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ABSTRACT

In X-Ray CT, there is always a desire to maintain the image quality while reducing
the radiation dose. Recently several dose reduction approaches in both software
and hardware have been developed to achieve the goal of making radiation as low
as possible.Thus, the assessment of image quality becomes an important factor for
routine quality control of medical X-Ray devices. In this work, task-based image
quality measurements using model observers were used to evaluate the performance
of X-Ray CT systems. To evaluate the dose reduction ability, detection tasks as well
as combined detection and estimation tasks were considered. In detection tasks and
combined detection and estimation tasks, the channelized Hotelling observer (CHO)
and channelized scanning linear observer (CSLO) (with Dense Difference of Gauss
channels) were employed respectively. They were used to evaluate the dose reduction
capability of the iterative reconstruction algorithm developed by GE compared to
the traditional reconstruction algorithm, filtered backprojection (FBP). Addition-
ally, CHO and CSLO were also used for optimization of CT protocols. Our meth-
ods were also applied to Cardiac CT systems for temporal resolution evaluations.
Two reconstruction algorithms, FBP and the motion correction algorithm, Snapshot
Freeze (SSF), operated at two heart-beating rates with two reconstruction windows
were quantitatively evaluated using task-based measurements. Finally, due to the
huge demand of data acquisitions in the conventional channelized model observers,
a proposed High-Dose-Signal-LOOL CHO/CSLO (HL-CHO/CSLO) that could effi-
ciently reduce the data requirement has also been investigated in the pure detection,
and combined detection and estimation task. In all studies, the practicality and the
use of real data is emphasized. The results of all these studies demonstrate the

usefulness of the task-based measurements of image quality in X-Ray CT imaging.
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CHAPTER 1

Introduction

1.1 General Introduction

There were more than 67 million computed tomography (CT) examinations per-
formed each year in the United States (Mettler et al. (2009)), which is a remarkable
increase compared to 3 million performed in the early 1980s. This extraordinary up-
surge of using CT can be attributed to its improved diagnostic accuracy, ease of use,
wide accessibility, and speed of data acquisition with modern CT systems. While
the image quality in CT has improved substantially over the years, CT imaging
is responsible for more than two thirds of total radiation doses in medical imag-
ing even though CT accounts only for 11% of X-Ray examinations. Research has
shown that some incidental cancer cases may be associated with CT scans. Patients
benefit from CT technology, but its contribution to collective dose has significantly
increased and a significant effort is required to control this trend and ensure that the
benefits from the use of this technology outweigh the risks. On the other hand, even
though the risks for an individual are small, the rapid increase of CT utilization has
created some significant concern over the patient radiation dose.

In the past decade, several techniques for reducing the CT radiation dose have
been developed. The challenge of reducing the dose is to maintain the image qual-
ity while the noise is increased at decreasing exposure level. Maintaining clinically
acceptable image quality at a lower dose is the goal of many techniques currently
employed for reducing the radiation dose. For example, X-Ray tube current mod-
ulation (McCollough, Bruesewitz, and Kofler (2006); Kalender, Wolf, and Suess
(1999); Jakobs and Becker (2002)) is one such method used to reduce the dose.
However, dose reduction is limited because the conventional filtered backprojection

(FBP) reconstruction algorithms do not work well when electronic noise in the data
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acquisition system becomes a significant contributor to the measured signal (Silva,
Lawder, Hara, Kujak, and Pavlicek (2010); Kalra, Maher, Sahani, Blake, Hahn,
Avinash, Toth, Halperm, and Saini (2003)).

The other important issue is the temporal resolution in Cardiac CT. Within the
past several years, continual improvements in C'T technology have made visualiza-
tion of coronary anatomy and better detection of stenotic lesions possible (Leber
et al. (2005); Johnson et al. (2006)). However, even with these improvements, the
motion artifacts are still important issues in Cardiac C'T images. Motion artifacts
can affect the accurate description of important coronary structures, and they might
also increase the variability of coronary calcium scores (Mao et al. (2001); Horiguchi
et al. (2002); Detrano et al. (2005)). These effects reduce the diagnostic performance
for the detection of stenotic coronary lesions (Ropers et al. (2003); Raff et al. (2005))
and make efforts at characterizing the composition of coronary plaques more com-
plicated (Leber et al. (2004)). Undoubtedly, all of these issues cause physicians to
often evaluate the image quality to determine whether there is useful and meaningful
information.

An efficient approach to solve radiation issues is the advanced iterative recon-
struction algorithm (Marin et al. (2010)). Advanced iterative reconstruction algo-
rithms have been well defined recently to overcome the problem of image noise that
occurs in CT images when using FBP while the dose is reduced. Some research
(Silva et al. (2010); Marin et al. (2010); Hara et al. (2009)) also shows that they
possess the property of producing high quality images at lower dose radiation. In
addition to having the ability of maintaining image quality with lower radiation
dose, iterative reconstruction algorithms also provide a solution for correcting mo-
tion artifacts. Another way to improve the image quality and reduce dose is using
protocol design. Especially in a contrast enhancement CT scan, a good protocol not
only reduces the radiation dose but also reduces the amount of the required contrast
agent (Nakayama et al. (2005)). On the other hand, to improve the temporal reso-
lution in Cardiac CT, motion compensation approaches (Iatrou et al. (2010)) have

been demonstrated to have significant improvements on coronary reconstruction.
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No matter the dose reduction strategy, quantitative evaluation of image quality
is necessary. Any approach of reducing radiation dose or optimization of a protocol
should be performed within a clinical framework. To be meaningful, image quality
assessments should be related to actual clinical performance. Direct determination
of clinical performance is quite difficult, expensive and time-consuming. The results
in these kinds of studies really depend upon the patient sample strongly. Thus,
it is important to design practical task-based image quality measurements and use
patient simulating phantoms which can mimic important disease-related structures.

To evaluate the image quality, traditional object metrics such as contrast-to-
noise ratio (CNR) in a region of interest (ROI) and noise power spectrum (NPS)
were quite useful during the early development of CT technology. However, these
approaches were limited in sensitivity and became invalid after the introduction of
iterative reconstruction in CT. The nonlinearity of iterative reconstruction brings
a challenge in image quality assessment. To establish a bridge between medical
physicists and radiologists and to save time and cost, mathematical model observers
currently are employed to evaluate the image quality in the CT community.

In addition to giving the basic concepts of the physics of X-Ray CT, image
reconstruction algorithms, the unit of radiation dose, image presentation, dose met-
ric, and artifacts, the majority of this dissertation will be focused on two parts: (1)
design proper tasks and select model observers to quantitively evaluate the image
quality or the dose reduction of different CT imaging systems and (2) make these

image quality algorithms more practical.

1.2 Fundamentals of X-Ray Physics

X-Ray is one kind of electromagnetic wave. The wavelengths of X-Rays range from a
few picometers to a few nanometers. The energy of an X-Ray photon is proportional

to its frequency v, and it can be expressed by the following equation:

e

E=h 1.1
v =" (11)
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where h is Plank constant (6.63x 1073 J s), c is the speed of light (=~ 3x 10% m s71),
and A is the wavelength. Thus, we can easily see that the shorter the wavelength,
the greater the energy. Since X-Ray photons are produced by striking a target metal
with high-speed electrons (accelerated across an electrode), the maximum possible
energy of an X-Ray photon is equal to the kinetic energy of the electron. Therefore,
conventionally the unit of energy of X-Ray photons is usually expressed in eV (e
is the charge of an electron and V is the voltage of electrode). Then, the equation
(1.1) can be expressed as
124 % 103eV x nm

E= - (1.2)

As mentioned above, X-Ray photons are generated when a target material is

bombarded by high-speed electrons. The target material, filament current and accel-
erating voltage all have significant effects on the final output of an X-Ray generator.
There are some choices for target materials (Mo, Rh, W). Different materials result
in different photon generation efficiency. When an electron collides with a target
material, different types of interactions happen. Most of the interactions come from
the energy transfer between high-speed electron and electrons that are knocked out
from atoms. However, this type of interaction does not contribute to the production
of X-Rays and eventually is converted to heat. For a typical X-Ray tube, 99% of
energy becomes heat.

With very low probability (about 0.5% of the time), an electron comes into
proximity of a positively charged nucleus in the target. The electron is decelerated
by the Coulomb interaction and its trajectory is changed as well. Then an X-Ray
photon with the same energy as the lost kinetic energy of the electron is generated.
This kind of radiation is called bremsstrahlung which means braking radiation in
German.

The X-Ray energy produced during the bremsstrahlung varies with the distance
between the incident electron and the target nucleus because the Coulombic force
is inverse proportional to the square of the distance. The shorter the distance, the

higher the energy of X-Ray photon. A direct collision of an bombarding electron
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with the nucleus is very rare because the cross section of the nucleus is very small.

An unfiltered bremsstrahlung spectrum (Fig. 1.1 (a)) depicts the distribution
of X-Ray photons verse energy. The ramp-shaped distribution indicates that the
number of lower-X-Ray energy photons is much greater than the number of higher-
energy photons. The highest X-Ray energy is determined by the peak voltage (kVp)
applied across the current tube (Fig. 1.2).The lower-energy part which is not useful
to diagnosis is usually removed by a filter (Fig. 1.1 (b)).

In addition to the bremsstrahlung radiation and the radiation caused by direct
collision, the other important radiation is the characteristic radiation. In the atom,
each electron has a binding energy that depends on the shell where it resides. The
closet shell is the K shell which has the highest binding energy. The next highest
binding energy is L shell followed by the M shell. When an incident electron has an
energy larger than the binding energy of an electron of the target atom, a collisional
interaction is possible, causing the shell electron to be ejected, thus ionizing the
atom. The unfilled shell is unstable, and an electron that resides on the outer shell
will fill the vacancy. When the outer shell electron transitions to the lower unfilled
shell, a characteristic X-Ray photon with the energy equal to the difference between
the binding energies of the shells can be released. For different materials, binding
energies are different and unique. Thus, the emitted X-Ray photons have discrete
energies that are characteristic of the specific material. Among all the transitions,
the most useful characteristic X-Rays in the diagnostic energy range are from other
shells transmitted to K-shell. Table 1.1 lists common target materials and the
associated binding energy of their K, L, and M shell electrons.

Some important concepts of the process of generating X-Rays and radiation spec-
trum have been described above. The interaction between X-Ray and matter and
details of X-Ray tubes, cathode, and anode, etc. is out of scope of this dissertation

and will not be addressed here.
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Figure 1.1: (a) Unfiltered bresstrahlung spectrum (b) Filtered bresstrahlung spec-
trum. (Courtesy of The Essential Physics of Medical Imaging.)

Table 1.1: Electron binding energies (keV) of common X-Ray tube target materials

Electron shell Tungsten Molybdenum Rhodium
K 69.5 20.0 23.2
L 12.1/11.5/10.2  2.8/2.6/2.5 3.4/3.1/3.0

M 2.8-1.9 0.5-0.4 0.6-0.2
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1.3 Computed Tomography

Computed tomography (CT) has been an invaluable diagnostic tool for clinical ap-
plications over the past decades. CT is the modality that made investigation of
internal parts of the body possible. The first CT system was built in 1972, and CT
technologies have matured greatly with improvements in computational technolo-
gies.

The mathematical principles of CT were first developed by Johann Radon in
1917. In Radon’s work, he proved that an image of an unknown object could be
produced from continuous projection data. The mathematical details will not be
shown here because they are out of scope of this dissertation. Imagine that the
three-dimensional (3D) anatomy of a patient is imaged with a plain film from two
directions— posteroanterior and lateral projections. Like conventional radiography,
the density at a given point on an image represents the attenuation properties within
the patient along a line between the X-Ray focal point and the detector. The
limitation here obviously is that the information associated with the dimension
which is parallel to the beam is not obtained. If we acquire the information from
these two directions, then the height, width, and depth of a lung on chest images
can be defined. Therefore, complete thoracic information is obtainable if a series of
360 conventional radiographs acquired at 1-degree angular increments around the
chest part of this patient. These 360 cross-sectional images, however, are not meant
for human visualization.

To make acquired projection data useful, image reconstruction algorithms are
necessary. After the reconstruction, CT images are produced and are usually pre-
sented as a series of slices along the long axis of the patient. The thickness of a CT
image is usually thinner (0.625 mm to 5 mm) than a conventional X-Ray film. The
two-dimensional (2D) array of pixels in the CT image is related to the 3D voxels.
Voxels and pixels have the same dimension in plane, but voxels have slice-thickness
dimension. Thus, each pixel in the CT image is actually the average properties of

the X-Ray attenuation of the tissue/organ of the corresponding voxel.
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The early available scan mode of C'T was the step-and-shoot mode. However,
the process of acceleration and deceleration of the step-and-shoot scan within a few
millimeters easily caused the motion and deformation of internal organs of a patient.
As a result, artifacts appear in the images. If multiple breath-holds are needed for
scanning an organ, it is difficult to train patients to repeat the same breath-holding
level to avoid the slice-to-slice misregistration. Another disadvantage of the step-
and-shoot mode is that the long scan time of this mode results in some negative
impacts for contrast enhancement examinations. This is due to the fact that the
uptake and washout time of contrast agents are very short in bodies.

To overcome these difficulties in clinical studies, the helical or spiral scan mode
was proposed (Nishimura and Miyazaki (1988); Kallender et al. (1989)). It is called
a helical or spiral scan because the traveling path is like a helix if we consider
the relative motion between a point on the gantry and a point on the patient.
Projections are continuous when the patient is translated with a constant speed
under a helical/spiral scan. Because of the faster speed and no acceleration and
deceleration during the scan, this technique avoids artifacts and makes the utilization
of contrast easier.

In addition to the improvement on the scan mode, multi-slice CT was also intro-
duced in the last decades to satisfy an increased demand in the spatial resolution
in the z direction (table direction). The main reason is the tradeoff between the
slice thickness and the volume coverage for single-slice CT scanners. For instance,
a typical z-direction coverage to cover the entire area from the celiac artery to the
calves is between 90 and 120 cm, a length that is much longer than the width of a
single-slice detector. Consider another example: to have optimal contrast enhance-
ment and minimal respiratory motion from a patient, a thinner collimatior or a slow
helical pitch is needed. However, either of these would cause other difficulties such
as longer scan time, misregistration of breath-hold, unacceptable interruptions for
the contrast enhancement studies, and low efficient utilization of the tube (thinner
the collimation implies more photons blocked). These problems were solved when

the z coverage technique was introduced into the CT systems. The z resolution
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makes the z-direction width of X-Ray beam independent of the slice thickness. This
idea makes a wider X-Ray beam possible in thinner slices and also provides more
efficient X-Ray tube utilization.

The CT scanners used in my studies were GE HD Discovery 750, and GE Optima
CT 660 CT system. The Discovery CT 750 HD is a high-definition CT system. This
CT scanner produces high definition images at up to 230 micron resolution. It also
has been shown to produce 2.5 times more views per rotation which will improve
the overall resolution. On the other hand, Optima CT 660 is one of the most
energy efficient C'T scanners available and has an “environmental design” that eases
refurbishment and end-of-life recycling. The geometry and other features of scanners
will not be addressed here. Most information on GE CT scanners is available on
the GE website for interested readers. Both of them are now supported by an new

developed iterative image reconstruction algorithm to achieve the low-dose imaging.

1.4 Cardiac Computed Tomography

Cardiac computed tomography (CT) is a new application of CT and has become
in high demand during the last two decades. Improvements of technology such as
faster rotation times, dual source, z-coverage, and smaller slice thickness fulfill the
clinical studies of Cardiac CT and make Cardiac CT become a widespread tool.
There are two major types of Cardiac CT applications: coronary artery calcification
(CAC) and coronary artery imaging (CAI).

John Hunter(Oliver et al. (1964)) might be the first person who described the
relationship between coronary artery calcification (CAC) and coronary death. The
technology of X-Ray fluoroscopy was a method to detect calcium. However, the
nature of fluoroscopy limited this technology because of the limited sensitivity. The
usage of CT for calcification detection, in recent years, has obtained a lot of atten-
tion. The presence of calcium comes from a chronic process of injury and healing
of the blood vessel walls. The amount of calcium shown in the arteries could be

an important sign of coronary disease that might cause a heart attack. During the
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process of a CAC screen, CT images scanned at low dose selected at the diastole
phase of the heart are reconstructed to minimize the cardiac motion artifacts. This
can be accomplished by electrocardiogram (ECG)-based data acquisition (see fol-
lowing). According to these reconstructed images, calcium scores are obtained for
a quantitative estimate of the stenosis. A successful CAC scoring relies upon its
sensitivity and reproducibility.

The second type of application of cardiac imaging in CT is coronary artery
imaging (CAI).This type of application typically needs the help of contrast agents
because the purpose of CAl is to give aid to physicians to visualize the structures
of the heart and to detect plaque and any other abnormalities. To have a good
visualization in a small vessel, there are at least two challenges for CT systems.
First, the system has to freeze the heart motion. Secondly, the system must have
high spatial resolution in order to estimate the size of the vessel. This implies that
the high temporal and spatial resolution are both necessary.

