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Abstract

Several areas of prostate cancer (PCa) management, such as imaging permanent brachytherapy
implants or small, aggressive lesions, benefit from high image resolution. Current PCa imaging
methods can have inadequate resolution for imaging these areas. Endorectal digital prostate
tomosynthesis (endoDPT), an imaging method that combines an external x-ray source and an
endorectal x-ray sensor, can produce three-dimensional images of the prostate region that have
high image resolution compared to typical methods. This high resolution may improve PCa
management and increase positive outcomes in affected men.

This dissertation presents the initial development of endoDPT, including system design, image
quality assessment, and examples of possible applications to prostate imaging. Experiments using
computational phantoms, physical phantoms, and canine prostate specimens were conducted.

Initial system design was performed computationally and three methods of endoDPT image
reconstruction were developed: shift and add (SAA), backprojection (BP), and filtered BP (FBP).
A physical system was developed using an XDR intraoral x-ray sensor and a GE radiography unit.
The resolution and radiation dose of endoDPT were measured and compared to a GE CT scanner.
Canine prostate specimens that approximated clinical cases of PCa management were imaged and
compared using endoDPT, the above CT scanner, and a GE MRI scanner.

This study found that the resolution of endoDPT was significantly higher than CT. The
radiation dose of endoDPT was significantly lower than CT in the regions of the phantom that
were not in the endoDPT field of view (FoV). Inside the endoDPT FoV, the radiation dose ranged
from significantly less than to significantly greater than CT. The endoDPT images of the canine
prostate specimens demonstrated qualitative improvements in resolution compared to CT and

MRI, but endoDPT had difficulty in visualizing larger structures, such as the prostate border.
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Overall, this study has demonstrated endoDPT has high image resolution compared to typical
methods of PCa imaging. Future work will be focused on development of a prototype system that
improves scanning efficiency that can be used to optimize endoDPT and perform pre-clinical

studies.
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Chapter 1. Background
1.1 The Prostate Gland

The prostate is a muscular exocrine gland that is located medially within the male pelvis, fused
and inferior to the urinary bladder, and anterior to the rectum. In adults, the healthy prostate is
approximately walnut-shaped with diameters of 4 cm lateral, 3 cm cranial-caudal, and 2 cm
ventral-dorsal (Tortora 2014).

Approximately two-thirds of the prostate is glandular tissue that slowly secretes and
accumulates prostatic fluid, which nourishes, protects, and improves motility of the sperm (Tortora
2014). This glandular tissue is divided into the peripheral zone, central zone, and transition zone,
which comprise about 70%, 20-25%, and 5-10% of the glandular tissue volume, respectively
(McNeal 1981, McNeal 1988). Most of the remaining third of the prostate volume is the anterior
fibromuscular stroma, a non-glandular stromal tissue (McNeal 1981). The anterior fibromuscular
stroma aids in the expulsion of semen, a fluid comprised primarily of sperm, seminal fluid, and
prostatic fluid, during ejaculation (Tortora 2014). A pseudo-capsule composed of an outer sheath
of collagen over a smooth muscle layer surrounds most of the prostate (Udeh 1982, Ayala 1989).

The four most common diseases of the prostate are prostatitis, prostatic atrophy, benign
prostate hyperplasia (BPH), and prostate cancer (PCa). Prostatitis is any temporary pain or
swelling in the prostate region and is most commonly associated with inflammation (Sutcliffe
2015). Atrophy is a reduction in size of the prostate glandular volume due to cell degeneration
(McNeal 1988). BPH is the non-malignant hyperplasia of glandular tissue in the TZ (Mcneal 1978,
Roehrborn 2005). PCa is the primary motivation for this study.

1.2 Current State of Prostate Cancer Management

In the United States, PCa is the most common non-skin malignancy and the third leading cause

of cancer-related death in men, with an estimated 161,360 new PCa diagnoses and 26,730 PCa



deaths in 2017 (Siegel 2017). The 5-year survival rates for all races diagnosed with local, regional,
or metastatic PCa are >99%, >99%, and 29%, respectively (Siegel 2017). At the time of diagnosis,
80% of PCa presents as local only, 12% presents with regional spread to the pelvic lymph nodes,
4% presents with distant metastasis, and 4% is not staged (Howlader 2016, Siegel 2017). These
figures underestimate the total number of men with PCa, as autopsy studies have shown that the
rate of incidental PCa, which is often symptomless, is much higher than clinically diagnosed PCa
(McNeal 1969).

PCa is usually detected in suspected or at-risk individuals using the digital rectal exam (DRE)
and/or through measurement of prostate specific antigen (PSA) levels in the blood serum. The
DRE is the digital palpation of the prostate through the rectum. Any abnormalities compared to
typical anatomy, such as increased stiffness or nodularity, can indicate PCa (Qaseem 2013). The
PSA serum analysis measures of the amount of PSA, an antigen made by the secretory epithelial
cells in the prostate, per unit volume of blood serum (Kuriyama 1980, Kuriyama 1981). Elevated
PSA levels, velocity, and density in the blood serum have been correlated to increased incidence
and grade of PCa (De Angelis 2007). Both DRE and PSA serum analysis are inexpensive and
simple to perform, and have been effective at increasing the detection rates of PCa (Roobol 2015).
However, neither test provides a definitive diagnosis. Other diseases or disruptions to the prostate,
such as BPH, can change tissue stiffness or nodularity (Sharma 2014), or can increase PSA levels
(Scarpato 2016). In addition, some cancers cannot be felt through palpation (Sharma 2014) and/or
do not elevate serum PSA levels (Scarpato 2016).

Biopsy, generally using ultrasound guidance and systematic random sampling, is the only
method in clinical use that can definitively diagnose PCa in situ, other than a pathological

examination after surgical excision (Bhavsar 2014, Futterer 2015). The biopsy samples are scored



using the Gleason histological grading system, which provides a measure of disease aggressiveness
and is the dominant predictor for patient prognosis (Gleason 1966, Humphrey 2004). The Gleason
score classifies PCa based on histologic appearance (level of differentiation) of malignant cells
prior to any treatment on a scale of Pattern 1 to Pattern 5, with Pattern 5 being most malignant and
least differentiated (Gleason 1966). Because PCa is usually multi-focal in origin, the reported
Gleason score is the sum of the first and second most common pattern numbers (Gleason 1966).

PCa is also staged to characterize the extent of disease, assess prognosis, and guide treatment
(Reese 2016). Current staging uses the TNM model defined by the American Joint Committee on
Cancer, where the T value indicates the extent of local disease, the N value indicates if the regional
lymph nodes were assessed and if PCa has invaded this site, and the M value indicates if and where
the disease has metastatic involvement (Reese 2016). There is a strong correlation between high
Gleason scores, advanced stage, and increased PCa mortality (Gleason 1974).

After clinical diagnosis, PCa can be treated or closely monitored. The two main curative
treatments for PCa are radical prostatectomy, which is the surgical excision of the prostate gland,
and radiation therapy, which is the treatment of PCa using external beam radiation therapy and/or
brachytherapy (BT). Curative rates for radical prostatectomy and radiation therapy are high but
these treatments also result in a high incidence of both urinary incontinence and erectile
dysfunction (McLaughlin 2005, Gomella 2016). Chemotherapy and hormonal therapy are
common adjuvants to radical prostatectomy and radiation therapy for cases of curative intent, and
can be used palliatively for advanced disease (Catalona 1994, Bilusic 2016). Several new
therapies, such as high intensity focused ultrasound (Monn 2016) and cryotherapy (Chipollini
2016), are under investigation because they can be used focally, sparing normal prostatic tissue

and reducing side effects (Mendhiratta 2016).



Delaying or precluding PCa treatment by monitoring the prostate can improve quality of life
by not subjecting the patient to procedures that may damage their urinary, sexual, or reproductive
integrity until medically necessary (Adolfsson 2008). The two monitoring techniques used for PCa
management are watchful waiting and active surveillance (Klotz 2005, Adolfsson 2008). Watchful
waiting is prescribed for elderly patients with short life expectancies and/or competing
comorbidities. PCa treatment in these patients is either precluded or, if the disease advances,
palliative. Active surveillance is prescribed for patients with low-risk PCa and longer life
expectancy. Treatment in these patients is delayed until deemed necessary by the physician, and
when treatment occurs, it is of curative intent.

After definitive treatment, PCa can recur as local, regional, or metastatic disease (Kitajima
2013). Biochemical relapse, which is the elevation of PSA serum levels above nadir, is usually the
first sign of recurrence (Kitajima 2013). Biochemical relapse occurs in one in three men within 10
years of definitive treatment (Freedland 2007).

