat-field measurement technique was used to overcome limitations in detector performance.
Two designs of cooling chamber were evaluated. The selected design was able to maintain the
specimen at a cool temperature for the full duration of the scan and thereby preserve the
condition of the atherosclerotic plaque lesions.

11.7 Summary
1.

The MARS-CT3 scanner equipped with a Si Medipix3 detector can accurately
determine the composition of atherosclerotic plaque lesions. This has been validated
using histological examination as a gold standard. The MARS-CT3 scanner can be
used to detect vulnerable plaque based on the presence of a substantial lipid core and
iron deposits. The high resolution MARS-CT3 scanner reveals the spatial distribution
and local accumulation of iron and calcium deposits in the plaque.

2.

The spectral information from multi-energy MARS-CT3 allows characterisation of
lipid and iron/calcium deposits in atherosclerotic plaque using the linear basis
technique. The material specific images closely match the histology.

3.

The results of the dual-energy ratio differences of iron and calcium deposits in a
phantom on the combination of energy pairs, demonstrate the ability of spectral CT to
differentiate these two materials.
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The evaluation of scan parameters on phantom studies provides useful information for
choosing the best imaging parameters and has been used to improve image quality for
ex vivo imaging of atherosclerotic plaques with the MARS-CT3 scanner. An
improved multi-flat-field measurement technique has been used to minimise the effect
of the pixel sensitivity variations that are observed with the Medipix3 detector. The
condition of the ex vivo specimen was preserved with an improved cooling chamber.
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Chapter 12
Conclusion and further work
12.1 Summary of conclusions
In Chapter 1 the aim of this thesis was described in terms of the immediate pre-clinical
applications for ex vivo studies of human atherosclerotic plaques. The chapter was also
discussed the significance of this thesis as a staging post towards achieving the vision of using
spectral CT for full scale human applications. The clinical significance of both of these
objectives was related to burden of cardiovascular disease and the potential for improved
diagnosis through the detection of so called vulnerable plaques. It was noted that current
imaging modalities have only limited ability to detect the three markers (lipid core, iron
deposits as marker of intraplaque hemorrhage and a thin fibrous cap) for this condition.
Spectral CT was proposed as a possible technique for distinguishing vulnerable plaques by their
material components and morphology. The aim of this thesis was to develop techniques for ex
vivo analysis of human atherosclerotic plaques by spectral CT using spectroscopic
photon-counting detectors and to demonstrate the potential advantages of this technology. The
clinical significance of this study for improved assessment of cardiovascular risk and the
novelty of the technical approach were thus explained.
Chapters 2 and 3 provided the technical background necessary to understand the remainder of
this work. In Chapter 2 the basic mechanisms by which x-rays interact with matter were
described. The relative significance of each of these modes of interaction was seen to vary
with energy and material type, and the significance of this to spectral CT was explained.
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In Chapter 3 a description of the basic principles of CT was given. The particular measures by
which clinical CT performance is evaluated were defined. Some of the imaging problems and
artifacts that may be common to both clinical and spectral CT were described.
In Chapter 4 the principles and capabilities of the Medipix family of photon counting
detectors were presented. The improved spatial resolution and energy resolving capabilities of
this technology were seen to enable more information to be recorded from the incident x-ray
flux than standard integrating detectors. It was agreed that the use of this novel photon
counting detector technology in spectral CT has the potential to provide significantly more
information about the components of biological materials than conventional CT.
Chapter 5 described the technological basis for conventional, dual energy and spectral CT.
The concept of retrieving spectral information and using it to separate the photoelectric and
Compton scattering contributions was explained. Improvements in spatial resolution and the
potential uses of the additional energy resolving ability compared with CT systems using
standard detector technology were noted. Our research group in Christchurch, New Zealand,
has been developing spectral micro-CT (MARS-CT) systems equipped with Medipix
detectors. It is a joint project between the Universities of Canterbury and Otago, New
Zealand, CERN Medipix collaboration and Geneva. The characteristics of the
electromechanical gantry, x-ray tube, Medipix readout system and detector were presented.
The selection of x-ray tube and detector type were made on the basis of a wide range of
potential research applications. The imaging parameters for spectral CT imaging were also
discussed. The overall conclusion from this part of the thesis was that, in principle, spectral
micro-CT using high resolution photon counting detectors such as Medipix detectors has the

