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Abstract

This thesis presents research results on high-energy X-ray grating interferometry
and its implementation at conventional polychromatic X-ray sources. Identical to
other phase-sensitive techniques, the image contrast is created based on refraction of
X-rays propagating through matter, and not their absorption. Demonstrated for the
first time over a decade ago, grating interferometry provides increased contrast over
absorption-based imaging at photon energies below 30-40 keV, and of low-atomic-
number materials, mainly soft tissues. However, imaging of large and dense objects
requires X-ray photons with higher energies. Therefore, the feasibility of this technique
with high-penetration-depth photons above 40 keV is being investigated.

In this work, the potential of high-energy grating interferometry is evaluated by
means of experiments performed with X-ray spectra comprised of high energy photons
(>45 keV). Several important questions concerning the applicability and possible ben-
efits of the technique for medical imaging and materials science research are answered.

The quantitativeness and accuracy of the technique is assessed with measurements
performed both in projection and tomography mode. In order to ensure fast and reli-
able measurements of the electron density on a vast number of various homogeneous
materials, a special sample geometry is presented and its validity confirmed experi-
mentally. Further, quantitative measurements are extended to a tomography mode.
Quantitative results of phase-contrast C'T scans show the changing complementarity
of attenuation and phase-contrast images of materials with various atomic numbers
at photon energies of 45 keV and above. The benefits of a high-energy X-ray phase-
contrast C'T system over conventional attenuation-based CT are presented, with imag-
ing results of a part of a human cervical spine with intervertebral discs in between the
vertebral bones. The phase-contrast tomogram reveals the internal structure of the
discs, a feature expected to be seen only in magnetic resonance imaging. Furthermore,
based on the experimental values of electron density obtained with the technique, ded-
icated phase-contrast imaging phantoms are designed, presented and characterized
experimentally. Their benefits for phase-contrast CT system characterizations are re-
ported. Moreover, a simple design change applied to the interferometer is shown to
provide phase-contrast CT images with increased soft-tissue contrast at (as estimated
by computer simulation) dose levels comparable to conventional attenuation-based
CT. Finally, the technique’s big potential for imaging porous and composite materials
is indicated by a proof-of-concept measurement performed on a concrete sample.

The results presented in this thesis characterize the performance of grating-based
imaging at photon energies above 40 keV; additionally, they indicate the potential
of the method for specific biomedical applications which take advantage of high-
resolution soft-tissue imaging, and for imaging highly heterogeneous and dense porous
materials such as concrete.
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Chapter 1
Introduction

Since the discovery of X-rays by W. C. Rontgen in 1895, X-ray imaging has become
an important tool in many fields of research and medical imaging. Their high pen-
etration power, short wavelengths, which result in high spatial resolutions, and easy
accessibility thanks to affordable lab-based sources enabled the technique to spread
widely across various disciplines, such as medical diagnostics, biomedical research,
materials science, security screening, and so forth.

Conventionally, images are created based on varying attenuation properties of dif-
ferent elements and materials densities inside a human body or an arbitrary object.
An object illuminated with an X-ray beam modulates its intensity such that it creates
a “shadow” which can be detected with analog film or a digital detector sensitive to
X-rays. In conventional radiography only a two-dimensional image is produced. In
computed tomography, the tube and the detector are rotated around the object so
that multiple images can be acquired, resulting in a three-dimensional visualization.
However, when the object’s attenuation is not strong enough or the differences in den-
sity and elemental composition are small, the contrast generated by X-ray attenuation
is insufficient.

Since phase-sensitive techniques rely on a different physical phenomenon than
attenuation, the possibility for increased contrast exists. For a long time phase-
sensitive imaging has been, however, reserved only to the visible part of the electro-
magnetic spectrum because of difficulties in creating optical elements efficient enough
in the short wavelengths of X-rays. This all changed in 1965 with a demonstra-
tion of the first interferometer in the hard X-ray regime by [Bonse & Hart 1965].
Although very impractical at the time, it fortunately caught the necessary atten-
tion and phase-sensitive imaging has been under constant development since then.
Various phase-sensitive techniques emerged, varying in experimental means of mea-
suring the phase front and its changes [Fitzgerald 2000, Momose 2005|. At the be-
ginning, most of them required highly spatially coherent beams, which made the
possible use cases very limited. Performance of phase-sensitive techniques excels
at synchrotron sources, which provide high brilliance and highly coherent radia-
tion. Contrast of low-absorbing objects was shown to increase tenfold and beyond
[Pfeiffer et al. 2007a, Schulz et al. 2010, Zanette et al. 2013]. Unfortunately, access to
synchrotron facilities is very limited as there are approximately only 70 synchrotrons
around the world in various stages of development. Their operation costs are very
high and therefore their accessibility is limited.



Of all X-ray phase-sensitive techniques only a handful can be operated with con-
ventional, polychromatic X-ray sources, such as X-ray tubes used standardly in hospi-
tals and materials science labs. Theoretically, by slitting down the exit window of an
X-ray tube, a beam can be produced that is spatially coherent enough to work with
any of the techniques. However, the practicality of such systems is questionable. The
already low flux of such sources behind a single small aperture becomes practically
unusable since its low throughput requires exposure times of up to tens of seconds per
single image.

The method utilized in this work, Talbot-Lau grating interferometry, does not
have this drawback. It can be successfully used with conventional sources because the
coherence requirements are not as strict as in the other techniques. Therefore, “only”
half of the photons are lost in the process needed to meet the coherence requirements,
which is still sufficient for a realistic operation from the exposure time point of view.
After its demonstration by [Pfeiffer et al. 2006| it caught a lot of attention among
research groups around the world. First demonstrations showed huge gains in image
contrast [Donath et al. 2010] and first medical applications were investigated with
hopes for dose-compatible examinations in the near future [Stampanoni et al. 2011,
Scherer et al. 2014].

Because grating interferometry heavily depends on optical elements produced with
micrometer precision, called gratings [Reznikova et al. 2008, Mohr et al. 2012, which
are difficult to manufacture for high-energy X-rays, it has been mostly used at X-ray
energies below 30-40 keV [Hetterich et al. 2014, Willner et al. 2014, Herzen et al. 2014].
This energy range is enough for experiments performed on dissected tissue samples
the size of at most a few centimeters, but could never be suitable for imaging hu-
man body parts containing bones, or for materials science applications. Hence, there
has always been a need for grating interferometry operated at high X-ray energies.
Additionally, operation at high energies can potentially lower the radiation dose de-
livered to a patient because fewer photons are absorbed in the sample and transfer
their energy to the tissue. As phase-contrast techniques rely only on the transmitted
part of the radiation, they show great potential as dose-compatible diagnostics tools.
It does, however, have its own drawbacks. Photon interaction cross sections fall off
pretty quickly with increasing photon energy, and this demands high-quality optical
elements such that every available photon carrying the phase-shift information is used
in image contrast creation.

In addition to high contrast in the images resulting from the X-ray illumination,
the ability to relate the gray values of an image to the physical properties of the
investigated sample, such as its mass and electron density, is advantageous and there-
fore desirable in many research fields. Grating interferometry allows for simultaneous
determination of the linear attenuation coefficient and the refractive index decrement
distribution inside an object in three dimensions [Herzen et al. 2009]. The refrac-
tive index decrement can be further related to the electron density distribution, and



by combining the two parameters, effective atomic number of the materials can be
determined [Qi et al. 2010].

As grating fabrication processes improve, grating interferometry becomes more
and more feasible at higher X-ray energies. New possible applications are being inves-
tigated thanks to the higher penetration depth of photons above 40 keV. For instance,
grating interferometry at 82 and 130 keV photon energy using a synchrotron source
has already been demonstrated [Willner et al. 2013, Ruiz-Yaniz et al. 2015]. How-
ever, as already mentioned, access to synchrotron radiation sources is severely limited
because of their high operation costs. The first demonstration of a grating interfe-
rometer operated with a conventional X-ray source and a polychromatic spectrum
with a mean energy of 60 keV was demonstrated earlier in [Donath et al. 2009b], but
due to limitations in the grating fabrication process at that time, performance of the
interferometer was inferior and not sufficient to perform imaging with satisfactory im-
age quality gain between the phase and the attenuation-contrast reconstructions. A
slightly different approach have been presented to build improved laboratory systems
[Thuering et al. 2014], but the field of view in this case is severely limited. Therefore,
a high-energy phase-contrast CT system using a conventional X-ray source with a big
field of view and a high optical performance is desirable.



The aim of this PhD thesis was to implement, characterize and evaluate possi-
ble applications of high-energy X-ray Talbot-Lau interferometry with a conventional,
polychromatic X-ray source. With the help of other members of the Chair of Biomed-
ical Physics of the Technical University Munich, the complete processing chain has
been developed: beginning with semi-automatic data acquisition, and concluding with
quantitative tomography reconstructions of three different physical quantities. Sub-
sequently, the technique was investigated for its advantages, practicality, complemen-
tarity, and improvements in image quality of phase-contrast and dark-field modalities
over standard attenuation-based imaging. Possible applications which could benefit
the most from the technique were experimentally assessed; results of these experi-
ments are presented in Part II of this thesis.

This thesis is structured as follows. After the introduction, Chapter 2 outlines
the theoretical background of X-ray imaging and presents the corresponding math-
ematical formalism. Chapter 3 explains the operating principles of X-ray grating
interferometry and the processing chain used to acquire the three different contrast
modalities. Section 3.5 describes the experimental setup used to obtain the majority
of the results reported in this thesis.

Chapters 4 to 8 contain the main experimental results:

Chapter 4 presents a special sample geometry for fast and reliable projection-
only-based measurements of electron density of homogeneous objects. The experi-
mental results for nearly 20 samples are shown and further compared with point-of-
reference measurements obtained using monochromatic synchrotron radiation. Limi-
tations of the projection-only-based method are discussed.

Chapter 5 extends the quantitative measurements to a tomography mode and
evaluates the complementarity of attenuation and phase-contrast images of materials
with various atomic numbers at photon energies of 45 keV and above. The benefit of
a high-energy X-ray phase-contrast system over conventional attenuation-based CT
is showcased by the phase-contrast tomography of a part of a human cervical spine
with intervertebral discs surrounded by bones and various soft tissue types.

Chapter 6 discusses the design and experimental evaluation of dedicated phase-
contrast imaging phantoms. Polymer plastics suitable as tissue-substitute materi-
als for X-ray phase-contrast imaging are chosen based on their refractive properties.
Imaging results of both a low-contrast and an image-quality phantom are presented,
and their benefits for a PC-CT system characterization are reported.

Chapter 7 describes a possible design change for the high-energy interferometer
which improves its optical performance and contributes to making the technique dose-
relevant and clinically applicable. A few low-dose comparisons of phase-contrast CT
images with attenuation-based CT images show greatly improved soft tissue contrast
in the former.

Chapter 8 investigates possible applications of high-energy X-ray grating inter-



ferometry for porous and composite materials. Multi-contrast grating-based tomogra-
phy of a concrete sample demonstrates that the supplementary information provided
by phase-contrast and dark-field images improves differentiation of material phases
and visibility of micro-cracks. Prospects for further studies on porous and composite
materials are discussed.

The scientific results are summarized and perspectives are discussed in Chapter 9.



Part 1

Theoretical background



Chapter 2
Imaging with X-rays

Contents
2.1 Interaction of X-rays with matter . . . . ... ... ... .... 7
2.1.1 Attenuation and phase shift . . . . ... ... ... ... 8
2.1.2  Complex atomic scattering factor . . . . . . . ... .. .. ... 9
2.2 Attenuation-contrast imaging . . .. ... ... ... ..., 10
2.2.1 Image contrast formation . . . .. ... ... ... ... . ... 10
2.2.2  Total attenuation cross section . . . . .. ... ... ... ... 11
2.3 Phase-sensitive imaging . . . . . .. ... 0000000 L 13
2.3.1 Phase shift and refraction . . . . ... ... ... 13
2.3.2 Phase-sensitive techniques . . . . . . . . . ... ... ... ... 14

X-rays have been used for imaging since their discovery in 1895 by Rontgen. In
fact, the first documented experiment with X-rays was a projection image of a human
hand recorded on analog film. Their high penetration power has been exploited since
then.

This chapter presents the fundamentals of imaging with X-rays. Section 2.1 de-
scribes the basic principles of X-ray interaction with matter, including the attenuation
and phase shift of the X-ray wave. Section 2.2 describes the contrast formation in
attenuation-based imaging. The basic interactions relevant to imaging, namely pho-
toelectric effect, Rayleigh, and Compton scattering, are described in Subsection 2.2.2.
Section 2.3 explains how a phase shift of an X-ray wave can be used for imaging pur-
poses. A short overview of various phase-sensitive imaging technques is presented in
Subsection 2.3.2.

2.1 Interaction of X-rays with matter

Let us consider two waves of a linearly-polarized electromagnetic wave propagating
in the z-direction with frequency w, amplitude Ey, and a wave vector k = 27 /X (see
Figure 2.1). For simplicity, only the electric field is considered in the following. One
of them travels through vacuum, while the other traverses a block of material with
refractive index n and length L. The first wave travels undisturbed. The second
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wave traveling through matter interacts with it in various ways. The interaction is
described by the complex index of refraction defined as

n=1-0+if, (2.1)

where 0 is the refractive indexr decrement related to the phase shift, and S is
the absorption index related to the absorption of X-rays by the linear attenuation
coefficient p.

n

y z z=10 z=1L

Figure 2.1: A plane monochromatic wave that traverses a material of complex refractive
index n experiences an amplitude decrease AA = Ay — A, and a phase shift A® compared
to an unperturbed wave traveling in vacuum.

The second wave, after traversing the material can be described by
E(z,t) = Eyexp(inkz — wt) = Egexp(—Lkz) exp(idkz — wt) | (2.2)

where the first exponential term describes the attenuation, and the second exponent
describes a change of the phase. Both effect are schematically represented in Figure
2.1. The amplitude is decreased by a factor AA and the phase shifted by A®. These
changes can be further related to material specific parameters g and ¢.

2.1.1 Attenuation and phase shift

Attenuation The decrease of wave’s amplitude AA is related to the drop of the
beam’s intensity
1) _ |B(:)P
Lo | Eol?

= exp(—2k5z) . (2.3)
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The above relation can be rewritten to calculate the intensity of the beam after trav-
eling through a material of thickness z with refractive index n, which is known as the
Lambert-Beer law:

I(z) = Lyexp(—pz) , (2.4)

where [ is the initial intensity before the material, and the quantity u = 2k3 is
the linear attenuation coefficient. In a more general case of an object composed of
materials with various linear attenuation coefficients, Equation 2.4 has to be extended
to the line integral of x along the beam path in z-direction:

In (Ii) = —/ p(z)dz. (2.5)
0 0
Phase shift In the absence of absorption, the phase shift A® of the X-ray wave after
traveling through the material with a thickness of z and a refractive index decrement
of § is given by
Ad(z) = kéz , (2.6)

which is measured with respect to an undisturbed wave. A varying phase shift of the
X-ray wave causes a refraction of the beam by an angle «, in the direction perpen-
dicular to the propagation direction (in our case z). This angle is related to the first
derivative of the phase shift 0®/0x by
0y = A 0P , (2.7)
21 Ox
where A is the wavelength of the beam propagating in z-direction [Paganin 2006].
Similar to attenuation, if the beam traverses an object composed of materials
with various refractive index decrements, Equation 2.6 has to be extended to the line
integral of ¢ along the beam path in z-direction:

AD = — /Z ko(z)dz. (2.8)

2.1.2 Complex atomic scattering factor

In the X-ray regime, 6 and 8 can be also described in terms of the components of the
complex atomic scattering factor f0(w) = f2(w) —ifY(w) of the individual atoms in a
material for forward scattering (6 = 0) as [Attwood 2007]

NgTe N>

5= "0 p0w) (2.9
2
5= " g0, (2.10)

where n, is the atomic density, r. is the classical electron radius, and A is the
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wavelength of the radiation. Values of the imaginary atomic scattering component
fJ(w) can be determined by measurements of the absorption through thin foils (or
gases) made of elements of interest for a broad range of photon energies. The real
part of the atomic scattering component f}(w) is then calculated through mathemat-
ical relations between fQ and f2, known as Kramers-Kronig relations. Therefore, by
measuring f3 it is possible to determine f{(w), and thus the refractive index decrement
0. Both atomic scattering components were tabulated by [Henke et al. 1993].

By combining Equations 2.1, 2.2, and 2.3 we can see an explicit connection between
scattering in forward direction and the refractive index:

NgTe A
27

n(w) =1- LA (w) —ify(w)] - (2.11)

We will see later that if the photon energy of the incident radiation lies considerably
above the absorption edges of the material, the real part of the atomic scattering
component f{(w) can be substituted by the atomic number Z. Consequently then
0 x pe, where p. is the electron density of the material.

2.2 Attenuation-contrast imaging

2.2.1 Image contrast formation

An X-ray beam traversing a material is attenuated as photons are continuously re-
moved from it. The attenuation is a result of two competing processes: absorption
and scattering. Absorption refers to photons being removed from the primary beam
as a result of them being absorbed and transferring their energy to the material.
Scattering refers to the photons being removed from the primary beam on account of
them being redirected by (mainly Compton) scattering events. The energy is partially
carried away from the site of the primary interaction [Barrett & Swindell 1996].

Additionally, photons can also be redirected by Raleigh scattering. However, for
diagnostic-energy X-rays and low-atomic-number elements, the beams are separated
by less than a milliradian and practically follow their original paths until they reach
the detector. Therefore, Rayleigh scattering does not contribute to attenuation of the
beam, but it is the basis of a phase-contrast image.

An attenuation-contrast image is created based on the difference in attenuation
properties of materials inside the investigated object. A parameter describing these
properties is the linear attenuation coefficient p, which it is related to 3 as

=2k = 47”5. (2.12)

In the photon energy range of interest for biomedical CT scanning (10 - 150 keV),
the linear attenuation coefficient is a result of photoelectric absorption, Compton scat-
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tering and Raleigh scattering [McCullough 1975]. Therefore, it can be decomposed
into contributions from each mode of X-ray photon interaction as

H = pe + Heoh + Hincoh 5 (213)

where subscript pe denotes the photoelectric effect, coh denotes the coherent
Raleigh scattering, and incoh denotes the incoherent Compton scattering. Further-
more, the linear attenuation coefficient p is the product of the total electronic cross
section of,, (cross section per electron) and the electron density of the material p,

[t = PeTio » (2.14)

where p, = pNoZ /A, which is described in detail in the following.

2.2.2 Total attenuation cross section

In the photon energy range relevant for imaging purposes, total attenuation cross
section per electron of,, is given by the sum of contributions of three photon interaction
mechanisms [McCullough 1975]:

e __ e e e
Otot = Jpe + Ocoh + Oincoh > (215)

where
o5, - photoelectric effect (pure absorption),

of,, - coherent (Rayleigh) scattering,

coh

e

¢ o - incoherent (Compton) scattering.

g

The cross sections depend strongly on the X-ray photon energy (F) and the atomic
number (Z) of the material. The dependence varies for each of the cross sections;
therefore they contribute to the final contrast in the image with different strengths.
For low-Z materials typically found in soft tissues, the dominant process at X-ray
energies of up to 20-30 keV is the photoelectric effect. Since it is purely an absorption
process, very often an image of soft tissues created at this energy range is called
an absorption image. At energies above 30 keV the situation changes so that the
Compton effect contributes most to the image formation.

Figure 2.2 shows the partial interaction coefficients for carbon (Z=6), germanium
(Z=32), and lead (Z=82) in units of barn/atom (1 barn = 1072* cm?).

Both the electronic cross sections for photoelectric effect and the coherent scat-
tering depend strongly on the photon energy E and on the material specific effective

Ope X
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a) carbon (Z = 6) b) germanium (Z = 32) c)lead (Z = 82)

T T T T Ty T T T

cross section (barn/atom)
cross section (barn/atom)
cross section (barn/atom)

T T T T T T T T T
10° 10’ 10° 10° 10 10° 10’ 10? 10° 10 10° 10' 10? 10° 10*
photon energy (keV) photon energy (keV) photon energy (keV)

Figure 2.2: Total photon cross section o, in carbon (Z=6), germanium (Z=32), and lead
(Z=82), as a function of photon energy, showing the contributions of different processes: ope -
atomic photoelectric effect; oo - coherent Rayleigh scattering; oincon - incoherent Compton
scattering; oy, - pair production in a nuclear field. Based on the data from XCOM database
[Berger et al. 2010].

and m
Ocoh X E{Lf ; (217)

where values for £ and m are typically 3.8 and 2.0, respectively, and values for [

and n are 3.2 and 1.9, respectively, but vary slightly depending on the photon energy
and on the composition of the material [McCullough 1975].

On the other hand, the Compton scattering cross section oj,con can be determined
from the Klein and Nishina function fxn(«) [Barrett & Swindell 1996]

Oincoh = UOfKN<a) ) (218)

where « is the angle of scattering, and o = 877r2/3 is the cross section for (classical)
Thomson scattering. If we assume that all electrons are free electrons and participate
in Compton scattering equally (which is not strictly true, especially for heavy elements
and low-energy X-rays below 1 keV), the Compton cross section depends only on the
X-ray energy and is essentially independent of the atomic number Z [Hubbell 1969,
McCullough 1975].

As seen in Figure 2.2, the influence of photoelectric absorption and coherent scat-
tering on the linear attenuation coefficient i decreases with increasing X-ray energy.
It is the opposite for the Compton scattering. The “turning point” at which the
Compton scattering contributes to the image contrast more than photoelectric effect
increases with increasing 7 of the material. For instance, for carbon the photoelectric
absorption dominates up to around 20 keV, while for lead - up to around 600 keV. This
fact has an interesting implication on complementarity between attenuation-based and
phase-contrast imaging.
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For soft tissues composed of low-Z materials and at X-ray energies of up to 20-
30 keV, the attenuation process is dominated by the photoelectric effect so that the
resulting image can be called an absorption image. Such image yields information on
both density and material composition. And because phase contrast is proportional
only to the electron density p., the two contrast channels are complementary, which
was experimentally proven on many different types of soft tissue.

The situation changes for the same low-Z materials but at X-ray energies above
40 keV. The attenuation process starts being the result of mostly the Compton effect.
Once it is purely caused by the Compton effect, the signal in attenuation contrast is
proportional to the electron density p., as is also the case in the phase contrast. Thus,
between various low-Z materials similar contrast differences are expected in attenua-
tion and phase contrast images at high X-ray energies. An experimental validation of
that theoretical fact is presented in Chapter 5.

In case of higher atomic number materials, such as germanium or lead (see Fig. 2.2),
the X-ray energy at which the Compton scattering contributes to the image contrast
more than the photoelectric effect is shifted to higher values. Therefore, at energies
up to few hundreds of keV the attenuation contrast is again dominated by the photo-
electric effect, which means that the attenuation and phase-contrast images provide
complementary information and materials can be distinguished more easily. This fact
was used to obtain multi-contrast micro-tomography reconstructions of a concrete
sample presented in Chapter 8 as a proof-of-concept indicating the high potential of
phase-contrast imaging for materials science applications.

