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ABSTRACT

We investigated a novel analyzer-less X-ray interferometer with a spatially modulated phase-
grating (MPG) which produces three types of images (attenuation image, phase image and scatter
image) for Breast computed tomography (CT). The system provides the three complimentary X-
ray images with the goals of limiting the dose to the object and achieving similar attenuation
image sensitivity as a standard absorption-only Breast CT. The MPG system features an X-ray
source, a source-grating, a single phase-grating, and a detector. No analyzer grating is necessary,
compared to other geometries such as Talbot-Lau X-ray interferometry (TLXI). Thus, there is a
~2 times improvement in X-ray fluence at the detector for our system compared to a same
source-detector distance for TLXI, which requires an analyzer grating. In this work we
investigated with simulation an MPG Breast CT system to determine if such a system geometry
is clinically feasible. First the MPG was conceptually designed and evaluated via Sommerfeld-
Rayleigh diffraction integral simulations. Next, we investigated source coherence requirements,
fringe visibility, and dependence of phase sensitivity on different system parameters, for a
proposed system geometry that should clinically feasible in terms of patient dose. The phase
sensitivity of MPG interferometry was proportional to object-detector distance and inversely
proportional to the period of broad fringes at the detector, which was determined by grating
spatial modulation period. In our simulations, the MPG interferometry achieved 27% fringe
visibility for a clinically realistic Breast CT geometry that used a source-detector distance of 950
mm and source-object distance of 500 mm. In conclusion, we simulated a promising analyzer-
less X-ray interferometer for Breast CT, which uses a novel spatial sinusoid modulated phase-
grating (MPG). Our system is expected to deliver attenuation, phase and scatter images in a

single acquisition, with image quality and patient dose that is comparable to general Breast CT.
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CHAPTER 1. BACKGROUND AND INTRODUCTION

1.1 Breast Cancer

Mature breast atomically overlays the pectoralis fascia covering major muscle on the chest
wall and extends into the axilla. Lobular (milk producing) and ductal (milk carrying) elements,
which are embedded in stroma (fibrofatty tissue), compose female adult breast functional
glandular tissue [1].

Carcinomas (Adenocarcinomas) are most common breast cancers starting from epithelial
cells in the ducts or the lobules. The most breast cancer initiate in the terminal duct lobular units
[2]. Based on origin and location of tumor cells, pathologists categorize breast carcinomas into
two types: in situ and invasive. Ductal carcinoma in situ (DCIS) means that tumor cells have
originated in ducts but not spread into surrounding tissues through the wall of ducts [2, 3]. It
largely spreads along ducts in the radial axis of lobular group [2]. Invasive carcinomas, generally
including invasive ductal carcinoma (IDC) and invasive lobular carcinoma (ILC), means tumor
has broken the boundary of its original tissue and spread into nearby regions, even metastasize to
distant organs through the blood or lymph system [2, 4]. It centripetally spreads in the breast
stroma from initial invasive location [2].

To determine treatment options, breast cancer staging is used to indicate severity (spread
process) of tumor from stage 0 to IV in rank order of carcinoma in situ to metastasis [2, 5]. In
consequence, lower number in stage means better or earlier breast cancer. The most used breast
cancer staging system is the American Joint Committee on Cancer (AJCC) TNM system [2, 5].
The so-called T categories describe the size of primary tumor. Larger tumor or wider spread gets
a higher T number. N and M categories represent tumor's metastasis: N indicates number of

lymph nodes involved in tumor (Axillary lymph nodes and supraclavicular lymph nodes are



designated as regional lymph nodes for staging purposes.); M indicates whether distant
metastasis happens [2]. When tumor cells disseminate to lymph nodes other than regional ones,
metastases are categorized ad distant cases [2]. And bone, lung, brain and liver are the four most
common metastatic sites in breast cancers [2, 5].
1.2 Breast Cancer Epidemiology

According to statistics from Centers for Disease Control and Prevention (CDC), breast
cancer is the most common cancer and the second highest cause of death among women in the
United States. Breast cancer alone accounts for 30% of all the expected new cancer diagnoses
and 15% estimated deaths for women in 2020 [6]. Approximately 81% breast cancers are
invasive [2]. And 1 in 8 US women will be diagnosed with invasive breast cancer in lifetime [5,
7]. And there are three-quarters of more than 150,000 women living with metastatic breast tumor
were originally diagnosed with stage | to 111 [8]. Five-year relative survival rate of female breast
cancers is 90% for early staging, but only to about 22% for stage IV [6, 9].
1.3 Breast Cancer Screening and Diagnosis

To detect breast tumors as early as possible, resulting in more likely successful treatment and
improved survival rate, breast cancer screening is recommended for women without any signs or
symptoms of breast cancer [5, 10]. Based on American Cancer Society Breast Cancer Screening
Guideline, women at average risk for breast cancer should begin to take annual mammography
by age 45. For women at high risk of breast cancer, magnetic resonance imaging (MRI) is
recommended as well.

When a suspicious site is detected in breast on screening or patients have breast symptoms,
breast cancer diagnosis is required. The test and procedure to diagnose breast cancer include

diagnostic mammography (may combined with ultrasound), MRI and biopsy.



1.3.1 Mammography

Mammography is a radiographic procedure to detect malignant characteristics, like masses
and microcalcifications, in 2D images projected by compressed breasts using low energy X-rays.
On mammographic appearance of nonpalpable breast cancer, majority calcifications are
associated with DCIS; masses, masses with calcifications and architectural distortion are
associated with invasive tumors [11].

However, the screening efficiency of mammography is relatively low for women with high
breast density or at high family breast cancer risk [12-14]. In mature female breasts, the relative
proportions of fat and fibro-glandular tissue have great individual differences and variations in
ages [1]. American College of Radiology Breast Imaging Reporting and Data System (BI-
RADS) scales female breast density in four categories: category A are the almost entirely fatty
breasts; category B are the breasts with scattered fibro-glandular density tissue areas; category C
are the breasts with heterogeneous density, which may blur small masses on mammography; and
category D are extremely dense breasts containing 75% or more fibro-glandular tissue [15].
Mammography performs only 60% sensitivity in cases of dense breasts, while it accomplishes a
sensitivity of 76% in category A [16, 17]. Moreover, the imaging distortions caused by tissue
superposition and breast compression in mammography also result in false-positives and false-
negatives in screening exams.

1.3.2 MRI and Ultrasound

MRI is recommended as a screening modality in conjunction with mammography, especially
for high risk group. Because it performs high diagnostic sensitivity in any breast density Bl-
RADS category, whereas has no sensitivity to calcifications [18] and much lower spatial

resolution than photon detector in mammography. On the other hand, comparing to screening



mammography which takes 10 to 20 minutes per examination, each MRI examination has more
time consumption in 0.5 to 1 hour [18].

Breast Ultrasound, which is generally used in breast cancer diagnosis to evaluate tumor
masses, can also be a complementary screening modality combined with mammography to
increase sensitivity [18].

1.3.3 Cone Beam Breast CT

Dedicated computed tomography (CT) for breast imaging (Cone Beam Breast CT) is recently
developed and some systems FDA approved to represent 3D anatomic structures of
uncompressed breasts to overcome limitations of tissue superposition and breast compression in
mammography [19-23]. In current clinical based CB Breast CT prototypes at the University of
California at Davis (UC Davis) [20-22] and the Koning Corporation (University of Rochester)
[23-25], the breasts are scanned by a cone-beam x-ray in pendant geometry when patients lie in
the prostrate position on a table with an opening which allows the breasts passing through
without compression as Figure 1 (a) shows. And Figure 1 (b) illustrates the implementation of
tomography for breasts. The UC Davis prototype provided a high spatial resolution by using the
complementary metal oxide semiconductor (CMOS) flat-panel detector, which be able to reach
50 um pixel size [20-22]. In January 2015, Food and Drug Administration (FDA) approved U
Rochester BCT prototype for breast diagnostic imaging in US [24, 25]. Other systems investigate
feasibility, flat-panel detectors and spectral optimization for breast CT systems [26-28].

1.4 Multiple Contrast Mechanisms
1.4.1 Attenuation
For conventional radiographic imaging methods, the contrast is generated by differences in

X-ray exponential attenuation, which quantifies the probability of a photon particle interacts in



traversed medium. When an X-ray beam penetrates through a medium, absorption via
photoelectric effect and scatter via inelastic Compton scattering for incident photons primarily
contribute to attenuation. Both these photon particle interactions are the physical foundation of
tissue contrast in all conventional radiographic imaging methods [29]. The linear attenuation u
primarily contributes to the contrast mechanism in X-ray while the Compton scatter effect
generally introduces bias and reduces contrast. However, due to the fairly small differences in
linear attenuation u for low-Z elements, the contrast between normal breast tissue and tumorous

lesion is weak.

