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ABSTRACT

This thesis is about applying 3D printing in evaluating CT image quality and showing how
this low-cost and fast-prototyping technique has the potential to create a paradigm shift in
phantom design from simple geometrical objects to more sophisticated structures that
incorporate anatomical features. Phantoms are used as surrogates for humans when evaluating
the performance of CT imaging systems, but traditional molding techniques limit phantom
designs in rigidly defined size, geometry, and material composition. Conventional phantoms are
able to quantitatively evaluate the imaging system, but they overlook the complexity of the
structural and textural properties of human anatomy. The high cost of the phantoms also limits
the feasibility of customization and patient-specific individualization. CT image quality is highly
dependent on various factors, such as the object’s size, geometry, the reconstruction method, and
the image post-processing. Due to the object-dependence of CT image quality, it is important to
evaluate on realistic objects. The anthropomorphic phantoms with known texture features are
therefore needed to quantitative evaluate CT system. To this end, we utilize the recently emerged
3D-printing technology for constructing low-cost anthropomorphic phantoms. We devise a
methodology for 3D-printed phantom inserts that represent the structural and textural properties
that may be placed inside a large anthropomorphic phantom to simulate the bulk properties of the
human body. We expect that this general method can be used as a repeatable and robust imaging
performance assessment methodology that includes quantitative analysis of the reconstruction of

specific textures and anthropomorphic features.
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CHAPTER 1

INTRODUCTION TO CT IMAGING SYSTEM

1.1 General Introduction

Computerized Tomography (CT) is a digital modality of medical imaging that allows the
user to view orthogonal planes (e.g. coronal, sagittal and axial) or cross-section through the
human body. By taking advantage of tissues’ varying attenuation of x-rays, CT uses x-rays at
different projection angles to form a 3D image volume. High-quality CT images reveal valuable
diagnostic information and have become an important investigative tool in the clinical practice
- playing a key role in diagnosing and locating tumor sites, examining internal injury or trauma,
guiding surgical procedures, pinpointing biopsy sites, detecting abnormal blood vessels or
fractured bones, and many other abnormalities. Quantitative image quality assessment of the CT
systems is indispensable for understanding the diagnostic capacity of the CT system.

Higher x-ray exposures improve image quality by decreasing quantum noise. However,
increased x-ray exposure increases patient risks due to DNA damage from ionizing radiation.
Thus, image quality is often limited by x-ray dosage. Because of the tradeoff between image
quality and x-ray exposure, it is important to understand the diagnostic strength of the CT system
in screening diseases at a safe dose level. This process is known as image quality assessment,
which comprises testing of image contrast, noise, and resolution through quantitative

measurements.



Figure 1. The different CT Imaging modalities: 1a. helical CT system. 1b. experimental benchtop cone
beam CT system. Ic-d. micro-CT system: Ic — the overall machine; 1d — the internal chamber of the
micro-CT system for placing the scanned object (Peteya, 2013)

Many CT systems with different acquisition procedures have emerged in routine clinical
practice for different diagnostic purposes. Different CT systems have their own strengths and
weaknesses and are often complementary to each other. In this work, we would like to introduce
the two commonly used medical CT systems (helical CT and cone-beam CT) as well as a micro-
CT system. Helical CT (Figure 1a) is the most widely used method for its fast scan time, which
increases efficiency and reduces motion artifacts from patients. “Helical” refers to the data
acquisition where the images are obtained in a spiral trajectory by moving a still patient on a
scanning table at a constant speed into a slip-ring gantry with continuously rotating x-ray tubes
and detectors. Because of its efficiency, it is widely used in disease screening and follow-up.
(Zeman et. al., 1993) Cone-beam CT (Figure 1b) does not require patients to be moved and often

provides higher resolution images. “Cone beam” refers to the relatively large x-ray beam



coverage enabled by a large-area flat panel detector. In this case, the volume may be covered by
a single circular rotation with the detector on one side and the x-ray tube on the other side
revolving around the patient (Miracle et. al., 2009). Such systems are usually less expensive than
helical CT and are deployed, for example, in guiding surgery in the operating room and
visualizing bony structure in the head. Micro-CT (Figure 1c¢-d) is another type of CT imaging
modality that scans smaller scale objects like tissue biopsies (Ritman, 2004). As the name
suggests, Micro-CT renders an image with very fine resolution. We will use such scan to serve as

the ground truth in our investigation.

1.2 X-ray Generation

X-rays are electromagnetic waves with short wavelength and relatively high photon
energy. X-rays are invisible to the eye, highly penetrable, and travel at the speed of light.
Traditional x-rays generation is through the collision of fast-moving electrons and an anode
target. An x-ray tube (figure 2), along with a high voltage generator and controller, forms the x-
rays generator in a CT system. The voltage generator provides the voltage differentials between
the cathode and anode. The controller is a platform to command the x-ray tube settings such as
mA, kVp, and exposure time explicitly. The x-ray tube is a vacuumed space shielded inside a
glass housing to eliminate the friction for the high-speed electrons and to protect the cathode
filament from being oxidized. Inside the evacuated space there is a cathode filament that supplies
electrons and an anode target where the collision happens. The cathode filament, often made of
tungsten, can be heated to generate a stream of electrons. When the voltage is constant, the

higher current (mA) induces higher temperature in the cathode filament, which emits more



electrons. For modular CT tubes, the anode target is typically a revolving disc made of tungsten,
heat-tolerant target, and a copper core/base to conduct and release heat. When a high voltage is
applied between the cathode and the anode, the electrons on the cathode side speed up towards
the anode side and collide into the anode target, converting the kinetic energy into other forms of
energy, where categorically 99% dissipated as heat and the rest the desired x-ray radiation. The
majority of the x-ray radiation is known as the bremsstrahlung radiation, meaning braking

radiation in German. (Hsieh, 2015)
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Figure 2. X-ray tube. 24. Schematic diagram of the x-ray tube (Randall, 2015). 2B. Actual x-ray tube

1.3 X-rays Attenuation and Interaction with Matters

X-rays interact with matter at the atomic level. Because the high energy carried by x-rays
exceeds the binding energy of the electrons, the interaction between the x-ray photon and the
atom can produce free electrons (also known as photoelectrons) and secondary radiation source
such as the characteristic radiation. The free electrons and the secondary radiation source
continue interacting with the surrounding atoms. Compared to the x-ray photons, these

photoelectrons have more hazardous effect in the biological system. Unlike the x-ray photons



releasing most of the energy in one interaction, the electrons releasing small amounts of energy
in each interaction gradually exhaust their energy through many interactions. In addition, since
photoelectrons are negatively charged, they can ionize the other electrons in the vicinity without
direct contact, resulting in a larger scale of direct DNA damage. Although it is well known that
x-rays photons are carcinogenic, it is the heavier charged byproduct of x-ray photons that is the
prime culprit for DNA damage.

In medical diagnostic procedures, x-rays interact with the human body via two primary
mechanisms: photoelectric absorption and Compton scattering. Photoelectric absorption refers to
the process where the x-ray photon transfers all the energy to an electron in the lower atomic
shell, producing a free-electron carrying kinetic energy and characteristic radiation from the
higher shell electron filling in the empty shell. The characteristic radiations of the human tissues
are low energy and the human body completely absorbs them. Photoelectric absorption generates
desirable signals that show how the x-rays get attenuated by different tissues and, thus,
carries valuable information about tissue properties. However, patients receive ionization from
this process. Compton scattering refers to the process where the photon collides with the electron
resulting in changed trajectories for both the electron and the photon. This effect is undesirable
because the scattered x-rays add noise to the primary attenuated x-ray signal in the projection
image and reduce image contrast. The probabilities of occurrence for both photoelectric

absorption and Compton scattering are inversely proportional to the energy of the x-rays where
the Compton scattering (P (Compton) < %, where Z is the atomic number, hv is the photon
energy) is more sensitive to high energy x-ray than the photoelectric

absorption(P (photoelectric) « f—;). In addition to the signal differences provided by tissues,

contrast agents such as iodine or barium with high atomic number and many layers of atomic



shell are used. The contrast agents can induce photoelectric absorption and the secondary
characteristic radiations generated through the photoelectric absorption can penetrate through the
body and contribute to the imaging signals, creating better contrast to show the visibility of the

organ that encapsulates them.
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Figure 3. The mechanisms of x-ray interaction with biological tissue. 34 - a schematic diagram of the
interaction. 3B - phase diagram of different effect (University of Wisconsin, 2019).