2.3 Phase-sensitive imaging

2.3.1 Phase shift and refraction

Since a detector measures only the intensity of the X-ray beam as a square root of the
wave’s amplitude |E(z)]?, any change in the phase of the wavefront is lost. However,
the propagation direction of a wavefront phase shifted by a factor A® is also slightly
changed!. Such a wave is refracted by an angle a, with respect to the propagation
direction. The relation between the refraction angle and the phase change is given by
equation 2.7.

The refraction angles are typically too small for the effect to be measured di-
rectly behind the sample. Only by moving the detector far away from the object and
letting the refracted waves interfere with each other or by using additional optical el-
ements, can those small refraction angles be detected. Various experimental methods
to achieve that are described in Subsection 2.3.2.

We saw already (Eq. 2.8) that a phase-contrast image represents the projected

local distribution of the refractive index decrement ¢. It can be further related to the

1Only when A® # const
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X-ray energy and the density of the material by [Wilson 1950]:

’l“()h2 2
=5 7 ZNfl, (2.19)

where rq is the classical electron radius, h is the Planck’s constant, ¢ is the speed
of light, E is the X-ray photon energy, /V; is the atomic density of an atom ¢ given
per-unit volume, and f} is the real part of the atomic scattering factor in the forward
direction as in Eq. 2.9. If the X-ray photon energy of the incident beam is far away
from the absorption edges of the elements of the investigated material, f! can be

replaced by the element’s atomic number Z;, such that the sum > N;f! reflects the
i=1
electron density p. of the material |[Guinier 1994]. Therefore, the electron density p.

is related to the refractive index decrement ¢ and the energy of the X-ray photons by

[James 1967]:
o2 2
e = ——=—0. 2.20
P roh2c2 ( )
It is interesting to note that this equation was used in the following chapters to relate
the grey values of phase-contrast images to quantitative properties of the investigated

samples.

2.3.2 Phase-sensitive techniques

In biomedical and medical imaging contrast is often not high enough because absorp-
tion is small and differences in densities and composition are slight. Also, in materials
science there are plenty of various composites made of materials with very similar
densities, which makes them hard to distinguish with attenuation contrast only. Im-
age contrast in such cases can be significantly improved by utilizing the phase change
of the transmitted X-ray wave. At typical X-ray energies used in medical computed
tomography, § tends to be up to three orders of magnitude higher than g. Addition-
ally, utilizing the phase shift for image contrast has the potential to create images
with comparable contrast at higher X-ray energies than attenuation contrast, because
it falls off slower with increasing energy: § o< 1/E?, whereas 3 o< 1/E*. As less radia-
tion is absorbed at higher energies, it helps lower the radiation dose delivered to the
patient. In order to take advantage of these properties, various phase-sensitive X-ray
imaging methods have been developed |[Fitzgerald 2000, Momose 2005]. They differ
in many aspects: in the experimental setup used to detect the refraction of X-rays, the
nature of the recorded signal, the resulting spatial resolution, and the requirements
on the X-ray beam and the detector properties.

Crystal interferometry: An X-ray crystal interferometer consists of three beam-
splitting crystals in Laue geometry, arranged in parallel as seen in Figure 2.3(a). The
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Figure 2.3: Schematic representation of various X-ray phase-sensitive imaging techniques.

collimated and monochromatic incident beam is split by the first crystal into diffracted
and forward-diffracted beams. The second crystal redirects the split beams towards
each other. One of them, the reference beam, remains undisturbed while the other
passes through a sample. The two beams recombine at the third crystal where they
produce an interference pattern, recorded by a detector placed directly behind the
crystal. The form of that pattern depends on the optical path difference between
the two beams. A phase shift of the wavefront caused by the sample is obtained by
analyzing the fringe pattern by means of Fourier filtering or a fringe-scanning method.

Crystal interferometry is known to have the highest density resolution of all avail-
able phase-contrast techniques and the highest sensitivity to low spatial frequencies
[Momose 2005, but is limited by mechanical stability issues. The path length dif-
ference between the two beams should stay constant and be on the order of the X-
ray wavelength, which makes it sensitive to vibrations. To overcome this limitation,
the first experimentally demonstrated crystal interferometer operated in hard X-ray
regime [Bonse & Hart 1965] was monolithically cut off from a single silicon crystal.
However, the Czochralski process which is used to create such crystals has certain
technological limitations: only restricted in size, single crystals can be manufactured.
This strongly limits the interferometer’s field of view. Additionally, since the method
relies on the Bragg diffraction condition, the X-ray beam has to be monochroma-
tized and highly collimated. Therefore, synchrotron radiation has to be used or the
technique is very impractical due to excessive measurement time.
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Analyzer-based imaging: In this type of phase-sensitive technique, also known
as diffraction-enhanced imaging, a crystal analyzer is placed in Bragg geometry in
between the sample and the detector [Davis et al. 1995, Chapman et al. 1997] (see
Figure 2.3(b)). The collimated and monochromatic incident beam first illuminates the
sample, which deforms the wavefront and slightly changes its propagation direction.
Downstream from the sample, the distorted beam hits the crystal, which acts as an
angular filter. It reflects only the X-rays, which satisfy the Bragg diffraction condition
within a very narrow angular range (typically up to tens of micro-radians). By slightly
changing the tilt angle of the crystal, the intensity in each pixel varies and creates a
so-called rocking curve. The image contrast is based on the angles at which X-rays
are refracted by the sample and therefore it is proportional to the first derivative of
the phase of the X-ray wavefront. This makes this technique less sensitive to low
spatial frequencies than crystal interferometry, which measures the phase directly.
Additionally, it is sensitive only in the diffraction direction, similarly to the grating-
based imaging.

Qualitative images can be obtained from a measurement at a single point on the
rocking curve. In that case, a clear separation between the absorption and refraction
contributions is not possible. For quantitative information, a few images at different
tilt angles of the analyzer crystal have to be recorded. By doing that, information not
only on refraction angles but also on scattering can be extracted from a broadening
of the rocking curve [Pagot et al. 2003|.

Similarly to crystal interferometry, the X-ray beam has to be monochromatized
and highly collimated. Hence, the analyzer-based imaging is practically performed
only with high-flux synchrotron radiation. Measurements at conventional X-ray sources
suffer from very long exposure times. The stability requirements of the crystals are
less strict than these for crystal interferometry. Nonetheless, the field of view is lim-
ited by the size of the analyzer crystal and the fact that the X-ray beam has to be
parallel.

Propagation-based imaging: In propagation-based imaging no additional opti-
cal elements are needed to detect the phase shift of the X-ray wavefront (see Figure
2.3(c)). Under spatially coherent illumination, a Fresnel diffraction pattern is gener-
ated when the detector is placed at a certain propagation distance after the sample.
Interference of the diffracted beams results in intensity modulations at the object
interfaces. As a result, edge-enhancement contrast can be observed and detected
[Snigirev et al. 1995, Cloetens et al. 1996, Nugent et al. 1996].

Image contrast in the near field is proportional to the second derivative of the
phase of the X-ray wavefront. In order to retrieve the phase and further the refractive
index decrement 0, a solution of the transport of intensity equation (TTE) has to be
found. In case of a homogenous object, this can be done easily by recording images
at only one propagation distance [Paganin et al. 2002]. Objects made of multiple
materials have to be measured at different sample-to-detector distances in so-called
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holotomography [Cloetens et al. 1999).

An interesting feature of propagation-based imaging is the fact that, unlike analyzer-
based and grating-based imaging techniques, it is sensitive to phase changes in all
directions. The requirement for a high-resolution detector (pixel size of few pm) nec-
essary to resolve the interference fringes can in some cases be a limiting factor of this
technique. At moderate resolutions, large distances are required, which is impractical
even at synchrotron radiation beam lines. The technique is also compatible with a
micro-focus X-ray tube emitting a polychromatic spectrum |Wilkins et al. 1996]. The
field of view is limited only by the projected beam size at the sample position and the
size of the detector.

Grating interferometry: A typical X-ray grating interferometer consists of two
micro-periodic gratings placed between the X-ray tube and the detector [David et al. 2002,
Momose et al. 2003| (see Figure 2.3(d)). One of them is an absorption grating (ana-
lyzer) typically made of gold, while the other is a phase grating made of nickel, silicon
or gold. The phase grating (G1) is used to split the incoming beam, which then inter-
feres downstream and creates a periodic fringe pattern. An object put into the X-ray
beam leads to a displacement of that pattern. Since the period of the interference
fringes (of the order of a few micrometers) is too small to be directly resolved by the
detector pixels, the absorption grating (G2) acts as an analyzer. It is placed in front of
the detector and transforms local fringe position into signal intensity variation. One
of the gratings is laterally moved in steps of a fraction of the fringe period (so-called
phase-stepping) perpendicularly to the grating lines and several images are acquired.
During this phase-stepping approach, a quasi-sinusoidal intensity-oscillation curve is
recorded. For each pixel independently, the change in lateral position of the interfer-
ence pattern is determined by Fourier analysis of the intensity oscillation curve, and
the differential phase image is extracted [Weitkamp et al. 2005, Pfeiffer et al. 2007h|.

The image contrast is proportional to the first derivative of the phase front, which
results in low sensitivity to low spatial frequencies, similar to analyzer-based imaging.
Yet another similarity between these two techniques is their sensitivity only in the
diffraction direction (in case of grating interferometry: perpendicular to the grating
lines). In a parallel-beam configuration, the field of view is limited by the beam size
and the size of the gratings. In a cone-beam setup, the size of the analyzer grating
is the limiting factor. A more detailed explanation of this issue can be found in
Subsection 5.2.1.

Interestingly, requirements for the spatial coherence of the X-ray beam are not as
stringent as in the other phase-sensitive techniques. Therefore, after an addition of a
source grating (G0), grating interferometry can be used with conventional laboratory
X-ray tubes. This additional grating splits a conventional extended X-ray source into
an array of smaller sources with enough spatial coherence for the interference effects
to occur |Pfeiffer et al. 2006].

Similarly to analyzer-based imaging, an image related to the small-angle scattering
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power of the sample [Wang et al. 2009, Bech et al. 2010] at structures typically below
the spatial resolution of the imaging system is accessible.

Since grating interferometry and its implementation at high X-ray energies is the
subject of this thesis, a more in-depth description can be found in Chapter 3.
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This chapter presents the theory and fundamentals of X-ray grating interferometry.

Section 3.1 describes the basic principles, including the self-imaging phenomenon
called the Talbot effect. The functions of the three gratings forming the interfero-
meter are presented in Section 3.2. The phase-stepping procedure commonly used
to collect the data is described in Subsection 3.3.1, while the signal extraction and
analysis is explained in Subsection 3.3.2. The three contrast channels, related to the
attenuating, phase shifting and scattering properties of an object, obtained from the
Fourier analysis of the stepping curves, are presented in Subsection 3.3.3. Section
3.4 discusses operation of an interferometer at X-ray energies above 40 keV and the
limitations that come with it. An important parameter, which determines the optical
performance of an interferometer, fringe visibility, is detailed in Subsection 3.4.1. The
experimental implementation of a Talbot-Lau interferometer at a design energy of
45 keV is presented in section 3.5.
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3.1 Principles

X-rays passing through an object are not only absorbed but also refracted. This ad-
ditional physical process can be utilized to produce additional image-contrast modal-
ities. Unfortunately, the micro-radian deviations of X-rays caused by refraction in
the sample are typically too small to be measured directly by modern state-of-the-art
detectors. A different approach is therefore needed. Various refraction-sensitive tech-
niques exist [Fitzgerald 2000]. They differ in many aspects: the experimental setup
used to detect the refraction of X-rays, the nature of the recorded signal, the spa-
tial resolution, and the requirements on the X-ray beam and the detector properties.
This thesis focuses on one of these techniques, i.e., Talbot-Lau grating interferometry
[David et al. 2002, Momose et al. 2003, Weitkamp et al. 2005|, which does not require
a highly spatially coherent, parallel, and monochromatic beam, and thus can be used
with conventional, polychromatic X-ray sources |Pfeiffer et al. 2007¢c|. It measures
the displacement of the interference pattern caused by the sample in reference to an
undisturbed system, i.e. without a specimen. Such an experimental setup consists of
three micro-periodic gratings placed between the X-ray tube and the detector, which
create and analyze the interference pattern. Grating interferometry provides differ-
ent optical properties of the object of interest. From a single measurement, three
different images can be obtained: the first is proportional to the linear attenuation
coefficient p (attenuation-contrast image); the second to the refractive index decre-
ment § (phase-contrast image); and the third to the linear scattering coefficient e
(dark-field image), which is related to the small-angle scattering power of the sample
[Wang et al. 2009, Bech et al. 2010] at structures typically below the spatial resolu-
tion of the imaging setup. The technique was developed at synchrotron facilities and
later successfully transitioned to laboratory X-ray tubes |Pfeiffer et al. 2006].

3.1.1 Talbot (self-imaging) effect

The working principle of grating interferometry is based on a self-imaging phenomenon
called the Talbot effect. It was observed for the first time by Talbot in 1836 with vis-
ible light and analytically explained later by Lord Rayleigh in 1881. It describes the
self-imaging phenomenon of periodic structures under coherent illumination. Talbot
observed that an absorbing periodic object, illuminated by spatially coherent radia-
tion, produces a “self image” at certain propagation distances along the optical axis.
It is a consequence of the Fresnel diffraction and leads to the repetition of a periodic
wavefront after a certain distance, referred to as Talbot distance dr, which depends
on the periodicity of the object p and the wavelength A:
92

dT:m% , where m =1,2,3, ... (3.1)

Instead of an absorbing periodic object, a phase grating can be used. We will see in
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the following that this is preferable for imaging applications because of a difference in
transmission of X-rays through such gratings. A phase shift induced by a phase grating
creates periodic intensity modulations at particular distances, resembling the self-
imaging effect of absorbing objects. The distances, however, are fractions of the Talbot
distances dp calculated for absorbing gratings, and are thus called fractional Talbot
distances. Depending on the phase shift determined by the height of the phase grating
bars and the wavelength of the illumination, different fractional Talbot distances are
observed. Figure 3.1 presents X-ray intensities behind a binary absorption grating
and binary phase gratings inducing phase shifts of 7/2 and .

Absorption grating

Phase grating =
et men

|
| |
0 p%/8r pi/2a

Figure 3.1: X-ray intensity patterns behind different types of binary gratings with a period
of p1 and a duty cycle of 0.5 illuminated by a coherent monochromatic plane wave. Each of
the gratings has different optical properties. The absorption grating has purely absorbing
lines, while the phase gratings have negligible absorption but shift the phase of the X-rays
by 7/2 or m. The maxima of the intensity modulations are indicated by the dashed lines.
Figure adapted from [Weitkamp et al. 2006].

The self-imaging effect can be also observed in case of incoherent illumination. It
was first described by [Lau 1948| with visible light. By placing an additional grating
directly after the source, an array of individually coherent, but mutually incoherent
line sources is created. Interference patterns produced by two adjacent line sources
illuminating the periodic structure overlap, increasing the total intensity in the self-
image plane. This effect serves as a basis for enabling the technique to be used at
large-sized incoherent radiation sources |Pfeiffer et al. 2007c].
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3.2 Components of a Talbot-Lau interferometer

A Talbot-Lau interferometer consists of three micro-periodic gratings placed between
the X-ray tube and the detector. The purpose of each of the gratings is described in
the following.

3.2.1 The phase grating

The first of the three gratings, denoted by G1 with a period p;, is used to split
the incoming beam into the 1% diffraction orders, which then interfere downstream
and create a periodic rectangular-shaped interference pattern. In the presence of a
refractive object, the pattern is laterally shifted. Analysis of that distortion yields
information about the object’s optical properties.

The beam-splitter grating can be either a phase-shifting or an absorbing structure,
since both lead to interference fringe patterns through the Talbot self-imaging effect.
Phase gratings are used preferably because of their much higher photon efficiency
compared to absorption gratings. When using phase gratings, their material and
thickness are chosen so as to introduce a phase shift equal to 7/2 or 7, because only
then is the highest contrast interference pattern created.

The position of the fractional Talbot distances along the optical axis depends on
the phase shift ¢ induced by the grating lines. Maximum intensity modulations can
be found at fractional Talbot distances dr:

dy = ——2L (n=0,1,2,...), (3.2)

where A is the X-ray wavelength, and p; is the period of G1. Phase gratings pro-
duce fringes with maximum contrast at odd Talbot orders (n = 1,3,5,...), while
absorption gratings produce maximum intensity modulations at even Talbot orders
(n=0,2,4,...). The resulting fringe period depends on the phase-shifting properties
of the beam splitter G1 (phase shift ¢), and equals p;/n, where:

1, for ¢ =m/2 or an absorption grating

n= (3.3)

2, for ¢ =m.

When the beam splitter G1 is illuminated by a spherical wave from a source
situated at a distance [, the fractional Talbot distances become:

(3.4)

where dr denotes the Talbot distances for a plane wave. At the distances Dr the
period of the interference pattern is magnified by a factor M = (I + Dy)/I.
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3.2.2 The analyzer grating

The second of the three gratings, denoted by G2 with a period p», is a purely absorbing
grating that matches the period of the observed interference pattern:

p2=pi/n - (3.5)

The period of the interference pattern fringes is too small to be directly resolved by
the modern state-of-the-art detectors with reasonable field of view and pixel size. The
analyzer grating G2 transforms local fringe position into signal intensity variations.
The grating is placed directly in front of the detector at a fractional Talbot distance
from G1. Its lines are made of opaque material, usually gold, with thickness depending
on the X-ray energy. Thanks to the analyzer grating the detector’s pixels may be of
a size much larger than the period of the fringes, which allows them to collect the
amount of photons sufficient for imaging purposes with reasonable acquisition times.

The analysis of the interference pattern and its changes caused by the sample can
be performed with a so-called phase-stepping technique or by direct processing of the
moiré pattern generated by the grating pair. The phase-stepping method allows for
the best separation of the phase signal from the absorption information. The moiré
technique has the advantage of simpler and faster measurements, but at the cost of
reducing the spatial resolution significantly.

Throughout this thesis, only the phase-stepping mode was used. The next section
describes this technique and the separation of three signals. A detailed description of
imaging with moiré pattern can be found in [Momose et al. 2006].

3.2.3 The source grating

For interference effects to occur and to create fringes of sufficient contrast, special

requirements on transverse coherence of the wavefront have to be fulfilled. This re-

quirement has to be met only in the direction perpendicular to the grating lines.
The transverse, or spatial, coherence is related to the source size and is defined as:

gc = & ) (36)

S

where A is the wavelength of the radiation, [ is the distance between the source and
the beam splitter G1, and s is the width of the source spot.

The source grating, denoted by GO with a period py, is placed close to the X-ray
source and creates an array of individually coherent but mutually incoherent sources.
The grating acts as a set of slit apertures creating virtual sources of smaller size.
Each of these sources creates a fringe pattern with good contrast in the analyzer
plane because of sufficient spatial coherence. The patterns add up constructively
if the spacing of the slits is chosen so that the fringe patterns of adjacent slits are
displaced by one or integer multiples of the fringe period. This is achieved with a
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period of the source grating py of:

L

Po=Pp2g (3.7)

where L is the distance between GO and G1, p, is the period of G2, and d is the
distance between G1 and G2.

It is important to note that the spatial resolution of the images is independent of
the spatial coherence and is determined only by the projected source size w = s-d/L
like in the case of a non-interferometric imaging system. In that sense, the arrayed
source decouples spatial resolution from spatial coherence.

Analytically, the influence of an extended source can be described by a convo-
lution of the interference pattern profile with the source profile at the plane of the
analyzer grating. It was shown in [Weitkamp et al. 2006, Bech 2008| that the visi-
bility decreases exponentially with increasing source size, and it reaches almost zero
for projected source sizes, which are bigger than half the period of the interference

pattern:
p2 L
s < —— .
— 2d
The requirements on monochromaticity, on the other hand, are quite relaxed so

(3.8)

that the grating interferometer can be operated with broad polychromatic spectrum.
Good fringe contrast is obtained when

Ao

20>
AA ~Y n Y (3.9)

where \g is the design wavelength of the instrument, A\ is the width of the wavelength
distribution around \q, and n is the Talbot order.

The three-grating system is known as a Talbot-Lau interferometer and can be used
with standard X-ray tubes with source sizes of up to a few millimeters and wide poly-
chromatic spectra, which was demonstrated for the first time by |Pfeiffer et al. 2006].

3.3 Data collection and analysis

3.3.1 Phase stepping

In grating interferometry, the phase-stepping method is used to sample the interference
pattern at its different relative positions and to further retrieve three separate image
contrasts related to different optical properties of a sample. When a phase-stepping
method is performed, one of the gratings is laterally moved in steps of a fraction of
the period (the so-called phase stepping) perpendicularly to the grating lines and the
beam direction. The movement is done over at least one period of the interference
pattern in no less than three steps per period. At each grating position an image is
acquired. The relative movement of the interference pattern to the analyzer grating
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lines allows sampling the shape of the interference pattern. To avoid moiré fringes,
the period of the analyzer grating matches the period of the interference pattern. This
phase-stepping procedure results in a periodic intensity modulation I(x,y) recorded
at the detector plane in each pixel separately, which can be seen in Figure 3.2.

spatially phase analyzer
coherent grating grating
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Figure 3.2: Working principle of X-ray grating interferometry with a spatially coherent
source.

The shape of the stepping curve is determined by the convolution of the interfer-
ence pattern with the local transmission function of the analyzer grating. In the ideal
case of a fully coherent irradiation, the intensity pattern can be described by a top-hat
transmission function. Its convolution with a top-hat transmission function of an ideal
analyzer grating yields a triangular function. However, in the usual case of moderate
spatial coherence (extended source size) the addition of a projected Gaussian-shaped
source results in a nearly sinusoidal intensity oscillation.
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3.3.2 Fourier processing

Extraction of three image contrast channels is performed by analyzing the displace-
ment of the interference pattern caused by the sample in reference to an undisturbed
system, i.e. one without a specimen. For that, phase-stepping curves with and with-
out the sample are recorded and the difference between them is analyzed (see Fig.
3.3).

For each detector pixel, the recorded intensity oscillation resulting from the phase-
stepping scan has an approximately sinusoidal shape. Therefore, it can be described
by a Fourier series:

> 2
I(zg,2,y) = ao(z,y) + _ am(z,y) cos(m_=g + ¢m(®,4)) (3.10)

m=1

where a,, are the amplitude coefficients, ¢,, are the corresponding phase coefficients,
p2 is the period of the analyzer grating G2, z, is the relative grating position during
the phase-stepping scan, and (x,y) denotes a specific point on the analyzer plane, or
a detector pixel.

Higher order terms can be neglected in case of moderate coherence (extended
source size). The first order term (m = 1) is sufficient to describe the intensity
oscillation as:

27
I(xg7 xhy) = CLO(%?J) + (11(]5, y) COS(p—2.Tg + QOl(l’, y)) ) (311)

with the average value (offset) ag, phase i, and the oscillation amplitude a;. The
parameters ag, @1, and a;, or more specifically their relative change, relate to the
optical properties of an object placed into the beam path.

