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1 Introduction

Breast cancer is the leading cancer diagnosis among women globally, making reliable
early detection a crucial factor in reducing mortality rates [Wor26]. The number of new
cases increases each year, while the mortality rate slightly decreases [SMJ19], which
is mainly due to improvements in treatments and early detection of breast cancer.
The earliest signs of non-palpable breast cancer are calcifications, which are commonly
associated with ductal carcinoma in situ (DCIS) and can also occur in invasive breast
cancer [SMJ19]. However, conventional attenuation-based X-ray imaging is limited in
visualizing very small or weakly absorbing calcifications. Grating-based X-ray imaging
offers a promising addition by providing the dark-field modality. The dark-field signal
originates from small-angle scattering, resulting in a sensitivity to microstructures much
smaller than the spatial resolution of the imaging system, enabling a improved detection
of features such as microcalcifications [Pfe+08]. Earlier investigations at the Erlangen
Centre for Astroparticle Physics (ECAP) showed promising applications of dark-field
imaging in breast diagnostics [Ant+13; MRA+13]. Anton et al. demonstrated that dark-
field imaging is sensitive to micrometer-sized calcium phosphate grains, which enables
improved visualization of tumor regions and provides quantitative information about
the underlying microstructure. Michel et al. showed that micrometer-sized calcifications
in the human breast, which are not visible in conventional X-ray mammography at
diagnostic dose levels, can still generate a significant dark-field signal under the same
imaging conditions. More recently, Aminzadeh et al. demonstrated a more distinct
detection of microcalcifications in dark-field images compared to absorption images, as
well as a more precise determination of their shape, size, and distribution [Ami+22]. This
thesis contributes to the advancement of grating-based dark-field Computed Tomography
(CT) through the optimization and evaluation of dark-field CT measurements on cancer
samples embedded in formalin and paraffin. First, the acquisition parameters and
signal quality in the form of the visibility of dark-field projections were systematically
investigated. This includes parameters such as tube voltage, focal spot size, frame time,
and phase-stepping configurations. Furthermore, CT parameters such as angle step size,
angle sector, and filters were investigated for different grating setups. Measurements
were first evaluated using phantoms, and, subsequently, dark-field CT measurements
were performed on formalin-fixed and paraffin-embedded cancer samples provided by
the ”Pathologie Uniklinikum Erlangen”. The reconstructed dark-field and transmission
signals of the formalin-fixed samples were compared, and for the paraffin-embedded
samples were correlated with histological Von-Kossa-stained sections.
The clinical use of dark-field CT in screening is currently limited by system size,
scan time, and radiation dose, whereas intraoperative applications appear to be more
promising. One such application of the dark-field CT could be the evaluation of
the surgical margin during tumor resection, improving verification of complete tumor
removal and potentially reducing the need for repeat surgery. By correlating histological
DCIS calcifications with dark-field and transmission CT on paraffin-embedded cancer
samples, this work provides a basis for future investigations of calcifications using grating
based interferometry.
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2 Theoretical Background

This chapter introduces the theoretical foundations underlying the imaging methods
used in this thesis. First, the fundamental properties of X-rays and their interaction with
matter are explained. Building on this, the principles of grating-based X-ray imaging
are outlined, including the different imaging modalities attenuation, phase-contrast, and
Dark-field. In addition, the basis of computed tomography (CT) is introduced, including
data acquisition, reconstruction methods, and commonly used filters. Furthermore,
another time optimized acquisition method, namely interlaced, is explained as well as
the properties and advantages of the used photon-counting detector.

2.1 Fundamentals of X-rays

X-rays are high-energy electromagnetic waves characterized by short wavelengths and
photon energies typically in the keV range. In matter, X-rays can interact via several
energy-dependent mechanisms, including photoelectric absorption, Compton scattering,
and elastic (Rayleigh) scattering [Mus+88]. The measurement of the energy deposition
and phase shift in matter is the basis of signal generation in both attenuation and
grating-based imaging.

2.2 X-ray Generation and Properties

In conventional X-ray tubes, photons are generated by high-energy electrons that interact
with a metallic anode. The electrons emitted from a heated cathode are accelerated
by an applied voltage UB towards the anode. The anode material determines the
X-ray spectrum. A commonly used material is tungsten, while in applications such as
mammography molybdenum or rhodium are also used [KS+97]. At the anode, electrons
either decelerate in the Coulomb field of the nuclei, producing Bremsstrahlung, or ionize
atoms, resulting in characteristic emission lines through subsequent electronic transitions
in the shell. As a consequence, Bremsstrahlung leads to a continuous spectrum, while
characteristic radiation adds discrete spectral lines [Mus+88]. The energy range of
the spectrum is determined by the applied voltage as it sets an upper limit for the
kinetic energy of the electrons. Medical X-ray tubes typically use peak voltage ranges
from 25 kVp to 150 kVp [Lud20]. Consequently, their maximum photon energy can be
calculated as

Emax = eUB, (1)

where e is the elementary charge. The photon energy is related to its wavelength λ by
the Planck’s law

E = hν =
hc

λ
, (2)

with h denoting Planck’s constant, ν the frequency, and c the speed of light. Hence,
this voltage range corresponds to maximum photon energies from 25 keV to 150 keV,
which in turn has wavelengths of about 50 pm to 8 pm, respectively.
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2.3 Interaction of X-rays with Matter

X-rays propagating through matter undergo different interaction processes with the
atoms of the medium, depending on their energy. These processes are the photoelectric
effect, Compton scattering, and elastic (Rayleigh) scattering, while pair production is
negligible in the energy range relevant for medical and grating-based X-ray imaging.
The relative contribution of these processes is determined by the photon energy, and the
atomic number and density of the material [Mus+88]. At low photon energies and for
high-Z materials, the photoelectric absorption dominates. At higher energies, Compton
scattering becomes increasingly relevant. Elastic Rayleigh scattering is most prominent
at low energies and in low-Z materials. Electron-positron pair production can only
occur at photon energies above 1.022MeV and therefore is not relevant for this work
[Mus+88]. The relevant interactions are explained in more detailed in the following.

Photoelectric effect. For low-energy photons, the photoelectric effect is the dominant
interaction. In this process, a bound electron from the i-th shell absorbs the photon
and is ejected with the kinetic energy

Ekin,e = Eγ − Ebinding, i, (3)

where Eγ is the photon energy and Ebinding, i the electron binding. The effect requires
bound electrons, since free electrons cannot absorb a photon while conserving momentum.
The resulting vacancy is then filled by an outer-shell electron, releasing the binding-
energy difference. The cross section σPhoto scales strongly with the atomic number Z
and photon energy as follows

σPhoto ∝
Za

E
7/2
γ

, (4)

where a is the influence of the Z dependence and can have values depending on the
material between 3 to 5. Consequently, the photoelectric effect dominates in the keV
range, and in materials with a high atomic number Z [Pov+14; Mus+88].

Compton effect. The Compton effect describes the inelastic scattering of photons on
quasi-free atomic electrons. The electron can be treated as free, since the photon energy
is much larger than the electron binding energy, and part of the photon’s energy and
momentum is transferred to the electron. The scattered photon emerges with reduced
energy Eγ′ as described with [Mus+88]

Eγ′ =
Eγ

1 +
Eγ

mec
(1− cos(Φ))

, (5)

where Φ is the scattering angle. As such, the energy loss of the photon also depends
on the scattering angle, which is minimal for small angles and maximal for backward
scattering, i.e. Φ = 180. The cross section scales approximately as

σCompton ∝ Z

Eγ
lnEγ . (6)

The total linear attenuation coefficient σCompton, can be decomposed into a Compton
absorption coefficient σCompton,a, which describes the photon energy deposited in the
medium through secondary electrons, while the Compton scattering coefficient σCompton,s

represents the scattered photons out of the beam [Pov+14; Mus+88].
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Rayleigh Scattering. Rayleigh scattering describes elastic scattering of X-ray pho-
tons by bound electrons of an atom. Therefore, the photon only changes its direction
slightly, but without losing energy. This scattering is coherent and a form of small-
angle scattering, whose average scattering angle increases for lower photon energies.
The probability of Rayleigh scattering decreases as the photon energy increases. Its
cross-section σRayleigh scales with Z2 to Z3, while for photon energies above 10 keV
roughly follows E−2 [Kri12; Mus+88]. Hence, Rayleigh scattering is more pronounced in
high-Z materials and can give contrast between structures such as bone and soft tissues.
Since Rayleigh scattering minimally contributes to attenuation it is often neglected
in conventional X-ray imaging, but as it is a form of coherent, small-angle scattering,
it contributes to the contrast produced in Dark-field imaging, which is discussed in
Chapter 2.5.3.

Linear Attenuation Coefficient

In conventional X-ray imaging, only the total attenuation of the radiation passing
through a medium can be measured. The transmitted intensity through a homogeneous
medium of thickness z is described by the Beer-Lambert law [Mus+88]

I(z,E) = I0(E) exp
(
−µ(E) z

)
, (7)

where I0 the initial intensity, I(z, E) the transmitted energy, and µ(E) is the energy-
dependent linear attenuation coefficient. This coefficient contains the effects of all
interaction processes for a specific photon energy, as in conventional X-ray imaging
they cannot be separated. The mass attenuation coefficient µm = µ/ρ can also be
used to express the attenuation normalized on the density of the material ρ. Also, the
linear attenuation coefficient is closely related to the cross-section of interactions by the
number density n as [Mus+88]

µ(E) = nσ(E). (8)

Therefore, for a specific material they are connected by a constant. Figure 1 shows the
energy dependence of the cross-sections and the contribution of the photoelectric effect,
Compton scattering, and Rayleigh scattering for the example of water. This illustrates
that for low energies, the photoelectric effect is the dominant interaction and for higher
energies Compton scattering becomes the increasingly more dominant process.

2.4 Complex Refractive Index of X-rays

The interaction processes of X-rays with matter can be encapsulated by the complex
refractive index n, which gives a unified description of attenuation and phase-shifting
effects. The complex refractive index can be defined as [Gre08]

n = (1− δ + iβ), (9)

where 1 − δ and β are energy- and material-dependent quantities and represent the
real and imaginary parts of the refractive index, respectively. Then X-rays propagating
through a material can be described by an electromagnetic wave in a dielectric material
with a complex refractive index as(

n2

c2
∂2

∂t2
−∇2

)
Ψ = 0. (10)
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Figure 1: Energy-dependent cross-sections for the photoelectric effect, Compton
scattering, and Rayleigh scattering in liquid water, together with the resulting total
attenuation coefficient. Depending on the energy, either photoelectric absorption or
Compton scattering is the dominant process. Marked with blue lines are 50 keV and
511 keV, where Compton scattering is more dominant at 511 keV then as 50 keV [BS23].

To solve this wave equation, a plane wave ansatz Ψ(r⃗, t) at position r⃗ and time t of the
form

Ψ(r⃗, t) = Ψ0 · exp
(
i(k⃗ · r⃗ − ωt)

)
(11)

can be used, where ω is the frequency, k⃗ is the vacuum wave vector, Ψ0 is the initial
amplitude. The wave vector in a medium k⃗n can then be written by modifying vacuum
wave vector k⃗ with the refractive index as

k⃗n = k⃗n = k⃗(1− δ + iβ). (12)

Substituting the vacuum wave vector k⃗ in Equation 11 and assuming propagation in
z-direction as k⃗ = kz results in:

Ψ(z, t) = Ψ0 · exp[ikzz(1− δ + iβ)− iωt] (13)

= Ψ0 · exp[i(kzz − ωt)]︸ ︷︷ ︸
vacuum propagation

· exp(−iδkzz)︸ ︷︷ ︸
phase shift

· exp(−βkzz)︸ ︷︷ ︸
attenuation

. (14)

This shows directly that the δ term causes a phase shift, while the β term causes an
exponential damping. This formulation also allows to derive the Lambert-Beer law as
the intensity is the wave function squared

I(z) = |Ψ(z, t)|2 = Ψ2
0 · exp (−2βkzz) (15)

Comparison to the Lambert-Beer law yields a relation of β and the linear attenuation
coefficient µ

µ = 2βkz. (16)
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Figure 2: Refractive index decrements δ and β in dependence of photon energy for
water, fat, and cortical bone. Solid lines represent the refraction index δ, dashed lines
represent absorption index β [Fri25].

The phase shift introduced by propagating through matter is

∆Φ = −δkzz. (17)

Therefore, the phase shift only depends on the material specific refractive decrement δ
and the thickness of the medium. Since this term has a negative sign, the wavefront is
shifted forward along the direction of propagation.

Energy and Material Dependence of β and δ

Both the refractive index decrement δ and the absorption index β feature a strong
dependence on the X-ray energy and the material composition. Generally, both quantities
decrease with increasing photon energy, but their exact behavior underlies the atomic
number and density of the material. Typically, materials with higher atomic numbers
have larger values of β, which results in a stronger absorption[HGD93]. The difference
of those values between two materials forms the basis of X-ray imaging. In Figure 2
the energy dependence of δ and β for water, fat and bone is illustrated. This shows a
strong absorption contrast between fat and water at photon energies of 10 keV, while at
approximately 22 keV, fat and water yield nearly identical absorption.

2.5 Grating-Based X-ray Imaging

Standard X-ray imaging only measures the attenuation of X-rays propagating through
an object, providing a contrast based on differences in material absorption. A Talbot-
Lau interferometer can extend conventional attenuation-based methods by exploiting
the interference of X-rays to measure the changes in the wavefront. This enables
simultaneous acquisition of attenuation, differential phase-contrast, and dark-field
signals from the same acquisition [Pfe+08]. These additional image modalities provide
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Figure 3: Setup principle of a Talbot-Lau interferometer with S X-ray source, G0

source grating, G1 phase grating, and the G2 analyzer grating and D detector [Lud20].

additional information, particularly in samples with fine microstructures, and soft-
tissue. This section introduces the working principle of a Talbot-Lau interferometer,
the phase-stepping method to acquire projections, and the signals measured in each
image modality.

2.5.1 Talbot-Lau Interferometer

A Talbot-Lau interferometer allows phase-sensitive X-ray imaging even with incoherent
X-ray sources such as X-ray tubes. This is achieved by adding three gratings, that each
have a separate function. The gratings are named G0 source grating, G1 phase grating,
and the G2 analyzer grating. Combined, they create an interference pattern that is
sensitive to attenuation, phase shifts and small-angle scattering in the sample. A sketch
of the full Talbot-Lau interferometer geometry is shown in Figure 3, including the X-ray
source S the, gratings (G0,G1,G2) and the detector.

Talbot Effect and the Phase Grating The Talbot effect describes the self-imaging
of a periodic phase structure under coherent wavefronts [Tal36]. A wavefront passing
through the phase grating, creates a periodic intensity patterns at the Talbot distances
zT . These Talbot distances are discrete propagation distances at which near-field
diffraction produces self-images through interference. The first Talbot distance can be
calculated as [Ray81]

dT1 =
2p2

λ
λ << p (18)

where dT1 is the Talbot distance, and p is the grating period. This relation only holds
in first order for small wavelengths in comparison to the grating period. As the G1 is a
phase grating, it introduces a spatially periodic phase modulation onto the incoming
wavefront, while not attenuating the radiation in the ideal case. This phase shift depends
on the grating height and the photon energy, where usually a π- or π/2-shifting grating
is chosen for a specific design energy. In medical imaging those are especially preferred
over absorption gratings as they do not impose an unnecessary loss in dose after a
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Figure 4: Simulated Talbot carpet for a π-shifting phase grating caused by by monochro-
matic illumination. A periodic intensity pattern along the propagation direction is
visible. The orange lines indicate the fractional Talbot distances given by Equation 20,
yielding high contrast fringes due to near field interference [Fri25; Sch20; Wol16].

patient compared to the also available absorption grating. Often a π-shifting grating is
preferred as it exhibits frequency doubling causing Talbot patterns to occur in smaller
distances behind the grating [Lud20]. As an additional parameter, the grating geometry
is characterized by its duty cycle Dc = w/p, where w denotes the gap width and p the
grating period. To maximize fringe contrast, the duty cycle is typically set to Dc = 0.5.
At integer Talbot distances the phase grating reproduces a uniform intensity distribution
without observable modulation [YVM15]. Only at specific fractional Talbot distances

dfT high-contrast interference fringes are produced, which are different according to
the grating type. For a π/2-shifting grating, usable high-contrast fringes appear at
distances [YVM15]

dfT =
2m− 1

4
· dT1, m ∈ N, (19)

where m is the order of the fractional Talbot distance. For a π-shifting grating, usable
high-contrast fringes appear at distances [YVM15]

dfT =
2m− 1

16
· dT1, m ∈ N. (20)

The simulated Talbot carpet for such a π-shifting grating in shown in Figure 4. At
the full Talbot distance a self-image is formed, whereas at fractional Talbot distances
high-contrast interference fringes appear.