1.3 Current State of PCa Imaging

The most common PCa imaging modalities are magnetic resonance imaging (MRI), transrectal
ultrasound (TRUS), computed tomography (CT), and nuclear medicine. The general application
of these modalities to PCa imaging is described in this section; specific concerns that directly relate
to endorectal digital prostate tomosynthesis, the subject matter of this dissertation, are detailed in
Chapter 2.

1.3.1 Magnetic Resonance Imaging

MRI is the gold standard diagnostic modality for PCa imaging due to excellent soft tissue
contrast and the ability to collect multiple anatomical and functional image sets during a single

multiparametric MRI examination (Futterer 2015, Dulaney 2016). Prostate MRI is often completed



with an endorectal probe, which improves image quality but results in additional time, cost, and
patient discomfort (Heijmink 2011).

There are several MRI scan types useful for local PCa imaging, including T1 weighted (T1W)
imaging, T2 weighted (T2W) imaging, diffusion weighted imaging, dynamic contrast enhanced
MRI (DCE-MRI), and magnetic resonance spectroscopy. Anatomic T1W and T2W scans and
functional diffusion weighted imaging and DCE-MRI scans are often combined into a
multiparametric MRI examination (Bhavsar 2014). The examination results are compiled into a
standardized scoring matrix known as the Prostate Imaging Reporting and Data System (PI-
RADS) to assess disease extent, aggressiveness, and prognosis (Weinreb 2015).

Due to limitations in sensitivity and specificity, MRI cannot be used as the sole modality for
PCa detection, staging, and diagnosis (de Rooij 2014, de Rooij 2016). However, some studies have
reported MRI as effective at identifying significant (aggressive) PCa, thus reducing unnecessary
treatment and biopsy for low-risk disease and improving guidance for biopsy and treatment
(Thompson 2014, Dulaney 2016, Mendhiratta 2016). The potential benefits of MRI for imaging
low-risk disease remain controversial; screening or routine MRI examinations are not indicated
for potential low-risk cases (Porten 2014).

1.3.2 Transrectal Ultrasound

TRUS collects images of the prostate using a transrectal probe and is the most common
imaging method for the prostate because it is fast, inexpensive, and does not use ionizing radiation
(Sankineni 2016). Several common methods of TRUS prostate imaging are standard grayscale
imaging, Doppler ultrasound, and contrast enhanced ultrasound (CEUS).

The most common applications of TRUS are biopsy guidance, BT implant guidance, and

measuring the prostate volume (Sankineni 2016). Overall, TRUS cannot consistently identify PCa



and is heavily dependent on operator skill, which precludes the use of TRUS as a sole modality
for PCa detection, staging, and diagnosis (Halpern 2006, Harvey 2012).

1.3.3 Computed Tomography

CT has no standard or established use in the current practice of local PCa diagnosis due to poor
soft-tissue contrast between PCa and normal tissues (Heijmink 2011, Luczynska 2014). CT can be
used to image advanced local PCa with severe extra-prostatic extension, seminal vesicle invasion,
or invasion into nearby anatomy such as the bladder (Sharma 2014). CT is commonly used to
image the pelvic lymph nodes and other distant areas to stage metastatic involvement or recurrence
(Jung 2012, Eifler 2016).

1.3.4 Nuclear Medicine Imaging

Positron emission tomography (PET) and single photon emission computed tomography
(SPECT) are currently used to image PCa by attaching radioisotopes to macromolecules that have
preferential uptake by or preferentially react with PCa. PCa cells exhibit increased uptake of
choline, acetate, some amino acids, and androgen analogs such as dihydrotestosterone compared
to normal prostatic tissues (Catalona 1994, Krause 2013). Some compounds, such as capromab
pentetide (more commonly known as ProstaScint®, Cytogen Corporation, Princeton, New Jersey)
preferentially react with the prostate specific membrane antigen, which is overexpressed in PCa,
(Tang 2016). Despite the many radiotracers available for PCa imaging, the utility of PET and
SPECT remains low due to nonspecific uptake of radiopharmaceuticals by other diseases such as
BPH, limited resolution, and background accumulations of radiopharmaceuticals in nearby
anatomy such as the bladder and urethra (Krause 2013, Sharma 2014, Eifler 2016).

1.4 Overview of Tomosynthesis

Conventional tomography (Littleton 1996) provides the foundation for tomosynthesis

(Dobbins 2003). In conventional tomography, a patient is positioned between a film and an x-ray



source. A single exposure is collected as the film and x-ray source move in unison in an opposed
manner; a linear scan (Fig. 1.1) is one possible motion pattern. Structures within the plane of the
fulcrum of the film and x-ray source motion project to fixed locations on the film, generating a
single tomographic image plane; structures above and below this plane are blurred from visibility.
This reduces the appearance of structures above and below the image plane, providing an
advantage over projection radiographs. Residual blur artifacts from the structures located outside
the tomographic image plane and the generation of only one tomographic image plane per scan
were problematic limitations. Tomosynthesis was developed as an extension to conventional

tomography to address some of these limitations.
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Figure 1.1: Conventional tomography with linearly opposed motion. The x-ray source and film
occupy planes that are parallel and separated by distance z;. The tomographic image plane
z containing the object P is generated by moving the x-ray source and film such that z is
located at the fulcrum of motion, assuming a parallel x-ray beam. This results in P
projecting to the same location P’ on the film during the entire exposure.

Tomosynthesis originated as the discretization of conventional tomography (Ziedses des

Plantes 1935, Ziedses Des Plantes 1938, Grant 1972). A single set of projection images on separate



films was collected as the x-ray source moved in known, discrete steps. Tomographic image planes
located at any height z above and parallel to the image acquisition (film) plane were reconstructed
by shifting and overlaying the films on a film reader. The direction and magnitude of the shift was
dependent both on z and on the film and x-ray source locations for each discrete image.

This method of analog tomosynthesis imaging saw limited use because it was bulky and slow,
thus difficult to implement clinically (Garrison 1969, Miller 1971, Miller 1974). Film was phased
out in favor of x-ray image intensifiers in the 1970s and 1980s which improved efficiency but
suffered from poor image quality (Sone 1991), particularly in comparison to CT which was rapidly
becoming a mainstay in the medical imaging community (Goodsitt 2014). In the early 1990s,
primarily due to the advent of digital flat panel detectors capable of high-resolution and high
frame-rate scans, tomosynthesis truly became clinically feasible (Dobbins 2003).

Linear parallel tomosynthesis, shown in Fig. 1.2, is the simplest implementation of digital
tomosynthesis and is widely used (Niklason 1997, Dobbins 2003, Wu 2004, Dobbins 2009a). A
typical linear parallel tomosynthesis imaging system consists of an x-ray source that travels along
a linear path in a plane above and parallel to a stationary digital x-ray detector, with projection
images acquired at discrete x-ray source locations. Key parameters used to define the scan are the
x-ray source travel and the spatial step size. The x-ray source travel is the distance the x-ray source
moves in one dimension during the scan (for example, travel in X from —x,,,, = —40 cm to
Xmax = 40 cm, where —x,,,, IS the starting source position and x,,,, IS the ending source
position). This motion is typically termed sweep angle in the digital breast tomosynthesis (DBT)
literature; sweep angle is the half-angle that the central ray of the x-ray beam sweeps over, and
ranges from 7.5° to 45° (Reiser 2007, Gennaro 2016). The spatial step size defines the number of

projection images typically acquired at equal increments (for example, every 2 cm). This is



analogous to the DBT term angular increment. Typically, the spatial or angular spacing will be
such that 9-60 images are acquired (Reiser 2007, Gennaro 2016). In general, smaller values of x-
ray source travel and spatial step size improve in-plane image resolution at the cost of decreased

resolution in the slice thickness (2) direction (Reiser 2007).

B
3 X5 T Tmax X5 =0 Source Plane il Xs = ~Xmax

Z=Zg

X-ray field

.

Imaged object

L0

e
%
e
LR (prostate)
,_‘.3

.“eé

: & ]
ImageA z=0 Image B - Image C
Digital Detector Digital Detector Digital Detector

Figure 1.2: Tomosynthesis scanning geometry, showing three projection image acquisitions.

