Louisiana State University

LSU Digital Commons

LSU Master's Theses Graduate School

5-24-2023

Experiments and Data Analysis for Modulated Phase Gratings in
X-rays

Sydney B. Carr
Louisiana State University and Agricultural and Mechanical College

Follow this and additional works at: https://digitalcommons.Isu.edu/gradschool_theses

6‘ Part of the Other Physics Commons

Recommended Citation

Carr, Sydney B., "Experiments and Data Analysis for Modulated Phase Gratings in X-rays" (2023). LSU
Master's Theses. 5796.

https://digitalcommons.Isu.edu/gradschool_theses/5796

This Thesis is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has
been accepted for inclusion in LSU Master's Theses by an authorized graduate school editor of LSU Digital
Commons. For more information, please contact gradetd@Isu.edu.


https://digitalcommons.lsu.edu/
https://digitalcommons.lsu.edu/gradschool_theses
https://digitalcommons.lsu.edu/gradschool
https://digitalcommons.lsu.edu/gradschool_theses?utm_source=digitalcommons.lsu.edu%2Fgradschool_theses%2F5796&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/207?utm_source=digitalcommons.lsu.edu%2Fgradschool_theses%2F5796&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.lsu.edu/gradschool_theses/5796?utm_source=digitalcommons.lsu.edu%2Fgradschool_theses%2F5796&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:gradetd@lsu.edu

EXPERIMENTS AND DATA ANALYSIS FOR MODULATED
PHASE GRATINGS IN X-RAYS

A Thesis

Submitted to the Graduate Faculty of the
Louisiana State University and
Agricultural and Mechanical College
in partial fulfillment of the
requirements for the degree of
Master of Science

in

The Department of Physics and Astronomy

by
Sydney Briann Carr
B.S., Houston Baptist University, 2020
August 2023



This work is dedicated to my parents,
Angel and Brian Carr, who continuously
loved and supported the dreams of
their “little mad scientist.”

i



il

“Education is the most powerful
weapon which you can

use to change the world.”
-Nelson Mandela



Acknowledgments

I would like to first thank my research advisor, Dr. Joyoni Dey, for her unconditional
support and consistent guidance throughout the duration of this work. She never once doubted
my abilities as a professional and encouraged me to be my best self. Without her mentorship, I
wouldn’t be where I am today. I would also like to thank my research advisory committee — Dr.
Kristina Launey and Dr. Garrett Pitcher, for their time and feedback. I also want to thank Dr.
Kyungmin Ham and Dr. Les Butler for offering their years of experience in experimental x-ray
interferometry and tomography, helping to teach and guide me while operating a multitude of

devices and x-ray machinery.

I would like to thank the entire faculty and staff of the medical and health physics
program for their exquisite teaching abilities and mentorship throughout graduate school. To all
the newly acquired mentors, friends and “family” I have made through the National Society of
Black Physicists for their constant reassurance, encouragement and help with navigating through
academia as a minority and student of color. A special thank you to my fellow NSBP councilman
— Elon Price, Tracy Edwards, Farrah Simpson, Allen Pierre-Louis, Morgan Cole, Carlton Smith,
Preston Ohanuka, Refilwe Tanah Bua, and Samantha O’Sullivan, for their love, warm familiarity

and for being so uplifting for me throughout this work.

I would like to thank my student peers for creating such a memorable and worthwhile
experience for me in my graduate studies, but specially to Nousha Afshari and Lacey Medlock
for their much-needed friendship and support. A sincere thank you to Ivan Hidrovo, who ushered
me into the world of x-ray interferometry as both a student colleague and a friend. To my entire
family, my mother and father, and to my sister, Morgan Carr, for the encouragement and support

throughout my entire life. A purposeful thank you to my late grandmother, Shirley Curette, for

v



her unconditional love and support, as well as being my inspiration to pursue Medical Physics
due to her long fight with cancer. A special thank you to my sister, for the many memories of
testing and challenging my knowledge as a child, ultimately opening a door and unleashing the

determination within me to advance in academia and chase my dreams to become a physicist.