Lau Effect and the Source Grating The source grating only serves to turn the
spatially incoherent radiation produced in conventional X-ray tubes into coherent light.
To this end, the Lau effect is exploited, where a grating subdivides the beam into an
array of narrow, mutually coherent line-sources [Lau48]. Each of these line-sources
can form its own Talbot pattern downstream. For the individual patterns to overlap
constructively, the system geometry has to satisfy the condition given by the intercept
theorem

p0
pT

=
d0,1
dT

, (21)

where p0 is the period of G0, pT the period of the self image of the G1, d0,1 the distance
between G0 and G1, and dT the Talbot distance [Pfe+06].
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Moiré Pattern and Analyzer Grating As the grating periods have sizes of a few
microns, their Talbot pattern has the same size, but due to the increased propagation
distance it is affected by a magnification. As a result, typical X-ray detector pixel sizes
of several tens of micrometers cannot resolve the Talbot pattern. Therefore, to detect
the interference pattern, the analyzer grating G2 is used at exactly a fractional Talbot
distance dfT downstream of G1. Through the superposition of the Talbot pattern and
the G2 a moiré pattern can arise. The moiré pattern is formed when two periodical
patterns, which have a slightly different period or a relative tilt angle, superimpose.
The moiré pattern then allows for an indirect detection of the intensity modulation, so
that the attenuation, differential phase, and Dark-field can be determined using the
phase-stepping technique explained in Chapter 2.5.2. These additional modalities can
be measured, as refraction within the sample causes a shift of the moiré patten, while
small-angle scattering causes a local reduction in its fringe visibility.
The period of the moiré pattern pM can be calculated using by

pM =
p2 pT√

p22 + p2T − 2p2pT cosα
, (22)

where p2 is the period of G2, pT the period Talbot pattern, and α the relative tilt angle
[Amidror2009moir]. Those fringes can be adjusted to have periods of hundreds of
microns, thus cover multiple pixels and can be well differentiated in a detector. The
strength of the moiré fringes, which corresponds to the signal quality of the setup, is
defined by the visibility V as

V =
Imax − Imin

Imax + Imin
. (23)

2.5.2 Phase-Stepping Technique

Using the phase-stepping technique, the changes in the interference pattern can be
extracted by measuring the moiré pattern at several phase-steps. A phase-step is the
translation of either grating G0 or G2 in discrete steps, where multiple phase-steps
over at least one grating period build a phase-stepping scan. At each step, an image is
acquired, and the intensity recorded for every detector pixel. Hence, a phase-stepping
scan gives the intensity as a function of the grating position for each pixel. The stepping
of G0 and G2 is mathematically equivalent, as only the relative phase between the
interference pattern and the analyzer grating is relevant. In this work, the source grating
G0 is stepped. For a monochromatic point source and perfect gratings, the measured
intensity curve has the form of a triangular shape. However, a finite source size and the
polychromatic spectrum result in a blurring of the interference pattern, which can be
well approximated by a sinusoidal function

I(x) = Ī +A sin
(
2πx+Φ

)
, (24)

where x is the position of the grating normalized by its period, Ī the mean intensity, A
the amplitude, and Φ the phase. This fit of the measured intensity curves for each pixel
yields the parameters Ī , A, and Φ. To measure the changes caused by an object, an
object scan and a reference scan or flat-field measurement have to be performed. The
changes of those parameters then yield separate corresponding image modalities. An
example of a fitted object and reference curve is shown Figure 5.
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Figure 5: Intensity of the object and reference scan at different phase-step positions
and fitted with the sinusoidal function to extract their amplitude mean intensity and
relative phase-shift [Lud20].

2.5.3 Signal Modalities: Attenuation, Phase, Dark-Field

Attenuation image The attenuation image represents the damping of the X-ray
waves. As such, it can be calculated by the reduction of the mean intensity Ī of the
object phase-stepping scan. It is defined as

Γ = − ln

(
Īobj
Īref

)
=: µ. (25)

This image corresponds to the one obtained in conventional X-ray imaging. Depending
on the material, particular Z, and thickness more X-rays are absorbed, creating a
contrast that is particularly sensitive to materials with different Z. In medical X-ray
imaging the absorption caused by the photoelectric effect is the main measured signal,
as the strong dependence on the atomic number of the photoelectric effect allows for a
good differentiation between bone-like material (ZCa = 20) and the surrounding soft
tissue (Ztissue ≈ 7).

Differential phase image The difference of the obtained phases of object to reference
phase-stepping curve yields the differential phase image as

∆Φ = Φref − Φobj. (26)

The phase shift is caused by the refraction of X-rays at material interfaces within the
object. As the wavefront propagates through regions of different thickness or composition,
it is slightly deflected, which produces a measurable shift in the interference fringes
of the phase-stepping curve. The differential phase is directly related to the refractive
index decrement δ(z) of the complex refractive index and can be expressed as [Lud20]

∆Φabs ≈
2πdT
pT

∂x

∫ s

0
δ(z) dz, (27)
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where s is the path length through the material, ∂x is the derivative along the phase-
stepping direction, pT is the grating period, and dT the distance between the phase
grating and the detector. Since δ is proportional to the electron density and more
sensitive to small variations in low-Z materials than the absorption coefficient β,
differential phase imaging highlights subtle structural features, such as soft-tissue or air
boundaries, which are often invisible in conventional attenuation images [Pag06]. In
this study, the differential phase images are recorded but not further analyzed.

Dark-field image and visibility The dark-field image results from the relative
reduction in visibility V of the measured intensity curve. The visibility for a sinusoidal
phase-stepping curve with Imax = Ī +A and Imin = Ī −A, is defined by

V =
Imax − Imin

Imax + Imin
=

A

Ī
. (28)

The dark-field signal Σ is then defined as

Σ = − ln

(
Vobj

Vref

)
= ln

(
Aobj · Īref
Aref · Īobj

)
. (29)

As a quality parameter for Dark-field imaging, the reference visibility can be directly
taken, as high reference visibility allows more pronounced reductions in the object
visibility. This reduction is mainly caused by very small structures inside the object
that cannot be directly resolved by the imaging system. Microstructures such as fibers,
pores, or granular structures do not cause significant absorption or refraction, but
rather cause ultra-small-angle scattering. This causes slight angular deviations of the
wavefront, which locally blurs the moiré pattern and reduces visibility. This makes
dark-field imaging particularly sensitive to micro-structures that remain undetectable
in conventional attenuation or phase-contrast images.

Dark-field sensitivity and correlation length

Next to the visibility there is another main parameter influencing the image quality,
which is the sensitivity. The sensitivity of a Talbot-Lau setup describes the degree,
where deviations in the wavefront are measurable, whereas the visibility describes
the signal quality. For the Dark-field image this specifically means the small-angle
scattering originating from microscopic structures within the sample, which can also be
interpreted as unresolved phase shifts or small-angle scattering contributions [Lyn+11].
This sensitivity is not solely dependent on the micro-structure size, but also strongly
depends on system geometry and setup parameters such as the X-ray wavelength,
grating periods, and propagation distances[Koe+16].
The Dark-field signal sensitivity can be described with the correlation length, which for
a sample-grating configuration is

ξ =
λdT
pT

(
1− ds,1

d0,1

)
, (30)

where λ is the wavelength, dT the Talbot distance, pT the Talbot period, ds,1 the distance
between sample and G1, and d0,1 the distance between the G0 and G1[Str14]. From
this correlation length the dark-field signal can be linked to the real-space correlation
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function of the sample and, equivalently, to a macroscopic scattering cross section. As
the correlation length determines the signal strength of specific structures, by tuning
the correlation length scattering structures with different sizes, shapes, and volume
fractions can be characterized [Str14].
The sensitivity of the dark-field imaging can be increased primarily by reducing the
sample to G1 distance ds,1. However, the maximum sensitivity is limited by the Talbot
distance dT and the grating period p2, as p2 equals the at distance dT magnified period
of the Talbot pattern, yielding

Smax = λ
dT
p2

, (31)

for the case where the sample is placed as close as possible to the first grating ds,1 = 0.
However, dT also affects fringe visibility, so in practice a compromise must be found
between sensitivity, visibility, and geometric constraints of the imaging setup [Lud20].

Medical applications of Dark-field imaging Dark-field imaging having a sensitivity
to structures below the spatial resolution of the imaging system gives advantages in
several applications and allows the use of X-ray imaging in new fields.
One important application of dark-field image is in medical imaging, especially in breast
imaging. There a crucial focus is the detection of microcalcifications, which are tiny
calcium deposits that can indicate the presence of breast cancer. These structures often
have sizes of only a few micrometers, so that they may not produce sufficient attenuation
contrast in conventional mammography. For mammography, it has already been shown
that Dark-field imaging provides additional structural information beyond standard
attenuation imaging [MRA+13; Ant+13]. Specifically, Michel et al. demonstrated
that some microcalcifications produce a strong dark-field signal because of their fine
internal microstructure, which were invisible in the conventional attenuation image
at comparable radiation dose levels [MRA+13]. Another promising application for
Dark-field imaging is lung diagnostic, as the alveolar microstructure of healthy lung
tissue causes strong ultra-small-angle scattering, which results in a dark-field signal.
Hellbach et al. demonstrated that the severity of acute lung injury due to inflammation
in mice can be clearly visualized using Dark-field imaging, whereas those changes in
attenuation X-ray imaging often are to weak to detect. Further, unlike the Dark-field
signal the attenuation signal also depends greatly on the overlying chest wall [Hel+18].

Linear Diffusion Coefficient Analogous to the linear attenuation coefficient quan-
tifying the X-ray absorption, the visibility loss causing the Dark-field signal can by
quantified by the linear diffusion coefficient ϵ [Bec+10]. As such, it is a material-specific
property that describes the scattering strength per unit length. The linear diffusion
coefficient depends on the standard deviation σ of the angular scattering distribution
A(θ), which depends on the material and its slice thickness ∆z, and can be defined as

ϵ =
σ2

∆z
. (32)

Consequently, the scattering width along a beam path is

σ2 =

∫
ϵ(z) dz. (33)

12



For a Gaussian scattering distribution, the visibility loss can be expressed as

V = exp

(
−
2π2d21,2

p22

∫
ϵ(z) dz

)
, (34)

where p2 is the period of the G2 and d1,2 the distance between the phase grating G1

and the analyzer grating G2. This shows an exponential decrease for a linear increased
scattering strength [Bec+10]. Since conventional CT reconstructions spatially resolve
the linear absorption coefficient through the intensity loss along the entire X-ray path
through the object, Equation 34 allows an analogous spatial reconstruction of the
diffusion coefficient using Dark-field images.

2.6 Computed Tomography

Computed tomography (CT) is an invaluable tool for the nondestructive investigation
of objects belonging to life, environmental, and in material sciences. CTs allow for
the reconstruction of a three-dimensional representation of an object from multiple
X-ray projections acquired at different angles through computational processing. The
following subsections outline acquisition geometry, detector technology, reconstruction
methods, common used filters, and typical artifacts.

Acquisition Geometry

For computed tomography systems projection data from multiple viewing angles has to
be acquired. For those, only the relative rotation of the sample to the X-ray source and
detector is needed. As such, In clinical CT setups, the X-ray source and detector are
mounted on a gantry that rotates around the patient, which allows for a still standing
patient/sample, and a fixed angle between the source and detector, that allows for
rapid data acquisition. In CT systems such as the one used in this work, a fixed
source-detector setup is employed, while the sample is rotated stepwise or continuously
to obtain the projections at each angle. This allows a more compact and simpler
mechanical implementation of the CT. Additionally, For proper CT reconstruction,
projections over at least angle sector of asector = 180◦ have to be recorded, to achieve a
full sampling the object [Tra22]. By increasing the number of projections within the
angle sector the sampling density is increased, which improves the spatial resolution
of the reconstructed object. In this work a setup with a rotating sample is used,
which allows an easier implementation of the Talbot-Lau interferometer and a flexible
adjustment its parameters.

Radon Transform

The measured projection data of a CT can be described analytically using the Radon
transform. For this, only the set of projections of a single detector row, e.g. a projection
line, corresponding to a two-dimensional reconstructed area is considered. Then the
absorption coefficients of the object to reconstruct can be expressed as an object
function f(x, y). For simplicity, a single X-ray beam corresponds to a pixel. The
beam propagates through the object along a straight line, and the pixel measures the
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accumulated attenuation along the ray path. A projection line is then parameterized
by the line equation

x cos θ + y sin θ = t (35)

where θ is the projection angle and t the detector position. Here, a pixel would
correspond to a discrete value of t, but t itself is continuous. The detector value
measured Rf(t, θ) corresponds to the line integral of the object function along this path.
Consequently, the Radon transform of f(x, y) can be defined as [Rad17]

Rf(t, θ) =

∫
x cos θ+y sin θ=t

f(x, y) dℓ (36)

where dℓ denotes integration along the X-ray line. To obtain a complete representation
of the object in the projection space, additional projections form each projection angle
θi are needed. This representation is commonly called a Sinogram, as it transforms a
single point object into a sinusoidal curve in projection space [Rad17; KS01].

Fourier Slice Theorem

Analytical reconstruction methods in CT are based on the Fourier Slice Theorem, which
yields the relationship between projection data and the Fourier representation of the
object. The Fourier Slice Theorem states that the one-dimensional Fourier transform
of a projection acquired at angle θ corresponds to a line through the two-dimensional
Fourier domain of the object at the same angle. This relationship is expressed as with
the two dimensional Fourier transform f̂(ω cos θ, ω sin θ) of f(x, y) as

Ft{Rf(t, θ)}(ω) = f̂(ω cos θ, ω sin θ) (37)

This theorem results in each measured projection providing one radial slice through
the Fourier domain of the object. More projections gradually fill the Fourier space. In
theory, once the Fourier domain has been sufficiently sampled, the original object can
be reconstructed using the inverse two-dimensional Fourier transform

f(x, y) = F−1{f̂(ωx, ωy)}, (38)

where ωx = ω cos θ and ωy = ω sin θ. However, this results in dense sampling of low
frequencies and sparse sampling at higher frequencies. Since low frequencies describe
smooth image structures while high frequencies contain fine details and edges, this
direct Fourier reconstruction only yields blurred objects. Therefore, the frequencies
have to be filtered before reconstructions, and the Fourier Slice Theorem forms the
theoretical basis for reconstruction methods such as filtered backprojection [KS01].

2.6.1 Filtered Backprojection

Filtered backprojection reconstructs the object from its projection data in two steps:
filtering of frequencies and backprojection across the image domain.

The backprojection distributes each detector value back along the corresponding X-ray
path through the image domain. For a projection p(t, θ), the backprojected image is
obtained by integrating the detector values over all projection angles [KS01],
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b(x, y) =

∫ π

0
p(x cos θ + y sin θ, θ) dθ (39)

This process effectively smears each projection across the image domain, so that with
many projections the general structure of the object becomes visible. However, this still
yields blurred images as low spatial frequencies are overrepresented in the reconstruction.

To compensate for this, the projection data is filtered before backprojection. In FBP,
the detector function is first transformed into the frequency domain using the Fourier
transform. The resulting spectrum is then multiplied by a high-pass filter, commonly
the Ram-Lak filter,

H(ω) = |ω| (40)

to amplify high-frequency components responsible for edges and fine details. Other
commonly used filters are explained in Chapter 2.6.2. The filtered projection is then
given by

Q(t, θ) = F−1 {|ω| F{p(t, θ)}} . (41)

Finally, the filtered projections are backprojected to obtain the reconstructed image,

f(x, y) =

∫ π

0
Q(x cos θ + y sin θ, θ) dθ. (42)

With sufficient projections this yields sharp reconstructions with well-defined edges.
Reconstructing all acquired detector rows sequentially, generates a complete three-
dimensional CT volume.
The CT reconstruction using FBP of the Dark-field signal can be performed analogous
as shown in [Bec+10] with a map of the linear diffusion coefficient as

ϵ(x, y) =

∫ π

0
Q(x cos θ + y sin θ, θ) dθ. (43)

2.6.2 Frequency filters

The general frequency response used in the filtered backprojection algorithm can be
written as

H(ω) = |ω| · h(ω), (44)

where |ω| represents the ramp filter and h(ω) is a function that modifies the frequency
response to control noise and resolution. The factor h(ω) differs depending on the
chosen filter and is defined for a few example filters as:

h(ω) =



1, Ram-Lak filter,

sinc(ω), Shepp-Logan filter,

cos
(
πω
2

)
, Cosine filter,

α+ (1− α) cos(2πω), Hann (α = 0.5) and Hamming (α = 0.54) filters.

