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Abstract

Conventional x-ray imaging suffers from low contrast for materials with similar absorp-
tion coefficients. Thus, it is difficult to differentiate between different types of soft tissue
in a human body. It has been pointed out by numerous studies that this limitation
can be overcome by considering the phase information of x-rays. Using a conventional
laboratory x-ray source, it is possible to acquire the phase-contrast and scattering in-
formation with a three-grating Talbot-Lau interferometer. To demonstrate the clinical
relevance of the method, recently, a preclinical small-animal scanner with a Talbot-Lau
interferometer mounted on a rotating gantry was developed. In the framework of this
thesis, technological development of the scanner is further pursued and several imaging
applications are investigated.
In the current form, the scanner has a design energy of 23 keV and, therefore, long expo-
sure times are necessary for imaging of small-animals. In order to overcome this limita-
tion the use of phase gratings with triangular phase-shifting structures in a Talbot-Lau
interferometer is discussed, based on simulation and experimental results. It is shown
that using such gratings it is possible to significantly increase the x-ray design energy
while keeping the total length of the setup constant. These results have been published
in Yaroshenko et al., Non-binary phase gratings for x-ray imaging with a compact Talbot
interferometer, Optics Express (2014).
Transmission-based x-ray imaging and, especially, radiography has only a very low sensi-
tivity for pulmonary disorders, especially, at an early stage. Therefore, it is investigated
if x-ray dark-field imaging could offer any diagnostic advantages for imaging early mor-
phological changes in the lung. Several pulmonary malfunction are evaluated both ex
vivo and in vivo using small-animal models. The considered disorders comprise pul-
monary emphysema, fibrosis, lung carcinoma, edema, neonatal chronic lung disease and
pneumothorax. Both obtained radiographic and tomographic imaging results strongly
suggest that x-ray dark field is more sensitive to morphological changes than conven-
tional absorption and, therefore, could be used for an earlier diagnosis of pulmonary
disorders. These results have been (partly) published by Yaroshenko et al., Pulmonary
emphysema diagnosis with a preclinical small-animal x-ray dark-field scatter-contrast
scanner, Radiology (2013).
To highlight the clinical relevance of the results obtained for mice, it is demonstrated
that it is possible to detect pulmonary emphysema based on the combination of trans-
mission and dark-field signals in ex vivo porcine lungs at clinically relevant imaging
settings. Finally, a thorax radiography of an ex vivo pig is presented, revealing that the
x-ray wavefront is not completely destroyed by thick objects and x-ray dark-field chest
radiograms of human patients can be hypothesized to be possible.
In conclusion, the performed studies advocate that x-ray dark field is a powerful tool
for imaging of morphological changes in the lung in small rodents but also potentially in
humans. Furthermore, it is shown that triangular phase-shifting structures facilitate a
technical implementation of a compact high-energy Talbot-Lau interferometer suitable
for clinical applications. All in all, the work presented in this thesis can be seen as a
further step towards preclinical and clinical establishment of x-ray dark-field imaging.