3A

w
fex]

LI ILALL LN LALLL IILB AL LB LLLL
T T T T

100~ Photoelectric
effect dominant

Pair production —|
dominant

80—

60— .
6\.
7
40— A
0 0 Compton scattering

dominant
20—

Atomic number Z of the absorber material

Several factors such as the material thickness and the tissue properties contribute to the
attenuation of X-rays. These can be expressed mathematically by the Beer-Lambert law, which
relates the attenuation of the incident x-rays to the properties of the absorber. Specifically, the
attenuated x-ray intensity(I) may be described as:
[#

PPz

1(2) =Ilye
where [ is the incident x-ray intensity, % is the mass attenuation coefficient, p is the density of

the material, and z is the length of the x-ray path.
The amount of attenuation through the absorber is determined by the incident x-rays’
beam energy(kVp) and the absorber’s material properties such as the atomic number, density,

and electrons per gram. Generally, the higher the beam energy, the more penetrable the x-rays.



X-rays are more attenuated in an absorber with a higher atomic number because of the positive
correlation between the atomic number and the probability of photoelectric absorption and
Compton scattering (Figure 3). Thirdly, x-rays are more attenuated going through denser tissue

or tissue with more electrons in its atomic shell. (Hsieh, 2015)

1.4 Solid-State X-Ray Detector

Unattenuated x-rays arrive at the x-ray detector, which is comprised of a set of
photodiodes and small blocks of scintillating materials such as Csl, Gd,0,S, HiLight™ or
GEMS Stone™. X-ray photons undergo photoelectric absorption with the scintillators generating
characteristic radiation. These visible light photons are focused by reflective materials towards
the photodiodes at the bottom of the detectors to produce electrical signals. The electrical signals

are converted to digital numbers which collectively form a projection image. (Hsieh, 2015)

1.5 CT Reconstruction

A CT system takes multiple projections of an object at different angles and estimates the
attenuation distribution within a volume. This estimation process is called reconstruction. The
reconstruction algorithm relies on a mathematical definition of the geometry of the scanner.
Different geometries include cone-beam, parallel-beam, fan-beam, and helical systems. A
parallel beam geometry is illustrated in figure 4, where the projection of the object is the line

integral of the object’s intensity at an angle. One pivotal theorem for deriving the intensity of the



object based on the projection images is the Fourier slice theorem, which relates 2D Fourier

transform of the object to 1D Fourier transform of its projections.

0. _—""

X-ray tube

Projection function

a(r, 81)

Detector

Figure 4. Parallel Beam Schematic. The angle between the horizontal line x and the projection line r is
01. The projection function is the line integral of the attenuation coefficient of the object function.
Physically, it represents the attenuated x-rays’ intensity. For a fixed 0, g(r, 0,) is a projection, which is
the line integral onto the projection line. For all the projections, g(r, 0,) is the sinogram, or the 2D radon
transform of the object.

To derive the Fourier slice theorem, recall the 2D Forward Fourier transform and its

inverse:
Forward Fourier transform: F (u,v) = [ _Oooo J _oooo f(x,y)e /2rx+w) gy dy

Inverse Fourier transform: F(u,v) = [ _oooo f _oooo f(u, v)e/ 2T+ wW) gy dy

The sinogram is

g, 0)= ffooof_oooof(x, ¥)6(xcosf + ysin@ — r)dxdy



The Fourier Transform of the sinogram is:
G(q.0) = _,g(r,0)e /> dr
Substituting g(r, ) into G(q, 6):
G(q,0) = fjooofjooofjooof(x, ¥)8(xcosO + ysinf — r)e /2™ dxdydr
— f—cxjoof—oooof(x’ y)e—j27rq(xcos€+ycos€)dxdy
The 2D Fourier transform of F(u,v) = | _Oooo f _Oooo f(x,y)e 2P +vY) dydy
Apparently, when u = qcos6, v = gsind,
G(q,0) = F(u,v)

The Fourier slice theorem, also known as the projection slice theorem, states that the
Fourier transform of the projection of an object directly gives the values in the Fourier domain
representation of the object. Specifically, the Fourier transform of each projection is a line in the
Fourier transform of the object. Thus, collecting enough projections allows one to fill in the
entire Fourier space of the object. The object attenuation distribution could then be recovered by
taking the inverse Fourier transform. This theorem alone presents several challenges for image
reconstruction. The discrepancy in polar coordinate sampling in the Fourier space and cartesian

coordinate sampling contributes to interpolation errors.
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Figure 5. Ramp Filter Can Eliminate Blurring Effects in the Back-projection in the CT reconstruction.
Left: simulated reconstruction object without ramp filter; Right: simulated reconstruction with ramp filter

(Ali, 2016)
Alternately, one can perform reconstructions via back-projection - in effect “smearing”
measurement varies back into the image volume. While pure back projection forms an image

similar to the object, it is blurry. This is because the response of the projection then back-
projection is a strong (%) radial blur. To resolve this blur, we can apply a high frequency filter
before the back-projection. One can show that a ramp filter applies to projection data will

eliminate the % blur. This reconstruction method is generally referred to as filter-back projection
(FBP).

In order to compare data from the different scanners with various energy settings and X-
ray sources, we can compute the normalized value of the x-ray absorption coefficient of each
voxel in a CT image. This number is known as the CT number is expressed in Hounsfield unit
(HU). Mathematically it is defined as:

h = 1000 x £Fwater

Uwater

where u is the linear attenuation coefficient of the material. (Prince, 2015)
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1.6 Advanced reconstruction methods in X-ray CT

With the availability of faster computational power and iterative reconstruction (IR)
algorithms have been widely developed by major CT vendors for their noise reduction capacity.
These methods go beyond filtered back projection to maintain or improve image quality while
substantially reducing x-ray exposure to patients. While IR has become widespread and is
generally viewed as having improved image quality, the image properties produced by such
algorithms are often much more complex than FBP-type approaches.

Iterative reconstruction starts with an initial volume estimate — e.g. an all zero/ “empty”
image or a filtered back projection reconstruction. The difference between the re-projected
current image estimate and the measured raw data gives us a correction term, which maybe back
projected onto the volumetric object estimate. The iteration process ends when either a fixed
number of iterations or the image quality criterion is reached. (Beister, 2012)

Penalized-likelihood (PL) iterative reconstruction is one of many possible model-based
reconstruction techniques. The forward model in matrix form can be expressed as:

y = D{g}exp(=1),l = Ay
where the mean measurements y are a function of the measurement dependent gains (g)
multiplied by the exponential form of the negative line integral (—[) of the image volume.

The objective function for PL estimation is:
N
y = argmgxlogL(y: W — R 6) = argmax Y hi (L) = Br | Wit IIpF
i=1
where h;(l;) is the marginal log-likelihood for each measurement and can be expressed as:

N
hi (1) = _Z:lyilog(giexp(_li)) — giexp(=1;)

11



Here, R(u; §) is an arbitrary regularizer, S5 is the scalar control parameter allowing us to fine
tune the estimator for specific noise-resolution trade-off, and Wy is a sparsifying operator (e.g. a
finite differencing matrix). (Stayman et.al., 2013)

The relationship between regularization strategies and specific S values is often
complex with no explicit closed form expression for, e.g., spatial resolution. Moreover, the noise
and resolution of the image is typically space-variant/non-stationary and can depend on the
patient size and anatomy. Increasingly sophisticated regularization methods can have more data
dependence — enhancing edges and smoothing features interpreted as noise. This can have impact
on anatomical features if the regularization is not tuned properly or is too aggressive in noise
reduction.

In recent years, machine learning methods have increasingly been investigated are
starting to find their way into clinical systems. Such data-driven approaches have the potential
for improved image quality over IR but are likely to exhibit even greater object-dependence. For
both IR and machine learning, these dependencies made quantitative image-quality analysis even

more complex.
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CHAPTER 2

IMAGE QUALITY ASSESSMENT

2.1 Traditional Performance Parameters of the CT scanner

The ability of a CT system to render fine details and differentiate low-contrast objects
from background is critical for accurate clinical detection and diagnosis. Image quality is
determined by several factors such as scanner characteristics (detector performance, scan speed,
sampling, etc.), x-ray exposure and technique, properties, and reconstruction parameters.
Discrepancies always exist between the “true” object and the image estimate. CT image quality
can be broken down into different characteristics including resolution, contrast, noise, and
artifacts. These characteristics are often coupled — e.g. finer resolutions can be achieved but with
increased noise. Thus, in order to make well-informed decisions in specifying acquisition of
reconstruction protocols for different diagnostic purposes, it is important to be able to
characterize the performance attributes across protocols. In the following sections, we will
review some common practices for evaluating the CT systems. These includes high-contrast
spatial resolution measurements, the modulation transfer function (MTF), noise measurement

including noise power spectrum (NPS), and mixed measures line signal to noise ratio (SNR).
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2.2 High-contrast Spatial Resolution

High-contrast spatial resolution is a measurement of the ability of an imaging system to
render the object details and to identify or distinguish small and closely spaced features. CT
spatial resolution is often characterized by scanning a thin tungsten wire or line pair gauge. The
line pair gauge is a series of parallel line bars whose size and spacing can be used to probe
specific spatial frequencies. The spatial resolution can be subjectively measured by maximum
spatial frequency line pair where the eye is able to distinguish the individual line pairs. To
express the resolution in terms of these line pair we use the unit line pair per millimeter
(LP/pixel).