(45)

15



Figure 6: Filter weight of different frequencies for commonly used filters in filtered
backprojection. The Ram-Lak filter assigns increasing weight to higher frequencies,
whereas other filters suppress very high frequencies, resulting in a maximum weight of
a specific frequency.

For the Parzen filter, h(ω) is defined as

h(ω) =


1− 6|ω|2 + 6|ω|3, 0 ≤ |ω| < 1

2 ,

2(1− |ω|)3, 1
2 ≤ |ω| ≤ 1,

0, |ω| > 1

(46)

[Buz08a]. The overall frequency response of each filter is shown in Figure 6. The Ram-
Lak filter is a high-pass filter that reduces blurring caused by low-frequency components.
The other filters apply lower weighting to high-frequency components than the Ram-Lak
filter, resulting in less suppression of low-frequency data. This causes a general reduction
of noise at the cost of spatial resolution [Buz08b; KS88].

2.6.3 Interlaced method

In CT reconstructions, high frequency artifacts are generated away from the center.
Those artifacts can be reduced by tangential averaging of the data, blurring the
information that is far from the projection center. This can be classically achieved
by rotating the sample at constant speed during image acquisition. In X-ray grating
interferometry, a similar method can also be applied to the phase-stepping scan by
applying a sample rotation simultaneously with the phase stepping scan, as shown in
Figure 7.
Hence, in this interlaced approach, the frames of a phase-stepping scan are all recorded
at different viewing angles instead of at the same angle as in the standard method.
Using the interlaced approach significantly reduces the high-frequency artifacts without
affecting the sharpness of the features. For the same dose deposited in the sample,
interlaced CT yields better quality reconstructions than standard phase-stepping CT.
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Figure 7: The grating position in dependence of the viewing angle for interlaced
phase-stepping (red) and standard phase-stepping (blue) [Zan+11].

Hence, the interlaced method offers a better reconstruction quality per dose, or mea-
surement time [Zan+11]. Therefore, by reducing the reconstruction quality of interlaced
phase-stepping CT through the use of a lower dose, the measurement time can be
reduced while maintaining a quality similar to that of standard phase-stepping CT.

2.7 Detector properties

Currently, most clinical CT systems use solid state Energy-Integrating Detectors (EIDs)
to convert X-rays to electrical signals. Those clinical CT detectors use an indirect
conversion, where first a scintillator layer converts X-ray photons to visible light, which
is then measured by a photodiode layer [Lel+15; Sar+23]. Hence, it is converted to
an electric output signal proportional to the energy deposited in the measurement
interval. Since the energy of all photons is integrated over the interval, there is no
information about the energy of the individual photons or amount in the output signal.
The spatial resolution is also limited, as scintillators and optical coupling produce a
lateral light shift. Furthermore, reducing pixel size requires septa to separate them,
which leads to a larger fraction of inactive detector area. This leads to more absorbed
X-rays, not contributing to the measured signal. Therefore, it produces a reduced dose
efficiency, which is particularly a problem in medical applications. Those problems
can be improved by using Photon-counting detectors (PCDs). They consist of a single
semiconductor layer, commonly CdTe, CdZnTe, or silicon, that converts the X-ray
photons into electron-hole pairs. A bias voltage is applied to guide the electrons to
the pixelated anode at the bottom of the semiconductor, whereas the cathode is at the
top. Therefore, X-rays are directly converted into an electrical pulse, whose amplitude
is proportional to the photon energy. Since each photon creates a separate electrical
signal, they can be discriminated using pre-set energy thresholds. The spatial resolution
can be improved, as there is no scintillator and consequently optical septa, leading to
smaller pixel sizes. Furthermore, the detective quantum efficiency (DQE) is roughly
constant as a function of X-ray energy and yields photon counts. Hence, low-energy
photons are not under-weighted as with EIDs, which can improve the material-contrast
[Sar+23]. These advantages can make PCDs especially beneficial for Dark-field imaging.
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For CdTe-based PCDs, as in this work, streaks appearing over time due to populating
charge traps and activation of charge-sharing mechanisms have to be taken into account.
Carge trapping describes when electrons or holes are captured by defects in the crystal,
which leads to a loss in the measured charge. Those effects and their time dependence
for the detector in this work are extensively covered in [Fri25].
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3 CT Setup

In this work a Talbot-Lau interferometer CT setup consisting of a X-ray source (Comet
MXR 160/22), a photon-counting detector (Dectris Eiger2 R 1M CdTe), and three
gratings (G0, G1, G2) mounted on a rail-based optical table was used. The grating
arrangement follows the typical Talbot-Lau setup. G0, the source grating, is positioned
next to the X-ray tube. Downstream of the beam is the sample placed, followed by
the phase grating G1, then analyzer grating G2 and finally the detector. Two different
grating configurations and individual distances were employed in this work. The first
configuration, labeled CT setup 1, had gratings with the following specifications:

• G0: p0 = 24.39µm, h0 = 200µm, dc0 = 0.5, Gold

• G1: p1 = 4.37µm, h1 = 14µm, dc1 = 0.5, Nickel

• G2: p2 = 2.4µm, h2 = 90µm, dc2 = 0.5, Gold

Their individual distances are approximately 600mm between G0 and G1, and 59mm
between G1 and G2, resulting in a total interferometer length of 659mm. For the CT
the relevant distances are source-detector-distance SDD = 1298mm and source-origin-
distance SOD = 864mm. The second configuration, labeled CT setup 2, only the G1

and the grating distances were changed resulting in the following specifications:

• G0: p0 = 24.39µm, h0 = 200µm, dc0 = 0.5, Gold

• G1: p1 = 4.37µm, h1 = 6.4µm, dc1 = 0.76, Gold

• G2: p2 = 2.4µm, h2 = 90µm, dc2 = 0.5, Gold

Their individual distances are approximately 1175mm between G0 and G1, and 115mm
between G1 and G2, resulting in a total interferometer length of 1290mm. For the CT
the relevant distances are SDD = 1552mm and SOD = 1244mm. The G1 gratings have
a π phase shift. All gratings are mounted on a dedicated holder that allows manual
tilting through two adjustment screws.
The currently used CT setup 2 is shown in Figure 8 with the components marked. The
X-ray tube is not shown as it is somewhat hidden behind a the filter-wheel at the right
edge of the image. The G1 is held by two separate stages, that were used to increase
the stability of the setup and are covered in Chapter 5.3.1.

19



Figure 8: Photograph of the Talbot-Lau interferometer setup including the gratings
G0, G1, and G2, the sample with its stage, and the detector. The view of the X-ray
tube is blocked by the filter-wheel next to the G0
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4 Workflow of CT acquisition and reconstruction

By using a Talbot-Lau interferometer, the projections have to be performed as phase-
stepping scan, with either the standard method or interlaced method. In the standard
method, a projection is acquired by laterally shifting the source grating G0 in discrete
steps over at least one full grating period (p0 = 24.39µm). For a CT, after a phase-
stepping scan, the sample is rotated and another phase-stepping scan is performed.
In the interlaced method, this object rotation is performed with each phase-step, and
the phase-steps used for multiple projections. In this work, mostly the configuration
of 7 phase-steps with 5 per period, e.g. the distance of 5 phase-steps correspond to
the grating period was used, but others were also compared. The acquisition time for
each phase-step was adapted for different samples, while it was in the range of t = 1 s
and t = 60 s. The CT measurements were performed over a total angle sector of either
asector = 185◦ or asector = 360◦, usually sampled in angle steps of astep = 0.5, but this
was also further reduced to astep = 0.2◦ to improve reconstruction quality using the
interlaced method. The tube voltage was mostly kept U = 39 kVp with a tube current
of I = 16mA. CT measurement using the standard method had flat-field images taken
every 60◦, which was increased to every 30◦ for measurements with long acquisition
times. In the interlaced method either only at the start or at the start and end a
flat-field was performed. This was mainly done, as the interlaced method allows a
projection acquisition without resetting the position of the source grating.

Image processing

The flat-fields or reference scans and the object scans use the same stepping protocol
as the corresponding object scan. Before signal extraction, the vertical intra-module
gap in the detector images was interpolated. Depending on the sample the images were
cropped to a 300 px × 650 px, 370 px × 650 px, 200 px × 720 px region covered by
the G1 grating, where a moiré pattern was visible. The image modalities were first
determined using a custom algorithm as described in [Kae+17], which was implemented
by Constantin Rauch and Markus Schneider, and later through the X-Aid DPC tool
[MIT26]. In the custom algorithm for each phase-stepping scan, a pixel-wise sinusoidal
fit was performed, whose full period corresponding to the phase-steps range is adjustable.
This yields the mean intensity Ī the visibility V = A/Ī, and phase-shift Φ for every pixel
and every phase-stepping scan for the object and reference images. Using these values,
the attenuation, phase-shift and Dark-field signal were computed. The X-Aid DPC
yields only the image modalities, which have less moiré artifacts in the final images,
as a correction to the phase-step position is applied, but all the phase-steps must be
contained within a single period.

CT reconstruction

The sets of projections were subsequently processed first utilizing the ASTRA Toolbox in
parallel geometry using the filtered backprojection algorithm and afterwards with a cone-
beam vector geometry using the FDK algorithm [AST25]. For each measurement, the
attenuation and Dark-field datasets were reconstructed and saved as 3D-numpy arrays.
The resulting volumes were visualized and analyzed using Dragonfly [Com26]. Since
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those reconstruction showed errors, as pointed out in Chapter 5.4, reconstruction with
the commercially available software X-Aid were tested [MIT26]. Those reconstructions
did not show reconstruction errors. in X-Aid were performed using the FDK algorithm,
whereas the FDK algorithm used a 0.5 px Hamming filter. The files used in X-Aid,
where all in .tiff, and the reconstruction yielded 2D-slices corresponding the number of
height voxels, which can be directly loaded into Dragonfly as 3D-volume.
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Figure 9: Gelatin phantom with three regions of different powder particle sizes and a
piece of wood. The region in the front has a particle size of dp = 24.55 µm, the one on
the right dp = 1.89 µm, and on the left dp = 5.61 µm. A piece of wood is located in the
middle.

5 Parameter Determination

Before analyzing cancer tissue samples, the parameters for CT acquisitions are investi-
gated and optimized. In this chapter, the quality of the phase-stepping scans is first
evaluated under various parameter settings. Based on these results, the signal and noise
characteristics of a CT reconstruction of a phantom are then analyzed for different
angle step sizes, angle sectors, and frame times. This was motivated by the expectation
that better projections lead to better CT quality.

5.1 Evaluation of projection and reference images

5.2 CT setup 1

5.2.1 Investigation of the influence of focal spot size, tube current and
particle size using a Gelatin phantom

To test the influence of various parameters such as, particle size dp, focal spot size f
and tube current I, a gelatin phantom is created. After the gelatin solution is heated
in a cooking pot, it is filled in a sample holder and cooled down. When the gelatin is
hard enough so that the inserted powder does not diffuse but also becomes enclosed
after it is inserted, aluminum-oxide powder of sizes dp = 1.89, 5.61, 24.55 µm, as well
as a piece of wood was inserted. The phantom is shown in Figure 9. It is assumed,
that the particle size separation of the aluminum-oxide powder was achieved by sieving,
so the exact size distribution is unknown, and the particle size therefore represents a
limit rather than a precise value. For this phantom, CT measurements with an step
acquisition time t = 1 s, angle step size of 0.5◦, an angle sector of 185◦, 6 phase-steps
with 5 per G0-period. The combinations of focal spot size and tube current parameters
used are f = 1.0mm I = 10mA, f = 5.5mm I = 10mA, f = 5.5mm I = 40mA,
and their impacts on visibility and dark-field determination is investigated. Every
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(a). (b).

Figure 10: Shown is the first visibility map of a CT measurement using UB = 55 kVp,
I = 10mA, Th = 20 keV, t = 1 s, 6 phase-steps with 5 per G0-period, astep = 0.5◦ over
asector = 185◦. The investigated parameter here is the focal spot size, where in (a) is
f = 1.0mm and in (b) is f = 5.5mm.

60◦ a reference image was acquired as shown in Figure 10a, and the corresponding
mean visibilities for each measurement are shown in Figure 10b. The results show
that a focal spot size of f = 1.0mm provides higher visibility than f = 5.5mm,
since a smaller focal spot enhances the spatial coherence of the X-ray beam, hence
increasing phase contrast and, consequently, the visibility. The measurement with a
tube current of 40mA has a slightly higher visibility than that with 10mA, which could
be due to reduced relative noise in the determination of visibility. The overall visibility
remains mostly constant within a CT measurement, but there are small changes and
to investigate those differences in more detail the later visibility maps are subtracted
from the first one. The difference between the visibility maps at 0◦ and 60◦, which
means Vis Ref(0◦)−Vis Ref(60◦), is shown in Figure 11a. The corresponding difference
between 0◦ and 180◦, Vis Ref(0◦)−Vis Ref(180◦), is shown in Figure 11b. Both images
show moiré artifacts on the left, which have a higher amplitude in Figure 11b, and on
the right side more grain like artifacts. Since there are more deviations with a larger
value on the right side, it is assumed that something causes a larger change there, which
might be explained by tiny tilts of a grating, expansions to due temperature changes,
or a drift of the focal spot. Additionally, the change of visibility from the f = 1mm to
the f = 5.5mm focal spot size is further investigated by analyzing the results of the
mean visibility map of f = 1.0mm and I = 10mA divided by the mean visibility map
of f = 5.5mm and I = 10mA, as shown in Figure 12. This shows a massive gradient
from top to bottom, where at the bottom the values are close to one; hence, no change
occurs. However, at the top, the visibility is up to a factor of ≈ 1.5 higher for the
f = 1.0mm spot size than for f = 5.5mm. Such an effect might be caused by a spatial
variation in the coherence properties of the wavefront arriving at the G1 grating, for
example, due to beam divergence and a different effective grating orientation.
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(a). (b).

Figure 11: (a) Visibility difference from the reference image of a CT measurement
taken at an angle 0◦ and 60◦, also written as Vis Ref(0◦) − Vis Ref(60◦). The used
reference images have a recorded time difference of tdiff ≈ 18min. (b) Difference of
Vis Ref(0◦)−Vis Ref(180◦) with a time difference of tdiff ≈ 72min.

Figure 12: Division of the visibility maps shown in Figure 10. To show the visibility
differences red rectangles with the mean values of the pixel within written next to it.

Dark-Field and transmission Imaging of the gelatin phantom

After analyzing the visibilities of the reference images, now from projection resulting
dark-field images and transmission images are investigated. In Figure 13a, the dark-field
image shows the powder areas as bright yellow areas where the middle has dp = 24.55 µm,
the one on the right dp = 1.89 µm, and on the left dp = 5.61 µm. In comparison, the
corresponding transmission image in Figure 13b barely shows the powder regions on
the left or right, because the gelatin itself through the whole volume also produces a
large absorption signal. This highly increased contrast of gelatin and powder already
demonstrates the massive advantage of dark-field images to standard transmission
imaging.
The dark-field images using f = 5.5mm in Figure 13c show significant smearing of the
powder area. Especially at the left powder area, where for f = 1.0mm the edges are
much sharper, which is the expected influence of the focal spot size. With f = 5.5mm
and I = 40mA in Figure 13d has a more continuous gradient at the edges of the left
powder area, because of less noise compared to the measurement with f = 5.5mm and
I = 10.

To better compare the acquired modalities, Figure 14 shows a line plot of the pixel
column x = 320, smoothed using a Savitzky-Golay filter. This allows a direct comparison
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(a) (b)

(c) (d)

Figure 13: Dark-field (a) and transmission (b) image of a projection from a CT
measurement of the gelatin phantom under tube parameter f = 1.0mm I = 10mA. (c)
Dark-field image with a different focal spot size f = 5.5mm I = 10mA. (d) Dark-field
image with a different focal spot size and current f = 5.5mm I = 40mA.

of signal behavior across the powder region. For this powder region, a signal can be
identified in dark-field and transmission, but the gelatin causes a large transmission
signal, making the dark-field signal significantly more pronounced. After rotation of the
sample by 129◦ the powder region corresponding to dp = 1.89 µm is centered, as shown
in Figure 15a. This displays a more diffuse region which is investigated by showing the
line plots of pixel column x = 291 in Figure 15b. This does not show a significant signal
in the transmission, unlike the dark-field, where a clear signal is still visible. Therefore,
it has a much larger contrast in the dark-field as in the transmission modality. At y
pixel 145 and 190 the line of the dark-field with f = 1.0mm shows peaks, whereas for
f = 5.5mm there are no clear peaks. For both those peaks in f = 1.0mm, the signal
of f = 5.5mm keeps ascending towards higher y pixels. This can be attributed to the
smearing caused by the larger focal spot size. Since dp is assumed to be only a limit,
the distribution of the exact powder particle sizes is unknown, and additionally it is
also assumed that the signal strength in the projections is solely due to the powder
amount, no assertions about the correlation of powder size to signal strength is made
with this phantom.