Izotropic Corporation Chen L, et al.

Figure 1.1. Schematic of a dedicated Breast CT. (a) Geometry of CB Breast CT. Breasts are
scanned by a cone-beam x-ray in pendant geometry when patients lie in the prostrate position on
a table with an opening. (b) An X-ray tube and a flat panel detector rotate around breasts.
1.4.2 Phase Shift

As a result of particle-wave duality, an X-ray photon particle can be also treated as an
electromagnetic wave. When an X-ray beam propagates through a medium, a phase shift is
induced by refraction and diffraction effects due to X-ray coherent scattering. Figure 1.2

illustrates the contrast mechanism of phase shift. The complex refractive index n quantitatively

determines the X-ray phase shift as



n=1- 6+ ip,
where &, the real part of n, is the refractive index decrement corresponding to phase shift and j,

the imaginary part of n, responses to X-ray attenuation [18, 30]. The linear attenuation

coefficient u can be related by g = ﬁﬂ, where A is the X-ray wavelength [18, 30]. And X-ray

phase shift @ in medium with the path of transmission can be expressed as ® = 27”] 6(s)ds

[18, 30]. For soft tissue composed by low-Z elements, at energy range of radiography, the ratio
&/p is almost 103 [30]. For instance, for the tumorous tissue of IDC, § is about 1076 to 1078,
otherwise B is about 1072 to 1071 in 10 to 100 keV energy range [18]. Consequently, the

imaging method based on phase shift substantially has a great potential of increasing soft tissue

contrast in radiography.
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Figure 1.2. Hllustration of phase shift contrast due to X-ray refractions.



1.4.3 Small Angle Scatter (SAS)

When an X-ray beam elastically scattered at small angles due to coherent scattering, there is
an intensity reduction radially distributed in a small cone shaped region at the incident beam
direction [31]. Figure 1.3 illustrates the contrast mechanism of SAS. The premise of intensity
reduction is that the X-ray wavelength is much smaller than the scattering scale. In radiographic
energy range with short X-ray wavelength (< 0.1 nm), the cross section of SAS mainly depends
on scattering events at the scale from 10 nm to 100 um [32]. As a result, micro-structural
variations in medium can be distinguished by contrast due to SAS. And this contrast quantifies

differences in nano/micro-scale density in a sample.

- Elastically Scattered Wave

X-ray Narrow Beam ‘\)
Structural variation
on Nano- to Micro- Detector with
meters scale Interference Pattern

from waves scattered
in in different angles

Figure 1.3. lllustration of dark-field contrast due to SAS.

1.5 Grating-based X-ray Interferometry

The X-ray wave properties cannot be acquired by general photon sensitive detectors. The
diffraction and interference induced by gratings can convert the wave front distortions from
phase shift and SAS into visualized intensity patterns. Within a single exposure, grating-based
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interferometry not only provides conventional attenuation information, but also differential phase
shift and dark-field (due to SAS) contrast modalities. Therefore, the soft tissue contrast is
enhanced by multiple contrast imaging method. The two interferometry methods currently at the
forefront are the Talbot-Lau X-ray Interferometry (TLXI) [30, 33-35] and the far-field
interferometry by Miao et al. [36, 37] from NIH.

1.5.1 Talbot-Lau X-ray Interferometry (TLXI)

Talbot-Lau X-ray Interferometry showed in Figure 1.4 is the most comprehensive pre-
clinical grating-based phase sensitive imaging method. A set of linear transmission gratings,
phase grating G1 and analyzer grating G2, comprises the TLXI. Phase grating G1 with periodic
spatial modulation in phase works as a beam splitter dividing incident X-ray wave front into
diffracted beams which will interfere downstream of G1 and induce periodic fringe intensity
pattern by Talbot self-imaging effect [34, 35]. When additional phase shifts due to soft tissues
distort X-ray wave front, distortions like translations and deletions also appear on the fringe
pattern. Since the phase grating G1 is made by low-Z materials, like silicon, the photon fluence
reduction of phase grating is neglectable [34, 35]. Given extreme short wavelengths of clinical
used X-ray, the space between interfered fringes downstream of G; at the clinical detectable
distance generally is much smaller than spatial resolution of a detector. Therefore, an amplitude
grating G2 with periodic X-ray absorption lines is placed downstream of G; ahead of the detector
immediately. It works as an analyzer to transform fringe localizations into visualized intensity
pattern at detector [34, 35]. The displacement or slight difference between the interference
pattern period and G pitch produces broader fringe pattern by Moireé effect [34, 35]. At the same

time, the contrast information due to phase shift and SAS from the sample is still reserved un



detectable fringe patterns. Other than phase grating, the analyzer made by high-Z material, like

gold, attenuates photon fluence obviously.

Imaging
detector

Incoherent
X-ray source

G,
G, E Pfieffer, et al.
Figure 1.4. Schematic of TLXI [34], including source grating Go, phasor G; and analyzer Go.

As Figure 1.5 shows, Koehler et al. integrated a Talbot-Lau interferometric unit into the

Philips MicroDose L30 multi-slit scanning mammography system to investigate the feasibility of
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Koehler, et al.

Figure 1.5. Philips MicroDose L30 multi-slit scanning mammography integrated with TLXI.



grating-based multiple contrast imaging method in clinical application [38]. In the standard
MicroDose mammography system, the tube with 0.45 mm x 0.65 mm focal spot can work at 26,
29, 32, 35 and 38 kV and the detector pixel is in 50 um [38]. Different with the conventional
mammography system, the tube filter is replaced by the source grating GO [38]. In the phase
prototype geometry, space intervals among the focal spot, GO and G1 are 100 mm, 510 mm,
respectively. The distance of the focal spot to the detector is retained at 660 mm [38]. The space
between G1 and G2 is adjustable by the Talbot distance which is determined by the tube energy
to obtain maximum fringe contrast. Phase grating G1 is manufactured with pure silicon and
absorption lines in grating GO and G2 are gold. In an experimental scan, a 160 mm x 196 mm
FOV took 13s acquisition at 38 kV tube voltage; and the air-kerma was 1.9 mGy approximately
[38].
1.5.2 Far-field X-ray Interferometry

Based on the universal Moiré effect, Miao et al. built the far-field x-ray interferometry
showed in Figure 1.6 (a) [36, 37]. This eliminated the need for the analyzer by using two (or
three) phase-gratings with slight differences in pitch between them to create a low-varying “beat-
frequency” (showed in Figure 1.6 (c)) [36, 37]. The ensuing moiré pattern fringes are directly
visible with a standard detector (without the analyzer grating), reducing dose about 2-fold [36,
37]. One drawback is that two or three 400 nm phase-gratings are required for that system to
obtain fringe patterns [36]. Also, the source-to-detector distance are from 1.7 to 2 m for the
Miao, et al. systems, which may be challenging to achieve clinically in a hospital setting [36].

The large source-to-detector distance also reduces the fluence at the detector.

10



L - ' . Miao, et al.

Figure 1.6. Far field dual phase grating interferometry reproduced from Miao, et al. [36, 37]. (a)
Schematic of geometry setup. (b) Detectable fringe pattern by phase Moiré effect along beam
propagation direction. (c) lllustration fringe pattern created by a low-varying “beat-frequency”.
(d) Fringe visibility vs. the space between phase grating G1 and Ga.
1.6 Motivation

Although dedicated Breast CT overcomes the limitations of tissue superposition and
alteration of geometric structure due to compression, and improves low sensitivity for dense
breasts, the diagnostic sensitivity of Breast CT for breast cancer is still limited by low soft tissue

contrast due to attenuation. Interferometry, providing phase contrast and dark field contrast, has

the potential to perform better than Breast CT for breast cancer diagnosis. Phase contrast has
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much higher detector sensitivity than attenuation [18, 30]. Dark field contrast due to X-ray SAS
has potential to detect microcalcification clusters in breast tumors [32]. Therefore, multiple
contrast imaging method by X-ray interferometry is a feasible option to improve diagnostic
sensitivity of breast cancers.

