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Abstract

Phase sensitive 3D imaging techniques have been an emerging field in x-ray imaging for
two decades. Among them, in-line phase contrast tomosynthesis has been investigated
with great potential for translation into clinical applications in the near future, due to
combining the advantages of configuration simplicity, structural noise elimination and
potentially low radiation dose delivery. The high-energy in-line phase contrast
tomosynthesis technique developed and presented in this dissertation initiates this
translational procedure by optimizing the imaging conditions, performing phase retrieval,
offering opportunities to further reduce radiation dose delivery, improving detectability
and specificity with the employment of auxiliary phase contrast agents, and potentially

performing quantitative imaging.

First, the high-energy in-line phase contrast tomosynthesis prototype was developed and
characterized in this dissertation as the first of its kind following a number of engineering
trade-off considerations. The quantitative results as well as the imaging results of tissue-
simulating phantoms and biology-related phantoms demonstrate the extensive capability
of this imaging prototype in improving tumor detectability. In addition, the optimization
of the x-ray prime beam toward the PAD phase retrieval method proved the potential of
high-energy imaging and predicated the solution toward imaging time reduction by

employing photon counting based imaging techniques.

In the past several years, applications of microbubbles as a phase contrast agent have

shown the capability for image quality improvement in quantitative imaging. In this

Xiv



dissertation, a preliminary study of quantitative imaging of microbubbles using the in-
line phase contrast projection mode imaging prototype, which is a system without
tomosynthesis capability, provided a discussion on how the materials of the bubble shells
and gas infills could impact the imaging capabilities and resulting image detectability. In
addition, the results of the study provided a guideline for microbubble selections for in-
line phase contrast mode imaging modalities. Based on this criterion discussed in the
study, the albumin-shell microbubbles were selected as the phase contrast agent for the
imaging prototype presented in this dissertation. The imaging results showed the
feasibility of performing quantitative imaging by employing microbubbles as the
auxiliary phase contrast agent. Clinical conditions were simulated by distributing
microbubbles on the interface between two tissue-like phantom structures. The
quantitative imaging results provided clinical motivation for translating phantom studies

into more biology-related investigations providing radiation dose reductions in the future.
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Chapter 1. Introduction

1.1 Significance

Breast cancer is one of the five most common cancers diagnosed in adults. In 2016, the
estimated number of new breast cancer cases was 249,260, while the estimated number
of deaths from breast cancer was 40,890. [1] Research has proved that early diagnosis

and treatment of breast cancer are essential for improving the survival rate of patients.

Diagnostic mammography is a widely-used and standard method of performing early
stage breast cancer detection and clinical screening using x-rays, but it can only acquire
two-dimensional (2D) projections of 3D objects. [2-6] Therefore, mammography is not
able to combat the challenge presented by overlapping structures from dense tissue
superimposition. This inability potentially leads to missed cancers, as well as false-

positive recalls and/or biopsies.

However, the development of a 3D x-ray breast imaging technique known as digital breast
tomosynthesis in the past two decades has demonstrated the capability to image the
human breast in three dimensions. Several clinical studies have indicated that utilizing
breast tomosynthesis along with mammography improves the diagnostic sensitivity and
therefore has the potential to reduce the recall rate. [5-7] Technically, digital breast
tomosynthesis is an imaging method performing limited-angle 3D tomography using x-
ray exposures, and can be considered a limited-angle CT scan. A limited number of
conventional x-ray projections acquired from a narrow angular range are combined to

reconstruct a 3D image by employing a reconstruction algorithm.



A clinical digital breast tomosynthesis system is designed to perform mammography-
dose-level 3D imaging through the limited-angle scan. Thus, acquisition parameters
including the coverage of the angle range, the number of angular projections and the dose
distributions on each projection are regulated and constrained by the limits on the total
exposure for all angular projections. This is due to the fact that increasing the number of
projections may lower the exposure per projection and, thus, potentially make quantum
noise more dominant, and enlarging the range of the scanning angle may result in the
degradation of the spatial resolution by the high obliquity of the x-ray incidence angle.
Several investigations on optimization tasks have indicated the following: 1) a small
angular range results in better in-plane spatial resolution but worse resolution in the z-
axis direction, and vice versa; 2) the detectability of large objects is primarily affected by
the angular scan range, while the detectability of small objects such as micro
calcifications, is limited not only by the quantum noise, but also the number of
projections; 3) an increase in the number of projections should be accompanied with an
increase in the angular range in order to minimize off-plane artifacts of high-contrast
objects. [8-9] However, investigations for optimizing and improving digital breast

tomosynthesis have not been completed, to the best of my knowledge.