Alternatively, another quantitative resolution measure is the modulation transfer function
(MTF), which shows how the contrast is reproduced in a system as a function of spatial
frequency. To understand MTF we must start with the concept of modulation. The signal

modulation is the contrast between the bright and dark regions of the image and is defined as

M = Amax—Amin __ ac

AmaxtAmin  dC
where A represents the amplitude of the signal. The ratio of image modulation to the object
modulation is the modulation transfer ratio; that is,

Mimage(g )
Mobject (f )

MT($) =
where ¢ is the spatial frequency. The modulation transfer ratio shows the amount of details
preserved in the imaging system. Characterizing the system behavior at a specific spatial
frequency. To describe the full system response, we can plot the MTF, which characterizes how

the modulation transfer ratio changes across all spatial frequencies. MTF generally decreases at

higher spatial frequency, where the scale of details is smaller.
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One resolution limit in any imaging system is tied to sampling (e.g. pixel value). The
Nyquist-Shannon sampling theorem states that to preserve a continuous time signal, the
minimum uniform sampling frequency f; must be twice the maximum frequency component
fmax Hz of the continuous signal; i,e, f; > 2fnax- This means that the detector will not register
frequency components of the object greater than one half of its sampling frequency (i.e. the
Nyquist frequency). When the sampling frequency is less than the Nyquist frequency, the signal
will get aliased and the details will not be preserved. With regard to MTF, both pre- and post-
sampling MTFs are often reported. The post-sampling MTF is naturally limited to frequencies
below Nyquist.

MTF can be characterized as the modulus of the Fourier transform of the linear spread
function (LSF) at a specific direction, which, in turn, is related to the derivative of the edge
spread function. Specifically,

MTF (v) = |F{LSF(x)}|
= |F{ [ESF (x)]dx}]
1 > d i2mvx
=\/T_nf_ooa[ESF(x)]e dx
where v is the spatial frequency, x is the spatial distance, and F represent the Fourier transform.

The MTF characterizes the contrast degradations of the CT system in terms of spatial
frequency, which presumes that the resolution properties are space invariant. However, this
assumption is often not true. For example, variations caused by the apparent focal spot shape as
the detector angle changes and nonuniform spatial sampling patterns as the distance to iso-center
changes can lead to space variant behavior. Moreover, nonlinear data processing methods and

advanced regularization can similarly lead to space-variant effects (Hsieh, 2015)
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2.3 Noise Measurement

Noise is random fluctuation of an otherwise uniform image resulted by the x-ray quantum
noise, inherent noise of the CT system, and often potential stochastic elements of the image
generation process. Quantum Noise is tied to the x-ray exposure, which is limited to ensure
patient safety. Though variance can represent the level of noise in an image, noise power
spectrum (NPS) is a more comprehensive noise descriptor. The NPS describes the noise at each
spatial frequency, and is useful for prediction of detection performance (Baek et.al., 2010).

The local noise power spectrum is obtained by squaring the magnitude of the fourier

transform of the noise image; that is
NPS(u,v) = % <|ffAn(X, y)e—2ni(xu+yv) dxdy' 2>

where n(x, y) is the reconstructed image containing only noise, u and v are frequency variables,
and A represents the area over which n(x,y) is defined.

Although NPS is a standard practice for image noise assessment, it is limited to images
with wide-sense stationary noise; that is, the image whose statistics are constant throughout the
entire image. Tools have been developed to select the local region of interest (ROI) to compute
the NPS, but studies have shown that the NPS is dependent on the choice of various factors as
the ROI size decreases. These factors include the choice of background removal and window
function. These dependencies may affect the interpretations of NPS for task-based image quality

assessment and therefore need to be understood. (Barrett, 2018)
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2.4  Texture Characterization of CT Image and GLCM

Traditional performance parameters (like MTF and NPS) are able to give a broad
overview of the scanner capability, but they do not generally take diagnostic task into account.
Moreover, with the knowledge of tumor signatures becoming more comprehensive (e.g.
radiomics) and treatment plans more individualized, radiologists develop more sophisticated
methods to characterize the tumor in the CT image for better prognosis and treatment plans.
Tumors are often spatially heterogeneous on the gross and cellular levels, where the more
heterogenous tumor tends to be linked to more malignant lesions. Therefore, texture can be used
as a biomarker for tumor detection or benign/malignant tumor differentiation. CT textures
analysis has the potential to use quantitative imaging features of tumor texture to diagnose and
stage cancer. Texture analysis provides an objective assessment of the tumor heterogeneity by
analyzing the voxel distributions of the lesion. In additions, these extraction and classification

methods of the CT textures can be used as a virtual biopsy for the indeterminate masses and can

improve prognosis and treatment methods.

Figure 6. lllustration of CT images; A- Coronal CT-scan of Patient with Multiple Liver Tumors, where
the shape is nonuniform and the texture is inhomogeneous (UCSF,2019); B-Axial CT-scan of Patient with
Cyst, where the shape is rounded, and the texture is uniformly distributed (Yuksel et.al., 2007);
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One common way to summarize the texture of an image is the gray level concurrence
matrix (GLCM). As its name suggests, GLCM represents the distribution of co-occuring voxel
grayscale values from the gray-scale value of another pixel at a given offset. The matrix
represents how often a pixel with gray-level value i occurs to adjacent pixels with value j with
different offset directions and distances. The offset direction can be chosen arbitrarily, e.g. -
horizontally, vertically or diagonally. After creating the GLCM, one can derive several classes of
statistics such as homogeneity and correlation to characterize the texture of an image.

Homogeneity is the value that measures the closeness of the distribution of elements in

the GLCM to the GLCM diagonal; that is:

N-1
Homogeneity = ),
i,j=0

Pij
1+|i-j]

Where P;; is the element i, j of the normalized symmetrical GLCM, N is the number of gray
levels in the image. The normalized symmetrical GLCM is created by first making the GLCM
symmetrical and then normalized the GLCM by dividing each element by the sum of all
elements. Notice that the weighting factor (1 + |i — j|) emphasize the pixels pairs with close
gray-scale values. This results in higher values for homogenous images.

Correlation is a measurement of how correlated a pixel is to its neighbor over the whole

image; that is:

Ne1 e
Correlation = Y pijw
i,j:() UiO'j

o2 is the variance of the intensity of all reference pixels in relation to the GLCM, calculated as
N-1
o’ = ¥ P;;(i —u)? High correlations values indicate high local grey level dependency

i,j=0

(Lubner, 2017).
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CHAPTER 3

THE USE OF PHANTOMS FOR EVALUATING CT SYSTEMS

3.1 Introduction to Imaging Phantoms and Three-dimensional Printing

An imaging phantom is an object with specially designed features that serve as surrogates
for human anatomy when investigating the performance of various imaging modalities. They are
widely used in the medical imaging field as the gold standard for calibration and registration to
ensure the reliable and quantitative quality assurance of the noise, resolution, and contrast in the
imaging system. Though they are sufficient for delivering standard quality assurance for the
imaging systems, the current phantom are often still rudimentary in their shapes, material
compositions, and complexity. With traditional molding manufacturing techniques, complex
geometries and fine anatomical textures of the human body are difficult to replicate. In addition,
the high cost of the phantoms is a disincentive for any customizations and modifications to the
standard practices that lead to more accurate and precise performance assessment of the imaging
system. 3D-printing technology can overcome these constraints and make performance
assessment more task-driven, versatile, accessible and accurate. Firstly, 3D printing technology
is able to render more complex structures by using, for example, images extracted from an
imaging scanner or through the use of procedurally generated textures. Secondly, 3D printing is
helpful for developing patient-specific phantom because of the relatively low small batch
production cost. Finally, 3D printing provides more flexibility in the phantom production
process, allowing us to directly print the phantoms or indirectly produce a mold of the phantoms

that can be injected with other tissue equivalent materials (Filippou, 2018).
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3.2 Traditional Imaging Phantoms