In order to extract these parameters for each pixel, Fourier analysis (with the
implementation of Fast Fourier Transform (FFT)) is commonly used for simplicity and
speed. The absorption parameter aq is extracted from the DC (zero-frequency) term,
while the differential phase and the dark-field parameters ¢; and a; are extracted from
the phase and magnitude of the first harmonic peak. However, FFT can be used only
when the stepping curve, created by the movement of one of the gratings, is sampled
with equidistantly spaced points and covers the exact multiple of a full period.

In cases of quasi-randomized phase stepping, other algorithms such as least-squares
fitting, principal components analysis or generalized phase shifting algorithms can be
utilized. Their detailed explanation and comparison can be found in [Baur 2013].

3.3.3 Three contrast channels

Attenuation, differential phase and scattering signals can be obtained from the three
Fourier components extracted from the phase-stepping curves. In a realistic experi-
mental implementation of grating interferometry, a reference phase-stepping scan is
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Figure 3.3: Intensity oscillation recorded at each detector pixel size. Each point on the
stepping curve corresponds to an intensity recorded.

needed to correct for inhomogeneities of the beam profile. In the following, compo-
nents of the intensity oscillation of the reference scan without the sample in the beam
path are indicated by the superscript 't’. The components obtained from a scan with
the sample are marked with the superscript ’s’.

Attenuation image: Attenuation in the sample is given by:
A=1—-— (3.12)

but what is actually often displayed as the so-called “attenuation image” is the trans-
mission: <
g
)

0

T=1-A= (3.13)

By taking the negative logarithm of the projection, T is related to the attenuation
coefficient 5 through the line integral in Eq. 2.5, known as the Lambert-Beer law.The
attenuation image recorded with a grating interferometer is very similar to the image
that would have been obtained for otherwise identical conditions, but without the
interferometer in the beam.

Phase image: The transverse shift of the intensity oscillation curve is given by:

Apy = ¢f — ¢, (3.14)

and is related to the phase shift of the X-ray wave front ®(z,y). The phase shift
caused by the sample causes a refraction of the beam by an angle «, in the direction
perpendicular to the grating lines. This angle is connected with the differential phase
shift 0®/0x by

Y

==, (3.15)
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where A is the wavelength of the beam propagating in z-direction [Weitkamp et al. 2005].

Furthermore, the refraction angle « is proportional to the measured phase shift
Ay, of the intensity oscillation, the period p, of the analyzer grating, and the distance
d between the gratings G1 and G2,

D2

2 3.16
Py (3.16)

oy =
By combining equations 3.15 and 3.16, we see that the measured phase shift of the
stepping curve is proportional to the first derivative of the phase shift of the X-ray
wave front ®(z,y)

_ AdOD

Ap, = — .
i p2 Ox

(3.17)

An image formed by the measured phase shift Ay, of the stepping curve is called the
differential phase-contrast image.

Dark-field image: The dark-field (scattering) signal is defined as a change in the
amplitude of the intensity oscillation, called for simplicity the visibility of the stepping
curve. It is calculated as a ratio of the oscillation amplitude aj to the average value of
the stepping curve a; in the presence of the sample, and normalized by the visibility
of a reference scan:

V' oaad

= — = 3.18
Vrooadal’ (3.18)

D,
where V' is the aforementioned visibility or contrast of the interference fringes defined
as in Eq. 3.21.

The dark-field signal describes a reduction in the visibility of the interference
fringes caused by a decoherence of the beam from small-angle scattering in the sam-
ple. The scattering usually takes place on structures which size is below the spatial
resolution of the detector.

The scattering signal can be expressed in terms of the material-dependent linear
diffusion coefficient ¢ which exhibits an exponential dependence on the thickness of

the traversed material [Bech 2008|:

2 2 72
D, = e:vp( - 7;;[ /e(z)dz) : (3.19)
2

similar to that of the attenuation signal, under the assumption that the scattering of
the X-rays is isotropic.

Projections of a test sample in each of the contrasts explained above are shown in
Figure 3.4.
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Figure 3.4: Attenuation, differential phase, and dark-field projections of a test sample con-
sisting of a rock, a concrete cylinder block and a piece of foam. Complementary information
is provided by the three images.

3.4 Operation at high X-ray energy

Operation of an X-ray grating interferometer at X-ray energies above 40, 50 keV is
limited by the absorption grating fabrication processes; the gold grating bars cannot be
easily made high enough to be opaque to X-rays, especially for small period gratings.
This causes radiation to "leak" through the gratings and drastically reduces the fringe
visibility of the interferometer. It is not only the height but also the quality of the
structures which influence the visibility. Because of these limitations, performance
of X-ray grating interferometry is not at its theoretical maximum at X-ray energies
above 50 keV.

The ratio of the grating bars height h, to the bars width p,/2 is called the aspect
ratio and is defined as:

L (3.20)
Dy
with g being 0, 1 or 2 depending on the grating type.

It turns out that the production of absorption gratings with high aspect ratios
(>100) poses a lot of technical challenges. In order to increase the mechanical stability
of the resist after development, the commonly used layout incorporates the so-called
bridges (as seen in Figure 3.5). They are frequent connections between the resist
bars used to prevent the resist structures from collapsing. However, these connections
result in interruptions of the gold grating bars, which in turn decreases the visibility
and limits the performance of the interferometer.

New techniques are under development to discard the bridges, which would in
turn improve the gratings absorption properties. The bridges can be substituted by
thin (2 um in diameter) reinforcement pillars penetrating the substrate lines under a
certain angle ranging from 30°to 45° [Kenntner 2012|. This so-called "sun-ray" design
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bridge desian

Figure 3.5: Scanning electron microscope images of an absorption grating G2 using a so-
called "bridge" and "sun-ray" design. The supporting resist is removed, thus only the gold
structures are visible. Image courtesy of Pascal Meyer (KIT).

shows a significant increase of the achievable visibility, but it is commonly used only
for gratings with aspect ratios of up to 80.

3.4.1 Influence on fringe visibility

Insufficient absorption of the X-rays by the absorption grating bars causes unwanted
decrease of the fringe visibility.

The visibility of the interference fringes characterizes the amplitude or contrast of
the intensity modulation in the interference pattern, and is defined as:

Imam - Imin
Zmar — Tmin 100%, (3.21)

]maa: + ]mzn

V =

where I,,,, and I,,;, are, respectively, the maximum and minimum values of the inten-
sity pattern produced by the phase grating in each detector pixel. It is the most impor-
tant figure of merit for the efficiency of the interferometer [Weitkamp et al. 2006]. Tt
describes the quality of the interference; the bigger its value is, the better the fitting
of the stepping curve works in the presence of noise. It is a setup- and spectrum-
dependent parameter, which determines the quality of the differential phase-contrast
image as its signal-to-noise ratio depends on

1
SNRa,, xSV —— (3.22)

Jao

where S is the sensitivity, V' is the visibility, and aq is the number of photons (flux).

The value of visibility is usually given as a mean calculated over many detector
pixels covering the whole field of view. From its theoretical maximum it is reduced
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by the extended projected Gaussian shaped source size, and consequently by the
reduced transverse coherence length £.. The reduced visibility can be calculated by
[Weitkamp et al. 2006, Bech 2008]:

V = exp (—0.94npy /&) (3.23)

which is valid for extended sources whose size of w fulfill the relation w/p > 1/27.

The visibility of a grating interferometer with design energy of 45 keV and above
is additionally decreased by the insufficient absorption grating height and the overall
quality of such gratings. Simulations and energy-resolved measurements of visibility
(see Figure 3.6) show that the maximum performance is reached approximately at
the design energy of the interferometer and decreases on both sides. By comparing
simulated visibility spectra for a grating with and without imperfections, one can see
that the actual quality of the G2 grating used in the experimental setup is quite poor.
This, however, opens possibilities for higher fringe visibility when the quality of the
gratings improves in the near future.
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Figure 3.6: Comparison of simulated visibility spectra with an energy-resolved visibility
measurement of the high-energy experimental setup presented in Section 3.5. The increase
in visibility above 80 keV is the result of a gold absorption edge at 82 keV which strongly
decreases the transmission of X-rays through the grating lines.

The optimum spectrum for such an experimental system would be X-ray photons
with energies approximately between 30 and 50 keV. The low energy part of the
spectrum can be easily filtered out with an aluminum filter, which results in the
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increase of the overall visibility. The high-energy tail of the spectrum can only be
dealt with by increasing absorption of the grating lines, either by increasing their
height or by changing to a material with an absorption coefficient higher than gold.
The former, achieved by tilting the gratings along the beam axis, is discussed in detail
in Chapter 7.

3.5 High-energy experimental implementation

The experimental results with a polychromatic source presented in this thesis (except
for Chapter 7) were obtained with a high-energy X-ray grating interferometer installed
at the Technical University of Munich, Germany. It is a symmetric Talbot-Lau grating
interferometer employing three gratings. It was operated at the 1st fractional Talbot
order with distances between the consecutive gratings of approximately 91 cm. By
having equal distances between the gratings, the highest angular sensitivity for a given
system length was achieved [Donath et al. 2009a].
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Figure 3.7: Schematic representation of the high-energy Talbo-Lau interferometer at its
design energy of 45 keV. The sample can be placed either before or after the phase grating
G1 depending on the required magnification.

Gratings: All the gratings were produced by microworks GmbH (Karlsruhe, Ger-
many) using X-ray lithography and electroplating [Reznikova et al. 2008]. The grat-
ings’ parameters can be found in Table 3.1. For the experiments, the phase grating
with bars of 8 wm in height was used, which resulted in a 7/2-phase shift at the X-ray
wavelength of 45.5 keV. The system’s overall length (distance between the source and
the detector) was slightly over 2 meters.

X-ray source: As an X-ray source, a COMET MXR-160HP /11 tube with a tung-
sten anode was used. The tube can be operated with two focal spots varying in size.
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Table 3.1: Parameters of the gratings available at the high-energy grating interferometer at
TUM. Gratings with highly-absorbing gold structures were use to deliver satisfactory fringe

visibility.
Nominal
Type Material Energy (keV) Period (wm) Height (pm) Diameter (mm)
Gl (7/2) MNi 345 5 6 70
Gl (r/2) Ni 45.5 5 8 70
Gl (r/2) Ni 57.0 5 10 70
GO Au - 10 150 70
G2 Au - 10 150 70
G2 Au - 10 150 100

The small focal spot has a size of 0.4 mm and can deliver maximum power of 800 W.

The big spot has a size of 1 mm with 1800 W of maximum power. The output of

the tube is covered with an 0.8 mm beryllium window. The mean fringe visibility

calculated over the whole field of view was independent of the focal spot size. Image
blurring and degradation of the Modulation Transfer Function (MTF) was observed

for the big focal spot due to the increased projected spot size.

X-ray detector:

An amorphous silicon Varian PaxScan 2520D receptor with a

600 pm-thick structured cesium iodide doped with thallium - CsI(T1) scintillation
layer and 127 um physical pixel size was used as a detector. It was chosen because of

its high absorption efficiency of the thick scintillation material at energies above 35 keV
and a relatively good DQE(0) of 70% +5% at RQAD spectra [Ranger et al. 2007].
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Quantitative measurements in
radiography
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In this chapter, a method for quantitative measurements in radiography using a
grating interferometer is described. In order to ensure fast measurements of electron
density on a vast number of various homogeneous materials, a special sample geom-
etry was used. Using the grating interferometer described in the previous chapter,
at its design energy of 45 keV, a series of measurements was performed to validate
the approach. A batch of various plastic materials was characterized quantitatively
and the measured values were compared with theoretical values. The presented re-
sults show that the measured electron densities closely match theoretical values. A
measurement at a synchrotron beamline with a monochromatic X-ray source was per-
formed as a benchmark and further extended to a polychromatic X-ray tube setup.
The technique yields comparable results regardless whether a monochromatic or a
polychromatic X-ray source was used. Measured electron densities were further used
to design dedicated X-ray phase-contrast phantoms, as explained in Chapter 6, and
the additional information on (ultra-)small-angle scattering was taken into account in
order to exclude unsuitable materials.

The majority of the results presented in this chapter were published in:
A. Sarapata, M. Chabior, C. Cozzini, J. I. Sperl, D. Bequé, O. Langner, J. Coman, I.
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Zanette, M. Ruiz-Yaniz and F. Pfeiffer, "Quantitative electron density characteriza-
tion of soft tissue substitute plastic materials using grating-based X-ray phase-contrast
imaging," Review of Scientific Instruments 98, 094101 (2011).

4.1 Introduction and motivation

Many scientific research areas rely on accurate electron density characterizations of
various materials. For instance, in X-ray optics and radiation therapy, there is a need
for a fast and reliable technique to quantitatively characterize samples for electron
density. Moreover, whenever X-ray phase-contrast imaging is used in a clinical envi-
ronment, dedicated phase-contrast phantoms will be necessary for quality assurance
and performance evaluation purposes. More specifically, different CT setups have to
be compared in their performance and ability to correctly image soft tissues. For
that reason, in attenuation-based CT, the physical properties of the human tissue are
represented by phantom materials with specific elemental composition (i.e. attenu-
ation coefficients [White et al. 1977b]), whereas for phase-contrast CT, the phantom
materials should have the exact electron density.

Medical imaging is not the only field in which electron density values are es-
sential. Among others, they are also used for calculating the stopping power of
protons in radiotherapy treatment planning [Cheng et al. 2013| and for determining
the dose distribution in radiotherapy treatment that uses ~-ray or X-ray photons
|[Kalef-Ezra et al. 1998|. In addition, materials employed for X-ray optics have to be
characterized for their refractive indices as the optical performance depends on the
refractive properties of the materials under investigation.

It is thus important to be able to precisely measure the refractive index decre-
ment § of various materials and tissues because it ultimately determines the electron
density. For simplicity, it is preferable to use electron densities instead of refractive
index decrement values as they are independent of the X-ray energy. Since grat-
ing interferometry is highly sensitive to refraction of X-rays it is well suited for that
purpose.

This chapter explains how a precise measurement of electron density of a homo-
geneous sample in a controlled geometry can be performed using an X-ray grating
interferometer in a radiographic mode. This method is very time-efficient as it does
not require a tomography scan where multiple projections have to be acquired at
different rotation angles of the sample. However, a limitation of using a grating inter-
ferometer in a radiographic mode to measure electron densities, is that the analysis
of objects with complex geometries is not possible.
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Figure 4.1: Schematic view of a Talbot-Lau interferometer using a polychromatic X-ray
source. The sample is placed into the beam such that it yields a constant differential phase
shift. Object and distances are not in scale. Figure adapted from [Sarapata et al. 2014a].

4.2 Materials and methods

4.2.1 Measurement of the electron density

The refractive index decrement ¢ depends on the energy E of the X-ray photons and
the density of the sample [James 1967]:

2
5= SN (4.1)

where rq is the classical electron radius, h is the Planck’s constant, ¢ is the speed
of light, N; is the atomic density of an atom i given per unit volume, and f} is the real
part of their atomic scattering factor in the forward direction. If the X-ray photon
energy of the incident beam is higher than the absorption edges of the investigated
material, f! can be replaced by the element’s atomic number Z; such that the sum

> N, f! reflects the electron density p. of the material [Guinier 1994]. At a monochro-
i=1
matic X-ray photon energy of 36 keV as used in the following, this approximation is

valid for all elements with Z < 54, corresponding to all of the materials chosen for
this study. This approximation holds as well true for measurements performed with
a grating interferometer operated at its design energy of 45 keV at a polychromatic
source. Therefore, for all the samples investigated in this study, the electron density
pe is proportional to the refractive index decrement ¢ by:

B 2 E?
©roh2e?

pe (4.2)
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Considering a well-defined homogeneous sample of square-rod shape and placed
it into the beam along its diagonal (Fig. 4.1), the expected refraction angle « is
constant along the faces of the rod and proportional to the refractive index decrement

0 [Donath et al. 2009al:
A AP
= —— = +20. 4.3
“T o Ax (43)
Furthermore, the refraction angle « is directly proportional to the measured phase
shift Ay of the intensity oscillation, the period ps of the analyzer grating and the

distance d between the gratings G1 and G2,

D2
a—_

= 2 Ao 4.4
wiate (4.4)

Thus, the refraction index decrement d can be calculated from the measured phase
shift Ae:
5 P2BP
A d
Combining equations (4.2) - (4.4), one finds that for the presented specific sample

(4.5)

geometry the electron density is proportional to the measured phase shift Ap, with
the known period ps of the analyzer grating, distance d between the gratings G1 and
G2 and energy E of the X-ray beam as parameters:

1 po

— ZE2Ag. 4.6
2roh%c? d 14 (4.6)

Pe

This allows a direct and fast measurement of the electron density p,.

Two sets of experiments were performed with two different X-ray grating interfero-
meters. Firstly, a benchmark measurement was performed at the beamline ID19 of the
European Synchrotron Radiation Facility (Grenoble, France). Since the monochro-
matic energy of the X-ray beam was known, the experiment was performed as a refer-
ence measurement of the electron density. Secondly, the same samples were measured
using a Talbot-Lau grating interferometer with a polychromatic source presented in
Chapter 3. As the electron density is proportional to the square of the X-ray pho-
ton energy (Eq. 4.2), in the polychromatic case, a reference material (a well defined
PMMA rod of known mass and electron density) allowed to calculate the effective
photon energy. The effective energy was determined by matching the measured and
the calculated data of refractive index decrement in order to calculate electron density
values of unknown materials.

The corresponding results from both experiments were compared with each other
and with expected theoretical electron density values.
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4.2.1.1 The synchrotron setup

The grating interferometer at ID19 was operated at its design X-ray energy of 36 keV
in the 5th fractional Talbot order. The energy was chosen as a good compromise
between beam hardening artifacts prominent at low keV and poor image contrast at
high keV. As the coherence of the synchrotron radiation generated at this beamline
is high enough, the interferometer consists of only two gratings, omitting the source
grating (GO). The phase grating (G1) with a period of 4.77 pm and height of 44 pm
made of silicon was produced by the Laboratory of Micro and Nanotechnology of the
Paul Scherrer Institut (Switzerland). The absorption grating (G2) was produced by
the Karlsruhe Institute of Technology (Germany) with a period of 2.4 pum, height of
74 pm and made of gold. The mean fringe visibility during the measurements reached
28%. A more detailed description of the interferometer at the beamline ID19 can be
found in [Weitkamp et al. 2010].

The X-ray photons were generated by a wiggler and monochromatized by a Si
double crystal monochromator in Bragg geometry. The X-rays had a nominal energy
of 36 keV. The detector was an indirect conversion system consisting of a 200 um
thick LuszAl5019:Ce scintillator and a lens coupled to a CCD camera with an effective
pixel size of 8 pum.

4.2.1.2 The lab-based setup

A high-power COMET MXR-160HP /11 tube with a stationary tungsten anode served
as an X-ray source. The tube was operated at 75 kVp and 20 mA. Again, the accel-
erating voltage was chosen as a good compromise between beam hardening artifacts
prominent at low energies and poor image contrast at high energies. The emitted
radiation was filtered with 2 mm of aluminum and the beryllium window of the X-
ray tube, which resulted in X-ray spectrum with a mean energy of approximately 44
keV. A Varian PaxScan 2520D with a 600 pm thick structured CsI(T1) scintillation
layer and 127 um physical pixel size served as a detector. The grating parameters are
described in section 3.5.

4.2.2 Data acquisition and analysis

In both cases, a phase stepping procedure was used in order to acquire phase-contrast
images. The phase grating G1 was scanned laterally by either 4 steps (the synchrotron
setup) or 8 steps (the lab-based setup) over one period of the interference pattern cre-
ated by the grating. The differential phase images were extracted by Fourier analysis
[Pfeiffer et al. 2008] of the intensity oscillation curves in each detector pixel obtained
from phase-stepping scans with and without the sample in the field of view.
Differential phase contrast projection images were obtained separately for all the
rods. For every image, two regions of interest (ROIs) on opposite sides of the rod were
chosen (see Figure 4.2) for which the mean phase shift value and its standard deviation
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were determined. Furthermore, the mean values of these two ROIs were subtracted
from each other and divided by two in order to eliminate any signal offsets. That
obtained quantitatively exact phase shift value allowed to calculate refractive index
decrement (Eq. 4.5) and subsequently electron density by Eq. 4.2. The error in the
resulting phase shift was calculated using error propagation of the standard deviation
of the values in the ROIs and further to compute the uncertainty of electron densities.

The error bars shown in Figure 4.3 and Figure 4.4 correspond to uncertainties
calculated by error propagation for Eq. 4.6. For the calculation, the error of the
X-ray photon energy was assumed to be either 100 eV (monochromatic synchrotron
X-rays) or 2 keV (polychromatic lab source), the error of the distance between the
gratings G1 and G2 was estimated to 2 mm whereas the error in the period of the
analyzer grating G2 was considered to be negligible.

4.2.3 Samples

Various homogeneous plastic materials were provided by the Quality Assurance in
Radiology and Medicine GmbH (QRM, Mohrendorf, Germany) in the form of square
bars with a side length of 10 mm and a height of 50 mm. Most of the materials used
to produce the samples were obtained from commercial manufacturers, while a few
others were casted by QRM. During the experiment, the samples were placed into the
X-ray beam along their diagonals and adjusted such that, in a good approximation
in projection, they exhibited a lateral height profile of a triangular shape. Hence a
constant differential phase shift of opposite signs was observed. The samples were
aligned using a designated sample holder, which ensured the same exact position and
a rotation angle of 45° for each of the rods. Table 4.1 presents a list of all materials
chosen for the experiment. Many of the chosen plastic materials are commonly used in
production of phantoms for conventional, attenuation-based imaging. Typically, these
materials are selected based on how their X-ray attenuation properties correspond to
a specific tissue type [White 1978]. They were investigated in order to ensure their
suitability for phase-contrast imaging and to test their refraction properties.

In addition, the casts of water-, tissue-, and bone-equivalent materials were exam-
ined. These particular samples were prepared using epoxy resin as a base material with
other components as additives [Yohannes et al. 2012]. Calcium carbonate (CaCOs)
powder with grain size of up to 10 um, and various other microspheres available
from commercial manufacturers were added to the mixtures. These additives create
a highly porous microstructure, which causes (ultra-)small-angle scattering of X-rays.
Scattering reduces the spatial coherence of the X-ray beam which is directly related
to the measurement of the differential phase. Simply put, as the decoherence gets
stronger, the measurement of the phase shift becomes less precise. Hence, for a
mixture of epoxy resin with such microspheres the phase signal might no longer be
measured with sufficient certainty. The strength of scattering depends on the size of
the micro-structures in relation to the grating period [Malecki et al. 2012|. For that
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reason, a suitability of these materials for X-ray phase-contrast imaging was tested.
More detailed explanation and consideration of this topic is presented in Section 6.2.

Theoretical electron density values were determined as a reference for the experi-
ment using Eq. 4.2. Knowing the chemical formula and the density of the samples,
the refractive index decrement ¢§ values were calculated based on the adapted version of
Mucal written by [Bandyopadhyay & Segre 2009] as described by [Malecki et al. 2012].
The calculations were based solely on the chemical composition of the plastic materi-
als. However, commercial manufacturers commonly use additives of unknown compo-
sition and weight percentage for easier handling of the plastics. For these materials,
a small discrepancy of a few percent between the measured and the theoretical values
was expected. In Table 4.1 each of them is marked with an asterisk next to its name.