To date, there have been two commercial digital breast tomosynthesis system approved
by the U.S. Food and Drug Administration (FDA): Hologic Selenia Dimensions and GE
SenoClaire. The Selenia Dimensions acquires angular projections by continuous gantry

sweeping and utilizes a high-quantum-efficiency detector to obtain trade-offs between



shortening scan durations and imaging quality. In addition, it employs the FBP
reconstruction algorithm, image binning technique and graphic processing unit (GPU) to
perform high-speed 3D reconstruction. The GE SenoClaire implements step-by-step
gantry motion and a specially-designed antiscattering grid to avoid focal spot blur and
minimize scatter induced by tissues, and uses a custom-developed iterative algorithm to
minimize the off-plane blur occurring in reconstructed images. These two commercial
digital breast tomosynthesis machines denote the progress that has been made to date in
clinical digital breast tomosynthesis systems. However, concerns still remain that digital
breast tomosynthesis may result in a higher radiation dose delivered to patients as
compared to mammaography, and that it has limited capability in the detection of small

micro calcifications. [8-9]

Since the angular projections acquired in a digital breast tomosynthesis are the same x-
ray projections employed in conventional mammography, the imaging contrast of this
type of imaging modality relies solely on the small attenuation differences between
normal tissues and tumors. However, x-rays passing through an object also undergo phase
shifts during their propagation. Several studies investigating x-ray phase contrast imaging
techniques have demonstrated that combining the attenuation and phase shift significantly
improves the imaging quality. [10-13] Among several types of phase contrast modalities,
the in-line phase contrast technique utilizes a similar system configuration as
conventional mammography, with an added distance between the object and the detector
to acquire x-ray phase gradients generated by the variation of fraction indices within the

object, as well as a micro-focus x-ray source to guarantee relatively high spatial



correlation. [13-15] Combining the in-line phase contrast mechanism with the
tomosynthesis technique, the angular projection presents not only attenuation, but also
phase shift information. Based on this concept, 3D tomosynthesis with in-line phase
contrast imaging method has shown high potential for clinical translation, not only
through demonstrating a potential improvement in imaging quality by additional edge
enhancement, but also due to the simple transformation of a conventional tomosynthesis

system into an in-line phase contrast tomosynthesis system. [16]

However, the long distance between the object and the detector required by the in-line
phase contrast technique results in fewer x-ray photons received by the detector, as
compared to the contact mode detection used in conventional tomosynthesis, under the
same conditions of exposure parameters, radiation dose delivery and the capability of
detectors. Thus, an in-line phase contrast tomosynthesis system can hardly provide
similar imaging ability as a conventional digital breast tomosynthesis system, due to the
massive loss of attenuation contrast. In aiming to solve this problem, high-energy x-ray,
which is already employed in chest radiography, can be employed to compensate for the
loss of x-ray photons during a long-distance propagation, thus preserving most of the
attenuation contrast. Due to the high penetrability and low absorption of high-energy x-
ray photons, the radiation dose received by patients can also be potentially reduced. In
addition, since the phase contrast effect decreases much more slowly than attenuation
contrast as the x-ray energy increases, the phase retrieval method, which reveals how the
phase shifts are encoded in the image intensity variations, can be employed for high-

energy in-line phase contrast imaging to preserve the bulk of the phase contrast.



Within the past decade, in order to further improve the imaging quality and maximize the
advantage of the phase contrast mechanism, either by itself or combined with 3D imaging
techniques, concepts of tissue engineering have been proposed to introduce the
application of microbubbles into phase-related imaging techniques. Widely used as an
ultrasonic contrast agent, microbubbles have been demonstrated to adhere and accrete to
the wall of blood vessels and membranes to construct a structure with high spatial
frequencies around tissue and/or along the interfaces among tissues. Microbubbles can be
considered as a population of x-ray lens scattering photons providing a sequence of multi
refractions. Thus, microbubbles can be employed to provide additional phase shift
information around tissues and/or along the interfaces between tissues, as the x-ray phase
shift will be enhanced where the microbubbles congregate. Preliminary investigations
indicating that microbubbles can be used as x-ray phase contrast agent have been
performed using analyzer-based [22] and propagation-based [23] synchrotron x-ray phase
contrast, as well as the synchrotron free-space propagation phase contrast method, [24-
25] and the Talbot-Lau interferometry phase contrast method. [26-27] A recent study
done by Millard, et al. indicated that microbubble contrast agents have high potential to
perform dynamic imaging with analyzer-based synchrotron x-ray phase contrast. [28] 3D
computed tomography imaging of microbubbles has also been demonstrated recently
through a differential phase contrast system utilizing object rotation. [29] In these studies,
microbubbles were injected or contained in tissues, phantoms or vials for demonstrations,
and the results showed that employing microbubbles enhanced the image contrast in the

phase shift images of the areas in a tissue or phantom with tiny structures. However, to



the best of my knowledge, the radiation dose used for imaging microbubble distributions
by phase contrast related 2D/3D methods has not been investigated, and the imaging
quality has not been compared with conventional 2D/3D methods. Thus, the significance
and the advantage of employing microbubbles in x-ray phase related imaging method has

yet to be investigated.

1.2 Objectives

The goal of this dissertation is to present a comprehensive investigation of a digital
tomosynthesis imaging system combined with the high-energy in-line phase contrast
technique. The prototype of the high-energy in-line phase contrast tomosynthesis system
detailed in this dissertation has been developed to demonstrate its clinical potential not
only to improve the imaging quality in cancer detection, but also to reduce the radiation
dose delivered to patients. In addition to the characterization work for the prototype itself,
the advantages of its applications in imaging microbubble distribution in objects will be

discussed in detail in this dissertation research, and the radiation dose will be regulated.