5.2.2 Visibility as a function of tube voltage

The visibility of a Talbot-Lau setup depends on the photon energy primarily due to
the energy dependence of the Talbot effect, the resulting change in Talbot distance,
the energy-dependent phase shift of the phase grating, and the coherence conditions.
Additionally, it is also affected by instrumental effects such as the energy-dependent
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(a).

Figure 14: Line plots through the dark-field and transmission images of a single
projection of different focal spot sizes and tube currents of the pixel column x = 320 in
the images of Figure 13, resulting in a line through the powder region with dp = 24.55 µm.

absorption of the gratings, the spectrum of the source, and the detector quantum
efficiency. Here, multiple reference images, as shown in Figure 16, were taken with tube
voltages from 38 kVp to 55 kVp using an acquisition time of t = 1 s, focal spot size
f = 1mm, and 6 phase-steps with 5 steps per G0-period. To compare the visibility
at different tube voltages, the mean visibility is determined and plotted as shown in
Figure 17. This unexpectedly yields a behavior similar to a landau distribution as such
a moyal function of the form

ξ =
x− µ

η
, (47)

f(x) =
A

exp (−0.5)
· exp

(
−1

2
(ξ + exp(−ξ))

)
, (48)

was fitted to the data, where µ denotes the peak position, A the amplitude, and η
describes the shape of the tail. The fit yields µ = 47 kVp corresponding to the highest
visibility, which is attributed to the combined influence of the effects described above.
Generally, such a behavior is not expected and does not hold and the fit matching is
just coincidence.

5.2.3 Influence of frame time on the free field of dark-field images

The photon counts arriving at the detector should increase linearly with the frame time.
The counts are affected by Poisson statistics, so their relative error decreases for more
counts. From the measured counts at different phase-steps, the visibility is determined
by a sinusoidal-fit, which improves with less relative error of the intensities. To be able
to create meaningful CT data, those visibility determinations of the reference and object
scans have to be sufficiently accurate also for following scans. Additionally, an increased
frame time can also average out short variations or vibrations from the setup. The
influence of frame time on the free field of dark-field images of a gummy-bear phantom
is analyzed and shown in Figure 18. In Figure 18a are the mean values of the free field,
which are expecetly close to zero and much smaller than the corresponding standard
deviation shown in Figure 18b. The standard deviation decreases with longer frame
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(a). (b).

Figure 15: (a) Projection of the gelatin sample after a rotation of 129◦, compared to
Figure 13. The rotation causes the dp = 1.89 µm aluminum-oxide powder region to be
centered in the image. Due to a different powder amount and placement, the powder
region appears more diffuse. (b) Corresponding line plot of the pixel column x = 291,
resulting in a line through the powder region with dp = 1.89 µm for the dark-field and
transmission.

acquisition times, where a square-root dependence of the noise on the acquisition time
is expected due to Poisson statistics. As such, for t = 4 s half the standard deviation
of t = 1 s is expected, but a measured standard deviation is at ≈ 0.59 of the value.
This could indicate that either the Poisson statistics does not directly translate into
the visibility determination or that there is another noise factor next to the Poisson
statistics. Those noise sources could be a non constant G0 phase-step distance, or
vibrations leading to uncertainties in the measured intensity.

5.2.4 Comparison of CT-filter

To investigate the influence of different reconstruction filters on the CT volume, the
dataset of a gummy-bear phantom with embedded aluminum-oxide powder is recon-

(a). (b).

Figure 16: Different visibility maps of a reference image using f = 1.0mm, Th
= 20 keV, t = 1 s and 6 phase-steps with 5 per G0-period. In (a) for a tube voltage of
UB = 38 kVp and in (b) for UB = 55 kVp.
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Figure 17: Different measured mean visibilities cquired with f = 1.0mm, Th = 20 keV,
t = 1 s and 6 phase-steps with 5 per G0-period under different tube voltages. Due to
the curve of the measured values a Landau (Moyal) fit is applied to determine the peak
position.

structed using a set of commonly used filters in filtered back-projection algorithms
available in the ASTRA Toolbox, such as the Ram-Lak, Shepp-Logan, Hann, Hamming,
and additionally a Parzen filter. These filters differ in their frequency suppression as
explained in Chapter 2.6.2, hence they have different spatial resolutions and noise in
the reconstructed volume.

Figure 19 shows a 2D slice of the reconstructed 3D volume for the applied filters Ram-Lak
in Figure 19a and Parzen in 19b, which is then used for a quantitative evaluation. The
gummy-bear lies in the middle of the image, where on the right side the air-transitions
of its feet are visible, and in the middle its arms with a region of aluminum-oxide powder
inserted.

All reconstructions show a consistent overall structure of the phantom, but clear

(a). (b).

Figure 18: Mean (a) and standard deviation (b) of the free field for different frame
acquisition times.
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(a). (b).

Figure 19: Slices of a CT reconstruction using the ASTRA toolbox of a measurement
with f = 1.0mm, Th = 20 keV, t = 1 s, 6 phase-steps with 5 per G0-period, astep = 0.5◦

over asector = 185◦. In (a), the Ram-Lak filter has been applied, while in (b) the Parzen
filter is used. Additionally, the areas used for SNR determination is marked with the
aluminum-oxide signal in red and gummy bear noise/background in blue.

differences in edge sharpness and noise are visible. In particular, the Ram-Lak filter
preserves the most high-frequency details, leading to sharper edges, but also to increased
noise, whereas smoother filters such as the Parzen filter introduce strong smoothing,
which significantly reduces noise at the cost of spatial resolution.

For a quantitative evaluation, an aluminum-oxide powder area is defined in the 2D slices,
as the rectangle resulting of the red lines in Figure 19. This is used to determine the
SNR of the aluminum-oxide powder region and the background signal in the surrounding
gummy bear material marked by the blue lines. The SNR is computed from the mean
powder signal p and its standard deviation ∆p, and the mean bear signal b in the
marked area, and its standard deviation ∆b as

SNR =
p− b√

∆p2 +∆b2
; ∆SNR =

√√√√( ∆b√
∆p2 +∆b2

)2

+

(
∆p√

∆p2 +∆b2

)2

. (49)

The results for each reconstruction are shown in Figure 20.

This shows that the Parzen filter achieves higher SNRs by strongly smoothing the data,
resulting in a worse spatial resolution, which could lead to blurring of very small objects
making them invisible. Hence, when very small objects are of interest, sufficient details
must be preserved to detect them. Consequently, the optimal filter choice depends on
the expected size and desired contrast of the structures of interest.

5.2.5 Comparison of CT reconstruction of a gummy bear phantom using
different angle step sizes

Reducing the angle step size increases the number of projections acquired over a full
rotation, which can lead to a more accurate reconstruction, especially when using
methods such as Filtered Back Projection. However, this also results in increased CT
measurement time, as well as higher computational cost. To compare the impact on
the reconstructed CT volume of using different angle step sizes, a measurement of a
gummy-bear with aluminum-oxide powder inserted is performed using an angle step size
of astep = 0.25◦ and an angle sector of 185◦. Based on this measurement, projections
were selectively removed to create CT reconstructions corresponding to those with angle
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Figure 20: Quantitative evaluation of different filters, where the values have been
determined as marked in 19. (a) Signal difference between aluminum-oxide and back-
ground, and in (b) the corresponding SNR.

(a). (b).

Figure 21: Slices of a CT volume that has been reconstructed with angle step sizes (a)
astep = 0.25◦ and (b) astep = 0.5◦. The reconstructions were performed using the same
dataset, where for the reconstruction corresponding to (b) projection are excluded. The
base dataset had parameters UB = 55kVp, I = 10mA, Th = 10 keV, asector = 185◦,
astep = 0.25◦ and 6 step with 5 per G0-period, and a Parzen filter applied on the CT
reconstruction.

step sizes astep = 0.25◦, 0.5◦, 1.0◦, 1.5◦, 2.0◦, 2.5◦, 3.0◦, 3.5◦, 4.0◦. The influence of the
angle step size is illustrated in Figure 21, where Figure 21a shows the reconstruction
using astep = 0.25◦ and the Parzen filter. This illustrates that especially the free field
has less noise than in Figure 21b, where astep = 0.5◦ was used.

Using the SNR, as shown in Figure 22, the quantitative impact of the angle step size on
reconstruction quality can be evaluated. An overall increase in SNR for smaller angle
step sizes is observed, as expected, only the cases astep = 1.5◦, 2.5◦ deviate from this
and appear as outliers. It is unclear if those outliers are due to an uneven behavior
of the reconstruction algorithm, or an effect due to the phantom structure, or just a
statistical effect due to the small signal area. A more detailed analysis, particularly
considering the reduction in measurement time by maximizing the SNR for a given
measurement time through optimization of the angle range, angle step size, and frame
acquisition time, is presented in Chapter 5.4.
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Figure 22: SNR in dependence of the angle step size used for reconstruction of the CT
volume. All reconstructions were performed using the same dataset, where for larger
angle step sizes projection are excluded. The base dataset had parameters UB = 55 kVp,
I = 10mA, Th = 10 keV, asector = 185◦, astep = 0.25◦ and 6 step with 5 per G0-period,
and a Parzen filter applied on the CT reconstruction.

5.3 CT setup 2

In this part, measurements using the CT setup 2 are discussed. This setup had
various problems with stability of the obtained phase-stepping that were improved.
Further, with the measurements using this setup, the influence of different phase-steps
amounts in a scan, the visibility in dependence of the tube voltage and set detector
threshold, were investigated. Then CT reconstructions are compared using Mitos X-Aid
and the ASTRA-Toolbox. Additionally, the interlaced method as a way to decrease
measurement time is introduced and finally the parameters affecting measurement time
in the interlaced method are evaluated.

5.3.1 Investigation of the stability of the CT setup

The stability of the setup is affected by the changes of the measured intensity over
time. This is particularly important as in interferometric X-ray imaging slight shifts
of the moiré-pattern over time already degrade the quality of measurements. The
moiré-pattern can be shifted by any vibration in the setup, for example the water
cooling of the detector, the motorized stage holding the sample or drifts of the focal spot.
Additionally, when a phase-stepping scan is performed also inaccuracies of the positions
of the stage moving the G0 could lead to an inaccurate visibility determinations. After
the CT setup 2 was assembled, stronger moiré-artifacts were found in the dark-field
images. Hence, to quantify the changes, a measurement of 900 frames without object
of each t = 1 s at 35 kVp, Th = 15 keV, I = 10mA was performed, while not moving
any stages. The measured counts of a single pixel over all frames with their mean and
standard deviation marked is shown in Figure 23a. The relative noise of this distribution
is further analyzed in Figure 23b. There the x-axis depicts the number of frames used to
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(a). (b).

Figure 23: (a) Measured counts of single pixel over 900 frames each. (b) Relative
noise of the counts of the same pixel over the amount of frames used to calculate their
mean and standard deviation.

calculate its mean and standard deviation. From those is then the relative Poisson-error
marked in blue calculated and compared with the relative standard deviation in red. For
few values the behavior of the standard deviation is expectantly without a clear trend,
but overall is the standard deviation larger than one expected from a Poisson-statistics.
This indicated that there are other error sources besides Poisson-statistics. Also the
relative Poisson-error decreases slightly over time, coming from a slight increase in
counts over the measured time. Deviations of two frames can be evaluated by dividing
one through the other. In Figure 24a is the zeroth frame divided through the third
frame, which shows a moiré-pattern with an intensity of up to 10%, but such a large
moiré-pattern intensity only appears for a few frames.

To detect changes over all frames the pixel row x = 400 is plotted for all frames in Figure
24b. Since for the stability the time window is essential, the frame number is converted
to their acquisition time. Overall this shows no significant changes in the moiré-pattern
within 15min. Hence, dividing both images leads to a more sensitive evaluation of
the changes, and no larger shifts occur without moving a stage within 15min. The
variations during phase-stepping are investigated by recording several reference scans in
succession and determining their visibility over a certain pixel area (150x200 pixels).
Since a change even on short scales is expected, only 13 reference in succession using
parameter UB = 35keV, Th = 15 keV, I = 16mA, t = 1 s, and 6 steps with 5 per
G0-period. The mean visibilities of this measurements over the measurement time is
shown in Figure 25a, which shows large changes of visibilities. Afterwards, a foam
was placed to reduce the vibrations caused by the water cooling and the thin cylinder
mount holding the G1 grating replaced by an aluminum L-mount. This L-mount is
located in front of the G1 in Figure 8. The results of the repeated measurement after
the modifications as shown in Figure 25b. This lead to a decrease in standard deviation
of the mean visibilities, but there are still problematic fluctuations remaining.

To further decrease any vibrations affecting the grating, a similar measurement was
performed using 50 reference in succession using parameter UB = 39 keV, Th = 20 keV,
I = 16mA, t = 1 s, and 6 steps with 5 per G0-period. The results only with the
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(b).

Figure 24: (a) Counts of the zeroth frame divided by the third frame, where a frame
corresponds to t = 1 s and the setup is not moved. (b) Counts of the pixel row x = 400
of each frame. The frame number is converted to time to showcase the time difference.

aluminum L-mount are shown in Figure 26a and after adding a second mount for the
G1 in Figure 26b. This further decreased the standard deviation of the mean visibilities
by a factor of 2.38. Also, before the second mount there appear two large jumps in
visibility, where afterwards a more gradual change is measured.

5.3.2 Investigation of different phase-step configuration

The dark-field is obtained from the parameters of a fitted sinusoidal function applied to
the measured intensities of a pixel during the reference and object phase-stepping scan.
Hence, to get meaningful dark-field images, sufficiently stable or accurate phase-stepping
scans have to be produced. In principle, the accuracy of such fits can be improved either
by using more data points equivalent to the number of phase steps or by measuring
the sinus period with more steps per period. In a similar way, such a fit can also be
improved by having less relative error or noise on the data points, which can be achieved
through improving the detector statistics by increasing the frame acquisition time or
count rate. To investigate the improvement in the stability of visibility determination in
different phase-step combinations, reference images were acquired for various phase-step
configurations. Only the visibilities of reference images were compared here, since it is
expected that consecutive reference images are very similarly affected as a following
object image. For each configuration, four reference images were taken, resulting in four
visibility maps with slightly different mean visibilities as shown in Figure 27a. Such a
shift in mean visibility of a pixel area directly corresponds to instabilities in the setup
that were too large to ”average” them out in the fit or affect the whole phase-stepping
scan. To enable clearer identification of phase-step combinations, they are labeled in
this section as phase-steps/phase-steps per G0-period. For example, 6 phase-steps with
5 steps per G0-period are denoted as 6/5. Here, the graphs of 6/5 and 10/10 have
the highest fluctuations, while some configurations with less than 10 phase-steps have
smaller fluctuations in their mean visibility. This could indicate that only 4 reference
images each is too low for an accurate determination of the mean visibility fluctuation
and only serves as a lower limit. Interestingly, phase-stepping scan combinations with
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Figure 25: Mean visibilities of reference images taken in succession over their mea-
surement times for (a) before and (b) after adding a aluminum L-mount for the G1 and
foam at the water cooling.

(a). (b).

Figure 26: Mean visibilities of reference images taken in succession over their mea-
surement times for (a) before and (b) after adding a second mount for the G1.

periods from 5 to 7 have greater visibility when the same visibility of all measurements
would be expected. To determine the spread of the measured visibilities, the standard
deviation of the same pixel area is calculated as shown in Figure 27b. This yields the
highest standard deviations for 6/5, 20/5 the lowest, and 10/10 between them. Both
7/6 and 7/7 have very close standard deviations, where 7/6 is overall slightly lower.
Also, the standard deviation of 20/5 is slightly lower as the one of 20/20, which shows
a trend that more phase-steps than more phase-steps per period have a slightly less
fluctuating visibility determination.
To further evaluate the influence of adding phase-steps while keeping the phase-steps
per period at 5, the measurement with 20/5 is taken. From this measurement, the last
phase-step was repeatedly removed and the visibility calculated. The same was also
done by repeatedly removing the first phase-step. The mean visibility and standard
deviation of the visibility for a pixel area (30x30 pixels) is shown in Figure 28a.
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Figure 27: (a) Mean visibility of a pixel area for four reference images that were
acquired for different phase-step combinations. (b) Standard deviation of a pixel area
for four reference images that were acquired for different phase-step combinations. All
measurements were taken with t = 1 s, Th = 20 keV, UB = 39 kVp and I = 16mA.

