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Small-angle x-ray scattering (SAXS) imaging has been proposed as a tech-
nique to characterize and selectively image structures based on electron density
structure which allows for discriminating materials based on their scatter cross sec-
tions. This dissertation explores the feasibility of SAXS imaging for the detection
of Alzheimer’s disease (AD) amyloid plaques. The inherent scatter cross sections
of amyloid plaque serve as biomarkers in vivo without the need of injected molec-
ular tags. SAXS imaging can also assist in a better understanding of how these
biomarkers play a role in Alzheimers disease which in turn can lead to the develop-
ment of more effective disease-modifying therapies. I implement simulations of x-ray
transport using Monte Carlo methods for SAXS imaging enabling accurate calcu-
lation of radiation dose and image quality in SAXS-computed tomography (CT).
I describe SAXS imaging phantoms with tissue-mimicking material and embedded

scatter targets as a way of demonstrating the characteristics of SAXS imaging. I



also performed a comprehensive study of scattering cross sections of brain tissue
from measurements of ex-vivo sections of a wild-type mouse brain and reported
generalized cross sections of gray matter, white matter, and corpus callosum ob-
tained and registered by planar SAXS imaging. Finally, I demonstrate the ability of
SAXS imaging to locate an amyloid fibril pellet within a brain section. This work
contributes to novel application of SAXS imaging for Alzheimer’s disease detection

and studies its feasibility as an imaging tool for AD biomarkers.
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Chapter 1: Introduction

The purpose of this work is to study the feasibility of small-angle x-ray scat-
tering (SAXS) to detect Alzheimer's disease biomarkens vivo. We study SAXS
because it is tailored to characterizing molecular structure and aggregates and could
be applied as a medical imaging tool for detection of Alzheimer's disease. This chap-
ter provides a description of Alzheimer's disease, the general theory of SAXS, and

the scope of the dissertation.

1.1 Overview of Alzheimer's disease

Alzheimer's disease (AD) is an insidious neurodegenerative disorder character-
ized by impaired memory, reduced cognitive skills, and diminished ability to perform
everyday tasks. It is the most common cause of dementia, accounting for 60-80% of
cases. Like many other neurodegenerative disorders, there is still no cure, nor ways
of slowing or reversing the disease progression. [40] As of 2017, the National Insti-
tute on Aging estimates that as many as 5.5 million Americans su er from AD. [3]
Recent discoveries reveal that biomolecular changes associated with AD occur 20
or more years before dementia symptoms appear. Early detection of these changes

may be pivotal to developing therapies based on molecular behavior to preventing,



slowing, and ultimately stopping AD. [45,71,84,89]

Two hallmarks of AD onset is the accumulation of amyloid (A ) plagues
and neuro brillary tau tangles in the brain. A plaques originate from an amy- 2
loid precursor protein (APP) that is embedded in the cell membrane. In a benign
pathway, an enzyme, secretase, cleaves APP producing and releasing sAPR-
tracellularly for neuronal growth and survival. Another enzyme, secretase cleaves
the remaining piece in the membrane into two peptides. The smaller peptide is re-
leased extracellularly and is harmless. In the malignant pathway, secretase enzyme »
cleaves APP at an errant location producing SAPP. The secretase then cuts the
remaining pieces. The produced peptide, Aaggregates extracellularly forming A
plagues. These A oligomers grow large enough to form bril like structures and to
obstruct surrounding neuronal function.

30

In contrast to A plaques which build up extracellularly at the synapses of
neurons, the neuro brillary tau angles are protein aggregates inside the cell. Tau is
a peptide that, in normal conditions, stabilizes the microtubule in neurons. When
hyperphosphorlation occurs, tau disengages from microtubules and aggregate into
phosphorylated tau (P-tau) threads that aggregate with other threads to form helical ss
structures. These helical structures eventually aggregate to form tangles. Without
functioning tau and microtubules, neurons implode disrupting neuronal pathways.
This process is known as tauopathy and leads to many forms of dementia, however,

the majority of cases leads to AD.
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1.1.1 Therapeutic approaches

There are several impeding factors to developing therapies for Alzheimer's
disease which include the long time (up to 20 years) needed to observe disease pro-
gression in Alzheimer's, challenging feat of delivering drugs through the blood-brain
barrier, and lack of understanding of AD pathogenesis for targeted disease-modifying
treatments. [11] Currently six drugs are approved by the U.S. Food and Drug Ad-
ministration (FDA) that temporarily improve symptoms of AD by increasing neuro-
transmitters in the brain. However, the e ectiveness varies among patients. There
are several drugs undergoing clinical trials to modify the disease process for exam-
ple by use of immunotherapy, amyloid aggregators, and tau aggregation inhibitors.
Also, treatments to slow or stop the progression of AD and preserve brain function
will be most e ective when administered during the preclinical and mild cognitive
impairment (MCI) stages of the disease. In 2013, FDA released a draft guidance for
industry to develop drugs for the treatment of early stage AD [2] which calls for the
exploration of new biomarkers for evaluation of these drugs. There is a pressing need
to discover speci ¢ and more sensitive biomarkers to evaluate these drugs e ectively

at earlier stages.

1.1.2 Current diagnostic procedures

Psychopathology: A variety of approaches and tools are used to help make
diagnosis of AD. The 1984 diagnostic procedure had initially only included psy-

chopathological evaluations such as a medical and family history from the individ-



ual, psychiatric history, input about changes in thinking skills or behavior from
someone close to the individual, cognitive tests, and physical and neurologic ex-
aminations. [61] Recently, the diagnostic criteria was updated to include imaging
techniques [84] and physicians refer to medical resources such as the DSM-5. [1] We
review a few of the added techniques here. 65

Anatomical Imaging: Computed tomography (CT) and magnetic resonance
imaging (MRI) are recommended for use in detecting intercranial lesions or other
deases that may cause dementia symptoms such as cerebrovascular disease and tu-
mours as an exclusion technique. More novel uses of anatomical MRI has also
been used to visualize atrophy di erences in the medial temporal lobe in patientsn
with AD and age-matched individuals with a sensitivity and speci city > 85%. [90]
However the di erences between AD and non-AD dementia are not clear using this
technique. Other quantitative techniques use volumetric imaging. Three dimen-
sional (3D) mapping of the hippocampus and cortical thickness measurements are
promising markers for AD and are currently under investigation at the Alzheimer's
Diseases Neuroimaging Initiative (ADNI). [68, 79]

Cerebrospinal Fluid Analysis: A peptides and phosphorylated tau (P-tau)
have been studied in cerebrospinal uid (CSF) and independent studies have shown
that AD can be di erentiated from other dementias by detection of lower concen-
trations of A ; 4, higher concentrations of total tau (T-tau), and higher concen- s
trations of P-tau at theonine 231 and 181. [11] This technique had a sensitivity of
83% and speci city of 72%. [57] Another longitudinal study showed that early AD
patients with MCI could be identi ed with a sensitivity of 95% and speci city of
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83% studying the combination of T-tau, P-tau, and A ; 4, in CSF. [37]

Functional Neuroimaging: Positron Emission Tomography (PET) with uo-
rodeoxyglucose (FDG) has been approved by FDA for use in USA for diagnostic
purposes in detecting early stage AD. FDG-PET has shown good accuracy in dif-
ferentiating AD patients from age-matched control individuals. The described AD
diagnostic criterion is a reduction of glucose metabolism in the bilateral temporal
parietal regions in the posterior cingulate cortex. Meta-analysis has shown this tech-
nique to have a sensitivity and speci city of 86% for AD diagnosis however there are
many variations between studies. This technique did not perform as well for di er-
entiating AD with other dementia. PET with 'C-labelled Pittsburgh compound B
(PIB) and ®F-labelled A ligand can be used to directly visualizéd in vivo. [80]
However, PET has low spatial resolution and low speci city.

9mTc-HMPAO or 133Xe with single-photon emission CT (SPECT) has shown
a lower clinical accuracy of 74% for AD patients and control individuals. [24] How-
ever it is a useful technique to di erentiate AD from other dementia. The use of
dopamine transporter with'23|- uoropropylcarboxy-metoxynortropane in di erenti-
ating Lewy bodies dementia and Parkinson's disease from AD was su cient enough
to be included in the diagnostic criteria for Lewy bodies dementia. [59, 60]

There have been signi cant advancements in diagnostic tools available for AD.
We aim to study the feasibility of an additional complementary tool to assist with
the study of this disorder.

Small-angle x-ray scattering (SAXS) imaging has the potential to advance
molecular imaging for applications where both depth and high-resolution are re-

5



quired without the use of contrast probes. SAXS can characterize and selectively
image structures based on electron density maps which allows for distinguishing
materials based on their scatter properties [6,47].

Well-characterized SAXS proles of AD plaques could potentially serve asio
early detectionin vivo biomarkers. The SAXS signals for the AD proteiné and
tau and their various aggregate states have not yet been described vitro nor
in tissue. The applicability of the SAXS imaging technique for AD depends on
a di erentiating generalized scatter pro le for AD aggregates in the brain. This
thesis aims to study the feasibility of utilizing this molecular imaging technique forus

detection of AD plaquesin vivo.

1.2 Primer on SAXS

X rays were rst discovered by Roentgen in 1905 [72] and has since been
utilized for a variety of applications medical diagnostics (2D radiographic [21] and
3D tomographic [41] medical imaging) and for nondestructive inspection. X rays arexo
electromagnetic waves with much shorter wavelengths, than visible light (between
0.1 to 10 nm). X rays are also interpreted in terms of photons of enerdy, (eV),
which relates to in the following way,

E= N (1.1)

where h is Planck's constant, 6.62 10 ** (joules s) andc is the velocity of light,

2.998 1C® (m/s). Because of their high energy and short wavelengths, they ares
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able to penetrate through thicker and denser objects than visible light and provide
information at the atomic length scale. Similarly to visible light, x rays are either
transmitted through objects unperturbed, or interact with the objects by absorp-
tion or scattering events. These events can be modelled by probability distribution
functions which depend on the electron density of the material and the wavelength
of the x rays.