Chapter 12: Conclusion and further work

187

__________________________________________________________________________________ __

potential to characterise the material composition and thereby enable the detection of
vulnerable atherosclerotic plaques.
Chapter 6 introduced the atherosclerotic condition and described the abilities and limitations of
different imaging modalities currently available for its diagnosis. The characteristics of an ideal
modality were proposed. The ability to non-invasively detect lipid core and iron deposits as
markers for vulnerable plaques is an important goal in the quest for improved diagnosis of
atherosclerotic disease. It was argued that there are currently no suitable modalities available
for this task and that spectral CT has the potential to meet these requirements more closely
than competing technologies.
In Chapter 7 the performance of different modalities for the characterisation of ex vivo
atherosclerotic plaques was experimentally investigated. The results of plaque examinations
using clinical CT, MRI and MARS-CT2 with a Medipix2 CdTe detector were compared. The
ability to image fixed (in resin) and unfixed (fresh) plaque specimens were also considered. It
was concluded that the performance of the MARS-CT2 scanner was significantly better than
the other modalities in terms of spatial resolution. It was also found that the additional
spectral data provided by MARS-CT2 yielded important information about the tissue types
not available with standard CT. It was found that imaging the unfixed (fresh) specimens
yielded better results than fixed specimen imaging. Some limitations in the cooling method
used to maintain the condition of the unfixed (fresh) plaque specimens were identified. The
overall conclusion was that spectral CT using the Medipix detector was a promising technique
but further developments and modifications to the scanner configuration, including detector
type and scanning parameters were required to obtain the best results.
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The improvements in system design, configuration and atherosclerotic plaque measurement
protocol identified in the preceding chapters were implemented by the MARS technical team
members in the revised MARS-CT3 system incorporating the Medipix3 detector. Chapter 8
described the initial calibration and setting to work of the MARS-CT3 system. The calibration
protocols were developed and the major geometrical parameters were determined by the
candidate and MARS commissioning team members including J Paul Ronaldson, Judy Mohr,
Maggie Anderson, Dr Nicholas Cook.
The imaging performance of the MARS-CT3 was evaluated in Chapter 9. Scanning protocols and
preprocessing methods were developed specifically for this scanner. The performance of the
scanner in terms of spatial resolution, image uniformity, pixel noise, CT number linearity, dose
rate at the isocentre and spectroscopic response was determined. The protocols for some of these
performance measurements were incorporated into the routine QA requirements for operating
the scanner. The overall system performance was found to be suitable for preclinical
studies of atherosclerotic plaques.
A linear method for material decomposition was proposed in Chapter 10. The linearity of the
system over the range of interest was proven by experimental measurement. The linear
decomposition method was demonstrated using phantoms containing iron, calcium, water
(soft-tissue surrogate) and oil (lipid surrogate). The efficacy of the method was improved with the
addition of appropriate volume constraints. It was concluded that three of the four
materials could be determined simultaneously but that it was not possible using the current
MARS-CT3 to distinguish iron from calcium in the presence of water and oil using spectral
information alone. Additional constraints or measurement information would be required to
simultaneously distinguish all of these materials.
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The MARS-CT3 spectral micro CT system incorporating a Medipix3 Si detector was used in
Chapter 11 for the final study of this thesis. The study design incorporated the improvements
in scanner configuration and measurement protocol identified in earlier chapters. The analysis
of the spectral CT data used the linear basis method proposed in the previous chapter.
Imaging was performed on unfixed (fresh) specimens contained within an improved design of
cooling chamber. Validation of the spectral CT results was by comparison with histology and
staining. It was found that the materials analysis results were in good agreement with the
results of the histology and staining and that lipid and calcium in various concentrations were
easily distinguishable from the surrounding tissue. Furthermore the presence of iron could be
inferred from the morphology visible on the high resolution MARS-CT3 images and therefore
that this system was capable of detecting vulnerable plaques. A preliminary analysis of the
scanning parameters used in this work was made and showed how the ability to differentiate
certain materials such as calcium and iron could be improved by selection of appropriate
x-ray parameters and detector threshold energies. Some problems with imaging artifacts were
noted that were due to a combination of physical and electronic effects.