To minimize the artifacts and degradation in images, ECG signals are usually
used in the data acquisition of CAC and CAI. A heart-beating cycle has two phases
where the cardiac motion is relative small: the end-systolic phase and the end-
diastolic phases. On an ECG trace, the region between 70% to 75% of the R-R
interval (the elapsing time between two consecutive R waves in the ECG) refers to
the mid-diastolic phase, and the region between 30% to 35% of the R-R interval
corresponds to the end-systolic phase. Many research results (Seifarth et al. (2007))
have suggested that data acquired during the diastolic phase could provide better
image quality for the patients with slow heart rates, and the end-systole phase could
give a better image quality for the patients with higher heart rates.

The details of the parameter setup to optimize the cardiac scan will not be ad-
dressed here. This dissertation will focus on the image quality evaluation in Cardiac
CT. In chapter 5, a task-based image quality assessment method will be used for
the temporal resolution evaluations. The coronary artery images reconstructed by
two different reconstruction algorithms and selected at two different reconstruction

windows for a low and a high heart rate will be evaluated.
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1.5 Image Reconstructions in CT

The most commonly used image reconstruction in CT is filtered backprojection
(FBP). From the name, one can easily understand that there are two steps in the
reconstruction: filtering the projection data followed by backprojection. The FBP
algorithm could be described as the following: (1) Find the 1D Fourier transform of
the projection data at every view angle. (2) Multiply the 1D Fourier transform of
the projection data at every view angle with a ramp filter. (3) Find the 1D inverse
Fourier transform of the output of step (2) for every view angle. (4) Integrate the
output of step (3) over angles to obtain the final reconstructed image.

The other method to implement FBP is to use convolution. The details of
derivations of FBP and different implementations are discussed in references (Her-
man (1980); Kak and Slaney (1988)).

Although FBP is well known for its speed and robust image quality, there are
several disadvantages in this algorithm. For example, small metallic objects may
induce streaking artifacts in the FBP image. FBP is not easily adaptable to miss-
ing data and partial occlusion effects. FBP images suffer from noise and artifact
contaminations especially in low radiation dose conditions.

On the other hand, iterative methods use statistical models of the noise to im-
prove the image in each iteration step. Various techniques have been offered by
major vendors. Typically, the goal is to find the relationship between the projec-
tion and image data and the prior distribution of images. The optimization is very
difficult to solve analytically so it requires iterative technieques.

Conventionally, a CT iterative reconstruction (IR) requires accurate modeling
of the system optics and geometry, noise, image. Excellent image quality has been
achieved at the cost of computational intensity (Hsieh et al. (2013)). To achieve
real time image reconstruction speeds while also maintaining the dose-saving capa-
bility, GE Healthcare (Waukesha, WI) has designed an approach that uses simplified
models of the C'T imaging systems and greatly reduces the computational cost. The

model focuses mainly on the system noise statistics, imaging object, physics and
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their interactions. With low flux and noise compensation implemented in this algo-
rithm, the image quality is expected to equal to that of FBP reconstructed images
but at a fraction of the dose level. The detailed description of this algorithm will be
presented in a separate publication document. The focus here is to determine the
amount of the dose saving compared to FBP this algorithm can provide.

The other problem that FBP suffers from is motion artifacts. Motion (patient,
cardiac) causes blurring and double images. Faster scanners could reduce motion
artifacts because the patient/heart has less time to move/beat during the data acqui-
sition. Another solution is to use algorithmic compensation: (1) iterative methods
that utilize a subset of the data and some priori knowledge (Chen et al. (2010))
and (2) motion compensation approaches (Chun and Fessler (2009); Taguchi et al.
(2007); Cho et al. (2012)). Again, this dissertation will focus on the comparison
between FBP and motion compensation approaches developed in GE Healthcare,

and more details can be found in the references.

1.6 CT Numbers and Hounsfield Units

The typical range of the X-Ray photons generated for medical CT is roughly between
20 keV to 140 keV. There are three major interactions in which X-Rays interact
with matter in this range: the photoelectric effect, the Compton effect, and the
coherent scattering. The net effect of these interactions is that some of the X-Ray
photons are absorbed or scattered. In other words, X-Ray photons are attenuated
when they pass through materials. The Beer-Lambert law is used to describe the
relationship between the transmitted rays, incident rays, and attenuation coefficients
of the material:

I = ITpe ™ (1.3)

where I and [j is the intensity of the transmitted and incident rays, respectively,
1 is the summation of the attenuation coefficients of photoelectric, Compton, and
coherent interactions of the material, and [ is thickness of the material. Note, y1 can

be a function of X-Ray energy.
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The p values for water and muscle are 0.1928 ¢m™' and 0.1916 ecm™! at the
average photon energy, 70 keV, when the tube is operated at 120 kVp. Obviously,
the difference is very small. To properly display this information, the difference
between different materials needs to be enhanced. The intensity scale, C'T number,
used in reconstructed CT image is defined as

,u - ,U'water

,Uwater

CTnumber = x 1000 (1.4)

where fiyqrer 18 the attenuation coefficient of water. The unit of CT number is the
Hounsfield unit (HU). This normalization results in CT numbers ranging from -1000
to 43000, where -1000 refers to air, soft tissues have range from -300 to -100, water

is 0, and dense bone and contrast agent corresponds to +3000.

1.7 Image Presentation

Due to the wide range of CT number, it is necessary to have a modification before
displaying the image on a standard grayscale monitor or film. When a reconstruction
image with CT number ranges from -1000 HU to 1700 HU, it will be difficult to see
the intensity variation if this dynamic range is linearly mapped to the range of the
display device (0 to 255). To make the displayed image more visually appealing, a
CT image is usually displayed with a modified grayscale:

) — (LW
p<m7y)display - %]maz; L — % < p(a},y) S L+ % (15)
Iz p(z,y) > L+ %

where p(z,Y)dispiay 15 the final displayed image, p(z,y) is the original reconstructed
image, W means the window width (WW), L refers to the window level (WL), and
I1naz 1s the maximum intensity scale of the display device (I,,,,,=255 for 8-bit display
device). The meaning of 1.5 is essentially to map the original intensity scale between
L — % and L + % to the full scale of the display device. In this range (L — % and

L+ %), the linear transformation is used. However, in most of cases, nonlinear
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mapping is more helpful to either enhance or de-emphasize the interesting features.
The mapping function can in general be expressed as
G[p(l‘, y)display]a tL S p(xv y)display < tH

p(l’» y)nonlineardisplay = (1 . 6)
(T, Y) displays otherwise

where p(z, Y)nontineardisplay 15 the displayed image after the nonlinear mapping, G
is the nonlinear mapping function, and ¢; and ty are parameters of the nonlinear
mapping function. In my studies, the WW and WL were selected at default values

in the GE consoles for the data acquisition.

1.8 Dose Metric - CTDI volume

U.S. Food and Drug Administration (FDA) has published guidelines to provide some
recommendations on how to optimize CT protocols (Feigal (2002)), especially for
pediatric patients and small adults, to reduce radiation exposure. To have a concept
of how much radiation was measured for a scan, one has to understand the methods
of the dose measurement. Several dose descriptors have been used in the past. The
most commonly used one is Computed Tomography Dose Index (CTDI). Different
versions of CTDI have been used. CTDI was initially introduced by Shope et al
(Shope et al. (1981)) in 1981. CTDI was used as a metric to quantify the radiation
output from a CT examination consisting of multiple contiguous CT scans. The
word “index” was specifically included in this name to distinguish the quantity from
the radiation dose absorbed by a patient. This method was adopted by the Center
for Devices in Radiological Health (CDRH) of the FDA. U.S federal regulations
require the CT measurement to report CTDI values measured in phantoms that are
at least 14 cm long with a diameter 16 cm for head and 32 ¢cm for body. PMMA
phantoms are the most commonly used phantoms for dosimetry.

There were some issues from the scattered radiation, divergence of the radiation
beam, and limitations from the efficiency of the beam collimation that cause deliv-
ered radiation to not be fully contained within the scanning volume. To address

these problems, the C'T'D1I,oy was developed. It was designed for calculation of the
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index for 100 mm along the length of a pencil ionization chamber. The weighted
CTDI (CTDI,) was then developed to solve the limitations of position dependence
within the scanning plane. C'T'DI,, represents a dose index that includes a weighted
average of contributions from the central and peripheral of the phantoms within in
the scanning plane. The weight factor is one-third and two-third for central and
peripheral respectively.

The CTDI, is defined only for the step-and-shoot scan. The definition of
CTDI, does not take into account the X-Ray exposure for the helical or spiral
scan. One parameter that describes the speed of the motion of the patient table is
the helical pitch. The helical pitch is defined as the ratio of traveling distance in one
gantry rotation over the nominal beam width. The C'T'DI,,, then was introduced to
take into account the pitch of the helical acquisition. The C'T'DI,,; represents the
average delivered radiation and is calculated as the CT'DI,, divided by pitch. The
unit of this value is expressed in mGy and is now displayed on most of CT consoles.
In clinical environments, the scan range in z direction might vary significantly. Thus,
another term, Dose-Length Production (DLP), is defined as the CT DI, multiplied
by scanning length. In our study, since the scanning lengths were all the same, we

used CTDI,, as our dose metric.

1.9 Artifacts in CT

Artifacts are common in clinical CT. They can seriously degrade the quality of CT
images and even sometimes obscure the pathology. CT artifacts originate from a
wide range of sources. They can be separated into at least four types of artifacts: (1)
Physics-Type artifacts: These come from the physical processes in the acquisition
of CT data. (2) Patient-Type artifacts. This type of artifact is caused by the
patient movement, heart beating, or the presence of metallic materials in or on
the patients. (3) Scanner-Type artifacts: Artifacts are produced by defects in the
scanner function. (4) Helical and Multi-Slice-Technology Type artifacts: Artifacts

generated from the image reconstruction process.
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Most of these artifacts can be avoided by calibration, careful patient positioning,
and parameters/protocols setup. However, some of the artifacts, such as Poisson
noise from lower radiation dose level and the heart beating, are not easily overcome.
Poisson noise comes from the statistical error in low photon counts. It can result in
random thin bright and dark streaks appearing along the direction of greatest atten-
uation. High contrast objects such as bone might be still visible with low dose level,
but low contrast soft tissue boundaries usually become invisible. On the other hand,
the rapid motion of heart generates artifacts which look similar to diseases and can
lead to diagnostic errors. Techniques, such as electrocardiographic gating (ECG),
have been developed to produce images by using partial data from the least cardiac
motion region of the cardiac cycle. However, as mentioned before, the traditional
algorithm, FBP, suffers from low radiation dose and the cardiac motion even when
using ECG. Besides, protocol optimization related to the patient size and age etc.
is not trivial. To overcome these issues, advanced image reconstruction algorithms
and the proper selection of protocol are needed. To study the performance of dif-
ferent algorithms or different protocols, image quality evaluations are necessary. In
the following section, the concepts and limitations of the traditional image quality

metrics as well as task-based image quality metrics will be illustrated.

1.10 Image Quality

CT is a 3D imaging technology in which approaches for image quality evaluation
have to be selected carefully. In this section, the traditional physical metrics will
be described first. The limitations of these kinds of metrics will also be illustrated.
Task-based image quality assessments will then be described in the second subsec-

tion.

1.10.1 Traditional Metrics

The traditional objective metrics are also called physical measurements. They are

directly related to the physical properties of signal and noise of the imaging systems.
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Some of them were developed in the spatial domain and others were designed to be
used in the spatial-frequency domain because some features produce responses that

are correlated spatially, whereas others produce responses independent of location.

1.10.1.1 Spatial Domain Metrics

A common image quality metric in spatial domain is contrast-to-noise ratio (CNR).

CNR is defined as

Hobject — Mbackground
CNR==* g (1.7)
Obackground

where fiopject and Upackgrouna are the mean CT number of a object in the region of
interest and the image background respectively and opackgrouna i the background
noise expressed as a standard deviation. CNR is not considered as a optimal image
quality metric because the information of the size of the object and the pixel size of
the image is not considered. Examples can be found in chapter 4.

In the following, we will see some useful image quality assessments in Fourier

domain.

1.10.1.2 Spatial Frequency Domain Metrics

To distinguish two separate objects, the spatial resolution needs to be defined. The
spatial resolution is directly related to the pixel size, the kernel used in the image
reconstruction, and other hardware designed in the imaging systems. To understand
image resolution, an image slice I(x,y) and the input object f(z,y) can be linked
together by the point spread function. To simplify this derivation, the axial plane

is considered. The relationship between I(x,y) and f(z,y) is expressed as

I(z,y) = //f(ac — 2’y —y)PSF (2, y )dx'dy (1.8)

where PSF' is the point spread function. The PSF' is used for describing resolution
properties of the imaging systems. The Fourier transform of the PSF' is the optical
transfer function (OT'F') which is defined as

OTF(u,v) = F{PSF(z,y)} (1.9)
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A more common way to estimate the spatial resolution is the modulation transfer

function (MTF), and it is related to the OTF by the following equation

_|OTF(u,v)|
|OTF(0,0)]

The meaning of MTF is to measure how well frequencies are transferred through

MTF(u,v) (1.10)

the system. It provides the information of responses of the system to different fre-
quencies. The Fig. 1.3 shows two MTF curves. The flat one refers to the ideal
system such that the system response is independent of the input frequency. Prac-
tically speaking, the MTF' can be computed not only by the PSF, but also the line
spread function (LSF') and the edge spread function (ESF) (Nikoloff and Wagner
(1985))(Boone (2001))(Judy (1976)). More extensive details of practical implemen-
tations can be found in reference 23 (International Commission on Radiation Units
and Meausrements. ICRU Report No.87 (2012)).

Similar to the resolution, image noise can be estimated in the Fourier domain.
In a CT system, there are different sources of noise. Electronic noise comes from the
detector readout. Quantum noise corresponds to the statistics of the limited quanta
contributing to the image. The noise power spectrum (NPS) (or Weiner spectrum)
is usually used as a image quality metric in the cases that the image statistics is
stationary . It provides a description of the noise by giving the amplitude of the
noise over the whole range of frequency in the image. To compute the NPS, an
acquired homogenous region of interest (ROI) of images is required and the NPS is
given by
N

AzAy 1 — 9
F{ROI;i(z,y) — ROI 1.11
1L gy 0 FUROKe ) RO (111

NPSQD(,U, I/) =

where Az, Ay are the pixel sizes in the x and y dimension, L,, L, are the two
dimensions of the ROI, N is the number of ROIs used in the analysis, and ROI; is
the mean value of ith ROI. The relationship between ¢ and NPS can be expressed

as

o’ = / / NPSop(u, v)dpdy (1.12)
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Although these metrics have been used in CT, they are not selected to be the im-
age quality evaluation assessments in my study because the shift-invariance and lin-
earity assumptions are not valid. The divergent X-Ray violates the shift-invariance
and there is no linear property in iterative reconstruction algorithms. In the next
section, task-based objective metrics will be illustrated. They are not limited to
shift-invariance and linearity. Currently, they are being used for quantitative eval-

uation of image quality in CT systems.

1.10.2 Task-Based Objective Metrics

To evaluate image quality for different imaging systems, state-of-the-art medical
image quality assessment methods that measure the ability to extract desired infor-
mation from the images for clinically interesting tasks are now known to be good
choices. A clinically interesting and relevant task might be a detection task that
requires distinguishing normal cases from diseased cases. Another example of a rele-
vant task is a estimation task that may provide information of the size and contrast
of lesions. In other words, image quality in medical systems should be measured
by an observer performing a task or tasks of clinical interest. In addition to the
selection of the task, a description of the observer and the figure of merit are also
key elements for task-based measurements. The observer is the person or algorithm
that performs the task. Examples include human observers and model observers,
which we will use in this work. Finally, the figure of merit is a way of measuring how
well the observer performs the task. This figure of merit quantifies the ability of
the observer to use the image data to perform the relevant task and is an objective

measure of image quality.

1.10.2.1 Human Observer

A human observer is a very straightforward method for image quality evaluation. An
example of a human observer for detection task is the two alternative forced choice
(2-AFC). The observer has to choose one figure that has a signal-present from two

options, even if he/she has to guess. The figure of merit here is the proportion of
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correct (PC) responses.

For 2-AFC, the PC is an estimate of the AUC value (the area under the receiver
operating characteristic (ROC) curve) from human observer in ROC (Barrett et al.
(1998)) paradigm. The relationship between detectability and PC can be expressed

as

d =20(PC)™! (1.13)

where d’ is the detectability. More details of the properties about d’, relationship
between d’, and the signal to noise ration (SNR), are in the references related to
these topics (Green and Swets (1966); Burgess (2011)).

There are some distinct disadvantages to using human observers such as time
and cost, so mathematical model observers have become attractive alternatives. The

basic ideas of model observers will be described in the following subsection.

1.10.2.2 Mathematical Model Observer

In general, there are two kinds of applications of model observers. One is in vision
science, which people are more interested in the response of the human visual system
(Geisler (2003, 2011)). The other is in medical imaging which will be illustrated in
this section. This dissertation will be focused on the second application. Topics
related to vision science are left for interested readers to explore.