Table of Contents

ACKNOWICAZEIMENLS .....evieiiieiiiiiieie et eie ettt ettt et e e te st e st eete et esstessbessseesseessessseassessseansesssesnsesssenssenssenns iv.
LSt OF FIGUIES ..viivvieiieiieieeie ettt ettt et et ettt et et e et e esbeestaessaesseessaesseasseesseensaensaensaessaessaesseenseenseessenns vii
NOIMEIICIATUTE ....viiivieiieeieeiieie et eie et e et e e et e st e eaeesaessbeesseesseesseassesssessseassesssesssesssessseassesssesnsesssenssenssenns ix.
N 013 T AU X.
(O3 F:1 o173 I Y (o T L1 15 o) 1 KO USSR 1
L1, IMIOTIVALION ...ttt eiie st eitesteseteseteseeesteesaeeseeeseaestaessaessaesssesssesssessnessnesssesssesnsesssesssessnessnesssesssenssens 1
L2, PUTPOSE ..ttt ettt ettt ettt ettt ettt e at e e st e e st e e sabeesateeenbte e nteeeabeesabeesnseesnseesnsaeenteennseenes 5
Chapter 2. Three Sets 0f EXPETIMENLS.........cceecuiiiiiieiieeiesiesieseeseeseeeseeeseesseesseesseesseessaesseesseessesssasssessseenns 6
21 CAMD .ottt ettt ettt be e teesb e b e ae e st et e eh e e st e st et e ere e st enbebeeteessensesens 6
22 PININL Lottt ettt ettt et e e te e st e b e be e bt esbe b e be e st es b e sse e st esb e beereestens e beeteessensesens 6
23 PBRO ettt et b e bttt et e b e te e st e b e eaeettesb e beereessensenens 6
Chapter 3. SPECITIC AITIS ...uviiiiiiiiieiieeieeteete st e st e st e sae st e setessaesseessaesseesseesssesseesssessaesseesseesseesseessessseesseenns 7
3.1. Experiments at CAMD and Data ANAlYSIS ......ccccccevvierieriierieiieiieniesiesreseesenesnesaessnessnessnens 7
3.2. Experiments at PBRC and Data ANalYSIS ......cccceviverierierienienienieneeseeseesieeseeseeeseeessnesseeens 11
Chapter 4. RESUILS .....ocvieiieiieiicieeie ettt ettt ettt et e et e et e e be e st e sae s eessaessaesseesseessaessaessaesseenseenses 18
A1 CAMD ..ttt ettt b ettt s b be et e e ra b he st et e sheeteenbabeeteestenbenseeseenes 18
2. PBROC ...ttt ettt ettt b b e teerb b e be st e b e sh e te et ebeereessenbeereeraenes 19
Chapter 5. Conclusion and FULUIE WOTK............cccverierierieniieriieieereeeestesee e sie e ssee e e sraessaessaessnenes 23
5. L. CONCIUSION.....ccvietieiieiiettes ettt ettt e et e e e e e b e e s e e seessaessaessaessaensaensaesseenseenseensennseensens 23
5.2, FULUIE WOTK ..ottt ettt ettt ettt et e e eba e baessaessaessaensaensaesseenseensannseensens 23
Appendix A. Supplementary Information on Sensitivity and SpecifiCity.........cccoccvrvervirrciieiircerienieeienns 24
Appendix B. Marathe Method Expanded Derivation............c.oeeveciieeieeiieeciieiieienie e see e evesresnesnne v e 25
LSS 51 S 1 o1 PSS 27



List of Figures

Figure 1.1. Schematic illustrating (A) transmission, (B) phase contrast and (C) dark-field
contrast IMage fOrmation DY X-TAYS .......cccecvuieiiiiriiieiiienieeieeete ettt et et eeteeseteebeeseaeeseesaseenseesenes 3

Figure 1.2. (A) Schematic of current TLXI system set-up and (B) our proposed

MOCMS-MPG SYSTEIM SEE-UP. .eeuutiieriiieeriiieeiiieeritte ettt et ee et e st e st e e st e e sabteesabteesabeeesaseessaseessseeennne 4
Figure 1.3. Illustration of the GO Effect. ........cocooiiiiiiiiiiiie e 5
Figure 3.1. (A-B) Camera and scintillator set-up. (C) Source, GO and G1 placement

in relation to covered camera-scintillator set-up (D) Schematic of CAMD set-up. ........ccccceueeeee. 8
Figure 3.2. Example of normalization step for MPG-detector distance equal to 2cm..................... 9
Figure 3.3. Ratio of FFT(MPG+GO0) by FFT(GO) for 2cm case........ccceeevveniieeiienieeieeieeieeee e 9
Figure 3.4. IFFT of the ratio of FFT(MPG+GO) by FFT(GO) for 2cm........ccccecievieriieieniieeenee. 9
Figure 3.5. Extracted dominant frequency peaks from FFT ratio for 2cm. ........ccccocevieniiicnnenne. 10

Figure 3.6. (A) View down x-ray beamline from source point-of-view. (B) Side view of

Keck x-ray tomography machine. (C) Zoomed view of MPG and sample set-up. .........ccceeueeee. 12
Figure 3.7. (A) Schematic of PBRC experiment set-up using MPG7. (B) Zoomed view of
rectangular MPG, 1.€., MPG7. .....ooouiiiiiiiieieeeee ettt ettt ettt siae e esee s 13
Figure 3.8. (A) Schematic of PBRC experiment set-up using TRMPG. (B) Zoomed view of
triangular MPG, 1.€., TRIMPGi.......ccooiiiiiiiiiee ettt et st 13
Figure 3.9. (A) Anchovy head. (B) Chicken bone. (C) Asparagus seeds. ........ccceevervierrierreennene 14
Figure 4.1. (A) MPG-only signals recovered after deconvolution for GO-MPG distance equal

to 2cm, (B) 10cm, (C) and 15CIM. ....cooiiiiiiiiciee et e eareeea 18
Figure 4.2. Intensity effect of MPG-only minimizing sum-squared error before smoothing........ 19
Figure 4.3. Intensity effect of MPG-only minimizing sum-squared error after smoothing........... 19
Figure 4.4. Resultant plot of visibility for the rectangular MPG, MPGT7. .........ccceovivieniniennenne. 19
Figure 4.5. Resultant plot of visibility for the triangular MPG, TRMPG..........cccccevvrieniniennenne. 19

Figure 4.6. (A) Absorption (B) and SAXS, or dark-field, images for the Anchovy head
sample using Q4 of the TRMPG. (C) TRMPG visibility plot marked with MPG-detector
ISTANCE USEA, SLCITL 1ieiiiiiiiiei ettt ettt e e e e ettt et e e e e s e s s aaa e e e eeeeessssaaaaseeeeesssssennaraees 20

vii



Figure 4.7. (A) Absorption (B) and SAXS, or dark-field, images for the Asparagus seeds
sample using Q4 0f the TRIMPG.........coooiiiiiiiiiieieeee ettt e 21