Currently, the most popular commercial phantoms that are used in clinical practice
include image quality phantoms and anthropomorphic phantoms. Image quality phantoms are
often comprised of several different layers, each of which is designed for evaluating specific
criteria of the image quality. The purpose of the phantom is to provide an overall evaluation of
the performance of the imaging system, and to find protocols that can achieve better image
quality while minimizing radiation dose. An example of an image quality phantom is the CBCT
electron density & image quality phantom (figure 7), which comprises of five layers. The CT
number linearity and slice thickness layer (figure 7A) includes six cylindrical chambers that
enclose six rods made of air, low density polyethylene (LDPE), polystyrene, acrylic, Delrin and
Teflon for measuring the contrast to noise ratio and the HU accuracy. There are three angled air
channels forming an equilateral triangle at the center of this slab. They are used to measure the
slice thickness sensitivity of the imaging system. The uniformity layer (figure 7B), made
consistently with the same epoxy resin, is used to measure the ability of the imaging system to
produce uniform images across all directions and if there are image artifacts. Constituting three
sets of low contrast rods with linear attenuation differences of 0.5%, 1%, and 2% relative to the
background material, the low contrast layer (figure 7C) measures the system’s ability to detect
low contrast difference. Each set contains seven different cylindrical rods with different
diameters, where the cross section and volume ratio between two adjacent rods is 0.5. Spatial
resolution layer (figure 7D) has 16 different line pairs starting with 1 lp/cm as the lowest spatial
frequency and 1 lp/cm increment between the adjacent rods. The line pair patterns are 12mm in

height in the longitudinal axis and can be used to evaluate the MTF and PSF of the imaging
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system. The electron density phantom (figure 7E) is a customizable slab that simulates the
abdomen (oval shape) or the head (circular shape). Eight plugs with different tissue equivalent
attenuation coefficients could be placed at any of the 17 cylindrical cavities at different locations
for user to evaluate the measurement offset from the central axis. This slice of phantom allows

the technologist to devise the optimized diagnostic scanning protocol for real patients (CIRS,

2013).
“ S
ef o\ \
&

Figure 7. Image Assessment Phantom. A — CT number linearity and slice thickness layer; B —
uniformity layer; C — low contrast layer; D - spatial resolution layer; E- Electron density phantom

(CIRS, 2013).

Unlike the image quality phantoms that are designed for evaluating specific image quality
criteria and thus have a more structured and organized configuration, anthropomorphic phantoms
have more complicated structure and geometry that resemble the shape and size of human
anatomy. The goal of these phantoms is to produce CT image or volumes that look similar to the
actual clinical images. One example anthropomorphic phantom is the multipurpose chest
phantom (figure 7). This phantom, 43 X 40 X 48 cm in size and 18kg in weight, represents a
male chest torso. The frame of the phantom includes the ribs, sternum, clavicles, spinal cord, and

scapulae. Inside the main frame there are three main detachable inner compartments that
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represent the tracheobronchial tree, the heart, and the abdomen (including the diaphragm).
Including in the phantom are 15 simulated tumors with 5 different sizes (3, 5, 8, 10, 12mm) and

3 different sets of HU (-800, -630, 100). (Kyoto Kagaku CO. LTD, 2019)

Tracheobronchial Tree

Main Frame

Figure 8. Multipurpose Chest Phantom Kyoto Kagaku NI "LUNGMAN" (Murata et.al., 2019)

3.3 Introduction of Rapid Prototyping and Manufacturing

Rapid prototyping and manufacturing (RP&M) methods have gained significance and
rapidly spread in the realm of aerospace, automotive, component, and medical applications.
Initially, the company that pioneered this technology 3D systems coined this technology as
Stereolithography, or 3D printing. Nowadays rapid prototyping is not confined to 3D printing,
but as an umbrella term that refers to the process of producing a three-dimensional object that
carries high level resemblance of the design intent.

The popularity of RP&M is well-deserved in its own right. Enhanced visualization
capacity provides the first-tier benefit that bridges the gap between the different stakeholders

(engineers, designers, technicians, and managers) for better communications, analysis and further
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development in the means of an actual full-size model. Instead of two-dimensional drawing,
developers can now discuss their ideas with scaled plastic prototypes with complex structures
exacting the intended features. This kind of advantage is substantial because the actual object can
be very different from reading the blueprints or computer aided design (CAD) images of a
complex object. Interpretation of the actual object and the blueprint could be very different, and
the ability to have a first-hand interaction with the actual object can help the developer identify
the errors. The reduction of error significantly reduces product cycle time and cost compared to
the conventional models.

Verification is one important step in the design control to attest that the design output
matches the requirement of the design input. RP&M can resolve this dilemma by quickly
generating the prototype to verify that the design contains the desired feature and inspecting
errors or design mismatches with user needs early in the design cycle. This ability empowers
decision making and increase the product quality. Verification of physical characteristics such as
strength, operational temperature limits, fatigue, corrosion resistance, etc., also doesn’t need to
wait for a fully developed prototype but can start tinker with the design and add/remove features.

Additionally, RP&M provides a practical method for improving the quality of product
through optimization. Optimization could be very expensive and time-consuming using the
traditional manufacturing methods, but with RP&M the design teams can iterate and build
multiple design prototypes and select the optimal design. (Jacobs, 1993).

In this work, we combine the advantages of RP&M design and production with validation
phantom investigation for application to CT system technology, and protocol design and

optimization.

23



3.4 A Modular Liver Anthropomorphic Phantom

The above anthropomorphic phantom allows for lung-specific customization. Lung
nodules can be inserted inside the cavity of the anthropomorphic phantom. However, the
abdomen interior part of the anthropomorphic is a solid and does not allow specifically designed
inserts to be plugged in. To enable the testing of CT system performance for liver-specific CT
protocols, we replicated the abdomen phantom with traditional silicon room temperature
vulcanizing molding and resin casting. Three steps are involved in fabricating the replica of the
abdomen phantom: (1). Creating the Molding Framework; (2). Creating the Silicone RTV Mold;
(3). Resin Casting of the Abdomen Phantom. The materials that are used in the replication
process includes 5 pieces of foamboards, Prosil 1025 RTV Silicone Rubber Mold Kit, and

Castin’Craft Clear Polyester Casting Resin Kit.

PART# 2803
MOLDMAKIN
SILICONE l;p'_f_'-_h

Figure 9. Essential materials used to cast the anthropomorphic phantom. A — Foamboard; B - Prosil Silicone RTV

Mold: left - silicone rubber, right - hardener C - Castin' Craft Clear Polyester Casting Resin: left - resin; right —
catalyst.
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3.4.1 Creating the Molding Framework

The replication of the abdomen phantom started with creating a structure as the container
for the liquid silicone mold to transcribe the detailed surface features of the abdomen. The design
of the frame should also consider minimizing the silicon mold materials. We used the
foamboards to create such a framework. Placing the abdomen phantom above the foamboard, we
delineated the outline of the maximum slice area (the bottom area). We created four layers of
such frames by repeatedly cutting out the contour of the bottom slice for four times. Stacking one
complete foam board and the four hollowed layers with hot glue, we created the rudimentary
framework. We cut off some smaller foam pieces to fill in gaps between some of the crevices
and wrapped around the outer surface with plastic and paper tapes to avoid leakage. To bolster
the placement of the abdomen phantom and create the space for injecting the silicone room
temperature vulcanizing mold, we also created some thick rectangular silicone parts to place in

the bottom and the surrounding walls of the framework to create gaps.

3.4.2 Silicon Room Temperature Vulcanizing (RTV) Molding

Room temperature vulcanizing (RTV) rubber silicone is an accurate and cost-effective
rapid prototyping technique that allows replicating the surface and details of an original part by
creating the frame around which an object is constructed. In this work, we use Prosil 1025
Silicone Rubber manufactured by Fiberlay Inc., Sarasota, FL. This product contains two-
component materials, where Part A is the silicone base and Part B is the curing agent. As the
name RTV suggests, the mixture of the two agents with a ratio of 10A:1B can be cured at room

temperature by a condensation reaction. The surface of the original abdomen phantom was
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sprayed with CRC general purpose silicone mold release to prevent the phantom from adhering
too tightly on the finished mold. The abdomen phantom is then placed stably inside the
foamboard frame. We measured the two parts of the Prosil with the volume 10A: 1B ratio in a
bucket and mixed them thoroughly, and then poured the mixture into the slit between the original
abdomen phantom and the framework until the abdomen phantom was completely covered inside

the liquid mixture. We then waited 24 hours until the liquid hardened into silicone rubber mold.