1.3 Organization of Dissertation

The organization of this dissertation is as follows. Chapter 2 details the research
background, including the principles of the tomosynthesis and in-line phase contrast
techniques. Chapter 3 presents the prototype of the high-energy in-line phase contrast
tomosynthesis developed in the dissertation study, and Chapter 4 characterizes the newly
developed high-energy in-line phase contrast tomosynthesis prototype. Chapter 5

provides an optimization approach toward solving one imperfection discussed in Chapter



4. Chapter 6 elucidates the feasibility of employing microbubbles as an x-ray phase
contrast agent with a projection mode imaging system and provides a criterion in
microbubble shell material selection. Chapter 7 preliminarily demonstrates the capability
of quantitative imaging by using microbubbles as x-ray phase contrast agent for high-
energy in-line phase contrast tomosynthesis. Chapter 8 preliminarily demonstrates the
edge enhancement provided by distributing microbubbles on the interface between two
tissue-simulating structures when imaged by high-energy in-line phase contrast
tomosynthesis under a unified radiation dose delivery. Finally, a research summary and

a discussion of future research direction are presented in Chapter 9.



Chapter 2. Research Background

2.1 Digital Tomosynthesis

Since the first tomosynthesis image of the breast was acquired by Niklason in 1997, [30]
it has become an important 3D breast imaging method to overcome tissue superposition
issues, which cannot be avoided in conventional 2D mammaography. In this section, the
digital breast tomosynthesis system will be discussed in detail, from the different system

configurations and image acquisition techniques to the image reconstruction methods.

2.1.1. System Configurations
General Configuration

Currently, a general digital breast tomosynthesis system is similar to a digital
mammography system: the center of the x-ray source, object and detector are precisely
aligned, and the object is exposed on a support stage near the detector. A simple device
that can transform a mammography system into a tomosynthesis system involves a
rotation mechanism. In a commercial digital breast tomosynthesis system, this rotation
mechanism is always an arm that can rotate the x-ray tube around a pivot point close to
the detector plane. However, in laboratory prototypes and the research field, the rotation
mechanism is sometimes substituted with a rotating stage moving the object, in an effort
to simplify phantom and/or tissue studies. Based on different optimization strategies in
image acquisition, researchers and commercial system manufacturers may implement
modifications in digital breast tomosynthesis configurations as compared to digital

mammography systems.
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Figure 1: Basic tomosynthesis geometries: (a) isocentric mode, in which both x-ray
source and detector rotate around a fixed pivot point synchronously; (b) partial
isocentric mode, where the x-ray source rotates around a pivot point near or on the
center of the object under detection and the detector is stationary; and (c) parallel
path mode, in which the detector moves in one plane and the x-ray source rotates
about a pivotal point.

There are three widely-used basic system geometries of the digital breast tomosynthesis
image acquisitions, all of which are shown in Figure 1: (a) isocentric mode, in which both
x-ray source and detector rotate around a fixed pivot point synchronously; (b) partial
isocentric mode, where the x-ray source rotates around a pivot point near or on the center
of the object under detection, and the detector is stationary; and (c) parallel path mode, in
which the detector moves in one plane and the x-ray source rotates about a pivotal point.
In both partial isocentric mode and parallel path mode gantry motion, the incident angle
of the x-ray exposures onto the detector vary during the arc motion of the x-ray tube. The
oblique incidence of the x-ray exposure induces a negative impact on the point spread
function of the imaging system and, thus, degrades the modulation transfer function.
Also, the oblique incidence of the x-ray may potentially result in decreases in the

detective quantitative efficiency and the small signal detectability of the system. [8-9]



The detector is an important part of an imaging system. Contrary to how it is used in a
mammography system, a detector employed in a tomosynthesis system must perform the
data read-out more quickly, produce minimized ghosting, which may result in artifacts in
the reconstructed images, and provide minimal detective quantum efficiency reduction at
relatively low exposure levels, all of which preserve the imaging quality under
mammography radiation dose delivery. [8] Several studies employing amorphous
selenium (a-Se) based direct detectors determined that this type of detector meets the
requirements of minimal reduction in the detective quantum efficiency at low exposures,
as it is able to minimize the domination of electronic noise. Furthermore, a modified thin-
film-transistor (TFT)-type a-Se based direct detector is used in the Hologic Selenia
Dimensions system, and was reported to reduce the data read-out time to sub-second level
and achieve a total acquisition time of several seconds. [31-32] However, the expense in
obtaining such a short image acquisition period is the loss of system spatial resolution,
which results from the application of the continuous gantry motion and the pixel binning
in the detection process. The most recently FDA-approved GE SenoClaire tomosynthesis
system employs step-and-shoot tube motion mode without binning, which facilitates the
detection of microcalcifications, and implements an anti-scattering process to reduce

scattered radiation while preserving dose and imaging performance. [33]

Instead of a-Se based direct detectors, CCD-based and CMOS-based indirect flat-panel
detectors have been widely used in laboratory digital breast tomosynthesis prototypes for

system characterizations and imaging studies using small animals, tissues and phantoms.
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[34-35] Indirect flat-panel detectors employ a scintillator layer to convert x-ray energy to
optical photons that can be captured by the CCD or CMOS sensor array. The thickness
of the scintillator may cause additional scattering and, therefore, decrease the imaging
spatial resolution, but CCD-based and CMOS-based flat-panel detectors are both able to
produce relatively low electronic noise. Also, when the application of CCD-based and
CMOS-based flat-panel detectors in a digital tomosynthesis system was first investigated,
the major disadvantage of both types of detector was the relatively small dimensions,
which prevented employing full field digital mammography on a large area. Fortunately,
with recent advancements in large-scale integrated circuit technology, tiled wafer-scale
CMOS detectors with dimensions up to 29 cm =23 cm were developed in 2012, and
applying this achievement to CMOS-based flat-panel detectors allows them to extend

their applications into the detection of larger areas than previously possible. [34-35]