Model observers are valuable tools in the objective assessment of image quality.
Model observers allow for rapid computation of task-based figures of merit while
avoiding complicated and expensive human psychophysical studies. Model observers
in medical imaging are developed for two major purposes. The first one is to use a
model observer to use either output images or projection images to obtain statistical
information to help optimize the hardware system for a given task of interest. They
are used to evaluate the image quality affected by tuning available parameters in
systems in the presence of noise and other factors (Abbey and Boone (2008); He
et al. (2008); Graff and Myers (2011); Lee et al. (2013)). Abbey and Boone used
Markov-Chain Monte-Carlo (MCMC) based ideal observer (10) devised by Kupinski
et al. (Kupinski et al. (2003)) to evaluate an emerging breast CT device. He, Gaffo,
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and Frey applied the MCMC technique (Kupinski et al. (2003)) to estimate the
ideal observer test statistic in the context of myocardial perfusion. Graff and Myers
developed an ideal observer based methodology for assessing the magnetic resonance
(MR) acquisition sequences. Lee, Kupinski, and Volokh evaluated the relationship
between the image quality and the number of detectors using the scanning linear
observer.

The second purpose is to evaluate and optimize software systems such as image
reconstruction algorithms. For this purpose, people are more interested in the devel-
oping the model observers that mimic human behavior that can be used to predict
human observer performance. The motivation of developing model observers that
could predict human observer performance is that the variability in human observer
performance is significant. It has been observed that different human observers can
have very different performances. This varying performance might come from expe-
rience level. Another source that causes the variability is the “jitter” from the same
human observer. Human observers might even provide inconsistent ratings on the
same testing images.

All observers performing a binary classification task such as signal detection can
be thought of as mapping the image data to a decision variable. To implement
the model observers in real CT systems, the parameters of the underlying distribu-
tions are unknown so usually a number of samples are needed for “training” before
“testing”. However, the number of training images available is finite. The size of
training sample sets, relative to the number of features, determines the accuracy of
the statistical estimates. Quadratic and linear classification discriminant function
both have been investigated (Fukunaga and Hayes (1989)). Fukunaga suggested
that the linear classifier is more robust (less sensitive to parameter estimation er-
rors) than the quadratic classifier. His work also theoretically and experimentally
supported the results from Novak (Novak (1984)). The linear discriminant functions
are relatively easy to compute and their performance is easy to summarize, and far
less information regarding to data statistics is required. Thus, the work in this dis-

sertation is focused on the linear observer models. The mapping, then, from image
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data to the discriminant function can be written as
A(6) = w'(8)g, (1.14)

where g is a reconstruction image, t is transpose operator, 6 is the parameter vectors
such as the location, size and contrast of the signal, A(@) is the observers discriminant
function, and the w(@) is the linear template. For the pure signal-detection task
with signal location known, @ is a constant. For signal detection and localization
task, @ = r is varied and observer looks for a 7. which gives maximum A(r) as

shown in the following equation (Khurd and Gindi (2005))
Amaz = Max A1) = NT00) (1.15)

To illustrate the concepts of model observers, we simplify the task and focus on the
pure detection task i.e. A is not function of signal properties. The optimal template,
W = Woptiin, Maximizes the SN Ry (defined in equation 1.19) in the binary detection
task when the data have equal covariance matrices under each hypothesis. The test

statistic A can be expressed as

woptlm - Sg_tiamers = Sg_tiamerAgt'rainer (].].6)
)\ = w(t)ptlz‘ngtester (117)

where Sgtrainer is the sampling covariance matrix, s is the estimated signal, Ag qiner
is the average difference in the data under two hypotheses and the subscript index,
trainer and tester, refer to training data and testing data respectively. The demon-
stration of optimality of the above equation can be found in the reference (Barrett
and Myers (2003)). Wqpuin has been called the Hotelling discriminant. An observer
who implements the optimal linear discriminant has been called the Hotelling ob-
server (HO). Since the following paragraphs will be focused on the Hotelling ob-

server, the subscript, opt lin, will be ignored for convenience.
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For a pure detection task, two classes, signal-present and signal-absent, provide

two test statistics. They are given by

| Ay = w'gtestersignalpresent [ _ 9 gonal present L1
A, = w!gtestersignalabsent T _ 1 gional absent
where subscript index, 1 and 2, means signal-absent and signal-present class respec-
tively, and two distributions (Fig. 1.4) can be plotted. By varying the threshold
and plotting true positive fraction verse false positive fraction (for example: A, B,
C)(Barrett and Myers (2003)), a ROC curve (Fig. 1.5) can be generated. The
AUC value can be used as a figure of merit (FOM) in the task. Another useful
FOM is SNR) and it can be calculated by the means and variances of these two

distributions: _ _
A2 — A

o3+o]
2

where the subscript A used here to distinguish this SNR from the conventional SNR

SNRy = (1.19)

related to the number of photon counted and the o is the standard deviation of the
test statistic. If the test statistic is normally distributed under the two hypotheses,
SN R,y is granted the special name d” and the the AUC can be easily calculated by

1 1 SNR)

(1.20)

where er f means the error function.
The observer that is utilized by S, Lmr is also called the prewhitening observer.
The simple concept is described as follows. If the noise covariance matrix S, .

is not singular, we can define a new random variable z in terms of the square-root

of the covariance matrix Sy

trainer ’

1

z = Sg_tfainer Gtrainer ( 1.2 1)

such that
_1
AZ - Sgtfainer Agt?"aine’r (]‘22)
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and the test statistic becomes
1 St
)\ = [Sgtfainer Agtraine?“]t[Sgtfainergtrainer] = Aztz (123)
The covariance matrix of z can be calculated as

S. =< [Sosner AGirainer] [Sariaines Adirainer ). >= Saoiner Sauvamner Sortuner = 1
(1.24)
where [ is the identity matrix. The z, here, transformed by the training covariance
matrix, is a uncorrelated random vector and this process is called prewhittening
because the eigen-spectrum of the covariance matrix, S, is flat or white.

When the data are Gaussian, with equal covariance for each class, the HO is equal
to the 10 for tasks. However, when the data are not Gaussian, the ideal observer
can be nonlinear, then full knowledge of the probability density functions of data
is required for the likelihood ratio. This requirement is usually a hindrance to the
calculation of the ideal decision variable (discriminant function), i.e. the likelihood
ratio, in more realistic situations. On the other hand, the HO requires only the first-
and second- order statistics of the data. Moreover, the HO has been found to be a
good surrogate for the human observer (Rolland and Barrett (1992)). Because of
these benefits, channelized Hotelling observers (CHO), were used in this dissertation
for signal location known detection tasks and signal location unknown detection
tasks. The reason for using channelization and the principles of the channelization
will be described in the following section and chapter.

In addition to detection tasks, more complicated tasks such as a combination of
detection, and estimation were studied as well. For the combined task, the chan-
nelized scanning linear observer (SLO) (Clarkson (2007)) was selected to evaluate
image quality. The concept of scanning linear estimation is to calculate the mode of
the posterior density or to maximize a posteriori (MAP) estimation. This requires a
scan of parameter space to compare solutions and find the maximum. The general

formula of MAP estimation is

rralo)rio)) L

] = argmax {pr(60 = argmax
wap = g (pr(Olg)) = argno { PO
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where the 6 and 6 are the parameters we are interested in and the estimated pa-
rameter respectively. pr(g|@) is the likelihood of data conditioned on parameters.
To easily optimize the function, we will consider the Gaussian likelihood. Note this
approximation does not imply that joint pdf pr(g, @) is also Gaussian. Based on

this approximation, the conditioned likelihood pr(g|@) can be described by

I

pr(gl@)

a3 0 a0 S -a@)] a2
where g(@) is the mean image averaged over the parameters 6, Sg is the sample
covariance matrix conditioned on the parameters, and det(-) is the determinant of
the matrix. Instead of evaluating the covariance matrix and its inverse for every
parameter, our second approximation is to use the mean of Sg¢ averaged over all
0. To avoid the exponential term of (1.26), the common strategy is to apply the
natural logarithm on both sides and ignore the term independent of the parameters

0, which leads (1.25) to become

1 _

In[pr(gl6)] = _7(9 —(0))'Sy"' (g — 9(6)) + In[pr(6)] (1.27)

Thus, after ignoring the constant term of In[pr(80)], the scanning linear estimator
that maximizes the posterior density under these approximations is equivalent to

A B _ 1 L

51(g) = argmax {'(0)S, g — 59'(0)S,'9(6) } (1.28)
Similarly, the distribution of noise is unknown and the training data is in generally

not equal to testing data, the final equation becomes

gtester

éSL (gtester> = argglax {gzrainer (0) S

Gtrainer
1 _

(1.29)
- §g§7’aine7‘ (6) Sg_ulnamergtrainer (9) }

This observer operates on the data linearly, even though, in general, the linear
template is a nonlinear function of . In the estimation process, the observer seeks
the value of 8 that will maximize this linear operation.

HO and SLO are both very useful image quality tools in medical imaging. How-

ever, in realistic cases, the sampling covariance matrix is singular since the number of
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images is always much less than the number of pixels of the ROI. The finite number
of sample images causes the difficulty for the implementation of the prewhitening
observers to work in medical imaging. In the next section, one popular approach,

channelization, will be introduced.

1.11 TImage Quality Evaluation in X-Ray CT system

As mentioned above, traditional approaches such MTF and NPS are both not suit-
able for image quality evaluation in CT systems because the assumptions are far
from reality when iterative reconstruction algorithms applied. Human observers,
on the other hand, are usually more expensive both in time and cost. The math-
ematical model observes were chosen as candidates for this research. However, a
potential impediment in our selected model observers is the inverse problem of the
sample covariance because the number of images is always limited. The channel
mechanism (Myers and Barrett (1987)) proposed by Myers and Barrett gives this
difficult problem a solution. The channel mechanism not only solves the inverse
problem but also provides researchers a way to simulate or predict human-observer

performance.

1.11.1 Inverse Problem of Covariance Matrix

For detection tasks and combined detection/estimation tasks, the HO (Rolland and
Barrett (1992)) and SLO (Whitaker et al. (2008)) have been successfully utilized to
measure image quality. To implement these two observers, first-order and second-
order statistics of the data are necessary which are typically estimated using sample
images from a training dataset. For a M-dimensional ROI, the inverse of the sample
covariance matrix exists only when the number of images in the training dataset is
larger than M+1. In CT imaging systems, however, it is difficult to have the number
of training images larger than M+1 because M is very large - even for a small ROI
around a lesion. The process of channelization in which the image data is processed

by a small number of channels to produce channel outputs provides a solution to
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this problem. The number of channels is typically much less than M. For instance,
the number of channel of Dense-Difference of Gauss (DDOG) (Abbey and Barrett
(2001); Abbey et al. (2002)) selected in this study is 10 so the dimension of each
channelized sample becomes 10 whereas the ROI size might contain M=10* pixels.
Thus, the minimum required training size reduces to 10+1=11 instead of 10*+1 in
this specific example. The channelization makes the channelized HO (CHO) and
channelized SLO (CSLO) useful for limited dataset in CT systems.

1.11.2 Channelization and Channels Selection

The channelization process is to map the image onto the channels. This process can
be expressed as

x=Tg (1.30)

where T is the matrix of channels. As mentioned in the previous section, the
minimum required training size reduces from 1041 to 11.

The 10 DDOG channels employed in this study have been demonstrated to
match the human observer behavior in signal-detection tasks (Abbey and Barrett
(2001)). In addition to reducing the dimension of the covariance matrix, DDOG
channels also has been proven to have a property of mimicking human visual system
(Abbey and Barrett (2001); Abbey et al. (2002)) in the pure detection task. These
channels have not been verified to match human-observer performance when used
in a scanning observer such as the SLO used in this work. However, we chose to
use this observer model because the channels are based on the human visual system
even if the scanning mechanism is not.

The general ideas used in my research have been described in this chapter. In
the following chapters, I will focus on the application of model observers on CT
imaging systems. Model observers will be used for the quantitative evaluations of
different image reconstruction algorithms and protocols. More practical designs for

the CHO and the CSLO will then be introduced in the chapter 6.
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CHAPTER 2

Image Quality Assessment Using Model Observers:
Detection Tasks

Task-based measures of image quality have been developed for many decades (Bar-
rett et al. (1998)) and have been applied extensively in nuclear-medicine imag-
ing.(Gifford et al. (2000a); Barrett et al. (2008); Gross et al. (2003)) More recently,
these methods have been used in CT imaging (Yu et al. (2013)). As mentioned in
first chapter, complete descriptions of three important elements are essential in the
task-based assessment of image quality: (1) the task (2) the observer, and (3) the
figure of merit. A number of different techniques have been developed to reduce
radiation dose in X-Ray CT. Among them, iterative reconstruction (IR) algorithm
has been widely expected to be an effective dose reduction for CT. To quantitatively
measure the achievable dose reduction when we use IR, we will compare task-based
measures of image quality of CT images reconstructed by IR and the conventional

algorithm, FBP.

2.1 Tasks and Figures of Merits

In this chapter, we consider the tasks of signal-location—known signal detection as
well as signal-location—unknown detection. For these tasks, the object being imaged
belongs to one of two categories (or hypotheses), Hy or the signal-present class and
H, or the signal-absent class. For the signal detection and localization task, images
that are classified as being signal present must also have this signal localized by
the observer. If the localized signal is within a threshold distance from the true
location, then it is considered that the observer has made a correct decision. For
the signal-detection alone task, the observer’s goal is to output a test statistic that

is compared to a threshold to determine whether the observer classifies the image as
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signal present or signal absent. Receiver operating characteristic (ROC) analysis10
is a plot of the true-positive fraction (or sensitivity) versus the false-positive fraction
(one-specificity) for all possible threshold values. The area under the ROC curve
(AUC) is an often used figure-of-merit quantifying observer performance. For the
signal-detection and localization task, we model the observer as producing a spatial
test statistic map that represents the observer’s confidence that a signal is present
at all locations within the image. The maximum value of this map is used as the
overall test statistic for the image. The location associated with the maximum is the
estimated signal location when the overall test statistic is greater than the decision
threshold. This framework has been used extensively in nuclear medicine imaging
(Gifford et al. (2000b); Kadrmas and Christian (2002); Das et al. (2011)). A plot of
the fraction of a true-positive detection with correct localizations versus the false-
positive fraction is known as a localization ROC curve (LROC) (Barrett and Myers
(2003)) and the area under this curve (LAUC) is used as a figure of merit (FOM)

quantifying observer performance.

2.2 Channelized Hotelling Observer

The channelized Hotelling observer (CHO) (Myers and Barrett (1987); Gallas and
Barrett (2003)) are valuable tools in the objective assessment of image quality.
Model observers allow for rapid computation of task-based figures of merit while
avoiding complicated and expensive human psychophysical studies. The CHO tem-
plate was estimated by training data. The CHO template operates on both signal—
present images and signal-absent images with linear channels to generate test statis-
tics. After characterizing the observer’s performance for many different thresholds,
ROC or LROC curves can be generated. A flow chart of generating ROC and LROC
curves are shown in Fig. 2.1. Aslong as the number of channels is much less than the
dimension of the image data, the CHO mitigates the computational difficulties that
are inherently present with the HO. The channels can be selected to either mimic

the human observer or they can be selected to approximate the full HO performance
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by efficiently representing the signal and noise characteristics in the channel space.

The CHO template can be expressed as

1 1, -
WcHO = [g(swtrainerﬂ + Sthainer,l)] (wtminer,2 - wtrainer,l)
1 -1, _
= [5(22 + El)} 1(mt7‘ainer,2 - mtrainenl) (21)
=S85

where S,

Ltrainer,j

is the covariance of the channel outputs for the H; hypothesis,
:iémmer is the mean of the channel outputs under the H; hypothesis, X; is the
simplified version of the channelized covariance matrix estimated by training samples
under H; hypothesis, S is the mean of sample channelized covariance matrices, and
§ is the difference of the mean of channelized training data of the two hypotheses. In
this dissertation, we chose to use ten dense difference of Gaussian channels (DDOG)
proposed by Abbey and Barrett (Abbey and Barrett (2001)). We also compared
our results using DDOG channels with the results using Gabor channels without
orientation and phase terms (Wunderlich and Noo (2008)). With Abbey’s DDOG
model, the radial frequency profile of the jth channel is given by

Cy(p) = eap| — 5 (L)) — eap[ — 5(£)’) (2.

Qo; 20,

where p is the spatial-frequency variable and o, is the standard deviation of each
channel. Each of the o; values is defined by o; = gpa?/™! from an initial oo. The
multiplicative factor, Q > 1, defines the bandwidth of the channel. Ten channels
are used in this work. Channel parameters are the same values proposed by Abbey
(Abbey and Barrett (2001)), o9 = 0.005, & = 1.4, and Q = 1.67. DDOG channels
have been proven that it has similar image template to the image template estimated
by human observer without any assumption of the noise texture of images (Abbey
et al. (2002)). These channels are also known to mimic human observer performance
for signal known exactly tasks. To compare the results using Gabor channels, we
ignore the orientation and phase terms of Gabor channels because of the circular

symmetric shape of the signals. The spatial channel widths (Wunderlich and Noo
(2008)), ws, are 56.48, 28.24, 14.12, 7.06, and 3.53. Yu et al. (Yu et al. (2013)) has
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shown that Gabor channels have similar detection performance as human observers.
For signal-location—unknown tasks, our scanning CHO will not mimic human ob-
server performance because it is known that human observers do not scan the entire
image but instead focus their attention on regions of interest (Krupinski (1996)).
Some work by Gifford et al., (Gifford et al. (2000a)) however, has suggested that

these scanning models may work reasonably well to model humans.