Figure 10. RTV molding process. Left: the mold immediately after being poured into the frames. Right:
the final product
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3.4.3 Resin Casting of the Abdomen Phantom
Resin casting refers to the manufacturing process where the resin is hardened inside a mold

to form specific shape. In our work, we use the Castin' Craft Clear Polyester Casting Resin. For
every volume ounce of the resin we added % drop of catalyst. The mixture of resin and the

catalyst were well-mixed and were poured into the silicone mold. The resin and the frame were
then transferred inside an airtight chamber at 120 °F for 6 hours and at room temperature for the
resin be solidified for 72 hours (all at standard atmospheric pressure). The concrete resin was
then removed from the mold. The abdomen phantom is replicated at this step. The abdomen
phantom was manually drilled using an upright mill and boring tool to form compartments for

four cylinders with 37.75mm in diameter and 40mm in height.

Figure 11. Abdomen Cast. A — replicated abdomen phantom. B-D drilled phantom by Milling; B- left
view, C- top-down view; D-perspective view
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3.5 Fabrication of Quantifiable Texture Phantom Inserts

Despite clinical significance of texture in classifying disease, there is no established
method in examining texture with existing phantoms. Existing phantoms largely lack the
sophistication presented by real-life scenarios (e.g. patient size, variability, organ texture, etc.) to
provide a good quantification to characterize a CT system’s ability to render texture. Though it is
possible to 3D print an object derived from a CT image, clinically derived image volume will
present noise and textures without ground truth, making it difficult to establish a realistic
baseline for quantitative image analysis. Creating quantifiable texture that resembles the variable
characteristics of the tissue texture is fundamental in establishing texture as the new image
quality assessment methodology. To this end, we seek to create a method to produce high-
resolution, reproducible, and standardized texture that allows us to evaluate the CT system

capacity to render texture.

Procedural Phantom

Generation Digital Model 3D-printing

Inputs

STL File SLA Printer

-

Subtraction of the
The Volume of the Extracted Spheres

Phantom Insert Body from the Phantom
Insert Body

Extracted sphere’s

separation distance
) Sphere Packing
Diameters of the

Algorithm
Extracted Spheres I
Randomized |

Spatial Location

Figure 12. Overall Process for Creating Texture Phantom.
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3.5.1 Generating Spheres

To create such a workflow, we generated a CAD model by randomizing the center
locations of a large number of spherical voids inside a cylindrical volume. Thus, the texture
phantom is the subtraction of many spheres from a cylindrical body. The first step to generate
such a model is to generate the surface mesh of these spheres. The surface mesh of a single
sphere can be represented by Standard Tessellation Language (STL) file, which is a face-set data
structure that contains every surface vertice spatial coordinate. Since varying the diameter of the
extracted sphere changes the porosity of the CAD model, we use the diameter of the sphere as
the quantifiable feature in the phantom. With three different realizations in each set, we
generated six sets of such CAD models with uniform spherical diameter evenly spaced between
Imm to 2mm. In addition to these phantoms with homogeneous spherical voids, we generated
five realizations of the phantoms with heterogeneous (nonuniform) spherical voids where the
diameters range from 1mm to 2mm. In this work, the cylindrical volume is 25mm in diameter,
8mm in height, and 0.5mm in outer wall thickness; Moreover, there is a user-defined amount of
overlap between the spheres. These overlaps ensure that the spheres are interconnected so that
ethanol could be channeled into the interior of the texture phantom to clean out residual resin (as
part of SLA processing). By setting up the size of the spheres and the volume boundary
conditions in which spheres can appear, we may procedurally generate the face-set data of the

spheres that satisfy these defined conditions.

Figure 13. Example of the conglomeration of spheres within the confined cylindrical volume.
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3.5.2 Compiling the Spheres and the Texture Phantom Body

With the available STL files of the spheres, we start to compile these spheres in
OpenCAD. OpenCAD, a free software that have the capability to compile different shape
together, can produce the STL file for the texture phantoms, as illustrated by figure 13.

We imported the STL files of the spheres and subtract the spheres from the cylindrical body. We
first clicked on “Preview”, which provides an overall rudimentary idea of the phantom’s
appearance. Then, we click on “Render”. This process takes much longer (overnight) to generate.
When this step is done, we can save the STL file by clicking on “Export as STL” to save the

texture phantom.

Figure 14. The Texture Phantom
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3.5.3 Generating Print Support

For successful phantom printing, careful attention to print orientation and support
material is required (e.g. thicker layers in the first couple print layers). Specially, in the
meshmixer software package (Autodesk, San Rafael, CA), we first rotated the texture phantom at
the upright position and then generated the support manually. In the Meshmixer under the tab
Edit, we clicked on “Transform” and then inputted 90 in “Rotate X”. This will change the angle
of the phantoms and position it at the right angle. Next, we elevated the phantom to be above the
print plate. We inputted 20 mm in the tab “Translate Y”. The phantom was positioned at the
right angle and level. To manually generate the support, we toggled the tab “Analysis” and
clicked on Overhangs. We switched the Preset to “SLA/DLP Printer” and then dragged on the
base of the phantoms to create the support. The goal here was to create the support as dense and
vertical as possible for the support to be printed out. Inside of generating the support
automatically, we generated the support by click and drag. This is because the tip of the
automatically generated support could adhere to the inner compartment of the texture and tainted

the texture.

Figure 15. The Texture Phantom with Support
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3.5.4 Stereolithography Process

These CAD models were fabricated with Clear Nex resin in a high-resolution
stereolithography (SLA) printer (Peopoly Moai, Hong Kong), as illustrated in figure 15. Since
the printer is controlled through the “GCODE”, procedure language we need to convert the STL
file into GCODE using the CURA software package. Opening the STL file in CURA, we
dragged the texture phantoms at the back-right corner of the print plate. Below is a table for the

print setting that we used in printing our texture phantoms:

Table 1. Setting for the CURA

Layer Height 0.05 mm

Initial Layer Height 0.1 mm

Wall Thickness 0.6 mm

Top/Bottom Thickness | 0.2 mm

Infill Density 100 %
Print Speed 130 mm/s
Travel Speed 300 mm/s
Initial Layer Speed 4 mm/s

Number of Small Layer | 5
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After the GCODE had been created, we saved it in an SD card. This SD card can be
inserted inside the SLA printer. Each phantom was printed individually, and we detached it out
of the print plate immediately after the print had been completed and removed the support. The
printed sample was purged with 97% isopropanol alcohol solution and was vigorously shook
inside a container to maximally clear out any uncured resin inside the extracted spheres. The

samples were later cured under UV light for 1-2 hours.

Figure 16. Printer and Print Objects. Left: Peopoly Moai SLA printer; Right: Printed Texture Phantoms.
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3.6 Investigation of the Potassium Phosphate’s Concentration vs. CT Contrast

As printed the phantom inserts have a CT contrast equal to the contrast between the cured
resin and air. However, we would like the capability for arbitrary contrasts — e.g. through the
introduction of a liquid to fill the voids with a known attenuation level. Here, we investigate the
use of a potassium phosphate solution to achieve arbitrary contrast. We begin with an experiment
to find the linear correlation between the potassium phosphate concentration and Hounsfield
value. To this end, we made different concentrations and scanned them to measure the
Hounsfield numbers. By finding the linear correlation, we may control the contrast for the CT
images to simulate the realistic condition.

Seven vials with concentration(mg/ml) 0, 30.2, 29.12, 56.96, 65.89, 74.81, 200 were placed
inside the vial holder and scanned for their respected Hounsfield values (figure 16). Each of the
vial have been annotated separately with their hand-crafted labels for masking and measurement
of the mean CT number. We scanned them with a custom conebeam CT bench with a Varex
Paxscan 4343CB detector and Varex Rad-94 x-ray tube (Salt Lake City, UT) at 80 kVp, 40 ms,
and 10 mA using 50 micron isotropic voxel with FBP reconstruction. The region of interest
(ROI) was selected and the Hounsfield values are measured by averaging the trans-axial slices
within the ROIL. The linear correlation of the concentration (unit: mg/ml) and Hounsfield value
was found to be:

HU = 2.418 ¢ — 1.060
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Figure 17. Correlation of Concentration and Hounsfield value. Left: Vials and its Holder; Right: the
experimental data points(green astrisk) and the Linear Correlation Curve

With this equation, we can produce arbitrary contrast levels in the CT image by varying
the concentration of the potassium phosphate solution. To maintain the consistency of the liquid
presented in the CT image, we vacuumed to 25 inHg using AccuTemp-09s vacuum system
(Across International, Livingston, NJ) and let the liquids stay overnight to remove the air

bubbles.