Figure 4.8. (A) Chicken bone sample imaged with MPG7 for grating-detector distance of
81lcm, (B) 80cm, and (C) 94cm. (D) MPG7 visibility plot with relevantly marked MPG-
AEtECLOT AISTANCES. ...veiutieiiiiieieiiiett ettt sttt et ettt sb et sa e s bt et e et e sbeebesatesbeenneas 22

vii



SAXS

TLXI

GO

G1

G2

MPG

TRMPG

MPG7

CAMD

PNNL

PBRC

GO0-MPG

FFT

IFFT

Nomenclature

Small-angle X-ray Scattering
Talbot-Lau X-ray Interferometry
Source Grating
Phase Grating
Absorption Grating
Modulated Phase Grating
Triangular Modulated Phase Grating
Rectangular Modulated Phase Grating
Center for Advanced Microstructures and Devices
Pacific Northwest National Laboratory
Pennington Biomedical Research Center
Source Grating to Modulated Phase Grating Distance
Fourier Transform

Inverse Fourier Transform

1X



Abstract

Purpose: Modulated Phase Grating (MPQ) interferometry has been shown in theory and
simulations to produce observable fringes on a clinical detector without requiring fluence
absorbing analyzer. In this work, we will experimentally show that the MPG X-ray system
produces observable fringes and multi-modal X-ray images.

Motivation: Nearly 1 in 8 women in the US will develop invasive breast cancer in their lifetime,
accounting for approximately 40,000 deaths each year [1-2]. In order to pursue the best treatment
option available, cancer itself must be adequately imaged and staged, based on size and level of
metastasis, on the order of Stage I-IV. Currently, the most used imaging modality for breast
cancer screening is mammography. Along with the traditional x-ray absorption images from
mammography, the effects created from scattered x-rays at small angles (SAXS) can be utilized
in the creation of multiple modalities generated from the same scan. Incorporating phase-shift
and SAXS images in addition to the traditional attenuation images allow for an overall increase
in contrast and the better detection of micro-calcifications, a risk factor for breast cancer. The
advantage of MPG over prevalent Talbot Lau interferometry system is that MPG does not
require fluence absorbing analyzer and therefore dose to patient can be maintained similar to
conventional X-ray. Thus, MPG can be used for breast cancer screening mammography.
Methods: Experiments were performed with 8 keV test MPG gratings as well as two 25 keV
MPG gratings, all manufactured by Microworks, GmbH. At LSU’s CAMD, the 8keV beamline
was used to test the preliminary8 keV grating. We implemented both a deconvolution and linear
optimization estimation method to remove the GO grating effects seen in the detected fringe
patterns. Experiments at Pacific Northwest National Lab (PNNL) were done using 25 keV

design energy gratings placed in a X-ray tomography machine to test various constraints and



limits of the proposed MPG system, leading us to the Pennington Biomedical Research Center
(PBRC, LSU) experiments. Here, the Keck x-ray tomography machine (at PBRC) was used to
measure the visibility at various set-up distances and imaged various samples (anchovy, chicken
bone, seeds).

Results: For the CAMD experiments, we successfully removed the GO effects to get similar
results from the deconvolution and linear optimization methods. The PNNL experiments showed
the limit of larger detector pixel size for MPG system set-up. The PBRC experiments showed
that we were again able to view fringe patterns of MPG, calculate visibility and also see
attenuation and small angle X-ray scattering images of samples.

Conclusion: The CAMD experiments yielded recovered fringe patterns with period lengths of
208um — 264um, roughly twice the period of the MPG used. At the PBRC, the visibility
calculations illustrated that the farther the MPG is from the detector, the more the visibility
increased. We obtained attenuation, differential phase and small angle x-ray scattering images of

samples. The triangular MPG also yielded better results than the rectangular MPG used.
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Chapter 1. Introduction
1.1. Motivation

Nearly 1 in 8 women in the United States will develop invasive breast cancer within their
lifetime, accounting for approximately 40,000 deaths each year [1-2]. In order to pursue potential
treatment options for a breast cancer patient, the cancer itself must be detected, diagnosed and
staged, based on size, possible metastasis and possible nodal involvement on the order of Stage
I-IV [30]. The 5-year survival rate of breast cancer patients improves dramatically from 22%
when detected in Stage IV to 90% if detected in earlier stages [3]. Thus, screening is a vital key
to reducing the death rate resulting from breast cancer [4].

Currently, the most used modality for the screening and imaging of breast cancer is
mammography with an estimated 40 million women in the United States that undergo
mammography screening each year. In order to obtain a sufficient diagnosis, mammogram
systems must possess a very high spatial resolution that can distinguish the morphological
features of normal soft tissue from malignant, or cancerous, tissue that can often present itself as
fine microcalcifications [28].

Furthermore, when screening for diseases, the effectiveness of a modality can be described in
terms of sensitivity, the ability of a test to correctly classify an individual as “diseased,” and
specificity, the ability of a test to classify an individual as “disease-free” [27]. In the United
States, mammography currently has a 92% sensitivity and 84-92% specificity [5]. The 8-16%
rate of false positives that result from this screening often causes unnecessary stress for the
patients and costs around $7.9 billion per year [6-7] in follow-up imaging and tissue biopsies,
becoming a significant contributor to health-care costs in the USA [6]. By reducing false positive
rates by even 1%, we can create a large impact by saving billions of dollars annually in

unnecessary, additive health-care costs.
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Figure 1.1. Schematic illustrating (A) transmission, (B) phase contrast, (C) dark-
field contrast image formation by x-rays.