2.3 Training, Testing, and Variance Estimation

The training data are used to estimate the parameters that define the model ob-
servers: the means and covariance matrices. For the CHO, this training dataset
is used to estimate s and S. More training images provided more accurate esti-
mated parameters. Kalayeh and Landgrebe suggested that the required number of
samples should be at least five times the number of features (Kalayeh and Land-
grebe (1983)). Once these parameters are estimated, the testing dataset is used to
estimate the FOM. There are several ways to estimate the variance of the FOM.
Bootstrap (Efron and Tibshirani (1993)), jackknife (Dorfman et al. (1992)), and
shuffle (Dorfman et al. (1992); Fukunaga and Hayes (1989)) methods have been
studied previously (Wagner et al. (1997, 1998); Biden et al. (2000); Obuchowski and
Rockette (1995); Obuchowski (1995); Barrett et al. (2005)). In our study, the vari-
ance of AUC and LAUC values are estimated by a completely nonparametric and
unbiased approach, referred to as the Barrett, Clarkson, Kupinski method (Gallas
(2006)) or the One-Shot method (Dorfman et al. (1998)). This variance-estimation
method is a variant on the common Dorfman, Berbaum, Metz technique (Roe and

Metz (1997a,b)) but does not rely on resampling techniques.

2.4 Phantom, ROI, and Data Acquisition

In this work, low contrast (LC) objects embedded in a MITA 1) LCD phantom
(CCT 183, The Phantom Laboratory, Salem, NY) were imaged on a GE Opti-
maCT660 CT system. Figure 2.2 provides the head and body phantom MITA
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phantom used in this study. The diameter of the head mode is 200 mm and the
dimension of oval ring of the body phantom is 350 x 250 mm. Multiple LC objects
with various contrast and size levels present in this phantom were studied. We used
axial scans with rotation time = 1 s. The scan FOV (SFOV) was small body for
head phantom and large body for body phantom. The slice thickness was 0.625
mm and the detector coverage was 20 mm in our study. In order to gain statisti-
cal confidence in the detectability measurement, multiple scans were required. 21
and 34 different radiation dose protocols were used for the head phantom and body
phantom, respectively. For each dose protocol, 50 identical scans were acquired. A
total of ten individual signal present ROI were extracted from different longitudinal
locations (along the CT system table direction) from each scan. For each LC signal,
signal absent ROIs were randomly extracted from two different locations to increase
the variability of signal absent case (Fig. 2.3). Ten signal-absent images were ex-
tracted from one scan. The data were acquired at 120 kVp. The x-ray current was
varied to achieve different exposure levels and, hence, different doses. The 50 scans
and ten extracted ROI pairs per scan resulted in 500 individual ROI pairs for each
LC object at every dose level. Images were reconstructed at a field of view of 180
mm with a matrix size of 512 x 512 image pixels. The order of all images was
randomized before being split into training and testing datasets. The same random-
ized sequence was used for every study. The sizes of the ROIs varied with the size
of the LC signals (see Table 2.1). The signal was always in the center of the ROI
and the noise ROIs were extracted from regions far from the signals. The same set
of ROIs were used both for location known and location unknown model observer
studies. For the rest of this paper, we will refer to the extracted ROIs as “images”.
All four different LC objects (shown in Table I) imbedded in this MITA phantom
were used in this study. The center of each signal was determined by analyzing the
mean image at the highest dose level (Fig. 2.3). For each object and dose level
selected, out of the 500 independent signal-present and signal-absent image pairs:
200 pairs were used for training and the remaining 300 pairs for testing. ROC curves

for location known exactly task and LROC curves for location unknown task were
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Table 2.1: MITA phantom for detection task

Diameter Contrast Background ROI  Radius Threshold

Object  (mm) (HU) (HU) (mm) (mm)
1 3 14 40 35.2 3.5
2 b} 7 40 35.2 3.5
3 7 5 40 35.2 3.5
4 10 3 40 45 3.5

generated and the corresponding areas under curves were calculated. As mentioned
above, the variances of estimated AUC values and LAUC values were estimated via

the One-Shot method (Gallas (2006)).

2.5 Detection Task Design

In this work, we consider both the task of detecting a signal at a known location
and detecting a signal at an unknown location and estimating its location. For the
location known detection task, CHO templates were estimated using the training
dataset and applied on each test image. The resulting test statistics from the testing
dataset were used to generate ROC curves. For the location unknown study, instead
of placing the LC object at random locations in the image, we had L.C object centered
in the ROI and the model observer was applied to scan all possible locations in
every test image. The CHO template for the location unknown study (shown in
Fig. 2.4(b)) was generated in a similar way as the one in location known study
(shown in Fig. 2.4(a)). The LROC template was created by cropping the nonzero
region from the ROC template (35.16x35.16 mm or 100x 100 pixel). We ignore the
regions of the template with small values when we cropped to ensure that just the
central feature of the template is used for scanning. Note that the larger the LROC
template, the less possible locations for observer to scan. The number of possible
locations affects the difficulty of task by changing the blind guess line for LROC
studies as described below. In this work, the sizes of LROC template are 16.88
x 16.88 mm (48 x 48 pixel) and 26.72 x 26.72 mm (76 x 76 pixel) for the first
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three objects and fourth object, respectively, and the LROC template was applied
at all the possible locations in each image and a test statistic was produced at
these locations. A test statistic map (Fig. 2.5) was generated which represents the
likelihood of a signal being present as a function of signal location. The location
of the maximum test statistic was determined to be the signal location. When the
distance between signal location estimated by the scanning observer and the true
location (center of the statistic map) is less than a certain radius threshold, the
estimated location is counted correct. The values of radius thresholds depend on
the sizes of ROIs and were chosen to maintain an equal guessing curve (with area
about 0.05) for all cases (Table 2.1). The blind guess line shown in all subsequent
LROC curves were calculated based on the probability that a randomly selected

location is counted as a correct.

2.6 Selection of Proper Ranges of AUC and LAUC Values

The AUC value was used as the figure of merit for the location known detection
tasks in our study. The guessing line, which represents the worst possible ROC
curve is a straight line from (0,0) to (1,1) in ROC space. Thus, the AUC value of
0.5 implies that the task is too hard. Similarly for LAUC, if the value is close to
guessing line from (0,0) to (1,0.1) in our study, then this location unknown detection
task is considered too difficult. On the other hand, if the AUC value or LAUC value
is close to 1.0, then the task is considered too easy (trivial) for observers. In our
study, various dose levels were scanned. Some of them provided AUC and LAUC
values either too difficult or too easy. We restricted our analysis using the AUC

values from 0.55 to 0.92 range and LAUC values from 0.1 to 0.9 range.

2.7 Measurements and Analyses

In this section, comparisons are made between the performances of FBP-
reconstructed images at high and low exposure levels to that of the new IR images

at low exposure levels. As mentioned above, the tasks considered were the signal—
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location—known detection and signal-location—unknown detection of low contrast
lesions. For the illustration of the purpose, the 5 mm in diameter and 7 HU in
contrast relative to the background imbedded in the head mode at 9.31 mGy and
body mode at 18.62 mGy are shown in Fig. 2.6. Because the contrast of the signal is
very low, 20 FBP image slices of this object is averaged and displayed here. All the
signals to be detected are considered very weak; this enables a reasonable dynamic

range for comparing performances across algorithms and exposure levels.

2.7.1 Location Known Detection Task

AUC was used as the figure of merit for the location known detection tasks. The
larger the AUC value is, the better the performance of the algorithm is. The guessing
line, which represents the worst possible ROC curve is a straight line from (0,0) to
(1,1) in ROC space. Thus, the AUC is 0.5 for a guessing observer. In this study,
different dose levels were selected for comparison for every object. The dose levels
were selected to ensure that the AUC values fall into the range of 0.55-0.92. In this
range, the detection task is not too easy for the observer which would result in AUC
values of 1, and it is also not too difficult which would result in ROC curves near
the guessing line. The high- and low-AUC regions should generally be avoided when
trying to make comparisons. The AUC values analyzed for the task of detecting the
various signals showed that image quality of the new IR algorithm at low exposure
levels is slightly better than that of FBP at high exposure levels both in head mode
and body mode and the differences between the AUCs of low-dose IR and low-dose
FBP are statistically significant (p < 0.01) for both head and body mode. Figures
2.7 and 2.8 show the AUC values analyzed by DDOG and associated error bars in
head mode and body mode, respectively, for all objects. These results suggested that
the dose reduction ranges from 50% to 67% and 68% to 82% for head phantom and
body phantom, respectively. Same testing has also been conducted using the Gabor
channels (Yu et al. (2013)), which suggests that the dose reduction fall into the
range of 60%-75% and 70%-80% for head phantom and body phantom, respectively.
The results from these two channels both imply that the IR images only acquired
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Table 2.2: Summary of Dose Reduction

AUC(Head) AUC(Body) LAUC(Head) LAUC(Body)
DDOG  50%-67% 68%-82% 67%-75% 67%-77%
Gabor  60%-75% 70%-80% 67%-70% 67%-75%

at a small portion of dose results in the same or even better detectability than the
full dose FBP data for the detection task. The summary of dose reduction in the
detection task is shown in Table 2.2. Two examples of ROC curves are shown in Fig.
2.9. The blue curves, the red curves, and the green curves represent ROC curve for
high dose FBP, low dose FBP, and low dose IR, respectively. Note that the ROC

curves are not smooth because the number of testing data is finite.

2.7.2 Location Unknown Detection Task

Similar to the concept of AUC, the larger the LAUC value is, the better the observer
performance and, hence, better image quality. The observer scanned at all the
possible locations for both signal-present and signal-absent images to generate the
test statistic maps. The maximum value on the map of each class was contribute
to the related test statistic. The location associated to the maximum value on the
map was compared to the true location of signal for the signal-present class. If
the relative distance between signal location estimated by the scanning observer
and the true location is less than certain radius threshold, the estimated location
is counted correct. The LROC curve was then generated based on varying the
statistic threshold decided by the observer and the estimated location of the signal.
The dose levels in LROC studies were selected such that the LAUC values are at
least twice the blind guessing value (LAUC- 0.05) and less than the value of trivial
task (LAUC = 1). In this range, we can ensure that the task is not too easy for
an observer to detect the signal and find its location correctly every time or too
difficult to return the blind guess line all the time. Similar to the ROC study,

dose levels may be different in each case to ensure reasonable LAUC values. LAUC
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values analyzed by DDOG channels and their associated error bars in head mode
and body mode, respectively, for all objects are shown in Figs. 2.10 and 2.11. The
differences between the LAUCs of low-dose IR and low-dose FBP are statistically
significant (p < 0.01) for both head and body mode. With DDOG channels, the
dose reduction ranges were from 67% to 75% and 67% to 77% for head phantom
and body phantom, respectively. We also analyzed LAUC using Gabor channels
and the dose reduction ranges were 67%-70% and 67%-75% for the head phantom
and body phantom, respectively. Results from the two channels gave similar dose
reduction in both head phantom and body phantom case. Again, this suggests
that IR images only need a small portion of the dose to reach the same or better
detectability than the traditional full dose FBP images in this study. More detail
about dose reduction for each object is summarized in Table 2.2. Two examples of
LROC curves are shown in Fig. 2.12. Similar to ROC curves, the LROC curves are
not smooth due to the limited number of testing data. The solid blue curves, the
dashed red curves, the solid green curves, and the dashed-dot black curves represent
LROC curve of high dose FBP, low dose FBP, low dose new IR, and guessing line,

respectively.



Figure 2.2: (Left) Head mode. (Right) Body mode.
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3mm 14 HU Smm7 HU 7 mm5 HU 10 mm 3 HU

(b)

Figure 2.3: (a) Locations of signal present ROIs and signal absent ROIs for all
objects. (b) Signal present ROIs for all objects embedded in the phantom. The
image is the average of 200 FBP images acquired at C'T DI,, = 55.86 mGy.
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Figure 2.4: (a) Original CHO template of object 7 mm 5 HU (ROC template). (b)
LROC template (Truncated ROC template). LROC template ignores the regions of
small values but contains the same central feature of ROC template.
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Figure 2.5: Statistic map generated by CHO LROC template scanning on one test
image. The location of maximum value will be the estimated location of signal.
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Figure 2.6: FBP CT images of object 5 mm 7 HU. (a) Head mode at 9.31 mGy.
Left: signal present ROI; middle: signal absent ROI 1; right: signal absent ROI 2.

(b) Body mode at 18.62 mGy. Left: signal present ROI; middle: signal absent ROI
1; right: signal absent ROI 2.
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Figure 2.7: Detection task (Head mode; DDOG channels): AUC values and associ-
ated error bars for all objects.

AUC(Body Mode; 10 D-DOG Channels)

B FBP: full dose
H FBP: low dose

W1R: low dose

AUC: @3mm, 14HU AUC: @5mm, 7HU AUC: @7mm, 5HU AUC: @10mm, 3HU
full dose=15.36mGyfull dose=20.64mGyfull dose=25.79mGyfull dose=18.62mGy
low dose=3.72mGy low dose=6.52mGy low dose=4.66mGy low dose=5.59mGy

Figure 2.8: Detection task (Body mode; DDOG channels): AUC values and associ-
ated error bars.
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Figure 2.9: ROC curve examples. Left: 3 mm 14 HU object in head mode. Right:
5 mm 7 HU object in body mode.

LAUC (Head Mode; 10 D-DOG Channels)

H FBP: full dose
H FBP: low dose

TIR: low dose

LAUC: @3mm, 14HU LAUC: @5mm, 7HU LAUC: &7mm, SHU LAUC: &10mm, 3HU
full dose=12.20mGy full dose=12.20mGy full dose=9.76mGy full dose=14.64mGy
low dose=4.05mGy low dose=4.05mGy low dose=3.24mGy low dose=3.66mGy

Figure 2.10: Location unknown detection task (Head mode; DDOG channels):
LAUC values and associated error bars.
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LAUC (Body Mode; 10 D-DOG Channels)

W FBP: full dose

B FBP: low dose

W IR: low dose

LAUC: @3mm, 14HU LAUC: @5mm, 7HU LAUC: @7mm, 5HU LAUC: &10mm, 3HU
full dose=55.86mGy full dose=41.94mGy full dose=51.24mGy full dose=55.86mGy
low dose=18.62mGy low dose=12.11mGy low dose=13.98mGy low dose=13.04mGy

Figure 2.11: Location unknown detection task (Body mode; DDOG channels):
LAUC values and associated error bars.
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Figure 2.12: LROC curve examples. Left: 10 mm 3 HU object in head mode. Right:
7 mm 5 HU object in body mode.



60

CHAPTER 3

Image Quality Assessment Using Model Observers:

Combination of Detection and Estimation Tasks

In chapter 2, an IR algorithm has been shown to have image quality comparable
to that of traditional algorithm FBP, but with significant reduced radiation dose.
82% dose reduction is achievable as the IR algorithm is applied in CT systems.
However, the dose-saving capabilities are different for different clinical tasks. In this
chapter, the channelized scanning linear observer (CSLO) is applied to study the
combination of detection and estimation task performance using CT image data. I
will focus on the application of the CSLO on CT images to quantitatively evaluate
the performance of different reconstruction algorithms under a fuller picture of tasks

that involve both detection and estimation components.

3.1 Model Observer-Channelized Scanning Linear Observer (CSLO)

The concept of scanning linear (SLO) estimation (Whitaker et al. (2008)) has been

illustrated in the general introduction of first chapter, and the equation is given by

éSL (gtester) - arggnax {g;ﬂamer,Q (0) g_l

Gtrainer,2

- ngrainer,Q (9) Sg_tiame,,ﬂgtrainerz (0> }

gtester

(3.1)

Again, for the inverse of the sampling covariance matrix to exist with limited avail-
able image data, a channelization process is needed in our selected observer. After

channelization, the above equation becomes

éCSL (mt@StW’) = arggnax {a_girainer,Q (9) S:I_ii«amerﬂ Ltester
L N (3.2)
- 5 CEtrainer,2 (0) Sa;mmeryg jtrainerﬂ (0) }
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where x, again, equals channelized data and the subscript 2 refers to the signal
present image class. As mentioned in the last section of chapter 1, even though
these channels have not been verified to match human-observer performance when
used in a scanning observer as we were using in this work, we chose to use this
observer model because the channels are based on the human visual system even if

the scanning mechanism is not.