Zusammenfassung

Konventionelle Röntgenbildgebung hat den Nachteil, dass Materialien mit ähnlichen
Absorptionskoeffizienten nur schwer voneinander unterschieden werden können. In-
folgedessen, bekommt man lediglich einen begrenzten Bildkontrast zwischen unterschied-
lichen Weichgewebetypen im menschlichen Körper. Zahlreiche Studien haben gezeigt,
dass dieser Kontrast deutlich gesteigert werden kann, wenn man die Phaseninforma-
tion der Röntgenstrahlen bei der Bildgebung berücksichtigt. Mit einer konventionellen
Röntgenquelle ist es möglich die Phaseninformation sowie Streuung der Röntgenstrahlen
mittels eines Talbot-Lau-Interferometers, das aus drei Gittern besteht, zu erhalten. Um
die klinische Kompatibilität der Methode zu demonstrieren, wurde vor kurzem ein Klein-
tierscanner mit dem Interferometer auf einer sich rotierenden Gantry entwickelt. Im
Rahmen der vorliegenden Dissertation wird dieser Scanner technisch weiterentwickelt
und diverse Anwendungen werden diskutiert.
In der aktuellen Auslegung hat der Scanner eine Designenergie von 23 keV. Daher werden
lange Belichtungszeiten für Mäusescans benötigt. Um diese Beschränkung zu beheben,
diskutieren wir die Implementierung von Phasengittern mit dreieckigen Strukturen in
ein Talbot-Lau-Interferometer. Dabei werden Simulationen und experimentelle Mes-
sungen analysiert. Das Ergebnis zeigt, dass es möglich ist die Röntgendesignenergie des
Scanners deutlich zu erhöhen wobei die Gesamtlänge des Setups konstant bleibt. Die wis-
senschaftlichen Erkenntnisse wurden in der folgenden Studie veröffentlicht: Yaroshenko
et al., Non-binary phase gratings for x-ray imaging with a compact Talbot interferome-
ter, Optics Express (2014).
Transmissionsbasierte Röntgenbildgebung, insbesondere Radiographie, ist nur begrenzt
sensitiv auf Lungenerkrankungen, besonders in deren frühen Phasen. Deswegen unter-
suchen wir ob Röntgen-Dunkelfeld-Bildgebung Vorteile für die Diagnose von anfänglichen
morphologischen Veränderungen bietet. Dafür werden zahlreiche Krankheitsbilder wie
das Lungenemphysem, Fibrose, Lungenkrebs, Ödem, Bronchopulmonale Dysplasie und
Penumothorax untersucht. Sowohl radiographische, als auch tomographische Ergebnisse
liefern ein starkes Indiz dafür, dass Dunkelfeld-Bildgebung sensitiver auf morphologis-
che Veränderungen im Vergleich zum konventionellen Röntgen ist. Somit könnte man
das Dunkelfeldsignal für eine Frühdiagnose einsetzen. Die zentralen wissenschaftlichen
Ergebnisse dieser Untersuchungen wurden zum Teil in folgender Studie veröffentlicht:
Yaroshenko et al., Pulmonary emphysema diagnosis with a preclinical small-animal x-ray
dark-field scatter-contrast scanner, Radiology (2013).
Um die klinische Relevanz der Maus-Ergebnisse hervorzuheben, zeigen wir, dass man
mittels der Kombination der Transmissions- und Dunkelfeldsignale Lungenemphysem
auch in einer ex-vivo Schweinelunge detektieren kann. Dabei sind die Messungen mit
klinisch vergleichbaren Bedingungen entstanden. Zum Schluss präsentieren wir noch
Thorax Aufnahmen eines ex-vivo Schweins, die belegen, dass die Röntgen-Wellenfront
durch dicke Objekte nicht vollständig zerstört wird. Daher darf angenommen werden,
dass es möglich ist, Dunkelfeld-Radiographien vom menschlichen Thorax aufzunehmen.
Zusammenfassend, die präsentierten Studien beweisen, dass das Dunkelfeld-Röntgen eine
vielversprechende Methode für die Diagnose von Lungenerkrankungen in Mäusen und
auch potenziell in Menschen ist. Darüber hinaus wird gezeigt, dass Phasengitter mit
Dreiecksstrukturen den Bau eines kompakten hochenergetischen Setups, welches für klin-



ische Anwendungen benötigt wird, erleichtern. Alles in allem, kann die Arbeit in dieser
Dissertation als ein weiterer Schritt in Richtung klinischer und präklinischer Etablierung
der Röntgen-Dunkelfeld-Bildgebung angesehen werden.
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Chapter 1. Introduction 5

1 Introduction

In this chapter, the work presented in this PhD thesis is motivated and placed in the
context of other research in the field. The second part of the chapter provides an outline
of the structure of this thesis.