Once the projection data are acquired, tomosynthesis image planes can be reconstructed using
two broad categories of algorithms —analytical and algebraic. Analytic methods assume the system
is ideal and a solution can be derived exactly. Some common analytic methods include the shift
and add (SAA) algorithm (Niklason 1997), backprojection (BP) and filtered backprojection (FBP)
(Lauritsch 1998), and matrix inversion tomosynthesis (Dobbins 1990). The more advanced
analytical techniques such as FBP and matrix inversion tomosynthesis better remove blur artifacts
from the reconstructed images. Algebraic methods numerically find the approximate solution of
discrete voxels within the reconstructed volume, usually with iterative techniques that reduce the
error matrix between the solution and the true projection data to below a predetermined threshold
(Colsher 1977). Some common algebraic algorithms are expectation maximum and total variation
minimization (Reiser 2007).

Tomosynthesis has been applied for imaging much of the human body, with the most common

applications to the breast and chest (Goodsitt 2014). DBT was initially demonstrated in 1997



(Niklason 1997) and over the past two decades has experienced rapid growth because it supplies
depth information with in-plane resolution and radiation dose comparable to two-field projection
mammography (Dobbins 2003, Wu 2003, Reiser 2007, Chen 2013). Chest tomosynthesis has been
widely used to assess lung lesions, primarily in the differentiation of small nodules from
calcifications that benefit from high resolution and removal of tissue superposition, at a lower
radiation dose than CT (Sone 1993, Dobbins 2009b, Horvath 2016).

Several efforts have been reported to image the prostate region using tomosynthesis, although
not with an endorectal x-ray sensor. Such uses have included radiotherapy treatment verification
as an alternative to cone-beam CT or portal imaging (Yoo 2009), and prostate BT implant
localization. The latter prostate tomosynthesis application is discussed further in Chapter 2.

Despite substantial interest in tomosynthesis due to allowing high resolution and depth
information at comparable radiation dose to projection radiography, tomosynthesis is limited by
sampling over a small angular range. This results in a non-isotropic reconstructed volume, with
resolution in the depth direction (normal to reconstructed image planes) an order of magnitude
worse than in-plane resolution; a significant blur artifact can result from out-of-plane (OOP)
structures (Reiser 2007, Dobbins 2009a, Sechopoulos 2013a). The limited angular sampling makes
it difficult to quantitatively determine the density of the imaged volume (Reiser 2007) unlike CT,
and hinders removal of blurring artifacts in reconstructed images (Dobbins 2003).

1.5 Radiographic Image Quality and Dose

Many metrics are available to assess image quality of radiographic images; many methods
provide quantitative measures to compare images taken under known conditions. In this work,
modulation transfer function (MTF), noise power spectrum (NPS), artifact spread function (ASF),

and radiation dose were used to quantify the image quality of endoDPT.
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Classically, the limiting spatial resolution of an imaging system is described as the minimum
object size visible or the minimum separation required to differentiate two objects (Bushberg
2012). There are several methods to directly measure this quantity, such as use of line pair
phantoms. However, it is often more convenient to quantify the resolution of the imaging system
through measurement of the MTF. The MTF of an imaging system describes how well the system
can map frequency domain characteristics of the input signal (the object) to the output signal (the
image of the object) (Qian 2013). Measurement of the MTF is the accepted standard for
characterization of spatial resolution in digital x-ray imaging systems such as radiography,
mammography, and CT (Bushberg 2012, Qian 2013). The frequency value at which the MTF
reaches 10% of its zero-frequency magnitude is often quoted as the limiting resolution of an
imaging system (Bushberg 2012).

Noise is unwanted signal or unwanted variations in signal in an image (Bushberg 2012).
Unwanted variations in signal are primarily due to the stochastic nature of x-ray photon

interactions. The noise per pixel element, o, in the detector system is directly related to the number

of photons, N, incident on that pixel element by ¢ o v/N (Bushberg 2012). Higher x-ray source
energies and currents result more incident photons on a given detector element, which results less

relative noise compared to measured signal; the increase in the signal-to-noise ratio is proportional

to N/o = +/N. The level of noise in images is often quantified in the frequency domain through
measurement of the NPS. The NPS reports the variance of an image as a function of frequency in
the frequency domain, and is a primary image quality metric for medical imaging (Chen 2014).
As noted, the primary disadvantage of tomosynthesis is that limited sampling of the imaged
volume results in OOP structure blur artifacts in the reconstructed planes (Dobbins 2003, Wu

2004). OOP structures present as a ghosting artifact that replicates the imaging geometry (Reiser
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2007). In linear parallel tomosynthesis, the artifact appears as a band of repeated structures, and
this effect is particularly significant when the OOP structures have high space density
(Sechopoulos 2013b). The severity of blurring artifact decreases with increasing distance of the
OOP object to the reconstruction plane, and can be quantified using the ASF, which is commonly
used as a metric to assess slice thickness resolution in DBT (Wu 2004, Sechopoulos 2013a).

One of the primary disadvantages of x-ray imaging is exposing the patient to radiation dose.
Dose is the energy from ionizing radiation absorbed in a medium per unit mass and is measured in
Gy (Attix 1986). Radiation dose can induce negative health effects (Hall 2006). Deterministic
effects occur if a specific threshold ionizing radiation dose is breached, increase in severity as
ionizing radiation dose is increased, and can present as early or late effects, such as skin erythema
and cataract genesis, respectively. Stochastic effects can occur at any level of ionizing radiation
dose, where the probability of the effect increases as a function of ionizing radiation dose; the
severity is binary, for example, cancer is either induced or not induced. Stochastic effects are the
principle concern at the dose levels encountered with radiological imaging. Because of this, it is
important to reduce the dose to the lowest level that still allows for diagnostic evaluation of x-ray

images.
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Chapter 2. Project Overview and Hypothesis
2.1 Introduction and Goals

This dissertation describes the development of endorectal digital prostate tomosynthesis
(endoDPT), a high-resolution method for imaging the prostate region. endoDPT utilizes a
stationary endorectal x-ray sensor combined with an external x-ray source (Fig. 2.1). A typical
endoDPT scan consists of discrete projection images collected of the prostate region as the x-ray
source moves along a linear path in a plane above and parallel to the x-ray sensor. These projection
images are reconstructed into image planes above and parallel to the x-ray sensor through the

prostate region using tomosynthesis.

Rectum
Sensor

Endorectal

Figure 2.1: (a) Anticipated clinical implementation of endoDPT. A probe system places an x-ray
sensor within the rectum directly adjacent to the prostate. (b) X-rays from various source
positions enter the anterior of the patient to create projection images of the prostate region.
One source position is shown.

There have been several efforts to develop endorectal x-ray or gamma-ray sensor probe
systems like endoDPT, with the most similar being BrachyView. BrachyView consists of several
small, high-resolution gamma-ray sensors that are coupled with pinhole collimators to form

miniature gamma cameras that can be used to determine the location of low dose rate or high dose
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rate BT sources (Petasecca 2013, Safavi-Naeini 2013, Safavi-Naeini 2015, Alnaghy 2017). Recent
efforts have demonstrated that if the planar detectors used in BrachyView are located outside of
the rectum using a male pelvic phantom, radiographic contrast between prostate-simulating and
other soft tissue-simulating gels can be observed (Loo 2014), but this system has not been used or
assessed for endorectal tomosynthesis imaging of the prostate region.

endoDPT has the potential to provide high-resolution images of the prostate due to 1) the
utilization of a high-resolution x-ray sensor and 2) a large source-to-image plane distance (SID)
with a small object-to-image plane distance (OID) which minimizes focal spot blur (see Appendix
A for details on focal spot blur reduction). Increased resolution of the prostate region may aid
physicians in PCa cancer diagnosis, treatment, and management by improving the conspicuity of
small structures within the prostate that may not be visible or, if visible, not easily discernable,
with conventional imaging methods.

The goals of this study were to develop endoDPT, to assess the image quality and dose of
endoDPT, and to image representative simulations of typical PCa management cases. Ideally,
endoDPT will provide higher in-plane resolution with less radiation dose compared to CT. While
CT currently has no standard clinical use in local PCa diagnosis due to poor soft tissue contrast
between PCa and normal prostate tissues (Luczynska 2014), CT is still a widely used technique
for visualizing the prostate region, including applications such as post-implant imaging of
permanent BT sources (Yu 1999, Nath 2009).

To achieve these goals, first the endoDPT imaging system was computationally designed,
tomosynthesis image reconstruction algorithms were derived, and the theoretical image resolution
of the system was measured using simulated phantoms. Next, a small, high-resolution x-ray sensor

and a commercial radiography source were used to physically assess image quality in endoDPT,
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focusing on measurement of image resolution and dose. These metrics were compared to
equivalent measurements made using a typical CT scanner. Finally, ex vivo canine prostate
specimens were imaged and compared using endoDPT, CT, and MRI. The deliverable associated
with achieving the project goals is a well-characterized test bed imaging system that can move
towards prototyping and clinical implementation.