3.2 Tasks and Test Statistics

The test statistic that is used to decide whether the signal will be called present or

not is written as
tesr = t(0 = 0csr) (3.3)

Note here that if xiee in 3.2 is a signal-present image, then the test statistic
generates a random variable tcgr, 2;0n the other hand, if 24ege, is from the signal-
absent image pool, then the test statistic generates a random variable tcgr 1. A
decision that the signal is present is made when the test statistic is greater than
the test—statistic threshold; otherwise the observer decides that the signal is absent.
For the combined task of the signal-location—known detection and the estimation,
the channelized scanning linear observer (CSLO) scans parameters in the parameter
domain to search for @ that as in eq.3.2. When the estimated parameters éCSL, the
output of eq.3.2, are equal to the true parameters 6,,,., the estimation is counted
as being correct. For the combined task of the signal- location—unknown detection
and the estimation task, the CSLO first scans the location parameters in the spatial
domain using the EROC template. The EROC template is actually part of 3.2 and
is given by

‘S_vil jtrainer,Q(e) (34)

jt'raine'r,Q
where subscripts and superscripts have been described above and 0 is a parameter
vector including locations, sizes, and contrast of signals. Due to the proper size
of ROI and the dimension of current available phantoms, instead of generating a

EROC template for each location, the feasible implementation is to crop the EROC
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template from the original image template (Fig. 3.1). The number of EROC tem-
plates or cropped EROC templates is equal to the number of LCD objects in the
task.The cropped EROC template contains most of the information of original im-
age template but with smaller size. With this approximation, the cropped EROC
template was scanned over all possible locations on every testing image with a signal
located at the center. There were 41 x 41 locations in the signal location unknown
detection task. A test statistic map (Fig. 3.2) was generated after cropped EROC
template scanned a single testing image. The observer then chose the location of
signal regarding to the highest pixel value on the statistics map. After the loca-
tion estimation, the template scanned on the size/contrast domain for size/contrast
estimation or both size and contrast estimation for the given signal in the testing
image. Similar to the location estimate, a test statistic map of size/contrast or size
as well as contrast estimation was generated. The estimated size/contrast was based
on the maximum value on this map. If the difference between estimated location
and the true location (the center) was less than the location threshold (about the
radius of the smallest signal) and estimated size and contrast were equal to the true
values, this combined detection and estimation was considered successful. From the
varying test-statistic thresholds, the two test statistic distributions of tcsz 2 and
tosr,1 and the results of estimation, an estimation receiver operating characteristic
(EROC) curve (Clarkson (2007)) can be generated. The processes are illustrated in
flow charts (Fig. 3.3). The area under the EROC curve, EAUC value, is the figure
of merit (FOM) used in this study. The higher the EAUC value, the better the

image quality of the system for the combination of detection and estimation task.

3.3 Training, Testing, and Variance Estimation

The training data are used to estimate the parameters that define the model ob-
servers, i.e., the means and the covariance matrices. As mentioned before, although
the minimum required training sample size is 11, to have more accurate estimates

of these statistics, 200 samples were used for training and 300 samples were used
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for testing. For the CSLO, the training dataset is used to estimate Zirqiner2, and

Sz and the equations are given by

trainer,2?

N
1

jtrainer,Z(Q) == N ; wtrainer,Q,i(e) (35)

N t
Sofcmmm(e) - |:wtrainer,2,i(6) - itrainer,2(9>i| |:wtramer,2,i<9) - it'r’ainerﬂ(e)] (36)

=1
S, - ! S Sennna(0) (3.7)
Ltrainer,2 the number Of 0 - Ltrainer,2 °

Once these parameters were estimated, the testing images were substituted into 3.2
to estimate the EAUC values.

There are different ways to estimate the variance of the EAUC, and they have
been discussed in Chapter 2. Here, the variance of EAUC values is estimated by
a completely nonparametric and unbiased approach, referred to as the One-Shot

method (Dorfman et al. (1998)).

3.4 Phantoms, Data Acquisition and Generation

In this work, low contrast (LC) objects embedded in three different phantoms were
imaged on a GE Discovery CT750 HD CT system. Two of the phantoms were from
Quality Assurance in Radiology and Medicine (QRM) (QRM-LC-FD1 and QRM-
LC-FD4 phantoms) and the other one was from the Medical Imaging and Technology
Alliance (MITA) constructed by the Phantom Laboratory (CCT 189). Examples
of signal-present images of the different phantoms are shown in Fig. 3.4, Fig. 3.5,
and Fig. 3.6. Based on the different designs of each phantom, QRM-LC-FD1 was
used for the task of signal detection and signal-size estimation, QRM-LC-FD4 was
used for the task of signal detection and signal-contrast estimation, and the MTIA
phantom was used for signal detection, and signal size and contrast estimation task.
The properties of LC objects in the three phantoms are listed in Tables 3.1, 3.2 and

3.3. Only axial scans were used in this work. The large body bowtie was used for
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Table 3.1: QRM-LC-FD1 phantom signal parameters

Object Diameter Contrast Relative

(mm) to Background
(HU)
1 3 -2
2 5 -2
3 7 -2
4 10 -2

QRM-LC-FD1 and QRM-LC-FD4 phantom inserted in the QRM body phantom
and MITA CT IQ LCD phantom with the body ring attached. The slice thickness
was 0.625 mm and the collimator aperture used was 20 mm.

In this study, the X-Ray current was varied to achieve different radiation dose
levels. For each dose level, 50 identical scans were acquired. A total of ten signal-
present and signal-absent ROI pairs were extracted from different longitudinal lo-
cations (along the CT system table direction) from each scan. The 50 scans and
ten extracted ROI pairs per scan resulted in 500 individual ROI pairs for each LC
object at every dose level. Images were reconstructed at a field of view of 180 mm
with a matrix size of 512 x 512 image pixels. A random order of 500 images was split
into training and testing image datasets. The same randomized sequence was used
for every study. The center of each signal was determined by analyzing the mean
image. The signal was always in the center of the ROI and the signal-absent ROIs
were extracted from regions distant from the signals to avoid any overlap between
signal-present and signal-absent ROIs.

For each object and dose level selected, there were 500 independent signal-present
and signal-absent image pairs. They were randomly split into 200 pairs for training
and 300 pairs for testing in our observer studies. EROC curves for the combined
detection and estimation task were generated and the corresponding areas under
curves were calculated. As mentioned above, the variances of EAUC values were

estimated via the One-Shot method (Dorfman et al. (1998)).
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Figure 3.1: Examples of templates of one signal. Left: original EROC template.
Right: cropped EROC template. The cropped EROC template is used for scanning
on the spatial domain for signal location unknown task.

Table 3.2: QRM-LC-FD4 phantom signal parameters

Object Diameter Contrast Relative

(mm) to Background
(HU)
1 5 -9
2 5 -10
3 5 -25
4 5 -50
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Figure 3.2: Example of a test Statistic map. After cropped EROC template of one
specific signal scanned on all possible locations of a signal on a testing image, a
statistics map associated to this testing signal is generated. The highest pixel value
(brightest spot) in this map indicates the estimated location of the testing signal.

Table 3.3: MITA body phantom signal parameters

Object Diameter Contrast Relative

(mm) to Background
(HU)
1 3 14
2 5 7
3 7 )
4 10 3
5 15 14
6 15 7
7 15 )
8 15 3
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Figure 3.3: Flow charts. Top: Combined signal location known detection and esti-
mation task. Bottom: Combined signal location unknown detection and estimation

task.
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Figure 3.4: Examples of images used for the combined detection and size estimation
tasks. All the images shown are the averaged result of 500 FBP images to ensure
that the signals are visible in publication. The sub-images are the various signal
diameters, (a) 3mm -2HU (b) 5mm -2HU (c¢) 7mm -2HU and (d) 10mm -2HU.
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Figure 3.5: Examples of images used for combination of detection and contrast
estimation task. All the images shown are the averaged result of 500 FBP images.
The sub-images are the various signal contrasts, (a) 5mm -5HU (b) 5mm -10HU (c)
5mm -25HU and (d) 5mm -50HU.
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Figure 3.6: Examples of images used for combination of detection, size and contrast
estimation task. All the images shown are the averaged results of 500 FBP images.
The various signal parameters are: (a) 3mm 14HU (b) 5mm 7HU (c¢) 7mm 5HU (d)
10mm 3HU (e) 15mm 14HU (f) 15mm 7HU (g) 15mm 5HU (h) 15mm 3HU.
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3.5 Measurements and Analyses

FBP and IR were compared for different tasks. Quality-Dose Characteristic (QDC)
curves (Barrett et al. (2015a)) (Fig.3.7) were generated by plotting different dose
levels and their associated EAUC values for both FBP and IR algorithms. For each
task, 50 scans were made for each dose level and there were ten different dose levels
as shown in the figure 3.7. The results show that the QDC curve of IR is higher
than that of FBP at all dose levels. It suggests that the IR is better than FBP in
terms of image quality at the same dose level. A comparison could also be made in
the horizontal direction in QDC plot. A horizontal comparison indicates that the
required dose level is lower for IR than FBP to achieve the same image quality. Based
on QDC curves, achievable dose reduction can be easily derived. All phantoms were
scanned axially for all experiments using the parameters mentioned above, and three
major tasks (a) detection and size estimation (b) detection and contrast estimation
and (c) detection, size and contrast estimation were all considered independently.
For all tasks, signal-location-known detection and signal-location-unknown detection

were considered.

3.5.1 The Detection and Size Estimation Task

3.5.1.1 Signal-Location-Known Detection

The QRM-LC-FD1 phantom that includes four objects with same contrast but
different diameters was used in this task. The larger the area under the EROC
curve (EAUC), the better the performance of the associated algorithm. The guess-

ing line that represents the worst possible EROC curve is a straight line from

(0,0) to (1 L ). Thus, the corresponding guessing EAUC value is

’ the number of objects

1y 1
2 the number of objects

= 0.125. The factor % comes from guessing the existence of the
signal by an observer. The more objects, the more difficult the task gets. Due to
the limited number of signals embedded in the phantoms, the exposure levels were
selected to ensure that the EAUC values fall into the range of 0.125-0.9 empirically.

In this range, the task was considered neither too trivial nor too difficult for the
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The Combined Task of
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Figure 3.7: An example of Quality-Dose Characteristic (QDC) curve for the task of
detection and contrast estimation.
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observer to decide on the size and the existence of the signal in a testing image.
Comparing two algorithms at the same image quality performance in a QDC plot,
one can estimate the amount of radiation dose reduction from the IR algorithm.
Results suggest that the IR algorithm required a small portion of dose but pro-
vided the same or even better detectability and estimation capability. Examples
of EROC curves were shown in figure 3.8 (Left). The blue curve, the red curve,
the green curve, and the dashed-dot curve represent EROC curves of the high dose
FBP, the low dose FBP, the low dose IR, and the guessing line from the observer
respectively. The associated EAUC values and their error bars (Fig.3.9 Left) show
that image quality of the IR algorithm at low exposure levels is almost the same or
even slightly better than that of FBP at high exposure levels. The dose reduction
is approximately 50% based on the QDC curve. The differences between the EAUC
values of low-dose IR and low-dose FBP are statistically significant (p < 0.01). Note
that the EROC curves are not smooth because the number of testing data in a real

situation is always finite.

3.5.1.2 Signal-Location—-Unknown Detection

In the case of signal-location—unknown detection task, the observer had to decide
whether the signal is in the provided testing image and estimate the location of the
signal before estimating the size of the signal. As mentioned in the Section Methods
and Materials, the location threshold is about the radius of the smallest signal. The
total number of possible locations for signals is 41 x 41. Thus, similar to signal

location known study, the guessing value of EAUC is given by

1 the area of a circle of radius equal to the location threshold

- 3.8
2 the number of objects x the number of possible locations (38)

In this case the guessing value is about 0.0043. In this study, the dose reduction
is 50%. The examples of EROC curves are show in Fig.3.8 (Right) and the EAUC
values related to these curves are shown in the right figure of Fig.3.9. The difference
between the highest EAUC and lowest EAUC in Fig.3.9 (Right) is significant (p <
0.01).
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Figure 3.8: EROC curves (QRM-LC-FD1 body phantom). Left: The combination
of signal location known detection and size estimation task. Right: The combination
of signal location unknown detection and size estimation task.
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Figure 3.9: EAUC values and associated error bars of the combined task of detec-
tion(Left: signal location known; Right: signal location unknown) and size estima-
tion regarding to Fig.8. (QRM-LC-FD1 body phantom).
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3.5.2 The Detection and Contrast Estimation Task

3.5.2.1 Signal-Location-Known Detection

There are four signals with the same diameter but different contrasts embedded in
the QRM-LC-FD4 phantom. The easier the observer can decide the existence of
the signal from the images and recognize the correct contrast among four different
contrasts, the higher the EAUC values. Since there are four objects in the phantom,
the guess line is again from (0,0) to (0, ) and the associated EAUC value is also
0.125. The relevant EAUC range was chosen between 0.125 and 0.9 empirically.
Results suggest that the dose reduction is approximately 50%. The two EROC
curves achieved are shown in figure 3.10 (Left). The blue curve, the red curve, the
green curve, and the dashed-dot curve represent EROC curves of the high dose FBP,
the low dose FBP, the low dose IR, and the guessing line respectively. The EAUC
values and their error bars are shown in figure 3.11 (Left). In this task, EAUC values
of the low-dose IR and the low-dose FBP are significantly different in statistics (p

< 0.01).

3.5.2.2  Signal-Location—Unknown Detection

In the combined task of signal-location—unknown detection and contrast estimation,
the observer first scanned on every possible location of the signal on both the signal-
present and signal-absent images. If the deviation between estimated location and
the true location was less than the location threshold, the observer then continued
to estimate the contrast of testing signal. If the estimated contrast was equal to
the true contrast, the task was considered successful. In other words, the task was
considered a failure if either estimated location was away from the true location or
the estimated contrast was wrong. The guessing EAUC value is the about 0.0118
according to the above. The result in this study shows the dose reduction is about
50% if IR algorithm is applied. The related EROC curves and EAUC values are
shown in Fig.3.10 (Right) and Fig.3.11 (Right). Again, the p value is less than 0.01

for FBP low dose case and IR low dose case.
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Figure 3.10: EROC curves (QRM-LC-FD4 body phantom). Left: The combina-
tion of signal location known detection and contrast estimation task. Right: The

combination of signal location unknown detection and contrast estimation task.
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Figure 3.11: EAUC values and associated error bars of the combined task of de-
tection (Left: signal location known; Right: signal location unknown) and contrast
estimation regarding to Fig.10. (QRM-LC-FD4 body phantom).
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3.5.3 The Combination of Detection, Size and Contrast Estimation Task

3.5.3.1 Signal-Location-Known Detection

In the combination task of detection, size and contrast estimation, the observer first
needed to decide whether the signal was in the image and then determine the size
and the contrast of the signal. In total, there are eight objects embedded in the
MITA phantom. The objects 5-8 are actually designed to assist a user to measure
the contrast values of the objects 1-4. In this work, we used them differently. As can
be seen from Table 3.3, objects 5, 6, 7 and 8 have the same size (15mm) in diameter
but different contrasts. Four pairs (object 1 and object 5; object 2 and object 6;
object 3 and object 7; object 4 and object 8) have the same contrast but different
diameters. The lower limit or the guessing line value is 0.0625 according to the
equation mentioned in previous sections. Results indicate that the dose reduction is
approximately 54%. The EROC curves are shown in figure 3.12 (Left). The EAUC
values and the associated error bars are shown in figure 3.13 (Left). Comparing the
low dose IR and FBP reconstructions, p value is less than 0.01. This suggests the

difference between the two algorithms is significant.

3.5.3.2 Signal-Location-Unknown Detection

In this section, we consider the most complete picture of the combination task in
this whole study-detecting signal, determining the location of the signal, estimating
the size of the signal, and estimating the contrast of the signal. The guessing value
is about 0.0021. The process of task is similar to previous tasks mentioned before so
the description of process will be skipped here. The result indicates that 50% dose
reduction could be reached when the IR algorithm used in the system. EROC curves
are shown in the Fig.3.12 (Right). The significant difference (p < 0.01) between the
EAUC value of IR low dose and FBP low dose is shown in Fig.3.13 (Right).

The improvement of image quality of IR is substantial. This improvement not
only helps observers determine if tumors exist and where the tumors located rela-

tively correctly but also helps observers distinguish the physical properties such as



the size and the contrast of the targeted lesion more easily.
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Figure 3.12: EROC curves (MITA body phantom). Left: The combination of signal
location known detection, size and contrast estimation task. Right: The combina-
tion of signal location unknown detection, size and contrast estimation task.
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Figure 3.13: EAUC values and associated error bars of the combined task of detec-
tion (Left: signal location known; Right: signal location unknown), size and contrast

estimation task regarding to Fig.12. (MITA body phantom).



80

CHAPTER 4

CT Protocols Optimization Using Model Observers

Advancements in multidetector-row CT technology have allowed for faster image
acquisition and improved isotropic imaging. These benefits have led to a tenfold in-
crease in the number of CT examination over the past decade. In the United States
and Europe, the increase of CT studies followed the introduction of multidetector-
row technology has led to significant increase in the radiation dose related to CT
scanning. Although CT scanning makes up approximately 15% of radiologic exam-
inations, it represents the largest source ( 70%) of medical radiation exposure. This
raised the responsibility in the CT community to develop different protocols to reach
the goal of as low as reasonably achievable (ALARA). Several parameters associ-
ated to radiation dose such as pitch, milliamperes (mAs), kilovolt peak (kVp), and
collimation were all investigated in different protocols. In this chapter, we focused
on two parameters, milliamperes and kilovolt peak. The purpose of this study is
to develop an approach to optimize CT protocols based on the tasked-based image

quality assessment using model observers.