1.1 Motivation

The ability to non-invasively look inside the human body with x-rays has revolutionized
the modern medicine since Wilhelm Conrad Röntgen obtained the first image of his
wife’s hand in 1895. Based on the two-dimensional x-ray radiograms the clinicians were
able to diagnose bone fractures and other maladies. However, x-ray imaging suffered for
a long time from the fact that only projection imaging was possible. Imaging of complex
body parts like the head remained an unmet challenge. Disregarding all attempts, the
planar radiography failed to yield a sufficient signal of e.g. the brain, due to the strong
superimposing signal of the skull. Thus, introduction of x-ray computed tomography
(CT) to the clinics in 1971 represented a major improvement for the diagnostic value of
x-ray imaging. For the first time it was possible to assess the human body on volumet-
ric images. Computed tomography increased the sensitivity of x-ray imaging for many
disorders like identification of different types of tumors e.g. malignant gliomas, menin-
giomas, and brain metastases (Herholz et al., 2012). Since the first introduction of CTs
to the clinics there have been a number of technical improvements over the years that
enhanced the image quality and reduced the patient radiation dose. Despite all the tech-
nical progress the big drawbacks of x-ray imaging remain the use of ionizing radiation
and the low soft tissue contrast. These limitations have forced the scientific community
to pursue the search for other imaging approaches. Thus, a number of other imaging
techniques like ultrasound, magnetic resonance imaging (MRI), single photon emission
computed tomography (SPECT) and positron emission tomography (PET) have been
established in the clinical world. While these imaging techniques have been shown to
be superior to x-ray imaging for some disorders, the most common medical imaging
modalities remain x-ray radiography and tomography. The most prominent reasons for
the popularity of x-ray imaging is the good availability, low operating costs and very
fast image acquisition. Furthermore, x-ray is less prone to interreader variability than
e.g. ultrasound.
Until the present day, x-rays have been considered for clinical purposes as particles
whereas it has been shown already in 1912 by Max von Laue that x-rays can be consid-
ered as both: particles and waves. The phase information of the x-ray waves has been
completely disregarded so far in medical x-ray imaging, although its high potential for
improving the image contrast has been known since the groundbreaking experiments by
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Bonse and Hart (1965). The reason for this are the technical challenges for determining
x-ray refraction angles that lie in the range of nano radians and cannot be directly ap-
preciated with conventional clinically used detectors. Nonetheless, a number of methods
that enable to acquire the phase information have been developed over the past years.
However, most of them rely on the use of high-brilliance synchrotron x-ray sources and
technically very challenging setups. Therefore, x-ray phase-information-based imaging
has remained a powerful tool for academic basic research but has failed to make a clinical
impact. Thereby, the most prominent approaches are: the propagation based technique
(Snigirev et al., 1995; Cloetens et al., 1999); analyzer-crystal methods (Davis et al.,
1995; Chapman et al., 1997) and interferometric approaches (Bonse and Hart, 1965;
Momose et al., 2003). Only quite recently an approach has been reported that allows to
transfer the interferometeric imaging approach also to conventional laboratory sources
(Pfeiffer et al., 2006, 2008). The method is based on the introduction of a three-grating
Talbot-Lau interferometer into the beam. The work presented in this thesis relies on
this imaging technique. A Talbot-Lau interferometer makes it possible to acquire three
imaging contrasts simultaneously: conventional absorption, a differential phase-contrast
and a dark-field image. While the differential phase-contrast yields information about
refraction in the sample, the dark-field contrast reveals the small-angle scattering of the
sample. Experiments conducted at laboratory and synchrotron sources confirmed that
both x-ray phase contrast and dark field have the potential to significantly enhance the
soft tissue contrast and yield complementary information (Wen et al., 2009; Stampanoni
et al., 2011; Potdevin et al., 2012). To make a step towards preclinical implementation
of this new imaging method a prototype small-animal CT scanner was engineered. Two
previous PhD theses have described in detail the technical realization of the scanner and
the implementation of advanced software algorithms for processing of the acquired data
(Tapfer, 2013; Velroyen, 2015). Unfortunately, the CT scanner still faces the limitation
of relatively long acquisition times, which restricts the acquisition of in vivo tomogra-
phies.
The first part of the present thesis builds upon the previous work Tapfer (2013); Vel-
royen (2015) and discusses the possibility of increasing the design energy of the system,
without changing the layout of the rotating gantry. The goal of this section is to find an
approach how the design energy of the scanner can be increased so that the necessary
exposure times can be reduced.
The second part of the thesis focuses on evaluating the diagnostic value of x-ray dark-
field imaging for detecting pulmonary disorders. Lung diseases remain one of the lead-
ing causes of morbidity and mortality worldwide (WHO, 2014b). Unfortunately, con-
ventional x-ray imaging has only a limited sensitivity for the detection of pulmonary
disorders, especially at early stages. To address this issue, in the current thesis, a study
is presented that considers if x-ray dark-field imaging could offer some diagnostic ad-
vantages for the diagnosis and staging of different pulmonary disorders. Thereby, both
x-ray dark-field radiographic and tomographic images are analyzed. The presented re-
sults build upon the proof-of-principle study conducted at a synchrotron-like source,
which revealed that the combination of conventional transmission with dark field could
be used for an improved diagnosis of pulmonary emphysema in excised murine lungs
(Schleede et al., 2012). Finally, to evaluate the feasibility of translating the results to
human patients, a study with porcine lungs and an ex vivo pig is performed.
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Both sections of this thesis should be seen as parts of an effort to establish x-ray phase-
sensitive imaging in the preclinical research.