Conventional medical imaging applications largely di erentiates materials based
on their absorption properties providing micrometer scale morphological spatial in-
formation and scattering has traditionally been treated as noise to these systems.
Research e orts have therefore been to remove x-ray scattering events by collimation
and post-processing. However, a limitation of these absorption-based approaches in
medical diagnostics is that many pathologies share similar attenuation characteris-
tics with normal surrounding tissues, especially during early disease stages where
change occurs at molecular and cellular levels. Conversely, in x-ray di raction and
crystallography, material nanoscale size, shape, structure, and periodicity has been
studied by measuring x-ray scattering and absorption is minimized to maximize

scatter signal.

1.2.1 Absorption

Absorption occurs when an x ray ejects an electron from the electron cloud of
an atom in the material it travels through. This event is known as the photoelectric

e ect. The energy that the x ray possessed is transferred completely to the electron



which is expelled and the atom rearranges the remaining electrons to Il the electron
hole. If an electron from an inner shell is ejected, an electron from an outer shell will
move in to Il the hole at inner shells and the atom will emit uorescence radiation

to balance the energy of the event. The emitted uorescence is an x ray with aso
di erent energy than that of which was absorbed. The probability that absorption
occurs depend on the energy of the x ray and material density. The fraction of x

rays that are absorbed can be described as,

—=e O (1.2)

wherel is the initial number of x rays before traversing through a material] , is
the number of x rays recorded after traversing through the material at the samass
angle ofly, is the mass absorption coe cient of the material dependant on,
is the density of the material, andx is the thickness of the material. This absorp-
tion coe cient increases with increasing , except at characteristic uorescent x ray
wavelengths. is the material-dependent property that is often exploited in con-
ventional x-ray radiography for di erentiation of tissue types. In x-ray diraction i
studies, material thickness is adjusted to minimize absorption e ects. The optimal
thickness, Xopt, that provides the most scatter is approximated by the following,

1

Xopt = ﬁ (13)
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1.2.2 Scattering

There are two kinds of x-ray scattering that can occur: Rayleigh scattering and
Compton scattering. Rayleigh scattering, also called coherent scattering, scatters
x rays such that the x ray changes direction, but not energy whereas Compton
scattering, or incoherent scattering, typically scatters at wider angles and energy
of the x ray is reduced after the scattering event. The Rayleigh scattering angular
range has been further categorized to ultra small-angle x-ray scattering (USAXS),
small-angle x-ray scattering (SAXS), and wide-angle x-ray scattering (WAXS) by
the length scales of the structures they probe. These scattering domains are depicted

in Fig. 1.1

Figure 1.1: Schematic of scattering domains.

Fig. 1.2 shows a typical SAXS system which includes a monochromatic x-ray
source, a collimation system to focus the x-ray beam, a beamstop to attenuate a
portion of the primary transmitted x rays, and a detector to measure the scattered
x rays from interaction with a sample. The collimation could be a series of pinholes,
or blocks and they are used to form pencil beams or line beams. Line beams are

used because they increase the number of x rays that pass through the sample,

9



thereby shortening measurement times, however line-collimated SAXS data requires
an additional desmearing post-processing step adding uncertainty to the data. Omo
the other hand, point-collimated pencil beams do not generally need a desmearing
step. The beamstop protects the detectors from burn-in by the primary x rays

and prevent the detector also from saturating to enable measurements of the much

weaker scatter signal.

Figure 1.2: Schematic of a typical transmission SAXS system enclosed in vacuum.

For a system with square pixel detectors, the scattering angle, 2can be s

calculated by,

Pn Px
d

2 = atan(

); (1.4)

wherepy is the pixel at the center of the primary beam, angb, is the number of pixels
away from the center pixel.py is the pixel pitch and thed is the sample-to-detector
distance.

The scattering vector, also known as momentum transfer, is described in theo

10
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Figure 1.3: Schematic of SAXS system with square pixel detectors.

following equation,

where is half of the scattering angle as depicted in Fig. 1.3. The scattering vector is
used over 2 because it accounts for the wavelength of the x-ray source and maintains
consistency of scatter pro les between various instrument geometries and energies
used.

For randomly oriented scatterers, the 2D scatter is isotropic and can be reduced
to a 1D scatter pro le by radially averaging. For anisotropic, oriented scatterers, the
2D scatter image will not be radially symmetric, therefore should not be reduced to
a 1D scatter pro le. Fig. 1.4 shows an example of anisotropic and isotropic signals
that we have measured of mouse brain tissue and glassy carbon respectively.

Intensity of x-rays is de ned by the ux of energy crossing a unit surface

11



Figure 1.4: An example of anisotropic scatter from mouse brain tissue and isotropic
scatter from glassy carbon respectively.

volume per second. The intensity of scatter is described as the following,

Is(q) = lon 2VZF*(0)S(a); (1.6)

wheren is number of particles, is the particle electron density,V is the particle
volume, andF (q) is the form factor which informs particle shape and size, ang(q)
is the structure factor which accounts for interference e ects of multiple particles inzos
close proximity.

To subtract scatter contributions from the instrument and sample holder, often
times a scatter pro le is obtained for the backgroundbg which is scaled to the

sample scatter pro le by the primary beam, then subtracted,

(@) = Ts(A)  Tog(a)T; (1.7)

where T; is the transmission scaling factor. These steps are shown in Fig. 1.5. b
this case, we observe the change in electron density of the scatter pro le,, which
provides contrast to the background scattering.

The primer on SAXS was developed from the following sources. [26, 33, 36]

12
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Figure 1.5: Scaling and background subtraction data treatment.

Additional corrections due to geometric distortions and detectors are performed to

the scatter intensity. [65]

1.3 Thesis scope

In this chapter, we introduce Alzheimer's disease, the impact it has on our
society, the motivation for our study to present a novel approach to imaging this
disorder by molecular changes occurring in the brain, and the general theory of
SAXS.

In chapter 2, we present SAXS measurements of isolated peptides of and
tau in vitro in various bu er solutions. We discuss decisions made to focus on A
and on ex vivo tissue rather thanin vitro as these peptide aggregate structure in

bu er solutions may not accurately describe what happens vivo.

13



In chapter 3, we introduce simulations of x-ray transport that allows us to 2
study instrument design and optimal sample thickness that will enable us to discern
a signal of interest from nanoparticles in a transmission SAXS system and also for
SAXS in computed tomography (CT) geometry. This work is published in Journal
of Applied Crystallography.

Chapter 4, we simulate a simplied SAXS-CT system for detection of dilute 20
gold spherical nanoparticles in water.

Chapter 5 presents planar SAXS imaging measurements of a developed phan-
tom with known cross sections and demonstrates feasibility of planar SAXS to dif-
ferentiate materials and increase signal based on material scattering cross sections.
This work was published in Applied Physics Letters. 235

Chapter 6 presents our measurements of planar SAXS on slices of normal
vivo mouse brains. We segment di erent tissue regions in the planar SAXS image
and characterize cross sections of the white matter, gray matter, and corpus callosum
in the mouse brain.

In chapter 7, we demonstrate the ability of planar SAXS to measure amyloicho
brils in a mouse brain. Transgenic Alzheimer's disease mouse model and wild-type
mice brains are measured and compared.

Finally, in chapter 8, we conclude our work and present outlooks for SAXS-CT
and it's feasibility for detection of molecular changes in the brain for application of

Alzheimer's disease. 245
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Chapter 2: Preliminaryin vitro SAXS measurements of A and Tau

There is a need for novel imaging techniques for the earlier detection of Alzheimer's
disease (AD). Two hallmarks of AD are amyloid betaA ) plagues and tau tan-
gles that are formed in the brain. Well-characterized x-ray cross sections Af
and tau proteins in a variety of structural states could potentially be used as AD
biomarkers for small-angle x-ray scattering (SAXS) imaging without the need for
injected probes or contrast agents. In this chapter, we report SAXS measurements
of A 4 and tauss, in a 50% dimethyl sulfoxide (DMSOQO) solution in which these
proteins are believed to remain monomeric because of the stabilizing interaction
of DMSO solution. However, our SAXS analysis showed the aggregation of both
proteins. In particular, we found that the aggregation ofA 4, slowly progresses
with time in comparison to tauss, that aggregates at a faster rate. Furthermore, the
measured signals were compared to the theoretical SAXS pro lesAf ,, monomer,

A 4 bril, and tau 35, that were computed from their respective protein data bank
structures. We have begun the work to systematically control the structural states
of these proteinsin vitro using various solvent conditions.

While various peptide lengths ofA exist, we initially study the A 4, isomer

because it is the most brillogenic and therefore most associated with amyloid load.
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There are also six isoforms of tau that depend on phosphorylation epitopes. Not
much is understood about how each of these protein isoforms a ect AD. They takess
on various structural forms and could potentially be di erentiated in SAXS imaging

which may give insight into their role in AD. We have focused our study on the

smallest isoform, tays,. Aggregation of these proteins has been reported to depend
on sample temperature, solvent pH, ionic concentration, and time. [4,89,92] There-
fore, the environment and solvent conditions have been controlled in order to obtainw

SAXS signals for the AD proteins at speci ¢ aggregate states.