This shows a mostly constant behavior for the mean visibilities where the end phase-step
is kept. The behavior of the plot where the first phase-step is kept is different as
starting with the second removed phase-step the visibility rises, and is higher till the
17 removed phase-step. Such differences could be due to G0 phase-stepping distances
not being exactly constant or the tilt of any grating during the measurement. The
standard deviation increases gradually, but to better compare their increase, they
are plotted separately in Figure 28b. The behavior of both plots appears to be an
exponential function. Generally, phase-steps covering at least one period should be
used to determine the visibility and dark-field images, so they are only presented in the
plot for completeness and are generally not considered. The decreases with more phase-
steps used becomes smaller for each additional phase-step. Hence, no direct optimum
in phase-steps for a specific period can be found, and at a certain point increased
acquisition time is more costly as the resulting improved imaging quality. Therefore,
the combination of 7/5 was chosen for future measurements, as it still offers a larger
decrease in standard deviation compared to 6/5. Relative to the 5/5 configuration, 6/5
reduces the standard deviation by approximately 2.26%. This is further reduced for 7/5
by approximately 2.47% relative to 6/5, whereas 8/5 yields a slightly smaller additional
reduction of approximately 2.37% relative to 7/5. A comparison of phase-steps with an
adapted frame time to acquire phase-stepping scans with the same overall scan time
might yield a more significant result.

5.3.3 Visibility as a function of tube voltage and photon energy threshold

Also, for the CT setup 2, the visibility function over energy is investigated using reference
images with f = 1.0mm t = 1 s and 6 steps with 5 steps per G0-period, as in this
setup a different G1 is employed. However, this has been extended to also include
detector energy thresholds, as shown in Figure 29a. This generally shows an increase
with smaller tube voltages, but in the selected range no clear visibility peak as function
of energy was observed. For tube voltages 35-37 kVp the visibility also increases with
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Figure 28: (a) Mean and standard deviation of visibility of a pixel area. For this a
dataset using 20 phase-steps with 5 per G0-period was acquired. From this dataset
once the last phase-step and once the first phase-step was repeatedly removed and the
visibility map determined for every removal. The dataset with that keeps the same first
phase-step has been moved slightly on the x-axis for better comparison. (b) Standard
deviation of the visibility in a pixel area as determined in (a).

larger thresholds, but for 39 kVp and 40 kVp the visibility only increases to a threshold
of 22.0 keV and decreases for higher ones. Such an effect could be caused by the grating
setup being optimal for a specific spectra, which can not be perfectly matched by a
X-ray tube. Hence, there exists an optimal spectra and the visibility increases as this
spectra is approached closer.

To better compare similar visibility values, and since decent statistics are needed for
proper imaging, as demonstrated in Chapter 5.3.3, the counts from the frames of a
reference image have also been determined, as shown in Figure 29b. By neglecting the
standard deviation of the visibility as well as Poisson noise of the counts, visibilities
corresponding to similar counts can be directly compared in order to optimize the image
quality.
Similar counts can be found for UB = 37kVp, Th = 22.0 keV and UB = 36kVp,
Th = 21.0 keV. Interestingly, similar counts can also be found at the same thresholds
and increased tube voltage, which is the case for the full threshold row. For those, always
the lower energy and lower threshold entry have a better visibility, suggesting a better
signal quality at the same statistics. Additional pairs like UB = 39 kVp, Th = 22.5 keV
and UB = 37kVp, Th = 20.5 keV can be found, where the lower energy and lower
threshold entry also has a higher visibility. This is also the case for the pair UB = 39 kVp,
Th = 23.0 keV and UB = 36kVp, Th = 20.0 keV. Exceptions to this only appear in
the recorded data points for 35 kVp and 36 kVp., where from the pair UB = 36kVp,
Th = 21.5 keV and UB = 35 kVp, Th = 20.5 keV, the higher tube voltage and threshold
has a better visibility. It is expected that this trend changes for lower thresholds as the
mean intensity wavelength of the tube gets shifted away from the optimal wavelength
of the setup, but for confirmation more data are needed.

37



(a). (b).

Figure 29: Results of reference images using I = 10mA, t = 1 s, 6 phase steps with 5
per G0-period and a various set of tube voltages and detector thresholds. In (a) are the
resulting mean visibilities displayed, while in (b) are the mean counts of a pixel of a
single frame shown. Only the pixel in upper center area (336× 380 pixel) are used for
this evaluation.

(a). (b).

Figure 30: Visibility maps obtained using UB = 35 kVp, I = 10mA, t = 1 s, 6 phase
steps with 5 per G0-period. (a) Was taken with a threshold of Th = 20 keV and (b)
with threshold Th = 28 keV

Visibilities of lower energies

While investigating the highest visibility for the new setup, higher visibilities were found
at lower energies. The visibility maps of reference images using f = 1mm, UB = 35 kVp,
t = 1 s, 6 phase-steps with 5 per G0-period are shown in Figure 30a for a threshold
Th = 20 keV and in Figure 30a for a Th = 28 keV. Figure 30a in principle has a very
good mean visibility, but while even some moiré artifacts and lower intensity regions
due to the grating can still be seen the visibility map already exhibits heavy grain
noise. Figure 30b in principle has an even better mean visibility, but no features of
the gratings can be identified and the visibility map is dominated by its standard
deviation. To further analyze the statistics leading to grain noise dominated visibility
maps that have higher mean visibilities, the pixel count values for detector thresholds
Th=20, 23, 24, 25, 26, 27, 28 keV are investigated. For this the fraction of pixels above a
certain pixel count value threshold onto the pixel counts is plotted in Figure 31 for each
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Figure 31: Fraction of pixel counts above a given threshold for a reference frame using
UB = 35 kVp, I = 10mA, and t = 1 s for several different detector thresholds.

different measured detector threshold.

This shows that for Th = 20 keV ≈ 60% of the pixels have values above 80 and ≈ 38%
have counts from 40 to 80. Such rather broad distributions of pixel values are expected
due to the moiré fringes. The fraction of pixels above a certain pixel count threshold
decreases for every detector threshold increase. For Th = 28 keV ≈ 90% of pixel have
values below 20 resulting in a possible inflated determination of visibility. Even for
Th = 20 keV there is heavy grain noise due to insufficient counts for a stable visibility
determination. Hence, increasing the frame acquisition time would be required to
improve the photon statistics and stabilize the visibility determination. Due to the
energy dependent absorption of photons in the object, there are less photons in the
object image, which should be considered, when aiming for a photon statistics.
As a result UB = 39 kVp with Th = 20 keV was chosen as the standard tube parameters,
as it had a near-target visibility 30% of mean vis ≈ 29.9± 5.0, with the highest counts
compared to the other measurements, resulting in a decent compromise of visibility and
counts.

5.4 Parameter evaluations using CT reconstructed phantoms

Comparison of CT reconstruction using the ASTRA-Toolbox and Mitos
X-Aid

This work initially used CT reconstructions with the ASTRA-Toolbox, but this showed
artifacts, like moon-like shapes of signals and double-image ghosting artifacts observed
in the reconstructed volume. This hinted at errors in the reconstruction parameters.
Therefore, reconstructions were performed using the commercially available Mitos X-Aid
software to verify the geometry, and compared with the ASTRA-Toolbox reconstruction
adapted with the parameters used in the X-Aid reconstruction. As a phantom, a cup
containing six gummy-bears was used, as shown in Figure 32.

In two aluminum-oxide powder of size dp = 1.89 µm was placed in a cut after heating
them in a cooking pot, two with powder placed in a cut without heating, and two with
cuts without powder to investigate the dark-field signal caused by the cutting. As dataset,
a measurement with parameters UB = 39kVp, Th = 20 keV, I = 16mA, astep = 0.5◦,
asector = 360◦ and 7 phase-steps with 5 per G0-period was used. Therefore, only
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Figure 32: Plastic cup with six gummy-bears. Four gummy-bears contain aluminum-
oxide powder of size dp = 1.89 µm. The upper right red and green gummy-bear do not
contain aluminum-oxide powder. Image taken by Markus Schneider.

differences directly from the reconstructions are compared. The reconstructions were
performed using cone-beam geometry and the FDK algorithm with an Hamming-filter
applied in both reconstructions, since this filter was used for all Mitos reconstructions,
as described in Chapter 4. The slices of the reconstruction volumes are shown in Figure
33.

A slice of the top view is shown in Figure 33a using X-aid, which shows overall clear
signals of the gummy-bears and the powder within them. The corresponding slice of
the ASTRA-Toolbox reconstruction is shown in Figure 33b. There, the gummy-bears
can still be roughly made out, but the contours of some of them appear to be doubled
and slightly mismatched. However, the signals of the powder objects are far spread
out in curved lines, and no proper estimations can be made about their size. To better
illustrate the doubling, the side view is shown in Figure 33c for Mitos and Figure 33 for
the ASTRA-Toolbox. This is especially prominent in the powder of the left gummy-bear
and the contour of the right gummy-bear. It is assumed that the error is caused by
the still not correct projection geometry used, where the positions of the source and
detector are represented as polar-coordinates relative to the position of the sample. This
assumption is mainly based on the fact that when a reconstruction is performed with
an angle sector of 180◦, there appears an open side of the cup wall and on the opposite
site a doubled cup wall, as shown in Figure 34. This reconstruction was obtained using
the first half of the projections used for the reconstruction in Figure 33. This shows
that the cup holding the gummy-bears is not a complete full circle and has a mismatch
on the left side, where the doubling of the objects for asector = 360◦ reconstructions is
mainly caused by the mismatch of the projections with the ones shifted by 180◦.
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Figure 33: Slices of the reconstructions from the top view in (a) using X-Aid and (b)
using the ASTRA-Toolbox. Slices of the reconstructions from the side view in (c) using
X-Aid and (d) using the ASTRA-Toolbox.

Comparison of standard and interlaced phase-stepping methods

As discussed in Chapter 2.6.3, the interlaced phase-stepping method generally achieves
better reconstruction quality, when the same total number of frames is used for the
reconstruction. This is due to the averaging of uncertainties at the cost of spatial
resolution [Zan+11]. This indicates a higher time efficiency in terms of reconstruction
quality in the interlaced method compared to the standard method. As such, an
interlaced CT can potentially reach the same reconstruction quality in less time. To
evaluate the measurement time reduction capability of the interlaced method, two
measurements were performed with the same parameters, one using the standard
method and one using the interlaced method. The same phantom as in Chapter 5.4 is
used. Since both measurements have the same angle step size, the interlaced acquisition
yields fewer overall object frames, reduced by a factor corresponding to the number of
phase steps per scan. From this, a blurring of the reconstruction for the interlaced CT is
expected and its extent is evaluated. The measurement parameters were UB = 39 kVp,
Th = 20 keV, I = 16mA, t = 5 s, astep = 0.25◦, asector = 185◦ and 7 phase-steps with 5
perG0-period. The interlaced CT had a measurement time of tM,interlaced ≈ 70min, while
the standard CT had a measurement time of tM,standard ≈ 511min. This corresponds
approximately to the number of phase steps per scan, but is slightly larger due to
additional time required in the standard CT for repositioning G0 to its base position
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Figure 34: Slice of the reconstructions from the top view using an angle sector of 180◦

with the ASTRA-Toolbox.

after each scan. 2D slices of the reconstructed CT volumes, showing both dark-field
and transmission images for the standard and interlaced measurements, are presented
in Figure 35. Figure 35a shows a part of a 2D slice of the reconstructed dark-field
volume acquired with the standard method, where Figure 35b was acquired with the
interlaced method. Both are displayed over the same value range using a linear intensity
mapping. The powder can be clearly differentiated from the gummy-bear in both,
but the powder in the interlaced reconstruction appears more smeared compared to
the standard reconstruction. In addition, small artifacts appear in Figure 35b spread
over most of the image. These artifacts are more pronounced relative to the powder
signal. Also, only in Figure 35a the gummy-bear is in contact with the side of the
cup, because other measurements were performed between them and the phantom was
moved. Therefore, they are not perfectly identical.

The transmission slices corresponding to these dark-field slices are shown in Figure
35c for the standard and in Figure 35d for the interlaced method. Compared to its
dark-field slice, Figure 35c only shows the larger powder regions and the gummy bear
exhibits a much stronger signal, whose grain-like noise further reduces the contrast to
surrounding structures. In the transmission slice of the interlaced reconstruction, most
powder structures are not identifiable within the noise of the gummy-bear itself. The
grain-like noise is overall more prominent in the gummy-bear, and it also has a larger
structure size than for the standard transmission slice. As a result, even the largest
powder structures are barely visible.
Hence, the interlaced and standard phase-stepping method was compared, where
the interlaced measurement time was shorter by roughly a factor of seven. Overall,
the images of the standard method have a higher edge sharpness, which is due to the
interlaced method recording by a factor of seven fewer phase-steps and using acquisitions
of different angle positions. For the interlaced method, this time reduction leads to a
significant degradation of the transmission reconstruction, where the powder regions
are not identifiable anymore. In contrast, the interlaced dark-field reconstruction shows
smeared but still identifiable powder regions. This indicates that, even with such a
reduction in measurement time, the powder regions are still identifiable in the dark-
field reconstruction. By using phase steps at closer angle positions in the interlaced
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Figure 35: Dark-field and transmission slices of the CT of a gummy bear phantom
acquired with standard and interlaced scanning methods. Each figure corresponds to a
slice of a CT reconstruction (a) dark-field of the standard method, (b) dark-field of the
interlaced method, (c) transmission of the standard method, and (d) transmission of the
interlaced method. Both scans were acquired using the same angle range and angle step
size and all images are displayed over the same range of values of the reconstructions
values with a linear mapping.

acquisition, effectively increasing the number of acquisitions, the edge sharpness could
be improved. However, there would still be a gradient from a sharp center to a lower
sharpness away from the center, which does not appear for the standard method. This
also demonstrates the advantage of dark-field imaging over transmission imaging, as it
yields a significantly higher contrast between the powder and the gummy bear.

Comparison of measurement time affecting parameters of CT reconstructions
using the interlaced method

To investigate the optimal way to extend the measurement time for image quality, the
interlaced method is used to perform CT measurements with different frame acquisition
times and angle step sizes over an angle sector of asector = 360◦. In contrast to the
standard method for the interlaced method requires for each angle step size a separate
measurement. Smaller angle sectors, however, can still be reconstructed from a 360◦

measurement by removing the additional projections. The same phantom as in Chapter
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Figure 36: SNR as a function of frame acquisition time tacq and angle step size astep.
The determined SNRs are displayed in color as well as with values, where the error is
calculated from the standard deviation of the noise region.

5.4 is used. The measurements were performed using parameters UB = 39 kVp, Th =
20 keV, I = 16mA, asector = 360◦, t = 3 s, 5 s, 10 s, 30 s, astep = 0.25◦, 0.5◦, 1.0◦, 2.0◦, 4.0◦

and 7 phase-steps with 5 per G0-period. Since the CT reconstructions were achieved with
Mitos, effectively 5 phase-steps with 5 per G0-period were used. From the reconstructed
volume, a 2D slice with powder region is selected, and used as the signal region, while
an empty gummy-bear is used as the background region. The contrast between these
regions divided by the standard deviation of the background is then evaluated using
two-dimensional parameter maps.