The overall conclusion from this final phase of the thesis was that MARS-CT3 provides
sufficient spectral and morphological information to allow the assessment of unstable plaque
components (lipid and iron components). In the short term this will enable ex vivo assessment
and analysis of plaques using spectral micro-CT. Improvements in performance can be
expected with further developments in detector design and optimisation of scanning
parameters. Ultimately this work may lead to improvements in the diagnosis and monitoring of
atherosclerotic disease in full scale human applications.
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12.2 Future work
Three areas for additional work that will improve the analysis of ex vivo atherosclerotic
plaques are identified. These relate to (i) improving the results obtained from the existing
technique by continuing development and implementation of the underlying data processing
and calibration methods; (ii) the acquisition of additional spectral data through further
optimisation of the scanning parameters and instrument configuration; and (iii) the acquisition
and use of additional data not currently considered within the scope of this thesis.
i.

Further developments of the existing technique. The presence of artifacts from both

technological and physical effects may in some cases confound the analysis of
material components and work to minimise these problems will enhance the
performance of future studies. Artifacts resulting from technological effects include
ring and shadow artifacts from unstable electronic components. The impact of some of
these effects will reduce with external developments such as improvements in the
design of detector technology. It is reported that the pixel response of the new
Medipix3.1 detector is more stable and these detectors will be available in the near
future. The design and implementation

of measurement protocols, and filtering

techniques aimed at minimising the presence of artifacts would be beneficial.
Fundamental physical effects such as beam hardening and streak artifacts caused by
the presence of highly absorbing calcifications within softer tissues may be reduced
using appropriate correction techniques. A number of methods have been implemented
for conventional CT including polynomial beam hardening correction (Herman, 1979)
and metal artifact reduction (Kalender et al., 1987). These should be investigated and
compared with spectral methods such as energy binning and dual energy corrections
(Alvarez & Macovski, 1976).
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ii.

The acquisition of additional or more optimal spectral information. The range and
number of detector threshold energies has not been optimised. Further consideration of
the sensitivity for discriminating particular materials of interest may yield a better set
of detector threshold energies. More fundamentally, the selection of sensor layer
material and thickness should also be considered for each application. The effective
energy range of each sensor material varies with type, thickness and for specimens
containing higher-Z materials such as iron and calcium. However the assessment of
detector types would need to consider other factors including spectral response,
resolution and sensor homogeneity. The imminent availability of the Medipix3 charge
summing and spectroscopic modes may retrieve additional spectroscopic information
from existing sensor types. This may impact on the choice of sensor layer. Similarly
the characteristics of the x-ray source including filtration and voltage should be
investigated. An objective method for determining the optimum scanner configuration
for retrieving spectral information appropriate to a given application would be
beneficial.

iii.

The utilisation of further material specific information. The linear basis technique as
used in this work considered the spectral vector and its magnitude as independently
defining the material type and concentration respectively. However each material may
be defined by other criteria such as expected range of attenuation values and
morphology. It has already been noted that the morphology of calcium and iron
deposits within vulnerable plaques may be used to distinguish these materials in many
cases. Further evaluation of the spectral data may provide additional useful
information not considered within this thesis. For example, the mass absorption
coefficient is approximately related to ρZ 3 and thus for similar ranges in density the
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distribution of attenuation values expected from calcium deposits (Z=20) may be
distinct from those expected from punctate iron deposits (Z=26). Additional
investigations to more comprehensively evaluate these characteristics may yield
additional criteria for material discrimination.
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