2.1 Methods

Lyophilized powder form of human tays, peptide (Abcam, Cambridge, UK)
and human A 4, peptide (Anaspec, Fremont, CA) were stored at -2@C before
sample preparation. We dissolved the proteins in 50% DMSO (pH 8) because they
were reported to remain monomeric in this solvent. [82} 4, was dissolved with a
concentration of 5.6 mg/ml and tays, was dissolved with a concentration of 1.43
mg/ml. Each sample was loaded into a 1 mm diameter quartz capillary and held in
a temperature-controlled sample holder at 37C.

SAXS measurements were performed using SAXSpace (Anton Paar, Ashlangd,
VA, USA). The instrument, which uses Cu K radiation ( = 0.154 nm), was con-
gured in Kratky block point collimation mode with an accessibleq range of 0.14{

2 nm 1. The system is equipped with a CCD camera with a pixel pitch of 24m

in an array of 2084 2084 pixels. The camera uses a @0,S:Tb phosphor screen
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s Optimized for 8-keV X rays. The sample holder was positioned at a distance of
305.3 mm from the CCD. The collimation system, sample chamber, and beam path
were enclosed in vacuum with a pressure below 3 mbar. The CCD pixels were binned
along the length of the beam (2 cm). SAXS measurements were obtained with an
exposure time of 5 s and 200 frames for each protein. The samples were measured 5

200 Min after preparation and again after 4 days. Between measurements, the samples
were stored at room temperature.

Preliminary data treatment of scatter pro les including solvent background
and dark current subtraction were performed in SAXStreat (Anton Paar, Ashland,
VA, USA) and SAXSquant (Anton Paar, Ashland, VA, USA). Subsequent data

205 analysis for measurements included beam desmearing, tting approximations, and
obtaining pair distance distribution functions, P(r), using indirect Fourier trans-
form. [31] Guinier analysis [34] was performed using custom code written with MAT-
LAB R2015a (The MathWorks Inc., Natick, MA) to obtain information about the
radius of gyration, Ry, of the protein. A larger Ry than what is expected based on

a0 the protein's monomeric structure is one indicator of aggregation.

In the Guinier approximation of Ry, aqrange of 0.001-0.399 nnt was used for
A 4, sample measured after 5 min and the PBD data & 4, whereq=4 sin ( )= .

A grange of 0.001-0.200 nnt was used as a low angles for th 4, sample measured
after 4 days, and 0.300-0.400 nm was used for wider angles because more than

25 one slope region was observed. For all tgld samples, agrange of 0.001-0.140 nnt
was used at low angles, and 0.270-0.310 nhwas used for wider angles.

The Ry was also calculated for each sample using the electron pair distribution

17



function, P(r), which provides information on the average protein shape in the

solution. The Ry was calculated using the following equation,

R
D max r2P(r)dr

= O

Izz T\
g D max
2, P(r)dr

(2.1)

where D s« IS average maximum electron pair distance the value ofwhen s
the P(r) returns to zero.

As a comparison to our measurements & 4, and tauss, in DMSO, we ob-
tained the protein data bank (PDB) les of A 4 peptide (LIYT), A 4 brils
(2MXU), tauss, (1B5L) and simulated their scatter pro les from the given pro-
tein structures using FOXS web server. [74] FoXS computes a SAXS pro le usings
information of a protein from a PDB le and the Debye formula. Scattering from
the hydration layer around protein and the excluded volume are considered in the
Debye model by incorporating them as adjustable parameters in the form factor to
estimate a SAXS pro le. All of the scatter pro les from PDB les were computed
with default parameters. By default, the maximumg value was 5 nm?* and we used sz

500 points to generate each SAXS pro le.

2.2 Results

We present the SAXS signals acquired and analyzed far 4, and tauss, within
50% DMSO. Fig. 2.1(b) shows the SAXS signals fér 4, in DMSO solvent (pH 8) at
37 C after 5 min and after 4 days. The FOXS generated SAXS pro les of th& 4, s

monomer and bril are also shown for comparison. When plotted as Guinier curves
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Figure 2.1: (a) Representation of the protein structures oA 4, monomer (PDB
1IYT) in pink and bril (PDB 2MXU) in green. (b) SAXS proles for A 4 from
crystal structures of monomer and bril obtained from the FoXS using PDB les,
and from SAXS measurements of 4, protein in DMSO after 5 min and after 4
days. The curves have been o set for clarity by factors of 18, 10 °, 10*, and 1@
respectively. (c) Guinier plots with reportedRy of A 4, monomer and bril crystal
structures from PDB, and from SAXS measurements after 5 min and after 4 days.
The curves have been o set for clarity by factors of f) 1, 5 10*, and 5 10°
respectively. (d)P(r) of A 4 for monomer and bril crystal structures from PDB,
and from SAXS measurements after 5 min and after 4 days.

19



as shown in Fig. 2.1(c), theR values of the proteins can be extracted from the slope
of linear t. Fig. 2.1(c) shows that the Ry value of A 4, increases from 6.2 nm to
9.2 nm after 4 days of measurement, indicating slow progression of aggregation with
time. The Guinier curve of A 4, after 4 days cannot be tted with a single straight sso
line and shows two di erentRy values (9.2 nm and 4.5 nm) in the low ¢ region. This
strongly suggests the formation of aggregates of two di erent size. Moreover, the
experimentally measuredRy value of A 4, after 5 min is approximately four times
bigger than of its own monomer crystal structure (PDB 11YT). Interestingly, the
size of theA 4, bril crystal structure (PDB 2MXU) is also approximately three s
times smaller than that of A 4, measured after 5 min.

Fig. 2.1(d) shows theP (r) of the SAXS pro les for A 4. We report the Ry
values calculated using Eq. 2.1. Th&, values calculated forA 4, are similar to
those calculated in Guinier analysis for the respective samples. In addition, both
functions for the experimental samples have a wider spread forand a shoulder s«
at the right tail end of the curve in comparison to the theoreticalP (r) calculated
from their crystal structures. D,x Of A 4, after 5 min is at least three times bigger
than that of its monomeric crystal structure. Similarly, as shown in Fig. 2.1(d),

A 4, after 4 days has a wider spread than when it was measured after 5 min. This
result suggests thatA 4, aggregation increases over time and we can use SAX®
to characterize this aggregation. Nevertheless, it also suggest that the expected
trend for A 4, aggregation derived from their crystal structures is not consistent
with experimental results. We observe the e ect of protein-protein interaction and

induced aggregation from features in the distribution, speci cally by the shoulder
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at the right tail of the curve and by the D ax .

Fig. 2.2(b) shows the SAXS signals for tayd, in DMSO solvent at 37 C
measured after 5 min and after 4 days. The FoXS generated SAXS pro les of the
tauss, monomer is also shown for comparison. In Fig. 2.2(cR4 values around
14 nm were calculated for measured tgsp SAXS pro le in the low g region. A
secondRy was estimated by Guinier analysis to be 9-14 nm in a wider g region,
which is signi cantly larger than the expected 1.6 nm determined from its monomer
crystal structure, indicating signi cant aggregation of taws, in DMSO.

Fig. 2.2(d) shows theP(r) of the SAXS pro les for tauss,. As observed with
A 4, the Ry values calculated fortauss, are close to those calculated in Guinier
analysis for respective samples. Thiey values calculated through both Guinier and
P (r) analysis were similar. In addition to this, theP(r) of tauss, measured after
5 min and then after 4 days appear nearly identical, indicating little to no change
in aggregation over the course of 4 days. The characteristic symmetry and lange
at the maximum peak of theP (r) suggest that, for both time points, taws, formed
large, spherical oligomers and that tass, may have already reached steady-state

aggregation.

2.3 Discussion

The results of this study show that various aggregation levels of AD proteins,
A 4 and tauss;, can be characterized with SAXS. In this paper, we focused on

one particular solvent condition (50% DMSO solution) in which these proteins were

21



(@) (b)

(c) (d)

Figure 2.2: (a) Representation of protein structure for tags, monomer (PDB
1B5L). (b) SAXS pro les from crystal structure of monomer obtained from FoXS
using PDB le, and from SAXS measurements of tas, protein in DMSO after 5
min and after 4 days. The curves have been o set for clarity by factors of 1, 3,tand

10* respectively. (c) Guinier plots with reported R, for monomer crystal structure,
and for SAXS measurements after 5 min and after 4 days. The curves have been
o set for clarity by factors of 107, 1, and 1@ respectively. (d) P(r) of tauss, for
monomer and bril crystal structures from PDB, and from SAXS measurements
after 5 min and after 4 days.
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hypothesized to remain monomeric because of the stabilizing interaction of DMSO
and the high pH of the solution. One likely reason behind this is that DMSO at
this concentration preferentially binds to the hydrophobic side chains of the amino
acids and prevent the hydrophobic interaction which is one of the driving forces of
protein aggregation. On the other hand, pH changes in the solution modulates the
electrostatic interaction among proteins depending on their individual net charge.
For instance, in the case of pH 8, the net calculated charge Af 4, is -3.4. Due to
their negative charges, there should be an e ective repulsion amo#g 4, proteins
to maintain their native monomeric states. Nevertheless, aggregation for both 4,
and tauss, samples were observed with SAXS in the 50% DMSO solution contrarily
to what we expected.

Our SAXS analysis suggests aggregation of bo# 4, and tauss,. In particu-
lar, we found that tauss, aggregates at a faster rate to reach the steady state after
5 min, whereasA 4, aggregation slowly progresses with time. One possible reason
behind the aggregation is due to the concentration e ect. The concentration éf 4,
and tauss, were 5.6 mg/mL and 1.43 mg/mL respectively. Due to their high con-
centration, the aggregation is likely to occur despite the unfavourable hydrophobic
interaction and electrostatic repulsion imposed by the solvent. The concentration
of DMSO in water was not high enough to bind to every peptide present at high
concentration to prevent the aggregation. In any case, the concentration depen-
dent study of both protein and DMSO needs to be done to further understand the
mechanistic part of protein aggregation shown by SAXS data.