3.7 Combining Elements into a Modular Texture Insert

Up until this point, we have described the complete methodology of fabricating the
anthropomorphic phantom, the texture phantoms, and the formula for making the contrast-
specific background. To generate the data, we need to combine all of these different parts
together for the analysis. We collected data for the texture phantoms without any contrast-

enhancement and texture phantom under realistic conditions. To collect the data for the texture
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phantom without contrast enhancement, we either scan the texture phantom individually in the

air or line up the different texture phantoms together to produce a scan that contains all the data

(figure 17).

Figure 18. Lining Up the Texture Phantoms together with spacing between each other

We use potassium phosphate to emulate the contrast of iodine-enhanced hepatocellular
carcinoma lesions. We immersed the texture phantom in potassium phosphate of 80 HU to create

the simulated clinical scenarios (figure 18).

Figure 19. Contrast enhanced Texture Phantom. A) Sample SLA textured print. B) Print in potassium
phosphate solution. C) CT scan showing a designed texture contrast of ~80 HU

To generate the realistic condition of scanning a patient, we placed the contrast enhanced

texture inserts inside the abdomen cast, which could then go into the Kyoto Kagaku Lungman
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phantom. The large and torso-shaped anthropomorphic phantom simulates the non-uniform
attentuation of human anatomy and permit evaluation of texture with the added noise properties

and scatter patterns from the real patients (figure 19).

Modified anthropomorphic phantom Contrast-adjusted texture inserts
Kyoto Kagaku Lungman + abdomen cast 80/150 HU texture

Figure 20. Texture Performance Assessment under Realistic Condition.
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CHAPTER 4

PERFORMANCE ASSESSMENT OF TEXTURE REPRODUCTION

With the available quantitative texture phantoms, we want to develop a texture performance
assessment methodology to evaluate the different CT systems. We compare the reproduction of
textures on various systems including 1) a micro-CT, 2) a flat-panel-based cone-beam CT (CBCT)
system, and 3) a commercial diagnostic CT scanner with high-resolution capability. Radiomic
measures based on gray level co-occurrence matrices are investigated at a range of offset distances,
and the capacities to reproduce the designed and scanned features across different imaging devices

are compared.

4.1. Method

4.1.1. Phantom Scanning

Texture Phantoms were scanned in three different CT systems including 1) a Bruker
SkyScan 1172 microCT (Billerica, MA) at 50 kVp and 200 pA using 28 um isotropic voxels; 2)
a custom CBCT system using a Varex Paxscan 4343CB detector and Varex Rad-94 x-ray tube
(Salt Lake City, UT) at 100 kVp and 10 mA using 100 um isotropic voxels; and 3) a Canon
Aquilion Precision CT (Otawara, Japan) at 120 kVp and 100 mA using two different protocols.
Both a “normal” resolution (NR) and high resolution (HR) protocol were used on the clinical

helical scanner. The NR protocol used a 100 m voxel size (in-plane) and 0.5 mm slice thickness
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with a FC11 reconstruction filter and the HR protocol used a 50 m voxel size (in-plane) and 0.25
mm slice thickness with a FC15 reconstruction filter.
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Figure 21. lllustration of the Four GLCM Offset Directions Used. Offset distance is computed as the
distance to the origin in millimeters

4.1.2. Computation of Radiomics Features

To compare the ability of the 3D-printer and the various imaging devices to reproduce
the originally designed textures radiomics features were computed. For computation of radiomics
features, all scan volumes (e.g. microCT and HR-CT) were re-binned to a common 100 ym in-
plane voxel size. Gray level co-occurrence matrices (GLCMs) were computed for a range of offsets
from 0 to 3.0 mm in four principle directions (illustrated in Figure 20) using eight gray level bins.
While many summary metrics of GLCMs can be computed, we focused on correlation and
homogeneity. We compute an average GLCM-correlation and GLCM-homogeneity over the four
directions, all trans-axial slices, and three (or five, for the heterogeneous inserts) realizations as a

function of offset distance. Similarly, we compute standard deviation over the same ensemble.
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4.2 RESULTS

Three sample texture inserts (homogeneous 1 and 2 mm, and heterogeneous 1-2 mm spherical
voids) are shown in Figure 21. We note that there is a difference between the digital design and
the 3D-printed result. This is evident from the micro-CT scans, which are serving as a surrogate
truth image (based on the very high-resolution scan). In particular, we see that the SLA resin tends
to cure “thicker” than the original digital design (in part due to the size of the laser focal spot).
This makes the plastic walls of the texture thicker with smaller internal voids. There are also subtle
differences in texture that may have to do with incomplete removal of uncured resin between
printing and the secondary curing step. Cone-beam CT and CT scans show the reproduction of the
insert texture for each modality and the different acquisition modes/reconstruction filters. The
CBCT and HR-CT images look similar while the NR-CT images are clearly lower spatial
resolution leading to a much different representation of the underlying textures. Additional
differences between modalities are present due to positioning of the insert and the different slice

thicknesses between modalities.
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CBCT (Varex Paxscan 4343CB/Varex Rad-94): 100 kVp/10 mA, 100 um isotropic voxels
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Figure 22. Qualitative Comparison of Texture Phantom Scans: three of the texture inserts with I mm and
2 mm homogeneous, and 1-2 mm heterogeneous spherical voids are presented. In addition to the digital
design and a photograph of the 3D print, scans of one slice of the insert are shown for micro-CT, cone-
beam CT, high-resolution CT (HR-CT), and normal resolution CT (NR-CT) are shown.

A summary of the radiomics measures investigation is shown in Figure 22. Both GLCM-
Correlation (top row) and GLCM-Homogeneity are shown as a function of offset distance. A
number of trends are apparent. GLCM-Correlation decreases from a value of one, tends to fall to
a minimum at a value slightly smaller than the void/feature size, and then asymptotically
approaches zero. The micro-CT ground truth suggests that we are able to reproduce the GLCM-
Correlation of the original design and that printing differences do not affect this particular metric.
In contrast, both CBCT and HR-CT do not reproduce this metric perfectly — instead extending the
location of the minimum to larger values. This is likely due to spatial resolution loss. We note that
CBCT and HR-CT perform similarly in this regard with the most significant differences at the

smallest feature sizes. However, NR-CT shows increased discrepancy and loses a well-defined
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minimum for the smaller feature sizes. Similar conclusions can be drawn from GLCM-

Homogeneity; however, GLCM-Homogeneity and GLCM-Correlation refer to two different

concepts.

The homogeneity analysis is very similar to the correlation analysis. Specifically, CBCT and

HR-CT show very similar GLCM-Homogeneity across feature sizes suggesting a similar ability

to reproduce texture, though different than the micro-CT ground truth. NR-CT is significantly

different in its reproduction of texture and this is reflected in the GLCM-Homogeneity.
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Figure 23. A Summary of GLCM Features. GLCM-Correlation (top row) and GLCM Homogeneity
(bottom row), as a function of offset distance for the different homogeneous inserts (i.e. varying extracted
spheres' feature size) and the different imaging modalities.
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It is worth noting the apparent connection between the first minimum in the GLCM-
Correlation and the intrinsic void/feature size in the designed textures. We plotted the GLCM-
Correlation minimum as a function of feature size for each of the modalities and performed linear
fits for all but the NR-CT data. These results are summarized in Figure 23. We see that there is a
strong linear relationship between GLCM-Correlation minimum and feature size with strong
correlation across imaging methods except for NR-CT which does not appear to capture this aspect
of the texture very well and has no defined minima for the smaller feature sizes. Similarly, there
is no distinct minimum for the HR-CT approach at the smallest 1.0 mm size. Thus, it is not
straightforward to deduce intrinsic features size using GLCM-Correlation for NR-CT or for HR-

CT at the smallest investigated feature size.