Traditional mammography images used for the screening of breast cancer are formed due
to the interaction of the x-ray beam with the patient’s tissue as it transverses through it [31]. The
varying in x-ray beam intensity is directly dependent on the varying tissue types, its composition
and its attenuation properties [31]. This phenomenon is illustrated in Figure 1.11(A) below. The
denser the tissue, the more the x-ray beam will be absorbed, or attenuated, by it. The more the x-
ray beam is absorbed in an area, the “whiter” this area will be in the resulting x-ray image [31].
The varied attenuation properties of different tissues allow for contrast in an absorption x-ray
image that aids in distinguishing different structures [31].

Along with the absorption of x-rays, the x-ray beam has diffraction and refraction effects
[22]. These effects can be seen as a phase-shift in the resultant x-ray wave. Due to the

differences of refractive properties of different tissues, x-ray images can be produced using this



additive property for contrast [22]. This method of imaging, deemed differential-phase contrast
imaging, can increase the soft tissue contrast of the absorption imaging method in
mammography. This type of image formation is illustrated in Figure 1.11(B) below. When the x-
ray beam is scattered, it can also be elastically scattered at very small angles that results in the
reduction of its intensity radially in a cone shape after interacting with structures much larger
than the x-ray beam’s wavelength [22]. This type of interaction, deemed small-angle x-ray
scattering or SAXS, produces contrast in an x-ray image that allows for the detection of nano-
scaled and micro-scaled structures in a sample [22], as shown as Figure 1.11(C) below. This is
crucial when trying to identify and distinguish malignant microcalcifications in a patient’s breast
tissue. Applying this phase-contrast imaging method would also allow for a non-invasive method
of classifying microcalcifications as either type I (typically benign) and type II (typically
malignant) based on their different chemical composition [32].

Phase contrast x-ray interferometric imaging provides not only attenuation contrast images
(like conventional mammography), but also differential phase-shift and small angle scatter
(SAXS) or dark-field images, all in one single exposure [22]. The prevalent Talbot-Lau X-ray
interferometry (TLXI) system [8-11],., has shown the potential to improve radiographic accuracy
in detecting tumors [12-14] and in classifying micro-calcifications [15]. This provides a potential
for improving both detection and diagnosis [16, 17] as well as specificity. However, multi-
contrast modalities of the TLXI system comes at the cost of increased radiation dose to the
patient, which inhibits it from being used in clinical screening (due to dose regulation for
mammograms).

The TLXI system has both a source grating, GO, and then a phase grating, G1 that is semi-

transparent to x-rays, to slit the beam locally causing interference patterns to form at the



detector. However, they are only between 4 or5 microns from peak to peak. Therefore, an
absorption or analyzer grating, G2, is needed between object and detector to act like a “mask,”
creating larger moiré patterns 150-300 microns. This is then visible on a clinical, flat panel
detector with a pixel-size of 50 microns. Unfortunately, the G2 grating will absorb around half
of the x-rays. Thus, in order to maintain same fluence of x-rays at the detector, the fluence of
the x-rays will need to be doubled, which in turn will increase the dose to object. This inhibits
the TLXI system from being directly used in clinical screening mammography where the dose

is regulated to be between 3 to 4 mGy in the United States.
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Figure 1.2. (A) Schematic of current TLXI system set-up and (B) our proposed MCMS-MPG system
set-up.

Dr. Joyoni Dey and our research group as a collective has proposed multi-contrast
mammography system with modulated phase gratings, or MPG system, uses a structured phase
grating with rectangular or triangular modulation which creates large enough fringe patterns on
the detector without requiring an analyzer grating, or G2 grating, in which our group has already
shown through simulations [18-20]. No analyzer grating means no need to double the fluence of

x-rays, consequently decreasing the dose to the object, or essentially the patient. Hence, this can



be used in screening mammography.

A GO grating is still needed in the system set-up for creating a coherent source for the
MPG, or G1 grating, but there is ultimately a loss of visibility if the GO pitch is incorrect. This
“GO effect” can be thought of as a linear kernel and even further approximated as a convolution
of the individual fringe patterns of the MPG and GO gratings. However, there is also some
deconvolution due to slit opening of the GO because the slit is not an exact point source, but a

line source. This GO effect is illustrated in the schematic below in Figure 1.2.
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Figure 1.3. Illustration of the GO Effect.

1.2. Purpose
Our group’s prior publications have shown MPG in theory and simulations [22, 23]. We wish
to experimentally prove that our proposed MCMS-MPG system produces observable fringes and

good quality multi-modal images.



Chapter 2. Three Sets of Experiments

2.1. Center for Microstructures and Devices - CAMD

For the first set of experiments, data sets were collected at LSU’s Center for
Microstructures and Devices (CAMD) in Baton Rouge, Louisiana using a beamline from the
synchrotron and a low-quality modulated-phase grating, or MPG. This specific MPG was
effectively tuned for an 8 keV beam. For the GO, or source grating, just an available GO grating
was used at the time. However, this did not affect the outcome of our experiments due to the GO
effect which will be expanded upon later within this paper.
2.2. Pacific Northwest National Laboratory — PNNL

Experiments were next performed at Pacific Northwest National Laboratory (PNNL) in
Richland, Washington using an x-ray tomography system. The data sets collected and analyzed
at PNNL revealed that a small source was excellent for our purpose, however, the detector was

rather large with each pixel size equal t0192 um. This caused issues when trying to observe the

small fringe patterns hitting the detector. In order to both fulfill a desired higher spatial
resolution and to be able to have adequate visibility of the fringe patterns, a small source in
addition of a small detector pixel is required for our proposed system set-up. We used the results
from these trials to further investigate now in the correct direction.
2.3. Pennington Biomedical Research Center — PBRC

When returning to Baton Rouge, experiments were done at Pennington Biomedical
Research Center (PBRC) using an x-ray tomography system. This system had both a small
source and a small detector pixel size of 75 um which served as the ideal conditions we needed

for our proposed MCMS-MPG system set-up.