1.2 Outline

The present thesis consists of five chapters. The first chapter offers a short introduction
to the topic while chapter 2 contains the theoretical background. First, the physical pro-
cesses for the interaction of x-rays with matter are described, followed by a discussion
of the macroscopic description of x-ray propagation through matter. Subsequently, the
principle of grating-based phase-contrast imaging is summarized and the production of
gratings necessary for imaging is outlined. Finally, the small-animal CT scanner used
to acquire the majority of the measurements in this thesis is presented.
Chapters 3 and 4 both present original theoretical and experimental results. In chap-
ter 3 the use of non-binary phase gratings in a Talbot-Lau interferometer is discussed.
Thereby, special focus of the analysis is laid on the feasibility of constructing a compact
high-energy setup for x-ray phase-contrast and dark-field imaging. Simulated visibilities
are presented and validated experimentally. Finally, first imaging results are shown and
the limitations of this imaging approach are discussed.
In chapter 4 the diagnostic value of x-ray dark-field imaging for different pulmonary
disorders, both ex-vivo and in vivo in small rodents is analyzed. The studied diseases
comprise pulmonary emphysema and fibrosis, lung cancer, pulmonary edema, neonatal
chronic lung disease and pneumothorax. The penultimate section of this chapter dis-
cusses the feasibility to scale the results to human patients on the example of porcine
lungs. Finally, the last section presents the first ex vivo x-ray dark-field radiographic
images of a pig.
Chapter 5 presents a short summary of all the results and a discussion of future impli-
cations and perspectives.
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2 Theory

This chapter presents an overview over the theoretical background, which serves as a
basis for the original work described in the following chapters.

2.1 Interaction of x-rays with matter

Since the groundbreaking work by Max von Laue in 1912 it is known that x-rays can
be described both as particles and waves. The concept of particle/wave dualism is very
helpful for understanding the interactions of x-rays with matter. If an x-ray photon is
considered as a wave, then it can be described in vacuum as a plane electromagnetic
wave:

Ψ(r, t) = Ψ0 · ei(k·r−ωt), (2.1)

where Ψ0 is the amplitude of the field, r and t spatial position and time, respectively
and k and ω are the wave vector and the angular frequency. The wave vector is related
to the wavelength λ as |k| = 2π/λ. The x-ray flux can be calculated as beam intensity
I(r) given by the squared absolute value of the wave:

I(r) = |Ψ(r)|2. (2.2)

On the other hand, if an x-ray photon is considered as a particle, it is attributed with
energy E = ~ω and momentum p = ~k, where ~ ≈ 6.58 · 10−16 eV · s is the Planck
constant. In this case the flux is given by the number of particles passing through a
certain position in space.
When the interactions of x-rays with matter are considered on a microscopic level,
there exist a number of different interaction mechanisms, e.g. photoelectric absorption,
scattering, pair formation and photodisintegration. In the present thesis, the focus will
be laid on x-ray energies used for clinical imaging: 10 - 120 keV. As pairproduction
and photodisintegration are possible for x-ray energies above 1.02 MeV and 7 MeV,
respectively, they will be disregarded in all further considerations.
If an x-ray photon is absorbed by an atom then an (inner-shell) electron is ejected
and the energy excess is transferred to the expelled electron. Therefore, this process
is referred to as photoelectric absorption. Scattering can be subdivided into elastic or
inelastic Compton scattering. In the classical description, if an x-ray wave is elastically
scattered on an atom then the x-ray can be imagined as a wave that forces the electron
charge to accelerate and to radiate the scattered wave. The scattered wave has then
the same wavelength as the incident one. Elastic scattering on a quasi free electron is
referred to as Thomson scattering. If a photon is scattered inelastically on an electron
then fraction of the photon’s energy is transferred to the electron. Between the x-ray
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Figure 2.1: Total, Thomson, Compton and photoelectric absorption cross sections for
(A) carbon, (B) calcium and (C) iodine. The data was obtained from (NIST).

propagation direction before and after the scattering process exists a non-zero angle.
For x-ray scattering differential cross section dσ

dΩ
describes the probability of an incoming

photon to be scattered into a solid angle dΩ. If a photon is expressed as a wave then
the differential cross section can be written as:

dσ

dΩ
=
|Ψout|2

|Ψin|2
·R2, (2.3)

where R is the propagation distance from the interaction point and Ψout and Ψin are the
outgoing and incoming electromagnetic waves, respectively. Integration of the differen-
tial cross section over all angles yields cross sections σThomson and σCompton that reflect
the probability for elastic and inelastic scattering. The cross section for the photoelec-
tric absorption σphotoel can be introduced in an analogue manner. Thus, the total cross
section for interaction of x-rays with matter can be written as:

σtotal = σphotoel + σThomson + σCompton. (2.4)

Figure 2.1 presents the three contributing cross sections and the total cross section for
carbon, calcium and iodine for x-ray energies in the range of 10-120 keV. The cross
sections were derived from the online database (NIST), where the cross sections are
derived based on quantum mechanic consideration. The presented cross sections illus-
trate well that the photoelectric absorption cross section varies with the atomic number
of the absorber Z as Z4 (ZC = 6, ZCa = 20, ZI = 53) (Als-Nielsen and McMorrow,
2011). For the light elements like carbon the Compton scattering dominates for energies
above 30 keV, whereas for calcium, the photoelectric absorption is significantly higher
than the scattering contributions up to 100 keV. Finally, for iodine the photoelectric
absorption dominates for all considered energies and the K-edge is clearly visible for 33
keV. Thus, significantly more x-ray photons are photoelectrically absorbed in heavier
materials. The high photoelectric absorption and the position of the K-edge for iodine
explain the reason why iodine is clinically used as a contrast medium for an enhanced
contrast (absorption) in e.g. blood vessels.
While the cross sections reveal what physical processes occur in a sample, they are not
really suitable for the description of macroscopic processes. Thus, for example it is
impossible to calculate the refraction angle of an x-ray wave with the interaction cross
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sections alone. Therefore, in the following section the macroscopic description of the
interaction of x-rays with matter is discussed.

2.2 Refractive index

For the macroscopic description of x-ray wave interactions with matter the refractive
index n of material is helpful. In general it is a complex number that can be written as:

n = 1− δ + iβ, (2.5)

where δ is the refractive index decrement and β the attenuation component. Real and
imaginary parts of the refractive index are associated with microscopic material proper-
ties. Both δ and β can be calculated based on a semi-classical model, where the electrons
are considered to be bound to the nucleus of an atom by a certain potential. If an x-ray
wave accelerates the charge distribution of an atom then the binding potential damps
the oscillation. In this process a spherical wave eik·r/|r| of the same wavelength as the
incident wave is reemitted (Als-Nielsen and McMorrow, 2011). With all these consider-
ations, the ratio between the amplitudes of the incident Ψin and the outgoing wave Ψout

can be written as:
|Ψout|
|Ψin|

= −r0 · f(Q, E) · P · e
ikR

R
, (2.6)

where r0 = 2.82 · 10−5 Å is the classical electron radius, P the polarization of the wave
and R the distance to the interaction point. f(Q, E) denotes the atomic form factor
which gives the ratio between the electromagnetic field amplitude scattered by multiple
bound electrons in a material relative to the amplitude of a wave scattered by a single
free electron. The atomic form factor is used to take into account that in a material the
x-ray wave is not scattered on a single electron but rather on a charge distribution that
is bound to the atoms. It is pointed out that the incident wave has a wave vector k and
the outgoing k′, and the scattering vector Q is given by Q = k′ − k.
If the damping of the oscillations of the charge distribution caused by the atom is
taken into account then the interaction of x-rays with matter can be modeled as an
externally driven harmonic oscillator (Als-Nielsen and McMorrow, 2011). This results
in an introduction of energy dependent real and imaginary dispersion corrections to the
atomic form factor, which are necessary to account especially for the absorption edges.
Thus, the atomic form factor in general form reads:

f(Q, E) = f0(Q, E) + f1(E) + if2(E). (2.7)

A detailed derivation of f1(E) and f2(E) can be found in (Als-Nielsen and McMorrow,
2011; Attwood, 1999), where it is shown that far from the absorption edges:

f0(Q, E) =

∫ +∞

−∞
ρ(r)eiQ·rdr ≈ Z, (2.8)
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where ρ(r) is the charge distribution in the atom. The dispersions correction terms are
thereby:

f1(E) ≈ 0, (2.9)

and

f2(E) = −
(

k

4πr0

)
σa, (2.10)

where σa is the total absorption cross section, given by a combination of the photoelectric
absorption and Thomson and Compton scattering. For light elements (Z < 40) and
energies above 20 keV (for this energy range all electrons of an atom have to be included
into considerations for the photoelectric absorption) the absorption cross section σa can
be approximated by (Als-Nielsen and McMorrow, 2011):