In Figure 36 the SNR is shown as a function of frame acquisition time and angle step
size, where each point represents a unique measurement and reconstructed CT volume
based on the combination of the corresponding parameters. The SNR is determined
by the contrast between a powder signal and an empty gummy-bear divided by the
standard deviation of the empty gummy-bear. The standard deviation of the powder
signal is neglected as additional details in the powder region also lead to an increased
standard deviation, making the standard deviation of the powder region not comparable.
The error of the SNR is calculated by the SNR times the standard deviation diveded
by the mean of the empty gummy-bear.As expected, an increased frame acquisition
time generally improves the SNR as a result of enhanced photon statistics. Similarly,
smaller angle step sizes, corresponding to a higher number of projections, also lead
to improved SNR due to increased sampling of the object, and can also improve the
statistics due to statistical averaging of the used projections. A halving of the angle
step sizes results in double the number of projections used in the reconstruction. For
time entries, the increase from 3 s to 5 s is less than a factor of two, from 5 s to 10 s it
doubles, and from 10 s to 30 s it triples. Generally, for reconstructions using astep = 4◦

the edges of the gummy-bears are too smeared, so only their rough positions can be
identified, which is also shown in the SNR being lower than 1. Hence, they are used
only to demonstrate too low sample densities and only the smaller angle step sizes are
further compared. Generally, an increase in measurement time improves the SNR, where
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Figure 37: SNR as a function of angle sector asector and angle step size astep. The
determined SNRs are displayed in color as well as with values.

only astep = 0.5◦ and t = 10 is an outlier, but the frame time increase for astep = 0.5◦

and t = 30 also leads to a marginal increase in SNR, compared to other cases. The
measurement time of the CT with astep = 1◦ and t = 5 s can be compared to one with
double measurement time such as astep = 0.5◦ and t = 5 s and astep = 1◦ and t = 10 s.
While both measurements with the doubled measurement time have an increased SNR,
the increase of the one with a smaller angle step size is much larger compared to the
frame time. For astep = 2◦ and t = 3 s, even a tenfold increase in frame time leads to a
worse SNR compared to a twofold increased number of projections through a smaller
angle step size. Such a large difference is not the case anymore for astep = 1◦ and t = 3 s
and t = 30 s, but halving of the angle step sizes still leads to higher SNRs compared to
the frame time increases chosen.

In addition, the influence of the angle sector in combination with the angle step size
is analyzed, as shown in Figure 37. The angle sector determines the total angle range
over which projections are acquired. Therefore, more projections are used in the
reconstruction, which improves the statistics. In the case of scattering, this could also
lead to a different signal when X-rays are scattered before or after propagating through
a larger portion of the phantom.

This shows only small improvements when increasing the angle sector from 180◦ to 270◦

at the same angle step size, with only a larger increase for astep = 0.25◦ and astep = 2.0◦.
This might be due to the fact that, in FDK, projections beyond 180◦ increase the statistics
and introduce weighting effects, which only influence all projections when a full 360◦

scan is used. Hence, in contrast this can even improve the 360◦ measurements. When
comparing the increase in a 180◦ reconstruction to one requiring double the measurement
time, either by doubling the angle sector or by doubling the number of projections
through halving the angle step size, the reconstructions with the smaller angle step
size show a slightly higher SNR in all cases, except for astep = 0.5◦ and asector = 180◦

compared with astep = 1.0◦ and asector = 360◦. Interestingly, for astep = 0.25◦ the
increase from 180◦ to 360◦ is far larger compared to the other measurements. This
could indicate that at such a high sampling density the additional information of 180◦
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shifted projections becomes significantly more beneficial.
It is assumed that the exact behavior differs significantly among different sample types,
such as a gummy-bear with aluminum-oxide powder, tissue with calcifications, or
tissue with calcifications embedded in another material. Therefore, to draw conclusions
regarding calcifications of a given size in cancerous breast tissue, these functions should
be measured on the specific calcification regions that are intended to be detected.
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6 Samples embedded in formalin

In this chapter, five lamellae embedded in formalin are presented. Those were first
analyzed using the scanner setup and then through CT measurements. Finally, the
grating-based attenuation imaging is directly compared to conventional X-ray imaging
by removing the gratings and recording projections. The aim of analyzing the samples
was to detect DCIS calcifications within the cancerous lamella. This could only be
achieved to some extend, as pathological confirmation of calcifications was only available
for neighboring lamellae.

6.1 Measurements of samples embedded in formalin with the scanner
setup

The formalin samples were first analyzed using the scanner, to investigate the image
quality with higher visibility and the influence of the sample thickness by exploiting
the different sample fill heights. The scanner only allows for the acquisition of single
phase-stepping scans, where the phase-steps are recorded while continuously moving the
object, instead of moving one of the gratings. The scanner setup is extensively covered
in [Bal25]. The scanner setup also allows for an adjustable region of interest of roughly
40 × 80 cm, so that the projection resulting from the scans can contain all samples
in the same measurement. All samples were measured using parameters U = 50kVp,
I = 12.8mA, f = 1mm and 80 phase-steps with 40 steps per period. Overall, no
significant structures could be identified within those measurements. Therefore, only
the results of Sample 4 are presented here, which has an optical image shown in Figure
38.

In this sample, a piece of tissue protrudes from the formalin, which results in a slightly
different signal compared to the tissue soaked in formalin, as observed in the other
samples. The dark-field projection is shown in Figure 39 (left), while the transmission
image in Figure 39 (right). A significant signal corresponding to the tissue protruding
out of the formalin is observed, which is more pronounced in the transmission image.
The other regions appear mostly homogeneous with small contrast deviations in the
transmission image, that can be partly attributed to tissue, as it absorbs less than
formalin. None of the samples yielded images containing significant objects that could
be identified as calcifications.
In general, a limiting factor for this and further evaluation of such samples could be an
excessive overall loss of intensity within the samples, mainly caused by the formalin. As
such, for each sample an area was chosen as marked red in Figure 39 (left) to determine
the absorption coefficient of the tissue-Formalin mixture, as shown in Figure 40. The
absorption coefficient was calculated individually for each sample from the intensity
loss and the sample fill height, since the tissue-formalin composition varies between
samples and therefore leads to different effective path lengths of the absorbing material.
Even with unknown different amounts of tissue in the chosen regions for each sample,
a relatively similar absorption coefficient is obtained. An exponential fit of the form
f(x) = exp(−µx) to the fraction of remaining photons, result in an overall absorption
coefficient of µ = 0.27 ± 0.01 cm−1, which results for the diameter of the sample in
a remaining intensity ofI(3.2) ≈ 42%. For other setups, tube voltages, detector and
gratings, this is expected to differ.
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6.2 CT measurements of formalin samples

This section presents the CT measurements of the formalin samples using the interlaced
phase-stepping method. The interesting regions of each sample are analyzed. All
measurements were performed with U = 39 kVp, Th = 20 keV, I = 16mA, astep = 0.2◦,
asector = 183.8◦ and 7 phase-steps with 5 per G0-period. An angle sector of asector = 185◦

was recorded in the measurement, but for this measurement series, the interlaced
acquisition was not yet adjusted. Therefore, only an angle sector of asector = 183.8◦ is
used for the CT reconstruction, since acquisitions before and after the angle position
are needed for an interlaced phase-stepping scan.

Sample 1

In the first sample, only a large metal wire was identified, causing strong streaking
artifacts. As such, no interesting objects could be observed, and the detailed description
of the reconstructed sample in dark-field and attenuation starts with Sample 2. The
dark-field reconstruction shown in Figure 41 illustrates the metal wire and the plastic
cup containing the lamella and Formalin. The wire most likely originated from a surgical
compress used during sample preparation. No other objects besides the wire could be
clearly identified, either because the streaking artifacts obscure surrounding regions or
because the strong contrast spreads the maximum CT values over a larger area, reducing
the contrast of small signal differences. Trivially, since only confirmation of calcification
in the neighboring lamella to the observed one exists, it could also be possible that no
calcification are present in this sample.

Sample 2

A rough overview of the highly absorbing or scattering regions can be made by illustrat-
ing the maximum CT values over a volume in a single 2D view using Dragonfly. As
the dark-field usually shows a strong signal from the sample cup, the top-view is more
suited to display the sample, as the cup walls overlap with itself instead of the sample.
The display of the maximum values of multiple slices is called the maximum slab, which
effectively represents the maximum values of a volume in a 2D view. In Figure 42 (left),
a slice of the transmission CT reconstruction is shown, which has the height marked in
purple used for the maximum slabs shown in 42 (middle) for the transmission and in 42
(right) for the dark-field. Here, the following dark-field images are all shown with a red
color-scheme, while the transmission images are displayed as grayscale. Maximum slabs
allow large signal structures to be compared between dark-field and transmission images,
similar to a top-view projection that does not preserve information about the depth and
whether the signal originates within tissue or Formalin. Therefore, using the slabs the
signal regions are classified, and from the interesting regions also a 2D slice is shown
for comparison. The regions are classified by numbers for each sample, and by color to
indicate a pronounced transmission contrast with small or no dark-field signal (green), a
similar contrast between dark-field and transmission (yellow), and a stronger dark-field
contrast (blue). For this sample, six larger interesting structures were found, whereas
some tiny spherical objects appearing in both modalities have not been labeled. Region
3 shows multiple spherical objects assumed to be calcifications, that are both visible in
transmission and dark-field, which is expected for larger solid calcifications generally of
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size > 100 µm. Additionally, this region also contains a diffuse line-like structure that is
also both visible in dark-field and transmission, which cannot be clearly categorized.
Region 6 contains a large object that is only visible in the dark-field, which is from the
pathology assumed to be a cotton thread from the preparation of the sample.
Regions 1 and 2 are further analyzed using side view slices, as shown in Figure 43.
Generally, it is difficult to compare the signal strengths inside a CT reconstruction be-
tween different modalities such as dark-field and transmission, as they depict completely
different value ranges. Further, the reconstruction values are stored as 16-bit values,
where the minimum value corresponds to 0 and maximum value to 65535. With a strong
dark-field signal like from the cup wall, this could spread out the values leading to a
smaller value difference between calcifications and background. This could be partially
adjusted by clipping of values, but this can also introduce errors. Since the highest and
lowest values different between modalities, their effective value range of signals also
corresponds to different signals strengths. As such, only the relative contrasts of objects
of different modalities can be compared. The CT volume could also be displayed with
their original values, but this leads to worse contrasts and a more difficult display of
small changes, and not used here. As a result the CT values are linearly color mapped
over a range that shows a contrast between calcifications, tissue and formalin, and
effectively only the relative contrast between calcifications and tissue or formalin can
be compared. In this case the dark-field shows a range of 5843 and the transmission
over a range of 10292.
The presented slices demonstrate a large contrast between the tissue and formalin
in the transmission images. This contrast is reduced in the dark-field modality as
both materials yield a signal close to the background, which can result in a larger
contrast of calcifications in the dark-field. Region 1 shows a calcification at the edge of
the tissue that has a more pronounced contrast in the transmission image compared
to the dark-field. This is possible for larger dense objects, whose internal structure
is relatively homogeneous on the microscopic scale. Region 2 shows a diffuse signal
region in the dark-field and in the transmission a signal comparable to the highest
formalin signals, but partially higher than the surrounding formalin. Oddly, a small
object with lower transmission signal is visible within the central region of the higher
transmission signal region. Therefore, the whole region could be formalin with a piece
of tissue floating in the middle, or a small region without calcifications surrounded
by a region with calcifications that slightly increase the absorption. Since there is no
confirmation of the exact object, it could also be a material similar to the cotton thread
in Region 6. Ideally for this investigation, this region could correspond to a diffuse
cloud of microcalcifications that is well visible in the dark-field but produces only a
weak transmission signal. Region 4 is shown in Figure 44 and displays a region with
greater contrast in the transmission image located at the edge of the tissue. Opposite
to region 1, this is not a particularly dense object, as the transmission contrast is also
weaker, but the signal covers a larger area. As there is no ground truth for this object,
it could not be further identified.

To highlight and compare stronger dark-field signals with transmission signals, they
can also be visualized simultaneously in Dragonfly, as shown in Figure 45a. Here, the
display of the dark-field values has been adjusted so that only higher dark-field values
are displayed in red, whereas lower dark-field values are hidden behind the transmission
image. The object chosen to highlight was region 2, as it is assumed to be the most
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relevant region to investigate microcalcifications. To illustrate the contrast between the
modalities for this sample, a line plot through the slice is shown in Figure 45b. It should
be noted that the CT values are determined by the maximum and minimum values of
the measured volume and saved as 16-bit numbers. Therefore, only the relative contrast
of each measurement can be compared, and not the direct values between measurements
of different modalities. This shows a large dark-field signal at the air to sample cup
transition, as there is a large refractive index gradient between the cup and air and
possible microscopic surface roughness of the sample cup. Further, only a significant
peak corresponding to the object in region 2 can be seen in the dark-field. A peak can
also be seen at this location in the transmission, but also several other peaks of the
same height and an overall stronger signal from formalin in the center of the sample.

Sample 3

Sample 3 contained several objects that yielded larger signals in the dark-field than in
the transmission reconstruction, as shown in Figure 46. In regions 1, and 2, the objects
in the dark-field image show a slightly larger area and contrast, whereas region 4 only
shows an improved contrast due to less homogeneous surroundings. Region 3 has been
marked yellow as in the transmission reconstruction additional artifacts are introduced
in the center of rotation, which mainly improved the display of this region.
In Figure 47 the side view of regions 1 and 2 is displayed.
This shows especially for region 1 a better identifiable object in the dark-field image,
whereas the object in region 2 also shows a clearer signal, but can already be well
identified in the transmission image. Also, both objects are located at the edge of the
tissue.
The side view of regions 3 and 4 is shown in Figure 48. Neither object can be clearly
identified in the transmission reconstruction, as reconstruction artifacts produce more
pronounced signals. Only for the dark-field image object in region 3 can an object
in the transmission image be associated. For region 4, the dark-field signal appears
more diffuse, and in the transmission image it appears as formalin region, whose values
are in the lower range for the formalin in the sample. Therefore, region 4 is another
strong candidate for a diffuse cloud of microcalcifications producing a scattering signal,
similar to Sample 2 region 2. The side view of Regions 5 and 6 is presented in Figure 49.
Region 5 shows left the wire and right the larger object, which can be well identified in
both modalities. Region 6 shows an overall more pronounced signal in the transmission.
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Figure 38: Optical photo of Sample 4. In a plastic cup tissue is embedded in formalin.
For this sample, on the right, a piece of tissue sticks out of the formalin.

Figure 39: Projections of Sample 4 acquired using the scanner setup. Dark-field (left)
and transmission (right) image right. The contrasts of both images have been narrowed
to display changes within the cup. This has a significant signal corresponding to the
piece protruding the formalin. The transmission also shows a darker region on the left
from tissue absorbing less than formalin.

Figure 40: Absorption coefficients calculated from the remaining photons propagating
through a sample and their different fill heights.
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Figure 41: 3D image of the dark-field reconstruction of Sample 1. A strong dark-field
signal originates from the air-cup transition and a large metal wire. This wire is a
contamination of the sample and is surrounded by its strong streaking artifacts.

Figure 42: (Left) transmission slice of the reconstructed volume of Sample 2. In purple
are the heights used to create a maximum slab to show the high signal objects in the
whole volume. (Middle) transmission slab and (right) dark-field slab with the regions
containing significant objects marked, depending on the contrast of the modalities. In
yellow are the objects marked with a strong contrast in both modalities, green with
stronger contrast in transmission, and blue with stronger contrast in the dark-field
image.

Figure 43: Slices of the reconstructed volumes of Sample 2 displaying the position
and surrounding of regions 1, 2 and 6. (Left) dark-field and (right) transmission image.
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Figure 44: Slices of the reconstructed volumes of Sample 2 displaying the position
and surrounding of regions 4. (Left) dark-field and (right) transmission image.

(a). (b).

Figure 45: (a) Top view slice of Sample 2, whose height corresponds to region 2. Both
image modalities are displayed, whereas it was adjusted to only overlay the transmission
with large dark-field signals. (b) Line plot of CT values of the vertical marked line in
45(a).
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Figure 46: (Left) dark-field slab and (right) transmission slab of Sample 3 with the
regions containing significant objects marked. In yellow are the objects marked with a
strong contrast in both modalities, green with stronger contrast in transmission, and
blue with stronger contrast in the dark-field image.

Figure 47: Slices of the reconstructed volumes of Sample 3 displaying the position
and surrounding of regions 1, 2. (Left) dark-field and (right) transmission image.
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Figure 48: Slices of the reconstructed volumes of Sample 3 displaying the position
and surrounding of regions 3, 4. (Left) dark-field and (right) transmission image.

Figure 49: Slices of the reconstructed volumes of Sample 3 displaying the position
and surrounding of regions 5, 6. (Left) dark-field and (right) transmission image.
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Figure 50: (Left) dark-field slab and (right) transmission slab of Sample 4 with the
regions containing significant objects marked. In yellow are the objects marked with a
strong contrast in both modalities, green with stronger contrast in transmission, and
blue with stronger contrast in the dark-field image.

Sample 4

For Sample 4, the maximum slabs with the large contrast objects marked are shown in
Figure 50. In region 1 another metal wire is visible that originates from the pathologic
preparation of the sample.

Regions 2 and 3 show small spherical objects whose surrounding material is presented in
Figure 51. The object in region 3 is visible in both the dark-field and the transmission
image. In region 2, only in the dark-field image three objects are barely visible, where
one object is directly over another, resulting in a slightly larger object in Figure 50
through projective overlap.