The Linear Fit of GLCM Correlation Minimum
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Figure 24. Plots of GLCM-Correlation Minimum for Different Modalities as a Function of Feature Size
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Figure 24 shows the GLCM-Correlation and GLCM-Homogeneity for the heterogeneous

inserts. These inserts have feature sizes covering the range of 1.0-2.0 mm. As such we see

differences in the curves from previous studies — e.g., the GLCM-Correlation plots show a wider

dip around the minimum due to the range of feature sizes. Similar conclusions can be drawn from

this experiment as the prior homogeneous inserts. In particular, GLCM-Correlation is reproduced

between the digital design and the micro-CT while GLCM-Homogeneity is not. Similar

reproduction of radiomics between the CBCT and HR-CT methods is observed. NR-CT is

significantly different in its radiomics, which can be attributed to the significantly decreased spatial

resolution.
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Figure 25. GLCM-Correlation and GLCM-Homogeneity for the heterogeneous inserts

When the plots of the contrast enhanced texture inserts in the anthropomorphic phantoms are

included in the GLCM analysis, we found that the added noise and scatter properties of a realistic

phantom are a significant factor in performance. Specifically, the GLCM correlation or

homogeneity derived from these set of data do not produce the similar profile or curvatures
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compared to the HR-CT or the NR-CT. This means that the noise produced from the
anthropomorphic phantom overshadows the capacity of the scanner to capture the texture

properties of the inserts.
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Figure 26. The GLCM Features with the Added Anthropomorphic Data Set. GLCM-Correlation (top row)
and GLCM Homogeneity (bottom row), as a function of offset distance for the different homogeneous
inserts (i.e. varying extracted spheres' feature size) and the different imaging modalities. HR-CT: High
resolution CT; NR-CT: Normal resolution CT; HRCE-CT: High resolution contrast enhanced CT; NRCE-
CT: Normal resolution contrast-enhanced CT; Only the contrast enhanced CT images are acquired inside
the anthropomorphic phantom.
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4.3 Discussion and Future Work

The radiomic analysis of the texture phantoms shows one way to analyze the CT system’s
capacity to render texture property. Without the anthropomorphic phantom. The HRCT shows
more promising result than the NRCT. However, with the bulk property of the body, the clinical
CT with the traditional iterative reconstruction doesn’t replicate the behavior of the texture
features measured by the microCT, but we hope to repeat the analysis again with the AiCE
machine learning reconstruction to see if the improved reconstruction algorithm will perform
better in texture reproduction.

In addition to the CAD-designed texture phantom, we also want to use liver sample
(figure 26) to insert inside the anthropomorphic phantom to continue the radiomic analysis. This
animal specimen provides a more realistic clinical representation because the sample includes
not only the texture dispersity but also the vascular structures of the liver. By thoroughly
studying the liver specimen, we can use the knowledge to help us design better liver lesion CAD

model.

Liver Sample (Rabbit Model) High-resolution CBCT

Figure 27. Liver Lesion with lodine Enhancement from the Rabbit Model.
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CHAPTER 5

OTHER 3D PRINTING MODULAR PARTS

5.1. Morphological Patterns

Texture is one of the most important features for identifying the tumor stages. Apart from
the texture features that can be investigated with the 3D printed phantom, we also have
developed other quantitative morphological models for analyzing other important indicators for
physiological features. These morphological patterns include vascular stenosis phantoms, an
annular phantom that models the sharpness of a lesion’s boundary to the surrounding tissues, and

a spiculated phantom that represents lesions with variable tissue’s margins.

5.2 Design and 3D-print the Vascular Phantom

5.2.1 Vascular Stenotic Phantom Insert as the Performance Phantom

The primary goal of the vascular stenotic phantom is to investigate the limiting vessel size
and contrast in arterial visualization. This is important, for example, in visualization of hepatic
arterial chemoembolization. Hepatic arterial chemoembolization (HACE) is one way to treat
patients with unresectable hepatocellular carcinoma (Pelletier, et. al.). HACE is intended to stop
tumor growth while sparing the healthy liver tissue. Blood vessels are broadly spread in the liver.
The majority of the blood that the normal liver cells received are supplied by the portal veins,

while liver tumors are fed by blood supply from the artery. HACE takes advantage of this
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discrepancy in the two cells and starve the tumor cells by injecting chemotherapy drugs into the
hepatic artery to narrow and block the arterial blood supply.

One way to characterize the efficacy of HACE is through tracking the blockage of arterial
vessels in the CT image. This high-resolution imaging task has similar obstacle to the texture
imaging task where non-uniform attenuation properties of the body build up additional noise to
the vascular characteristics. We design a CAD model that resembles the vascular stenosis in

order to understand the capacity of the CT imaging system in rendering the vascular structures.

5.2.2 Design and 3D-print of the Vascular Phantom

The stenotic vascular phantom (figure 28D) is designed such that all 15 hollow cylinders are
located radially throughout the cylindrical phantom body with 25mm diameter. For these hollow
cylinders, there are five of the hollow cylinders with 4mm maximum diameter, four with 3mm
maximum diameter, three with 2mm maximum diameter and one with 0.3 diameter (figure 28A).
The outermost ring is composed of hollow cylinders with 4mm maximum diameter, followed by
the medial ring of 3mm and 2mm maximum diameter and innermost ring of Imm and 0.3mm
maximum diameter. The hollow cylinders have three sections, where the diameters of the
cylinders at both distal ends (10mm in axial direction) are uniformly distributed and the middle
part of the cylinder tapered towards the middle (20mm in axial direction). The stenotic part of
the cylinder is narrowest at the center in the axial direction, and linearly expand in diameter
distally. The maximum and minimum of the stenotic phantoms can be found in table 2. It is

important to note that the minimum diameter exists at the midline in the axial direction.
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Table 2. Summary of the Range of Diameters of the Hollow Cylinders (Unit: mm)

Maximum Diameter Minimum Diameter
4 0.300 1.225 2.150 3.075 4.000
3 0.300 1.200 2.100 3.000
2 0.300 1.150 2
1 0.300 1
0.3 0.300

Figure 28 shows the schematics of the phantoms. From figure 28 A, we can observe that

the group with 4mm maximum diameter has counterclockwise orientation from widest to

narrowest minimum diameter. Clustered on the same perimeter of the circle, the 2mm and 3mm

maximum diameter groups are oriented differently from the widest to the narrowest minimum

diameter, where 3mm group are on the left with counterclockwise orientation and 2mm group

are on the right with clockwise orientation. This difference in the radial orientation helps us

easily differentiate the two groups. On the very center located the 2mm and 1mm group. They

are easy to spot based on the size of the diameter and the narrowing inner matters because the

only one of the 2mm groups has a narrowing middle section. Figure 28C gives us an example of

the modeling of the narrowing vessel. It is clear that the attenuation of the vessel is homogenous

in both directions and turns to the narrowest in the midline in the axial direction. Figure 28D is a

perspective view of the stenotic vascular phantom.
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Figure 28. Schematic illustration of the stenotic phantom. A- top-down view of the sketch of the design. B —top-down
view of the Solid Design. C —cross section view of the stenotic phantom. D — x-ray perspective view of the stenotic
phantom.

After designing these phantoms, we use the Peopoly Moai printer to print the vascular
phantom. Figure 29 is the 3D printed phantom. All the features are printed as expected. We
cleaned the phantom with 97% isopropanol alcohol to fully clear out the liquid resin that might
remain inside the tunnel. From visualizing the physical phantom and pouring alcohol through the
tunnel, we observed that the tunnels are fully cleared, and narrowest part of the tunnel fully

printed.

Figure 29. 3D Printing Stenotic Phantom
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5.2.3 Vascular Phantom Result

Figure 30 shows the reconstructed CT image of the phantom. This is done with a custom
CBCT system using a Varex Paxscan 4343CB detector and Varex Rad-94 x-ray tube (Salt Lake
City, UT) at 100 kVp and 10 mA using 100 um isotropic voxels. The CT reconstructed image
verifies that the tunnels are cleared without resin residuals stuck in the tunnels. These features
are illustrated clearly shown in the three cross-sectional views of the image. The narrowest parts
of the tunnels are distinctly shown, indicating that the resin residual has been cleared in the
physical model. Future studies will include visibility with infused contrast agent (e.g. iodine or

potassium phosphate solution).

128/325 271/500

288/500

Figure 30. CT scan of the phantoms

51



5.3 Annular Phantoms

5.3.1 Clinical Implications

Nodules are commonly referred as the abnormal aggregation of cells in the body. They are
reflected in the CT images and exhibit interesting features to be investigated as diagnostic
hallmarks. The distinction between benign and malignant tumor has high practical value because
it can prevent unnecessary surgical resection. One important diagnostic of a lesion is the
sharpness of the margin. 3D-printing of such “soft” margins is difficult (especially at arbitrary
contrasts). Thus, we adopt an approach where an annulus is printed, and the interior is filled with
a liquid of particular contrast — in effect a “stepped” phantom with three contrast levels and

variable step size to control how “soft” the edge is.