σa = C ·
(
k0

k

)3

Z4, (2.11)

with constant C = 0.02 [barn], and k0 being the length of the wave vector for a photon
of 1 Å wavelength.
Using the atomic form factor, the scattering in the forward direction can be written as
(Willmott, 2011; Als-Nielsen and McMorrow, 2011):

n = 1− r0λ
2

2π

∑
i

Nif
i(θ = 0), (2.12)

where the number of atoms per unit volume is denoted with Ni and f i(θ = 0) stands for
the complex atomic form factor for the ith atom. Comparison of equation 2.5 with 2.12
together with the derivations for the atomic form factors yields that far from absorption
edges δ and β can be expressed as:

δ =
r0λ

2

2π
ρe ∝ Z

k2
, (2.13)

β =
ρaσa
2k

∝ Z4

k4
, (2.14)

where ρe = Ni · Z stands for the electron density and ρa represents the atomic number
density, which can be calculated as ρa = ρMNA/M from the mass density ρM , Avogadro
constant NA = 6.022 · 1023 mol−1 and the molar mass M . It is interesting to notice
that δ and β have different dependence on the energy and atomic number Z. While
δ ∝ Z/E2, β ∝ Z4/E4. The implications of this result for imaging will be discussed in
the next section.

2.3 X-ray absorption and phase shift

The complex refractive index of a material describes both the absorption and the phase
shift of an electromagnetic wave. To illustrate this a plane wave, propagating in z
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direction through a medium with a refractive index n = 1− δ + iβ is considered:

Ψ(z, t) = Ψ0 · ei(nkz−ωt) (2.15)

= Ψ0 · ei(kz−ωt)︸ ︷︷ ︸
propagation in vacuum

· e−kβz︸ ︷︷ ︸
absorption

· e−ikδz︸ ︷︷ ︸
phase shift

. (2.16)

It can be directly observed that δ introduces a phase shift to the wave of e−ikδz with
respect to the propagation in vacuum and β is responsible for the attenuation of the
amplitude by a factor e−kβz.
Thus, it is necessary to compare δ and β in order to find out whether for a certain
material a stronger absorption or a phase shift can be expected. For the clinically
relevant x-ray energies and light materials (Z < 40), δ is in the order of δ ≈ 10−7,
whereas β ≈ 10−10. Based on these numbers, the phase shift seems to be give a stronger
signal than the absorption. A more elaborate method to compare the phase shift and
absorption signals has been proposed by Momose et al. (Momose et al., 2002; Momose,
2005). The approach relies on the introduction of a cross section for the phase shift σp,
and is defined in a similar way to the total absorption cross section σa discussed in the
previous section. The relationship between δ and σp reads:

δ =
ρa
k
σp. (2.17)

Comparison of the cross sections for absorption and phase shift for light materials
(Z < 40) demonstrated that σp is 103 higher than the cross section for the absorption
σp (Momose et al., 2002; Momose, 2005).
Considering these results it is necessary to keep in mind that for imaging, the signal
strength is not as important as the contrast between different features. Therefore, to
evaluate if the phase or absorption will provide better imaging results it is more appro-
priate to evaluate the difference in the δ and β values for the materials. Thus, some
materials have been shown to have similar δ values but differ in β or vice versa (Herzen
et al., 2009; Tapfer et al., 2011; Sarapata et al., 2014). Furthermore, a further aspect
needing consideration is the sensitivity of the imaging approach to both absorption and
phase information. Consequently it cannot be generalized that x-ray phase-contrast is
better than absorption imaging or vice versa. Each case has to be considered separately.

Beer-Lambert Law. If the intensity of an x-ray beam passing through an object Io
is measured with respect to a beam passing the same distance in vacuum Iv then one
obtains:

Io(z)

Iv(z)
=
|Ψ0 · ei(kz−ωt) · e−kβz · eikδz|2

|Ψ0 · ei(kz−ωt)|2
= e−2kβz. (2.18)

If a new variable µ is introduced, so that µ = 2kβ, then the intensity reads:

I(z) = I0 · e−µz, (2.19)

which is the well-known experimentally confirmed Beer-Lambert law for the attenuation
of x-ray in matter. Figure 2.2 illustrates the discussed case.
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 ΔΦn = 1-δ+iβ

 ΔA  α
 Δ

x

Propagation  direction z

Figure 2.2: A sketch visualizing a plane wave travelling through an object with a
refractive index n = 1− δ + iβ and a further wave travelling through vacuum. ∆A and
∆Φ represent the reduction of the amplitude and the phase shift, respectively, whereas
α represents the refraction angle.