The di erences in scatter pro le between measured samples and PDB could be
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attributed to the fact that calculations of scatter using the PDB are of a single pro-
tein in every orientation averaged, whereas, experimental measurements are mose
complex containing of a distribution of protein aggregates, orientation, and confor-
mations. In addition, a nuclear magnetic resonance technique was used to inform
the PDB le for these proteins. Therefore, di erences between the measured sizes
of the protein and the PDB information could be due to di erences in measurement
techniques. 400
Future work includes validating the measurements obtained with repeat mea-
surements, as well as with other laboratory techniques including dynamic light
scattering (DLS), UV-vis spectroscopy, and thio avin T uorescence assay. Also,
we plan to compare measurements of these proteins taken at di erent time-points
for AD proteins dissolved in a variety of solvents. After characterizing the SAXSuos
measurements of these AD proteins at various aggregation in steady-state, the ob-
tained scatter signals will be converted to absolute cross sections using a water
standard.These cross sections can then be converted to input material les for MC-
GPU simulations to determine feasibility of AD imagingin vivo with various sample

and instrument geometries. [9, 19] 410

2.4 Conclusion

We report SAXS measurements oA 4, and tauss, in 50% DMSO at two time
points. 50% DMSO was initially chosen as a bu er because proteins are reported

to remain monomeric in this solution, however we observed aggregation and growth
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a5 between measurements at 5 min after sample preparation, and 4 days. The signals
measured even after 5 min were di erent than theoretical scatter pro les generated
using PDB structures. amyloid and tau were di cult to control in vitro and may
not behave the same wayn vivo, therefore, we determined it would be more useful
to measure the plaques and tanglesx vivofor a closer approximation to our target

a0 Signalsin vivo.
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Chapter 3: Incorporating experimental cross sections into MC x-ray

transport calculations

In this chapter, we describe and validate a fully detailed Monte Carlo x-ray
transport simulation technique that utilizes user-provided cross sections to describe
x-ray interaction in virtual samples and explore SAXS instrument design choicesus
We validate the accuracy of the simulation code with sample material cross sec-
tions derived from analytic models and empirical measurements of a homogeneous
spherical gold nanoparticle (GNP) monomer, dimer, and heterogeneous mixtures of
the two in a water solvent. Analytic and measured scatter pro les from these sam-
ples were converted to cross sections using an absolute water standard. Our Monte
Carlo estimates of the fraction of dimers from analytically-derived and empirically-
derived cross sections are strongly correlated with less tharb% and 16% error
respectively to the expected concentration of monomer and dimer species. In addi-
tion, we simulated a variety of monoenergetic x-ray beams to investigate coherent
scattering versus radiation dose for a range of sample sizes. For GNP spheres.in
a water solvent, the energy range that produces the most coherent scatter at the
detector per deposited energy was between 31 and 49 keV for sample thickness of

1 mm to 10 cm. The method we describe for the detailed simulation of SAXS using
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measured and modeled cross sections will enable instrumentation optimization for

in vivo molecular imaging applications.

3.1 Introduction

There are an increasing number of imaging applications for small-angle x-ray
scattering (SAXS) using scanning [32] and tomographic methods [46, 75]. We have
proposed a particular biomedical application that utilizes SAXS molecular imaging
of probed protein-protein interactions [6]. SAXS imaging is a promising alternative
tool for in vivo molecular imaging because the coherent scatter provides nanostruc-
tural information about a sample without the need for destructive sample prepa-
ration techniques. Other biomolecular interaction characterization methods, such
as positron emissions tomography (PET), uorescence resonance energy transfer
(FRET), and bioluminescence resonance energy transfer (BRET), have low spatial
resolution, poor speci city, or inherently lack the capability for deep tissue imaging.
Well-de ned SAXS signatures from high-contrast molecular probes, such as gold
nanoparticles (GNPs), could be correlated with the presence of biomolecular inter-
actions and provide a higher speci city option that is able to image protein-protein
interactions in vivo in deep tissue. It was demonstrated that GNP signals could be
determined even within a complex background such as E. coli lysate [6]. However,
concerns remain regarding the long measurement times and the excessive amount of
energy deposited into live samples. Simulations of the entire SAXS imaging chain

allow us to study various instrumentation geometries for a given application without
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time, safety, and monochromatic source energy limitations typical of measurementsso
We present a code that simulates x-ray transport from source to detector in a
SAXS instrument. The code allows user-provided cross-sections derived from mea-
surements or analytic models to describe how the x-ray interacts in voxelized virtual
samples. For more complex biological materials that cannot be described analyti-
cally such as soft tissue, adipose, and bone, this construct allows users to measuse
cross sections of materials individually with optimal sample thickness and instru-
ment settings and then simulate a more realistic sample geometries which includes
e ects from multiple materials superimposed. We validate the simulations with well-
de ned cross sections consisting of a homogeneous gold nanoparticle (GNP) sphere,
dimerized GNP spheres, and the weighted sum of the former two cross sections i
ratios of 2:1, 1:1, and 1:2 in a water solution as non-interacting and interacting
SAXS signals at varying levels. These cross sections are derived both from analytic
modeling and from measurements of GNP spheres with radius of 6.75 nm in water,
dimerized GNPs in water with similar concentration, and the two former solutions in
the same aforementioned volumetric ratios as the model. We describe the procedure
of converting scatter intensity pro les to cross sections that can be used as inputs
to the simulations. After simulation of the SAXS instrument measurement of vir-
tual samples, a previously developed method [6] was used to extract from scattering
pro les the required information regarding the fraction of interacting particles in a
solution and the size of monomers and dimers. 480
To illustrate the use of our tool, we explore the e ect of varying the monochro-

matic source energy and the sample thickness and evaluate deposited energy and
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intensity of coherent x rays when varying parameters of energy and sample thickness.

3.2 Methods

3.2.1 SAXS simulations

The code we present is based on MC-GPU [9], a publicly available GPU-
accelerated x-ray transport simulation tool that is used to generate clinically-realistic
images and radiation dose estimations for a number of x-ray imaging modalities (Ra-
diography, Computed Tomography [10], Digital Breast Tomosynthesis [64]). It uses
Monte Carlo techniques to simulate large number of x ray trajectories which interact
with material atoms in a voxelized geometry based on advanced physics models from
PENELOPE 2006 [73]. The x-ray path is determined by random sampling proba-
bility distribution functions that decide whether the x ray is scattered, transmitted,
or absorbed. Cross sections of the materials the x ray travels through is used to
determine these probability distribution functions. The inherent bene t of this tool
is that it allows for separation of primary, Compton, Rayleigh, and multiple-scatter
X rays contributions, a dose estimation on the sample, use of a complex voxelized
sample geometry, the inclusion of realistic source and detector models, and study of
various collimation geometry e ects.

The form factors for homogeneous materials are by default calculated in MC
codes with an independent atomic approximation (IAA) which combines the form

factor of the individual atoms in the material according to their relative atomic
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weight fraction:

X
Faa (@ = nzFZ(0); (3.1)

where nz is the weight fraction of elementZ, Fz(q) is the atomic form factor for

elementZ, and g is the momentum transfer de ned as: 505

q=4 SNO

; (3.2)

where is x-ray source wavelength, and 2is scattering angle.

To simulate realistic x-ray scattering from particles, molecules, and tissues
at small angles, MC-GPU was modi ed to allow user-provided cross sections of
materials that that capture both the form factor and the structure factor e ects [28].

The di erential coherent cross section is described by: 510

T@= ST @R @sa; 33)

whered t=d is the classical Thomson cross section for scattering by a free electron
at rest, and structure factor, s(q), accounts for the interference e ects between the

scattered photons.

3.2.2 Cross sections

Empirical measurements and analytic scatter models of a controllable sufss

rogate protein-protein interaction system consisting of monomeric GNP spheres,
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dimerized GNP spheres, and a mixed ratio of these two particles are used to gen-
erate cross sections for validation of the simulations of SAXS using MC-GPU. We
simulate a full SAXS instrument using theoretical and measured cross sections of

samples.

3.2.3 Empirical measurements

The sample system was synthesized monomeric GNP spheres with radius of
6.75 nm and dimerized GNP spheres of same radii dissolved in water. The concen-
tration of the GNP monomer and dimer solutions were both:® 10* 05 104
GNPs per mL as estimated by UV-Vis. The two solutions were mixed with volumet-
ric ratios of 1:0, 2:1, 1:1, 1:2 and 0:1. These ve samples and water were empirically
measured with our laboratory SAXS instrument (SAXSpace, Anton Paar, Ashland,
VA, USA). The instrument utilizes a Cu K radiation ( = 0.154 nm) and was
con gured in Kratky block line collimation mode. The CCD camera had a pixel
pitch of 24 m in an array of 2084x2084 pixels. Samples were loaded into the system
via a 1-mm diameter quartz capillary positioned at a distance of 305.3 mm from
the CCD. The accessiblerrange was 0.0732{1.66 nnt. The entire beam path was
enclosed in vacuumed space with a pressure below 3 mbar to limit undesirable scat-
ter from air. The CCD pixels were binned along the length of the beam (2 cm).
For each measurement, 2400 frames were obtained at 1 s exposures and averaged.
The smeared line-collimated data was desmeared using indirect Fourier transform

method [31] with 20 splines between 0 and the priori estimate of the longest pair

31



distance in the particle,Dmax. Dmax Was initially estimated and then adjusted until
the p(r) shown nearD 5« did not descend sharply, go negative, or oscillate. We used
29 di erent stabilization values, , of 10' for n from -4 to 10 in steps of 0.5 which s
we found to be a su cient range in nding an appropriate and set of weights. The
appropriate  chosen was determined by following procedures outlined by Glatter
et. al [31]. The for the probe solution was 5, and ranged between 2.5 and 4.5 for

the dimer solution and mixes.