4.3 Results and discussions

measured differential phase shift
A [rad]

-0.18 m

Figure 4.2: Image of the measured differential phase shift Ay of a PMMA rod used as
a reference material. Two regions of interest, as shown in yellow, were defined for each
rod to obtain experimental values shown in Figure 4.3 and 4.4. Figure adapted from
[Sarapata et al. 2014a].

Figure 4.2 shows a differential phase contrast image of one of the rods obtained
using the phase stepping technique. It represents the phase shift Ap of the intensity
oscillation which can be further related to the refraction index decrement ¢ and the
electron density. It exhibits a symmetry along the diagonal of the rod, with the same
phase shift values but opposite signs on both sides of the rod.

The effective energy of the X-ray beam was determined by matching the measured
and the calculated data for a PMMA rod. The minimum difference between measured
and calculated values was found for 43.7 keV, determined with a resolution of 0.1 keV.
Note that the effective energy is close to the interferometer design energy of 45 keV.
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Table 4.1: Comparison of theoretical electron density values of all the materials with
values measured using a monochromatic and a polychromatic X-ray source. The values are
also plotted in Fig. 4.3 and 4.4. Table adapted from [Sarapata et al. 2014a].

Material Density Theoretical Monochromatic  Polychromatic
lg/cm®]  pe x10%0 [e/m®]  pe x10%0 [e/m®|  pe x10%6 [e/m?]

Polyurethane PUR 1 1.138 3733 3674 £ 70 3635 £ 138
PUR 2 1.082 3549 3491 + 72 3566 + 145
*PTFE* 2.164 6259 6150 + 106 6072 £ 170
Epoxy resin EP 1 1.120 3666 3619 £ 68 3645 £ 136
EP 2 1.131 3700 3622 + 89 3688 £ 122
EP 3 1.127 3689 3622 £+ 78 3632 £ 147
EP 4 1.131 3700 3704 £ 85 3589 £ 163
EP 5 1.126 3685 3594 £ 91 3653 £ 167
bPVC 1% 1.364 4210 4103 + 101 3889 + 196
PVC 2* 1.371 4230 4098 + 105 3908 £+ 192
Polyethylene PE 1* 0.946 3250 3185 + 84 3246 £+ 132
PE 2* 0.953 3276 3300 £ 57 3280 £ 114
Polypropylene PP* 0.905 3110 3094 £ 98 3111 4 155
Polyamide/Nylon PA*  0.999 3302 3302 + 56 3334 + 112
‘POM 1* 1.426 4578 4567 £+ 76 4577 £+ 152
POM 2* 1.421 4562 4558 + 64 4530 + 128
IPMMA* 1.187 3858 3792 =+ 80 -
Polycarbonate PC* 1.196 3851 3779 £+ 86 3798 4+ 149
Water equiv. material 1.018 3285 - -
Bone equiv. material 1.180 3839 - -
Tissue equiv. material  1.075 3505 - -

“Polytetrafluoroethylene
*Polyvinyl chloride
°Polyoxymethylene
4Polymethylmethacrylate

The QRM casts of water-, bone- and tissue-equivalent materials scattered, as ex-
pected, too strongly for the electron density to be quantified with reasonably low
measurement error at both grating interferometer setups. Therefore, for these sam-
ples, no experimental values are given in Table 4.1.

4.3.1 Synchrotron source

Figure 4.3 shows a comparison of electron density values obtained using monochro-
matic X-rays generated by the synchrotron, with the values calculated theoretically.
All of the values match each other within the calculated uncertainties. This proves
that the presented method and the chosen sample geometry provide reliable values of
electron density for plastic materials with a big range of densities.
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Figure 4.3: Scatter plot of electron density values measured with monochromatic syn-
chrotron X-rays and theoretically calculated values for all the samples with negligible scat-
tering. Figure adapted from [Sarapata et al. 2014a].
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Figure 4.4: Scatter plot of electron density values measured with a polychromatic lab source
and theoretically calculated values for all the samples with negligible scattering. Figure
adapted from [Sarapata et al. 2014a].
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4.3.2 Laboratory source

The values measured using a polychromatic source, match the theoretical values within
the calculated uncertainties for almost all materials (Fig. 4.4). Overall, the values
are slightly underestimated in most cases, which could be a result of a mismatch of
effective energy due to the uncertainty of the exact composition, thus electron density,
of the PMMA rod used for the calibration. As mentioned previously, the manufac-
turers use unknown additives which cannot be taken into account when calculating
the theoretical values. In addition, the inaccurately measured distance between the
gratings G1 and G2 could have caused this slight offset.

Experimental values for highly absorbing PTFE and PVC are significantly lower
than the calculated ones. For these samples, we observed a non-flat profile as the
absorption increases with the material thickness. This effect is associated with beam
hardening [Chabior et al. 2011]. As the X-ray beam propagates through a highly ab-
sorbing material, most of the low energy part of the spectrum is completely absorbed.
As a result, the X-ray spectrum after it exits such a sample has a higher mean energy
(we say it is "harder") than the spectrum before it reaches the sample. Since the
PMMA rod used to estimate the effective energy of the beam has a low attenuation
coefficient, the X-ray spectrum after it traverses through is slightly "softer" than the
spectrum after a highly absorbing material such as PTFE. This causes an underes-
timation of the electron densities and the discrepancy with theoretical values. This
effect was not observed for synchrotron data because of the monochromaticity of the
beam.

Results obtained with the polychromatic lab-based setup characterize higher mea-
surement error than the ones obtained with the monochromatic synchrotron radiation.
It is a result of a lower photon flux thus lower photon statistics and higher uncertainty
of the effective X-ray photon energy. The former could be accounted for by increasing
the measurement time.

4.4 Conclusions and summary

In summary, this chapter demonstrated the possibility to measure refractive index
decrement and electron density of homogeneous materials of a well-defined shape us-
ing grating-based X-ray phase-contrast projection imaging. Either a monochromatic
or a polychromatic X-ray source can be used to characterize various homogeneous
materials. All the obtained values agree well with theoretical calculations within the
uncertainty levels, but are slightly underestimated in most cases. In the polychro-
matic case, the need for a reference material and use of the effective energy limits the
quantitativeness of the technique. Samples with relatively low absorption should be of
main interest for the presented X-ray energy range. However, the samples being ho-
mogeneous objects, beam hardening artifacts could be corrected for high-Z materials
by a linearization technique following [Chabior et al. 2011]. Defined shape of the sam-
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ple and its homogeneity set stringent requirements preventing a similar analysis, for
instance, of biological tissues. Nevertheless, with the method, the electron densities
of nearly 20 samples made of varying plastic materials were successfully determined.
Thereby, dedicated dedicated X-ray phase-contrast phantoms were designed as ex-
plained in Chapter 6.

Inhomogeneous water-, bone- and tissue-equivalent materials containing micro-
spheres, could not be characterized for their electron density using the presented
method. The strong scattering caused by these samples decreased the coherence of
the X-ray beam such that the measurement of the phase shifts were no longer possi-
ble. Having that in mind, it is suggested that looking for a suitable tissue-simulating
material for X-ray phase-contrast imaging not only the similarity to soft tissues in
refractive index decrement values should be a considered parameter, as discussed in
[Vedantham & Karellas 2013]. One should also take the (ultra-)small-angle scattering
into account.

Avoiding a time-consuming CT scan, makes the presented method preferable for
thorough studies of various materials. A big impact of this method can be expected in
all fields which require the knowledge of electron density, e.g., the aforementioned soft
tissue phantom design dedicated for X-ray phase-contrast imaging, characterization
of the materials used in X-ray optics, radiation therapy, and other research areas.
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As shown in the previous chapter, grating interferometry allows for experimen-
tal access to electron density values. The radiographic method has certain limitations
concerning the sample geometry and the type of materials that can be analyzed. These
can be overcome by computed tomography (CT) at the expense of increased measure-
ment time and the radiation dose. This chapter presents quantitative grating-based
X-ray phase-contrast CT and investigates the complementarity of both attenuation-
and phase-contrast modalities with materials of various atomic numbers (Z). For that
purpose, the high-energy grating interferometer presented in Chapter 3.5 was used
with a large (10 cm in diameter) analyzer grating and operated at an acceleration
tube voltage of 70 kVp. It is confirmed experimentally that for low-Z materials, phase
contrast yields no additional information over attenuation images, yet it provides in-
creased contrast-to-noise ratios (CNRs). The complementarity of both signals can
be seen again with increasing Z of the materials and a more comprehensive material
characterization is thus possible. The benefit of a high-energy X-ray phase-contrast
system is showcased by imaging results of a part of a human cervical spine with in-
tervertebral discs surrounded by bones and various soft tissue types. Phase-contrast
reconstruction reveals the internal structure of the discs and makes the boundary be-
tween the disc annulus and nucleus pulposus visible.
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The majority of results presented in this chapter were published in:

A. Sarapata, M. Willner, M. Walter, T. Duttenhofer, K. Kaiser, P. Meyer, C. Braun,
A. Fingerle, P. B. Noél, F. Pfeiffer, and J. Herzen, "Quantitative imaging using high-
energy X-ray phase-contrast C'T with a 70 kVp polychromatic X-ray spectrum," Optics
Express 23, 523-535 (2015).

5.1 Introduction

Imaging of large and dense objects with grating-based X-ray phase-contrast CT (ghPC-
CT) requires X-ray photons with high energies and large fields of view (FOVs). How-
ever, due to limitations in the grating fabrication process, the technique has so far been
restricted to X-ray energies below 40 keV and small FOVs. Mainly relatively small
samples (maximum 30 mm in diameter) composed of low-Z materials have been inves-
tigated [Hetterich et al. 2014, Willner et al. 2014, Herzen et al. 2014]. When larger
samples are of interest, the rotation axis can be positioned asymmetrically in order
to increase the effective field of view [Schulz et al. 2010]. However, good results can
only be achieved with parallel beam reconstruction (synchrotron measurements) and
at the expense of increased measurement time.

As grating fabrication processes improve, gbPC-CT becomes feasible with higher
X-ray energies. New possible applications are being investigated thanks to the higher
penetration depth of photons above 40 keV. For instance, grating interferometry at 82
and 130 keV photon energy using a synchrotron source has been already demonstrated
[Willner et al. 2013, Ruiz-Yaniz et al. 2015|. The phase-contrast images in these ex-
amples showed increased CNRs in comparison to the attenuation-contrast images.
However, access to synchrotron radiation sources is severely limited because of their
high operation costs. Therefore, a high-energy phase-contrast CT system using a
conventional X-ray source is desirable.

Even though a proof-of-principle study of ghPC-CT at a laboratory source at
60 keV has been demonstrated earlier in |[Donath et al. 2009b], due to a very low
fringe visibility of 3% the performance of the interferometer was inferior and not
sufficient to perform imaging with satisfactory contrast or image quality gain be-
tween the phase and the attenuation-contrast reconstructions. Slightly different ap-
proaches have been presented to build improved-in-performance laboratory systems
[Sarapata et al. 2014b, Thuering et al. 2014], but the field of view in these cases is to
a certain extent limited.

This chapter presents quantitative CT imaging results obtained using the high-
energy grating interferometer presented in Chapter 3.5 with a round 10 cm analyzer
grating for an increased FOV. The system is characterized for its ability to reliably
provide the quantitative electron density (related to the X-ray refractive index decre-
ment) and the X-ray attenuation coefficient values of the chosen samples.

Furthermore, a second study is dedicated to experimentally demonstrate to which
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extent the complementarity of phase and attenuation contrast, shown at low X-ray
energy for low-Z materials [Herzen et al. 2009, is still retained since it is known from
a monochromatic case to become less pronounced at higher photon energies for low-7
materials [Willner et al. 2013].

Lastly, an intervertebral fibrocartilage surrounded by bones was imaged and to-
mography reconstructions are presented as an example of a potential application of
grating-based PC-CT in this photon energy range. The internal structure of the inter-
vertebral disc shows improved contrast in the phase image and allows to differentiate
the fibrous capsule from the gelatinous center as previously achieved only by magnetic
resonance imaging.

5.2 Materials and methods

5.2.1 Grating size as a limiting factor of a large field of view

In order to fully take advantage of the elevated X-ray energy and measure relatively
large objects, bigger fields of view are necessary. In the cone-beam geometry, the size
of the analyzer grating G2 placed in front of the detector is the limiting factor.

The X-ray LIGA process used for manufacturing the analyzer gratings can rou-
tinely deliver gratings up to 70 mm in diameter [Reznikova et al. 2008, Mohr et al. 2012].
The dimension corresponds to the overall size of the grating structures, which are man-
ufactured on a slightly bigger silicon wafer. This limitation in size results from both
the technology employed for the X-ray mask membranes and from the patterning of
the mask microstructures (i.e. the grating lines). With respect to the first cause,
microworks GmbH (Karlsruhe, Germany) has developed new approaches for X-ray
mask membranes: a thin polyimide membrane (6 pwm) replaces the established tita-
nium membrane [Meyer et al. 2010]. This allows the masks to be manufactured with
diameters of 100 mm or larger and further used for direct lithographic manufactur-
ing of gratings with thicknesses of up to 100 um. For thicker structures, a harder
X-ray spectrum is required. With such a spectrum, it is possible to use silicon wafers
(100 pm in thickens) as mask substrates. These offer an improvement in stiffness,
rigidity and thermal conductivity compared to the standard titanium membranes
used to date. The most crucial feature of these mask substrates is given by the litho-
graphic window of as much as 100 mm in diameter. In order to obtain high-quality
and high-aspect-ratio gratings, in the first step, a polyimide-based intermediate mask
is patterned using direct-write-laser lithography (DWL). With this mask, structures
of up to 100 um thickness are patterned or, as in our case, a silicon-based working
mask is fabricated via X-ray lithography. The resulting masks allow to manufacture
gratings with thicknesses of up to 300 pum.

In the following, phase-contrast CT images obtained with a round analyzer grat-
ing of 10 cm in diameter and 150 um in height gold structures are presented. To the
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author’s knowledge, it is the grating interferometer with the biggest FOV reported
to date. This constitutes a very significant advance towards broadening the applica-
bility of the technique and opening a wide range of possible applications in materials
science and biomedical imaging. Moreover, recent studies demonstrate the possibility
of even further increased field of views by means of stitching several gratings together
[Meiser et al. 2014|. However, this method has not yet been tested with gratings of
such high structures (~150 pum).

5.2.2 Image contrast dependence / formation

On the one hand, a phase-contrast image represents the local distribution of the
refractive index decrement 6 [Wilson 1950]:

n

roh?c? 1
— Nif: 1
0= 7z D Nifl, (5.1)

i=1

where r( is the classical electron radius, h is the Planck’s constant, ¢ is the speed
of light, E is the X-ray photon energy, N; is the atomic density of type i atoms
given per unit volume, and f! is the real part of their atomic scattering factor in the
forward direction. At X-ray photon energies far away from the absorption edges, the
refractive index decrement is related to the electron density p. and the energy of the
X-ray photons by [James 1967|:
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Thus, the local electron density distribution inside the sample is accessible with

Pe

phase-contrast imaging.

An attenuation contrast image, on the other hand, is the result of photoelectric
absorption, Compton scattering and coherent scattering in the photon energy range
of interest in biomedical CT scanning [McCullough 1975|. Therefore, the linear atten-
uation coefficient p can be decomposed into contributions from each mode of X-ray
photon interaction as

M= Upe + Mecoh + Hincohs (5?))

where pe is the photoelectric effect, coh is the coherent Rayleigh scattering and
incoh is the incoherent Compton scattering. Furthermore, the linear attenuation
coefficient p is the product of the total electronic cross section of,, (cross section per
electron) and the electron density of the material p, with

[= PeOio, = pe(Upe + Ocoh + Uincoh)- (5~4>

Both the electronic cross sections for the photoelectric effect and the coherent
scattering depend not only on the photon energy E, but also on the material specific
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effective atomic number Z.¢¢

Zk
Ope = const - % (5.5)
and
Ocon = CONSL - Ee—i, (5.6)

where values for k£ and m are typically 3.8 and 2.0, respectively, and values for [
and n are 3.2 and 1.9, respectively, but vary slightly depending on the photon energy
and on the composition of the material [McCullough 1975].

In contrast to these two effects, the Compton scattering cross section oj,con de-
pends only on the X-ray energy and is essentially independent of the atomic number
Z [Hubbell 1969, McCullough 1975]. Therefore, for low-Z materials at high photon
energies, the linear attenuation coefficient is nearly proportional to the electron den-
sity. For instance, soft-tissue contrast of human organs in medical C'T examinations
in based purely on the Compton effect so that it represents distribution of electron
densities inside the patients.
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Figure 5.1: Photon cross-sections calculated for ethylene glycol (a) and aluminum
(b) based on the data from XCOM database [Berger et al. 2010]. Figure adapted from
[Sarapata et al. 2015b].

As seen in Fig. 5.1(a), the attenuation of ethylene glycol (CoHgOs) due to the
photoelectric effect decreases with the X-ray energy and becomes less than that of
the Compton effect just above 26 keV. Only for X-ray energies below 26 keV is the
photoelectric effect the dominant process, and thus the biggest contribution to the
attenuation contrast. The more the attenuation process results from the Compton
effect, the more the attenuation-based image is proportional to the electron density,
as is also the case in the phase contrast. No additional information on the material
composition can be gained if attenuation is mostly attributed to Compton scattering
[Willner et al. 2013]. Thus, for all low-Z materials similar contrast differences are
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expected for attenuation and phase contrast images at high X-ray energies. Signal-
to-noise ratios and contrast-to-noise ratios will however differ and depend mainly
on the performance of the grating interferometer. For instance, the higher the fringe
visibility, the higher these values will be in favor of phase contrast [Kéhler et al. 2011].

The situation changes for higher atomic number materials like aluminum (see Fig.
5.1(b)). At 45 keV mean X-ray energy, the attenuation contrast is a result of both
effects. Therefore, attenuation- and phase-contrast images provide complementary
information and materials can be more easily distinguished as seen in the monochro-
matic case [Willner et al. 2013].

5.2.3 Samples

In order to experimentally investigate the discussed complementarity of phase and
attenuation contrast, two different phantoms were designed. The first phantom, com-
posed of well-defined liquids in different concentrations, was prepared to represent
various low-Z materials (for the simplicity in the following called low-Z phantom).
Each of the liquids was placed in a cylindrical tube made of polyethylene (PE). All
of the tubes were then placed in a bigger cylindrical container filled with deionized
water. The diameter of the outer container was 50 mm. Table 5.1 presents a list of
all the liquids inside the phantom.

The second self-made phantom was made of higher-Z materials (for the simplicity
in the following called high-Z phantom). Five rod-shaped materials were fixed at the
top and placed in a 35 mm thick water tank during the measurements. The materials
contain heavier elements with Z ranging from 9 (fluorine) to 17 (chlorine). Table 5.3
presents a list of all the materials inside the phantom.

Additionally, to demonstrate the capabilities of X-ray phase contrast imaging at
70 kVp, a part of a human cervical spine with intervertebral discs surrounded by bones
and various soft tissue types was placed in a 40 mm diameter plastic container filled
with formalin. The specimen was provided by the Institute of Forensic Medicine,
Ludwig-Maximilians-Universitdt (Munich, Germany) in accordance with the Declara-
tion of Helsinki and approved by the local ethics committee.

5.2.4 Experimental setup, data acquisition and analysis

A description of the experimental setup and its parameters can be found in Chap-
ter 3.5. In the following only the varying and the specific components used in the
experiments are described.

The X-ray tube was operated at 70 kVp and 27 mA, with an effective source size
of 1x1 mm?. For measurements of the low-Z phantom and the biomedical sample, the
emitted radiation was filtered with 60 mm of water, 2 mm of aluminum and the beryl-
lium window of the X-ray tube resulting in an X-ray spectrum with a mean photon en-
ergy of about 45 keV, calculated by the SpekCalc program |Poludniowski et al. 2009].
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A mean fringe visibility of 20 % was achieved (calculated in a circular area around
the middle covering half of the FOV). In case of the high-Z phantom, 0.6 mm of
copper, 2 mm of aluminum and 36 mm of water pre-filtered the beam. The resulting
X-ray spectrum had a mean energy of approximately 51 keV. The change of filtering
was necessary to prevent beam hardening artifacts and, therefore, inaccuracies in the
quantitative analysis. In this case, the mean fringe visibility was 15 %.

The samples were placed downstream of the phase grating G1 and submerged in
a rectangular water tank during the experiment to avoid beam hardening and phase
wrapping artifacts at the boundary between the air and the plastic containers. The
distance between the sample and the phase grating and the tank thickness varied from
sample to sample. The low-Z phantom and the biomedical specimen were submerged
in a 60 cm thick water tank and were located at a distance of about 7 cm from GI1.
The high-Z phantom was placed in a 36 mm thick water tank and approximately 5
cm away.

A phase-stepping procedure was applied in order to obtain attenuation- and phase-
contrast images. The phase grating G1 was scanned laterally by eight steps over one
period of the interference pattern created by the grating. Each frame was obtained
with an exposure time of one second. The phase stepping was done separately for
every rotation angle of the sample. Further, the two signals were obtained by a pixel-
wise Fourier analysis [Pfeiffer et al. 2008| of the few frames acquired at different phase
grating positions.

During the CT acquisition the sample was rotated in order to acquire multiple
projections at different orientation angles. The phase stepping was done separately
for every rotation angle of the sample. The whole CT scan consisted of 1,200 rotation
angles over 360 degrees and lasted approximately 10 hours. For the CT reconstruction,
a GPU-based cone-beam filtered back-projection reconstruction algorithm developed
"in-house" by [Fehringer et al. 2014] based on a Ram-Lak filter for attenuation and
a Hilbert filter for phase reconstruction was used. As a result of the reconstruction,
two inherently registered volumes were obtained, i.e. the attenuation, and the phase-
contrast volume. Bilateral filtering was applied to the datasets as a post-processing
step, which decreased the overall noise in both reconstructions and helped to preserve
the edges [Kohler & Roessl 2012).

Both linear attenuation coefficient p and refractive index decrement  strongly
depend on the X-ray energy. For the comparison of measured and theoretical values
and for the calculation of electron densities, the effective energy of the X-ray beam has
to be known. It is important to note, that due to the different image formation process,
the measurement of u and ¢ are performed at slightly different effective energies. The
measured effective energy is a result of the X-ray spectrum, the spectral efficiency of
the detector, and the spectral efficiency of the grating interferometer. The last one
especially differs between attenuation and phase contrast. Therefore, two effective
energies were defined by matching the measured and the theoretical data of a reference
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material. One of the materials inside each of the phantoms of known mass density
and elemental weight fractions was used for this purpose. In the biological sample
case, a PMMA and an epoxy resin rod were placed inside to serve as references.

Since the measurements were carried out in a water tank, the measured values
of p and 0 are relative to water [Herzen et al. 2009]. In order to obtain the absolute
values presented in Table 5.1 and 5.3, pg2o and dgoo of water for the corresponding
effective energies were added to all experimental values.

For the quantitative analysis of the phantoms, 60 axial slices were averaged to
increase the signal-to-noise ratio. Over each of the materials inside the phantoms, a
"circular" region of interest (ROI) of 125 by 125 pixels was selected from which the
mean values and standard deviations were obtained. Further, in order to quantify
image quality differences, contrast-to-noise ratios were determined as

|Sa _Sb’

CNR = :
(0a)? + (00)?