Recently, TLXI has shown the potential to improve detection accuracy of mammography
[39-41] and micro-calcification classification [41, 42] helping detection and early-diagnosis.
Phase images identified trifocal tumors where X-ray absorption images failed [39].
Complementary information from absorption and scatter images [42] distinguished oxalate vs.
hydroxyapatite micro-calcifications, providing a non-invasive scoring of malignancy or pre-
malignancy-risk. While TLXI has made the most clinical stride in the mammogram domain [18,
38, 41-44], an absorption grating (analyzer) is needed to see interference patterns with standard
cost-effective X-ray detectors, which is detrimental from dose/fluence consideration.

For a variety of reasons, such as dose, cost, complex geometry, and bulkiness, many X-ray
interferometer systems described in the literature fall short of clinical compatibility. Given that
the analyzer reduces the photon fluence at detector by nearly half, TLXI is not a clinical
compatible multiple contrast imaging method. If the incident photon fluence is increased to get
same image qualities as general Breast CT, the increase in dose-to-patient is also inevitable. The
other X-ray interferometry methods have limits in geometry, like the far field interferometry by
Miao, et al. [36, 37], and monochromatic X-ray source. Considering clinical compatibility, a
near field X-ray phase grating-based interferometry is preferred.

Our eventual goal is to build a multiple contrast Breast CT system, yielding similar quality
attenuation images, while also providing phase and scatter images without increasing the dose to

patient. Towards this goal we show a potential design in simulations, where we find a feasible
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system geometry and the grating parameters and address critical issues like effects of source
coherence, source-spectrum on fringe-visibility, focal-spot, phase-sensitivity etc.
1.7 Hypothesis and Specific Aims

The clinical compatible multiple contrast Breast CT with novel X-ray interferometry method
will acquire multiple contrast image modalities by an analyzer-less X-ray interferometry
geometry to preserve image quality while simultaneously keeping radiation dose to a reasonable
level. The novel X-ray interferometry geometry is well suited for adaptation into the same
footprint as current clinical Breast CT prototypes, including X-ray source, geometry and data
acquisition workflow.

Specific Aim 1 investigates the spatial structure of modulated phase gratings. An MPG must
modulate an incident monochromatic X-ray plane wave into a periodic fringe pattern at the
detector, which must be located at a clinically compatible distance. The design parameters of an
MPG are investigated to find a design that provides the best fringe visibility.

Specific Aim 2 models a clinically compatible multiple contrast Breast CT imaging system
based on X-ray interferometry with an MPG. The requirements imposed on various design
choices, such as source coherence, are investigated. The MPG interferometry components are
integrated with an X-ray source and acquisition geometry that matches those typically used in
cone beam Breast CT systems.

Specific Aim 3 simulates the forward projections of simple objects (like spheres and gradient
wedges made of different materials) as scanned by the multiple contrast Breast CT imaging
system described in Specific Aim 2. From the simulated projections, absorption, phase contrast
and dark field images are retrieved. The imaging sensitivity of phase shift and SAS in the novel

grating-based interferometry is analyzed quantitatively.
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CHAPTER 2. METHODS

2.1 Optical Simulation

To demonstrate the operation of such a system, we simulated a system shown in Figure 2.1
using the Sommerfeld-Rayleigh diffraction integral (SRDI) [45, 46]. The X-ray transmission
function through a phase grating in a plane perpendicular to the X-ray incidence direction on the
z axis is defined as

T(x,y) = A(x,y)e/®® ) (1)

where ¢ (x, y) is the z projection phase shift determined by grating spatial structure and A(x,
y) is the corresponding amplitude transmission due to attenuation of X-rays.

The amplitude of the diffracted X-ray wave at the detector is obtained by evaluating the

SRDI formula for the Huygens-Fresnel principle. In Figure 2.1, Dy, = z; — z, denotes the
distance between source and grating on the z axis. Dgq = z, — z; denotes the distance between

grating and detector on the z axis. According to the Sommerfeld-Rayleigh diffraction integral,

the amplitude of the X-ray on the detector plane is

1 efk?”o ejkT1
A(xy,y2,27) = J_Aﬂ U(Fs) - To T (X1, Y1,21) - " - cos 0 dx dy, (2)
and the intensity is
1(x3,y2,22) = |A(xy, ¥2, 22) | (3)

where k = 2711 is the wave number and A is the wavelength, U (F;) is the X-ray source wave

function at (xg, ¥o, Zo) , 7o is the distance between source and point (x4, y, z;) on the grating

given by ry = \/ Dsg2 + (x; — x9)% + (y1 — yo)? and r; is the distance between grating point

(x1,¥y1,21) to detector point (x5, 5, Z,) given by r; = Jngz + (% —x1)?>+ (y, — y1)%,and 0
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is the angle between 77 and the normal to the plane of grating. The cos @ term is also given by

Dga
cos O = L=,

L&t
In the initial stage of design, the source wave function U(P,) is assumed as a parallel beam of

X-rays. Therefore, Eq. (2) can be simplified as

ejkrl

D
A(x3,¥2,2;) & jifﬂT(x1’J’1'Z1)'—dx1d3’1 “4)

T12
where we consider a planar wave incident on grating. Since the distance of plane wave to grating

is assumed to be infinity, we can ignore that term. We replaced the cos 6 (between the r; and z-
axis) by @, resulting in a # term appearing in the integral in Eq. (4). When displaying intensity
1

carpet, we show the normalized intensities at each D, to better visualize the fringe-visibility.
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Figure 2.1. Schematic system diagram of SRDI, including a point source, grating and detector.

To verify our computation, we simulated the Talbot carpet (Figure 2.2) for the Talbot-Lau

system for a 4 um standard G; phase grating that is typically used in the TLXI system [34, 35].
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We cover distances of 0 to 200 mm from grating. The pattern is as expected for the n-shift
grating and we observe the first and third Talbot distances at correct distances of 40.3 mm and
120.9 mm respectively [35]. We note that the fringe pattern periodicity is only about 4 um and
hence an analyzer (absorption grating) is required to observe patterns on a typical clinical X-ray

detector (35-75 um pixel size).

Detector (. m)

20 40 60 80 100 120 140 160 180
Beam Propagation (mm)

Figure 2.2. Normalized talbot-carpet for a 4 um z-phase-grating typically used in Talbot-Lau
interferometer. The first and third order Talbot-distances from the grating are 40.3 mm and 120.9
mm.
2.2 Specifications of the Cone Beam Breast CT Prototypes

Based on current developed Breast CT prototypes, including UC Davis, U Rochester and U
Naples which built up with a high-solution detector and microfocus X-ray source, a cone beam
X-ray source and a flat-panel detector rotate around breast circularly or spirally by a rotation
gantry or a slip ring [19-27]. For cone beam X-ray sources, the energy spectrum is determined by
40 to 60 kV tube voltage with 0.2 to 0.3 mm Cu filter [20, 22, 24]. Except the microfocus source,

the focal spot of X-ray sources is in 0.1 to 0.3 mm [20, 22, 24]. For TFT or CMOS flat-panel

detectors with Csl: Tl scintillator, pixel pitches varies in 50 to 200 um [20, 22, 24]. For geometry,
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the distance from source to isocenter is about 50 to 65 cm with 1.4 to 2 magnification factors [20,
22, 24]. The breast containers dimension is generally in 30x30x40 cm [20, 22, 24]. For the study
of multiple contrast imaging, X-ray interferometry is required to be coupled in current clinical
used Cone Beam Breast CT prototype. Table 2.1. outlines specifications of multiple contrast
Breast CT used in simulations and the geometric setup is showed in Figure 2.3.
2.3 Phase Grating Design

As shown in Figure 2.2, without the analyzer, the intervals of intensity fringes are much
smaller than the pixel size of a typical high resolution flat-panel detector (50 um), making the
fringe pattern impossible to be distinguished. As a result, there will only be a bright spot
displayed on the detector. Figure. 2.4 shows this phenomenon in simulations; Figure 2.4 (a) is
the 1 um pitch

Table 2.1. Specifications of multiple contrast Breast CT

Parameters
Focal Spot Size (mm) 0.3
X-ray Source
Tube Voltage (kV) 60
Filter (mm) 0.2Cu
Flat-panel Type CMOS
Detector
Pixel Size (um) 50
Source to Isocenter (cm) 50
Geometry
Isocenter to Detector (cm) 45
Magnification Factor 1.9
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Flat Panel Detector in 50 pm pixel size

Figure 2.3. The Breast CT geometry applied in simulations of multiple contrast imaging method.

grating spatial structure with a 10 um aperture, Figure 2.4 (b) is the intensity pattern in high
resolution and Figure 2.4 (c) is the intensity smoothed with a 5 um box filter. The plot is shown
in original resolution for ease of comparison.
2.3.1 Effect of phase-shift to intensity modulation

The X-ray interference pattern induced from a phase grating which has a multiple-slit
structure is modulated by phase modulation of grating. Periods of interference fringes vary for
difference phase modulations in phase gratings. And at a typical grating-to-detector distance,
interference stripes have different resolutions due to different phase-grating phase-shifts. Figure
2.5 shows different X-ray interference patterns induced by a multiple-slit phase grating in 4 um
pitch with different phase shift at 20 keV. In Figure 2.5 (a) to (d), the phase-shifts are /4, /3,
/2 and . Misalignment and mergence among interference stripes from difference phase

modulations can be used to shape intensity pattern at detector.
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Figure 2.4. Intensity pattern without analyzer in low resolution detector. (a) Spatial structure of a
phase grating with aperture. Pitch width is 1 um and aperture open width is 10 um. (b)
Normalized intensity with high resolution (0.1 pum pixel size) at the first order Talbot distance
2.5 mm downstream of the grating with 25 keV X-ray. (c) Normalized intensity after convolving
with a 5 um width window function.