2.2 Clinical Motivation

The motivation for this study arises from three areas of PCa that may benefit from high-
resolution: imaging of low dose rate brachytherapy (LDRBT) seeds after implantation into the
prostate; imaging of the periprostatic adipose tissue (PPAT) layer surrounding the prostate; and
imaging of increased microvessel density within PCa lesions using contrast agents.

2.2.1 Low Dose Rate Brachytherapy

LDRBT is a PCa treatment in which 40-100 radioactive metal pellets encased in a thin metal
shell (collectively known as seeds) are implanted permanently into the prostate to deliver dose to
local disease while sparing nearby critical structures such as the bladder and rectum (Zaorsky
2016). The seeds are small, with lengths from 3 mm to 5 mm and diameters of approximately 0.8
mm (shell) and 0.5 mm (core), with the shell having a thickness on the order of 0.05 mm (Khan
2014). The seeds deliver dose at a low rate (defined as < 2 Gy/hr but typically << 2 Gy/hr) over a
relatively long decay time (weeks to months). The number of seeds implanted is dependent on
seed type, desired coverage of the prostate, and physician preference. Implantation of seeds is
typically done manually by the physician using needle applicators through the perineum with
TRUS guidance.

Due to uncertainties in seed implantation, the seeds are imaged after the procedure to assess
dose to the prostate and to nearby organs at risk (OAR) such as the rectum, bladder, and urethra

(Yu 1999). Initially, seed locations were determined stereoscopically through use of radiographs
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taken at multiple angles. This technique was not optimal because the prostatic borders could not
be visualized with radiography, and so it was difficult to compute dose to the prostate (Yu 1999).
Currently, the American Brachytherapy Society recommends that post-implant dosimetry be
performed with CT within 60 days of the treatment (Davis 2012). CT is preferred because the high-
density seed cores show up extremely well and the prostate border can usually be distinguished
(Nath 2009). Despite being the current standard for imaging of seeds, the in-plane and slice
thickness resolutions are on the order of seed diameter and seed length, respectively, which leads
to partial volume averaging that makes it difficult to identify seed orientations or to differentiate
neighboring seeds in close proximity (Nath 2009, Collins Fekete 2014). This can be problematic
because the seeds emit radiation anisotropically due to source construction (Collins Fekete 2014,
Khan 2014). The American Association of Physicists in Medicine recommends a two-dimensional
dose calculation formalism that models this anisotropy for post-implant dosimetry (Nath 2009).
Because of the limited resolution of CT, it is assumed that the long axis of the seeds is aligned
with the axis of the CT scanner (Chng 2012). Any variations in seed orientation, and therefore
anisotropic dose distributions, are ignored (Nath 1997, Nath 2009, Davis 2012, Collins Fekete
2014). Variations in seed tilt from the CT scanner axis are expected to have a negligible to small
effect on the final dose to the prostate and OAR due to the large number of seeds used (Ellis 2002,
Chng 2012), but it has been shown that dose to OAR can vary by up to 10% (2.1% on average)
when seed tilt is explicitly modeled (Collins Fekete 2014).

TRUS, projection x-ray imaging, and MRI have all been assessed for use as an adjunct or sole
modality for LDRBT implant dosimetry. The potential benefits of these methods include higher

resolution images capable of determining seed orientation and differentiating adjacent seeds, a
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reduction or removal of ionizing radiation dose to the patient, and the possibility of intraoperatively
assessing dose distribution in the prostate in real-time.

TRUS post-implant dosimetry is attractive because the TRUS probe is already in the rectum
during the implantation procedure and the prostate border is easily identifiable (Han 2003b). This
allows for real-time dosimetry and modification of treatment plans while in the operating suite
(Mitri 2009, Mehrmohammadi 2014). However, TRUS has difficulty in visualizing seeds both at
certain angles and when many seeds are implanted within the prostate (Han 2003b). New
techniques, such as vibro-acoustography TRUS, have shown improvement in this area, but seed
detection rates are suboptimal (75%-90%) so TRUS is not sufficient for real-time dosimetry
(Mehrmohammadi 2014).

Techniques using projection x-ray imaging with an x-ray sensor external to the body such as
radiography, fluoroscopy, and tomosynthesis provide excellent resolution and contrast of the high-
density seeds and can be used intraoperatively to assess dosimetry in real-time. Radiography and
fluoroscopy typically consist of images acquired for at least three angles to stereoscopically assess
seed position using a variety of seed matching algorithms (Su 2004, Lee 2011, Kuo 2014).
Tomosynthesis removes the need for complex seed matching algorithms as seed depth can be
visualized in the reconstructed image planes. Tomosynthesis seed imaging is typical performed in
the operating suite with C-arm radiography units and several studies have automatically localized
seeds with good spatial accuracy. Fusing the tomosynthesis images to CT or TRUS images
facilitates dose assessment to the prostate volume (Tutar 2003, Brunet-Benkhoucha 2009).

MRI provides excellent soft tissue contrast of the prostate region which can be used to
accurately assess prostate volume for dose calculation. MRI is not used for LDRBT procedures

(De Brabandere 2006); in general, seeds are difficult to visualize in MRI. Fusion of CT seed images

17



to MRI anatomical images (Kunogi 2015, Quivrin 2015, Schieda 2015) and use of MRI specific
high-contrast markers paired with seeds (Lim 2016) is common. Replacing CT entirely is one of
the most attractive possibilities of MRl LDRBT imaging, because it removes the radiation dose
from CT to the body; it also removes variability caused by registration and patient setup when
fusing images between modalities. A recent study has shown no significant differences in
dosimetric results between post-implant dosimetry computed using only MRI and an MRI-CT
fusion (De Brabandere 2012).

The primary benefit of endoDPT is that the high-resolution images obtained using the
endorectal sensor may allow for better determination of seed tilt and position. The raw data
collected during the endoDPT scan can be reconstructed using tomosynthesis or can be analyzed
using stereoscopic techniques to find seed locations and orientations. Due to the small size of the
detector, a small x-ray beam can be used which reduces whole body radiation dose to the patient.
endoDPT may be able to offer more insight into the effect of seed anisotropy and orientation (tilt)
on LDRBT implant dosimetry, along with the potential to improve efficiency of seed counting,
particularly for seeds near one another. Like other radiographic techniques, the primary difficulty
encountered by endoDPT is determination of the prostate border to calculate dose to the prostate
region. The endoDPT detector could be conjoined with an TRUS probe to determine prostate
volume, if prostate volume cannot be determined by endoDPT alone.

2.2.2 Periprostatic Adipose Tissue

PPAT is a visceral fat that partially or fully surrounds the prostate. Research efforts to
determine if PPAT is a valuable biomarker for PCa are relatively recent and sparse; most studies
have focused on linking PCa with obesity (Bhindi 2012). Some work has been published using
CT, TRUS, and MRI that shows positive correlations of increased levels of PPAT to increased

incidence and aggressiveness of PCa (van Roermund 2010, van Roermund 2011, Bhindi 2012,
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Woo 2015). While the exact mechanism that links increased PPAT to PCa is unknown, it is
believed that the adipose tissue surrounding the prostate acts not just as an energy reservoir but
also produces hormones and cytokines that increase PCa growth (Finley 2009, Laurent 2016).
Several studies have shown that increased PPAT secretions correlated to higher Gleason scores
(Finley 2009) and to increased likelihood of metastasis (Ribeiro 2012, Laurent 2016). Using CT,
patients with the highest risk PCa were reported to have the largest areas of PPAT coverage over
the prostate; the correlation between PPAT and PCa was stronger than the correlation between
subcutaneous fat (obesity) and PCa (van Roermund 2011). Using TRUS, it was reported that for
each millimeter of increased PPAT layer thickness, there was an approximate 12% increase in
detecting PCa and a 20% increase in detecting high-grade PCa, with a mean PPAT thickness of
5.3 mm (Bhindi 2012). It was also reported that the thickness, measured with TRUS, of the anterior
PPAT layer between the rectal wall and the prostate was a good predictor of recurrence (Sumitomo
2010). Using MRI, it was reported that obese patients with more PPAT had higher blood vessel
density in the PPAT and increased proliferation of PCa cells, indicating increased risk for
metastasis (Venkatasubramanian 2014). Additionally, it was reported that the Gleason score was
positively correlated with PPAT layer thickness measured using MRI (Woo 2015).

These studies show an apparent association of the amount of PPAT surrounding the prostate
to PCa risk and aggressiveness. endoDPT could prove to be a useful alternative or adjunct method
for imaging this fat layer, potentially identifying sub-millimeter trends in fat thickness with
improved spatial resolution.