(5.7)

where S, and S, represent the measured signals, i.e., mean values in circular regions
chosen for each of the materials and o,, o, represent standard deviations of the mean
for the respective regions.

As a reference for the measured values, knowing the chemical formula and the
mass density of the materials, the theoretical refractive index decrement ¢ and linear
attenuation coefficient u values were calculated based on the adapted version of Mucal
written by Bandyopadhyay and Segre [Bandyopadhyay & Segre 2009| as described by
[Malecki et al. 2012]. Subsequently, theoretical electron density values were calculated
using Equation (5.2).

5.3 Results and discussions

5.3.1 Low-Z materials phantom

Figure 5.2 shows attenuation- (a), and phase-contrast (b) axial slices reconstructed
from the same CT data set obtained with the Talbot-Lau interferometer. The highest
signal corresponds to the HyO /glycerol mixture, the lowest to isopropyl alcohol. The
contrast between various liquids is very similar for both images. This is due to the
fact that both contrast modalities for these low-Z materials depend mainly on electron
density. The dependence of attenuation contrast on material composition, namely on
its effective atomic number, is greatly reduced at this X-ray energy.

The effective energy of the X-ray beam was determined by matching the measured
and the calculated data for ethylene glycol. The minimum difference between mea-
sured and calculated values was found for 44.2 keV for phase contrast and 43.7 keV
for attenuation, determined with 0.1 keV resolution.

The mean values and associated standard deviations of the linear attenuation
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Figure 5.2: Comparison of axial slices from a tomographic reconstruction of the linear
attenuation coefficient p (a) and the refraction index decrement ¢ (b) distributions inside
the low-Z phantom. The following liquids are represented in the images: 0 - water, 1 -
H50 /glycerol, 2 - isopropyl, 3 - ethanol, 4 - H,O /ethanol, 5 - H2O /ethylene glycol, 6 - ethy-
lene glycol. Both images show a very similar contrast because of the dependence of image for-
mation on electron density for both channels. Figure adapted from [Sarapata et al. 2015b].
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coefficient pu, refraction index decrement 0 and electron density p. together with the
theoretical values are presented in Table 5.1. The experimental values associated with
the phase-contrast reconstruction, i.e. § and p., match the theoretical values within
one standard deviation. In attenuation contrast, the measured values of y show a
good agreement as well, but with stronger deviations from the theoretical values. The
analysis is not affected by beam hardening artifacts thanks to the used beam filtering
and because all the materials are relatively low absorbing at the applied high X-ray
energy range.

In order to quantify image quality difference, contrast-to-noise analysis was per-
formed. As seen in Table 5.2, phase contrast provides a contrast gain over attenuation
in all the cases but one. Even though both of the contrast modalities depend on the

Table 5.1: Measured and theoretical (subscript th) attenuation coefficients pu, refraction
index decrements ¢ and electron densities p, for all fluids inside the low-Z phantom. This
table was previously published in [Sarapata et al. 2015b].

Material I hth 1) Oth Pe th
[1/m] [1/m] [1077] [1077]  [10*/m®]  [10*/m?]

water 25.20 = 0.04 25.25 1.18 £ 0.02 1.18  3.35 + 0.03 3.339
H>0 /glycerol 27.54 £ 0.05 27.51 1.35 £ 0.02 1.33  3.79 &£ 0.06 3.739
ethylene glycol 26.10 = 0.04 26.13 1.30 £ 0.02 1.30 3.66 £ 0.05 3.664
H5O /ethylene glycol 25.94 £0.04 25.86 1.29 + 0.02 1.27  3.53 £ 0.03 3.517
H50 /ethanol 23.08 = 0.05 2298 1.03 £+ 0.02 1.06 3.14 £ 0.05 3.094
ethanol 18.42 £0.09 18.46 0.955 + 0.02 0.951 2.72 £ 0.09 2.684

isopropyl 18.31 £0.10 18.21 0.953 £ 0.02 0.950 2.71 £ 0.04 2.680
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Table 5.2: Contrast-to-noise ratios for phase contrast CN R4 and attenuation contrast
CN R for selected sets of two materials inside the low-Z phantom. This table was previ-
ously published in [Sarapata et al. 2015b].

Material pair CNRus CNRphse
water - HoO /glycerol 39.3 64.8
water - Hs0 /ethylene glycol 13.3 36.8
water - isopropyl 55.0 53.8
ethylene glycol - HyO /ethylene glycol 4.8 21.2
ethylene glycol - H,O /ethanol 45.9 74.5
ethylene glycol - ethanol 69.3 91.3
ethanol - water 60.5 65.5
ethanol - H,0O/glycerol 82.4 99.8
ethanol - H,0/ethanol 35.9 41.2

materials’ electron density, phase contrast provides higher quality images because of
a different image formation process and higher sensitivity of the presented technique
to changes in the phase of an X-ray beam passing through an object.

5.3.2 High-Z materials phantom

The previously discussed dependence of the attenuation contrast on photoelectric
absorption and Compton scattering changes with increasing 7Z of the material. For
materials with Z ranging from 9 to 17, both effects contribute to the image formation
(see Fig. 5.1(b)) |Berger et al. 2010].

Figure 5.3 shows attenuation (a) and phase (b) contrast axial slices reconstructed
simultaneously from the same CT data set. The highest signal corresponds to alu-
minum, the lowest to PMMA. The quantitative values can be found in Table 5.3, and
CNRs for selected material pairs are presented in Table 5.4.

The effective energy of the X-ray beam was determined by matching the measured
and the calculated data for aluminum, which gives a strong signal in both contrast
reconstructions. The minimum difference between measured and calculated values
was found for 52.4 keV for phase contrast and 51.8 keV for attenuation, determined
with 0.1 keV resolution. The higher effective energy is an effect of stronger filtering
of the beam used to prevent beam hardening artifacts and resulting inaccuracies in
the quantitative analysis. Because of the slightly different spectrum, which affects the
system’s fringe visibility and sensitivity, CNRs calculated for this phantom are not
directly comparable to the CNRs of the low-Z phantom.

The mean values and associated standard deviations of the linear attenuation co-
efficient 1, refractive index decrement ¢ and electron density p,. are presented together
with theoretical values in Table 5.3. Again, the experimental values of § and p, match
the theoretical values within one standard deviation. The measured values of u show
a good agreement with the theoretical values with maximum discrepancy of 3%. The
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Figure 5.3: Comparison of axial slices from a tomographic reconstruction of the linear
attenuation coefficient 1 (a) and the refraction index decrement 6 (b) distributions inside the
high-Z phantom. At 51 keV mean energy, high-Z materials show again the complementarity
of both signals. Figure adapted from [Sarapata et al. 2015b].

Table 5.3: Measured and theoretical (subscript th) attenuation coefficients u, refraction
index decrements § and electron densities p. for all the materials inside the high-Z phantom.
This table was previously published in [Sarapata et al. 2015b].

Material 7 ian 5 Stn Pe P
[1/m] [1/m] [1077] [1077]  [10*/m?]  [10%/m?]

water 93.16 £ 0.18 22.72 0.839 & 0.005 0.838 3.334 £ 0.02  3.339

PVC 60.82 £ 0.19 59.14 1.08 £ 0.03  1.08 4.304 £0.01  4.320

PTFE 4549 £ 0.11 46.51  1.59 £ 0.06 1.60  6.350 £ 0.02 6.363
aluminum 89.29 £ 0.22 89.29  1.97 + 0.04 1.97  7.848 £ 0.05 7.843
S105 64.15 £ 0.14 65.83 1.69 =+ 0.04 1.66 6.728 £ 0.04 6.620
PMMA 25.07 £0.43 24.68 0.969 £ 0.003 0.971 3.860 £ 0.01 3.868

analysis is not affected by the beam hardening because of the stronger beam filtering
used.

The CNR changes depending on the respective pair of materials. For instance,
between PVC and quartz a higher value of 64.8 in phase contrast compared to 14.0
in attenuation contrast could be found. The situation changes between aluminum
and polytetrafluoroethylene (PTFE) for which attenuation contrast brings the ratio
of 178.1 versus 28.8 in phase contrast. Contrast between PTFE and polyvinyl chloride
(PVC) as well as water and PTFE is similar for both images. Clearly, complementary
information looking at the phase- and attenuation-contrast images is accessible in the
case of these materials with higher atomic numbers.
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Figure 5.4: Tomographic reconstruction slices of the human cervical spine. Phase-
contrast axial (b) and sagittal slices (d) show better visibility of the intervertebral discs
than attenuation-contrast axial (a) and sagittal slices (¢). Internal structure of the discs
is visible and the clear boundary between the disc annulus and the nucleus pulposus can
only be seen in the phase-contrast image (indicated by the arrows). Figure adapted from
[Sarapata et al. 2015b].
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Table 5.4: Contrast-to-noise ratios for phase contrast CN Ry, and attenuation contrast
CN R for selected sets of two materials inside the high-Z phantom. This table was previ-
ously published in [Sarapata et al. 2015b].

Material pair CNRaps CNRphgse
water - PMMA 4.1 22.0
water - PTFE 102.4 96.1
water - PVC 144.3 41.8
PVC - 510, 14.0 64.8
PVC - aluminum 97.9 73.7
PTFE - aluminum 178.1 28.8
PTFE - PMMA 46.5 91.4
PTFE - PVC 69.5 76.9

5.3.3 Intervertebral discs

An intervertebral disc consists of two regions, i.e., the nucleus pulposus and the sur-
rounding annulus fibrosus. The inner nucleus pulposus is a visco-elastic gel composed
of a disordered network of type-II collagen fibrils. The outer annulus fibrosus is made
of highly organized and densely packed type-I collagen whose fibers run parallel to
cach other [Matcher et al. 2004].

Figure 5.4 shows reconstruction slices of an intervertebral disc surrounded by ver-
tebral bodies and various adjacent soft tissue types. Because of the high X-ray energy
used, the bone does not obstruct the surrounding soft tissue with strong artifacts and
its internal structure can be well reconstructed. Most significantly, a greatly increased
visibility of the boundary between the disc annulus and nucleus pulposus inside the
intervertebral disc (indicated by the arrows) is observed in the phase-contrast recon-
struction (Fig. 5.4 (b) and (d)) compared to the conventional attenuation reconstruc-
tion (Fig. 5.4 (a) and (c)). This is a very interesting finding, as in general, this is a
feature expected to be seen only in magnetic resonance imaging, not in X-ray CT.

Collagen is a low-Z material such that only small differences in its visibility be-
tween the two imaging contrasts at this photon energy can be assumed. However,
as previously mentioned, it is very dense and exhibits a position-dependent degree
of organization. Additionally, refraction-based imaging is sensitive to gradients of
the line-integrated density, which are the largest near the boundaries. Thus, in most
cases refraction has a contrast enhancing effect on edges between various tissues. The
author believes that these are the reasons for the increased visibility of the bound-
aries inside the intervertebral disc in the phase-contrast reconstruction. In addition,
the phase-contrast image contains more anatomical information than the attenuation
image because of slightly increased contrast between the formalin and the soft tissue
surrounding the bones.

The effective energy of the X-ray beam was determined by matching the measured
and the calculated data for PMMA. The minimum difference between measured and
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calculated values was found for 43.5 keV for phase contrast and 42.9 keV for attenu-
ation.

In order to quantify the contrast enhancement between the phase and the atten-
uation reconstructions, four regions of interest (ROIs) were selected and the corre-
sponding CNRs calculated. The ROI selection is indicated by squares in Fig. 5.4 (b).
Between ROI1 and ROI2 (15x15 pixels) a higher value of 16.9 in phase contrast com-
pared to 6.9 in attenuation contrast was found. Similarly, when comparing ROI3 and
ROI4 (25x25 pixels), phase contrast yields a higher CNR than attenuation contrast
(7.6 vs 3.4, respectively).

5.4 Conclusions

In conclusion, this chapter demonstrated the feasibility of quantitative high-energy
X-ray phase-contrast CT using a Talbot-Lau interferometer with a polychromatic X-
ray source and a 10 cm round analyzer grating. In particular, it was shown that
such a system simultaneously provides quantitative information about the local 3D
distribution of the linear attenuation coefficient pu, the refraction index decrement ¢,
and the electron density. As a result of the increased area of the analyzer grating, the
first grating-based X-ray phase-contrast C'T setup for samples up to 50 mm in width
was build. The presented results show a big potential of the presented method for
biomedical imaging, in particular for imaging of cartilage surrounded by bones.

Tomography scans of two phantoms were performed in order to quantitatively
assess information on material properties and to investigate contrast dependence of
phase and attenuation images for materials of various atomic numbers. In both cases,
the refraction index decrements 6 and electron densities p. agree very well with the
theoretical values within one standard deviation. The measured linear attenuation
coefficients p correspond well to theoretical values with a maximum discrepancy of
3%. The higher deviations may be associated with higher noise in the attenuation
contrast due to the scattering and need further investigation. Since the p values
deviate stronger, it is harder to distinguish the materials in the attenuation-contrast
image than in the phase-contrast image.

For low-7Z materials, both attenuation- and phase-contrast images deliver the same
information about various materials. Due to the domination of X-ray attenuation by
Compton scattering, the same physical information (i.e. the electron density) is rep-
resented in both contrast modalities. However, the presented experimental setup has
been successfully designed to provide enhanced phase-contrast images, with higher
contrast-to-noise ratios than the attenuation-contrast results, which confirms the ex-
perimental findings from the monochromatic case by [Willner et al. 2013|. This con-
trast gain depends strongly on the specific grating interferometer and its optical pa-
rameters. Therefore, as the presented setup is in a research phase, it could be further
improved by optimizing its parameters. The fringe visibility, which strongly dictates
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the system’s performance [Kohler et al. 2011, Raupach & Flohr 2011], could be more
than doubled by increasing the height of the absorption grating structures or by inclin-
ing the gratings with respect to the axis of the X-ray beam [Stutman & Finkenthal 2012].
Moreover, filtering the parts of the spectrum which reduce the overall fringe visibil-
ity would increase the system capabilities. Only when optimized for the best optical
performance, i.e. achieving both, high fringe visibility and high angular sensitivity,
clinically dose-compatible measurements can be performed as it is shown in Chapter 7.

It might be challenging for the presented system at its design energy to compete
with ghPC-CT systems operating with lower X-ray energies, because of their higher
sensitivity and thus very high soft-tissue contrast. However, the very high sensitivity
of such systems can sometimes prevent them from being able to measure biomedical
samples containing calcifications, bones, etc. Tomography reconstructions of such
samples result in strong strike artifacts obstructing the view. In such cases, high-
energy gbPC-CT can fill the gap by providing satisfactory soft-tissue contrast and
localization of calcifications and other high-Z materials embedded in the tissue, which
oftentimes are first indications of an evolving disease.

Despite the fact that it still remains challenging to develop a high-energy grating
interferometer with a broad polychromatic source yielding satisfactory optical perfor-
mance, the presented results prove that improved image quality for phase contrast
as compared to attenuation contrast can be obtained at high photon energy. Finally,
the demonstration of quantitative high-energy grating-based X-ray phase-contrast CT
implemented at a conventional X-ray source, thus without a need for a limited and
often expensive access to synchrotron-radiation facilities, opens the technique to a
broad range of laboratory-based applications in materials science, fabrication of x-ray
optics, and biomedical imaging.

The most promising, but not yet fully explored, field for the presented effective X-
ray energy around 45 keV are materials science applications. High penetration depth of
such photons allows investigation of dense and large objects. As seen from the results
of the high-Z phantom, the possibility to simultaneously access various information
on material composition provides added value over attenuation-only-based images.
The author took advantage of that fact to provide multi-contrast microtomography
of concrete, which is presented in Chapter 8.
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This chapter presents designs and experimental evaluation of proof-of-concept,
dedicated X-ray phase-contrast phantoms. A short description of conventional phan-
toms for attenuation-based X-ray imaging is given and the need for phantoms designed
specifically for phase-contrast imaging is explained. Thanks to the results of quanti-
tative measurements presented in Chapter 4, polymer plastic materials equivalent in
their refraction properties to breast tissues were found. In collaboration with Qual-
ity Assurance in Radiology and Medicine GmbH (QRM, Mdéhrendorf, Germany), an
image-quality and a low-contrast phantoms dedicated for use in tomography were de-
signed and manufactured. Imaging results of both phantom are presented, and their
benefits for characterization of PC-CT systems are reported. The presented phase-
contrast phantoms are the first of many more to be developed as valuable tools for
quality-control testing of phase-sensitive X-ray imaging systems.

6.1 Introduction

Imaging phantoms are specifically designed objects that are used in the field of med-
ical imaging to analyze, compare and optimize the performance of various imaging
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systems. Because of harmful effects of ionizing radiation on human body, phantoms
are oftentimes used in X-ray imaging since its beginnings. Their easy availability and
better consistency of the results than exploiting a living tissue are the reasons for
their extensive use in the field of medical imaging.

Phantom’s design and its composition depends strongly on the aspect of the imag-
ing system that needs to be evaluated. For instance, phantoms designed to test the
spatial resolution capabilities are not necessarily composed of materials similar in
composition to a human tissue. On the other hand, dosimetric phantoms for evalua-
tion of the dose delivered to a person during radiation therapy treatments are made
of tissue-substitute materials.

There exist a plethora of phantoms designed for X-ray imaging, both radiography
and tomography mode. Depending on the task various designs are available, ranging
from line-pair phantoms for resolution testing to tissue-equivalent phantoms used to
test the imaging system’s ability to correctly image soft tissues.

All the commercially available phantoms so far have been designed for attenuation-
based imaging. In conventional CT the measured value is the attenuation caused by
the object, represented by its Hounsfield (HU) value. Each voxel (equivalent of a
pixel in 3D) of a CT image represents a measure of the respective attenuation caused
by the scanned object. That is why phantom materials are chosen based on their
X-ray attenuation properties, that is their attenuation coefficient values. However,
in phase-contrast CT voxels represent phase-shifting / refracting properties of the
object. As these two contrast modalities operate on different physical principles, a
phantom designed for use in an attenuation-contrast mode may not be suitable for
phase-contrast imaging.

The materials within phantoms are often intended to simulate human tissue. Thus,
an important part of a phantom creation is tissue equivalence of the used materials.
There exist various properties that can be used to measure the tissue equivalence of a
phantom. For example to assess that, one could use the physical density and effective
atomic number. These parameters accurately describe the physical properties of the
material in question, but do little to describe how the material is going to influence
the X-ray beam. The most extensively used and generally accepted parameters for
evaluation of radiation properties of a tissue-equivalent material are the linear at-
tenuation coefficient p and the mass energy-absorption coefficient p./p. The former
describes the fraction of a beam of X-rays that is attenuated (absorbed or scattered),
while the latter is a measure of how much energy is locally deposited in the specific
tissue. As X-ray photons interact with the electron cloud, a fundamental parameter
that provides more insight into how a material affects an X-ray beam is the electron
density. Unfortunately, only selected tissue-equivalent materials are formulated with
consideration for electron density. The ones which do are expected to be well suited
for phase-contrast imaging.

Ideally, a phantom material will accurately mimic as many of the aforementioned
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properties of the tissue that is being simulated. However, this can be very difficult to
achieve, thus simulating the radiological properties of the tissue of interest should be
of a primary aim. Keeping in mind that radiological properties will change depending
on the contrast modality being investigated.

6.2 Breast tissue-substitute materials

Phantoms used in quality assurance and calibration procedures of X-ray imaging
system should respond in a similar manner to how human tissues would act in that
specific imaging modality. With the introduction of phase contrast to the X-ray
world, new materials have to be designed or existing ones tested for their suitability.
Having the possibility to experimentally access the electron densities of soft tissues
and plastic materials as described in Chapter 3 and 5, tissue-substitute materials that
have similar "phase-shifting" properties as various human tissue types can be found.

One of the most promising clinical applications of X-ray phase-contrast imaging
is mammography. There has been several publications trying to assess the possi-
ble advantages of phase contrast imaging for breast tumor detection. Adipose, fi-
broglandular, and tumor tissues were also characterized for their electron density by
[Willner et al. 2014]. In this chapter, materials that could be used in phase-contrast
phantoms as tissue substitutes are suggested based on the similarity of electron density
values.

The majority of existing tissue-substitute materials are made of hardened epoxy-
based resins. Because the density of the hardened resins exceed these found in biolog-
ical tissues, manufacturers use low density microspheres as additives. These powders
are made up of hollow, gas-filled spheres in a size range of a few to tens of micrometers
and are added to the basic resin systems [White et al. 1977a]. They can potentially
create (ultra)small-angle scattering (USAXS) when used in dedicated phase-contrast
phantoms. Since strong USAXS reduces the fringe visibility of the "phase-stepping"
curve these materials can possibly have a negative effect on the overall quality of a
phantom. To evaluate if the epoxy resin-based fabrication technique could be em-
ployed for creation of breast tissue-substitute materials, three water-equivalent, two
bone- and two tissue-equivalent materials were measured in the special geometry pre-
sented in Chapter 4.

6.2.1 Electron density of breast tissue in literature

In order to manufacture / find materials with electron densities matching these of
human tissues, the latter has to be known. Table 6.1 presents a comparison of ex-
perimental electron density values for breast tissues found in the literature. Compton
scattering is the most popular technique used for electron density characterization of
biological tissues. However, it produces results which vary quite strongly from one
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publication to another. These discrepancies can be explained by different preparation
methods that were used to fix the tissue before the measurements. Compton scat-
tering does not provide images with spatial resolution, it requires various correction
factors to be applied and the results reflect the average of volumes with side lengths
of a few millimeters. On the other hand, gbhPC-CT provides high spatial resolution
images, which enable a clear distinction between certain tissue types, e.g. fibroglan-
dular and adipose tissue. Thus, the author strongly believes that results obtained
with gbPC-CT should be of the main interest when looking for a tissue substitute
material of breast tissue.
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6.2.2 Results and discussions

Measured electron density values of plastic materials provided by the QRM were com-
pared with results from [Willner et al. 2014| to find the closest match. The materials
with the smallest difference in electron densities are suggested as a good approxima-
tion of the specific tissue (see Table 6.2).

Table 6.2: Plastic materials suggested as the most fitting breast-tissue substitutes.

tissue type electron denisty material of similar p.(material)/
Willner et al. ICRU 44 el. density pe(tissue)
adipose 3.12 (0.12) 3.18 PP or PE 0.99 or 1.05
fibroglandular 3.56 (0.33) - EP 5 1.01
tumor 3.50 (0.21) - PUR 2 1.02

mammary gland 3.39 Polyamide/Nylon 0.97

Thanks to the feasibility of an accurate measurement of electron densities with
gbPC-CT, further tissue-equivalent materials for other organs and tissue types can be
found. Moreover, more materials have to be quantitatively characterized to find the
closest match. Possibly, new casting techniques need to be developed and tested to
find a reliable method providing plastics with a wide range and easily variable electron
densities.

Figure 6.1 shows differential phase-contrast images of two rods. One was made
out of a hardened epoxy resin (a), while the other out of an epoxy resin mixed with
calcium carbonate powder (b). One can see that the added microstructures, which
are too small to be spatially resolved in the images, produce however strong USAXS
visible as a strong dark-field signal. Strong scattering causes a decoherence of the
wavefront, which makes the measurement of the refraction angles less precise. It is
seen as an increased uncertainty in the mean phase shift extracted from the images
and a non-flat horizontal line profile.