Figure 51: Slices of the reconstructed volumes of Sample 4 displaying the position and
surrounding of regions 1, 2, and 3. (Left) dark-field and (right) transmission image.
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Figure 52: (Left) dark-field slab and (right) transmission slab of Sample 5 with the
regions containing significant objects marked. In yellow are the objects marked with a
strong contrast in both modalities, green with stronger contrast in transmission, and
blue with stronger contrast in the dark-field image.

Sample 5

The maximum slabs of sample 5 with the large contrast objects marked are shown
in Figure 52. For this sample, only small spherical objects were detected, whose
surroundings and location are shown in Figure 53. In the upper images of Figure
53, region 2 is displayed, which shows a small spherical object decently visible in both
modalities, that is located at the edge of the tissue. In the lower images of Figure 53,
regions 1 and 3 are presented, while region 1 cannot be associated with any tissue and
might have detached itself from the tissue. It could also be just a contamination of the
sample as it is located at the bottom of the sample container. Region 3 shows a small
spherical object that has a larger contrast in the transmission and is located at the edge
of tissue.

6.3 Comparison of X-ray imaging and grating based X-ray imaging

In Chapter 6.2, only small amounts and small sized calcification candidates were
identified with the exception of Sample 2 region 2. Therefore, in this chapter, longer
projections with gratings and without gratings are compared, as in clinically used task
specialized X-ray setups, calcifications are measured only using projections. It should
be noted that those clinical X-ray images of the extracted tumor are acquired for the
complete extracted material without embedding it for preservation, for example in
materials like formalin.

First, 40 consecutive phase-stepping scans were recorded using U = 39 kVp, I = 16mA,
Th = 20 keV and t = 10 s and 7 phase-steps with 5 per G0-period, resulting in phase-
stepping scan time of tprojection ≈ 70 s. For each object scan a separate reference scan
was recorded, and the mean of the 40 projections calculated. The resulting transmission
image is shown in Figure 54a and only yields the calcification of region 3 and no finer
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Figure 53: Slices of the reconstructed volumes of Sample 5 displaying the position and
surrounding of regions 1, 2, and 3. (Upper and lower left) dark-field and (upper and
lower right) transmission image.

details, but highlights the disadvantages of transmission imaging for samples with
different thicknesses.

On the left and right, the sample is less thick, which yields a lower signal compared to
the full sample thickness in the middle. In addition, in the middle there is a mixture of
tissue, calcifications, and formalin, which produces an overall lower signal compared
to only formalin. Consequently, the calcifications are only visible because they are
surrounded by larger amounts of tissue. In the dark-field image, shown in Figure 54b,
also the objects of regions 2 and 6 are well visible and thickness dependence detail
loss is far suppressed, as primarily only the statistics are reduced. In addition, a slight
contrast that might be attributed to tissue and formalin is also visible, which is slightly
reduced around the object in region 2.

Afterwards, the gratings were removed and 40 consecutive images were recorded using
U = 30 kVp, I = 12mA, Th = 20 keV and tprojection = 10 s. Ideally, the same dose and
the same spectra arriving at the object should be used for the comparison. However, the
spectra downstream of the G0 was not measured, and its energy-dependent absorption
not tried to recreate, and only the tube voltage and current were reduced to account
for the increased flux due to no gratings. U = 30 kVp was chosen as it is closer to the
typical energies used in mammography [Rin+73]. The resulting transmission image
of Sample 2 is shown in Figure 55. The color-scale of Figure 55a shows a broader
distribution of values to display the full sample, while for Figure 55b this is narrowed to
enhance the contrast of calcifications. Those only yield the calcification of region 3 and
no finer details and no significant improved image quality as Figure 54a. The absorption
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(a). (b).

Figure 54: Transmission (a) and dark-field (b) image of a projection of Sample 2.

(a). (b).

Figure 55: Transmission image of Sample 2 acquired as a conventional X-ray image,
without the use of a Talbot-Lau interferometer. In (a) the visible contrast was adjusted
to display the edges of the sample. In (b) the windowed range was reduced to highlight
objects within the tissue.

values are expectedly different, since a lower tube voltage was used, in addition to more
lower energy photons remain in the spectrum without gratings, that are more likely
to get absorbed in the sample. As a consequence, the the dark-field image yields a
much improved contrast of objects within mostly homogeneous material with different
X-ray path lengths in the object. Furthermore, using CT reconstructions instead of
projections allows for a massively improved contrast of objects and tissue, as well as
allow a determination of their position in the volume.

Discussion of formalin sample results

In the formalin samples, several candidates for calcifications and also candidates for
microcalcification clouds could be found. The latter most notable candidates are
in Sample 2 region 2 and Sample 3 region 4. Interestingly, nearly all candidates for
calcifications were found at the edge between tissue and formalin, where the calcifications
were expected to be within the tissue. This could be either a selection bias, where
only the neighboring lamella was always selected, or it could also be that formalin
fills the calcification regions differently compared to solid tissue. For example, an
empty milk duct with calcifications might be filled with formalin, which then shows a
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formalin signature in the transmission. Also, several contaminations were found from
the preparation of the sample, which can degrade the reconstruction if they reach larger
signals than the rest of the sample.
The main limitation in investigating the formalin samples was the lack of ground truth,
since calcifications had only been confirmed in neighboring lamellae. Therefore, only
possible calcifications could be observed as there is no confirmation. As such, only the
transmission and dark-field signal in both reconstructions could be compared and not a
calcification in both modalities.
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7 Samples embedded in paraffin

This chapter presents nine tissue samples embedded in paraffin. The samples were
provided by the ”Pathologie Uniklinikum Erlangen” and analyzed using histological
staining as ground truth and their correlation to the dark-field and transmission CT
reconstructions determined.

Pathologic procedure of sample preparation

In the pathological procedure, the lamella are first fixed in formalin to preserve the
cellular structure. After fixation, the lamella is dehydrated, cut to smaller disks, and
cleared to prepare for embedding molten paraffin wax. When the paraffin block has
solidified, very thin sections are cut from the surface of the paraffin block using a
microtome, usually 3 to 5 µm thick. These sections are then placed on slides for staining
to highlight tumors or calcifications and then examined under a microscope. Commonly,
the Hematoxylin-Eosin (HE) staining is used for this purpose [Par07]. However, in this
thesis the Von-Kossa-stain is evaluated as it highlights calcifications.

Von-Kossa-stain

The Von-Kossa-stain allows the detection of mineralized calcium deposits, such as
calcium phosphate and calcium carbonate, in tissue sections. Applying a silver nitrate
solution to the tissue causes the silver ions to react with the phosphate and carbonate
anions of the mineralized calcium deposits. Light exposure reduces the bound silver to
metallic silver, which appears black in light microscopy [Sch21]. The morphology of
the calcifications allows for tendencies of benign and malignant lesions [Par07]. This is
beyond the scope of this work, and it is focused on their density and size. An example of
calcifications in the Von-Kossa-stain is shown in Figure 56. In the center is a milk duct
that has within its clearly defined edge a white film and contains calcifications, which
allows a classification as DCIS. The calcifications are sparsely distributed inside the
milk duct, where on the middle right a larger calcification cluster is located. On the left
is a larger calcification with a maximum diameter of ≈ 400µm. Since this calcification
contains many sharp, line-like edges, it appears that during the section cut tearing
occurred, making a clear classification of the surrounding tissue difficult. Calcifications
that extend outside the milk duct may indicate invasive breast cancer, but such features
have not been further investigated.
An example of invasive cancer in that has breached through its original cell and is
spreading into adjacent tissue is shown in Figure 57. This shows mainly cell nuclei,
whereas their breaching decided their malignancy [Par07].

Sample selection and sectioning procedure

Initially, the pathology used HE-stained sections to select DCIS samples. After the
selection of a sample, a new section was cut for Von-Kossa-staining. This section cut
begins with an approximately 150-250 µm cut to create a flat surface. Therefore, the
structures of both stained sections appear significantly different, and the details of the
HE-stained sections cannot be correlated to the CT reconstruction of the surface of the
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Figure 56: Calcification of the Von-Kossa-stained section of sample 12. The displayed
area is 1900 µm× 960 µm.

Figure 57: Invasive cancer spreading into adjacent tissue. The displayed area is
(425 µm× 240 µm).

paraffin. The Von-Kossa should be 3 to 5 µm away from the surface, which allows a
correlation of calcifications.
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(a). (b). (c).

Figure 58: Sides of the paraffin sample. (a) Paraffin side with the tissue embedded,
(b) plastic backside of the sample with the identification removed, (c) thickness of
the sample. Overall the sample has dimensions 3.9 cm x 2.6 cm x 0.8 cm, whereas the
paraffin in the samples has thickness of up to 40mm.

7.1 Sample structure and ground truth

The provided paraffin blocks containing the tissue sample are fixed to a plastic holder
during wax hardening, as shown in Figure 58. Figure 58a shows the paraffin with
the tissue embedded, Figure 58b shows the plastic backside of the sample with the
identification removed, and Figure 58c shows the thickness of the sample. Overall the
sample has dimensions 3.9 cm x 2.6 cm x 0.8 cm.

The paraffin blocks were then measured using the Talbot-Lau interferometer in CT
setup 2 to create dark-field and transmission CT reconstructions. Since the stained
sections are cut off before the CTs were measured, they were not in the investigated
sample, but near its surface. As such they do not yield the perfect ground truth of
calcification positions, size, density, and grain size for the CT measurements. In addition
the stained sections have thicknesses of 3 to 5 µm, while the CT voxel size is ≈ 60 µm.
This approach could be improved by creating another stained selection from within
the sample after a CT measurement was performed. However, this would still lead to
an averaging of structures with the much larger voxel size compared to the ground
truth. After the CT measurement, multiple consecutively stained sections could be
performed to approximate a total thickness of 60 µm. However, this approach would be
time-intensive, and the sectioning process often introduces tears that render the section
unusable.
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(a) (b) (c) (d)

Figure 59: Optical image (a), Von-Kossa-stained section (b), dark-field image (c),
and transmission image (d) of Sample 6. For the dark-field and transmission images,
a maximum slab of the paraffin surface with a thickness of 180 µm from the CT-
reconstructed volume is shown.

7.2 Overview samples embedded in paraffin

All samples were first measured with the surface parallel to the sample holder and the
paraffin positioned in the highest visibility region. For the measurement parameters
U = 39kVp, Th = 20 keV, I = 16mA, t = 10 s, astep = 0.5◦, asector = 185◦ and 7
phase-steps with 5 per G0-period were used, resulting in an overall measurement time
of roughly 71min.
Those measurements revealed, that only three of the nine samples allowed for a well
matching correlation of calcifications between the Von-Kossa-stained section and the
surface of the paraffin sample in the dark-field and transmission CT reconstruction.
Therefore, sample 6 and sample 7 are presented to showcase poorly matching structures
between Von-Kossa-stained section and CT reconstruction. Only the images of the well
matching samples 10, 12, and 13 are listed, as they were measured again over a longer
duration and adjusted parameters to reach better reconstruction quality.

Sample 6

The comparison of the Von-Kossa-stained section with the dark-field and transmission
image of Sample 6 is shown in Figure 59. The optical image is shown in Figure 59a,
the Von-Kossa-stained section in Figure 59b, the dark-field in 59c and the transmission
image in 59d. The dark-field image uniquely exhibits several line-like structures that
could indicate tears in the paraffin or inhomogeneities while hardening of the paraffin.
In addition, there are dark-signals that can be correlated to the edges of very low
absorbing structures in the transmission, which indicate air-transition or air-bubbles.

For this sample, the Von-Kossa-stained section only shows a few similar structures
compared to the optical or dark-field image, which makes correlations difficult. To
compare milk ducts containing calcifications, their expected area in the dark-field and
transmission is marked. Region 1 contains diffuse calcifications that range in sizes of
a few µm to up to ≈ 37 µm, as shown in Figure 60a. This region does not yield a
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(c) (d)

Figure 60: 90◦ rotated Von-Kossa-stained section close-ups of region 1 (a), region 2
(b), region 3 (c), and region 4 (d) marked in Figure 59a.

corresponding dark-field signal, but shows a slight increase in transmission signal. A
similar transmission signal is in region 2, which could correspond to a milk duct shown
in Figure 60b. However, this region yields either no calcifications or only very diffuse
calcifications that cannot be clearly identified by their color with diameters less than
600 nm. Therefore, this region should not contain any measurable calcifications, and
the signal originates most likely from slightly denser tissue.

Region 3 contains several larger calcifications that are visible in both the dark-field and
transmission images and can be approximately matched to Figure 60c. This shows a
large calcification with a length of 290 µm, but also several calcifications that appear
torn. Additionally, there are many longer sharp white areas that indicate tearing during
the section cut. Since in the Von-Kossa-stained section some calcifications have a
much larger signal area in the transmission and dark-field, during the section cut some
calcifications could broken out to only remain in the paraffin block. The opposite of
this, is also expected to happen for some cases. In Region 4 only a larger calcification
is visible in the dark-field and transmission, but two larger calcifications are in the
Von-Kossa-stained section as illustrated in Figure 60d. This could either be due to
the spatial resolution of the CT, tears in the stained section or the spatial distance
between the stained section and the surface. In region 5, a larger calcification is visible
in dark-field and transmission, which is shown in detail in Figure 61. Unusually, this is
not surrounded by a milk duct, which could also just be because of a larger tear.
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Figure 61: Von-Kossa-stained section close-up of region 5 marked in Figure 59a.

(a) (b) (c) (d)

Figure 62: Optical image (a), Von-Kossa-stained section (b), dark-field image (c),
and transmission image (d) of Sample 6. For the dark-field and transmission images,
a maximum slab of the paraffin surface with a thickness of 180 µm from the CT-
reconstructed volume is shown.

Sample 7

The comparison of the Von-Kossa-stained section with the dark-field and transmission
image of Sample 7 is shown in Figure 62. The optical image is shown in Figure 62a,
the Von-Kossa-stained section in Figure 62b, the dark-field in 62c and the transmission
image in 62d. The Von-Kossa-stained section shows a tear starting exactly at location
of several calcifications, which makes an exact comparison largely impossible.

Those calcifications can also be identified in region 1 of the dark-field and transmission
image. Furthermore, the edge of a milk duct in the in the Von-Kossa-stain can be
seen in the dark-field in region 2, which has a lower transmission signal, indicating a
possible air-gap in the milk duct. In region 3, a larger structure is visible uniquely
in the dark-field. In the Von-Kossa-stained section, there is mostly fat tissue and no
calcifications. This dark-field structure continues through the whole sample in this
region, so surface roughness can be excluded as its origin. Another explanation could
be tissue not being perfectly embedded in paraffin, but its exact cause could not be
identified.
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Figure 63: Optical image (a), Von-Kossa-stained section (b), dark-field image (c),
and transmission image (d) of Sample 10. For the dark-field and transmission images,
a maximum slab of the paraffin surface with a thickness of 180 µm from the CT-
reconstructed volume is shown.

Sample 10

The comparison of the Von-Kossa-stained section with the dark-field and transmission
image of Sample 10 is shown in Figure 63. The optical image is shown in Figure 63a,
the Von-Kossa-stained section in Figure 63b, the dark-field in 63c and the transmission
image in 63d. The correlation of calcifications with dark-field and transmission signals
are presented in detail with an additional measurements with adjusted parameters in
Chapter 7.3.1.

Sample 12

A comparison of the Von-Kossa-stained section with the dark-field and transmission
images of Sample 12 is shown in Figure 64. The optical image is shown in Figure 64a,
the Von-Kossa-stained section in Figure 64b, the dark-field image in Figure 64c, and
the transmission image in Figure 64d. The correlation of calcifications with dark-field
and transmission signals continued in Chapter 7.3.2.

Sample 13

A comparison of the Von-Kossa-stained section with the dark-field and transmission
images of Sample 13 is shown in Figure 65. The optical image is shown in Figure 65a,
the Von-Kossa-stained section in Figure 65b, the dark-field image in Figure 65c, and
the transmission image in Figure 65d. The correlation of calcifications with dark-field
and transmission signals continued in Chapter 7.3.3.
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Figure 64: Optical image (a), Von-Kossa-stained section (b), dark-field image (c),
and transmission image (d) of Sample 12. For the dark-field and transmission images,
a maximum slab of the paraffin surface with a thickness of 180 µm from the CT-
reconstructed volume is shown.