Along with detection capabilities, the image acquisition parameters and the acquisition
method of the angular projections are also crucial in affecting the imaging qualities of the
system. As a digital breast tomosynthesis system was proposed to perform
mammography-dose-level 3D imaging through limited-angle scanning, the acquisition
parameters including the coverage of the angle range, the number of angular projections
and the dose distributions on each projection are regulated and constrained by the limits
on the total exposure for all angular projections. This is because increasing the number
of projections may lower the exposure per projection and, thus, potentially make quantum
noise more dominant, and enlarging the range of the scanning angle degrades the spatial

resolution due to the high obliquity of the x-ray incidence angle. Several investigations
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on optimization tasks have indicated the following: a small angular range resulted in
better in-plane spatial resolution but worse resolution in the z-axis direction, and vice
versa; the detectability of large objects was primarily affected by the scan angle range,
while the detectability of small objects such as microcalcifications was limited by not
only the quantum noise, but also the number of projections; an increase in the number of
projections should be accompanied with an increase in the angular range in order to
minimize off-plane artifacts of high-contrast objects. [8-9] A study presented by Van de
Sompel et al. in 2011 found that, under a constant dose delivery and a certain number of
projection views, imaging quality can be improved by widening the angular range until a
maximum is reached. Unfortunately, the investigation for the optimization of angular

range as well as the number of angular projections has not been concluded. [8-9]

In addition to the most widely-used basic system designs detailed in this section, there
are a number of additional tomosynthesis configurations developed in an attempt to solve
or optimize current issues existing in conventional configurations, or to extend the scope
of this technique, such as stationary tomosynthesis systems, photon-counting detection

tomosynthesis, complicated scanning strategies, etc.

Stationary-Source Based Tomosynthesis System

In a stationary tomosynthesis system, the conventional x-ray tube and the rotating gantry
can be replaced by a distributed field emission x-ray tube array, such as a carbon nanotube
(CNT) array, which is known as a stationary x-ray source. [36-38] This type of x-ray

source arrangement is designed to avoid focal spot blur resulting from the x-ray tube
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movement and potentially reduce the time of projection acquisitions. A number of recent
studies presented the stationary imaging acquisition gantry as a replacement for the

rotation gantry with a conventional x-ray tube. [8, 39]

The study in Ref. [39] demonstrated this substitution through the replacement on a
commercial digital tomosynthesis machine (Selenia Dimensions, Hologic, Inc., MA) with
an x-ray array consisting of 31 carbon nanotubes having a length of 370 mm, which was
able to cover a 30 “scanning range equivalently. This study demonstrated an improvement
in the modulation transfer function of the system and an increase in microcalcification
sharpness as compared to the rotation-gantry system when imaging the 0.54, 0.40 and
0.32 mm speck groups of an ACR mammography phantom under 28 kVp and a total
exposure of 100 mAs (6.67 mAs per projection). However, several issues for the
optimization of this system still need to be addressed, including the image read-out time
of the detector and the tube current. [39] As an agreement of this research, Andrew et al
developed a stationary digital breast tomosynthesis (s-DBT) system using a CNT-based
X-ray source array, and compared the imaging visibility of microcalcifications in human
tissue with the Hologic Selenia Dimensions digital breast tomosynthesis system. Through
comparing estimations of the artifact spread function (ASF) for the reconstructed images,
the results indicated that the visibility and sharpness of the microcalcifications were both
improved by the s-DBT system. [40] The results of an additional study presented by
Andrew et al in 2013 using the same s-DBT system indicated that the number of views

has little impact on imaging quality, and that employing less views for the same angular
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coverage, a large angular span and uniform mAs distribution over all projections may be

optimal for the imaging configuration. [41]

In a recent feasibility study of a stationary tomosynthesis imaging system developed by
Shan at el. in 2015, 75 linearly distributed carbon nanotubes were employed to construct
an x-ray source array providing an output of 50 to 150 kVp. In addition, a flat panel
detector was used for image acquisition, and a translation mechanism extends the angular
span coverage up to 34< The scanning strategy used in this study was 85 projections with
0.4<angular interval between projections, thus making it comparable to a commercial
tomosynthesis system. Although the system was developed for chest imaging, it was
designed for use in lung vessel and nodule screening, which are soft tissues. The system
therefore inspired the development of stationary digital breast tomosynthesis systems. In
the system characterization, the modulation transfer function in both the vertical and
horizontal directions remained the same for various angular coverages, and the vertical
direction exhibited improved modulation transfer function performance due to the
anisotropic dimensions of spot size in corresponding directions. Artifact spread functions
were also investigated, and indicated that improvements occurred when the angular
coverage was increased. In the anthropomorphic phantom study, 62.3 UGy incident air
kerma per projection at 0.6 mAs and 80 kVp was measured at the patient entrance plane,
which was 95 cm far from the x-ray source. Assuming that the patient entrance plane is
extended to 155 cm, the incident air kerma will be reduced to 18.6 PGy, which is still
considered slightly higher than the mean air kerma per projection in tomosynthesis

techniques. [42] In conclusion, their study demonstrated the feasibility of a stationary
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digital chest tomosynthesis system with optimization needed in several aspects, such as
the shape and size of focal spots, imaging acquisitions, dose delivery to the patients, etc.,

and it also provided a solution to enlarge the covering area for digital tomosynthesis.