2.2.3 Microvessel Density Imaging of PCa

As malignant tumors approach diameters of 1-2 mm diameter, they leave their avascular state
and enter a more aggressive and faster growing angiogenic state (Folkman 1990). This occurs

because existing vasculature cannot supply adequate nutrients and oxygen to sustain tumor growth
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(Folkman 1990, West 2001). Increased angiogenesis can be observed through measurement of the
microvessel density of thin tissue sections viewed at 40x-100x magnification (Silberman 1997)
and is usually reported as the mean number of blood vessels (Brawer 1993) or the area of blood
vessels (Tretiakova 2013) in a given area. Multiple groups have reported microvessel density was
increased in PCa compared to normal prostatic tissue (Bigler 1993, Siegal 1995, Borre 1998) and
that microvessel density increases with stage and Gleason score of PCa (Brawer 1993, Weidner
1993, Borre 1998, Mucci 2009).

Perfusion imaging can be used to view these areas of increased angiogenesis and increased
microvessel density in vivo, providing a valuable biomarker to assess PCa extent and
aggressiveness (Halpern 2006). Perfusion imaging measures the wash-in and wash-out of contrast
media from areas of interest, where perfusion is a function of the same factors that increase
microvessel density, primarily the number, surface area, and permeability of small blood vessels
(Padhani 2005, Petralia 2010). Many clinical studies have demonstrated DCE-MRI, CEUS, and
perfusion CT (pCT) can detect PCa by enhancing areas of increased angiogenesis.

DCE-MRI assesses tissue vascularity by rapidly obtaining T1W images before, during, and
after a gadolinium chelate contrast agent is injected intravenously. PCa presents as an area of
intense and rapid signal enhancement when the contrast agent perfuses into the lesion, which is
easily differentiable from the slow and progressive uptake of normal prostatic tissues (Bittencourt
2014). Studies have shown DCE-MRI improves PCa detection and localization (Futterer 2006,
Tan 2015) and increases detection rates using biopsy and success rates of treatments by providing
improved image guidance (Hara 2005, Haider 2008, Yakar 2010). DCE-MRI is attractive because
it can be combined with T2W imaging and diffusion weighted imaging to provide high-contrast

images of the entire prostate region. However, MRI has many contraindications such as
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pacemakers and stents, which are much more common in the aging population of men most at risk
for PCa (Luczynska 2014). MRI has high operating costs to the patient (Luczynska 2014). Several
authors have commented that improvements in resolution would be desirable for improved
detection of small, aggressive PCa tumors (Bittencourt 2014, Barentsz 2016).

CEUS assesses tissue vasculature by measuring the reflected signal of gas microbubbles (1-10
um diameters) that are introduced intravenously and then trapped within capillaries vessels (Errico
2015). Because the microbubbles have enhanced reflectivity of sound waves compared to normal
tissue by a factor of about 1000, areas of increased angiogenesis are highlighted using this method
(Ferrara 2007), including blood vessels that are too small to be imaged directly with Doppler
ultrasound (Halpern 2006, Wells 2006). Several recent studies have shown that targeted biopsies
to densely sample areas of high microbubble concentration resulted in more positive PCa findings
compared to systematic biopsy (Sano 2011, Zhao 2013, Sharma 2014). CEUS had better lesion
detection rates than standard grayscale TRUS and Doppler imaging (Strazdina 2011). Despite
theoretical image resolution on the order of 50 um (Halpern 2006), CEUS cannot typically image
PCA lesions smaller than 1 cm in diameter (Strazdina 2011). Image quality depends heavily on
operator skill level (Sankineni 2016). Doppler imaging can also be used to image increased
angiogenesis (Heijmink 2011) but is not described further because CEUS using microbubbles
outperforms Doppler imaging (Strazdina 2011).

Use of pCT with iodine contrast was shown to be feasible using a dynamic contrast enhanced
protocol and a single detector row CT scanner (Prando 2000). Improvements in CT technology,
primarily the advent of wide multi-detector arrays, has made pCT into a more viable method (lves
2005), but scanners with axial detector lengths greater than 4 cm, required to image the prostate

with no table motion, are costly and limited in availability (Osimani 2012). Two recent studies
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have shown pCT was able to identify areas of increased microvessel density at doses of 10 mSv
(Osimani 2012) and 16 mSv (Luczynska 2014); these doses are comparable to typical CT scans.

endoDPT has theoretical resolution that is high compared to pCT and DCE-MRI (true
perfusion methods) and is similar to clinical CEUS (which does not supply a true measure of
perfusion). Currently DCE-MRI and CEUS can detect lesions with diameters greater than 1 cm
(Strazdina 2011, Eifler 2016), with no literature assessing minimum tumor diameters detectable
with pCT. Detecting PCa using perfusion imaging between the beginning of angiogenesis (1-2 mm
diameter) and after several doubling times (~1 cm diameter) is currently difficult. The high
resolution of endoDPT combined with true perfusion imaging may allow for detection of lesions
at 1-2 m diameter as they leave the avascular state and enter the angiogenic state. Perfusion
imaging using endoDPT could occur at extremely fast rates by using multiple sources and
electronic voltage switching, as demonstrated in tuned aperture tomosynthesis (Klotz 1976, Groh
1977). Other advantages of endoDPT may include reduced dose compared to CT, reduced cost
compared to CT and MRI, and greater flexibility in operator skill levels compared to TRUS. This
could make endoDPT a valuable alternative or addition to current patient care.

2.3 Hypothesis

We hypothesized that endoDPT would provide images of the prostate region with significantly
higher in-plane resolution (p < 0.05) and significantly lower dose (p < 0.05) compared to a
typical CT scan of the prostate region. CT was chosen for comparison because CT is the most
similar of the typical prostate imaging techniques to endoDPT in terms of image acquisition and
processing. CT is also the only other common prostate imaging technique that results in dose from
x-rays. Providing a demonstrable improvement in spatial resolution at a reduced dose compared
to CT will place endoDPT in an excellent position for prototyping and pre-clinical studies. The

effort of this research is divided into three specific aims that examine and test the hypothesis.
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2.4 Specific Aims

The first aim was to develop a computational endoDPT system, to derive tomosynthesis
reconstruction methods for endoDPT, and to assess the theoretical image resolution of endoDPT
using simulated phantoms. To accomplish this aim, clinically available technology was modeled;
specifically, an intraoral dental sensor, which has high resolution and a small form factor, and a
commercial radiography source. Analytic reconstruction methods SAA, BP, and FBP were
implemented because these algorithms are common in clinical tomosynthesis implementations, are
widely understood, and are robust. The theoretical resolution was assessed through measurement
of the MTF using methods previously utilized for resolution measurements in radiography and
DBT.

The second aim was to characterize experimentally the image quality of endoDPT in terms of
spatial resolution, noise, and artifacts. Radiation dose was also measured. Specifically, the detector
MTF was measured using an edge method and was combined with the reconstruction algorithm
resolution from Aim 1 to find the system resolution of endoDPT. The NPS was measured using a
featureless acrylic phantom, while the ASF was measured using high-density, small metal spheres.
Dose was measured using thermoluminescent dosimeters (TLDs). For comparison resolution of
CT was measured using a commercial CT performance phantom; CT dose measured using TLDs.
Where appropriate, measurements were made as a function of x-ray source potential (measured in
kVp) of x-ray time integrated current (measured in mAs). At the end of this aim, the hypothesis
was tested using the student t-test.

The third aim was to compare endoDPT, CT, and MRI images of canine prostates implanted
with LDRBT seeds, surrounded by thin PPAT layers, and embedded with surrogate vasculature.
The qualitative differences between the modalities, including relevant artifacts, were assessed. One

comparison was the ability to visualize, differentiate, and count the LDRBT seeds. Another was
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Figure 5.37: BP tomosynthesis image at z = 1.5 cm (a) and z = 2.0 cm (b) above detector face of
the prostate that had tubing (OD = 1.19 mm) filled with iodine contrast agent. The red
arrow points to an air pocket. Images have voxel size of 20 um (2200 by 1896 voxels).

Figure 5.38: FBP tomosynthesis image at z = 1.5 cm (a) and z = 2.0 cm (b) above detector face
of the prostate that had tubing (OD = 1.19 mm) filled with iodine contrast agent. The red
arrow points to an air pocket. Images have voxel size of 20 um (2200 by 1896 voxels).