5.3.2 Computer-aided Design of the Annular Phantoms

The annular phantom is a tube-shape cylindrical structure with varying thicknesses. By
varying the contrast level injected to the annular tubes, we are able to create different blurriness
in the margin for the CT image. There are seven targets in total with 6mm outer diameter. The
wall thickness of these seven phantoms vary uniformly from 0.Imm(A) to 0.7mm(G). Figure 31
shows the design schematics for the annular phantom. The different tubular structures go in

clockwise direction and the tube with largest thickness is located in the center of the phantom.
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Annuli Phantom Design Input (unit in millimeter)

Orthographic Projection Perspective View

Diameter: 6mm

Wall thickness: 0.1mm

Figure 31. Schematics of the annular phantom design
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5.3.3 CT Scans of the Annular Phantoms

The annular phantom can be placed in a plastic container, allowing a background contrast to
be filled outside the tubular structure. The inner part of the tubular structure, which can also be
filled, is going to be referred as the interior contrast. We designed four sets of experimentations
with varying degrees of contrast levels. It is known that the contrast for the 3D printed resin is
150. For the first experiment, the background is filled with water, and the interior part is filled
with potassium phosphate with concentration equivalent to 300 HU. The second experiment is
designed such that the background contrast is 50 HU and the tube filling contrast is 250 HU.
The third experiment has 100 HU in the background contrast and 200 HU in the interior. The last

experiment has 125 HU in the background contrast and 175 HU in the interior.

Background Contrast
HU=0/50/100/125

3D Resin Contrast
HU=150

Tube Filling Contrast
HU=300/250/200/175

3D Print Schematic Diagram Schematic Diagram about the CT contrast

Figure 32. Schematics Diagram Showing how the Phantoms are Filled

The acquisition is done with a custom CBCT system using a Varex Paxscan 4343CB
detector and Varex Rad-94 x-ray tube (Salt Lake City, UT) at 100 kVp and 10 mA with small
focal spot. There are 360 frames in total and the exposure time per frame is 40ms. The
reconstruction is done with filtered back projection using 100 pm isotropic voxels and the ramp

filter’s cutoff frequency is 0.8.
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5.3.4 Estimating Edge Sharpness

To systematically assess edge sharpness, we adopted a model-based fitting approach. We
designed a model specifically parameterized by Xcenters Yeenters s Bphantoms Mbackgrouna for the

targeted regions such that:

F =X = Xcenter)?> + Y — Yeenter)> <7
F = F * (Uphantom — Mbackground) + Kbackground
where X and Y have the same size as the acquired CT image. X opter and Veencer 18 the center of
the spiculated lesion, and pppantom and Upackgrouna are the attenuation coefficient for the
modeled phantom(interior contrast) and the background. We convolved a gaussian filter with a

circular mask modeling the uniform lesion with blurred edge. The Gaussian filter is

2 2
1 Krie=tx)” +(Yrite— ty)
G = e 202

V2mo?

where Xg;;; and Yy, are half of the image size, and ux and piy are the midpoint of the horizontal

width and vertical filter height, respectively.

After the convolution, we normalize by dividing the product of the convolution (H) by its

maximum:
H=FQ®G
B H
"~ max(max(H))

The objective function is
u = argmin ||H—datal|?

We use fminsearch to estimate the model parameters Xcenters Yeenters Has ty, o?
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5.3.5 Results

The CT reconstructed images are shown in figure 34. For the 4 sets of phantoms with
different contrast ratios that we designed, we have 4 different CT reconstructed images. Recall,
the first set (A) has 0 HU in the background and 300 HU inside the interior. The second set (B) is
50 HU in the background and 250 HU in the interior. The third set (C) is 100 HU in the
background and 200 HU in the interior. The last set (D) has 125 HU in the background and 175
HU inside the interior. For A-D, the upper part shows the axial slice of the reconstructed image
and the lower part shows the specific stimuli. For the specific stimuli, there are two parts where
the upper part shows the single slice of the stimuli and the lower part shows an average slice of
the stimuli. Figure 34A shows the result where the contrast is the most conspicuous. The
phantom with the thinnest wall of the 3D printed annular phantom does not show up in the image
because the wall is so thin that fracture of the wall caused leakage. We can observe that there is
an increasing blurriness in the boundary when the thickness of the wall increases. This
observation holds true when the contrast ratio is equal to 50:150:250 or 100:150:200. However,
when the contrast ratio is 125:150:175, it is hard to differentiate the margin anymore. This results
from the smaller ascension gap of the Hounsfield unit values between the contrast agent and the

3D printed resin.
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Stimulus A Stimulus B Stimulus C Stimulus D Stimulus E stimulusF - Stimulus A Stimulus B Stimulus C Stimulus D Stimulus E Stimulus F Stimulus G

OOOO0O0
Slejejejejsje

Stimulus A Stimulus B Stimulus C Stimulus D Stimulus E Stimulus F Stimulus G Stimulus A Stimulus B Stimulus C Stimulus D Stimulus E Stimulus F Stimulus G

Figure 33. Annular Phantoms with contrast. A — Contrast ratio is designed as 0/150/300. B- Contrast
ratio is designed as 50/150/250. C — Contrast ratio is designed as 100/150/200. D- Contrast ratio is
designed as 125/150/175.
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Figure 35 shows the results of the computational modeling of the image targets. When
the designed contrast ratio is 0:150:300, the stimulus all stays at a stable range between 200 and
250 HU, and the background is ranged between 0 to 20 HU value. Although the actual stimulus
Hounsfield value is lower than expected, it still presents a contrast difference with the tube walls.
The background is close to zero, which shows a very distinct edge for the margin of the stimuli.
When designed contrast ratio is 50:150:250, the stimuli show an average of 220 HU and the
background shows an average of 50 HU. The stimuli’s attenuation coefficient is lowest as the
wall thickness is the largest. This is understandable because the margin of the stimulus is largely
taken by the resin, which shows a lower Hounsfield value than the injected contrast agent.
Therefore, the modeling takes an average of the circular regions that is much higher than the
background value, where the resin and the injected contrast agents are all included in the
modeling process. The same of effects also appears when contrast ratio is 100:150:200.

For the first three sets of phantoms, there is a decreasing trend of the radius of the stimuli as the
wall thickness increases. The Hounsfield value of the filling regions and the background also
behave as expected. The error is within 10™* and is uniformly distributed. We expect that the
sigma value would show a linear trend related to the thickness of the annulus. This expected

result needs to be investigated in future work.
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5.4 Spiculated Phantom
54.1 Clinical Significance of the Spiculated Phantom

Spiculation, where the margin of the nodule has zigzage contour, can be a sign of
malignant tumor that is resulted from the scarring of the lung interstitium at the lesion site. For
example, the high-resolution CT scan of adenocarcinoma shows spiculated nodule with multiple
pleural tails. However, the sign of spiculation could also come from a benign inflammatory
process. Appearance of spiculation that’s not spiculation could occur in lipoid pneumonia, focal
atelectasis, tuberculoma, and progressive massive fibrosis. Again, 3D-printing offers an

opportunity to produce spiculated phantom to look at the ability of a CT scanner to reproduce

spiculations.
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Figure 1.1 Figure 1.2 Figure 1.3 Figure 1.4
Type 1 - Sharp and smooth edge
Type 2 - Moderately smooth edge
Type 3 - Soeme irregular undulations or slight spiculations
Type 4 - Grossly irregular with spiculations

Figure 35. Patterns of Margin. The type 1 to type 4 shows the trend from benign to malignant. The more
eccentric the shape, the more malignant the nodule is (Kurian et.al., 2019).

54.2 Design of the Spiculated Phantom
Similar to the annular phantom, the spiculated phantom (figure 34) has a varied margin
with intruding spike-like edges that resemble the uneven shape of a malignant tumor. We

designed the spiculated phantom such that the edge varies from smooth to rough.
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Orthographic Projection Perspective View

o

Figure 36. Schematics of the design of the spiculated phantom

Respected outer diameter: 5.39 mm 5.77 mm
Respected tooth core height: 3.2mm 5.4 mm

Figure 37. Parameters for the specific design

5.4.3 CT Scan of the Spiculated Phantom

We have immersed the spiculated phantom in water and scanning according to standard
protocols. The reconstructed CT image is shown in figure 36. The variable margins are evident
from smooth to more spike-like in the scan illustrating the basic potential of such 3D-printed

targets. Future work will consider quantitative measures of spicularity as an imaging metric.
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Figure 38. CT image of the spiculated phantom

5.5 Discussion and Future Work

We have illustrated the ability of 3D-printers to provide additional phantom targets
beyond the texture studies at the previous chapter. Such target included lesion with variable
margin including a transition band (annulus) and irregular spiculated boundaries, as well as
vascular structure with variable stenosis and overall diameter. All of the targets may be included
in larger anthropomorphic phantoms to model realistic noise and scatter. While much additional
quantitative analysis is possible for these customized targets, we have presented and

demonstrated the fundamental capacity to produce such targets.
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