Photon-counting Based Tomosynthesis System

Another non-traditional tomosynthesis machine was manufactured by modifying the
Sectra MicroDose Mammaography system (now Philips Healthcare). A multi-slit photon
counting detector, consisting of 21 linear photon-counting sensors, and a collimated x-
ray fan beam scanned an 11 <angular range across the object with an isocenter below the
detector, which is one of the differences compared to the traditional digital breast
tomosynthesis. [43] The advantages of using a photon-counting detector are as follows:
low scattering signals, potentially no electronic noise based on proper configuration of
photon-counting thresholds, potentially high quantum efficiency, and the ability of
photon energy discrimination performing the acquisition of both a high-energy image and
a low-energy image simultaneously, thus obtaining a dual-energy subtraction image

which improves the imaging specificity. [43, 44]

In 2012, European researchers conducted a comparison observer study between digital
breast tomosynthesis imaging and full-field digital mammography. The tomosynthesis
imaging system employed was the same photon-counting tomosynthesis system
described above, while the full field mammography was performed with a MicroDose
D40 system (now Philips Healthcare) and Senograph DS or Senograph Essential system

(GE Medical Syetem). The radiation dose delivered to patients by the photon-counting
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tomosynthesis imaging ranged from 0.28 to 1.42 mGy, while it was 0.2 to 2.4 in the 2D
mammography cases, which denoted a potentially lower radiation dose to patients can be
achieved by photon-counting tomosynthesis. The reader study results concluded that two-
view tomosynthesis using the photon-counting prototype performed better than 2D

mammography. [45]

As photon-counting detection attracts more and more attention in the digital
tomosynthesis technique, photon-counting detectors were characterized to optimize
application conditions and facilitate their feasible use for tomosynthesis in the future.
Siewerdsen et al in 2014 conducted a study to provide understanding on complicated
dependencies and optimizations in photon-counting detector performance, and the
potential pros and cons in comparison with widely used flat panel detectors and other

energy integrated detectors. [46]

Other Tomosynthesis Systems

Compared to the conventional x-ray tube motion of the previously-discussed
tomosynthesis systems, researchers proposed that the motion of x-ray source can be
operated not only along a one-plane arc trail, but also can be performed in a three-
dimension range. Stevens et al suggested a circular tomosynthesis by operating the
motions of both x-ray tube and detector in two circles parallel to each other. Xia et al. and
Zhang et al proposed moving the x-ray tube along two arc trails perpendicular to each
other on a spherical surface. And Zhang et al also developed a zigzag arc trail of x-ray

tube movement on a spherical surface above the object and the detector. These

16



complicated designs of tomosynthesis modalities have been tested and demonstrated by
both computer simulations and digital phantom studies, and the results were encouraging,
but the dose delivery was of less concern in their studies. In addition, their complicated
geometries render it difficult to predict clinical use and operations in order to propose this

type of system in the near future. [8]

2.1.2 Reconstruction Algorithms

In digital tomosynthesis techniques, the resultant images are obtained from a set of
angular projections by reconstruction. There are two widely-used reconstruction
algorithm families serving the functions in this technique, the filtered backprojection

algorithm (FBP) and the iterative algorithm.

Filtered Backprojection

0

fxy)

=

P,(t)

Figure 2: The object distribution f(x, y) is mapped to the set of line integrals.
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The filtered backprojection (FBP) algorithm has been an image reconstruction method
widely used in digital tomosynthesis techniques. FBP arises from Fourier-transform-
based backprojection techniques for conventional computed tomography (CT) imaging,
in which Radon transform maps 2D objects, f(X, y), into a set of linear integrals denoted
by (6, t), where t is defined by t =r0, r = (x,y) € R*and @ = (sin8,cos ) € R%. The
relationship between f(x, y) and the linear integral defined as Radon transform P,(t)

would therefore be as follows:
Po(t) = [, f(x,y) dxdy. )
Using the delta function, Eq. (1) can be rewritten as:
Py(t) = ffj;of(x,y)é(x cos@ + ysin@ — t) dx dy. (2)
Then the Fourier transform of a projection at an angle, Py (t), can be written as follows:
So(@) = I, Po(t) e™2m " dt, ©)
while the 2D Fourier transform of the object f(x, y) is:
Fluv) = [|7.) f(x,y) e /2" dxdy. (4)
Based on the Fourier slice or Central slice theorem, a 1D Fourier transform of a projection
at angle 4 equals a section of the 2D Fourier transform of the object f(x, y), and if we take
the 1D Fourier transform of projections from 0<to 180<continuously, then the set of

those 1D Fourier transforms will be exactly the 2D Fourier transform of the object. By

constructing a rotated version of the (x, y) coordinate system expressed by:

t] _[cosf sinf][X

[S] - [—sine cos 6 [y] ()
a projection along lines of constant, t, is written as:

Po(t) = [1 f(&,5) ds. (6)
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Then we have:

So(w) = J[7[f(t,5) ds] e/2metdt. (7)
Transferring (7) back into the (x,y) coordinate system by employing relationship (5)

again, we have:
Se(w) = [ f(x,y) e~I2metxcosO+ysint) gy, (8)
By defining ug = w cos 8 and vy = w sin G,

S@(w) = F(w' 9) = F(“Blve)- (9)

This means that the value of F(u, v) for radial orientations can be determined by taking
angular line projections from 61, 6s,..., 6k, and performing the Fourier transform.
Therefore, the original object f(x, y) can be recovered by inverse Fourier transform:
flo,y) = FHFw,v)]. (10)
However, tomosynthesis is limited-angle tomography, where the data are acquired only
from a limited angular span with respect to the object. In this case, the x-ray tube moves
along a circular arc or on a linear trajectory, as detailed in previous sections. Because of
the limited angle range from which the angular projections are acquired, the exact
reconstruction of the object can hardly be performed by Equation (10), and the data are
missing with the impact of the object this incompletely sampled. Artifacts, as a

consequence, will be unavoidable.