2.3.2 Sinusoidal Modulated Phase Grating (MPG)

The amount of phase shift modulation from grating is determined by the phase-shift or the
height of the grating. A grating with a different phase shift produces spots with different
brightness for the same grating-to-detector distance. To demonstrate this point, two gratings
(inside same structure) with different heights (phase shifts) are placed adjacently as Figure 2.6
(a); then, intensities of the two individual gratings and the intensity of the combined grating are
shown in Figure 2.6 (b). Broad fringes composed by different bright spots distributed at regular
intervals can then be created by repeating the lower- and higher- level combined phase grating

units on the plane perpendicular to the optical axis. Figure 2.7 shows an entire fringe pattern

created by this method. The period of broad fringe pattern can be controlled by the width of
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multiple-slits. A spot with high brightness is the crest of a fringe and adjacent spots with lower
brightness are the trough. In Figure 2.6 and 2.7, the X-ray energy is 25 keV, grating to detector
distance is 300 mm. The grating function is sampled at 1 nm and the detector is sampled at 10
nm.

To demonstrate the concept of the phase grating design, a rectangular-pattern grating was
useful (Figure 2.4, 2.6 and 2.7), but better fringe-visibility is obtained from a sinusoidal pattern,
such as shown in Figure 2.8, where the superposing structure is a sinusoidal. The sinusoidal was
chosen as it has no sharp cut off and is expected to yield better fringe visibility and other system
characteristics. Also, it can be approximated as a triangular modulation of the grating. In
conference presentations, we have demonstrated in simulations for MPG with either rectangular
modulation or truncated quadratic modulations [47, 48]. In what follows, we assume a sinusoidal
pattern to compute our carpets and visibility.

In a very different concept, for TLXI, “saw-tooth” grating elements were used instead of
standard “binary” grating improving contrast and compactness [49]. This is physically and
functionally different from our MPG case. For the MPG case, the height of the elements is slow-
varying in a given functional form (such as a sinusoid), while in the TLXI work with saw-tooth
grating, the grating structure does not have a height changing modulation of a base grating and
will require an analyzer for imaging with standard X-ray detectors [32].

We also note that the proposed system is physically and functionally distinct from another
analyzer-less system [36, 37] by Miao, et al. Our system uses a single phase-grating with
modulated structures (MPG) while the system [36, 37] by Miao, et al. used three gratings with

standard structure (i.e. without modulation). Functionally, the MPG versus multiple standard-
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phase-gratings makes our system compact (< 1m) compared to the Miao et al system (~2 m), which

makes our system clinically feasible.
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Figure 2.5. Effect of phase shift for intensity modulation. (a) Grating with w4 phase shift. (b)
Grating with w3 phase shift. (c) Grating with w2 phase shift. (d) Grating with r phase shift.
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Figure 2.6. A grating with a different phase shift. (a) Spatial structure of a grating combined by
two linear gratings with /2 and = phase shifts with 1 um pitch. (b) Normalized intensities at 30
cm downstream of the grating with 25 keV X-ray. The red and blue dashed lines show the
intensity of response due to the individual gratings (m shifter in blue and /2 shifter in red).
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Figure 2.7. A grating with repeated lower- and higher- level combined phase units. (a) The entire
fringe pattern (black curve) due to repeated units of low-high linear phase shift grating
combination. The red and blue curve indicates individual wave front intensities modulated by the
grating units at /2 and © respectively shown in (b). (b) The entire grating is plotted to show
corresponding alignment of grating units. Here, the pitch period is 1 um, X-ray energy is 25 keV,
grating to detector distance is 300 mm and the high-low pattern is repeated at 100 pm (W =
100um).
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2.4 Performance Simulations of Our System

We performed a series of simulations for our system with increasing complexity, beginning
with (1) the intensity carpet and fringe visibility analysis along the z-direction with a parallel
source at 40 keV. The MPG-to-detector distances are varied as z = 450 to 750 mm. We also
analyzed the dependence of fringe visibility on energy, pitch and grating spatial modulation period
W, at different MPG-to-detector distances. (2) The intensity carpet with a point source at 40 keV
and 250 mm source-to-MPG distance is shown. Degradation of visibility due to polychromatic
point source with a typical spectrum for Breast CT is shown. (3) We compute the spatial coherence
requirement and show the fringes and fringe visibility for a line-source compared to a point source.
Each of these are explained in more detail below.

2.4.1 Intensity carpet and fringe analysis with mono-energetic, parallel source

A carpet for Talbot-Lau phase-grating such as one shown in Figure 2.2 captures the intensity
of the interference pattern at different distances from the grating and is useful for determining
optimal detector placement. We considered the spatial modulated phase grating (MPG) (Figure
2.8) with phase heights (hq, h,) = (n/4,m), 0.6 to 1.2 um pitch and 100 to 200 um W. For parallel
source, the source-to-grating distance is assumed as infinite, thus, there is no magnification from
geometry, or the fringe period W' = W,

We computed the fringe-intensity carpet for our grating pattern with 100 um W at 450 to 750
mm MPG-to-detector distance. A mono-energetic (40 keV) parallel source is assumed. The grating
is sampled at 1 nm and the detectors (at each z) are sampled at 10 nm. We consider detector
placement in the beam propagation direction z with 5 mm intervals. We show the carpet with two

cases of pitch, 1 um and 0.6 um. And the visibility around the central axis is also calculated by
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tpeak ~ ltrough_ 10094 at every placement and plotted with respect to z, where the Lyear and
(Ipeak + Itrough)

Irougn are the intensities at the peak and trough of the fringes, respectively.

For the same geometry, the fringe visibilities at 450 to 750 mm MPG-to-detector distances are
computed and plotted for different energies between 20-50 keV, different grating pitches between
0.6-1.2 pum and different fringe periods between 100-200 um. These analyses allow for other
system design considerations (low energy mammogram to higher energy CT).
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Figure 2.8. Schematic system diagram (NOT TO SCALE): source, grating and detector. The
source is simplified to a point source here but in reality, there is an X-ray tube and source-grating
(with composite line sources). The grating-to-detector distance D4 can be 45-75 cm making it a
compact system with source-to-detector distance Dy, of ~ 1 m. The grating is a special one with
a sinusoidal modulation of period W over a structure of (smaller) pitch P. The heights h; and h,
are the heights presented to the X-ray beam to shift the phase by certain amount (ex. ©/4 and )
for the center-wavelength. Through geometric magnification Dy, /Ds4 of W, broad sinusoidal

fringes with period W' are displayed on the detector.
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2.4.2 Fringe analysis with a monochromatic and polychromatic point source

Point Source Carpet, monoenergetic: We simulated the intensity with a monochromatic
(40keV) point source for a source-to-MPG distance of 250 mm and MPG-to-detector distance
varying from 450 to 750 mm. For a spherical wave from the point source in the cone-beam
geometry, the fringe period W' on the detector is the grating spatial modulation parameter W

scaled by magnification factor Dg4/Ds, (see Figure 2.8).

Temporal Coherence: To demonstrate that MPG can work well with broad energy band like
TLXI and propagation-based interferometers [34, 35], we simulated the fringe intensities with a
point source in the range of 26 to 60 keV individually for a given MPG with fixed phase heights
(hy,hy) = (m/4,m) at 40 keV. With the geometry of a source-to-MPG distance Dg; = 250 mm
and an MPG-to-detector distance of Dgq = 600 mm, the visibility of 150 um periodic fringes for
each energy were computed and showed in the results section.