3.2.4 Analytic models 545

As a noise-free comparison, scatter pro les of GNP monomer spheres, dimers,
and the mixture of the two were also analytically-derived using spherical form factor
and a dimer structure factor. To calculate the analytic model scatter of the GNP

solutions we used the form factor of a monomeric homogeneous sphere [66],

3[sin(qR)  gRcogqR)] .

Fm(a;R) = (GR)? ;

(3.4)

whereR is the sphere radius. We chose R of 6.75 nm which was the approximate sso
radius of our GNP samples. The scattering intensity of spherek,,, is described by
Im(Q) = KF2(q;R), whereK = n  2V?2 (n is the number of particles, is the

di erence in electron density between particles and solvent, and is volume of a
particle). For our model, K was a scaling factor to the scattering intensity of our
measured scatter of GNP spheres. We applied a structure factor to take into accountis

the interference e ect of two interacting spheres. The structure factor multiplied by
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| m is the scattering intensity of a dimer [48],

14(0;9 = Im 2+2Si”q(gs) : (3.5)

where s is the center-to-center spacing of the spheres in a dimer. For our model,
we choses =20 nm which is within a range of distances at which proteins interact.
The SAXS prole for a our sample material, Iy (g), is the weighted sum of the

contributions from monomers,l ,(g), and dimers, | 4(0):

X
Im(@ !mlm(@+  !a(8)a(a;9); (3.6)

where! is the weight for relative monomer concentration and dimer concentrations

with a distribution of center-to-center spacingss.

3.2.5 Absolute scaling by secondary water standard

Scatter intensity pro les of model and measured cases were converted to ma-
terial cross sections by calibrating to a water standard [62] using the following equa-

tion,

d _lw(@)Iw(g d .
q w@= I (0) Iw (0) a w P 3.7)

where dd—M(q) is the di erential cross section of the material of interest], (g) and
lw (g) are the scatter pro les of the material and water respectively.g—w(q) is the
known di erential cross section of water which is relatively constant at 0.01632 crh

within the g-range 0{12 nm*. I, (0) and I (0) are the primary beam intensities
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of the material and water respectively.

The scatter intensity of both analytic model and experimentally measured
samples are converted to cross sections to be assigned to sample material voxels in
the simulations. The MC estimates of both the modeled and measured cross sections

are compared to evaluate the performance of the MC acquisition model.

3.2.6 Validation

The geometry of the SAXS instrument is shown in Fig. 6.1 The distance of
the front edge of the sample to the detector was xed at 29 cm. The x-ray source
was an in nitely small monochromatic pencil beam. The x-ray energy used wasso
8 keV. The detector was 2x2 cmwith 1200x1200 pixels and had 100% detection
e ciency. Fig. 3.2b shows a block diagram of the inputs to MC-GPU. The sample
geometry was a 1x1x cm box wherez is the thickness along the beam path. For
the study of interaction fraction of our analytic models and empirical data, we used
z = 1 mm which is the thickness of our instrument capillary. 1& primary x rays ss
were simulated for each SAXS acquisition and took approximately 6 minutes to
complete in our computer containing 6 NVIDIA GeForce GTX Titan GPUs. The
image at the detector was radially averaged. The process was repeated 10 times for
calculating the statistical uncertainty.

We extended the validation of simulated SAXS pro les to an interaction frac- s«
tion gure-of-merit [6] which in our application quanti es the fraction of dimers

in a given sample. The interaction fraction is calculated using a tting algorithm
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Figure 3.1: Schematic of instrument geometry used in simulations.

Figure 3.2: Block diagram of inputs and outputs of MC-GPU for SAXSIy (g) and
lw (q) are the empirical scatter pro les for a material of interest and water.l, (Q)
is the simulated scatter pro le. D, is the calculated total dose on the sample.
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(MATLAB ‘Isgnonneg' function) incorporating positivity constraint to minimize a
least squares objective,

minjiCt i3 (3.8)

with I, as the simulated scatter pro le of a given material. The basis functionsgsss
C, corresponding to analytic expressions for a monomer and several dimers with

varying s (see section 3.2.4), are assembled into a matrix,

C= 1n(@ 1a(aSmn) 15 Ta(d; Snax) (3.9)

The interaction fraction is calculated by the weights assigned to each basis function:

P
| = p s'a(s)

APCERRS (3.10)

The interaction fraction of weighted sum scatter curves from the analytic model 0fowo
monomer and dimers matched exactly the expected dimer weights using this algo-
rithm. The dimer fractions were 0, 0.33, 0.5, 0.66, and 1 which were the estimated
volumetric fractions for dimerized GNPs in our measured samples. To improve the
realism of the simulations, we added the absolute cross section of water as a constant
(See section 3.2.5) to the analytic scatter cross sections to mimic the GNP monomes
and dimers that were measured in a water solution. The resulting simulated scatter
pro les were corrected by subtracting a separately simulated water scatter with the
same sample geometry.

Equation 3.8 was t over ag-region from 0.0732{1 nm* with a q of 0.0032.
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s10  This range ofq was selected because it contained the di erentiating feature in the

scatter pro le indicative of dimers.

3.2.7 Application to instrument design

After validating MC-GPU for SAXS using analytic models and measured data,
we studied the SAXS system design varying the source energy and sample thickness.
s15 1he same instrument geometry was used as shown in Fig. 3.2a, however energy was
varied from 5 to 95 keV in steps of 1 keV and was varied 0.1, 0.5, 5, and 10 cm. We
used the analytic monomer scatter cross section for the sample material because it
was well de ned and devoid of various sources of noise as opposed to the measured

monomer scatter. 1 10 primary x rays were simulated.

20 3.3 Results

Fig. 3.3 shows the scatter pro les of the analytic model before and after simu-
lation. The interaction fraction of these simulated curves is shown in Fig. 3.4(a) and
Fig. 3.5. The simulation results accurately match the input analytical cross sections
with a constructed s of 20 nm. The error between simulated interaction fractions

s and the weights applied to analytic monomer and dimer scatter was less than 1.5%,
likely due to di erences in the at water cross section addition and simulated water
subtraction containing Poisson noise. This caused peaks to occur at the boundaries
of the dimer s distribution and at 21 nm.

The results from simulated measured scatter curves of our GNP samples are

37



Figure 3.3: Scatter pro le of the analytic () model of GNP spheres in water and
average scatter pro le of 10 simulationsl(, ) of that model with di erent monomer
and dimer ratios. From bottom to top the scatter is of water, GNP monomer, 2m:1d,
1m:1d, 1m:2d, and dimer in a water solvent. Error bars are the standard deviation of
10 repeated simulations for every 50 points for clarity. The simulated scatter pro les
match the input scatter pro les from analytic models giving indication there is little
bias from simulations.
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Figure 3.4: Distribution of GNP center-to-center spacing, s, for 5 scatter pro les
with di erent ratios of monomer 'm' and dimer 'd' scatter estimated from simulations
using analytically-derived cross sections (a) and empirically-derived cross sections
(b). The analytically-derived cross sections were constructed to have arof 20 nm,
whereas the empirically-derived cross sections were found to have saof around

32 nm.

39



Figure 3.5: Correlation plot of volumetric fraction of dimers and interaction fraction
estimated from simulations using analytic and measured cross sections.
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shown in Fig. 3.4(b) and Fig. 3.5. Thes of the dimers were unknown at time of
measurements but from information gleaned from tting analytic curves suggested
that the dimers have ans of 32 nm which coincides what was reported in our
previous work for these samples [6]. The interaction fraction error was less than
16%. The di erence in this comparison could be attributed to several factors. First,
the monomer GNP solution could have a distribution of sizes. Second, there is
likely to exist some monomer and di erents dimers in our dimer solution. And
lastly, there could be an imperfect background subtraction which was also seen in
the analytically-derived cross-section simulations.

Fig. 3.6 shows the scatter pro les from simulations with varying energies and
z. The energy was varied from 5 to 95 keV in steps of 1 keV arzdwas selected to
be 0.1, 0.5, 5, and 10 cm.

Fig. 3.7(a) shows the sum of scattering photons$, within a momentum trans-
fer of 0 and 2 nm?, over the total number of primary photons simulated for each
sample,H. The maxima in these plots are indicative of the energies that produce
the most coherent scatter within the angular range of interest for a xed number
of primaries which is proportional to exposure time. Fig. 3.7(b) shows the energy
deposited,Ep on the sample per incident photonH .

Fig. 3.7(c) shows the number of scattered photons over the deposited energy
(U = I=Ep). The peak energy of these plots is optimum in terms of the maximum
amount of scattered photons with the least amount of deposited energy. In other
words, the x-ray utilization, U, which is the ratio of scattering intensity across all
angles of interest and the deposited energy in the object.
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Figure 3.6: Scatter pro les of analytic GNP monomer for energies 5 to 95 keV and
sample thicknesses of 0.1, 0.5, 5, and 10 cm. Colorbar is in logscale and represents
scatter intensity [a.u.].
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Figure 3.7: (a) This plot shows the number of scattered photons, between aq of

0 and 2 nm ! over total number of photons simulatedH , as a function of the x-ray
energy for di erent sample thicknesses. (b) Plot of the energy deposited on sample,
Ep, over H. (c) Plot of the utilization energy, U, which is| divided by Ep. The
maximum U indicates the energy which produces the largest number of scattered
photons per energy deposited on sample. Inserted text indicates the energy at the
maxima.
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3.4 Discussion

We qualitatively con rm there is little to no bias added to scatter pro les
from MC-GPU code because the simulated scatter pro les match the input scattefss
pro les from analytic models as seen in Fig. 3.3. This demonstrates the software
can successfully simulate complete SAXS acquisitions in the computer.