4.1 Tasks and Figures of Merits

Traditionally, contrast to noise ratio (CNR) is used as an image quality metric as the
energy dependent or contrast enhanced objects are scanned under different kilovolt
peak. However, CNR is not in generally considered an optimal figure of merit (FOM)
because of the lack of size information. Thus, in our studies, tasked-based image
quality metrics using channelized Hotelling observer (CHO) (Tseng et al. (2014)),
and channelized scanning linear observer (CSLO) were employed. The first one has
been used for the pure detection task (Tseng et al. (2014)) in CT systems for dose

reduction (Tseng et al. (2014)) evaluation. The second one was recently proposed
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for the dose reduction performance as well (Tseng et al. (2015)). For different tasks,
different FOMs were used. For the pure detection task, the detectability generated
by CHO was used as the FOM. For a pure estimation task, the correct estimation
ratio (CER) produced by CSLO was used as the FOM. Finally, for the combination
task of detection and estimation, the estimation receiver operator characteristic
curve (EROC) was generated based on the combined outputs of the detection and
estimation task by using CSLO. The FOM for the combination task was the EAUC
value defined by the area under the EROC curve (Clarkson (2007)). The concepts of
CHO and CSLO have been addressed in chapter 2 and 3, and the details will not be
repeated here. The statistics, mean and variance, of figure of merits were estimated

by 10 independent iterations. The higher the value is, the better the image quality.

4.2 Phantoms and Real Data Acquisition

In this work, iodine objects of different concentrations were inserted into a head
(Fig. 4.1 (a)) mode, and a body mode (Fig. 4.1 (b)) Gammex phantom (Tissue
characterization phantom; Gammex 467). Four different concentrations of iodine
cylinders were inserted. Only stop-and-shoot scans were used in this work, and
head and large body bowtie were used for the head mode, and the body mode study
respectively. The thickness of slice was 0.625 mm and the collimator aperture used
in the scan was 20 mm.

In this study, the X-Ray tube current and voltage were both varied to achieve
the same CT DI, value for each protocol. 4.5 mGy and 9 mGy were scanned for
head and body phantoms, respectively. The window width and window level were
selected at default, 400 HU and 40 HU, respectlvely. For each protocol, 20 identical
scans were acquired. A total of 32 images were obtained from different longitudinal
locations from each scan. The 20 scans and 32 slices from each scan resulted in
640 images. Images were reconstructed by the FBP algorithm at a field of view
of 180 mm with a matrix size of 512 x 512 pixels. The signal-absent ROIs (100

pixels x 100 pixels) from 640 images were used for a better estimate of the noise
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power spectrum (NPS). The NPS was used for validation of our simulation data.
The signal-present ROIs (100 pixels x 100 pixels) were used for design of simulated
signals. In the following section, methods of generating simulation images including

signal-absent and signal-present class will be illustrated.

4.3 Generation of Simulation Images

To perform an observer study correctly, the ratio of size of an object to the size of
ROI is usually § to £. Current Gammex phantoms (Fig. 4.1) were not designed
ideally for this study. The insert iodine cylinder of diameter 2.8 cm was too large
compared to a ROI of 3.5 cm in size. Besides, the air gaps between the inserted
iodine object and phantom also caused misleading results in an observer study. To
avoid these limitations, simulated images were generated based on real images for
this study instead.

A simulated signal present image can be described as

signal-absent image gy =n+b=HW +b (4.1)

signal-present image go =n+b+s=HW +b+s (4.2)

where the subscript index 2 means signal-present case, the s refers signal and it is
circular with blurred edges. The real signal was obtained from the signal-present
images that were generated by scanning the phantom with iodine objects inserted.
The edge profile of simulated signal was compared to the edge profile of real signal
for validation (Fig. 4.2). The term b is the phantom background and was estimated
using signal-absent images that were scanned by the phantom without iodine objects
inserted. The noise structure, n, was simulated using correlated Gaussian noise. The
convolution of a blurring filter with white Gaussian noise can be represented with
matrix operator H and a zero mean white Gaussian vector W. The matrix H can

be estimated using real data by estimating the autocorrelation function R,

N
1
Ry = Y gi¥'gi5™ = (gig}) = (HW +b)(HW +b)') = o HH' + bb' (4.3)
=1
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where superscript t means transport and o is the standard deviation estimated from
real image data. Ry, o, and H are all dose level dependent.

To verify that the simulated noise background is valid, the radial average noise
power spectrum (NPS) profile of the simulation and the NPS profile of real image
were compared (Fig. 4.3). The comparisons (Fig. 4.3) indicate the simulated noise
background is very similar to the real noise background. An example of showing
the similarity of a simulation image and a real image is shown in figure 4.4. A flow

chart of the generation of simulation images is shown in figure 4.5.

4.4 Creation of Tasks

To perform our estimation task, 500 simulation images were generated for every
object per protocol. The size of image is 100 x 100 pixels (3.5 cm x 3.5 cm). There
were 250 images used to be training dataset and the other 250 images were used
in the testing images. In this study, there were 4 different sizes of objects (3 mm,
5 mm, 7mm, and 10 mm in diameter). For each category, there were 5 different
concentrations of iodine objects (2 mg/mL, 2.5 mg/mL, 3 mg/mL, 3.5 mg/mL, and
4 mg/mL). This led to 20 different iodine objects for our tasks. All objects were
in the center of images. The dose levels were simulated at 9.5 mGy (Roberts et al.
(2002)) and 13.2 mGy (Nakayama et al. (2005)) for head and body mode studies,
respectively. The window width was adjusted to be 350 HU and the window level
was shifted to 50 HU optimally for the head mode study (Roberts et al. (2002)). For
the body mode study, the optimal window width and window level were selected at
300 HU and 50 HU, respectively (Nakayama et al. (2005)). For the section thickness,
20 mm (Roberts et al. (2002)) and 5 mm (Nakayama et al. (2005)) were used for
the head and body mode study, respectively. For pure detection, detectabilities
for protocols were compared for every different size and concentration of iodine
objects (Fig. 4.8 and 4.9). For the pure estimation task, CER based on the contrast
estimation was compared for each protocol (Fig. 4.10). For the combined task

of detection and estimation, the observer determined the existence of the object
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and then estimated the size and contrast of the object. EAUC values were used
for evaluation (Fig. 4.11). There were 10 experiments performed for each task to

estimate the mean and variance.

4.5 Measurements and Analyses

4.5.1 Contrast to Noise Ratio (CNR)

The results analyzed by the traditional image quality metric, CNR, show that the
80 kVp protocol provides the best image quality with varying iodine concentration
for both head mode and body case (Fig. 4.6 and Fig. 4.7). The results also indicate
that the difference of CNR between each protocol increases as the concentration
increases. However, the CNR value does not change with varying size because this

metric does not extract any information about sizes.

4.5.2 Detection Task: Detectability

Unlike the results from CNR, the results from the pure detection task of the head
mode case (Fig. 4.8) indicate that the difference between 80 kVp and 100 kVp is
much smaller when the size of object is small. The results from the body mode
under the pure detection task (Fig. 4.9) are very different from the results from
CNR. The detectability of 80 kVp and 100 kVp is about the same for most of the
cases even as the size or the concentration of the object increases, and the difference
is not considered significant. On the other hand, 120 kVp protocol gives the lowest
detectability. The difference between the lowest and the highest detectability is very
significant i.e. p < 0.01 for both head and body mode cases.

4.5.3 Estimation Task: Correct Estimation Ratio (CER)

For the pure contrast estimation task, 80 kVp provides the best image quality in
terms of the correct estimation ratio (CER) in the head mode with varying object
sizes (Fig. 4.10 (a)), and the 100 kVp is second followed by the 120 kVp. The

differences of image quality among three protocols are significant. The lower the
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kVp protocol is, the better the image quality for the head mode case under the pure
contrast estimation task. For the body mode case (Fig. 4.10 (b)), the image quality
does not change significantly as the voltage lowered from 100 kVp to 80 kVp, but
the difference between the highest image quality and the lowest image quality (120
kVp) is substantial.

4.5.4 Combined Task of Detection Task and Estimation Task: EAUC

In addition to pure detection and pure contrast estimation, it will be interesting
to see the performance of different protocols under the combined task of detection,
size and contrast estimation. For both the head and body mode, the lower the kVp,
the higher the EAUC value i.e. the image quality. This result (Fig. 4.11) shows
that the observer could detect the contrast-enhanced objects easier and determine
the size and the contrast with higher CER under this hybrid task. The difference
between the highest image quality and the lowest one is significant. This result also

suggests that there is a lot of image quality improvement when the voltage lowered

down from 120 kVp.
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(a) G

Figure 4.1: (a) Head mode Gammex phantom(20 c¢m in diameter) (b) Body mode
Gammex phantom (32 cm in diameter). The white cylinder bottles were filled with
water and were inserted in the most outside of the body mode phantom.
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Figure 4.2: Example of comparison between edge profile of real signal and edge
profile simulation signal.
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simulated signal absent image. Right: real signal absent image.
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Figure 4.5: Flow chart of generation of simulation images. Phantom with only
water cylinders and water bottles inserted were scanned and white dashed-line boxes
represent the ROI cropped for estimate of background b, noise power spectrum
(NPS) and matrix H. Phantom with iodine cylinders of different concentrations
inserted were scanned and white dashed-line boxes represent the ROI cropped for
simulation of signals s and vector W. Signal-absent image and signal-present image
were then generated according to equation 4. 1 and 4.2.
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Figure 4.6: CNR value vs. the size of object (Head mode at 9.5 mGy). (a) 2mg/mL
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Figure 4.7: CNR value vs. the size of object (Body mode at 13.2 mGy). (a) 2mg/mL
(b) 2.5 mg/mL (c) 3mg/mL (d) 3.5mg/mL (e) 4mg/mL.
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CHAPTER 5

Quantitative Temporal Resolution Evaluation in Cardiac CT

There is a strong motivation to make improvements in cardiac imaging due to car-
diovascular disease (CVD) becoming the leading source of death in western coun-
tries. Computed tomography (CT) has become a highly demanded tool in cardiac
imaging—particularly for the imaging of coronary arteries (Schroeder et al. (2007)).
In clinical CT, it is very challenging to image the human heart at very low dose
values, at high temporal resolution, nearly free of motion artifacts, and in scan time
shorter than a single breath-hold. Various approaches have been developed for dose
reduction. Today, scans around or below 1 mSv have become possible in routine use.
Several methods, such as the early attempt of prospective gating and faster scans
from the continuous rotations provided by spiral CT techniques, have been devel-
oped for the improvement of image quality of coronary arteries as well. However,
these methods were not considered encouraging and did not making a breakthrough
in Cardiac CT (Shemesh et al. (1995); Boyd and Lipton (1983)). The other ap-
proach introduced in late 2005 was the Multi-source acquisitions or dual source CT
(DSCT) technologies (Hsieh and Senzig (2002); Petersilka et al. (2008); Flohr et al.
(2006); KachelrieB et al. (2006)), and it might be considered as the last major step
for static images of imaging human hearts. However, artifacts still may exist even
if the multi-source acquisitions and faster gantry rotation are applied. Research
(Rohkohl et al. (2012)) has indicated that improvements could be reached through
algorithmic motion estimation on dual-source CT scanners. Thus, an efficient way
via algorithmic compensation was considered. There are a variety of algorithms,
which can be separated into two categories, that have been designed for reducing
the artifacts in heart motion images. The first type is the iterative method that uses
a subset of the image data and priori knowledge (Chen et al. (2009); Schondube et al.
(2012)). The second type is the motion compensation method (Cho et al. (2012);



96

Tatrou et al. (2010); Tang et al. (2009)) that uses the information of the desired car-
diac phase and one or two closer neighboring phases. In this study, we focused on
the image quality evaluation of a motion compensation algorithm developed by GE
(SnapShot Freeze). SnapShot Freeze (SSF) utilizes the information from adjacent
cardiac phases within a single cardiac cycle to characterize the motion of a vessel
and make a proper compensation for the vessel motion at the prescribed phase in the
image space. SSF images improve the temporal resolution and improve visualiza-
tion of the vessel and plaque estimation. In addition to reconstruction algorithms,
we also investigated the effect of phase selection before the image reconstruction
process. To quantitatively measure the improvements in image quality, a clinical

related task-based measurement has been developed to estimate stenosis.

5.1 Motion Correction Algorithm

The main source of artifacts in Cardiac CT comes from motion. When imaging small
objects such as the coronary vessels, things become very difficult as they move during
data acquisition. To have better image quality, high temporal resolution is needed
in Cardiac CT scanners to freeze the motion of objects as a snapshot.

The temporal resolution is about 150 ms for the single-source CT system with
the gantry rotation time 0.3 s. The speed of the coronary arteries could reach 100
mm/s or even more (Achenbach et al. (2000)). Consequently, a blurring in the
same order of diameter of the vessel occurs during data acquisition. Therefore, it
could cause severe mistakes in diagnosis. This problem becomes more serious when
imaging hearts with a Cardiac CT scanner with a rotation time of 0.5 s.

The motion compensation software SSF developed by GE was designed towards
artifacts in coronary CT angiography. It combines the two important techniques-
non-rigid deformations of coronary tree (Bhaglia et al. (2012)) and splitting motion
compensation into linear segments of local motion (Pack and Claus (2011)). The
purpose of deformations of coronary tree is dedicated to improve the temporal reso-

lution as well as to improve the utilization of dose by mapping all cardiac phases into
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one phase. SSF uses the information from adjacent cardiac phases within a single
cardiac cycle to track both the path and the velocity of the vessel. This, therefore,
helps the motion compensation algorithm compress the temporal window in a more
efficient way. SSF could adaptively compress the temporal window in a local region
where the compression is most needed. SSF also corrects each voxel of the motion

vessel of different degrees of motion.

5.2 Mathematic Model Observer and Figure of Merit

In this study, a task-based image quality measurement has been developed and
applied to Cardiac CT images. To evaluate the temporal resolution of image recon-
struction algorithms, a threshold-based observer was employed to estimate the three
different percentage plaques in a motion vessel with two different heart-beating rates
- 60 and 80 bpm. There was a threshold according to a motion-free reference image
and these three different percentage plaques. The method of calibrating the thresh-
old will be illustrated in the section 5.3. The observer estimated the percentages of
the plaques in the testing images according to the total number of pixels that are
higher than a calibrated threshold. The estimated percentages were then compared
to the true values. The figure of merit, ensemble mean square error (EMSE), was
then calculated for the deviations between estimated values and true values. The

lower the EMSE is, the better the image quality.

5.3 Phantoms and Data Acquisition

The phantoms used in this research have two parts: (1) motion phantom (Fig. 5.1)
and (2) vessel phantom (Fig. 5.2). The motion phantom used in this study was
the MOCOMO phantom developed by Fuyo Corporation, Japan and John Hopkins
University, U.S.A. The designer was Dr. Armin Arbab-Zadeh MD, John Hopkins
University, U.S.A. This phantom is designed for the evaluation of coronary artery
depiction. The shift in z-axis (table) is replicated and contorted with pulse emission

synchronized electrocardiogram (ECG). The MOCOMO phantom was filled with
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water in our experiments. A vessel phantom of 3 mm in diameter was hung inside
the MOCOMO phantom by elastic bands. The vessel phantom was rotated relative
to z- axis (table) by the MOCOMO phantom in the motion mode.

In this work, 25%, 50%, and 75% plaque imbedded in a vessel phantom of 3 mm
in diameter were imaged on a 64-slice commercial CT scanner (GE HD Discovery
750). The X-Ray voltage was kept at 120 kVp for all scans. A helical scan at
600 mAs was acquired for the generation of an image template. 26 identical scans
under the Cardiac scan mode at 300 mAs were acquired at three different heart
beating rates (1) no heart beating (static) (2) 60 bpm and (3) 80 bpm. 12 individual
realizations of the moving signal were extracted by vessel tracking from each scan.
Overall, there were 312 individual images made for each plaque. The images were
then reconstructed at a field of view of 200 mm with a matrix size of 512x512 image
pixels. ROIs with a size of 100x100 pixels containing plaques in the center were cut

out from images, which was about 39 mm 39 mm in size.

5.4 Calibrations and Estimation Process

The image template (Fig. 5.3) or the reference is a mean image averaged by a helical
scan at 600 mAs without plaque but only with contract agent (Iodine). To avoid any
errors of fabricating plaques, calibrations were necessary before the analysis. The
calibration process was the following: (1) Count the number of pixels of the contrast
agent (the white area in Fig. 5.3) in the reference image (Fig. 5.1) with an initial
threshold (2) Generate the mean images of 25%, 50%, and 75% plaque averaged by
312 images extracted from a static vessel scanned under Cardiac mode at 300 mAs.
Directly applying the mean images of 25%, 50%, and 75% (Fig. 5.4) plaque on the
reference image. (3) Count the number of pixels above the initial threshold (CT
number of contrast agent) and calculate the ensemble mean square error (EMSE)
based on the difference between experimental values and ideal values (25%, 50%,
and 75%). (4) Tune the threshold to reach the lowest EMSE value. The calibration
results show that the threshold is about 1230 HU. The calibration indicated that
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Figure 5.1: MOCOMO phantom. MOCOMO phantom is designed for the evaluation
of coronary artery depiction. The shift in z-axis is replicated and contorted with
pulse emission synchronized electrocardiogram (ECG).