Chapter 3. Specific Aims

In this work, the details surrounding the methods used behind the CAMD and PBRC
experiments and data analysis will be thoroughly explained. This being because the experiments
at PNNL served mainly as a directional pivot in the research when testing and evaluating both
the conditions needed and the limits for our proposed MCMS-MPG system.

3.1. Experiment at CAMD & Data Analysis

3.1.1. Experimental — Beamline Port SA: MPW-Biomed-Tomo

The experiments were conducted using an 8 keV beamline as the source at LSU CAMD
specifically using the beamline detailed as Port SA: MPW-Biomed-Tomo. In Figure 3.1(c), the
source is seen at the top of the image, followed by the GO, or source grating, then followed by
the G1 grating. The G1 grating seen in Figure 3.1(c), is the rectangular modulated phase grating
with a phase modulation, height 1 and height 2, are such that phase shifts are 0.74n and 0.937 at
8 keV, illustrated in the schematic in Figure 3.1(d). The detector was a scintillator and a high-
resolution sSCMOS camera (PCO.edge 4.2 LT) with a 2048x2048 full frame with each pixel size
equal to 6.5um [23]. When detecting the x-rays, the scintillator would convert the x-ray energy
into visible light that could then be picked up by the camera [23].

The schematic in Figure 3.1(d) illustrates the experimental set-up in terms of distances
and dimensions, although not to scale. The GO to detector distance was 48cm and kept constant
between exposures with a varying MPG to detector distance of 2cm, 10cm and 15c¢m. The pitch
of the grating is represented by P and the grating’s period represented by W, which in this case is
equivalent to 120 pm. The accuracy of the height 1 and height 2 were verified at CAMD through

measurements under a microscope before any experiments were initiated.
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Figure 3.1. (A-B) Camera and scintillator set-up. (C) Source, GO and G1 placement in relation to covered

camera-scintillator set-up (D) Schematic of CAMD set-up.

3.1.2. Data Analysis — Deconvolution

Considering the GO effect, we collected x-ray images
with the GO grating alone and images with the MPG+GO
grating combination. In order to achieve getting the effect
of the MPG alone, we needed to perform a method of
deconvolution between the GO and MPG+GO signals,
doing so for all three cases of MPG to detector distances of
2cm, 10cm and 15cm while utilizing MATLAB software.

To perform a deconvolution, we first normalized the

relative attenuation between the MPG+GO0 and the GO

alone plots (i.e., making them have the same average signal).

Intensity

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Micron

L Hidrovo, S. Carr, et, al. 23]

Figure 3.2. Example of normalization
step for MPG-detector distance equal
to 2cm.



In Figure 3.2 below, the result of this step performed is shown for the 2cm case (MPG to detector
distance). The recovered MPG+GO signal is shown in blue and the GO alone signal is shown in
red. The two signals can be distinguished right away because the oscillation amplitude is higher
for the blue MPG+GO signal than the red GO signal [23].

In order to extract the MPG only signal, we must do so in the fourier domain. Therefore, next
we took the fourier transform (FFT) of both the GO and MPG+GO signals followed by taking the

ratio of the two respectively, as shown below for clarification:

FFT(MPG + G0)
FFT(GO)

)

As a result, a pair of clear, dominant frequency spikes were revealed, as seen in Figure 3.3
below for the 2cm case. By taking the inverse fourier transform (IFFT) of this right away, we
ultimately now have deconvolved the MPG+GO0 and GO signals, however, the recovered MPG

only pattern is very noisy, as seen in Figure 3.4 below.
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Figure 3.3. Ratio of FFT(MPG+GO0) by FFT(GO0) Figure 3.4. IFFT of the ratio of FFT(MPG+GO0)
for 2cm case. by FFT(GO) for 2cm.



In order to attain a recovered MPG only signal with reduced noise, we kept only the
dominant harmonic peak-pair seen in Figure 3.5, again for the 2cm case as a visual example,

isolating just them before performing an inverse fourier transform.
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Figure 3.5. Extracted dominant frequency
peaks from FFT ratio for 2cm.

3.1.3. Data Analysis — Linear Optimization Estimation

For the case where the GO to MPG distance was 10cm, we applied a linear optimization

estimation method, minimizing the sum-squared error. We did so because the deconvolution
method is more constricting than the method of linear optimization [23]. The GO only and

MPG+GO0 data can be related by Eq. (2) below, which is more general than the convolution
assumption from earlier:

$=aixi+ -+ apx, ¥)

Under the assumption that both data sets are related via Eq. (1), the MPG+GO0

combination data, denoted §, and the GO only fringe pattern data, denoted as x. Minimization of

the sum-squared error allows us to find the intensity effect of MPG only, given by a vector A4

10



with coefficients a;, shown in Eq. (3) [23]:

A= RyR? (3)

Here, R is the n X n autocorrelation matrix for the x variable and the vector R is the
cross-correlation vector between x and § [23]. Now with our variables defined, we utilized
MATLAB software to yield the vector 4, the intensity effect of MPG-only data, by first creating
a2-D, 1181 x 1181 autocorrelation matrix, R (for x, i.e., GO only data) using circular shifting.
Next, a 1-D, cross-correlation vector, R, (between x and $, i.e., GO only and MPG+GO0 data), was
created and applied to Eq. 3 to yield the vector A4 data (i.e., the intensity effect of the MPG only)
[23]. Lastly, the resultant data was smoothed by a convolution kernel window equivalent to 15

pixels, or around 60um to remove and minimize any noise present in the data.