The artifacts, the impact of incomplete sampling on imaging qualities, can be seen from

the point spread function or the response function of one point in the space. Considering

19



the most general image acquisition scheme shown in Figure 3, the point spread function

of the backprojection is given by: [47]

Source Path

\ /7

a
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Detector Plane y
Figure 3: Scan geometry of partial isocentric mode tomosynthesis.

h,,(r) = const. fC f:: 5(r — se,)dsdt (11)
where the integral over s represents one projection in the direction of the unit vector e;,
and C denotes the source path as a function of parameter t (t € R). Therefore, the integral
over the source path, C, is the backprojection of all projection rays passing through the
point, r. When operating the acquisition sampling with equiangular interval, Equation

(11) can be rewritten in cylindrical coordinates (x,r, ¢) as:
1 +o00
he() = . [ ,, §(r — se,)dsdg (12)
and, then, further rewritten in Cartesian coordinates (x, y, z) yielding r? = y% + z?2 as:

for % < tana

1
hp (x, y, z) = {Zowyz+z2 &(x) (13)
0

otherwise.
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Thus, the point spread function illustrates that the imaging data information is distributed
across all slices, and the image of a point becomes linear in neighboring slices with
decreasing intensity for increasing distance. Therefore, a backprojected point on a certain
slice has the potential to impact points located on other slices.

In addition, when observing the Fourier transform of the backprojection point spread

function:

1
2a /w32,+w§

and considering an approximation of w, < w,, there is a low pass filter along the

Hp(w) = (14)

scanning direction leading to the blurring of the simple backprojection reconstruction.
Then, starting from the system equation of a reconstruction procedure as follows:

G(w) = Hw) : F(w), (15)
where F(w) denotes the Fourier transform of the object and H(w) is the system
modulation transfer function. Therefore, G(w) is the Fourier transform of the
reconstructed image, and we assume the modulation transfer function can be split into a
filtering function and a backprojection transfer function Hp(w):

H(w) = Hpprer (@) * Hp(w). (16)
The filtering function inverts the backprojection transfer function, but the inversion
cannot be solved exactly. Thus, designs of filter functions provide the flexibility to tune

characteristics of the reconstructed images and to minimize artifacts. [48]

In the past decade, many studies have sought to optimize the FBP algorithm for
tomosynthesis imaging, as well as minimize the impacts resulting from incomplete
sampling. Mertelmeier et al. in 2006 presented a general theory of the FBP algorithm
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using in digital tomosynthesis under the arc tube motion by applying ramp filters,
apodization filters, and/or slice thickness filters to decrease the impact of the insufficient
angular range used in tomosynthesis to control the out-of-plane artifacts, and

consequently improve the imaging quality and detective quantum efficiency. [8, 49]

In the following years, Zhou et al. in 2007 modified the standard ramp filter for FBP
algorithm and compared the simulation results with the iterative algotithm, which will be
introduced later; Orman et al. 2008 employed an additional filter to avoid the zeroing
effects of the ramp filter for low frequencies, but unfortunately also introduced undesired
flatness to images; and Wang et al. 2010 presented a small improvement of mass
detectability on the in-plane slice. However, these attempts to decrease artifacts and
improve tomosynthesis imaging quality through modifying filters applied in the FBP
algorithms suffered many drawbacks and defects. Therefore, tomosynthesis imaging still

faces the challenge of technical trade-offs in medical imaging engineering. [8, 49]

Iterative Reconstruction Methods

Due to the simplicity and speed of the backprojection algorithm, digital tomosynthesis is
almost universally practiced through its techniques. However, there is a family of iterative
reconstruction techniques performing the reconstruction of a 3D object from 2D

projections.
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Figure 4: Double-circle motion prototype of tomosynthesis to illustrate the principle
of the iterative reconstruction method.
The basic concept of the iterative algorithm was based on the approximation in an attempt
to solve the series of simultaneous equations linking each voxel element to projected pixel
values in a limited number of projections. When considering the standard monochromatic
approximate model for transmitted x-ray intensity, neglecting x-ray scatter, the general
relationship between the 3D object and the 2D projections can be described as
P(l,m,n) =% X; Xk W(,j, k, [, m,n)D(i,j, k), (17)
where P represents the projection line integral through all voxels in the object along a
given x-ray path, D denotes the density of structures, or attenuation coefficient, in the 3D
object, and W is a weighing factor corresponding to the volume of intersection of a given
exposure and voxel. The acquisition of 2D angular projections is shown in Figure 4. As
W is difficult to be exactly computed, an approximation is made as follows:

W(,j, kI, mn)=6(,i—ktan8 cos ¢,)5(m,j — ktanfOsin¢,). (18)
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Then we have

P(Lmmn) =YK __.D(l+ ktan@ cos ¢, ,m + k tan 8 sin ¢, , k), (19)
where 6 represents the tomographic angle, ¢n is the azimuthal angle of the n™ projection,
and the number of projections is 2K + 1. It is important to note that this model depicted
an Xx-ray tube scanning motion in 3D. In current applications for tomosynthesis
reconstructions, modifications are needed on (19). For projections corresponding to linear
tomography, the azimuthal angle ¢»,=0, and the tomographic angles 6 are equally spaced

between Gmin and Gmax.