Figure 5.2: Vessel phantom 3 mm in diameter. There are four elastic bands (yellow)
for hanging inside the MOCOMO phantom.
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instead of 25%, 50%, and 75% stenosis, the percentage of stenosis is about 24.7997%
(Fig. 4 Left), 52.68% (Fig. 5.4 Middle), and 89.3029% (Fig. 4 right) respectively.
So from now on, we will use 24.80%, 52.68%, and 89.30% instead of 25%, 50%, and
75% to be our baseline/true value for the entire analysis.

For testing, images from a motion vessel at both 60 bpm and 80 bpm acquired at
300 mAs were scanned by the Cardiac mode. Two different reconstruction phases
(cardiac cycle) were used before image reconstructions: (1) the default phase and
(2) the superior phase. The superior phase is selected empirically. Images were
generated by two algorithms:(1) FBP and (2) SSF for all phases and heart-beating
rates. Two heart-beating rates, two reconstruction phases, and two image recon-
struction algorithms resulted in 8 kinds of testing images for our observer study.
Each category has 312 testing images. Each image was compared to the reference,
and the number of pixels above the calibrated threshold (1230 HU) was counted.
Estimated plaque percentage was based on the total number of pixels counted. The
EMSE value of each category then was calculated based on how much deviation
of the estimate value from the calibrated baseline/true value was. The lower the

EMSE value is, the lower the estimate error i.e. the better the image quality.

5.5 Measurements and Analyses

There were three different percentages of stenosis under the estimation task by the
mathematic observer. Two heart-beating rates (60 bpm and 80 bpm), two recon-
struction phases (default and superior), and two image reconstruction algorithms
(FBP and SSF) were given in our observer study. Hence there were 8 classes total
for the temporal resolution evaluation. The observer estimated the percentages of
plaque according to the calibrated thresholds for each class. To compute the es-
timate, each class used 312 testing images. Dots and lines in Fig. 5.5 and Fig.
5.6 represented the estimate values and baseline values, respectively. Among cases
of 60 bpm, all of them (Fig. 5.5(a) (d)) indicate that the accuracy of estimating
52.68% plaque is higher than the other two (24.80% and 89.30%). The performance
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Figure 5.3: Image template used as a reference for threshold-based observer study.
The image template was averaged by images from a helical scan acquired at 600
mAs.

Figure 5.4: Image used for calibration. Images were averaged by 312 images (each
case) extracted from a static vessel scanned under Cardiac mode at 300 mAs. Left:
25% plaque. Middle: 50% plaque. Right: 75% plaque.
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of 60 bpm FBP (Fig. 5.5(a)) at the default phase is very similar to the performance
of 60 bpm SSF at the default phase (Fig. 5.5(c)). Similar phenomenon could be
observed as well on Fig. 5.5(b) and Fig. 5.5(d). This implies that as selected at
the same reconstruction phase, FBP and SSF image at 60 bpm have very similar
performance. In other words, when the same algorithm is used, the estimation on
the 52.68% plaque is more accurate when using images selected from the superior
phases case (Fig. 5.5 (b) and (d)) than images selected from the default phase case
(Fig. 5.5 (a) and (c)). The better estimation on 52.6786% plaque nearly explains
why the quality of the superior phase images is better than the quality of the default
phase images.

From the Fig. 5.6, the 80 bpm images reconstructed by FBP selected at the
default (Fig. 5.6 (a)) and the superior (Fig. 5.6 (b)) reconstruction phase both show
that several estimated values deviated far away the baseline values. In comparison,
when using the SSF algorithm on the same images, a decrease in difference between
the estimated values and the baseline values was observed, for both the default and
superior cases. Similar, for the 60 bpm case, when comparing the images generated
by the same reconstruction algorithm but selected at different reconstruction phases,
the cases of superior phase provide better performance on estimating 52.68% plaque.

In order to quantify the image quality improvements, the EMSE values for all
8 classes have been calculated and plotted in the bar charts (Fig. 5.7). The lower
the value is, the better the image quality. There are significant improvements in
image quality when the cardiac cycle phase was selected superiorly and images were

reconstructed by the motion compensation algorithm SSF'.
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Figure 5.5: Scattering plots of 60 bpm case. Solid line refers to the baseline and
dot stands for estimate value. (a) Default phase with FBP (b) Superior phase with
FBP (c¢) Default phase with SSF (d) Superior phase with SSF.
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Figure 5.6: Scattering plots of 80 bpm case. Solid line refers to the baseline and
dot stands for estimate value. (a) Default phase with FBP (b) Superior phase with
FBP (c) Default phase with SSF (d) Superior phase with SSF.
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CHAPTER 6

Use of Task-based Assessment in CT Quality Control

For detection tasks and combined detection/estimation tasks in which the observer
must detect a signal and estimate parameters of the signal (e.g., contrast, size),
the channelized Hotelling observer (CHO) and channelized scanning linear observer
(CSLO) have been successfully utilized to measure image quality. To implement
these two observers, first-order and second-order statistics are necessary, which are
typically estimated using sample images from a training dataset. The goal of this
chapter is to explore different methods to reduce the data demands for computing
CHO/CSLO performance and propose a practical model observer based approach
that can be used in the clinical environment for routine image quality assessment of
CT imaging systems. We will use high dose images to estimate the first-order statis-
tics, i.e., the mean signal image, and use the Leave-One-Out Covariance (LOOC)
(Hoffbeck and Landgrebe (1996)) method to estimate the second-order statistics,

i.e., the covariance matrices.

6.1 Real Data Preparation

The details of phantoms have been described in the previous chapters so the informa-
tion of each phantom will be skipped here. The MITA (CCT 183) phantom was used
for pure detection tasks and the validation of our proposed ideas. The QRM-LC-
FD1 was used for combined detection and size estimation tasks, the QRM-LC-FD4
was used for combined detection and contrast estimation tasks, and the MTIA (CCT
189) phantom was used for combination of detection, size and contrast estimation
tasks. The properties of LC objects in these four phantoms have been discussed
in chapter 2 and 3. Only axial scans were used in this work. The slice thickness

was 0.625 mm and the collimator aperture used was 20 mm. The X-Ray voltage
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was kept at 120 kVp and current range was tuned to ensure that the task being
performed was neither too difficult nor too easy.

Various radiation dose protocols were used and for each dose level, 50 repeat
scans were acquired. The image reconstruction algorithm used in this study was
filtered backprojection (FBP). From each of these scans, 10 individual realizations
of signal and noise regions of interest (ROI) were extracted from each scan for each
different low-contrast signal. Thus, there were 500 individual image pairs for each
LC object at every dose level. The images were reconstructed at a field of view of
180 mm with a matrix size of 512 x 512 image pixels. ROIs with a size of 100 x 100
pixels containing the LC object under study in the center (signal present case) and
the noise (signal absent case) were extracted from the image slices, which is about

35mm X 35mm in size.

6.2 Simulated Data Preparation, Analytical Solution, and Baseline

Since the number of acquired images is always limited in experiments, simulation
data were generated to find the baseline performance and help understand the vari-
ability in our methods. Because the two key components, first- and second-order
statistics, needed in our observer models are the same for pure detection tasks and
combined detection and estimation tasks, without loss of generality, our simulation
were focused on the case of pure detection task. The methods of generating simu-
lated image pairs for signal-absent and signal-present classes have been addressed
in chapter 4 and will not be described here again. The AUC can be approximated
through the SNR of the test statistic using,

SNR) =+/s'K's = \/st(Rg —bb)1s (6.1)

AUC = %(1 + Erf( S]\;RA)) (6.2)

where SNR is the signal to noise ratio, and Erf is the error function. Since R, is a

function of dose level so the SNR and AUC are also functions of dose level.
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To validate the simulated images, the radial average noise power spectrum (NPS)
(Dobbin et al. (2006)) profile of the simulation and the real images were compared.
The comparisons (Fig. 6.1) indicate that the simulated noise background is very
similar to the real noise background. An example of a simulated image and a real
image is shown in figure 6. 2. The analytically derived AUC values (solid line) were
compared with the AUC values calculated using the CHO method from 20000 pairs
of simulation images (dashed line)(Fig. 6. 3), and the comparisons demonstrate
that our derivation of the analytical solution is reasonable.

To better understand any biases present using the real data, we compared the
AUC values generated using finite numbers of simulated images with the AUC values
generated by the analytical solution and 20000 pairs of simulated images. We found
that the AUC values of the CHO using 240 training images and 260 testing images
(solid line with triangle) were very close to both the analytical solution (solid line)
and the 20000 image pairs CHO (dashed line) for all four objects with accuracy
ranging from 98.25% to 99.87% (Fig. 6. 3). This high accuracy in the simulation
study indicates that 500 real image pairs will result in negligible bias and can be

used as the baseline in our experimental study.

6.3 Traditional Approach

The CHO and CSLO approach requires a relatively large amount of training data
to estimate the means and covariance matrices to generate accurate estimates of
task performance. Although the ideas and equations of CHO and CSLO have been
described in the early chapters, to compare with the proposed approaches easily,
we will give the equations here again. The image template calculated by the CHO is
given by

WeHO = S_IS (63)

where s is the sample mean estimated signal and S is the common covariance

matrix defined by averaging the sample covariance matrices for the two classes.
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Figure 6.1: Radial average NPS profile at 120 kVp 80 mAs: (Black circle solid line)
simulation data (Black dashed cross line) real data.
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Figure 6.2: Signal-present image (3 mm 14 HU) averaged by 500 images at 120 kVp
80 mAs (Left) Simulated image (Right) Real image.
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They are computed by the following equations.

s =my—my (6.4)

1 &
mi = Z (6.5)

Z iBz & — mz mi,k - mi)t (6-6)

N, 1
k=1

1
S=+ pp* (6.7)

where the subscript index i=2,1 refers to signal-present and signal-absent classes,
respectively, and m; is the sampling mean of channelized data set x; for ith class, X;
is the sampling covariance matrix for the ith class, V; is the total number of samples
for ith class, and L is the number of classes. Since there are only two classes so L=2
in the pure detection task.

As with the CHO, the first- and second- order statistics need to be calculated
before generating the figure of merit for CSLO. The concept of the scanning linear
estimate have been provided in detail in chapter 3. The final equation of CSLO in

the traditional approach can be expressed as
A 1
Ocsio(x) = argmax {s'(6)S & — §st(0)5_1s(0)} (6.8)
0

6.4 Proposed Approach

In this section we will develop methods for computing observer performance that
rely on less real data and can thus be computed more readily. Specifically we will
study whether we can use 40 images from one high—dose acquisition to estimate the
signal and 20 images at the appropriate dose to estimate the covariance matrix S. In
the following sub-sections, the methods we used to estimate signal and covariance

matrix will be illustrated.
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6.4.1 Estimated Signal

Unlike the traditional method, the proposed estimated signal is given by

SHigh-Dose = (mQ,High—Dose - ml,High—Dose) (69)

where Mamigh—pose and M figh—pose are the mean of the channelized image data
sets of signal present and signal absent cases from high dose images respectively.
The calculation of spign—pose i the same as eq.(6.5) but requires less data. As with

the CHO, the estimated signal with fewer samples in CSLO is given by
SHigh-Dose (8) = M2 High-Dose(0) (6.10)

6.4.2 Estimated Covariance Matrix

The covariance matrix was estimated by the Leave-One-Out Covariance matrix
(LOOC) method proposed by J. P. Hoffbeck and D. A. Landgrebe (Hoffbeck and
Landgrebe (1996)). In pattern recognition, an important problem is the effect of
limited training samples on classification performance because training data is al-
ways not abundant and expensive. When the ratio of the number of training samples
to the dimensionality of data becomes small, deterioration of classification happens
because the parameter estimation becomes unstable. The LOOC method developed
by J.P. Hoffbeck and D. A. Landgrebe can estimate the covariance matrix when the
training data is limited. The covariance matrix was estimated by the combination of
a sample covariance matrix, a common covariance matrix, and the diagonal matrices
associated with them. The equation of ith covariance matrix proposed by Hoffbeck

and Landgrebe is given by
CZ(OéZ> = audiag(zi) + OZ@QEZ’ + ozi,g,S —+ ozi74diag(5) (611)

where the mixing parameters a; = [ozi’loz,-’gai’gaﬂ] are required to sum to unity

4
Y =1 (6.12)
j=1



113

The values of the mixing parameters «; are selected to maximize the average log
Gaussian likelihood of leave-one-out samples, which is called leave-one-out likelihood

(LOOL). The LOOL is computed as follows,

N

LOOL(a;) — Ni S in[faas | moe Gipla) (6.13)

b k=1
where subscript index i/k means the quantity is computed without using the kth

samples from class i. The function f is the Gaussian likelihood

1
(2m)" [ Cix |

1 -
exp [_(wi,k — mi) Gy (@ — M)

2
(6.14)

where P is the number of pixels. In this study, P is equal to the number of channels,

f(xig | mip, Ci(ay)) =

10, because all the image vectors were channelized by 10 DDOG channels. The

associated leave-one-out quantities are computed as follows:

N.
1 1
mijx = N1 Z Ti; (6.15)
J=Lj#k
L
ik =5 (@5 — M) (@i — mip)’ (6.16)
‘ j=1,j#k
1 & 1
Sip = (Z Z }Zj) + in/k (6.17)
J=Llj#i
Cijx(i) = ay1diag(XBi) + ;25 + @i 385k + o 4diag(Si k) (6.18)

Once the LOOL C; of each class is determined, the final covariance matrix used in
our approach can be calculated by the average of all covariance matrices from all

classes. The final covariance matrix can be written as

1
C=- Z C; (6.19)
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6.5 Figure of Merit (FOM) and Relevant Mean and Variance

The input to our observer models is channelized image @;cse-- Note here that x;eqe
could be either signal present or absent and if there is a signal present, the size and
contrast may vary depending upon which phantom is used. The test statistic can

be described as

t (éCSLO(HL-CSLO),l) (6.21)

where 0 is the physical property of signal. éCSLO(HL_CSLO)J) is given by

1

éCSLO(HL—CSLO)J(Cctesz‘/er,l) - argznax {C(e)tKilwtester,l - QC(H)tK71C(0)} (622>

where the channelized signal ¢ and the channelized covariance K can be estimated

by the traditional method and proposed method. They can be described as

SFull, using 240 trainers
€ = < SLess; using 40 trainers (6.23)

SHigh-Dose, Less;  using 40 trainers

Srur using 240 trainers
K =4 S;..s using 20 trainers (6.24)
Cless using 20 trainers

There are 9 possible combinations of ¢ and K. Among of them, (Spu,Sru) case
is the baseline as mentioned before. Excluding the baseline, among the rest of 8
possible combinations, the (Sress,Sress) case (traditional approach with less data)
and (8 igh—dose,Less;ClLess) case (proposed approach with less data) represent the
lower and upper limit respectively. To investigate the improvement of our proposed
method with less data, we focused on the comparisons among baseline, (Sress,SLess)s

and (SHigh—dose,iess,CrLess) and the other 6 combinations were ignored for all tasks.
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ROC curve and EROC curve (Clarkson (2007)) can be generated after generating
the test distributions of ¢;. The figure of merit (FOM) of CHO and CSLO is the area
under ROC curve (AUC) and the area under EROC (EAUC) curve respectively. The
mean values and variances of the FOM for all tasks were estimated by the shuffle

method (Fukunaga and Hayes (1989)).

6.6 Validation Using Simulation Data

To verify our proposed method, three approaches were studied in both simulation
and a real-data study: (1) baseline-traditional approach using 240 training samples
and 260 testing samples (2) traditional approach using 20 training samples and 80
testing samples (3) proposed approach using 20 training samples and 80 testing
samples. Again, first- and second-order statistics, needed to be estimated are the
same for the pure detection task and the combined detection and estimation task.
Without loss of generality, the validation will be focused on the case of the pure
detection task using simulated data. The MITA CCT183 phantom was used for
this verification study. To evaluate the performance of different approaches, the
accuracy defined by the ratio of FOM calculated by the testing approach to the
FOM from the baseline was used. The accuracy is in the range of 88%~98% for the
traditional method using fewer data in simulation. For our proposed method using
fewer data, the accuracy is in the range of 97%~100%. The comparisons have been
shown on figure 6.4. The simulation suggests that our proposed method provides
more accurate results than the traditional approach while the amount of data was

reduced to 20% of the original amount of data.