Mixing microspheres and micrometer-size powders with epoxy resins is a common
technique to produce materials for X-ray phantoms. Thus, when looking for a mate-
rial suitable for phantoms dedicated for phase-contrast imaging, one should find an
alternative.

6.2.3 Summary

The ICRU 44 report suggests the use of a breast-tissue equivalent BR-12 material
originally developed by [White et al. 1977b] to simulate a tissue composition of 50 %
fibroglandular tissue and 50 % adipose tissue (i.e., 50 % glandularity). Because it
is an epoxy based with phenolic microspheres and calcium carbonate powder it is
not suggested for use in phase-contrast imaging as it will degrade image quality of
the phase-contrast channel due to existence of USAXS. For that reason, materials
commonly used in attenuation-based imaging such as BR10 or BR12 [Goldstone 1990]
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Figure 6.1: Differential phase-contrast projections and line profiles of two different rods:
(a) homogenous epoxy resin, (b) epoxy resin mixed with a calcium carbonate powder.

containing microspheres or powders should not be used. Another reason that BR-12
is not an ideal material is that the “50-50” breast is not a representative model of
the breast composition. The mean composition of the breast, expressed as percent
fibroglandular tissue (including the skin) is lower than 50% and approximately 19 %
[Yaffe et al. 2009].

Finally, when looking for proper tissue-equivalent substitutes for phase-contrast
imaging, only existing materials, which are formulated with consideration for electron
density, should be chosen, or new ones produced. Phantoms used for dosimetry and
dose distribution calculations satisfy this requirement as they must have the same
effective atomic number and the same electron density as those of soft tissue.

6.3 CT phantoms for image quality assesment

There are various phantoms specifically designed for testing image quality of X-ray
imaging systems, both in radiography and tomography mode. For that purpose, tissue
equivalence described above is not a crucial parameter. Most phantoms provide an
assessment of image quality by testing system’s resolution, dose efficiency, low-contrast
detectability, etc.

Here, two phantoms to access image quality of the gbPC-CT system are presented:
a first phantom to test the accuracy of quantitativeness, and a second to test the
minimum detectable contrast and its dependance on the radiation dose.
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6.3.1 Quantitative phantom

A phantom is a very useful tool to characterize the experimental imaging system and
investigate if all the steps of the processing chain work properly. It is a task usually
hard to achieve with a “real” sample with complicated geometry and most of the
time unknown exact composition. Because of a phantom’s stable design, it can be
scanned multiple times at different radiation dose levels / total exposure times and
even different setups to compare their imaging capabilities. Correctness of the CT
reconstruction processing chain, detector response, noise propagation, etc. can be
easily tested using a phantom as the object being imaged.
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Figure 6.2: Schematic drawing of a phantom designed to test characterize experimental
setups. Image courtesy of QRM GmbH.

A phantom for tomography mode was designed by the author and manufactured
by QRM GmbH. It is composed of three inserts of various sizes and made of materials
of various electron densities to mimic objects creating different image contrast levels.
The inserts are placed perpendicular to the tomography axis in a cylindrical base
made of epoxy resin. The phantom’s schematic can be seen in Figure 6.2.

6.3.2 Low-contrast phantom

An important attribute of an imaging system is its capability to discern object with
very similar attenuation or refraction properties. In attenuation-based imaging, so-
called low-contrast phantoms exist to test the limits of the imaging systems in their
ability to distinguish soft tissues with small differences in densities.
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Figure 6.3: Schematic drawing of a low-contrast phantom designed to test the smallest
electron density differences. Image courtesy of QRM GmbH.

In grating-based phase-contrast imaging, detectability of low-contrast features is
not only limited by the total number of photons, but also by the geometrical param-
eters of the interferometer. The lowest detectable angle is defined as:

P2
min — s 6.1
@ 27rd0A<’0 (6.1)

where p, is the period of the analyzer grating, d is the distance between the
gratings G1 and G2, and oa, is a standard deviation of the measured differential
phase-contrast signal, which is further related to the fringe visibility V' and the total
number of counts Ny, by
V2

ONp = —F—— .
2 VN

The uncertainty in the measurement of Ay is further related to the detector quan-
tum noise and the influence of the sample as [Revol et al. 2010]:

2 2 _h (1+ 1_2), (6.3)
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where V' is the mean fringe visibility, IV, is the number of phase steps, a is the
mean detector counts in a sample-free area, f; is the system-dependent conversion
factor related to the detector gain, 7T is the loss of photons caused by the transmission
through the sample, and D is the reduction of the fringe visibility caused by the
scattering (dark-field signal) of the sample.
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Other possible sources of noise exist; one of them being the system noise caused
for instance by the so-called dark current of the detector or spatial non-uniformities
of the gratings. They all can additionally contribute to the degradation of the image
quality. A more in-depth analysis of that matter can be found in [Revol et al. 2010].

The lowest detectable angle corresponds to the lowest detectability of electron
density in the tomography mode. It depends on many parameters, such as the spatial
resolution, the number of tomography projections, the distance between the sample
and the phase grating G1, and many more. A figure of merit commonly used to es-
timate the sensitivity of electron density measurements is the standard deviation of
the values in a homogenous region of the reconstructed volume.

A low-contrast phantom dedicated for PC-CT systems was designed by the author
and manufactured by QRM GmbH. By precisely controlling materials’ parameters, a
phantom with inserts of electron densities varying by only a few percent was made.
The phantom’s schematic can be seen in Figure 6.3 and its exact composition in Table
6.3.

Table 6.3: Composition of the low-contrast phantom.

. densit pth % diff to
# material [g/cmy] [10%9 /m3| the base
A epoxy 1.139 3.726 0.89
B epoxy 1.125 3.681 -0.35
C epoxy 1.116 3.651 -1.15
D polyurethane 1.139 3.737 1.16
E polyurethane  1.082 3.550 -3.90
F epoxy 1.129 3.694 -

6.3.3 Results and discussions

The experimental results of the phantoms were obtained with the high-energy setup
presented in Chapter 3.5. Data acquisition and analysis were the same as in Section
5.2.4. Parameters that varied during the measurements are specified in Table 6.4.

Table 6.4: Experimental setup parameters

quantitative low-contrast

phantom phantom
number of phase steps 8
number of projections 1200
exposure time [s] 1
tube peak voltage [kVp] 65
tube current [mA] 27.5 1.5
beam filtering 2 mm of Al

measured in water alr
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Image-quality phantom: Figure 6.4 shows phase-contrast tomography reconstruc-
tions of electron density distribution inside the phantom. The reconstruction quality
with regards to axial slice thickness is examined for a selection of three averaging pa-
rameters of 1 (a), 5 (b), 40 (¢). One can see suppression of image noise with increasing
number of averaged slices. Please note that averaging of the adjacent slices does not
result in as good image quality gain as the corresponding increase in total exposure
time. Influence of quantum noise on image quality in phase-contrast tomography is
intrinsically different than in attenuation-based tomography [Kéhler et al. 2011]. It
is actually expected that increasing slice thickness improves the image quality (sup-
presses the noise) more effectively in attenuation-contrast imaging than in phase-
contrast imaging.

a) b) c) w387
3.26
Figure 6.4: Phase-contrast tomography reconstructions of the quantitative phantom with

varying slice thickness. One (a), five (b), and 40 (c) adjacent axial slices were averaged in
order to reduce image noise.

[sw/ez01] od

Table 6.5: Measured and theoretical (superscript th) electron densities p, of all the quanti-
tative phantom’s inserts. Differences between the measured and theoretical values are given
and they are all bellow 1% proving the quantitative correctness of the experimental setup.

Material ~ density Pe pth difference
lg/cm®]  [10%/m®]  [10%/m¥]  [%]
PE 0.953  3.296 £ 0.18 3.276 0.62
PMMA 1.186  3.856 + 0.19 3.855 0.02
PUR 1.080  3.559 £+ 0.11 3.543 0.45
base (EP)  1.130  3.695 + 0.22 3.697 0.05

Solid plastic phantoms should be used if possible over mixed-liquid phantoms
because of their exact and permanent composition. A phantom made of various
liquids (like the one used in Section 5.3.1) is more prone to inadequate composition
because of the mixing process and because concentration of the liquids within could
change with time for instance due to evaporation. Additionally, geometry of liquid
phantoms is restricted such that complex or very small shapes are unfeasible.
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Low-contrast phantom: The experimental results of this phantom, in contrast to
the previous one, were not obtained using the high-power tube described in Section
3.5 due to its malfunction. The phantom was measured at a significantly lower photon
count using a micro-focus low-power X-ray tube running with the current of 1.5 mA.
Therefore, results of this phantom are not comparable with results of the image-quality
phantom, or with the results presented in Chapter 5. However, they show a rough
estimate of a low-dose performance of the setup and the low-frequency noise behavior
in phase-contrast CT reconstructions, which was in details explained for example in
[Kohler et al. 2011].

Figure 6.5 shows phase-contrast reconstruction slices of the low-contrast phantom.
In a single-slice reconstruction, only one of the inserts is visible, i.e. polyurethane
with almost 4 % difference in electron density to the base material. Averaging of
the adjacent slices reveals more inserts. Please note that effect of averaging of the
adjacent slices on the image noise is not equal to the corresponding increase of total
number of photons by means of increasing the radiation dose.

One can see that the presented high-energy setup used to obtain this data set can
reveal objects with difference in electron density of not less than 3 % at reasonable
exposure times with the X-ray tube running at the peak voltage of 65 kVp and the
current of 1.5 mA.

Figure 6.5: Phase-contrast tomography reconstructions of the low-contrast phantom. Var-
ious numbers of adjacent axial slices (indicated by the digits in the upper left corners) were
averaged in order to reduce image noise.
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6.4 Conclusions

In summary, this chapter presented first steps and considerations towards the creation
of dedicated phase-contrast phantoms.

Plastic materials that could be well suited to mimic electron density distribution of
a breast tissue were chosen based on the experimental results obtained with the grat-
ing interferometer setup in a projection mode described in Chapter 4. An important
finding was made regarding the commonly used BR10 or BR12 materials for breast
tissue equivalence. They should be avoided when choosing materials for mammogra-
phy phase-contrast phantoms as they contain scattering particles and can potentially
cause signal degradation in the phase-contrast mode. More tissue-equivalent materials
can be chosen if the electron density of the corresponding tissue type is known.

Two dedicated PC-CT phantoms made of durable plastics were designed, manu-
factured and experimentally tested. Using the quantitative phantom, the high-energy
experimental setup was characterized for its accuracy and precision of the quantitative
values. The setup proved to provide very accurate measurements of the electron den-
sity for the materials of choice, with differences between the measured and theoretical
values below 1 %.

The low-contrast phantom was employed to experimentally access the setup de-
tectability of object with difference in electron density of a few percent. At commonly
used scanning parameters used with an X-ray tube running at a peak voltage of 65 kVp
and current of 1.5 mA, the setup is able to distinguish objects with an electron density
difference of not less than 3 %.

Epoxy-based resins are a good choice for phase-contrast phantom materials as
their mass density, thus electron density, can be controlled precisely over a small
range of densities. However, they cannot be used for tissue-equivalence as in general
their density is higher, with few exceptions, than various soft tissues within the human
body. In attenuation-based imaging this discrepancy is accommodated for by addition
of low density powders, microspheres, or micro-bubbles. These additives, however,
should not be used in phase-contrast phantoms for reasons discussed above.

With the use of the presented phantoms, imaging protocols and standard scan
parameters can be optimized to ensure optimum utilization of various experimental
setups.



Chapter 7
Towards dose-relevant CT

Contents
7.1 Introduction . . ... ... ... ... 00 e 75
7.2 Materials and methods . . . . . ... ... . ... ..., 76
7.2.1 Experimental setup . . . . . . . .. ... L 76
7.2.2 Image acquisition and processing . . . . . . .. ... ... ... 77
723 Samples . . . . .. 80
7.24 Experiments. . . . . . .. ... 80
7.2.5 Monte Carlo estimation of dose . . . . . . ... ... ... ... 81
7.3 Resultsand discussions . . . . . ... ... ... 00 81
7.3.1 Fringe visibility . . . . . ..o oo 81
7.3.2  Dose estimation by computer simulation . . . . . ... ... .. 84
7.3.3 Comparison between the two phase-stepping methods . . . . . 84
7.3.4 High- versus low-visibility system comparison . . . .. .. ... 85
7.3.5  Soft tissue phantom at different exposure times . . . . . . . .. 86
7.3.6  Soft tissue phantom filled with water . . . . . . . . .. ... .. 88
7.4 Conclusions . . . . .. . ... e 90

This chapter describes initial progress towards a clinically compatible X-ray phase-
contrast CT system, using glancing-angle X-ray grating interferometry to provide
high-contrast soft-tissue images at, estimated by computer simulation, dose levels
comparable to conventional attenuation-based CT. High-fringe-visibility interferome-
ter was realized by a simple design change, which increased the opacity of the absorp-
tion grating and successively provided superior in the image quality, phase-contrast
reconstructions.

Phase-contrast CT scans of a joint phantom and of soft tissues were performed in
order to answer several important questions from a clinical setup point of view. A
comparison between high and low fringe visibility systems is presented. The standard
phase-stepping method is compared with sliding-window interlaced scanning. Using
estimated dose values obtained with a Monte-Carlo simulation code the dependence
of the phase-image contrast on exposure time and dose is studied.
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Using a glancing-angle interferometer at high X-ray energy (approximately 45 keV
mean value) in combination with a conventional X-ray tube, a fringe visibility value
of ~50 % was achieved. The high fringe visibility is shown to be an indispensable
parameter for a potential clinical scanner. Sliding window interlaced scanning proved
to have higher SNRs and CNRs in a region of interest and to also be a crucial part of
a low dose CT system. Phase-contrast images of a soft tissue phantom at exposures
in the range typical for absorption-based CT of musculoskeletal extremities were ob-
tained. Assuming a human knee as the CT target, good soft tissue phase contrast
could be obtained at an estimated absorbed dose level around 8 mGy, similar to
conventional CT.

Phase-contrast CT with glancing-angle interferometers provides improved soft tis-
sue contrast over absorption-CT even at clinically compatible dose levels (estimated
by a Monte-Carlo computer simulation). Further steps in image processing, data
reconstruction and spectral matching could make the technique fully clinically com-
patible. Nevertheless, due to its increased scan time and complexity the technique
should be thought of not as replacing, but as complimentary to conventional CT, to
be used in specific applications.

The majority of results presented in this chapter were published in:

A. Sarapata, JW. Stayman, M. Finkenthal, JH. Siewerdsen, F. Pfeiffer, D. Stutman,
"High energy X-ray phase contrast CT using glancing-angle grating interferometers,"
Medical Physics 41, 021904 (2014).

7.1 Introduction

Grating-based X-ray phase-contrast CT (gbPC-CT) has the potential to combine the
high soft tissue contrast comparable to MRI with the high spatial resolution and
penetration depth of X-rays. However, if clinical applications are of interest, the
radiation dose used to obtain the images has to be kept equal or lower than the
accepted limits [Kalra et al. 2004].

In the recent years there has been a lot of interest in the gbhPC-CT technique from
the medical community in the hope for improved cancer detectability in, for instance,
the breast |Grandl et al. 2014], liver [Noél et al. 2013|, brain |Pfeiffer et al. 2007a] or
pancreas [Tapfer et al. 2013], and for improved imaging of cartilage [Stutman et al. 2011],
or of plaque |[Hetterich et al. 2013]. While the experiments, both using conventional
tubes and synchrotron X-rays, demonstrated improved soft tissue contrast, the dose
delivered to the sample (and eventually to a patient) that is necessary to obtain
this additional information still remains a big concern [Raupach & Flohr 2012]. Pub-
lished experiments have so far routinely exceeded the dose limits acceptable in conven-
tional CT by up to a few orders of magnitude [Grandl et al. 2013, Pfeiffer et al. 2013,
Bravin et al. 2012]. The question yet to be answered is thus whether X-ray phase con-
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trast imaging using grating interferometer will still outshine absorption based imaging
when used with a considerably lower dose, closer to clinical acceptable values.

The optical performance of the Talbot-Lau interferometer is described by two main
parameters: the interferometric fringe visibility (V), also known simply as visibility,
and the angular sensitivity (S). The visibility characterizes the amplitude or contrast
of the intensity modulation in the interference pattern, and is defined as in Eq. 3.21.
The angular sensitivity defines the smallest refraction angle detectable by the system.
Theoretical analysis predicts that the ratio between the NEQ (noise equivalent quanta)
in DPC to that in absorption-CT increases proportionally to the product S? * V2
[Tang et al. 2011]. The angular sensitivity is determined by the ratio between the
distance between G1-G2 and the G1 period, divided by the magnification of the setup.
Thus, it is practically limited by the feasible grating period (> few pum) and by the
clinically compatible scanner length (< 1.5 m approximately). Thus, one of the most
promising ways to improve image quality at a given dose is therefore to increase the
fringe visibility of the system.

In addition, most clinical CT applications require the use of photon energies above
40 keV to be able to penetrate thick human body parts and a reasonable scan time.
While the latter could be solved easily by using a high-power source like a rotating
anode X-ray tube, working with a grating interferometer at high X-ray energies is
not trivial. The constraining factor preventing “conventional” gbhPC-CT systems from
operating at high energies is limitations in the absorption grating fabrication process;
the gold grating bars cannot easily be made thick enough to be opaque to X-rays, es-
pecially for small period gratings. This causes radiation to “leak” through the gratings
and drastically reduces the visibility of the interferometer. Because of this limitation
gbPC-CT could not be yet made to work under optimum conditions at energies of
clinical interest. To overcome this limitation [Stutman & Finkenthal 2012| suggested
a simple design change in the interferometer, in which the gratings are tilted along
the direction of the source-detector axis, thereby presenting an effectively increased
grating thickness and making it possible to operate at energies > 40 keV with high vis-
ibility. By exploiting this idea, this chapter discusses the first steps towards clinically
compatible X-ray phase contrast CT, consisting in achieving high fringe visibility at a
diagnostic relevant energy (approximately 45 keV mean spectral value) and lowering
the dose (estimated by a Monte-Carlo computer simulation) to levels approaching or
similar to conventional attenuation-CT.

7.2 Materials and methods

7.2.1 Experimental setup

The experiments presented in this chapter were carried out at the Henry A. Rowland
Department of Physics & Astronomy of Johns Hopkins University (Baltimore, USA)
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under the co-supervision of Dr. Dan Stutman.

The gratings were produced by microworks GmbH, Germany, had 5.4 um pitch
and were used in the 3rd fractional Talbot order. The nominal thickness of gold for
the source grating (GO) and the analyzer grating (G2) was 100 pm. The phase grating
(G1) varied depending on the configuration used (more details to follow). The whole
setup length was kept at approximately 1.7 m.

To compare high-energy PC-CT with low and with high fringe visibility, the setup
was used in two different configurations: at a normal incidence angle (see Fig. 7.1(a))
and inclined at an angle v = 23.5° (see Fig. 7.1(b)), creating a so-called glancing angle
interferometer (GAI). Inclination of the gratings increases their effective thickness by
a factor of 1/sin(a), thus increasing their X-ray absorption and the fringe visibility.
Due to the same effect of grating thickness variation with tilting, the nominal height of
nickel structures in the phase grating is smaller for the GAI than the normal incidence
interferometer [Donath et al. 2009b|. In the experiment, two different phase gratings
were used, producing the same m-phase shift at roughly 45 keV X-ray energy. For
the GAI a Ni phase grating with bars of 7 um was used, while the normal incidence
interferometer used an Au phase grating with 8.5 wm thick bars. The distances
between the gratings were kept the same in both setups in order not to change the
angular sensitivity.

A micro-focus tungsten target X-ray tube with 60 um spot size was used, with a
current of 1 mA and voltage of 65 kVp. To produce an X-ray spectrum with a mean
energy of 45 keV the tube emission was filtered by 40 mm of water, 1.5 mm of Al and
0.125 mm of Cu. As shown in Ref. 17, high fringe visibility can be achieved at even
higher X-ray energy by increasing the inclination angle of the gratings. However, the
author limited the glancing angle to 23.5° because the current setup suffers from beam
vignetting due to narrowing of the grating openings away from the center of the grat-
ing. In a practical scanner the vignetting can be eliminated using a slightly different
grating design, as discussed in [Stutman et al. 2013]. For the experiments, the author
chose an inclination angle, which gave a reasonable balance between visibility and
vignetting. The detector consisted of a lens coupled cooled CCD detector with pixel
size of 9 um, used in a 10x10 binning mode, and placed directly behind the analyzer
grating (G2). Using a high efficiency Csl scintillator screen and f/1 relay lens resulted
in a quantum gain of more than 10 CCD electrons per X-ray, corresponding to a high
DQE of ~ 0.8 [Wu et al. 2003]. The effective spatial resolution at the sample position
was ~78um (taking both magnification and source size factors into account).

7.2.2 Image acquisition and processing

In order to separate the attenuation, refraction (phase) and ultra-small scattering
components in the raw CT projection images, a phase stepping method has to be
used. The three components are obtained by Fourier analysis of a few interferograms
acquired at slightly different analyzer grating positions. Commonly in the ghPC-CT
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Figure 7.1: Schematic view of the experimental setup at a standard (a) and at a glancing
angle configuration (b). The whole setup length was kept the same for both configurations.
For the glancing angle configuration, the gratings were inclined at an angle a = 23.5°.
It increased the effective thickness of the gratings, thus increasing their X-ray absorption
and the fringe visibility. Objects and distances are not in scale. Figure adapted from
[Sarapata et al. 2014b].

scan, the phase stepping is done separately for every rotation angle of the sample.
This is inconvenient as it is time-consuming from a clinical setup point of view. In-
stead, the author used a sliding window interlaced (SWI) stepping method firstly
demonstrated by |Zanette et al. 2012] with synchrotron radiation (see Figure 7.2). In
SWI the grating stepping is done simultaneously with rotation of the sample and the
interferometric images obtained in a small angular range (~1-2°) are used to obtain
the attenuation, phase, and scatter (dark-field contrast) information.