7.3 Correlation of Von-Kossa-stained sections with dark-field and
transmission signals

In this chapter are the calcifications in the Von-Kossa-stained section directly correlated
with the dark-field and transmission signals by creating an overlayed image of them.
For this purpose, the promising samples 10, 12, and 13 were remeasured with improved
parameters. First, a sample holder was used that allows the surface of the sample to be
perpendicular to the holder instead of parallel. This shifts the ring artifacts of the CT
reconstruction from the observed surface to the height of the sample. The disadvantages
of this sample position are an effectively smaller field of view and a larger variation in
the X-ray path length through the sample, which could cause beam hardening artifacts.
The reduced field of view only does not contain the full tissue for Sample 10 and no
significant beam hardening artifacts were observed. Secondly, the measurement time was
substantially increased using the measurement parameters U = 39kVp, Th = 20 keV,
I = 16mA, t = 30 s, astep = 0.2◦, asector = 360◦ and 7 phase-steps with 5 per G0-period.
This results in an overall measurements of ≈ 928min. All dark-field and transmission
images were 180 µm thick maximum slabs of the surface, whereas this partially contains
the free field, which is invisible in maximum slabs, and allows the illustration of the
whole surface.

7.3.1 Overlay Sample 10

The dark-field image used for the overlay, with the positions marked in red for calculating
the transformation matrix, is shown in Figure 66a, and the corresponding transmission
image in Figure 66b. The Von-Kossa-stained section with the corresponding positions
marked in red is shown in Figure 66c. The positions were determined using clearly
identifiable corresponding structures in both images, while maximizing the distance
between them to reduce the relative error. Then the points are adjusted to ensure
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Figure 65: Optical image (a), Von-Kossa-stained section (b), dark-field image (c),
and transmission image (d) of Sample 13. For the dark-field and transmission images,
a maximum slab of the paraffin surface with a thickness of 180 µm from the CT-
reconstructed volume is shown.

equal scaling of the transformation matrix in the x- and y-directions. Before overlaying,
the dark-field image was colored red, and the values below a certain threshold in both
the dark-field and transmission images removed to highlight high-signal structures and
remove paraffin-related signals. Through this cut off correlated objects can be well
displayed, but some signals or contrasts can be overstated. As such after correlation
the dark-field and transmission signal should be compared individually. The resulting
overlay of the images is shown in Figure 66d. Two areas are marked in the overlay
image and are investigated in greater detail below. The upper left is the area with the
overlay matched area, since a well matching overlay could only be created for the upper
left and lower left area individually and not the full area. The second area was selected
because it yields the most significant dark-field signal without a transmission signal.
The upper left area is shown in Figure 67 with the object marked depending on whether
they are identifiable in dark-field and transmission.
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(c) (d)

Figure 66: (a) Dark-field maximum slab and (b) transmission maximum slab used
for an overlay with (c) the Von-Kossa-stained section of sample 10. (d) The resulting
overlay with the dark-field colored (red) and transmission (white).
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Figure 67: Upper left area of the Von-Kossa-stained section of sample 10 overlaid with the dark-field (red) and transmission (white).
Larger clearly identifiable calcifications are marked according to their measured dark-field and transmission signal. Green indicates
objects clearly visible in both dark-field and transmission, blue indicates objects visible in dark-field but not clearly identifiable as
calcifications in transmission, and pink indicates regions without significant dark-field or transmission signal.
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Figure 68: Close-up view of Objects 16, 17, and 19 in the Von-Kossa-stained section
(a), overlay image (b), dark-field image (c), and transmission image (d).

Green rectangles indicate objects that are clearly visible in both the dark-field and
transmission images. Blue rectangles indicate objects that are clearly visible in the
dark-field image but cannot be reliably identified as calcifications in the transmission
image, and pink rectangles indicate calcifications visible in the Von-Kossa-stained section
that do not produce significant dark-field or transmission signals. 32 clear identifiable
regions could be found in this 15.4mm× 8.7mm area from which several representative
cases of objects are further evaluated.

First, to demonstrate the differences between the objects marked blue and green, the
region containing objects 16, 17 and 19 is shown as a close-up in different modalities
in Figure 68. Figure 68a shows the Von-Kossa-stained section, Figure 68b the overlay
image, Figure 68c the dark-field image, and Figure 68d the transmission image.

Object 19 contains very dense calcifications that appear nearly solid, which does not
allow a proper size estimation of its calcifications, and is well visible in both dark-field
and transmission. In contrast, Object 16 and Object 17 only have a small area with
both dark-field and transmission signal in the overlayed image, whereas the signal in
the transmission is overstated due to the cut-off of values in the overlayed image. Only
small parts of the objects have values above the threshold that removes paraffin signals.
Therefore, they do not have a significant contrast and could not be properly identified.
In addition, to the dark-field signal having a much larger contrast, also their signal
area is much larger. Object 17 contains diffuse calcifications of up to ≈ 10 µm, whereas
Object 16 contains diffuse calcifications of up to ≈ 20 µm with a non-circular larger
calcification with a maximum diameter of ≈ 62 µm.

Another example of this is Object 5, which is presented rotated by 90◦ in Figure 69.
Figure 69a shows the Von-Kossa-stained section, Figure 69b shows the overlaid image,
Figure 69c shows only the dark-field image, and Figure 69d shows only the transmission
image. This shows a high-contrast signal in dark-field and transmission continued
by a tail only visible in the dark-field. A second area with a transmission signal is
also visible in the overlay image. However, this would not be identifiable from the
transmission image alone. At the location of the high-contrast signal there are tears in
the Von-Kossa-stained section so its calcification composition is unknown and the tail
has calcification diameters of up to ≈ 13 µm.

Among the objects not yielding a dark-field and transmission signals, Objects 3 and
22 are investigated as they were the largest ones. Objects 1, 18, 23, 28 have so few
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Figure 69: Close-up view of Object 5 in the Von-Kossa-stained section (a), overlay
image (b), dark-field image (c), and transmission image (d).

(a) (b) (c) (d)

Figure 70: Close-up view of Object 3 in the Von-Kossa-stained section (a), overlay
image (b), dark-field image (c), and transmission image (d).

calcifications that no signal is necessarily expected.

Object 3 is shown in Figure 70. Figure 70a shows the Von-Kossa-stained section, Figure
70b shows the overlaid image, Figure 70c shows only the dark-field image, and Figure
70d shows only the transmission image. This shows no significant signal corresponding
to the object in the dark-field and transmission. In the dark-field some areas are above
the threshold, but its signal is below other uncorrelated signals. Hence, it cannot be
identified as in the dark-field detected calcification object. This object contained diffuse
calcifications of up to ≈ 26 µm.

Object 22 is presented in Figure 71. Figure 71a shows the Von-Kossa-stained section,
Figure 71b shows the overlaid image, Figure 71c shows only the dark-field image, and
Figure 71d shows only the transmission image. This shows no significant signal corre-
sponding to the object in the dark-field and transmission, and contained calcifications
of up to ≈ 15 µm, while the calcifications in this object were the most spread out, or
least dense compared to the other investigated objects.

Finally, the object marked lower right area of Figure 66 is presented. This is outside of
the matched overlay, but can still be decently correlated. This area was only selected
because it exhibits a significant dark-field signal without a corresponding transmission
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Figure 71: Close-up view of Object 22 in the Von-Kossa-stained section (a), overlay
image (b), dark-field image (c), and transmission image (d).

signal. It is presented in Figure 72, whereas Figure 71a shows the Von-Kossa-stained
section, Figure 71b shows the overlaid image, Figure 71c shows only the dark-field
image, and Figure 71d shows only the transmission image. This shows a significant
dark-field signal and no transmission signal. The transmission image shows a darker line
structure, which could indicate an air-gap, but it does not match the dark-field signal.
Therefore, it is assumed that the dark-field signal originates from the calcifications,
which have diameters of up to ≈ 25 µm

7.3.2 Overlay Sample 12

Similarly to Sample 10, a well matching overlaid image could be created for Sample
12 using the Von-Kossa-stained section in Figure 73a, the dark-field image in Figure
73b, and the transmission image in Figure 73c. For this longer measurement, the
sample position has not yet been adjusted. As such, ring artifacts are still visible in the
reconstructed plane. The resulting overlaid image is shown in Figure 74. This overlaid
image contains many objects with calcifications that can be correlated to a dark-field
and transmission signal. However, no significantly different object compared to the
calcification objects in Sample 10 is found. Therefore, none are presented in detail.

7.3.3 Overlay Sample 13

A well matching overlaid image could be created for Sample 13 using the Von-Kossa-
stained section in Figure 75a, the dark-field image in Figure 75b, and the transmission
image in Figure 75c. The resulting overlaid image is shown in Figure 76. This shows
many calcifications that can be correlated with the dark-field and transmission, which
has compared to Sample 10 a trend of having more solid calcifications. To investigate
such trends, it might be interesting to analyze the stages of cancer. Only the object
marked in blue yields a signal that differs from those observed in Sample 10. The
corresponding Von-Kossa-stained section is shown in detail in Figure 77a, the overlay
image in Figure 77b, the dark-field image in Figure 77c, and the transmission image in
Figure 77d. This object exhibits a strong dark-field signal over a broad area, while only
minor amounts of calcifications are in the two milk ducts at the bottom of the image.
These calcifications alone are unlikely to explain such a strong dark-field signal inside
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Figure 72: Close-up view of the right area marked in Figure 66d in the Von-Kossa-
stained section (a), overlay image (b), dark-field image (c), and transmission image
(d).

the milk ducts. Therefore, either the dark-field signal is caused by surface roughness,
which might also be directly caused by empty milk ducts, or the calcifications were
torn in the Von-Kossa-stained section. In the middle of the right side, there is a larger
calcification with higher contrast in the transmission image.

(a). (b). (c).

Figure 73: (a) Von-Kossa-stained section of Sample 12. 180 µm maximum slab of the
dark-field (b) and transmission (c) paraffin surface.
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Figure 74: Overlaid image of the images presented in Figure 73. Dark-field signals
above a threshold are marked red and transmission signals white.

(a). (b). (c).

Figure 75: (a) Von-Kossa-stained section of Sample 13. 180 µm maximum slab of the
dark-field (b) and transmission (c) paraffin surface.
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Figure 76: Overlaid image of the images presented in Figure 75. Dark-field signals
above a threshold are marked red and transmission signals white.

(a) (b) (c) (d)

Figure 77: Close-up view of the area marked in Figure 7.3.3 in the Von-Kossa-stained
section (a), overlay image (b), dark-field image (c), and transmission image (d).
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7.4 Object sizes in Sample 13

In this chapter, the size distribution of calcifications within Sample 13 is analyzed. For
this purpose, regions within the 3D paraffin volume obtained from the CT reconstruction
with transmission signals above a certain threshold were classified as objects. A slice
of the transmission CT reconstruction, cut to the tissue region, is shown in Figure
78a. The corresponding classified object with the background removed is shown in
Figure 78b. Selecting objects from the transmission reconstruction removes any false

(a). (b).

Figure 78: (a) Slice of the reconstructed transmission volume. (b) Detected objects
above a threshold, with each object marked in a different color.

classification of tears in the paraffin, surface roughness, and air-bubbles, but may also
exclude calcifications only visible in the dark-field. Since no ground truth inside the
paraffin block exists, such dark-field signals can only be excluded for special cases, such
as line-like tears in the paraffin.
An example of a selected object is shown in Figure 79, whereas each sub-figure presents
a different plane through the center of the classified object.

(a). (b). (c).

Figure 79: Images of planes through an object for the reconstructed dark-field volume
for the xy-plane (a), the yz-plane (b), the xz-plane (c).

Using the same coordinates, a line plot is determined for every plane through the
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center and smoothed with a Savitzky-Golay filter. This is done for both dark-field and
transmission values, whereas for the dark-field a Gaussian fit is applied to determine its
width, as shown in Figure 80. The Gaussian fit used was [Squ01]

(a). (b).

(c).

Figure 80: Line plots through the center of an object for the reconstructed dark-field
and transmission volume for the x-direction (a), the y-direction (b), the z-direction (c).
The lines were smoothed by a Savitzky-Golay filter and a Gauss-fit was applied to the
dark-field object.

f(x) = A exp

(
−(x− µ)2

2σ2

)
, (50)

where A is the amplitude, σ the width and µ the peak position. The widths determined
for each plane are shown in a histogram in Figure 81. Figure 81a presents the width in
the x-direction, Figure 81b the width in the y-direction, and Figure 81c the width in
the z-direction.

(a). (b). (c).

Figure 81: Histogram of the widths determined by a Gauss-fit of calcification objects
within Sample 13. (a) Distribution of widths in x-direction, (b) distribution of widths
in y-direction, and (c) depicts the distribution of widths in z-direction.

The histograms of each direction show significantly different distributions, indicating
that most calcifications are not spherical.
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Discussion of paraffin sample results

Using the Von-Kossa-stained sections as ground truth the main problem of the formalin
samples could be addressed. The Von-Kossa-stained sections are not within the measured
sample, but next to it, which could introduce differences in the resulting correlation.
The dark-field and transmission reconstruction of samples 10, 12, and 13 could be well
correlated to the Von-Kossa-stained section. In the correlation of those, calcification
objects visible in transmission and dark-field, visible only in dark-field, with higher
contrast in transmission, and not visible in both could be found. From the nine samples
six could not be well correlated to due to tears in the Von-Kossa-stained section,
tears inside the paraffin embedding of the tissue, surface roughness, and air-transitions
contaminating the dark-field signal. Since for some samples, the paraffin embedding the
tissue showed strong contamination of tears, surface roughness, and air-transitions also
visible in the dark-field signal, a determination of calcification without the Von-Kossa-
stained section is prone to false positives, and a ground truth necessary till a proper
discrimination is established.
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8 Conclusion

This thesis demonstrates the experimental optimization of a grating-based dark-field CT
system and evaluation of breast cancer samples provided by the ”Pathologie Uniklinikum
Erlangen”. This was motivated by the limited sensitivity of conventional X-ray imaging
to microstructures such as microcalcifications, commonly found in DCIS and invasive
breast cancer, and the increased sensitivity of the dark-field modality to detect them.
In Chapter 5 two different grating setups were used, and their acquisition parameters
and signal quality in the form of the visibility systematically investigated. No clear
optimum and only compromises for a specific parameter could be determined, with
exception of the focal spot size, where the improved spatial resolution of f = 1mm
results in clearly better images. Using phase-stepping scans the tube voltage and
threshold were determined by the highest counts a visibility of ≈ 30%. For the frame
time, the standard deviation in the free-field of a dark-field image did not decrease
exactly as with a Poisson-statistics expected. The phase-stepping scan configuration of
7 phase-steps with 5 per G0-period was selected, as it lead to a sufficiently decreased
the standard-deviation of its visibility compared to 6 phase-steps with 5 per G0-period.
The standard-deviation decreases with more phase-steps, but this also further increases
the scan time, and a compromise between standard-deviation of the visibility and scan
time has to be chosen. Furthermore, using CT reconstruction, the impact of angle step
size, angle sector, and frame time on the SNR of a aluminum-oxide powder region was
compared, which resulted in smaller angle step sizes reaching significantly larger SNRs.
Chapter 6 presents the evaluation of five samples embedded in formalin. Using the scan-
ner to record projection of the top view, resulted in no detection of objects. Using CTs,
this showed promising candidates for microcalcifications, but as no exact pathological
truth of the samples exists, object with a more pronounced dark-field signal cannot be
classified.
In Chapter 7 the limited ground truth was addressed, by correlating histological
Von-Kossa-stained sections next to the surface of sample with its surface in the CT
reconstruction. From the nine samples only three allowed for a well correlated overlaid
image of the stained section and the dark-field and transmission. The well correlated
samples showed calcification objects visible in transmission and dark-field, visible only in
dark-field, with higher contrast in transmission, and not visible in both. Since for some
samples, the paraffin embedding the tissue showed strong contamination of tears, surface
roughness, and air-transitions also visible in the dark-field signal, a determination of
calcification without the Von-Kossa-stained section is prone to false positives. Further,
the Von-Kossa-stained sections of some samples were degraded by tears of the section
and break outs of calcifications, which also worsens the correlation to the imaging
modalities.
In conclusion, this thesis establishes the experimental basis for the evaluation of patholog-
ical samples using dark-field CT. Using CT measurements, the locations of calcifications
could be determined in the dark-field and transmission modality. By comparison to
Von-Kossa-stained sections diffuse calcification clouds only identifiable in the dark-field
could be found. For future clinical applications, analyzing dark-field reconstructions
without an underlying ground truth creates the challenge to reliably differentiate
microcalcifications and without increasing the number of false positives.
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gralwerte längs gewisser Mannigfaltigkeiten”. In: Berichte über die Ver-
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