3.2. Experiment at PBRC & Data Analysis

3.2.1. Experimental — Keck x-ray tomography machine

In the set of experiments conducted at PBRC, our proposed MCMS-MPG system was
tested using 45kV x-rays with a 55uA current from a Hamamatsu Photonics K.K. unit the Keck
x-ray tomography machine, seen in Figure 3.6 (a). These x-rays were detected on a Dexela 1512
GigE x-ray detector also seen in Figure 3.6 (a-c), as well as seen in Figure 3.6 (b), along with its
spatial relation to the approximate locations of the source and grating positions. Figure 3.6(a)
shows the system as looking down the beamline along the z-axis beginning with the x-ray

source, down to the detector.

11



H. Meyer, J. Dey, S. Carr [24]

Figure 3.6. (A) View down x-ray beamline from source point-of-view. (B) Side view of Keck
x-ray tomography machine. (C) Zoomed view of MPG and sample set-up.

For our G1 grating, we used two different types of modulated phase gratings for the

imaging experiments at PBRC. The first was a rectangular MPG, designated MPG7, where the
h2 and hl are such that at 25 keV, the phase shifts are approximately g and g respectively, as
seen in Figure 3.7(a). For the second type of MPG, we used a triangular MPG, designated
TRMPG, where the 42 and /1 are such that at 25 keV, the peak phase shifts are approximately
and % respectively, as seen in Figure 3.8 (a). In Figure 3.7(a) and Figure 3.8(a), a schematic
drawing of the Keck experiment set-up is illustrated with both MPG7 and TRMPG in use,
respectively. The total distance from the source to the detector was 110cm. The MPG to sample
distance was 13.5cm and was kept at this constant distance of separation for each trial of

exposures. The MPG to detector distance varied for the visibility experiments. The variable “p”

is representative for the pitch of the specific MPG, the variable “F,”, representing the period of

12



the fringe pattern produced, and the variable “W”, representing the period of the MPG with 42

and /1 specifying the phase modulation of the gratings.

110 cm

X-ray beam ) Fp

L

Varied for visibility experiments

H. Meyer, J. Dey, S. Carr [24]

Figure 3.8. (A) Schematic of PBRC experiment set-up using TRMPG. (B) Zoomed view of

triangular MPG, i.e., TRMPG.
110cm
— =
Xeray beam, - . g W O
. | i 13.5cm
=
hl

Varied for visibility experiments (x-y)

H. Meyer, J. Dey, S. Carr [24]

Figure 3.7. (A) Schematic of PBRC experiment set-up using MPG7. (B) Zoomed view of
rectangular MPG, i.e., MPG7.
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We decided to use a variety of samples for the experiments at PBRC in order to
adequately supply us with images that will test the visibility of this system for a range of tissue
types. First, we used a sample of an anchovy fish head, a sample of both boney and soft tissue to
image. Next, we used a chicken bone, a sample of solely just boney tissue. Lastly, we used
multiple asparagus seeds, a sample of more uniform composition. All the samples used are

shown in Figure 3.9.

H. Meyer, J. Dey, S. Carr [24]

Figure 3.9. (A) Anchovy head. (B) Chicken bone. (C) Asparagus seeds.

3.2.2. Data Analysis — Marathe Method

Our interferometric data sets can be defined as a set of x-ray counts, cgp,, Where g =
1, ..., M is the index that identifies each exposure, with one exposure at each grating
displacement, and p = 1, ..., N is the index that identifies the “pth” pixel (N= millions) [26].
For our experiments at PBRC on the Keck machine, we took exposures for 7 different grating

steps, Xg, therefore g = 1,...,7 . We then fit each set of exposures pixel by pixel to each pixel’s

14



expected dependence on the grating position, followed by adapting a fitting algorithm that will
ultimately transform this fitting operation into a simple matrix problem [26].
It is defined, that a grating-based phase-stepping interferometry data set consists of a set of

pixelated images acquired as a function of grating stepping [26]:

” . 2T
Cop = a1p + apsin (@ Xg + ¢p) 4)

Here, the amplitude of the interference term for the “pth” pixel is represented by ap, the phase of
the interference term for the “p#h” pixel represented by ¢, and the period of the translated
grating represented by pgrac [26]. After applying trigonometry, we can easily expand gy, to the

following equation:

&gp = [1]aypy + a, [sin (pzn xg)] cos(¢p) + a, [cos <p2n xg)] sin(¢,) 5)

grat grat

The bolded, boxed-in terms, or the fitting functions, within Eq. 5 can now be used to represent an

M x 3 matrix defined as B, specifically for our data sets, a 7 X 3 matrix B.