This procedure thus makes the ghPC-CT compatible with a continuous rotation
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Figure 7.2: Phase-stepping methods represented by the position of the stepped grating z,
as a function of a rotation angle of the sample around the tomography axis w. Each projection
acquired by the detector is represented by a dot or pentagon. Projections represented by
pentagons are used for Fourier processing of more than one phase-stepping scan. In the
sliding window interlaced method all but one projections are reused. Figure adapted with
permission from |Zanette et al. 2012].

of the CT gantry. All of the images shown in this chapter were obtained in this way
and it is the first time this approach is being presented using a conventional X-ray
source, instead of a synchrotron. There were no special modifications made into the
processing chain of interferograms in order to account for the rotating object. The
SWI data is processed the same way as the standard acquisition, using the Fourier
method (with eight grating steps or positions), and resulting in the usual three types
of contrast images at each angular position. The only difference is that instead of using
eight grating steps at a given CT angle, the SWI processing uses eight grating steps at
successive angles to obtain one set of attenuation, phase, and dark-field images. This
enables doing ghDPC-CT with only one exposure per CT angle, with the only price
paid being an effective angular averaging of the attenuation, phase, and dark-field
image over a small angular range (2° in the presented case). The whole CT scan with
an angular step of 0.25° over a 200° angle resulted thus in 800 raw images and took
about 2 hours. For the CT reconstruction, a cone beam reconstruction code developed
at the Johns Hopkins University, and based on a Ram-Lak filter for attenuation, and
a Hilbert filter for phase reconstruction was used.
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7.2.3 Samples

To compare the image quality of a normal-incidence and a glancing-incidence setup,
a well-defined phantom, which mimics material composition of the structures in
a human joint was used. The phantom follows the joint CT phantom design by
[Anderson et al. 2008] and consists of nylon, aluminum, PMMA, and water cylindri-
cal layers placed off center, which simulate trabecular bone, cortical bone, cartilage,
and joint fluid, respectively. Further on, to verify the capability of the GAI to dis-
criminate various soft tissues and to study the influence of the exposure time/dose on
soft tissue image quality, the author used a second phantom made of different types
of fresh pig soft tissues and of a PMMA rod, placed in a plastic vial containing water
or a ~50%-50% alcohol /water mixture. Both samples were immersed in a 40 mm
thick water bath during the scan to prevent strong phase jumps (’phase wrapping’) at
the air-plastic vial boundary. The phantom diameters were limited to <25 mm due
to the limited field of view of the presented interferometer (~40x40 mm with ~1.6
object magnification).

7.2.4 Experiments

A series of various measurements was conducted to address different aspects of GAI
and compare it to a standard interferometric system. Firstly, in order to compare the
standard phase stepping method with the SWI method, two scans of a joint phantom
were performed. The standard method used 200 angular steps of 1° each and 8 phase
steps per each angle, which resulted in 1600 projections in total, with 4 mAs exposure
per projection. The SWI method used only 800 projections in total, with 0.25° angular
step and 8 mAs exposure per projection. Each of the scans lasted approximately 2h.

Secondly, to prove the strong dependence of ghPC-CT image quality on fringe
visibility and the importance of having a high visibility interferometer, measurements
of the same phantom using the 5.4 wm grating system at normal incidence and at
23.5° glancing incidence were performed. Different thicknesses of phase-grating bars
were used to provide the same 7-shift at the design X-ray energy of 45 keV. This
allowed obtaining very different visibility values while keeping the rest of the important
interferometer parameters almost unchanged. In addition, when tilting the gratings
not only the effective thickness of the grating bars increases, but also the thickness
of the silicon substrates. In order to keep the beam filtration the same, an additional
500 pwm of silicon was placed into the beam. Lastly, the exposure times and photon
statistics were kept at a comparable but relatively low level in both cases (several
mAs per image). As before, both CT scans were performed with SWI method with
total of 800 projections.

To quantify the image quality differences, the signal-to-noise ratios and the contrast-
to-noise ratios were calculated as:
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SNR:@ and  CNR = S0 — 55 :
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where S, and S, represent the measured signals for different materials, and o,, o,

(7.1)

are standard deviations of the respective signals. The CT reconstruction used 50 um
voxels, and 10 adjacent CT slices were averaged to reduce image noise. To obtain
the experimental SNR and CNR values, region-of-interests (ROIs) of 10x10pixels over
each of the various materials were chosen.

Finally, a series of soft tissue phantom measurements at different exposure times
was performed.

7.2.5 Monte Carlo estimation of dose

As discussed in [Stutman et al. 2013] imaging of soft tissues in extremity joints is one
of the possible applications for the DPC-CT technique. It is because for extremities
the effective dose coefficients are small and because they can be more easily immobi-
lized to allow the longer scan times expected in DPC-CT. As such, the author assumed
a human knee to estimate the delivered dose for the measurements with the presented
system. The PCXMC 2.0 Monte-Carlo software package |Tapiovaara & Siiskonen |
was used, which calculates the mean values of absorbed doses, averaged over the or-
gan volume, using a mathematical phantom or model to simulate different parts of
the human body. The calculation is based on the incident air kerma and the geometry
of the X-ray beam: focus-to-skin distance FSD, degrees of rotation about the body
longitudinal axis and the craniocaudal direction, entry point of the beam axis, and
beam height and width at this position.

To estimate the dose that would be delivered to a human knee in the conditions
of the above-described experiment, the author assumed exposure of an adult knee at
a FSD equal to the source-sample experimental distance of 110 cm, with a 16 cm
wide by 5 ¢m high beam. The air kerma was computed with PCXMC assuming a
65 kVp tube voltage and 2 mm Al/0.125 mm Cu filtering, as in the experiment. The
PCXMC kerma calculation is expected to be within about 30 % of the correct value
|[Tapiovaara & Siiskonen |. The dose reported in this chapter was finally obtained by
multiplying the total experimental X-ray tube current-time product (mAs) value, by
the dose per mAs computed by PCXMC with the above assumptions.

7.3 Results and discussions

7.3.1 Fringe visibility

Having additional optical elements in the beam, one can adjust the performance of
an interferometer by optimizing its components and their parameters. As mentioned,
one of the biggest influences on image quality is the fringe visibility.
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Figure 7.3: Intensity profiles averaged over an area of 10x10 pixels obtained through phase
stepping scan. One can see a big increase of the fringe visibility (deeper modulation) caused
by the inclination of the gratings. Figure adapted from [Sarapata et al. 2014b].

Figure 7.3 shows the normalized intensity variation (averaged over several adjacent
pixels) during the phase stepping scan for different setup configurations, from which
the fringe visibility is calculated. Figure 7.3(a) shows the intensity profiles obtained
with the interferometer in the m=3 Talbot order, with the gratings at a normal
incidence angle (90°), and inclined at 23.5°. With the analyzer grating structures’
thickness of 100 wm, and at mean X-ray energy of 45 keV, a mean fringe visibility
of 7 % and of 23 % was achieved, respectively. Having the interferometer in the
m=1 Talbot order, using 10 pm period gratings inclined at 17°, and the X-ray tube
running at 55 kVp a remarkably high mean visibility of 50 % was reached (see Fig.
7.3b). To the author’s knowledge, it is the highest fringe visibility reported using
a conventional X-ray source. Thus, using the GAI design it was possible to get a
substantially higher fringe visibility than with the normal-incidence system, making
the gbhPC-CT technique perform close to its best.

The author also observed an interesting phenomenon of visibility increasing away
from the center of the grating, to nearly 60 % (see Fig. 7.4). One possible reason
is, that the decreasing width of the grating openings as seen by the X-ray source
increases the beam coherence. This effect was not taken into account in the simulations
in [Raupach & Flohr 2012], so the experimental visibility can be actually higher than
the theoretical prediction, approaching performance comparable to that achieved with
partially coherent synchrotron X-rays. This effect did not occur however for the
smaller period gratings in a higher Talbot order. In addition, when using inclined
gratings the transmitted intensity decreases away from the grating center because of
absorption of the X-rays not going perfectly parallel to the tall and narrow grating



7.3. Results and discussions 83

70

60+

50 +

Fringe visibility [%]

40

30

T T T T T T
0 50 100 150 200 250 300
Pixel position

Figure 7.4: Horizontal line profile through a visibility map (fringe visibility values calcu-
lated for every pixel). Changing duty cycle of the grating as seen by the X-ray source is a
probable cause of increase of the fringe visibility away from the center of the grating. Figure
adapted from [Sarapata et al. 2014b)].

openings but being absorbed in gold, causing lateral field of view vignetting at the
grating edges. This can be however dealt with by making on a single substrate an
array of narrow sub-gratings having lines tiled along the fan-beam direction (Fig. 7.5).
Large FOV in height is obtained by vertically stacking several tiled GAls.

CT rotaton axis
A

GAI grating tilted GAI grating

Figure 7.5: Sketches of a standard grating inclined at an angle a for an use in a
glancing-angle interferometer (GAI) and an array of tilted gratings following the fan-
beam direction for wide FOV glancing-angle GI. Figure adapted with permission from
[Stutman & Finkenthal 2014].

Additionally, at shallow inclination angles (o < 20°) of the gratings a significant
change in sensitivity depending on the height position in the sample is expected. The
reason is that the sensitivity depends linearly on the distance between the sample and
the phase grating G1, being the maximum next to the G1 and decreasing when far-
ther away [Donath et al. 2009a]. However, it should be easily possible to numerically
correct for such an effect.
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7.3.2 Dose estimation by computer simulation

The PCXMC dose calculation shows that the absorbed dose for a human knee would
be 1.3 uGy per mAs in the presented setup. Thus for instance, a gbPC-CT scan with
800 frames of 8 mAs each would deliver ~8.3 mGy dose to the knee. This calculation
is based on a numerical model of the knee, which includes skin, muscle, bone and
lymph nodes. The largest contribution to the dose comes from the radiation absorbed
in the bone. For comparison the delivered dose in an absorption-based cone-beam CT
system for musculoskeletal extremities is ~6.4 mGy for low-dose protocols and ~15
mGy for high-quality protocols [Zbijewski et al. 2011].

The reason that the GAI system is different from conventional absorption-based
CT scanners in terms of dose delivered per mAs is that the gratings absorb approxi-
mately 50 % of the radiation exiting the tube and that the FSD distance is consider-
ably larger (110 cm versus ~40 cm in [Stutman et al. 2013] for instance). Thus, the
GAI experiments were performed with total CT exposures in the range of 1,600 mAs
- 12,800 mAs, corresponding to a few times higher than in conventional extremity
cone-beam CT, to comparable or lower than in conventional CT.

7.3.3 Comparison between the two phase-stepping methods

Using the GAI with the gratings inclined at 23.5° and operated in the m=3 Tal-
bot order, measurements using the standard and the SWI acquisition schemes were
performed, at equal total exposure, as measured by the mA -s product. In terms of
equivalent dose delivered to the knee this would correspond to ~8.3 mGy. Both of
the images were obtained with the same inclined grating interferometer. The only
difference was the use of the sliding window interlaced phase scanning method versus
the standard one.

As shown in Fig. 7.6 and Table 7.1, the SWI method shows higher SNR and
CNR for structures close to the center of the sample. As one moves to the periphery
the interlaced scan starts losing its advantage over the standard scanning procedure,
because of its intrinsic tangential averaging. This can be however improved by further
reducing the angular rotation step of the sample (not possible in the presented case due
to limited angular resolution of the used rotation stage). The dark spot in the center
of the sample is an imperfection which occurred during extrusion of the material.

It is thus interesting to note that the strength of the SWI method does not come
primarily from a dose lowering factor. Indeed, as shown in [Raupach & Flohr 2011]
there is a minimum number of photons which are needed to obtain the phase infor-
mation from a periodic function. Having this in mind, SWI is preferable over the
standard scanning method as it is possible to obtain fewer images with longer expo-
sures and to gain improved image quality in a region of interest around the center of
the sample. Further on, the SWI is advantageous because, for a given total dose, it
enables acquiring more photons per projection; having higher photon statistics will
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Figure 7.6: Phase contrast CT axial reconstruction slices of a joint phantom, consisting of
nylon (1 & 5), aluminum (2), PMMA (3) and water (4), obtained using standard (left) and
SWI phase-stepping method (right). Figure adapted from [Sarapata et al. 2014b].

Table 7.1: Signal-to-noise and contrast-to-noise ratios comparison for selected materials
inside the joint phantom. This table was previously published in [Sarapata et al. 2015b].

SNR
Material standard SWI
Aluminum 19.61 35.43
PMMA 0.02 3.70
Water 6.14 5.73
Nylon 11.34 7.78

CNR
PMMA - aluminum 18.32 31.02
PMMA - water 4.27 6.73
Water - nylon 12.77 9.62

make in turn all the algorithms incorporated in the ghPC-CT processing chain to
perform better.

7.3.4 High- versus low-visibility system comparison

Figure 7.7 shows a comparison of phase-contrast images obtained using the normal-
incidence interferometer (Fig. 7.7b) and using the 23.5° GAI (Fig. 7.7a). The mean
fringe visibilities were 7 % and 23 %, respectively. The images were obtained by
averaging 15 adjacent CT slices in order to decrease image noise. While in the higher
visibility case the phantom is clearly visible in the phase-contrast CT, and all its layers
including the PMMA, are distinguishable, the contrast between the PMMA and water
layers starts diminishing in the low visibility case. Furthermore, in the lower visibility
case image noise is substantially increased.
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Figure 7.7: Phase-contrast CT axial reconstruction slices of a joint phantom obtained with
a high (a) and low visibility system (b) and image quality comparison (c). Figure adapted
from [Sarapata et al. 2014b].

As before, to quantify the difference, the signal to noise ratios and the contrast to
noise ratios were calculated (Fig. 7.7c). Both, CNRs and SNRs are a few times higher
for the high visibility system. While contrast between different materials is present
in both images, the one obtained with the high visibility system has much improved
quality. Since the image formation for the phase-contrast system is different than for
the conventional CT and the image quality does not only depend on the amount of
radiation illuminating the sample but also on the optical performance (aforementioned
fringe visibility) of the interferometer, the presented comparison shows that only by
using a high visibility interferometer one can fully take advantage of phase-contrast
imaging.

7.3.5 Soft tissue phantom at different exposure times

To investigate the noise behavior of the phase-contrast CT reconstruction at different
exposure times and radiation doses, the soft tissue phantom described above was used.
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Figure 7.8: Axial slices of PC-CT (top row) and attenuation-CT (bottom row) reconstruc-
tion on the soft tissue phantom in 50% ethanol - 50% water mixture, at different exposure
times per frame resulting in different estimated dose delivered to the sample (16 s corre-
sponds to ~16.64 mGy and 2 s to ~2.08 mGy to a human knee). Figure adapted from
[Sarapata et al. 2014b].

Contrast-to-noise ratio values and standard deviations of the signals are presented in
Fig. 7.9. CNRs between more structures in the phantom were hard to obtain because
of the low frequency noise caused by ring reconstruction artifacts (visible for example
in the PMMA rod). Figure 7.8 compares the reconstructions of a soft tissue phantom
immersed in a 50%-50% water alcohol mixture and obtained at different exposure
times per frame ranging from 2 mAs to 16 mAs. The corresponding estimated dose
delivered to the knee would range from ~2.08 mGy to ~16.64 mGy.

As seen in Fig. 7.8, as the exposure time per frame decreases, the noise increases.
For lower exposures, fine structures such as the fat filaments embedded in muscle
tissue, start disappearing; however a more detailed study using observer-dependent
based image quality assessment |[Pflederer et al. 2009| is necessary to determine the
lowest dose at which the images would still be usable for the clinical evaluation. The
image obtained at 2 second exposure time not only has increased noise but also exhibits
a phase ramp artifact which is a spatially dependent offset in the shape of an inclined
plane. This is because, while in the higher exposure case the peripheral areas outside
the object are used to correct for any phase offsets or ramps within the frame, in the
lower dose example the algorithms do not perform as well because of substantially
decreased photon statistics. The photon statistics at the periphery of the phantom
is further decreased by the grating vignetting. Nonetheless, the soft-tissue contrast
is much higher in the phase-contrast CT images than in the attenuation-based CT
images even at very low (estimated by Monte-Carlo simulation) dose (~2.08 mGy),
while for example the dose during a screening mammogram is usually around 3 mGy
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Figure 7.9: CNRs and standard deviations of the signal of the phantom’s structures for
different exposure times. Figure adapted from [Sarapata et al. 2014b].

[Hall & Brenner 2008].

7.3.6 Soft tissue phantom filled with water

Figure 7.10 presents CT reconstruction slices of yet another soft tissue phantom of
similar composition, but this time filled with water instead of an alcohol-water mix-
ture. Having various soft tissue types in water, the phantom has refractive indices
range very close to what could be expected in a CT scan of a human body (excluding
the bones).

The images were again obtained with a SWI scan with 8 mAs per frame and a total
of 800 frames, taken in a 0.25° step CT scan over 200°. The phase-contrast CT image
in Fig. 7.10a is compared to absorption CT images processed in two different ways. In
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Figure 7.10: Axial slices of phase (a) and attenuation (b and ¢) CT reconstruction of the
soft tissue phantom filled with water at 8 mAs per frame (~8.32 mGy to a human knee).
Figure adapted from [Sarapata et al. 2014b).

Fig. 7.10(b) the absorption CT image is obtained using angular averaging over eight
angular CT steps, similar to the phase image in Fig. 7.10(a). In Fig. 7.10(c), however,
the absorption-based image is obtained from a SWI scan as in a regular CT scan, i.e.
without any angular averaging of the projections which makes for tangential blurring
in the phase image. The first conclusion from Fig. 7.10(a) is that having a system
with high fringe visibility (23 % mean) we were able to decrease the estimated dose to
almost clinically compatible levels for extremities, without a significant loss of phase
information or of spatial resolution. There is an observable increase of noise compared
for instance to the image in Fig. 7.8 (the 16 mAs one) but the phase information is
not lost and there is still an evident superiority of the phase-contrast CT image over
the absorption CT image. One can easily distinguish between various tissue types
and while the tendon and the PMMA rod are almost invisible in the absorption CT
image, they show up nicely in the phase-contrast CT image. It is important to note
that the spatial resolution in these images (50 wm voxels) is much higher than that
used in conventional CT scans of human tissue nowadays. This, together with the
inherently low absorption contrast for soft tissues, explains the low contrast in the
absorption-based image.

In addition, there is a clear difference in the noise characteristics between the
phase-contrast and the absorption CT images, with the phase-contrast image exhibit-
ing predominant lower spatial frequency noise. As discussed in [Singh et al. 2012], this
difference arises both from the use of different back-projection filters in the C'T recon-
structions (linear ramp filter for absorption data and Hilbert filter for phase data),
and from the different noise transfer properties of PC-CT compared to absorption-
CT. It is also important to note that there is much room for improvement in the CT
reconstruction code: to further reduce the noise in the ghPC-CT images novel back-
projection and noise filtering methods could be applied and recent improvements
in data processing and reconstruction such as iterative or model-based reconstruc-
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tion could be implemented [Thibault et al. 2007, Singh et al. 2012, Yoon et al. 2012,
Vogel & Oman 1996].

Nonetheless, taking into account that ghPC-CT provides much improved soft
tissue contrast while exhibiting spatial resolution considerably better than conven-
tional CT, the results obtained in our studies at a dose almost half of that used in
high-quality conventional CT [Zbijewski et al. 2011| show the big potential of phase-
contrast computed tomography.

7.4 Conclusions

X-ray phase-contrast CT has an obvious advantage over conventional attenuation-
based CT in the form of increased soft tissue contrast. However, translating this
asset into a clinical environment is not a trivial thing to achieve. One has to think
about dose limits, practicability of the system and so forth. It appears as an indis-
putable prerequisite, however, that for clinical applications the grating-based PC-CT
system must be optimized for best optical performance possible, i.e. having both
high fringe visibility and high angular sensitivity, at high X-ray energy. As discussed
in [Raupach & Flohr 2012|, performing measurements with a system having low vis-
ibility and compensating for this by using a high X-ray dose will not be clinically
compatible.

The results presented in this chapter show the importance of fringe visibility for
image quality and demonstrate essential first steps towards a clinical gbPC-CT system.
Due to photon attenuation in the gratings and the use of a low current X-ray tube (max
1 mA) the scan time of the system was way beyond clinical requirements. However,
assuming a high performance X-ray tube capable of continuous operation at 30 mA
current, such as the Comet MXR-160HP /11 for instance, the time would be shortened
to approximately 3.5 minutes. This value could be further decreased by using rotating
anode X-ray tubes, which typically deliver from several tens to over 100 mA current.
This could however have a negative influence on the fringe visibility due to significantly
increased spot size and thus blurring of the interference pattern. The extremity joints
are a good place to start clinical implementation of ghPC-CT because the expected
longer scan times in gbhPC-CT can be more easily accommodated.

Further optimization of the reconstruction, processing techniques and artifact cor-
rections could enable gbhPC-CT scans for applications having more stringent dose
limitations, such as breast gbPC-CT. Moreover, the dose in gbPC-CT could be fur-
ther lowered using spectral filtering or shaping, because phase-contrast imaging uses
strictly only the transmitted part of the spectrum [Stutman et al. 2013|; the low en-
ergy radiation, which contributes strongly to the dose without contributing to the
phase image, can be filtered out before entering the patient. In order to make the
technique fully clinically compatible such that it is possible to use with very low pho-
ton counts or with effective pixel sizes similar to what is standardly used in the clinical
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environment (200 pm and more) the noise characteristics of the phase-contrast images
have to be changed by a different than the phase-stepping phase retrieval process, such
as that presented in [Zhu et al. 2010, Marschner et al. 2015].

As major technical improvements in the grating fabrication are not expected in
the near future, the glancing-angle interferometer offers a simple solution for ghPC-
CT at X-ray energies in the clinical diagnostic range (50 - 120 kVp approximately),
in optimal conditions of high fringe visibility and with clinically acceptable dose.
A remarkable inference from the presented results is that, with further refinements
in reconstruction and de-noising techniques, it appears possible to obtain enhanced
soft tissue contrast simultaneously with increased spatial resolution (comparable to
micro-CT scanners), while still using clinically compatible dose levels. This is much
more encouraging for clinical implementation of ghPC-CT than the conclusions in
|[Raupach & Flohr 2012], which assessed that high resolution clinical ghPC-CT will
not be possible. This assessment did not consider however the possibility of much
improved optical interferometer performance. The author believes that gbhPC-CT
could indeed become a powerful complementary technique to conventional CT, to be
used for specific applications which will take advantage of high resolution soft tissue
imaging, such as mammography, joint cartilage imaging, and many others.
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Multi-contrast capabilities of grating interferometry combined with a high spatial
resolution of a few micrometers make it a suitable tool for assessing multiple phases
inside porous and composite materials. Making use of these advantages, this chap-
ters presents quantitative results of a proof-of-principle experiment performed using
grating-based microtomography on a type of porous building material, i.e. concrete.
Thanks to the complementarity of the contrast channels, more concrete phases could
be distinguished than in conventional attenuation-based imaging. The phase-contrast
reconstruction shows uncommonly high contrast between the hardened cement paste
and the aggregates and thus allows easy 3D segmentation. Thanks to the dark-field
image, micro-cracks inside the coarse aggregates are visible. The presented results
demonstrate that is it possible to obtain high-contrast phase and dark-field 3D images
of concrete that bring unique information to conventional attenuation-based imaging.
The fact that grating-based X-ray microtomography can be, as presented in this chap-
ter, successfully applied at high photon energies should open up new non-destructive
3D imaging opportunities for a wide range of applications in the R&D communities
related with characterization of porous building materials and composite geomaterials
in general.

The majority of the results presented in this chapter were published in:
A. Sarapata, M. Ruiz-Yaniz, I. Zanette, A. Rack, F. Pfeiffer, and Julia Herzen, "Multi-
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contrast 3D X-ray imaging of porous and composite materials," Applied Physics Let-
ters 106, 16 (2015).