Our ndings show that simulations extended to the interaction fraction gure-
of-merit using analytically-derived cross sections produces very little errox .5%)
with respect to analytical models. The main source of error is primarily due to sub-so
traction of a simulated noisy solvent. The comparison of the analytically-derived to
the empirically-derived cross sections allows us to validate the methodology. Dif-
ferences in the interaction fractions of the measured cross section and the expected
results (Fig. 3.5) are not due to errors in the measurement, but, on the contrary, due
to error in our estimated interaction fractions based on volumetric ratios of GNP ees
monomer and dimer solutions.

Simulations which varied energy and sample thickness corroborated our expec-
tations that scatter information detected is greatly reduced for thicker samples with
lower x-ray energies. For example, in Fig. 3.6, very little scatter information was
detected for x-ray energies below 20 keV for samples with 10 cm sample thickness,
however, using higher energy x rays could recover some of the scatter data within a
limited angular range.

Some SAXS applications require a short measurement time, in which case, the

optimal energy would be one that produces the most coherent scatter at the detector
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in an angular range of interest regardless of dose. In Fig. 3.7, for sample thickness
of 1 mm, simulations showed that 9 keV x rays produced the most coherent scatter
in the angular range of interest which agrees with design choices of many laboratory
SAXS systems that use Cu K x rays (around 8 keV) with 1 mm thick sample
holders.

For in vivo applications where dose minimization is desirable, the optimal
energy is one that balances having more coherent scatter at the detector in an
angular range of interest and reduced energy deposited in the sample. This optimal
energy forin vivo applications is at the maximum utilization, U« , WhereU is the
sum of scattered photonsl|, over an angular range of interest divided by the energy
deposited in the sampleEp, for each energyE. For our GNP sample in water
with a thickness of 1 mm, energy atJ,.x was 31 keV. For the same sample with a
thickness of 10 cm, energy dtl.x was 49 keV. Some caveats are the energyldyx
depends on the cross section of the sample measured, the angular range of interest,
sample geometry, and instrument geometry. We show that simulations can be used
for SAXS system design optimization based on a particular sample and application.

There are many bene ts to using MC-GPU for simulations of SAXS. The sim-
ulated scatter pro les allow us to estimate contributions from Compton, Rayleigh,
and multiple-scattered and primary x rays. For additional realism, the ideal detec-
tor could be replaced with models of detectors by varying detection e ciency and
the x-ray pencil beam could be replaced with a cone beam with a variety of di erent
collimation system designs. Simulations could be repeated for system variance es-

timations which may not be possible in experimental measurements due to changes
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in the sample over time and experimental error. In addition, user-provided cross
sections from empirical measurements of complicated biological materials could be
assigned to materials in virtual phantoms of small animals and human heads ando

simulated with our code to investigate potentiain vivo applications of SAXS [43,49].

3.5 Conclusion

We have utilized and validated MC-GPU to simulate x-ray transport in a full
SAXS system using empirical cross sections to describe x-ray interactions in virtual
samples. This method allows the investigation of factors that a ect design choicess
given thicker and more complex samples (i.e., the monochromatic x-ray energy,
and if safety is a concern, the amount of energy deposited in the sample). We
have shown that MC-GPU simulation of x-ray transport in SAXS could be used to
optimize instrumentation to produce the most scatter in an angular range given a
xed primary number of x rays and estimate radiation energy deposited on a sampleuo
MC-GPU is open source and publicly distributed online for free. This work was
critical to enabling realistic simulations of SAXS imaging for medical applications

in the coming chapters.
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Chapter 4: MC Simulations of simpli ed SAXS-CT imaging system

We used a publicly available MC-GPU code to simulate x-ray trajectories
in a SAXS-CT geometry for a target material embedded in a water background
material with varying sample sizes (1, 3, 5, and 10 mm). Our target materials
were water solution of gold nanoparticle (GNP) spheres with a radius of 6 nm and
a water solution with dissolved serum albumin (BSA) proteins due to their well-
characterized scatter pro les at small angles and highly scattering properties. The
background material was water. Our objective is to study how the reconstructed
scatter pro le degrades at larger target imaging depths and increasing sample sizes.
We have found that scatter pro les of the GNP in water can still be reconstructed
at depths up to 5 mm embedded at the center of a 10 mm sample. Scatter pro les
of BSA in water were also reconstructed at depths up to 5 mm in a 10 mm sample
but with noticeable signal degradation as compared to the GNP sample. This work
presents a method to study the sample size limits for future SAXS-CT imaging

systems.
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4.1 Introduction

Coherent scattering allows for detailed tissue characterization and added consx
trast compared to transmission x-ray and computed tomography (CT) imaging [46].
However, challenges remain for the technique to be used clinically. Among them,
measurement times must be reduced, microfocus x-ray sources must be further de-
veloped for smaller beam sizes and higher ux, and total radiation dose must be
estimated and possibly reduced. In this context, a methodology to measure thes
limitations regarding sample depth of a SAXS imaging system has yet to be devel-
oped. When these challenges are met, small-angle x-ray scattering CT (SAXS-CT)
for in vivo imaging will represent a powerful diagnostic tool for a number diagnostic
applications. In this work, we present a preliminary description for a method to
study the sample size limit of SAXS-CT which depends on instrumentation designzao

cross-section strength of the molecular targets and background materials.

4.2 Methods

We used a publicly available, GPU-accelerated, Monte Carlo tool (MC-GPU [9])
to simulate a large number of x-ray trajectories. MC-GPU has been used and val-
idated to generate clinically-realistic images and accurate radiation dose estimates
for a number of x-ray imaging modalities (radiography, computed tomography [10],
digital breast tomosynthesis [93]). The code was recently modi ed for a SAXS-CT

geometry with increased cross-section sampling at small scattering angles and to
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allow user-generated cross sections of particular materials to account for molecular
interference e ects [19, 28].

Small-angle cross sections were obtained via experimental measurements or
online small-angle scatter databases and converted to an input material le for
MC-GPU. For our target material, we have used cross-sections of monomeric gold
nanoparticle (GNP) spheres with a radius of 6 nm as the target dissolved in water,
and bovine serum albumin (BSA), dissolved in water as shown in Fig. 4.1. The GNP
samples were rst measured and theoretical scatter curves of ideal spheres were t
and scaled to the intensity of our measurements [6].

We obtained BSA measurements from the SAS biological database [88]. BSA
(ID: SASDA3) was measured using synchrotron radiation source in Hamburg, Ger-
many. The cross section of water is a known constant of 0.587 fiat small-angles
between 0-12 nm?!. It is represented in the standard manner scaling SAXS mea-
surements to absolute values to obtain cross sections.

The geometry and location of the target material (GNP or BSA in water) is
depicted in Fig. 4.2(a) as the inner yellow cylinder. The cross section of water was
used for the background material depicted in Fig. 4.2(a) as the surrounding blue
cylinder. We varied the depth of the target material by increasing the diameter
of the background material while keeping the target material diameter at 3 mm.
We used four sample geometries total: (1 and 2) control target material with no
surrounding background material, (3) target material within a 5 mm diameter back-
ground, and (4) target material within a 10 mm diameter background. The sample

geometries used voxels of 0.005 mm x, 0.005 mmy, and 1 cm z (reference axis shown
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Figure 4.1: Theoretical cross-section models for GNP in water, BSA in water, and
water used in simulations.

in Fig. 4.2(b)).

The geometry of the simulated SAXS-CT instrument is shown in Fig. 4.2(b).
The x-ray source used was an in nitely small 8 keV monochromatic pencil beam
with a beam size of 0.01 cm at the center of each sample. The distance of the front
edge of the sample to the detector was xed at 29 cmd is the distance between
the center of the sample to the detector which varied little with the size of the three
samples.

The detector is shown in Fig. 4.2(c). The maximum radius of the detector was
1.4 cm. There were 40 radial pixels with 100% detection e ciency. These instrumentso
parameters achieve a scatter x-ray intensity pro le with 40 points evenly in g-range
of 0.05 and 2 nm? (qis the momentum transfer de ned asg =4 sin ( )= ) which
is the angular range where the largest cross-section di erence is found between our

gold nanoparticle (GNP) target and water background material.
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Figure 4.2: MC-GPU simulation geometries of (a) samples, (b) an idealized SAXS
instrument, and (c) a radial detector. In (a), we simulated four sample objects.
The inner yellow cylinder is the target material, and the blue outer cylinder is the
background material. In (b), the blue arrow indicates a horizontal beam translation
across the sample. The red arrow indicates a sample rotation to achieve multiple
angular projections for CT reconstruction. In (c), the detector is radially shaped to
count scattered x rays,l, at various angles equidistant to the center.

We simulated 5 10/, 5 10/, 2 1, 2 10 primary x rays per beam
translation in the x-axis for the 1 mm, 3 mm, 5 mm, and 10 mm thick samples
respectively. After translating the beam across the diameter of the sample +1 mm
on each end, the sample was rotated land the beam was translated across the
x-axis again. This was repeated for 360 projections to achieve a full rotation about
the sample. The simulation took 3 min for the smallest sample and 17 h for the
largest sample using 5 NVIDIA GeForce GTX Titan GPUs in parallel.