Point Source, poly-energetic (Breast CT Spectra): For a given MPG-to-detector distance of
600 mm and source-to-MPG 250 mm, we compare the fringes at the detector from a
monochromatic source versus a polychromatic spectrum suitable for Breast CT. For example, for
the UC Dauvis prototypes of Breast CT, the spectrum is set up by 60 kV with 0.2 mm Cu filter [20,
22]. The X-ray source is an aggregate of sources with different energies each weighted by the
number of photons at the typical energy in the spectrum. The sources of different energies are
incoherent and responses to all the weighted sources are added in intensity [35, 50].

2.4.3 Spatial coherence requirement and source grating

We now consider two issues: one is the spatial coherence requirement of source for interference

fringes to occur for our system and second is the effect of the focal spot blur. These concepts are

similar to TLXI and have been analyzed in depth for TLXI [28, 33] and we go over them briefly
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for our system. X-ray tubes typically used for clinical Breast CT or Mammogram are in-coherent
sources. We therefore require a source grating Go such as required of the TLXI system. Go is placed
close to the X-ray tube focal spot. It can be thought of series of line sources of length L, which

are mutually in-coherent [34, 35].

For a single line source of size L, the corresponding projected source size L,

D
92 on the
Dsg

detector will be convolved with the fringe intensity profile from a point source. Since the broad
fringe (> 50 um) created by MPG is composited by super fine fringes (in the order of grating
pitch) with sinusoidal intensity modulation of W' (> 50 um), the degradation of visibility (due to
the convolution of a line source projection, assumed as a window function, with the finite size

which is smaller than one pixel size of 50 um) will be low.

For our geometry, when Ls% < 50 um, the line source size Ly < 16.6 um, where D is
sg

the distance from source grating Go to MPG and D, is the distance from MPG to detector.
However, the coherence length for the peak-wavelength is given by

_ ADsg _ ADsg
le = PoYo  Ls ®)

where A is the peak-wavelength, P, and Y, are the pitch and the open-ratio of Go. The line-source
size is the extent of the opening in one pitch period Py, or L = P,Y, . The source coherence
length [, has to be larger or equal to Pyp;, the pitch of the MPG. With this constraint, for

Pypg = 0.6 um, Dg; = 250 mm and 40 keV, we would obtain Ly = 12.9 pm. Since fringe

patterns created by different line sources should be superposed on the detector, the pitch of the

!

Go grating can be calculated as P, = DLDSg = 62.5 um, where MPG-to detector distance D is
gd
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600 mm and the fringe period in detector W' is 150 um in our case. This would lead to an open-

12.9

ratio Y, = -z = 20.64%. This is similar to that used in TLXI systems [34, 35, 38].

For MPG with larger pitches, all else being equal, the required coherence length [. will be
larger and line-source Lg has to be smaller and the open ratio of Go has to be lowered. For 1 pm
pitch MPG, L, has to be reduced to 7.7 um and the open-ratio Y, decreases to 12.4%. These
parameters are summarized in Table 2.2. We computed (via SRDI) the fringe pattern with a line-
source for the 0.6 um Py,p. case with Lg = 12.9 um and show in the results section.

Table 2.2. Summarized parameters designed for spatial coherence requirements.

Source Grating Go
Design MPG
Geometry Fringe Period Pitch
Energy | (um) Pitch Open-ratio
Py (um) Yo (%)
Dyy = 250 mm , 0.6 62.5 20.64
_ 40 keV W' =150 um
Dga = 600 mm 1 62.5 12.4

Since the source grating Go decouples the focal spot size of X-ray tube and requirements of
spatial coherence, the resolution of fringes is independent of the imaging spatial resolution [34,
35]. The spatial resolution or the focal spot blur for scanning object is still determined by the focal
spot size of X-ray tube and the geometry of source, object and detector as in non-interferometric
Breast CT. Figure 2.9 illustrates that source grating decouple the fringe formation from X-ray focal
for spot, by creating a series of mutually incoherent virtual small line sources for the phase grating
[34, 35]. The small line source in each source grating pitch (red, blue and green beam showed in
Figure 2.9) independently work each as a coherent X-ray source and produce a fringe pattern at

detector, like the fringe pattern in red, blue and green color in Figure 2.9. Since all the fringe
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patterns are produced with the same geometric magnification factor, all the fringes patterns have
the same period, but with different off-axis translation at transverse (detector) plane. In general,
since these sources are mutually incoherent these patterns will superpose and will blur together
and may overlap completely destructively. However, if the difference in off-axis translations of
fringe patterns (red, blue, green) produced by these adjacent pitches in source grating is exactly
equal to fringe period, the fringe patterns produced by adjacent pitches overlap constructively and
without blurring. The period of the source grating can enable all the fringe patterns to totally

“register” to maintain the fringe visibility of merged intensity pattern.

Source Grating M
Go

Po = 62.5 um
L;=12.9 um

)
Q

X-ray focal spot
Detector

Figure 2.9. The source grating breaks a large size focal spot into a series virtual small line
sources to elimination the effect of focal spot blur in fringe intensity pattern.
2.5 Phase Sensitivity and Example in Breast CT Geometry
The phase sensitivity for an interferometer is defined as
- Lo
§= 2na (6)

where a is the refractive angle caused from the object’s differential phase shift profile and

A /2m is the measured phase shift in intensity fringes, which is normalized by 27 [51]. As the
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parallel beam shown in Figure 2.10, the refractive angle a from an object’s differential phase
shift profile in y-direction z—i is

A oo
2w 0y

()

where A is the wavelength, @ is the phase shift profile of object and the integrated phase shift

measurement
L
0= 52[(5;)dy ®)
The fringe intensity shifts Ay in the detector caused by refractive angle a.is Ay = D, ytan a =
aD,q, where D, is the distance between the object and detector. Since the normalized intensity

fringe phase shift A@/2m can be obtained by Ay /W', the phase sensitivity of our MPG

interferometer is calculated as

§ = o 9)

W
For the cone-beam “inverse” geometry with MPG up-stream of object (D,q < Dgq),
following Tilman et al. [51], the fringe intensity shift Ay in the detector remains as aD,.
Therefore, the phase sensitivity remains the same in the inverse geometry mode with a point
source. To demonstrate that the phase sensitivity of MPG is proportional to object-to-detector
distance and inversely proportional to intensity fringe period, we compute the fringe patterns (via
SRDI) for a ramp-shape object in a constant differential phase shift, 2z rad/mm, with different
D,4 (40-60 cm) and W' (100-200 um) at 40 keV in cone-beam geometry. Then, the integrated

phase shift measurements ¢ are retrieved by single-shot method without scaling by phase
sensitivity. For a fixed constant Z—j, @ is proportional to phase sensitivity S for different cases of

D, and W'. The variation of sensitivity versus D,; and W' are shown in results section.
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Figure 2.10. Schematic diagram of phase sensitivity in parallel beam. The refractive angle o from
an object in ramp shape with a constant differential phase shift in y-direction causes the intensity
fringes shift Ay in the detector. D, is the distance between the object and detector. The intensity
fringes are in period W"'.

MPG example in Breast CT geometry: According to current clinical based BCT prototypes,
the space between x-ray source and the isocenter is generally ~50 to 65 cm and the magnification
factors in the range of 1.4 to 2. The circular opening on the table for hanging uncompressed
breast is in ~30 cm diameter [21, 23]. The X-ray tube works in 50 to 80 kV with Al filter or 0.2
to 0.3 mm Cu filter (UC Davis) [20-23]. We refer to parameters in Table 2.1 to build up a similar
geometry for MPG application in Brest CT (Figure 2.11).

In our geometry, the distance from x-ray focal spot to isocenter (the center of object) kept at
50 cm (to be at par with UC Davis system). Considering there is a small space between focal
spot and x-ray tube window and installation of filter or collimator, the source grating Go is
placed 10 cm away from the focal spot. The Dy, and Dy, keep in 25 cm and 60 cm.