3
Cop = Z Byuayp ©

u=1
In Eq. 6, a,,, is defined as one of the elements in the 3 X N matrix a, specifically for our data

sets [26]. This matrix « is a matrix of amplitudes, or weights, of the three fitting functions for N
number of pixels, constant, sine and cosine, as seen in Eq. 7 (Hence, this is what we are trying to

solve for in the end) [26]:

A1p = Ay, Agp = a,c0s (Pp) , azp = apsin (¢p) (7
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Now that the fitting problem is essentially converted into a matrix problem, we still need
to minimize the noise, this by calculating the minimization of the deviation-squared, D,,. First,

the best fit is chosen for the set of coefficients, a,,, that will effectively minimize D,, for each

up>

pixel [26]:

M
Dp= ) (cop = Lgp)? 8)
g=1

To minimize D,, we must first calculate the derivatives of each D,, with respect to each

component of the matrix a, set all the deviations equal to 0 and then solve all the resulting matrix

equations [26]. Since we are seeking the closest alignment of the fit vector, Cg, with the data

aD
vector, ¢g, we set— =0 forv =1, ..,3[26].
day

We can then solve for a, as @ via a sequence of matrix operations,

(BT-B)-a= BT-¢ )
a=G-¢ (10)
G=BT-B)1-BT (11)

Note, a transpose operation needed to be performed because the matrix B is not a square matrix,
but (BT - B) is, therefore we were then able to take the inverse of this, as illustrated in the steps
between Eq. 9 and Eq. 11.

Now, the optimization problem is reduced to a matrix problem of simply multiplying a
3 X M fixed matrix G into the M X N data matrix ¢ , yielding the resultant 3 X N coefficient
matrix a, shown in Eq. 10 [26]. We were able to perform these matrix operations efficiently

using MATLAB software. Once the polar coordinates, a,, and ¢,, in Eq. 12, of matrix a were

recovered, the equations defined for phase recovery (Egs. 13-15) can now be satisfied:
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_1.,43p
a, = ’agp +a3,, ¢, = tan~ (=) (12)
azp

a,,(sample
transmission = 1p(Sample) (13)
a;p(reference)
dif ferential phase contrast = ¢, (sample) — ¢, (reference) (14)

a,(sample)/a,(reference)

darlfteld = G (sample) [asy(reference) (15)

The visibility of the fringe patterns can be simply calculated based off the maximum

and minimum intensity of the interference patterns, illustrated in Eq. 16 below. This was

done at different grating to detector distances in order to find the optimal range of visibility

for our proposed system.

L — Ly
visibility = % (16)
max min
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Chapter 4. Results

4.1. CAMD

4.1.1. Deconvolution

After performing the IFFT of the FFT ratio, FFT(MPG+G0) by FFT(GO) for the GO to
MPG distances of 2cm, 10cm, and 15¢m cases, we have essentially performed the deconvolution
of the MPG+GO0 and GO0-only signals. The resultant MPG-only signals are shown in Figure
4.1(A-C). Analysis of all 3 graphs reveal that the distance from peak-to-peak, i.e., the period, ¥,

of the MPG-only graphs, measures to be between 208 pm and 264 pm.

e IFFT of FFTRatio Peaks IFFT of FFTRatio Peaks IFFT of FFTRatio Peaks
g 0.15 0.15
SUHE Y S
‘? o0 % 0.05 ‘%‘ 0.05
£ £ =
0.05 4 - 0.05 -0.05
*“UMH Y - N
045 0.15
0 500 1000 1500 2000 2500 3000 3500 4000 4500 4150 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 1000 1500 2000 2500 3000 .3500 4000 4500 5000 5500 6000
Micron Micron Micron

1. Hidrovo, S. Carr, et, al. [23]

Figure 4.1. (A) MPG-only signals recovered after deconvolution for GO-MPG distance equal to 2cm, (B) 10cm,
(C) and 15cm.

4.1.2. Linear Optimization Estimation

The recovered intensity effect of MPG-only, Iy;p;, computed by linear optimization
minimizing sum-squared error before smoothing is shown below in Figure 4.2 and I,p; after
applying smoothing a smoothing kernel to reduce noise, shown in Figure 4.3. Analysis of the
smoothed Ip; signal shows that from peak-to-peak, i.e., the period, 7, approximately measures
between 208 um and 264 pm as seen earlier in the results of the deconvolution method that was

applied for the 3 different GO-MPG distances.
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Figure 4.3. Intensity effect of MPG-
only minimizing sum-squared error
after smoothing.

Figure 4.2. Intensity effect of MPG-
only minimizing sum-squared error
before smoothing.

4.2. PBRC

4.2.1. Marathe Method

After the application of the Marathe Method to the resultant image data sets obtained
from the PBRC experiments, we were able to generate plots detailing the visibility of both the

MPG7 and TRMPG Q4 for our system set-up. The visibility plots for MPG7 and TRMPG are

TRMPG Q4 MPG7
0.07 T T T T 0.065 T T
0.06
0.08 ] 0055
0.05
0.05F
b -o? 0.045
E 0.04 3 0.04
@ @
S > 0035
| ] 003f
0.025
0.02
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0.01 ; - . . - 0.015 : - - . . . . . »
50 60 70 80 90 100 110 50 55 60 65 70 75 80 85 90 95 100
MPG Distance from Detector (cm) MPG Distance from Detector (cm)
H. Meyer, J. Dey, S. Carr [24] H. Meyer, J. Dey, S. Carr [24]
Figure 4.5. Resultant visibility plot Figure 4.4. Resultant plot of visibility
for the triangular MPG, TRMPG. for the rectangular MPG, MPG7.
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seen below in Figure 4.4 and 4.5, respectively.