8.1 Introduction

Concrete is the most widely used man-made material in construction. Extensive
knowledge about its microstructure is essential for understanding its mechanical strength,
or permeability. Efforts at this employ various imaging techniques, among which
are scanning or transmission electron microscopy [Diamond 2004, Zingg et al. 2008],
and optical microscopy [Campbell 1986, Leemann et al. 2006]. Methods highly sensi-
tive to variations in chemical composition, such as powder X-ray diffraction (XRD)
[Handoo et al. 2002], or nuclear magnetic resonance (NMR) [Colombet & Grimmer 1994,
Le Saout et al. 2006], are also commonly used. However, powder XRD in its basic
form provides no spatial resolution as the sample has to be crushed into a fine powder,
while the spatial resolution of NMR is inferior to what is achievable nowadays by elec-
tron microscopy or X-ray imaging methods [Shemesh et al. 2012, Mitchell et al. 2013].
X-ray diffraction can be extended to a 2D mode but it provides information only on
thin samples. In order to access information in 3D, X-ray diffraction computed to-
mography (XRD-CT) can be used. It might be a great tool to follow distribution
of the hydration products but suffers from very long acquisition times because of its
point-by-point scanning character [Artioli et al. 2010]. The existing microscopy tech-
niques are mostly destructive when the three-dimensional information is of interest.
The transmission methods require the sample to be cut into micrometer-thick slices.
Further, in scanning electron microscopy or reflection optical microscopy the sample
has to be destroyed by polishing off the successive surfaces to access the depth infor-
mation. In addition, the sample preparation in electron microscopy can be a complex
and time consuming process.

Three dimensional X-ray imaging, on the other hand, is non-destructive thus
enabling measurements of the samples in their native state. Attenuation-based X-
ray microtomography has been previously used for investigation of concrete’s mi-
crostructure and porosity [Bentz et al. 1994, Bentz et al. 2000, Chotard et al. 2003,
Gallucci et al. 2007] or evolution of the material phases during the hydration pro-
cess |[Helfen et al. 2005, Gastaldi et al. 2012, Parisatto et al. 2014]. However, high-
contrast images are produced only when the differences in the attenuation cross sec-
tions are substantial. For example, good contrast between air and high-Z materials
(e.g. aluminum, steel) is relatively easy to accomplish due to a high mass density
difference. In case of materials with similar attenuation properties (e.g. PMMA and
water or cement paste and certain types of aggregates), the contrast is not sufficient,
especially at high X-ray energy above 50 keV, where the attenuation cross sections
are decreased, which strongly limits discrimination between different material phases
[Artioli et al. 2012].



8.2. Materials and methods 94

Grating-based microtomography has the potential to overcome the aforementioned
limitations of conventional attenuation-based imaging thanks to its high density res-
olution, quantitativeness, and complementarity of information. It allows for simul-
taneous and nondestructive determination of the complex X-ray index of refraction
and the scattering coefficient distribution inside an object in three dimensions. Ad-
ditionally, it can be seen as supplementary to the above-mentioned techniques be-
cause of its ability to deliver complementary information, especially due to the dark-
field contrast which is related to the small-angle scattering power of the sample
[Wang et al. 2009, Bech et al. 2010] at structures typically below the spatial resolu-
tion of the imaging setup. This multi-contrast information improves differentiation
of various constituents inside multiple-phase composites such as concrete, which is an
important aspect of understanding the macroscopic properties of the material such as
strength and durability [Ingham 2011, Artioli et al. 2012]. As an example, one em-
phasized by [Trtik et al. 2013], the electron density distribution of concrete phases is
of significant interest for understanding real cementitious systems.

This chapter exploits the multi-contrast capabilities of X-ray grating interferome-
try for enhanced imaging of complex systems, with a proof-of-concept demonstration
on concrete. The experimental implementation is based upon a very well developed
method, but its application to a porous building material is very relevant from a
technological point of view, as concrete, represents a novelty and an important step
forwards the characterization of porous and composite materials in general.

8.2 Materials and methods

8.2.1 Experimental setup

The experiment was carried out at the ID19 beamline of the European Synchrotron
Radiation Facility (Grenoble, France). A detailed description of the interferometer at
the beamline ID19 can be found in [Weitkamp et al. 2010]. The interferometer was
operated at the design X-ray energy of 53 keV in the 1st fractional Talbot order. The
inter-grating distance was 135 mm. Both gratings were produced by the Karlsruhe
Institute of Technology (KIT) and had the same period, 2.4 um. The phase grating G1
was made of nickel and had a height of 9.3 um. The absorption grating G2 was made
of gold and had a height of 105 um. The X-ray photons were generated by a wiggler
and monochromatized by a silicon double crystal monochromator in Bragg geometry.
X-rays had a nominal energy of 53 keV. The detector was an indirect conversion
system consisting of a 200 um thick LugAl5015:Ce scintillator lens coupled to a CCD
camera with an effective pixel size of 8 um.
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8.2.2 Sample

The chosen object of interest was a concrete piece. Typically, concrete is considered
a three-phases material and consists of coarse granular material (aggregate or filler),
hardened cement paste and a transition zone |[Nilsen & Monteiro 1993]. Each of the
phases can be further divided into multiple phases of different chemical composition
and porosity. Further information and in-depth description of concrete’s structure
can be found for example in [Nilsen & Monteiro 1993].

The concrete sample was supplied by Sika Deutschland GmbH (Germany). The
sample was prepared with the following mix design parameters: 33.9 % of Port-
land CEM I 52.5 R-NA cement (initial water-to-cement ratio of 0.39), 33.7 % of sand
0/2 (particle size ranging from 0 to 2 mm), 20.8 % of grit 2/8 (particle size 2 - 8 mm)
and 11.5 % of grit 8/16; the volume fractions being expressed in respect to one cubic
meter of compacted concrete. The aggregates were obtained from Hacon Betonwerke
(Germany). The final density of the fresh cement was 2.33 kg/dm?. After demoulding
it was cured in water for 6 days and stored at 20°C and 65 % relative humidity until
being shipped. Upon receipt it was cut so as to obtain a cylindrical sample about 10
mm in diameter and 50 mm in length. Hereafter, the sample did not undergo any
preconditioning, and after several weeks it was measured in air without controlling
humidity or temperature.

8.2.3 Image acquisition and processing

In order to obtain the three contrast modes, a phase-stepping procedure using four
steps over one period of the interference pattern was used. Each frame was ob-
tained with an exposure time of one second. The CT acquisition consisted of 1,200
rotation angles over 360 degrees. The phase stepping was done separately for e-
very rotation angle of the sample. CT reconstruction was again performed with a
GPU-based filtered backprojection (FBP) reconstruction code developed "in-house"
|[Fehringer et al. 2014 based on a Ram-Lak filter for the attenuation and the dark-
field reconstruction and a Hilbert filter for the phase reconstruction. A different filter
in the phase-contrast reconstruction was used because the projection images represent
line integrals of partial derivatives of the object’s refractive index decrement.

8.2.4 Analysis of spatial resolution

The spatial resolution of the used imaging system is limited in our case by the pixel
size and the point spread function of the detector. Resolution limits related to the
interferometer such as the separation of the beams diffracted by the phase grating or
the fact that the resolution cannot be better than twice the period of the analyzer
grating are negligible because they are lower than the used pixel size.

The image resolution of the projections of the three contrast channels is theoreti-
cally the same. This fact was confirmed for attenuation and phase-contrast (excluding
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dark-field) projections by MTF measurements by [Herzen 2010]. What differs is a sub-
pixel sensitivity of each of the modes resulting in visibility of different features in the
resulting images.

Further, the use of a different filtering kernel for the phase-contrast reconstruc-
tion than for the attenuation and the dark-field data set results in different spatial
resolutions. Attenuation-contrast and dark-field reconstructions can yield a slightly
higher spatial resolution than a phase-contrast reconstruction, which is observable in
the respective MTFs for Ram-Lak and Hilbert FBP. Moreover, in our case the at-
tenuation image contains edge enhancement effect which "artificially" increases the
spatial resolution when measured on the image.

An estimate of the spatial resolution of the experimental data was obtained by
means of Fourier analysis of the reconstructed tomograms. For that purpose, the
radial spectral power (RSP) of a region of interest inside the sample (200 x 200
pixels) was calculated and divided by the RSP of a background region of the same
size [Modregger et al. 2007]. The ratio was plotted against the spatial frequency (line
pair/mm). The spatial resolution was estimated as the first observed frequency greater
than twice the mean value of the baseline associated with the noise. This frequency
value in LP/mm corresponds to a peak to peak distance, so the effective spatial
resolution was taken as half of it.

8.3 Results
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Figure 8.1: Attenuation- (a), phase- (b), and dark-field (c) contrast axial slices from a tomo-
graphic reconstruction of the concrete sample. The phase-contrast slice (b) shows increased
contrast over the attenuation-contrast slice (a). Aggregates can be more easily distinguished
from the cement paste looking at either phase or dark-field reconstructions. Figure adapted
from [Sarapata et al. 2015a].

Figure 8.1 shows attenuation- (a), phase- (b), and dark-field (c¢) contrast axial
reconstruction slices of the concrete sample described above. The phase-contrast
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Figure 8.2: Regions of interest of the attenuation- (a), phase- (b), and dark-field (c)
tomograms. Note that for better visibility, the gray scale for attenuation- and phase-contrast
image was inverted with respect to the Figure 1, so the micro-crack appears as a white line
on a dark background. Figure adapted from [Sarapata et al. 2015a].
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Figure 8.3: Histograms of the whole 3D volume datasets of the attenuation- (a), and the
phase-contrast CT (b). In (a), only two distinct peaks for air and the concrete sample as
a whole can be seen. In (b), there are three distinct peaks corresponding to air, hardened
cement paste and aggregates. Figure adapted from [Sarapata et al. 2015a].

image shows strong contrast between the aggregates and the hardened cement paste,
much higher than what achieved in the attenuation-based image. In the attenuation
image, only the boundary is visible due to the edge-enhancement effect, which helps
to identify interfaces but does not give quantitative information on inhomogeneous
objects. It has its origin in the propagation of the X-ray beam from the sample to the
detector and can be detected with small pixel sizes when the sample is illuminated
by a partially spatially coherent beam [Paganin & Nugent 1998]. When calculating
quantitative values of the linear attenuation coefficient y this propagation-based effect
was not taken into account and not corrected for; therefore, these values are only an
approximation (indicated by the asterisk in Fig. 8.1).

When looking at all three images, not only is the differentiation between the
aggregates and the cement paste simple, but also subtle variations within the coarse
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aggregates are visible. This is because of the different chemical compounds that make
up the aggregates.

Furthermore, the phase-contrast and the dark-field reconstructions produce su-
perior visibility of the micro-cracks inside the aggregates (indicated by the arrows),
which are completely invisible in the attenuation-based reconstruction. The cracks
are not visible because of insufficient contrast and sensitivity to sub-pixel structures
of the attenuation-contrast image. Even removal of the ring artifacts, which are vis-
ible in Figure 8.1 (a) and Figure 8.2 (a), by the post-processing method based on
combined wavelet and Fourier filtering [Miinch et al. 2009] does not improve visibility
of the micro-cracks. Especially useful for their visibility is the dark-field image. It
provides the highest visibility and localization of micro-cracks of the three contrast
modalities, which could be seen in Figure 8.2. It is because the dark-field image con-
trast is produced based on small-angle scattering on structures at micrometer and
sub-micrometer length scale. Therefore, information on changes in microstructure of
the object below the detector resolution is revealed.

Lastly, similarly to the phase-contrast image, the dark-field image makes the differ-
ence between the aggregates and the cement paste easier to see than the attenuation
image does. The cement paste scatters X-rays much more strongly than the aggre-
gates because of its high microstructural heterogeneity on the length scale, to which
the interferometer is the most sensitive.

The spatial resolution (SR) was estimated using the radial spectral power (RSP)
separately for each of the contrast channels. The determined effective SR was respec-
tively 25 um for the phase-contrast reconstruction, 26 pm for the dark-field contrast,
and 17 pwm for the attenuation-based reconstruction. The higher spatial resolution of
the attenuation-contrast image is a result of the above-mentioned edge-enhancement
effect.

Table 8.1: Contrast-to-noise ratios calculated for phase- and attenuation-contrast recon-
structions.

CNR
attenuation phase
air - cement 1.7 4.6
air - agregate 3.6 25.8
cement - agregate 0.3 6.9

In order to quantify the contrast difference between the attenuation and the
phase-contrast reconstructions, we calculated the contrast-to-noise ratios (CNRs)
as S, — Spl/\/(0a)? + (0p)%, where S represents the measured signal, i.e., average
pixel value in a region of interest, and o represents its standard deviation. Subscripts
a and b refer to two different regions of interest chosen for different material phases.
The results can be found in Table 8.1. Higher contrast-to-noise ratios between all the
constituents were found in the phase-contrast reconstruction, which confirms the high
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Figure 8.4: Volume rendering of the phase-contrast CT data set. Three distinct phases can
be visualized, i.e. aggregates (red), hardened cement paste (blue), and air bubbles (white).

sensitivity of phase imaging to electron density variations. Moreover, a histogram
analysis (see Figure 8.3) of both 3D data sets shows an additional peak in the distri-
bution of gray values in the phase-contrast reconstruction. The high contrast between
the aggregates and the cement paste around them makes the image segmentation pro-
cess easier and made it possible to render the imaged volume shown in Figure 8.4. As
currently a lot of effort is invested in the image processing and analysis side of seg-
menting aggregates from standard attenuation-based X-ray microtomography results,
we expect a big impact of the presented method on research communities investigating
not only concrete, but porous and composite building materials in general.

8.4 Discussions and conclusions

The big advantage of GI to conventional attenuation-based imaging is that it provides
three different physical properties of an object using a single measurement. The
complementarity of information is very important for improving understanding of the
object being investigated. This is especially true for complex multiple-phase systems
like concrete in which the microscopic structure and composition is associated with
many important material properties such as strength, permeability and durability.
Conventionally, concrete has to be studied with different techniques, making it difficult
to correlate the findings - especially when 3D imaging techniques are combined with
2D sectioning or when the spatial resolutions of the techniques differ.

X-ray grating interferometry provides nondestructive access to the full complex
index of refraction, in turn improving material segmentation [Nielsen et al. 2012] and
giving us access to an effective atomic number [Qi et al. 2010|. In addition, it pro-
vides local small-angle scattering power of the sample, increasing detectability of
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certain features |Yaroshenko et al. 2014|, and imaging unsaturated water transport
in porous materials in radiography [Yang et al. 2014|. It is important to note that
the three different contrast channels are inherently registered, which opens possi-
bilities for combining the distinct information via image fusion [Wang et al. 2013,
Scholkmann et al. 2014] or for advanced signal extraction and denoising [Kohler & Roessl 2012].
The spatial resolution of each of the contrast channels might differ because of a differ-
ent filtering kernel used for the phase-contrast reconstruction than for the attenuation
and the dark-field data sets. Attenuation-contrast and dark-field reconstructions can
yield a slightly higher spatial resolution than a phase-contrast reconstruction, which is
observable in the respective Modulation Transfer Functions for Ram-Lak and Hilbert
FBPs [Li et al. 2013]. In the presented case, the attenuation image contains edge-
enhancement effect which artificially increases the spatial resolution when measured
on the image.

Altogether, no need of sample preparation, non-destructiveness and fast acquisi-
tion of the full 3D volumetric information make X-ray GI a unique and helpful tech-
nique for the characterization of porous and composite materials such as concrete.
Many applications may profit from this technique since its characteristics are well
suited for verification procedures in which samples should not be destroyed. Because
a very long measurement time of XRD-CT makes it useful only for limited studies and
attenuation-based microtomography is generally not sensitive enough, the presented
technique could be considered as bridging the gap between these two by delivering
complementary information, especially thanks to the dark-field contrast.

Because of the strong dependence of sensitivity and resolution on grating period-
icity and the sample position in respect to the phase grating, GI is currently limited
by the grating fabrication process. For the moment, high-energy and high-resolution
(effective pixel size of a few micrometers) grating interferometry is only possible with
synchrotron-radiation sources. However, the spatial resolution of laboratory-based
X-ray grating interferometers is bound to increase in the near future thanks to the
constant progress of such systems. In fact, a high-resolution GI system using a mag-
nifying projection geometry was already presented in [Engelhardt et al. 2007], but it
was operated at the design energy of 17.5 keV and has not been yet realized with
shorter X-ray wavelengths.

In order to fully benefit from the potential of 3D imaging with X-ray grating
interferometry for porous and composite materials, further investigations and devel-
opments are needed. A relation between refractive index decrement/electron density
and the chemical composition of various cement phases has to be found, similar to
what has been done by [Trtik et al. 2013] for ptychography. To do this, a test concrete
sample with various aggregates of known chemical composition and size distribution
should be manufactured and placed into the beam in order to provide a direct com-
parison between the expected and the measured quantitative values. Sensitivity to
various phases has to be analyzed to determine the number of phases that could be



8.4. Discussions and conclusions 101

differentiated. In addition, a high-energy, high-resolution grating interferometer with
a laboratory-based X-ray tube is needed to enable greater accessibility to the tech-
nique. Nonetheless, the presented results already show the method’s great capabilities
and its big potential.

To summarize, the results presented in this chapter demonstrate the suitability
of X-ray grating interferometry as a non-destructive quantitative technique for three-
dimensional investigations of complex porous and composite materials, with a proof-
of-concept demonstration on concrete. Simultaneous reconstruction of the X-ray linear
attenuation coefficient and the refractive index decrement, which further relates to
the electron density, greatly improves differentiation of various constituents in bulk
concrete. Superior visibility and localization of micro-cracks in 3D, thanks to the
additional dark-field channel, could be a useful tool for concrete sustainability studies.
The presented results prove that grating interferometry has a potential to open up
new non-destructive multi-contrast 3D X-ray imaging opportunities for a wide range
of applications in the geo- and materials science community.



Chapter 9
Summary and outlook

In this thesis, a high-energy X-ray grating interferometer with a conventional, poly-
chromatic X-ray source was implemented, characterized, and its applicability to biomed-
ical imaging and materials science was investigated. Imaging experiments using syn-
chrotron radiation were also performed, either as a benchmark for the technique or a
proof-of-concept demonstration of a possible application.

Summary of the contributions to the field made in this work follows the order of
the experimental results chapters.

Development of a high-energy Talbot-Lau interferometer: Throughout this
thesis, both hardware and software improvements to the experimental setup operated
at its 45 keV design energy were made. Various components were added to an ex-
isting system to ensure fully functional operation and uncomplicated measurements
of various samples later on. The data processing chain was extended by quantitative
analysis algorithms and various plug-ins for artifact-free attenuation, phase-contrast,
and dark-field tomograms.

Quantitative characterization of materials: The ability to relate the gray values
of an image to the physical properties of the measured sample, such as its mass
and electron density, is advantageous and therefore desirable in many research fields.
In this work, a special projection-only sample geometry for the high-energy grating
interferometer was presented and used to yield accurate electron density values for
various homogeneous materials. The method can be successfully used in all fields in
which electron density is essential, e.g., characterization of the materials used in X-ray
optics, radiation therapy planning, or soft tissue phantom design dedicated for X-ray
phase-contrast imaging.

With regards to the tomography mode, the high-energy setup was proven to pro-
vide accurate reconstructions of the linear attenuation coefficient 1 and the refraction
index decrement ¢, the latter being further related to the electron density distribu-
tion inside a sample. Despite the polychromatic spectrum and high photon energies,
in comparison with absorption tomograms, phase-contrast tomograms showed higher
contrast-to-noise ratios between all the low-Z material pairs. Both reconstructions
of high-Z materials provided complementary information and improved the differen-
tiation between various material pairs when compared to attenuation-only-based to-
mography. The system’s design energy, higher than ones typically used in biomedical
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imaging of dissected tissue samples, enabled the investigation of objects made of vari-
ous dense and high-Z materials. Because such samples generally absorb stronger than
soft tissues, their investigation would have been practically impossible with commonly-
used GI setups designed for photon energies below 30 keV. As an example, tomograms
of a part of human cervical spine were presented. Only the phase-contrast reconstruc-
tion revealed the internal structure of the intervertebral discs, which proves the big
potential of high-energy GI for biomedical imaging, in particular for imaging of car-
tilage surrounded by bones.

Complementarity of contrast channels: Varying complementarity of phase and
attenuation contrast channels with changing atomic number of the material being
imaged was assessed experimentally at photon energies of 40 keV and above. Using
two phantoms, it was shown that attenuation and phase contrast images of low-Z
materials are no longer complementary. The only advantage of phase contrast over
attenuation contrast was the increased image quality, strongly dependent on the fringe
visibility. The complementarity of both signals was still obtained for high-Z materials
and therefore a more sophisticated material characterization was possible.

Dedicated phase-contrast phantoms: A short overview of existing phantoms
for X-ray imaging explained a necessity for phantoms dedicated specifically for the
additional image contrasts, i.e. phase and dark-field channels. As a result of the
quantitative measurements enabled by grating interferometry, materials equivalent to
breast tissue in their refraction properties were found. In order to match more tissue
types with their equivalent plastic materials, more extensive analysis and comparison
should be conducted. Additionally, by precise control over materials’ parameters, a
low-contrast phantom with inserts of electron densities varying by only a few percent
was manufactured. The presented phantoms are proofs of concept for quality-control
phantoms, which in general are valuable tools for stability testing of many imaging
systems.

Dose-relevant phase-contrast CT: An importance of the optimum optical per-
formance for a clinically-compatible gbPC-CT system was discussed. The necessary
first steps towards a dose-compatible system were presented. Namely, the fringe vis-
ibility was increased by inclining the gratings and an acquisition scheme compatible
with a continuos rotation of a gantry was used. It was demonstrated, that with these
two improvements, it is feasible to perform ghPC-CT at diagnostic X-ray energy high
enough to penetrate thick human body parts. As for the radiation dose, the levels
comparable to conventional absorption-based CT were reached and did not exceed the
clinically-compatible ones by a few orders of magnitude, like many other ghPC-CT
results do. The presented results proved that grating interferometry could be someday
used for specific applications which will take advantage of high-resolution soft-tissue
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imaging, such as mammography, joint cartilage imaging, and many others. Further
work on a different scheme for a phase signal extraction and possibly an alternative
lab-based X-ray source with better coherence parameters are necessary to make the
technique fully clinically possible.

Proof-of-principle implementation of GI for concrete studies: The proof-of-
concept grating-based microtomography conducted on a piece of concrete showed a
tremendous potential of the technique for characterization of porous building materi-
als, and in general composites made out of elements up to the 4* row of the periodic
table. A systematic study is needed to evaluate sensitivity of the method to vari-
ous concrete phases. Further porous and composite materials should be investigated
in order to find a correlation between the gray values in the images with chemical
composition of the object’s constituents. Moreover, future work should focus on de-
velopments of the lab-based GI systems to advance their spatial resolution towards
what is achievable with synchrotron-based interferometers.

The fact that grating interferometry can be, as presented in this thesis, successfully
implemented with a polychromatic spectrum with photon energies higher than typi-
cally used in biomedical imaging is very promising and should open the technique to
a broad range of laboratory-based applications in medical and biomedical imaging,
materials science, fabrication of X-ray optics, and many others. As the performance
of X-ray grating interferometry depends heavily on gratings quality and coherence
properties of the X-ray source used, further increase in image quality of the resulting
multi-contrast images is expected in the near future.
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