Because the value of D(i,j, k) is unknown without a priori, we assume the D(i,j, k)
exists such that the raysum along the x-ray path can be calculated as:

R?"(I,m,n) =YK__,D(l+ ktanf cos¢,,m+ ktan@sin¢,, k), (20)
where g and n refer to the qgth iteration and the nth projection, respectively. The error in
each iteration can be estimated and given by:

E?™(l,m,n) = P(l,m,n) — R?™(l,m,n). (21)
The successively iterated voxel density, D" (i, j, k) — D*t1"(i, j, k), can be described

as follows:

GHing; i LY — pan(i i 1 an i—ktan@cosqbn,)
P (k) = DIRCLJK) + e B (j—ktan@sinq.’)n,n ' (22)

This equation demonstrates that, after an initial estimation of D9"(i, j, k) is made, the
errors in Equation (21) are calculated and backprojected along each x-ray path to
D?™(i,j, k). Then the same process will be performed onto the next projection until all

the projections are included and their corresponding errors are backprojected. Multiple
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such iterations of the iterative processing may be performed in one reconstruction task

until the error terms drop below a specified threshold.

Based on this simple concept, several types of iterative algorithms were developed by
modifying and optimizing the strategies in implements of error criteria, such as
simultaneous iterative reconstruction technique (SIRT), gradient descent (GD) on the
Euclidean data-error distance, the maximum-likelihood expectation-maximization

(MLEM) for a Poisson noise model, and the algebraic reconstruction technique (ART).

Ruttimann et al. in 1984 suggested constrained iterative restoration. First, this method
estimated tomographic blur resulting from the convolution of the weighted fraction of
conventional reconstructed slices with their blurring functions. Next, the method
subtracted the blur from the original reconstructions. The advantage of this technique is
no low-frequency noise amplification, which is inherent in the solution of direct
inversion. But a relatively long computation period or a super computer is required in

processing this reconstruction. [8, 49]

In 2005, Chen et al. proposed another algebraic reconstruction method for digital
tomosynthesis: matrix inversion tomosynthesis (MITS). The results indicated this method
successfully removed out-of-plane artifacts and handled high frequency information, but
performed poorly with mass details. In the same study, Chen et al. applied a hybrid
reconstruction algorithm incorporating acceptable low frequency response of filtered

backprojection as well as high frequency response of MITS. The reconstruction results
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showed that the image of overall breast tissue was enhanced, the imaging quality of high-
spatial-frequency structure was improved and the loss of mass area details was

suppressed. [8, 49]

In 2006, Zhang et al. demonstrated the simultaneous algebraic reconstruction technique
(SART) method for digital tomosynthesys imaging and performed a phantom comparison
to the standard backprojection algorithm. The results showed that the standard
backprojection algorithm performed the same or better than SART in one of the
homogeneous phantoms, but resultant images of the phantoms with tissue-equivalent
structures reconstructed with the SART algorithm were better. In 2012, Lu et al.
demonstrated the improvement of microcalcification visibility without affecting mass
details through wavelet decomposition for multiscale regularization of noise in the SART

algorithm. [8, 49]

Ludwig et al. in 2008 proposed the combination of an iterative reconstruction method,
the simultaneous iterative reconstruction technique (SIRT), with filtered backprojection.
The authors estimated the impulse response of SIRT reconstruction in digital
tomosynthesis and applied it in filtering the frequency domain. This method could be
combined with the other preprocess filters to the acquired projections before
reconstruction. The advantage of this method is its lower dependence on the number of
angular projections acquired. Compared with the method using filtered backprojection
reconstruction only, the application of the SIRT reduces the sharpness of the images. [8,

49]

26



In the recently FDA approved digital breast tomosynthesis system, GE SenoClaire,
iterative algorithm was implemented to perform reconstruction. As indicated in the
product brochure, a calcification artifact correction iterative reconstruction algorithm,
ASIRPBT (adaptive statistical iterative reconstruction), is able to deliver off-plane imaging
improvements in terms of both in-plane and out-of-plane artifacts versus the traditional
FBP algorithm. [8] Unfortunately, based on my scope of knowledge, this commercial

tomosynthesis system along with its reconstruction algorithm has not been characterized.

Other Reconstruction Strategies

There were two conceptually different reconstruction algorithms proposed in 2010. In
contrast with the traditional cubic voxels in most reconstruction algorithms, Wu et al.
proposed an algorithm producing spherically symmetric voxels, blob voxels. This blob-
voxel reconstruction resulted in a less noisy but more blurry image compared to the cubic
voxels. Meanwhile, Chung et al. suggested a spectral reconstruction algorithm. This
method utilizes the polyenergetic nature of x-ray beams entering the object. They
developed a mathematical framework based on a polyenergetic model and statistically
based iterative methods for digital breast tomosynthesis reconstruction. The simulated
results illustrated the success in suppressing beam hardening artifacts and improving the

overall quality of the reconstruction. [8, 49]
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2.2 In-line Phase Contrast Imaging