The reconstruction of tomographic images from the 2D scatter pro le was rst
presented in detail elsewhere [29,30]. The pro les provide measures of coherent scat-
ter intensity | arriving at a particular detector element (ring of pixels), integrated

along the beam path. The measured pixel intensity (normalized to solid angle
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subtended by the detector element and the transmitted intensity atj= 0 nm 1, 1)

can be described as:

@ _ % d(Lo
|

Z
= no(l) di= S(;a)dl (4.1)
0 I d I

whereng(l) is the volumetric electron density atl position along the path through
the object, d( I;g)=d is the di erential coherent scatter cross section per scat-
tering solid angle, andq is the momentum transfer. The line integral ofS = sw
no()d ( I;g)=d, is formally equivalent to the line integral of the linear attenua-
tion coe cient in conventional CT. Therefore, an image is reconstructed for each
ring (scattering angle), resulting in a series of tomographic images corresponding
to the scatter intensity at a series of scatter angles. The intensity at each detector
angle was reconstructed to achieve a slice image using a Itered back projectios

(MATLAB iradon function).

4.3 Results

Fig. 4.3 shows SAXS-CT measurements of water solution with GNPs as the
target material. The 1 mm and 3 mm diameter target material without background
material are shown in the rst two rows. The third row is the 3 mm diameter sample sio
with a 5 mm diameter background of water. The fourth row is the 3 mm diameter
target with a 10 mm diameter background. The smaller sample size required less
number of translations. The rst column is a slice image of the voxelized samples.

Regions of air with low density in the image are depicted as black, the background

52



815

820

825

830

835

water material is gray, and the target GNP material is white. The second column

is the attenuation CT image from the primary beam. Columns 3-42 are the scatter
CT images at increasing angles. Fig. 4.4 shows SAXS-CT measurements in the
same format as Fig. 4.3 but for a water solution with BSA. There is less contrast for
BSA in the scattered images than for GNP because BSA has a smaller cross-section
intensity than GNP.

Fig. 4.5 shows the reconstructed scatter pro les for all target materials in each
sample geometry. The rst column pixel maps in Figs. 4.3 and 4.4 were used to
average intensities of all pixels belonging to the target material only at each angle.
These averaged values were normalized by the area of the detector and the total
number of x-ray trajectories simulated. The scatter pro le can be seen in Fig. 4.5(left
and middle). In addition, Fig. 4.5(right) shows the ratio of the calculated radius of
gyration by Guinier analysis [35],Rs=Ry, of the reconstructed scatter pro les over
the original cross section for both BSA and GNP. With larger samplegs, diverges

from Ry more so than for GNP.

4.4 Discussion

Our MC-GPU simulations con rm that SAXS-CT provides increased contrast
compared to conventional CT not only for high-Z materials but also for proteins.
This increased target contrast was qualitatively worse for BSA over GNP targets
especially for larger sample sizes. However, our results suggest that signi cant

contrast can be recovered for sample sizes of up to 10 mm.
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Averaging pixels belonging to a particular target assisted with reconstructing
an accurate scatter pro le for the material. However, an alternative approach would
be to repeat the simulation many times and average each pixel value rather than a
region for applications where targets are small with respect to pixel size.

GNP scatter pro les were reconstructed accurately even for the largest sampleo
with a Rs=R, larger than 0.95. For BSA, the scatter pro le accuracy decreased at
5 mm and 10 mm sample sizes but were still aboveRy=R, of 0.89. This indicates
that the coherent x-ray scatter could provide additional information to the primary
attenuation images that are indicative of the molecular structure of the material.

We plan to extend the study to use di erent protein targets and more complexsss
background materials while investigating optimal energies for monoenergetic and
spectral x-ray sources. In particular, we are interested in studying the advantageous
e ect of using higher energy x rays with larger sample sizes on improving image

quality and radiation dose minimization.

4.5 Conclusion 850

SAXS-CT is an emerging diagnostic medical tool that can potentially be used
for in vivo x-ray molecular characterization of tissues. We have used MC-GPU sim-
ulations to study SAXS imaging for a gold nanoparticle (GNP) and serum albumen
(BSA) protein target in a water background which serves as an initial investigation
for performance at depths higher than those consistent with most optical techniquess

for molecular characterization.
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A scatter pro le of GNP target was resolved when the target was embedded at
the center of a background material with 10 mm diameter and accurate information
such as the radius of gyration could still be determined using the Guinier approxima-
tion. The system remains to be optimized to shorten measurements times, to allow
for measurements of larger objects, and to minimize radiation dose. All of these
concerns must be addressed before SAXS-CT can be translated to small-animal
imaging and clinical use.

In summary, a publicly available MC-GPU code was used to simulate x-ray
trajectories in CT geometry and can be used to further study image quality and
radiation dose delivered to the sample. We plan to quantify the scatter signal
loss with increasing sample sizes with a variety of di erent protein targets and
complex background materials while performing validation of our simulations with

experimental measurements in physical phantoms.
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Figure 4.5: (Left) Reconstructed SAXS pro les of GNP by averaging all pixel values
within the target of the sample for each angle. Intensities are normalized by the area
of the detector and by the total number of x-rays simulated. (Middle) Reconstructed
SAXS pro les of BSA by averaging all pixel values within the target of the sample
for each angle. (Right) The ratio of the calculated radius of gyration for each of the
reconstructed SAXS curves for both BSA and GNFR;, over the calculated radius
of gyration of the original cross section used for simulationf,.
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Chapter 5: PSAXS phantom imaging studies

Coherent small-angle x-ray scattering (SAXS) provides molecular and nanometer-
scale structural information. By capturing SAXS data at multiple locations across
a sample, we obtained planar images and observed improved contrast given by the
di erence in the material scattering cross sections. We use phantoms made with
3D printing techniques, with tissue-mimicking plastic (PMMA), and with a highly-
scattering reference material (AgBe), chosen because of their well characterized
scattering cross section to demonstrate and characterize planar imaging of a labo-
ratory SAXS system. We measure 1.07 and 2.14 nfmangular intensity maps for
AgBe, 9.5 nm ! for PMMA, and 12.3 nm ! for Veroclear. The planar SAXS im-
ages show material discrimination based on their cross section features. The image
signal-to-noise ratio (SNR) of eachy image was dependent on exposure time and
x-ray ux. We observed a lower SNR (91 48) at g angles where no characteristic
peaks for either material exist. To improve the visualization of the acquired data by
utilizing all g-binned data, we describe a weighted-sum presentation method with
a priori knowledge of relevant cross sections to improve SNR (10,0006400) over
the SNR from a singlegrimage at 1.07 nm* (1100 620). In addition, we describe

planar SAXS imaging of a mouse brain slice showing di erentiation of tissue types
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as compared to a conventional absorption-based x-ray imaging technique.

5.1 Introduction

When x ray quanta interact with matter they are transmitted, absorbed, or s«
scattered. Several technigues make use of x-ray de ections at small angles to mea-
sure coherently scattered radiation that provides nanometer-scale structural infor-
mation (0.1-100 nm) of the scattering material. These approaches are typically
known as small-angle x-ray scattering (SAXS). Conventional x-ray medical imaging
techniques have primarily focused on di erentiating materials based on absorptionss
properties providing micrometer scale morphology or spatial information. However,
absorption-based approaches are limited in that many pathologies share similar at-
tenuation characteristics with normal surrounding tissues, especially during early
disease stages where change occurs at molecular and cellular levels. Many attempted
to bridge the two approaches in order to obtain nanometer scale structural inforseo
mation coupled with micrometer scale spatial information with the ultimate goal of
improving image quality and diagnostics. In a typical transmission SAXS design, an
x-ray pencil beam traverses a sample and scattering patterns are recorded at small
angles on a 1D or 2D detector. One approach to measure both scales simultane-
ously is by utilizing stepper motors to position a sample at various locations in thewos
x-ray beam collecting SAXS data at each position. This information could be used
di erentiate materials by their inherent scattering cross section.

2D scanning SAXS has been explored clinically for variousx vivo biopsy
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applications including bone, [63] breast, [27] brain, [70] and cardiac tissues. [13]
Albeit a slower measurement compared to a single-shot, full- eld, x-ray absorption
image, the collection of scattering information provides unique information valuable
for material classi cation. However, translating 2D scanning SAXS imaging into
clinical practice requires the development of characterization and calibration tools
to design and optimize these novel imaging modalities. A physical phantom with
known material properties and geometry can greatly assist in the study of the system
parameters a ecting resolution, contrast, noise, and overall image quality.

We report planar SAXS (PSAXS) imaging using a laboratory system for a
set of physical phantoms and for mouse brain tissue. We discuss factors a ecting
image quality in PSAXS imaging, describe a method for e ective visualization, and

compare material di erentiation to x-ray absorption imaging.

5.2 Methods

Fig. 6.1 depicts the laboratory PSAXS system used for measurements. We use
a laboratory SAXS system (SAXSpace, Anton Paar, Ashland, VA, USA). The in-
strument utilizes a sealed Cu-anode tube optimized for Kradiation ( = 0.154 nm).
The system was con gured in point collimation mode with an accessibtgrange of
0.01{20 nm ! (q=4 sin= ). A pinhole aperture was achieved using blocks to ap-
proximately 200 200 m. We utilized 3 stepper motors with 10 m step resolution
within the instrument vacuum sample chamber to control horizontal and vertical

sample motion with respect to a stationary x-ray beam with a sample-to-detector
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distance (SDD) of 110 mm. The imaging detector is a CCD camera with a pixeds:o
pitch of 24 min an array of 2084 2084 pixels coupled with a GgO,S:Tb phosphor

screen designed for 8-keV x rays.