Consequently, for the 0.6 um pitch MPG, to obtain 150 pum intensity fringe period at designed

energy 40 keV, the setup of source grating (pitch P, and open ratio Y,) and collimator are same
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to previous simulations in Part 2.4. The distance from isocenter to the detector, D, is 45 cm and

Dog _ 45cm
w' 150 um

the magnification factor for object is 1.9. Therefore, the phase sensitivity S =

3 x 103. With the high-resolution detector, if we optionally require the focal spot blur is less

50 um X 500 mm

prrp— = 55.5 ym.

than a single pixel size (50 um), the source focal spot size is less than

Therefore, a pinhole collimator is to be placed close to the focal spot (generally 0.3 mm) to

ensure a small source size.
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Figure 2.11. An example of MPG application in Breast CT geometry. The design energy is 40
keV and MPG parameters are 0.6 um pitch and 45 um W. The source grating Go with 62.5 um
P, and 20% open ratio is placed 10 cm away from focal spot. The open extent of collimator is 29
um to limit 50 um focal spot blur in detector. Ds,4, Dyq and D, are 25 cm, 60 cm and 45 cm.

2.6 Quantitative X-ray SAS with MPG Interferometry
Similar to change in a refractive index, the path change of a scattered X-ray wave causes a
translation of fringe pattern in transverse plane. Different angular scattering of X-rays will shift

the fringe intensity pattern by different degrees. For a specific small scattering angle, an X-ray
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beam scattered by a point will distribute symmetrically in all radial directions with equal
probability. And the superposition of all shifted fringe intensity patterns from each singly
scattered X-ray angle is the detectable intensity pattern by interferometry. This process
modulates the periodic fringe intensity pattern with local distortions of fringe visibility [52]. The
degradation of fringe visibility is treated as a sign of SAS power [52-54]. Figure 2.12 illustrates
the mechanism of fringe pattern modulation as a result of an X-ray beam scattered bilaterally at
same angle. In Figure 2.12, comparing to the fringe intensity pattern without a point scattering
(in blue) and the fringe pattern with symmetric bilateral scattering (in purple), SAS has a blurring

effect on intensity pattern.
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Figure 2.12. Illustration of the mechanism of fringe pattern modulation as a result of an X-ray
beam scattered bilaterally at same angle. The blue is the reference without scatter. The red and
yellow lines represent the intensity pattern of half X-rays scattered with £1/10r modulation. The
purple line is the fringe pattern of all scattered X-rays.

Even for a coherent (including temporal and spatial coherence) incident beam, X-rays are

scattered at different small angles. Generally, the distribution of scattering angles 65,5 from a

point is assumed as a Gaussian distribution
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2
_Bsas

P(8sas) = sz =0 (10)

where o2 is the variance of the Gaussian distribution to express the divergence of incident X-ray
beam.
Based on the physical model of phase sensitive imaging method built up by Khelashvili, et

aI., 0'2 can be written as
2 z d Z | pn(2)os(2) d 11
0 fo B(z)dz fO 2ap (11)

where py, is the density of sample, o is the scattering cross section and a,,is the angular beam

pn(2)os(2)
2

broadening due to a single spherical scatter event [53, 54], andB = .
14

represents the

quantitative ratio for a point SAS. The small scattering angle 6545 can be approximated as

Os4s = tan gy = g, where x is the off-axis displacement of scattered X-ray at detector and d

is the perpendicular distance from the sample to detector. Then from (10) the spatial intensity

distribution of a point SAS can be written as

(&) (12)

D(x) = ﬁe‘a
For a point SAS event, the intensity pattern with SAS modulation I(x) can be produced by
I;(x) = I(x) * D(x) (13)
where I(x) is the fringe intensity pattern without sample [54].
2.7 Single-Shot Method to Retrieve Three Contrast Modalities from Raw Acquisitions
A raw projection from interferometry system is a mix of attenuation, phase shift and small-
angle scattering. Phase stepping is the generally applied data acquisition method to extract phase

gradient from projections. For a TLXI, "stepping™ is approached by scanning on transverse axis

over at least one period of analyzer and projection at each point of scanning is acquired. For
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every single pixel, there is an oscillation observed on intensities as a function of transverse
scanning positions [55]. Since the phase gradient at each pixel is independent of attenuation of
signals [55], the pure phase profile image can be reconstructed by simple integration. However,
multiple acquisitions by scanning in steps extend the total time of exposure. And since stepping
acquisition requires translating the source or grating accurately, it is sensitive to motions and
mechanical stabilities [56].

Different contrast modalities modulate the fringe intensity pattern in different formats.
Attenuation only reduce the intensity of fringe pattern. Differential phase shift only translates the
fringe pattern. SAS just causes local visibility degradations. Based on these differences,
according to Bevins et al. [44] and Takeda et al. [57], a raw projection of intensity with moiré

pattern can be approximately written as

1(x,y) = I,(x,y) + I;(x,y) cos [;—Z (x cos O, + ysinb,,) + ¢>] (14)
where p,, and 8., are period and angle of moiré pattern, I,, is the n' Fourier coefficient and ¢ is
the differential phase shift due to grating and object. In the Fourier domain of a raw acquisition,
the attenuation contrast concentrates in the zeroth hormonic peak, which represents I, term in Eq

(14). The differential phase shift concentrates in the phase angle of first hormonic peak, which is

located at the frequency of periodic fringes pi. And the visibility reduction due to SAS

represented by I, term in Eq (14) can be extract by i—l Figure 2.13 is the schematic of the process
0

of Single-shot method to retrieve each contrast modality. Three contrast modalities can be

retrieved by
T = —log () (15)

DPS = arg (1,) (16)
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I
Vsas = —log (—10—b) (17)

Io I1p
where I,, 1, I, and I, are magnitude of FT ~of zeroth harmonic peak in frequency domain of
projection with sample, magnitude of FT ~2of first harmonic peak in frequency domain of
projection with sample, magnitude of FT ~1of zeroth harmonic peak in frequency domain of
reference projection without sample and magnitude of FT ~1of first harmonic peak in frequency

domain of reference projection without sample. Considering the phase sensitivity S in Eq (9) the

DPS of sample is % = DPS/S, and SAS distribution inin Eq (12), yields SAS of sample is

2
2 _ 1 (Pm
0t = 7z (%) Vous

Raw Image
I(x) with fringe
period P,

|FT~'(Hy)|
IFT=1(Ho)|

1*H
at1/P,, othy

SAS Phase Shift Attenuation

Figure 2.13. Example of single-shot retrial method. (a) Fourier transformation of a raw
projection including harmonics in Oth and £1st. (b) Phase profile. (c) Dark-field. (d) Absorption.
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CHAPTER 3. RESULTS

3.1 Performance Analysis Results
3.1.1 Parallel Source, Intensity Carpet and Fringe Analysis

The intensity carpet is shown in Figure. 3.1 for 1 um and 0.6 um pitch of the MPG
respectively for W = 100 um. The fringe peak-to-peak follows the peak-to-peak of the slow
varying modulation in the grating (that is, fringe period W' = 100 um here). This is as expected
from the source being parallel and the concepts outlined in Figure 2.6 to 2.7.

Figure. 3.2 (a) shows that the fringe visibilities in general increase with distance and decrease
after reaching the maximum value. The lower energy, the shorter grating-to-detector distance
needed to reach the maximum visibility. Figure 3.2 (b)-(c) show the fringe visibility dependence
with MPG parameters modulation period W and pitch P, showing an inverse relation with both:

that is, lower the W or P, higher the visibility.
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Figure 3.1. Fringe intensity carpet for parallel beam at 40 keV with 100 um W, from 45 to 75 cm
MPG-to-detector distance. (a) 0.6 um MPG pitch. (b) 1.0 um MPG pitch.

3.1.2 Monoenergetic Point Source Intensity Carpet and Fringe Analysis in Spectrum
The fringe intensity carpet is re-generated for a 40 keV point source, 25 cm from the MPG

(0.6 um P, 45 um W). The carpet for 45 to 75 cm MPG-to-detector D, distance is shown in
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Figure 3.3. The fringe period W' is scaled by the geometric magnification factor, given by ratio

of %. For the detector intensity at D4 = 60 c¢m, the fringe period at the detector is W' =

150 um.
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Figure 3.2. The fringe visibility analysis in parallel beam with 45 to 75 cm MPG-to-detector
distance. (a) The fringe visibility with distance for different energies (in parallel beam) with 0.6
pm pitch, 100 um W. (b) The pitch dependence of the fringe visibility at 40 keV, 100 um W. (c)

The W dependence of fringe visibility at 40 keV 0.6 um pitch.

Figure 3.4 shows the visibility dependence on energy (without spectrum amplitude variation)
for a point source, 25 cm source-to-MPG distance and 60 cm MPG-to-detector distance. The
MPG phase shift is fixed at (/4 , ) for the design energy 40 keV. In a result, the variation of
150 pum periodic fringe visibility is small (within 5%) in 40 = 6 keV.