For the MPG7 visibility plot, we can draw the conclusion that the peak visibility of our
system set-up is when our MPG to detector distance falls between 87cm and 92cm. For the
TRMPG Q4 visibility plot, we can see that the peak visibility will be when our MPG to detector
distance falls between 98cm and 102cm.

4.2.2. Image Results from Samples

For the achovy head sample, we were able to recover both absorption and SAXS images,
as seen in Figure 4.6(A-B) below. During this set-up, the TRMPG Q4 was used for imaging at a
grating to detector distance of 8 1cm. In relation to the prior visibility plots produced using the
Marathe Method, we marked where the visibility lies for a MPG-detector distance of 81cm on

the plot and found it to lie right above 0.04 visibility.

TRMPG Q4

Visibility
-
3

o
o
@

o
o
)

o
=3

60 70 80 20 100 110
MPG Distance from Detector (cm)

8

H. Meyer, J. Dey, S. Carr, et al

Figure 4.6. (A) Absorption (B) and SAXS, or dark-field, images for the Anchovy head sample using
Q4 of the TRMPG. (C) TRMPG visibility plot marked with MPG-detector distance used, 81cm.
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For the asparagus seeds sample, seen in Figure 4.7 (A-C), both absorption and SAXS
images were recovered using the TRMPG Q4 identical to the anchovy head sample. Again, the
MPG-detector distance used was 81cm, so this distance can be referenced back to the marked
TRMPG visibility plot seen in Figure 4.6(C). Again, our visibility is equivalent to slightly more
than 0.04 just like the anchovy head sample since the visibility of the system is dependent on the

MPG-detector distance.

H. Meyer, J. Dey, S. Carr, et al [24]

Figure 4.7. (A) Absorption (B) and SAXS, or dark-field, images for the
Asparagus seeds sample using Q4 of the TRMPG.

For the chicken bone samples, we recovered absorption, SAXS and differential-phase
contrast images seen below in Figure 4.8(A-C). These images were produced using the MPG7
set-up with a grating-detector distances of 81cm, 80cm and 94cm for (A-C) respectively. We did
s0 to again test the capabilities and extremes for our proposed MCMS-MPG system. Using the
grating-detector distance information for each set of images, we marked on the MPG7 visibility

plot to find the specific visibility for each of the distances, seen below in Figure 4.8(D).
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Figure 4.8. (A) Chicken bone sample imaged with MPG7 for grating-detector distance of 81cm,
(B) 80cm, and (C) 94cm. (D) MPG?7 visibility plot with relevantly marked MPG-detector

distances.

Note: From left to right, the leftmost images for Figure 1.19(A-C) are absorption images,
followed by SAXS images and then a single DPC image displayed in Figure 1.19(4).
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Chapter 5. Conclusion and Future Work

5.1. Conclusion

5.1.1. CAMD

We were able to successfully remove the intensity effects from the GO grating, obtaining
just the intensity effect presumably due to the MPG alone. Consistent fringe patterns, again
presumably due to the MPG alone. The observed, stable fringe patterns possessed measured
periods from 208um — 264um for GO to MPG distances 2cm, 10cm, 15¢cm. Both of our two
independent methods of deconvolution and linear optimization estimation approximately
matched with similar results.

5.1.2. PBRC

We were able to again view the fringe patterns presumably produced by the MPG alone.
According to our visibility plots, we were able to draw the conclusion that the visibility increases
as the MPG to detector distance increases as previously predicted by J. Xu, et al [22]. Our

triangular MPG also yielded better results than the rectangular MPG.

5.2. Future Work

We seek to continue with imaging experiments for our proposed system by using actual
breast tissue samples acquired from Woman’s Hospital in Baton Rouge, LA. These samples will
contain actual, malignant microcalcifications within them. This will provide us with yet another
step towards our group’s greater goal of making MPG clinically applicable and a reality for

breast cancer screening.
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Appendix A. Supplementary Information on Sensitivity and Specificity

According to the CDC, the analysis of sensitivity and specificity values for diagnostic
imaging and other laboratory tests is used define clinical performance characteristics, aiding in
selecting the most appropriate test for clinical needs [29]. The validity, or essentially the
accuracy, of the test are defined by the sensitivity and specificity establishing a “gold standard”
[27]. Different types of clinical tests will have different “golden standards” based on their
sensitivity and specificity values [29]. Below are the equations for both sensitivity and

specificity.

(True Positive)

Sensitivity =
Y (True Positive) + (False Negative)

(True Negative)

Specificity =
pecificity (True Negative) + (False Positive)
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Appendix B. Marathe Method Expanded Derivation

It was initially explained that in order to recover the closest alignment of the fit vector,

A . oD .
¢4, to with the data vector, ¢,, we must set o equal to zero, expanded further and the equation

rearranged accordingly. Eventually, we can solve for a, as a via a sequence of matrix

u

operations, assuming for all pixels instead of just one like before. These calculations are shown

below and shall flow starting from Eq. 10 in Chapter 3, section 3.2.2.

g=1 g=1 =1
M M
5 S s 3o
g=1 u=1 g=1

g=1
3 M M
Z (z BygByu)ay = Z Bjgcy
u=1 “g=1 =

3
Z(BT ' B)v/,tau = (BT €y

u=1
[(B"-B)-a] ,= (B"-¢),

(BT-B)-a= BT-¢
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For all pixels:
a=G-¢

G=(BT-B)'BT-¢
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