Similar to the LDRBT implant and PPAT prostate scenarios, small air pockets were visible in
both BP and FBP reconstruction (red arrows). Regions where the tubing was perpendicular to the
tomosynthesis image were well resolved. The prostate border was not visible because the prostatic
tissue and carrageenan gel have very similar attenuation properties. The truncation artifact was
seen in some of the BP tomosynthesis images, and for thicker tubing, the blur artifact seen in BP
became much more severe. The overshoot artifact was not very apparent in FBP, but the artifact

from the triangular voids in the projection images was visible. One additional artifact noted with

155



FBP in these images (white arrows) was that for tubing with a long axis along the direction of scan
motion, the tubing washed out and had low contrast.

The silicone rubber tubing containing iodine contrast agent was visible for the largest tubing
diameter (1.19 mm OD) in the CT images. A single CT slice of the prostate with the 1.19 mm OD
tubing is shown in Fig. 5.39 (in the (%, 2) image plane of endoDPT geometry). At this window and

level, the prostate border is not visible. Large air pockets within the prostate are visible.

S
-

Figure 5.39: CT axial image slices through the prostate with embedded silicone rubber tubing (1.19
mm OD). The red arrows point to the tubing.

The silicone rubber tubing filled with gadolinium contrast agent was difficult to see in most
MR images. Fig. 5.40 shows T1W and T2W coronal image slices (in the (x, 9) plane of endoDPT
geometry) for the prostate that had 0.64 mm OD silicon rubber tubing. The location of this slice is
at the same approximate location as the endoDPT planes at z = 2.0 cm (Fig. 5.33 and Fig. 5.34).
Fig. 5.41 shows the T1W and T2W coronal image slices (in the (%, ¥) plane of endoDPT geometry)
through the prostate that had 0.94 mm OD silicon rubber tubing. The location of this slice is at the
same approximate location as the endoDPT planes at z = 2.6 cm (Fig. 5.35 and Fig. 5.36). Fig.
5.42 shows the TIW and T2W axial image slices (in the (%,2) plane of endoDPT geometry)

through the prostate that had 1.19 mm OD silicon rubber tubing. The location of this slice is at the
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same approximate location as the CT slice shown in Fig. 5.39. Fig. 5.43 shows the TIW and T2W
coronal image slices (in the (%, ) plane of endoDPT geometry) through the prostate that had 1.19
mm OD silicon rubber tubing. The location of this slice is at the same approximate location as the

endoDPT planes at z = 2.0 cm (Fig. 5.37 and Fig. 5.38).

Figure 5.40: T1W (a) and T2W (b) coronal image slices of the that had tubing (OD = 0.64 mm) at
approximately z = 2.0 cm. The red arrows point to the tubing.

Figure 5.41: T1W (a) and T2W (b) coronal image slices of the that had silicon tubing (OD = 0.94)
at approximately z = 2.6 cm. The red arrows point to the tubing.
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Figure 5.42: T1W (a) and T2W (b) axial image slices of the that had silicon tubing (OD = 1.19
mm). The red arrows point to the tubing.

Figure 5.43: TIW (a) and T2W (b) coronal image slices of the that had silicon tubing (OD = 1.19
mm) at approximately z = 2.0 cm. The red arrows point to the tubing.

All of the tubing appeared hypointense in the prostate phantoms. Per volume, there was more
silicone rubber in the tubing wall than gadolinium contrast agent in the lumen; previous studies
have noted that silicone rubber tubing (stents) are hypointense in both TAW and T2W MR images
(Yunker 2013). The tubing with a 0.94 mm OD did exhibit a hyperintense region, but this was
located near an air pocket which appeared to distort the image. Overall, the tubing did not enhance

due to the gadolinium.
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5.7 Discussion

endoDPT imaging of the pecan and pistachio nuts demonstrated that high resolution is
achievable using this imaging method. Structures of the nut, such as the shell and meat, were
clearly visible, particularly in the midplane. However, the anterior and posterior portions of the
nut were more difficult to visualize. These nut phantoms also demonstrated several artifacts due
to tomosynthesis reconstruction and the imaging hardware. SAA and BP had the expected blur
artifact (Dobbins 2003). FBP removed much of the blur artifact, producing a cleaner but noisier
image. The FBP images also displayed a banding artifact at the top and bottom of the images; this
banding artifact manifested because the triangular voids in the projection images are not used to
reconstruct the images. This banding artifact occurred due to the filtration process; at image edges,
the signal was artificially increased by the filter. Despite removing 1 mm along all edges of the
projection images after filtering, including the voids, the edge enhancement was still evident,
particularly when fewer additions per voxel occurred. The effect of this artifact can be reduced by
removing more of the edge, but this further reduces the already small FoV of the detector.

The most significant artifact seen in FBP was the overshoot (edge enhancement) artifact that
was particularly evident at the low-density air and high-density shell interfaces. This edge artifact
is due to the interplay of limited sampling (endoDPT sampled the imaged volume over = +21.8°)
with the filtration process (Chen 2005, Chen 2007a, Chen 2008, Cong 2011, Mertelmeier 2014).
When the imaged volume is not fully sampled, the negative side lobes of the spatial domain point
impulse inversion filter result in edge enhancement between structures with substantially different
densities. Use of more advanced analytic filters (e.g., incorporate filter weighting for divergent
beam) or iterative/algebraic reconstruction algorithms, in addition to sampling over a larger
angular range, can reduce this artifact. Similar edge enhancement artifacts have been noted when

imaging other phantoms (an apple) (Levakhina 2013).
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The endoDPT images of the LDRBT seeds and the silicone rubber tubing also clearly
demonstrated the high-resolution of this new imaging methods. The primary limitations for
imaging both scenarios were that the prostate border was not visible, and there were truncation
artifacts and artifacts from the triangular voids in the projection images. The images of the
prostates wrapped in a PPAT layer demonstrate that prostate border visualization is possible with
endoDPT. To improve prostate border visibility and to reduce the truncation artifact, a larger x-
ray sensor that allows for detector acquisition FoV would be beneficial. However, a larger sensor
would prove challenging for endorectal imaging.

In the FBP endoDPT images of the LDRBT seeds, the core and shell of each seed was clearly
identifiable, which is a metric of high image quality and resolution (Rozenfeld 2012). For BP, the
blur artifact made it difficult to differentiate the shell from the core. Because the seeds are high-
density, there was a substantial blur artifact from OOP seeds for all reconstruction methods. This
blur was reduced with FBP because filtration reduced the effect OOP structures, as was observed
in the measurement of the ASF. Similar to imaging the pecan and pistachio, FBP resulted in an
edge-enhancement artifact. LDRBT seed orientation and geometry were easily discernable with
endoDPT. While not studied in this work, it is possible that improved knowledge of LDRBT seed
orientation could improve dosimetry of the LDRBT treatment. Dosimetric differences in the
treated prostate volume of up to 1.6% have been reported when comparing one-dimensional (point
source) to two-dimensional (line source) dose calculations using TG-43 formalism (Chng 2012);
incorporating variations in LDRBT seed tilt in post-implant dosimetry has been reported to change
dose to OAR by up to 10% (Collins Fekete 2014).

In CT, the LDRBT seeds appeared as easily identifiable bright spots in the axial images of the

canine prostates; it is for this reason that CT is considered the gold standard imaging method for
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LDRBT (Amdur 1999, Mehrmohammadi 2014). For seeds that were end-to-end, it was difficult
to differentiate seeds, and seed orientation (tilt) was not identifiable. A streaking artifact was
present in the images, which is typical in CT images of LDRBT seeds due to the high-density seed
cores and titanium shells (Han 2003a, De Brabandere 2006, Siebert 2007, Robertson 2012).
Because a thin slice (1.25 mm thick) was used, and because the carrageenan gel and prostate tissue
had similar attenuation properties, the prostate border was difficult to discern. This problem is not
a consequence of the tissue-equivalent gel used here, as other studies have reported that CT has
difficulty in differentiating the prostate from nearby soft tissues such as the pelvic floor muscles
(Amdur 1999, Mehrmohammadi 2014). Overall, these canine prostate images were similar to post-
implant images of human prostates (Amdur 1999, De Brabandere 2012, Mehrmohammadi 2014).

Unlike both endoDPT and CT, the LDRBT seeds in the MR images were not directly visible.
The seeds appeared as distorted voids of signal due to the magnetic susceptibility artifact; it was
impossible to identify seed tilt or orientation. Such voids of signal are typical in MR imaging of
LDRBT seeds (De Brabandere 2006, Thomas 2009, Robertson 2012) and are primarily due to the
titanium shell, which is highly paramagnetic (Thomas 2009). The shell distorts the magnetic field
which induces a magnetic susceptibility artifact; this artifact presents as a void of signal with
nearby bright regions corresponding to signal from the protons in the void being mismapped
(Thomas 2009). Overall, the seeds heavily distorted the MR images and were not easily
identifiable, but the undistorted portions of the images clearly showed the internal prostate
anatomy and prostate border, which is consistent with the findings of other groups (Amdur 1999,
De Brabandere 2012, Robertson 2012). While not studied in this work, novel pulse sequences and
MR specific contrast markers have some utility in improving LDRBT seed imaging (Lamberto

2014, Lim 2016).