In Figure 3.5 (a) we chose a realistic BCT spectrum to investigate the degradation of fringes
due to polychromatic nature of the X-ray tube beam. The spectrum is derived using 60kV, 0.2

mm Cu filter as used in UC Davis prototype for BCT*®. Figure 3.5 (b) shows the fringe pattern
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at pure 40 keV and with this polychromatic spectrum. We noted the fringe visibility dropped

from 30.5% to about 27 %, not a significant drop in this energy range.

. . HmL
-300" lo.

-200

-100 |

Detector (um)
=

450 500 550 600 650 700 750
Grating-to-Detector Distance (mm)

Figure 3.3. Fringe intensity carpet for a point source at 40 keV with 0.6 pm pitch in 25 cm
source-to-grating distance and 45 to 75 cm MPG-to-detector distance. The fringe period is
150 pm at 60 cm MPG-to-detector distance.

Visibility (%)

30 35 40 45 50 55 60
Energy (keV)

Figure 3.4. Fringe visibility dependence on energy for a point source from 26 to 60 keV with 0.6
pm pitch, in 25 cm source-to-MPG distance and 60 cm MPG-to-detector distance. The MPG

phase shift is fixed at (1t/4, ) for 40 keV.
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Figure 3.5. Fringe analysis in spectrum (using SRDI). (a) An example spectrum chosen for BCT
with 60kV and 0.2mm Cu. It is generated by online tool “Simulation of X-ray Spectra” from
Siemens Healthcare. The mean energy mode is around 41 keV. (b) The Fringe visibility
(normalized) with spectrum and at monoenergetic 40keV. The visibility dropped from 30.5% to
~27%.
3.1.3 Line Source

In Figure 3.6 we generated the fringes for a line source 12.9 um, as calculated in Methods
section. This represents an opening in Go. The source-to-MPG distance is 25 cm and the MPG-
to- detector distance is 60 cm. The MPG parameters are 0.6 um pitch and W' = 150 um. The
fringe visibility drops slightly from 30.5% to 28.4%.
3.1.4 MPG Pitch

With the same geometry, 25 cm source-to-MPG distance and 60 cm MPG-to-detector
distance and same fringe period W' = 150 um, we generated the fringes for 0.6 um and 1 pum
MPG pitch with corresponding coherent line source size in 12.9 um and 7.7 um in a Breast CT

spectrum (Figure 3.5 (a)). The fringe visibility drops from 27% to 16.1%.

The results of fringe visibility analysis are summarized in Table 3.1.
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Figure 3.6. Comparison of point source and line source (using SRDI). The sources are 25cm
from MPG. The MPG pitch is 0.6um and W' = 150 um. The detector is 600mm from MPG. We
note a drop of fringe visibility from 30.5% to about 28.4%.
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Figure 3.7. Comparison of MPG pitch (using SRDI) with spectrum and line source. The sources

are 25 cm from MPG and W' = 150 um. The detector is 60 cm from MPG. We note a drop of
fringe visibility from 27% to 16.1%.
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Table 3.1. Summarized fringe visibilities for different simulations.

Source | Fringe Period | MPG Pitch Ener Visibility
in Detector (Lm) gy (%)
. 40 keV 30.5
Point -
Source Spectrum with 60 kVp 97
0.6 and 0.2 mm Cu
W' = 150 pm 40 keV 28.4
Line Spectrum with 60 kVp 27
Source and 0.2 mm Cu
1.0 16.1

3.2 Phase Sensitivity Results

Figure 3.8 shows that the measurement phase profile ¢ is proportional to phase sensitivity

S = % for a ramp shape object with ’Z—j = 2w rads/mm. In Figure 3.8, The measurement

phase profile ¢ spans 500 um in y-direction, thus the object phase profile @ is a ramp from 0 to
7. The MPG is in 0.6 um pitch and the source-to-MPG distance is 25 cm. In Figure 3.8 (a), we

retrieved ¢ from fringe intensities with different fringe period W' at same object-to-detector

. . D .. .
distance D,4; = 60 cm. The scaled measurement phase profile M‘)p = -7 isinverse proportional
od

to W'. In Figure 3.8 (b), we retrieved ¢ from fringe intensities at different object-to-detector
distance D,; with same fringe period W' = 150 um. The measurement phase profile ¢ is
proportional to D, 4.

We also simulated with an object in Breast CT geometry as Figure 3.9 (a) shows. The source-
to-MPG distance is 25 cm, the MPG-to-detector distance is detector distance is 60 cm and the
object-to-detector distance is 45 cm. And the scanning energy of a point source is 40 keV. The

simulated object as Figure 3.9 (b) shows is a PMMA block of 1.4 mm width, 260 pum thickness
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Figure 3.8. Phase sensitivity dependence on W'and D,q (object distance). Measured with a
constant differential phase shift object and integrated, obtaining a ramp across the detector with 0
to m shift in 500 um. (a) Phase sensitivity in units of m for different W’. The higher the W', less
the sensitivity. (b) Phase sensitivity in units of & for different object distance. Higher the object
distance, better the phase sensitivity.

and corresponding 0.79w phase shift in beam propagation direction at 40 keV. A polyimide block

in 0.4 mm width, 130 um thickness and corresponding 1.6x phase shift is embedded at the center

of the PMMA block. The projected phase profile of this object on the detector is retrieved by

45cm
150 um

single-shot method [44] from fringes with phase sensitivity % = = 3 x 103. Figure 3.9

(c) shows the projected phase profile of object on the detector and the retrieved phase profile
from fringes.

We simulated a digital phantom composed by tissue equivalent materials scanned by MPG
interferometry in the same Breast CT geometry as Figure 3.9 (a) shows. The phantom showed in
Figure 3.10 (a) is a PMMA block of 1.2 mm width, 1 mm thickness and corresponding 0.6x
phase shift and 2.86% absorption in beam propagation direction at 40 keV. A polycarbonate

cylinder in 0.22 mm diameter and 0.78=w phase shift and 2.73% absorption is inserted at the right
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Figure 3.9. Phase profile retrieved from a simulated object projection from a point source at 40
keV. (a) The geometry of BCT and object projection. (b) The simulated object is a polyimide
slab embedded in a PMMA block. (c) The retrieved phase profile from fringes and the phase
projection from the simulated object on the detector.
side of the PMMA block in 0.28 mm off-center distance. There is also a water sphere in 0.32 mm
diameter is embedded at the left side of the PMMA in 0.22 mm off-center distance. In the
retrieved absorption contrast modality showed in Figure 3.10 (b), there is just 0.3% difference
between PMMA and water. In the retrieved phase contrast modality as Figure 3.10 (c) shows, the
difference is improved to 75%.
3.3 Quantitative SAS results

Different point SAS events are simulated by Gaussian distribution with different variances

a?. As Figure 3.11 (a) shows. Since the performance of MPG interferometry in SAS is only

evaluated by the scattering power in sample rather than numbers of scattering events. The
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Gaussian distributions showed in Figure 3.11 (a) are normalized to a probability distribution
function. The fringe intensities as reference without SAS are produced with different periods.
The MPG is in 0.6 um pitch, the source-to-MPG distance is 25 cm and the MPG-to-detector
distance is 60 cm. According to Eq (13) in Section 2.6, the fringe intensity patterns with a single
point SAS are generated by convolving a Gaussian distribution to the reference fringe pattern as
Figure 3.11 (b) shows. The SAS profiles then are retrieved by Single-Shot methods in Figure

3.11 (c). The larger sigma, which means stronger scattering power, get higher signal strength in

recovered profile.

(a) Polycarbonate (b) Attenuation

3 -600 400  -200 0 200 400 600

* Detector (pm)
1 —
P MMA ! | = = Projection I

\ | —Attenuaton Recovered| |
0.99 i

o

0.98

0.97 -

‘ Zoom In

Detector (12m)
600  -400  -200 o 200 400 600
| T

_o 09725

~_
]
-’
=3
©
3
)

- Phase

Phase Shift ()

8 S s 9
o N B » ® =

-600 -400 -200 0 200 400 600 800
Detector (um)

&
=
3

Figure 3.10. Retrieved absorption and phase projection for a tissue equivalent photom. (a)
Simulated phantom and dimensions. (b) Retrieved absorption contrast of projection. (c)
Retrieved phase shift contrast of projection.