Phase contrast imaging and x-ray imaging using phase shift information are not new
concepts or techniques. Within the current technologies of phase contrast imaging, which
include x-ray interferometry, diffraction-enhanced imaging (DEI) and in-line phase
contrast imaging, the phase shift information has been successfully employed. However,
both x-ray interferometry and DEI require highly monochromatic x-rays, a number of
special optical devices and complicated system configurations. [50-52] On the other hand,
the in-line phase contrast technique utilizes a similar system configuration as
conventional radiography, with the addition of a specific object-to-detector distance. This
distance introduces an air gap between the object and the detector so that phase gradients
can be produced during x-ray propagation by the variation of fraction indices in the
object. [53-55] Therefore, combined with the effects of conventional attenuation imaging,

the resultant image comprises both attenuation and phase shift information. [55-56]

Mathematically, the refraction index of biological tissues is a complex parameter that can

be represented by the following equation:

n=1-38+ig, (23)

where § is the real part which represents the refraction index decrement result from the
phase shifts and g is the imaginary part of the index which accounts for the x-ray

attenuation. & and g are given by: [53]

5= (“E) 5N, @+ ) (24)

2T
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and

B = () su(Nufi). (25)

2T

A — the wavelength of x-ray,

1, — the classic electron radius,

Z; — the atomic number of element I in the object,

N; — the density of atoms,

fi” —the real part of the anomalous scattering factor,

fi —the imaginary part of the anomalous scattering factor.
The linear attenuation coefficient, u(x, y), and z-projections of the corresponding phase
shift, ¢(x,y), during the propagation of the x-ray are given by the complex x-ray

transmittance: [57, 58]

T(x,y) = R e (26)
where:
o y) =5 [ Bxy,2)dz (27)
and
$(x,y) =" [ 8(x,y,2)dz, (28)

where plane wave propagation along the orientation of the incident x-ray is assumed.
Given the parameters involved in Equations (24) to (26) above, the relative values of u

and ¢ can be determined. Through theoretical calculations, numerous studies indicated
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that the difference in x-ray phases can be up to 1000 times greater than that in attenuation
coefficients. [53, 55, 57, 58] Therefore, in-line phase contrast can significantly improve
the image quality, especially in distinguishing the boundaries between normal and
malignant tissues, as those two types of tissues are different in refraction indices.
Theoretical evaluation of the edge enhancement has derived a formula to elucidate the
relationship between the contrast and the phase through the description of resultant
imaging intensity, from which the contrast can be determined. This relationship is as

follows: [53]
A X
Iny) ~ 22 [1- 222 y2gz ). (29)

In this formula, | is the intensity, M represents the geometric magnification of the in-line
phase contrast system and R> refers to the object-to-imaging distance (OID). The equation
indicates that the contrast is proportional to the Laplacian of object’s projected phase
shifts, ¢. Therefore, higher contrast on the resultant image will be obtained through larger
phase shifts occurring during the propagation of the x-rays. As indicated in previous
sections, the phase shifts will be increased on the physical boundaries between tissues
with different compositions, thus the imaging qualities due to the contrast can be

improved.

Phase retrieval is a method that is able to locate and extract phase shifts among tissues
with different physical natures from phase contrast projections. In order to improve the
imaging capability for a tomosynthesis imaging technique, phase retrieval is employed as

image preprocessing onto the angular projections before reconstructions.

30



In general, phase retrieval is based on the x-ray propagation equation, which reveals how
the phase shifts are encoded in the image intensity variations. Common phase retrieval
methods in the literature require multiple projections (at least two projections) acquired
with varying object-detector distances for retrieval of the phase-shift map of a subject.
[13-15] However, this requirement of multiple image acquisitions for phase retrieval is
cumbersome in implementation, and multiple exposures multiply the radiation dose. In
searching for a better phase retrieval method, it has been noted that when a subject made
of elements with Z<10, such as soft tissues or acrylic, etc., is imaged with high energy x-
rays (60 keV or higher), the x-ray-matter interactions are dominated by the x-ray
Compton scattering from atomic electrons, due to the fact that the x-ray photoelectric
absorption and coherent scattering are diminished. In this case, which is known as the
phase-attenuation duality (PAD), [13] both the tissue attenuation and phase shift are
determined by subject electron density distributions. When the conditions of the phase-
attenuation duality hold, the x-ray propagation equation becomes simplified and the phase
map can be retrieved from just a single phase-sensitive projection. The clinical feasibility
of high-energy phase contrast mammography based on the in-line principle has been
reported and the potential has been demonstrated to improve the signal-to-noise ratio
(SNR) at a reduced radiation dose in phantom experiments. [17-21] However, to the best
of my knowledge, digital tomosynthesis combined with the high-energy in-line phase

contrast technique has not been reported previously.
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Chapter 3. Development of a High-energy In-line Phase Contrast
Tomosynthesis Prototype

3.1 In-line Phase Contrast Tomosynthesis

As detailed in the previous sections, tomosynthesis images are acquired through the use
of a complicated reconstruction process. Angular projections used for tomosynthesis
reconstructions are conventionally obtained through digital radiography. The angular
projections contain no phase information and x-rays experience no phase shifts during
the propagation, thus the resultant reconstructed images demonstrate only attenuation
contributions. On the other hand, in-line phase contrast imaging includes the
contributions of phase effects, and has been proven efficient in providing edge
enhancement at the boundaries between soft tissues with different refraction indices, thus
increasing the image quality. However, phase imaging faces the challenge of overlapping,
which results from superimposed soft tissue structures,