161



To compare seed differentiability between endoDPT, CT, and MRI, all visible independent
seeds were counted. All seeds could be identified in endoDPT. Similar studies have reported 100%
seed identification success rates with tomosynthesis using an external x-ray sensor (Tutar 2003).
In this study, all LDRBT seeds were located within the endoDPT FoV. However, for larger
prostates (such as in men suffering from PCa and BPH) or for migrated the small FoV of endoDPT
may preclude 100% seed counts. Up to 40% of patients experience seed migration (Wang 2015).
CT had seeds counts that missed two to three seeds and MRI had seed counts that missed three to
eight seeds. For CT, this was because some of the seeds were spaced end-to-end, and it was
impossible to determine if it was a single seed or two seeds spanning four to five slices. A larger
number of seeds were missed in MRI due to the magnetic susceptibility (void) artifact obscuring
signals from seeds near each other, making it impossible to differentiate closely-spaced seeds. The
results of seed counting with CT and MRI were comparable to a study performed by Bloch et al.
where he reported seed identification success rates of 91.5% with TIW MRI and 96.7% with CT
(Bloch 2007).

The images of the silicone rubber tubing filled with iodine contrast agent also served to
highlight the high resolution of endoDPT. The tubing was readily visible in all endoDPT images,
although the larger diameter tubing was very blurred in the BP reconstructions. Due to similarity
in the attenuation of silicone rubber (Mardis 1993, Choi 2010) and the iodine contrast solution
used in this work, the tubing wall was indistinguishable from the tubing lumen, which was verified
by measuring the diameters of the tubing in the endoDPT images. The expected blur and truncation
artifacts were seen in the BP images. Because the density of the silicone rubber tubing filled with
iodine contrast was much less than the density of LDRBT seeds, the overshoot artifact was not as

pronounced in the FBP images. However, the artifact from the triangular voids in the projection
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images was still visible in FBP, and an additional artifact presented that washed out the signal of
tubing that was oriented parallel to the x-ray source motion. The tubing in this orientation has the
same appearance as a small structure that is above or below the tomosynthesis image, similar to
the OOP BBs in Fig. 4.19. FBP actively works to remove such OOP structure blur artifacts and
operates in the same manner on the tubing if it presents in a similar orientation.

The largest diameter tubing was visible in CT and all tubing diameters were visible in at least
one MRI view in each image set. The tubing had limited visibility in CT due to a large amount of
noise from the thin slice thickness and the poor resolution in comparison to endoDPT. The tubing
in the MR images was hypointense and indistinct primarily because of the interplay between the
MR signals from the silicone rubber in the tubing walls compared to the gadolinium contrast
solution in the tubing lumen. Silicon rubber generally appears hypointense (Yunker 2013). Overall,
the visualization of the silicone rubber tubing was poor with MRI and CT. Because no other studies
have assessed visibility of contrast agent in silicon tubing or the visibility of individual vessels in
the prostate using angiographic techniques, there was no metric of comparison for this result.
However, imaging of blood perfusion in the prostate is often performed with both MRI and TRUS
(Sankineni 2016) and is under clinical investigation with CT (Luczynska 2014). This study did not
image perfusion because the use of ex vivo canine prostate specimens precluded diffusion of the
contrast medium (iodine for x-rays and gadolinium for MRI) out of the capillaries into the
surrounding extra-cellular space (Padhani 2005).

The endoDPT images of the prostates wrapped in a PPAT layer and of the sections of prostatic
tissue near fat tissue demonstrated that soft tissue contrast between the prostate and surrounding
fat layer is possible with endoDPT. The images of the prostates wrapped in PPAT were the only

endoDPT images that allowed for some visualization of the prostate boarder. Overall, this
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demonstration of soft-tissue contrast is a positive result for endoDPT and future efforts will focus
on improving image contrast to allow for visualization of the prostate border. Overall the
prostate/fat images highlighted the largest flaw of endoDPT, which is the difficulty to visualize
large structures clearly. The PPAT layer was readily visible in CT as a dark (low-density) band
surrounding the prostate, which is consistent with previous studies (van Roermund 2010, van
Roermund 2011). There were no obvious artifacts in the CT images, but the images were noisy
due to the small slice thickness and reconstructed voxel size; the prostate tissue and carrageenan
gel were indistinguishable. The MR images showed excellent soft tissue contrast between the fat,
prostate tissue, and gel, with the T2W images also showing zonal anatomy clearly. Comparable
results have been observed in previous studies (Amdur 1999, Woo 2015). A chemical shift artifact
in the slice selection direction was visible, due to the difference in Larmor frequency between the
fat and prostate/carrageenan gel.

5.8 Conclusion

The objective of this aim was to qualitatively demonstrate the high resolution of endoDPT in
comparison to CT and MRI, two common methods of prostate imaging. The results of this aim
showed that small structures, such as the internal details of nut phantoms, LDRBT seeds implanted
in canine prostates, and small diameter silicone rubber tubing filled with contrast agent, were
visible with high resolution using endoDPT. A limitation of endoDPT was that the prostate border
was not clearly visualized in these images. In CT the prostate border was usually discernable, while
MRI provided the best visualization of the prostate border and internal prostate anatomy. In CT,
the LDRBT seed implants were easily identifiable, but the seed shell and core were not
differentiable; seeds oriented end-to-end made seed counting difficult. The silicon rubber tubing
had very poor visibility in CT. In MRI, the seeds presented as voids of signal due to a large

magnetic susceptibility artifact, and precise knowledge of seed location or orientation was
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impossible to ascertain. The silicon rubber had more visibility in MRI than CT, but not as much
as endoDPT. Images of the prostates wrapped in a PPAT layer demonstrated the primary limitation
of endoDPT, which is difficulty in discerning larger structures due to the small size of the XDR

sensor. CT and MRI provided much better visualization of the prostate and the fat layer.
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Chapter 6. Conclusion
6.1 Summary of Results

Currently, the prostate region is imaged using CT, MRI, TRUS, PET, and SPECT (Kelloff
2009, Sankineni 2016), which typically have spatial resolutions on the order of 0.3 to 5.0 mm
(Bushberg 2012). The purpose of this work was to explore endoDPT, an imaging method that uses
an endorectal x-ray sensor and external x-ray source to produce high-resolution images of the
prostate region using tomosynthesis. While endorectal imaging of the prostate is clinically
performed or is under investigation using MRI, TRUS, PET, and SPECT (Mukdadi 2014, Musico
2016, Sankineni 2016), the method of imaging described in the previous chapters as endoDPT has
not been previously explored.

This study clearly demonstrated both computationally and by measurement that endoDPT is a
high-resolution imaging method in comparison to the typical resolutions reported for CT, MRI,
TRUS, PET, and SPECT prostate imaging. Results showed that the 90%, 50%, and 10% MTF
occurred at significantly higher (p < 0.0001) frequencies than CT for all endoDPT parameters.
These improvements in resolution were achievable at endoDPT ionizing radiation doses that were
significantly less (p <0.002) than CT outside the beam FoV and ranged from significantly less
than to significantly higher than CT in the endoDPT beam FoV.

The high resolution of endoDPT was further demonstrated by using endoDPT to image two
types of nuts, canine prostates implanted with LDRBT seeds, and canine prostates embedded with
small-diameter silicone rubber tubing filled with contrast agent. endoDPT could clearly identify
the LDRBT seeds, including identification of both the seed shell and core for seeds in-plane. The
seed cores were readily visible on CT and presented as void of signal on MRI; for both modalities,
it was difficult to differentiate seeds in close proximity. The current detector size used here limited

the ability of endoDPT to clearly identify large structures, such as fat layers or prostate borders.
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Both the fat layer and prostate border were visible with CT and MRI, although differentiation of
the prostate border from the carrageenan gel was difficult in CT due to similar attenuation in both
materials. Like the LDRBT seeds, endoDPT could clearly identify the silicone tubing, including
finding the OD of the tubing to within 0.02 mm. These small diameter silicon rubber tubes were
difficult or impossible to see in both CT and MRI. This work has overall demonstrated resolution
improvements compared to CT and MRI.