Refraction Angle. When a wave passes through an object with the refractive index n,
not only the amplitude is reduced, but the phase also acquires a certain phase shift ∆Φ.
This phenomenon can be observed in Figure 2.2. From equation 2.15 it can be directly
followed that the phase shift of the wave is given by:

∆Φ = kδz. (2.20)

The acquired phase shift causes a change in the wavefront propagation direction. This
effect is marked by the angle α in Figure 2.2. The refraction angle can be directly
calculated through the phase shift as:

tanα =
∆Φ/2π · λ

∆x
, (2.21)

where ∆x is the distance between the two waves. Using the small angle approximation
the relation becomes:

α =
λ

2π

∂Φ

∂x
. (2.22)

Equation 2.22 suggests that if the refraction angle α is measured, the phase shift of the
refracted wave can be obtained through integration. This phenomenon will be used in
the current thesis to obtain the phase information of a sample.

Generalized Case. Equation 2.18 and 2.20 were derived for the case of a uniform
refractive index in the sample. This assumption does not hold if the wave penetrates
several different materials. In this case the variations in the refractive index have to be
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Figure 2.3: (A) Two waves with a wavelength difference of ∆λ propagating in an iden-
tical direction. The waves are completely out of phase after the longitudinal coherence
length LL. (B) Two waves with an identical wavelength λ propagating under an angle
∆α with respect to each other. The waves are completely out of phase at transverse
coherence length LT . This Figure is adapted from (Als-Nielsen and McMorrow, 2011).

taken into account and the generalized equations become:

I(z) = I0 · exp

(
−
∫ z

0

µ(ξ) dξ

)
, (2.23)

and

∆Φ(z) =

∫ z

0

kδ(ξ) dξ. (2.24)

The presented equations build upon the assumption that x-rays travel in a straight line
through medium and consequently secondary scattering events can be neglected. This
assumption typically holds for x-rays (Paganin, 2006).

2.4 Coherence

The derivations for the refraction angle and absorption fraction in the previous section
were based on the assumption that an object is illuminated with plane waves that are
perfectly identical. In particular, all the waves have the same propagation direction
and the same wavelength. This phenomenon of waves being “in phase” is referred to as
coherence. Without sufficient coherence it is impossible to measure the refraction angle
correctly and obtain the phase information. In the following, the notions of longitudinal
and transverse coherence are discussed separately.
First, we consider two waves that are propagating in an identical direction but with
a slightly different wavelength. If the wavelength of the first photon is λ then the
wavelength of the second is λ −∆λ. Figure 2.3 (A) visualizes the discussed case. It is
assumed that the waves have the same phase in the beginning and consequently they
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will have the same phase after travelling the distance 2LL which can be expressed as:

2LL = Nλ = (N + 1)(λ−∆λ). (2.25)

For half the propagation distance LL, referred to as “longitudinal coherence length”, the
waves are exactly out of phase (π phase shift). The longitudinal coherence length can
be expressed based on equation 2.25 and using the fact that (N + 1)∆λ = λ as:

LL =
1

2

λ2

∆λ
. (2.26)

Longitudinal coherence is of importance when working with polychromatic x-ray sources
that emit more than one wavelength.
The second case needing consideration is when the two waves have an identical wave-
length but their propagation directions deviate by a small angle ∆α. Such a situation is
sketched in Figure 2.3 (B). Both waves will have the same phase at positions A and B. At
half the distance between A and B the waves will be exactly out of phase. Such a distance
along the wavefront is referred to as “transverse coherence length” LT . For sufficiently
small angles ∆α the transverse coherence length can be expressed as: 2LT = ∆α/λ. If
the two waves originate from the emission points of the same source with dimension D
and at a distance R, then the angle is given by ∆α = D/R and the transverse coherence
length becomes:

LT =
λ

2

R

D
. (2.27)

Thus, it can be clearly observed that the transverse coherence scales with the ratio of
the source size and propagation distance.
Both longitudinal and transverse coherence are important for x-ray phase-sensitive imag-
ing and implications thereof will be discussed later. However, while the influence of
the transverse coherence can be directly estimated on the imaging results, it is not so
straightforward for longitudinal coherence. In fact there is no equation that would re-
late the longitudinal coherence length to the imaging results. Much rather it is nec-
essary to be aware of longitudinal coherence and then to calculate the influence of
non-monochromaticity for each imaging case separately. How this can be done will
be discussed in more detail later.