6.7 Results

In our study, four tasks were investigated: (1) detection tasks (2) detection and size
estimation tasks (3) detection and contrast estimation tasks, and (4) detection, size
and contrast estimation tasks. For all tasks in this study, the location of signal was

known exactly and was always in the center of ROI. For each task, three methods
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Figure 6.4: Simulation study. The comparison of AUC values for 500 image pairs
CHO, 100 image pairs CHO, and 100 image pairs HL-CHO using simulated im-
ages.(a) The object of 3 mm 14 HU (b) The object of 5 mm 7 HU (c) The object of
7 mm 5 HU (d) The object of 10 mm 3 HU.
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were considered: (i) the baseline, traditional method with Full data (ii) traditional
method with less data (iii) proposed method (HL-CHO/HL-CSLO) with less data.
Full data refers using 240 samples for training and 260 for testing. Less data means
that there are only 20 samples for training and 80 samples for testing. All the images
were real C'T images. The FOM for the pure detection task and the combination of
detection and estimation task is AUC and EAUC value respectively. The mean and
variance of FOM at each dose level is estimated by the shuffle method (Fukunaga
and Hayes (1989)) using 20 different shuffles of the data. The accuracy is defined
by the ratio of mean value of the less data to the mean value of the baseline. The
X-Ray current range was chosen such that the FOM value was neither close to 1
nor close to the guessing value. FOM value equals to 1 means that the observer
can easily detect if the signal/tumor exists and distinguish the physical properties
of signal /tumor. The guessing value will be described later.

For the pure detection task, the MITA CCT 183 phantom was used. With ROC
analysis the guessing observer has an AUC of 0.5. The X-Ray current range is
between 90 mAs and 140 mAs, and the accuracy is 85% to 92% and 97% to 100%
for CHO and HL-CHO with less data respectively. The plots of comparisons are
shown in figure 6.5. The results of the pure detection task indicate that our proposed
approach can efficiently reduce the required data without losing accuracy.

For the detection and size estimation task, X-Ray current operation range

1

was selected between 60 mAs to 120 mAs. The blind guessing value is 5 x

1
the number of estimated physical properties

Again the % comes from detection by guessing.
The number of estimate physical properties, in this case, is 4. So the blind guessing
value is 0.125. The QRM-LC-FD1 phantom was used for this task. In this task,
the observer not only had to distinguish if the signal exists but also estimate the
size of the signal. The results were shown in figure 6.6. In this task, the accuracy is
84%~88% and 97%~99% for CSLO and HL-CSLO method respectively. Based on
the results of this study, the proposed approach only needs 20% of the full dataset to
reach about the same performance of the traditional approach with the full dataset.

For the detection and contrast estimation task, the phantom QRM-LC-FD4 was
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used for this task. Similarly to the task of combined detection and size estimation,
there were also 4 objects of same size with 4 different contrasts so the blind guessing
value is also 0.125. The operation range of X-Ray current was 15 mAs 80 mAs. The
observer, in this task, had to tell if there is a signal in the testing image or not and
determined the contrast of the signal. Results show that the accuracy is 92%~96%
for CSLO and 97%~100% for the HL-CSLO. The plot of EAUC vs. radiation dose
level is shown in figure 6.7. For the CSLO approach, the accuracy in the combined
detection and contrast estimation task is better than the accuracy in the combined
detection and size estimation task due to the contrasts of objects in QRM-LC-FD4
phantom were higher than the contrasts of objects in QRM-LC-FD1 phantom. This
causes the accuracy to become better in the lower dose range. As with the previous
task, the proposed approach still maintains higher performance than the traditional
approach under this task.

In the study of combination of detection, size and contrast estimation, the ob-
server had to not only decide whether the signal is in the image or not but also make
decisions on the size and contrast of the detected signal. The blind guessing value
in this complicated case is 0.0625 according to the guessing value equation discussed
above and the number of estimate physical properties.The operated X-Ray current
was from 80 mAs to 160 mAs for MITA CCT 189 phantom. The accuracy of CSLO
method is 88% to 91% and the accuracy of HL-CSLO is 94% to 99%. The results are
shown in figure 6.8. For the CLSO approach with less data, the accuracy in this task
is slightly higher than the combination task of the detection and size estimation.
This does not imply that CSLO approach with less data in the combination task
of detection, size and contrast estimation has better performance because the back-
ground of phantom (MITA CCT 189) used in this task was different. The proposed
approach, HL-CSLO, again keeps high accuracy even in the low radiation dose level
range.

The accuracies for all the tasks performed by traditional method and proposed
method are listed on the Table 6.1. All the studies were based on 80% data re-
duction. Overall, the traditional approaches, CHO and CSLO, both suffer while
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Table 6.1: Accuracy Summary of 80% data reduction

Traditional Method Proposed Method

Detection Task 85.88%-91.16% 97.38%-99.86%
Detection and Size Estimation Task 84.43%-87.51% 97.13%-98.85%
Detection and Contrast Estimation Task 92.84%-95.28% 97.46%-99.69%

Detection, Size and Contrast Estimation Task 88.17%-90.65% 94.80%-98.33%

the data reduced especially in the case of lower radiation dose level. The proposed
approaches, HL-CHO and HL-CSLO, have stable performance with high accuracy

for all for all radiation dose level s in all tasks.
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Figure 6.5: The detection task. The comparison of AUC values for 500 image pairs
CHO, 100 image pairs CHO, and 100 image pairs HL-CHO from real image data
sets. (a) The object of 3 mm 14 HU (b) The object of 5 mm 7 HU (c) The object
of 7mm 5 HU (d) The object of 10 mm 3 HU.
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Real Data: Detection and Size Estimation
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Figure 6.6: The detection and size estimation task. Comparisions of EAUC values
for 500 image pairs CSLO, 100 image pairs CSLO, and 100 image pairs HL-CSLO
from real image data sets.
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Real Data: Detection and Contrast Estimation
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Figure 6.7: The detection and contrast estimation task. Comparisions of EAUC
values for 500 image pairs CSLO, 100 image pairs CSLO, and 100 image pairs HL-
CSLO from real image data sets.
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Figure 6.8: The combined detection and size as well as contrast estimation task.
Comparisions of EAUC values for 500 image pairs CSLO, 100 image pairs CSLO,
and 100 image pairs HL-CSLO from real image data sets.
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CHAPTER 7

Conclusions

7.1 Summary

As mentioned in the first chapter, although different image quality metrics such as
modulation transfer function (MTF) and noise power spectrum (NPS) have been
used in CT, tasked-based model observers were selected in this work to study the
image quality performance of reconstruction algorithms for CT imaging. In the
concepts of MTF and NPS, the assumptions of linearity in the reconstruction algo-
rithms and shift-invariance of the noise are not valid for IR in CT system because
linearity is not used in IR and the divergent X-Ray violates the property of shift
invariance. The model observers require an accurate covariance matrix in order to
calculate observer performance. To have a good estimate of the covariance matrix,
it is important to get reliable statistical information from image samples by using
repeated CT scans. We did this by scanning the phantoms using exactly the same
settings multiple times for both head and body modes. It should be noted that
axial correlations might exist. Ideally, the experiment should be designed to scan
the phantom 500 times to get 500 images for one dose level. However, this idea is
not practical. Take the study of a pure detection task as an example, there were
21 dose levels in head mode and 34 dose levels in body mode. Ideally, this would
require 27500 total CT acquisitions. For our study, we obtained 2750 acquisitions
and avoided axial correlations by randomly selecting the noise ROIs from different
locations.

In chapter 2, the X-Ray radiation dose level required for low contrast object
detection in head and body phantoms was examined and derived quantitatively.
The work presented here provides an objective and robust way to quantitatively

assess the image quality impact of newly introduced CT dose saving features for



125

the pure detection task. For the selection of channels, both DDOG and Gabor
channels are well known channels that mimic human visual system. In our study,
we showed that these two channels achieved similar results. However, we selected
DDOG channels because the number of Gabor channels, in general, is larger. To
have good estimate of the channelized covariance matrix, more training images may
be required. According to our results, the performance of the new IR algorithm
shows that the image quality has been greatly improved compared to the traditional
FBP algorithm for both location known detection and location unknown detection
tasks. Thus, to achieve a FBP-equivalent image quality, the iterative reconstruction
algorithm developed by GE can operate with up to 82% dose reduction.

In chapter 3, we used the CSLO to measure the image quality under a fuller
picture of the task, detection and estimation, at different dose levels for two differ-
ent reconstruction methods. Radiation dose levels required for low contrast object
detection and estimation in body phantoms were examined and evaluated quanti-
tatively. The work presented here provides an objective way to assess the image
quality of CT imaging systems for dose saving evaluation. Unlike pure detection
tasks, there is currently no proper way of adding internal noise in the combination
of detection and estimation tasks so internal noise was not used in this study. Our
results provide upper bounds for observer studies. The dose reduction was 50% for
both signal- location-known detection/size estimation and signal- location-known
detection/contrast estimation task. Note here, although the capability of dose re-
duction (54%) from IR under the hybrid task of signal location known detection, size
estimation and contrast estimation is higher than the dose reduction from combined
signal-location-known detection/size estimation and signal-location-known detec-
tion/contrast estimation, it is hard to tell if the IR has more superiority in the more
difficult task because the phantom used in this task was different than the other two
tasks. A similar explanation could also be applied on the signal-location-unknown
study.

A number of approaches have been used in the effort to minimize radiation dose

used in CT. These include X-Ray tube current modulation, optimized tube voltage,
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etc. In chapter 2 and 3, we have evaluated the performance of the IR algorithm
developed by GE and our results indicate that the IR algorithm can be another tool
allowing for a reduction of radiation dose. According to our results, the performance
of the new IR algorithm shows that the image quality has been greatly improved
compared to the traditional FBP algorithm under different tasks. This indicates
that we can achieve a FBP similar performance using the IR algorithm but at a
lower exposure and, hence, lower dose to the patient.

In chapter 4, We studied the performances of different protocols under contrast
enhancement. lodine attenuation increases as the tube voltage decreases. The
physics behind this phenomenon is that the energies in the X-Ray shifted closer to
the K-absorption edge of iodine. Thus, decreasing the tube potential leads to an
increase in the iodine contrast. However, this beneficial effect is compensated by the
increased attenuation in tissue that causes higher noise. Hence, to optimize image
quality, it is important to know which protocol provides better performance.

When the CTDI,, is kept the same for all protocols, it is obvious that the
protocol using lower voltage gives better image quality based on our understanding of
CNR. Although a physics-based image quality metric such as CNR could intuitively
give us a general idea of the image quality of a system, it is limited as an assessment
of the image quality in a clinical sense. To establish a bridge between radiologists
and medical physicists, and therefore between the clinical and physical image quality,
task-based measurements are currently suggested. In our studies, tasks related to
clinical studies such as detection tasks, estimation tasks, and combination tasks
of detection and estimation were all evaluated by mathematical model observers.
Results show that the image quality not only depends upon contrasts of objects but
also depends upon sizes of objects, and the sizes of phantoms.

Although our simulation images were all generated based on real images, our
results here can only provide some ideas of how model observers can help to optimize
the protocols because of the limited data. Here, the signals were simulated based on
the real signals at one dose level, however, the shapes of signals might be changed

for different protocols at different dose levels. Besides, the shape of the NPS and
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the frequency associated with the peak of NPS are also varied as the radiation dose
is decreased. To understand the performances of different protocols at specific dose
ranges, real images generated from that specific dose ranges are required.

In chapter 5, a task-based image quality evaluation using a threshold-based ob-
server has been designed and performed to evaluate the temporal resolution in Car-
diac CT imaging systems. A motion phantom filled with water accompanied with a
3 mm vessel phantom was used for simulating the cardiac motion. Cases of differ-
ent heart-beating rates, reconstruction phases, and image reconstruction algorithms
were compared. In the case of 60 bpm, improvements could be observed on the esti-
mated value of 52.68% when the phase was selected at the optimal phase. However,
the image quality improvements are barely seen when SSF was applied on the im-
ages. From our analysis, the image quality of the 80 bpm case was improved greatly
when either the phase was selected at optimal phase or the images were generated by
SSF. The image quality of 80 bpm case, when using SSF, reached a similar level as
the 60 bpm case. This implies that the image reconstruction algorithm, SSF, plays
a more important role in image quality improvement in this study. Overall, supe-
rior reconstruction phase and SSF both can improve the image quality for higher
heart-beating rates. The improvement offered by SSF is much more significant than
that of phase selection, especially in the case of higher heart-beating rates. A more
complicated background including the internal structural noise will be considered
in a future study. Quantitatively speaking, our results suggest that SSF is a more
promising reconstruction algorithm than the traditional FBP algorithm in Cardiac
CT systems, particularly when a faster beating heart is scanned.

In chapter 6 where both the simulated and the real data were used, we found that
the proposed methods can match the ground truth with high accuracy while using
much less data. Instead of using 500 image (240 training and 260 testing) pairs, the
new approach only requires 100 image pairs (20 training and 80 testing) for every
dose level for all tasks. This implies that instead of 50 scans for every radiation
dose level, we only need 10 scans-a substantial reduction. The 40 images generated

by high dose levels can be repeatedly used for different dose levels. The amount of
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image data required can be reduced up to 80% with our proposed method. Thus,
the usage of model observers to assess image quality can become a practical tool for
routine evaluations of CT imaging systems.

The images from high dose efficiently estimate the information of the signal such
as modulation transfer function (MTF) with much less data because of the higher
signal to noise ratio in the image data. Note this property is only valid for im-
ages from linear reconstruction algorithm such as FBP. For iterative reconstruction
images, the signal estimated by high dose will be an approximation because the
noise background is nonlinear. The channelized covariance matrix estimated by the
process of maximizing the Leave-One-Out Likelihood (LOOL) is more accurate be-
cause the covariance matrix estimated by the LOOL mixes the sample channelized
covariance matrices and common channelized covariance matrices. This hybrid of
matrices makes the inverse of matrix more stable with a sample size closer to the
dimension of the channelized vector. The incorporation of channelized estimated
signals from high dose image and channelized-LOOL covariance matrices makes the
FOM value very close to the baseline.

Our results in chapter 6 consistently indicate that the data can be reduced up to
80% if our proposed method is applied on the CHO and CSLO. Thus, for both the
pure detection and the combination of detection and estimation tasks, the proposed
methods, HL-CHO and HL.-CSLO, can be used to quantify the dose saving capability
as well as the low contrast detectability (LCD) performance of a CT system. Under
controlled imaging conditions, HL-CHO and HL-CSLO can be used to compare the
dose and LCD performance of different algorithms and components on one system.
They can also be used as a tool for the acceptance test for a newly developed iterative
reconstruction method. In summary, HL-CHO and HL-CSLO are good candidates

for the regular quality assurance and quality control tests in hospitals as well.
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7.2 Future Work

In this work, internal noise was not considered in any task. Although approaches to
adding internal noise in the pure detection task have been addressed in the literature,
the current methods for adding internal noise for the estimation task is not clear.
Our results here provide an upper bound of the observer performance. To have
more realistic results, further work such as adding internal noise is needed. However,
there are two problems of current approaches of adding internal noise. First, they
all require human observer studies for internal noise constant calibrations, which are
very time consuming. Secondly, to my best understanding of these approaches, the
internal noise constant is calibrated based on only one size of the object and one dose
level. The first part of my future work will be deriving a function for internal noise
with parameters of the object size and the radiation dose level and designing an
approach that could give the users of model observers a reasonable numerical range
of internal noise constants instead of requiring calibrations from human observers.

One of the limitations of the current phantom design is that the background is
uniform. In reality, the background is very complex. To make the image quality
measurements closer to realistic situations, adding noise with the same frequency of
background structures into channels will be considered. Another way to make back-
grounds more realistic is to use anatomic images (real patient images) with lesions
inserted into projection data before image reconstruction process. Current results
for the efficiencies from model observers are higher than those of human observers,
adding noise or using anatomic backgrounds will definitely degrade the performance
of model observers to match the performance of human observers (Barrett et al.
(2015b); Young et al. (2013)). Another limitation is that the current signals/tumors
embedded in the phantoms are all circularly symmetric in shape. Most of the chan-
nels for channelized model observers are designed for circular signals. Designing a
channelized model observer that could efficiently extract the information of signals
of irregular shape is also desired in the second part of the future plan.

The third part of the future work is related to dose reduction. In chapter 2
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and 3, we have already seen that IR algorithms efficiently make huge differences
in image quality improvements compared to the traditional FBP for different tasks.
However, current techniques of IR algorithms do not combine model observers inside
the iteration loops. Practical integration of the model observers into IR in CT could
make IR function more efficiently. Hence, designing a IR with a closed-loop model
observers or model observer based IR (MOIR) is challenging and will be considered
in the future study as well. In addition to using software such as iterative algorithms
to reduce radiation dose to the patients, hardware such as auto exposure control
(AEC) is also a popular way to achieve the dose reduction. The key point will be
how to optimally use the data from the scout scan to generate the profile for the
X-Ray tube current. For implementation, applying model observers on the sinogram
data could help us in the optimization. The benefit of this method is that it requires
less data than methods of using model observers scanned on image domain data.

Finally, in addition to CT, there are other modalities used in clinical studies. For
different modalities, the image backgrounds are different. Besides, the amount of im-
age data might not be sufficient to get good statistics in PET/CT and SPECT/CT.
To select or design model observers that can correctly and efficiently evaluate image
quality is very important. It will be of interest to see if current approaches pre-
sented in this dissertation can be applied in different modalities such as PET/CT
and SPECT/CT system.
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