6.2 Response to Hypothesis

We hypothesized that the in-plane resolution of endoDPT was significantly higher than the in-
plane resolution of a typical CT scanner at an ionizing radiation dose significantly less than the
ionizing radiation dose of a typical CT scan. For the former portion of the hypothesis, the null
hypothesis that endoDPT had the same or significantly lower resolution than CT was rejected.
endoDPT demonstrated that the 90%, 50%, and 10% levels of MTF occurred at significantly
higher frequencies than CT (p < 0.0001) for all endoDPT parameters tested.

The latter portion of the hypothesis did not allow for complete rejection of the null hypothesis
that endoDPT radiation dose was the same as or significantly greater than CT radiation dose. The
dose outside of the endoDPT FoV was significantly less than CT (p < 0.002) at all endoDPT x-
ray source currents (100 mAs, 50 mAs, and 25 mAs) at all planes of measurement. The dose
measured near the endoDPT FoV and within the endoDPT FoV ranged from significantly lower
to significantly higher than CT. Future clinical studies will need to address whether the improved
resolution at the cost of increased ionizing radiation dose is a trade-off that benefits the patient.
Some dose reduction may be achieved by optimizing endoDPT scan parameters (such as using a
smaller x-ray source travel distance and fewer projection images) and hardware (such as using a

harder x-ray beam or a detector that requires less exposure).
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6.3 Recommendation

This study clearly demonstrated through quantitative and qualitative evaluation that
endoDPT has high in-plane image resolution. The results of this work indicate that endoDPT has
some favorable characteristics compared to other prostate imaging techniques, whether as a
standalone method or paired with other imaging modalities. While this study provided baseline
data for endoDPT, more development and optimization are required before endoDPT can be
evaluated as a clinical technique for PCa management. Our primary recommendation is to improve
the endoDPT system design through development of a prototype system that allows for automated
endoDPT scan acquisition, image reconstruction, and x-ray source localization. An endoDPT scan
currently takes approximately 1 hour to complete due to manual positioning of the x-ray source
and low frame rate of the XDR sensor. With an automated prototype system, optimizing scan
parameters and pre-clinical studies become both efficient and feasible.

6.4 Limitations of the Study

The primary limitations of this study were the manual positioning of the x-ray source and the
small detector size. Because the x-ray source was manually positioned for each discrete projection
image, scan times were long and the potential for error in positioning of the source was high. This
limited the number of scan parameters that were tested, for example, for measurement of NPS,
ASF, and dose, only one x-ray source kVp setting was used. While the slow frame-rate of the XDR
sensor of 5-7 seconds per image was not a limiting factor in the current study (in comparison to
manual tube positioning), in a clinical environment, short scan times are important so a frame-rate
of 5-7 seconds per image would represent a severe limitation.

The manual source positioning resulted in x-ray source locations that could deviate from the
nominal x-ray source locations. Errors in source location degrade reconstructed image quality.

Fiducial wires were used to identify and correct source position errors, but this method was manual
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Appendix A: Focal Spot Blur Reduction

Focal spot blurring occurs due to the finite size of the focal spot (e.g., 0.6 mm by 0.6 mm).
This results in the bremsstrahlung x-rays produced in the anode emanating not from a point source,
as is often assumed, but from a finite area. Larger focal spots decrease image resolution due to the
blurring effect. This effect is illustrated in Fig. A.1.
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Figure A.1: The focal spot blur effect for CT and for radiography. A large SID and a small OID
result in minimal focal spot blur, improving image quality. The size of the focal spot has
been increased by a factor of 10 for clarity.

In this example, the CT scanner and x-ray source used in this study are illustrated. A radiopaque
point at the location of the prostate using these two imaging modalities is modeled. The focal spot
blur is simply the size of the radiographic shadow cast from the radiopaque point due to x-rays
emanating from a finite area. In the ideal case, the x-rays emanate from a point and the radiographic
shadow is simply a magnified image of the radiopaque point with sharp borders. For a finite sized

focal spot, the focal spot blur is an edge gradient, f, is given by

7 OID F 0OID (A1)
= * = * .
f SID — OID SOD
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where F is the size of the focal spot, SID is the source to image plane distance, OID is the object
to image plane distance, and SOD is the source to object plane distance. For clarity, Eq. A.1 is
given in one dimension. To reduce focal spot blur, imaged anatomy should be placed as close as
possible to the image plane (unless magnification is required, as in magnification mammography)
and the smallest focal spot should be used (Bushberg 2012).

Table A.1 compares the focal spot blur in one dimension of a typical CT scanner (GE
Lightspeed RT16), a typical radiograph of the prostate in the pelvis (GE Proteus XR/a radiography
unit), and endoDPT. For endoDPT, x-ray source parameters from the standard radiography unit
(GE Proteus XR/a) are used. Focal spot blur would be further reduced by use of a higher resolution
x-ray source with a smaller focal spot (the Hologic Selenia Dimensions mammography unit has
focal spot sizes of 0.1 mm and 0.3 mm). In this example, it is assumed that the CT detector array
is planar rather than curved.

Table A.1: lllustration of focal spot blur in CT, radiography, and endoDPT.

Modality F (mm) SID (mm) OID (mm) f(mm)

CT 1.2 1063 456.5 0.515
Radiography 0.6 1000 100 0.060
endoDPT 0.6 1000 15 0.009
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Appendix B: The Logarithmic Transform

For a monoenergetic, parallel photon beam traveling the distance [, through a material ¢t with
photon attenuation coefficient u;, the incident signal (the line integral, I) assumes the form
I, = [ye #t (B.1)
where I is the incident signal on the pixel if the beam is not attenuated. This is illustrated in Fig.
B.1.

Ip

| Detector ]

Figure B.1. Attenuation of x-ray beam through material t.

The reconstruction algorithms used in this work reconstruct an approximate attenuation value
in the reconstructed image plane through the addition of pixel values from every projection image.
Addition of the line integrals to find an approximate attenuation coefficient is not a linear process
whereas addition of the logarithmic transformed data (which removes the exponential term) is.
Dobbins and Godfrey proved this is true in tomosynthesis, and their result is rederived below
(Dobbins 2003).

If the photon beam from the previous example now passes through a non-uniform volume
consisting of materials t and b, as shown in Fig. B.2, the incident signal on the detector now
becomes

Ly = [Oe—#tlt—ﬂblb (B.2)
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Figure B.2. Attenuation of x-ray beam passing through materials ¢ and b.

Using a backprojection process, an approximate attenuation coefficient can be reconstructed
at the intersection of the rays shown in Fig. B.1 and Fig B.2 by simply adding together pixel values
where the ray falls on the detector (I, and I, ,). If the projections are added together, the result is

P =1 +1,, = lpe #h + [ge Helemmolo = [oe~Hele(1 — g~ Helb) (B.3)
which is not linear. If the logarithmic transform of the data is taken, the result is linear, given by

P =In(I,) +In(I;;) = In(Ilse#kt) + In(Iye ~Hele=Holn) =
21In(lp) — 2uele — uply (B.4)
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Appendix C: Carrageenan Gel Recipe Example

The required quantities of ingredients given in Table C.1 for a 500 g batch of the carrageenan
gel mixture from Section 4.4.2 are derived below. 500 g of gel was an adequate amount to fill the
cavity of the sample holder acrylic plate. The mass of GdCl; - 6H,0 required was calculated using

the following equations in conjunction

55419 Gacl, « —_, 500g = 27.5umol GdCl 1)
* * = . '
kg 3" To00g "~ °"8 HmOT s
and
27.5;mol GACL, * 263.61 -2 GdCl, * —°L _ 0.00725g Gdcl €.2)
. * 61— * ——— = 0, .
Hmo 3 mol 3~ 106umol & 3
and
371.70 -5 GdCl, - 6H,0
0.00725g GdCl, * b = 0.010g GACl; - 6H,0 (C.3)
263.61-E Gdcl,

The mass of the NaN; aqueous solution was calculated using

1g water

0.03% NaNs « 500g sample » 75"

= 3g aqueous solution (C.4)

Table C.1: Amounts of materials required for one 500g batch of phantom material. Agarose,
carrageenan, and NaCl we added simply as w/w. The remainder of the mixture was distilled

water.
Material Nominal concentration Quantity ReV?/;JV:/red for 500g

Agarose 1.200% w/w 6.000g

GdCl; - 6H,0 55.0 umol/kg (of GdCl5) 0.010g
Carrageenan 3% wiw 15.000g

NaCl 0.291% wiw 1.455¢g

NaN3s aqueous solution 0.03% w/w 3.00g
Water Remainder 474.535¢
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