Figure 3.12 shows the scattering strength from retrieved SAS profile varies with the 62 in

Gaussian distribution with different fringe periods. The reference fringe intensity patterns are

produced with 0.6 um MPG pitch and 60 cm MPG-to-detector distance.

44



(a)

Probability (%)

0
Detector (um) Detector (;xm)

Scatter Strength
°
S

e

-200 -100 L] 100 200
Detector (2m)

Figure 3.11. Retrieved SAS profile from angular Gaussian distribution. (a) Spatial Gaussian
distributions with different scattering power. (b) Fringe intensity patterns with different single
point SAS. (c) Retrieved SAS profile by single-shot method.
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Figure 3.12. Retrieved scattering strength of single SAS Gaussian distribution vs. variance in
Gaussian distribution with different fringe periods.
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CHAPTER 4. DISCUSSION

We show that a spatial modulated phase grating (MPG) can be built to generate and control
fringes that are visible on a standard detector (example flat-panel with 50 um resolution) without
the absorption grating (analyzer) in-between the phase-grating and detector. The period of visible
fringes can be controlled by the modulation period W parameter of the grating and system
magnification. The visibility at a specific geometry (given Dszand Dgq) can be optimized by the
height difference (h, — h,) of the phase-shifts of the low- and high- levels of the grating.

Our point source simulation for acommon Breast CT geometry shows only a small loss of visibility
from 30.5% (monochromatic) to 27% (polychromatic) visibility. Similarly using a line-source such
as required for spatial coherence the fringe visibility lowered from 30.5% to 28%.

The W is nominally chosen here to be ~40 to 50 um, which yields a fringe period of ~150 to
300 um at detector (via magnification) which can be resolved with a 50 um detector (such as used
in the TLXI system [38]). But in fact, there are other higher resolution CCD detectors as low as
~25 um can be potentially used for Breast CT [35, 38]. Note, provided the period is resolvable
with a small enough detector resolution, a smaller W' (i.e. W for same geometry) is preferred. A
smaller period yields higher visibility, higher phase sensitivity and provides better resolution of
phase-image recovery if single-shot Fourier method [44] is used. From spatial coherence point of

view as well, smaller W is preferred. For example, with spatial coherence [. = P is preferred. For

: . . ADs : . , -
example, with spatial coherence [, = P, and fixed L; = 20sg — PyY,. fixed, lowering the W’ (i.e.
lc

W for same geometry) will lower the P,. the pitch of the Go grating (which is proportional to W),
thereby increasing the open-ratio Y.
Note our main objective with this system is to deliver the same SNR for the attenuation image

for the Breast CT acquisition, so that the MPG-Breast CT system do not degrade the tried-and-
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tested attenuation images of standard Breast CT systems. On top of similar quality attenuation
images, the MPG Breast CT will provide phase and scatter images. Not having the X-ray absorbing
analyzer, for similar dose to the patient fluence is improved by a factor approximately 2 times with
respect to clinical TLXI[38].

Since the modulated phase grating is nearly transparent to X-rays, were-iterate that the
attenuation image sensitivity will be preserved with respect to the Breast CT. Not having the
analyzer further reduces the system cost compared to TLXI. The cost of making our grating is
largely dependent on the pitch and size. A 0.6 um — 1 um pitch is adequate for Breast CT operating
energies. These pitch values are well within a reasonable range of manufacturing cost for X-ray
phase gratings.

It is important to note that the Go decouples the X-ray tube source from the fringe formation
[34, 35]. The focal spot of the X-ray tube will not affect the fringes resolution directly if there is a
source coherence grating Go [35]. As far as fringe-formation is concerned we have series of small
mutually incoherent “line-sources” determined by Go open ratio, forming registered fringes [34,
35].

However, it is also important to note that focal spot blur of the X-ray tube source affects the
object similarly as in non-interferometric X-ray imaging [4-9]. With 1.5-2 magnification in our
system and 0.3 mm source spot size, the effect of the focal spot on the detector is similar to another
Breast CT systems [20-25].

To reduce the effective focal spot blur, a pinhole collimator may potentially be used
(optionally). For our geometry, for focal spot size of nominally 0.3 mm, a 55 pum pinhole aperture
will reduce the focal spot blur to under 50 um pixel size. With the similar mA as in conventional

imaging, this will increase typical Breast CT imaging times from a few seconds to few minutes.
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A breast-holder may be used for imaging to reduce motion®®. Another option is a microfocus X-
ray tube with about 50 pum spot-size as has been used for Breast CT (e.g. University of Naples
system [60-62]). Due to smaller allowable maximum currents, using microfocus X-ray will
increase the imaging times making breast-holder essential.

If a lower resolution detector is used, the fringe period may need to be increased for adequate
sampling. This can be achieved a few ways. Keeping the distance from source to grating
constant, increasing the distance from grating to detector would increase the fringe period via
magnification (and visibility). However, typically there are clinical limits of space in a hospital
setting. Another option is to use an MPG with higher W to obtain larger fringe period in clinical
compatible source to detector distance.

The analyzer double functions as a scatter grid [63]. However, in conventional Breast CT and
mammography, the scatter grid not only absorbs fluence, it requires careful alignment, failing
which there are image artifacts leading to repeat scans [64]. Hence the current trend in Breast CT
or Mammogram is to perform grid-less scatter correction algorithms which produces equivalent
image quality [65-68]. In fact, for mammography, the scatter correction algorithm from Siemens,
Inc is now FDA approved and used in the clinic [69]. Similar to the grid in the mammogram or
CT, the analyzer absorbs fluence and careful alignment is an issue. Another consideration is that
to the relatively large magnification due to central placement of object, Breast CT the scatter
effects are lower [20]. In the future, we will estimate the effect of Compton scatter and build an
iterative scatter correction algorithm for our system. This could be each-projection based like in
mammography [66, 67] or in 3-D object space as in Breast CT [68]. Fast Monte-Carlo methods

maybe used to expedite the algorithm as done for Mammaography or Beast CT [67, 68, 70].
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We are in communication with Microworks GmbH, Germany [71] to build preliminary MPG
gratings suitable for breast imaging. In the future we anticipate building a prototype by modifying
existing TLXI systems in Pennington Biomedical Research Center, LSU and at the synchrotron

source at Louisiana State University Center for Advanced Microstructures and Devices (CAMD).
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CHAPTER 5. CONCLUSION AND FUTURE WORK

5.1 Conclusion

We demonstrated a novel analyzer-less X-ray interferometer, with a spatial sinusoid
modulated phase-grating (MPG). We showed 27% fringe visibility with total detector-to-source
distance at 95 cm, which is clinically realistic. Our system was able to deliver the attenuation
image without dose or fluence detriment compared to conventional Breast CT, and also produced
phase and scatter images within the same acquisition.

The MPG interferometry is a clinically compatible method. It is suitable for implementation
in the same footprint as current Breast CT prototypes, including geometry, X-ray source and
detector. The MPG interferometer components can be easily integrated into a clinical Breast CT
system. Only two gratings, source grating and MPG, are necessary to be added onto the rotating
gantry.

Multiple contrast Breast CT by MPG interferometry simultaneously provides three contrast
modalities, absorption, phase shift and SAS. Comparing to attenuation-only Breast CT, the other
two modalities provide additional complementary information, including improved soft tissue
contrast and enhanced appearance of microcalcifications, which can presumably aid diagnostic
co-interpretation of the three types of images. At the same time, microcalcification clusters in
breast tumor are also detectable. Consequently, the diagnostic sensitivity of breast imaging can
be boosted.

5.2 Future Work

Optics method of Sommerfeld-Rayleigh diffraction integral treats X-rays as an

electromagnetic wave to simulate interference profiles which encode attenuation, differential

phase shift and dark field contrast. However, due to X-ray photon wave-particle duality, the
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effects of photon interactions in sample, such as photoelectric absorption, Compton scatter and
Rayleigh scatter, are neglected in simulations of optics method. Moreover, SAXS induced dark
field contrast relies on coherent scattering processes. And interference fringe visibility is
sensitive to X-ray beam coherence which can be reduced by photon inelastic scattering. MC
method models each individual particle path through photon interactions probabilities
determined by scattering and absorption cross sections. At the same time, the entrance/patient
doses of MPG interferometry coupled Breast CT are possibly estimated. To quantify sensitivities
of phase shift and SAXS, samples of different materials with specific micro-structures and
scattering cross sections will be simulated in MC part. The entrance skin dose can be evaluated

in MC part at the same time.
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