Detector

Phantom

0.2 Bgdmm Beamstop
SDD

Figure 5.1: Schematic of the setup for planar SAXS imaging.]

Data was acquired and binned in the CCD in 8x8 pixels to allow for shorter
measurement times and reduced memory storage. We noted that the highest angular
resolution was not needed considering the characteristics of the scatter pro les of
the materials used. A beamstop was positioned 5 cm in front of the detector to
attenuate a portion of the primary beam of transmitted x rays preventing saturation
of the detector pixels. All portions of the beam path were enclosed in a vacuum-
sealed chamber at 350 mbar. The acquired 2D image of the scattering was corrected
to account for the at detector among other standard corrections using SAXStreatoo
(Anton Paar, Ashland, VA, USA). Then, the data was radially averaged and reduced
to 1D scatter pro les.

Due to the large number of subsequent measurements required per scan, it
is impractical to measure a dark current prior to each measurement. A reasonable
compromise is to record a dark current measurement with the same exposure time
at the end of each set of scanning measurements. Dark current shift over the scan

time was accounted for by selecting an angular position with no signal (0 is 1)
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and subtracting a uniform o set to bring that intensity to 0 m s 1.

Fig. 6.3 shows our dark current signal and the detector value at a q of 6 nfm
for each SAXS measurement in a typical set of scans.

A set of physical phantoms was designed in Inkscape using an encapsulated
postscript format for the FDA logo and an Arial font for UMD lettering, exported in
a drawing exchange format and then extruded using OpenSCAD to be 1 mm thick.
The phantom designs were 3D-printed using a proprietary plastic (Verocledr).
As a comparison to a well-known plastic often used as tissue-mimicking material for
x-ray absorption-based imaging modalities, we also cut the FDA logo into a slab
of Polymethyl methacrylate (PMMA) using computer numerical controlled (CNC)
milling. Fig. 5.5 (Top) shows the virtual designs and photographs of the 3D-printed
Veroclear phantoms and the milled PMMA phantom. Because the 3D-printed mate-
rial needed a thin base support in the letters, we use a well design with dimensions
3.00x1.50x0.11 cm for UMD and 4.0x2.5x0.11 cm for FDA. Well bottom thick-
ness was 0.01 cm. The thickness standard deviation for the 3D-printed phantoms
was 0:02 mm as determined by a digital caliper. The FDA logo was cut into
a 0.123 cm-thick slab of PMMA. The resulting PMMA phantom had dimensions
7.00x4.60x0.12 cm. The standard deviation in the thickness was 0.036 mm. The
dimensions were designed to be small enough to t in our sample holder and allow
for the logo and lettering range to be covered by the range of motion by the stepper
motors with a resolution relevant for tissue imaging<1 mm). The phantom cut
by the milling instrument was designed to be larger to ease the cutting process. We

lled the wells in the Veroclear phantoms with silver behenate (AgBe) powder and
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Figure 5.2: (Top) Dark current (DC) measurement. Red vertical line indicates q
position at the lowest value. The peak at 1.1 nm' is due to a row of bad pixels.
(Bottom) Plot of detector values for all scatter measurements acquired at the angular
position indicated by the red line. At the beginning of scanning measurements, the
rst few measurements increase the CCD values and stay relatively steady, or slowly
decline. Only one DC measurement is needed and the DC shift can be corrected
by subtracting a unique o set per each measurement. The noise is due to the
measurement intensity variance. The occasional large peak is due to cosmic ray
e ect.
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Figure 5.3: Absolute coherent scatter cross sections of AgBe, Veroclear, and PMMA.

used Scotch tape to seal the open side. Holes were punctured into each indepen-
dent segment of the wells to let air escape and prevent air pockets when the sample
was under vacuum pressure. A similar procedure was performed for the PMMA

phantom with both sides sealed with Scotch tape.

AgBe, Veroclear, and PMMA were selected for this work because they were
independently measured to absolute scale using a glassy carbon intensity calibrant.
[5] In addition, these materials have a well-characterized isotropic scattering cross
section and remain unaltered for days inside the vacuum. Finally, the materials of
choice demonstrate signi cant and reproducible material di erentiation under SAXS
imaging. Fig. 5.3 shows the absolute scatter pro les of the three materials used in
this work. The minimum measuredq was 0.79 nm1.

We measured the UMD Veroclear phantom with 0.25 mm and y steps with
5-s exposure at each location. In total, the scanned region covering the UMD letter-
ing was 2.4x0.8 cm. The measurements took approximately 12 h. For these sets of

measurements only, SDD was xed at 302 mm which resulted in a measurgdange
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of 0.19{6 nm . All other measurements were obtained with a SDD of 110 mm
providing a wider g-range of 0.79{19 nm?!. Exposure time was increased to 10-s
for better signal quality. The FDA Veroclear phantom was measured with 0.5 mm
step sizes with a scanned region of 2.4.0cm. Total measurement time was ap-
proximately 3 h. The FDA PMMA phantom was measured with 0.5 mm step sizeSw
and a scanned region of 2.51.1cm. Total measurement time was approximately 5
h. In addition, we measured the bottom corner of the D in this phantom with a
higher step resolution of 0.25 mm. The scanned region was O0/5 cm and took
approximately 2.4 h.

Data from PSAXS data can be visualized presenting the individual intensitysss
map for all g angles. However, to improve the visualization of material di erentia-
tion, we propose a method based on weighted averaging. We weight the intensity at
eachq angle with the value of the corresponding cross section data of the material
of interest (I ) and then sum allq images to obtain a combined single presentation
image, 1000

G= " g@m(a) (5.1)

0=a1
whereG is weighted-sum intensity map, andy(q) is the intensity map at eachq bin.

We measured the signal-to-noise ratio (SNR) by selecting 3 regions-of-interest
(ROI) for locations with AgBe and support material. The mean and variance were
calculated for each ROI and SNR was estimated by SNR =agge= yppore- The
reported SNR is the mean and standard deviation of 3 estimates for each image aoos

To compare this imaging modality to x-ray absorption techniques utilized in
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most conventional x-ray medical imaging applications, we imaged a few of the phan-
toms with a 30 kV spectrum running at 1.5 mA for a 2 s exposure. Fig. 5.5 (Bottom
left) shows the PMMA FDA phantom with AgBe inside the logo, the Veroclear FDA
1010 pPhantom with no AgBe, and a PMMA UMD phantom with AgBe on tape removed
from the UMD Veroclear phantom and attached to a uniform region of PMMA at
top right which was imaged using x-ray absorption technique. The x-ray generator
was UltraBright Microfocus source (Oxford Instruments, Abingdon, Oxfordshire,
UK) with tungsten anode. The detector was FlashScan30, an amorphous silicon-
115 based indirect detector (DPiX, Colorado Springs, CO, USA) with 23043200 pixels
with a pitch of 125 m and a thick Csl scintillator (650 m). We collected and
averaged ve images of each phantom after dark-current and at- eld corrections.
In addition, we scanned a 1 mm coronal slice of a wild-type mouse brain with
0.25 mm step resolution placed in a tissue sample holder (Anton Paar, Ashland,
w20 VA, USA). The sample holder has x-ray transparent windows and allows the tissue
to remain at atmospheric pressure while in the beam path. The mouse brain was
prepared by xing in paraformaldehyde, slicing using a vibratome to 1 mm, and
was stored in a phosphate bu ered solution at 4 until measurements. No staining
was performed to this tissue. 448 positions were measured with 100-s exposures for
w25 total of 15 h. An x-ray absorption image was also measured using the same system

and settings used to measure absorption images for the phantoms.
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5.3 Results

Results from PSAXS measurements are presented in Fig. 5.4. Intensity maps
for the Veroclear UMD phantom are shown in the rst column of images. This
was the largest region measured at the highest spatial resolution. Measurememts
were performed in 4 separate sessions and dark current was corrected in each ses-
sion independently. Horizontal streaks appear due to the inaccuracies If the dark
current subtraction for each session. It was the only phantom measured with SDD
of 302 mm. The SDD was reduced to 110 mm to acquire a wider angular range
and observe intensity maps at PMMA and Veroclear's characteristic peaks at 9bes
and 12.3 nm ! and the exposure time per position was increased to 10 s per mea-
surement for all other phantoms to increase signal quality. Ay locations where
characteristic scattering peaks of AgBe is known to exist, 1.07 and 2.14 ninthe
AgBe material was the most intense signal in the image. For comparison, we also
present an intensity map at ag-angle where no characteristic peaks exist for eithes.o
support or AgBe material at 1.5 nm . As expected, contrast between the two ma-
terials in each image are greatly reduced at this angle and would be further reduced
with smaller q resolution bins.

PMMA and Veroclear materials both have broad peaks in their scattering cross
section, shown in Fig. 5.3, however PMMA has a scattering maxima at 9.5 nf 1o
At that angle, support material regions were the most intense for PMMA phantoms.
Similarly, at 12.3 nm ! the Veroclear material was the most intense. Conversely,

AgBe regions in the image at theseg-angles are dark.
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Figure 5.4: Four sets of planar SAXS measurements showing intensity maps at
variousg angles of interest for the phantoms. Support material and spatial resolution
are listed at the top.

The last row of images are the weighted-sum visualization as described in

wso EQ. 5.1. With known cross sections of the target, data from eacofpbin can be
preferentially weighted and summed to increase the signal quality and material

di erentiation in a single presentation. In these images, we have weighted trep
images for AgBe. This presentation mode greatly improves the presentation of low
signal measurements as in the Veroclear UMD phantom. The estimated SNR for

ss  images in the &' column of Fig. 5.4 which was 1100 620, 91 48,522 205, 100

57, 140 44, and 10000 6400 from top to bottom.
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