2.5 Free-space propagation of x-rays

For many applications it is necessary to know the exact shape of the wavefront at a
certain position in space. Therefore, in the following propagation of a wavefront in free
space is considered in the following.
According to the Huygens-Fresnel principle the wavefront at any moment can be cal-
culated as the sum of spherical wavelets distributed on the wavefront. Consequently,
the wavefront at a later point can be obtained by integrating over all individual con-
tributions of the wavelets according to the Fresnel-Kirchhoff diffraction integral (Born
and Wolf, 1999). For example, to obtain the wavefront of a wave propagating in the
z direction, one has to consider the distribution of a number of sources in the original
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plane z′ = 0:

Ψ(x, y, z) =
1

iλ

∫ ∫
Ψ(x′, y′, 0)

eik·r

r
cos(n, r)dx′dy′, (2.28)

where r and n are the position of the imaging plane and the unit vector in the propagation
direction, respectively. The wavefront at the image plane Ψ(x, y, z) is described by the

superposition of spherical waves eik·r

r
that originate from every point of the incoming

wave Ψ(x′, y′, 0) (in the plane z′ = 0).
For hard x-rays, typically, the assumption is made that the deflection angles are small
(paraxial approximation) cos(n, r) ≈ 1 and r ≈ z (Paganin, 2006) and only the first two
terms of the Taylor expansion are taken into account for r, so that equation 2.28 can be
simplified to:

Ψ(x, y, z) =
eikz

iλz

∫ ∫
Ψ(x′, y′, 0)e

ik
2z

[(x−x′)2+(y−y′)2]dx′dy′. (2.29)

This simplification is referred to as Fresnel approximation. Here the wave originates at
Ψ(x′, y′, z′ = 0) and propagates only in z direction.
Mathematically, equation 2.29 can be also seen as a convolution of the wave Ψ(x′, y′, z′ = 0)
with a propagator function h(x, y, z), where:

h(x, y, z) =
eikz

iλz
e

ik
2z

(x2+y2). (2.30)

Consequently, the wave propagation can be also written as:

Ψ(x, y, z) = Ψ(x′, y′, 0) ∗ h(x, y, z), (2.31)

with ∗ denoting the convolution operator. In fact, the transformation in equation 2.31 is
not just a mathematical gimmick, but can be used for a significant simplification of the
wave propagation calculations. If equation 2.31 is combined with the Fourier convolution
theorem that states that the Fourier transform of a convolution of two functions a(x, y)
and b(x, y) can be calculated as a product of Fourier transforms of the two functions:

FT {a(x, y) ∗ b(x, y)} = FT {a(x, y)} · FT {b(x, y)}, (2.32)

then the expression for the propagated wave can be calculated as:

Ψ(x, y, z) = FT −1[FT {Ψ(x′, y′, 0)} · FT {h(x, y, z)}]. (2.33)

This result implies that to calculate the propagated wavefront instead of calculating the
convolution of two functions which can be rather tricky, it is enough to take the Fourier
backtransform of the product of the wavefront and the propagator (in Fourier space).
This approach was used to evaluate the wavefront for numerical simulations in chapter 3.
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2.6 Grating-based x-ray phase-contrast and dark-field
imaging

2.6.1 Motivation

In section 2.3 it was discussed that if the phase information of an x-ray wave is acquired
then potentially a better contrast especially between light materials can be achieved. A
number of methods (Snigirev et al., 1995; Wilkins et al., 1996; Chapman et al., 1997;
Cloetens et al., 1999; Dierolf et al., 2010) for x-ray phase-sensitive imaging have been
developed over the past 50 years since the groundbreaking experiments conducted Bonse
and Hart (1965). Unfortunately, all of these techniques rely on the high spatial coherence
and flux of a large-scale synchrotron x-ray source. Only quite recently a method based
on a grating interferometer was introduced that makes it possible to acquired the phase
information using a conventional laboratory source (David et al., 2002; Momose, 2003;
Weitkamp et al., 2005; Pfeiffer et al., 2006, 2008). This is the method used to acquire the
results presented in this thesis and therefore it will be discussed in the following. The
basic idea of the method is to create a reference intensity pattern that is registered with
and without a sample in the beam. Comparison of the two acquired intensity patterns
can be used to calculate the refraction angle and thus the differential phase shift. The
change in the intensity pattern can be used to further obtain the small-angle scattering
information of the sample in the so-called dark-field image. These imaging concepts
have been already widely used in light microscopy (Murphy, 2002).

2.6.2 Talbot effect

There are a number of ways to create the necessary reference intensity pattern. For
the detection of changes it is helpful to have highly illuminated and dark areas, so that
in an ideal case the reference pattern has a shape similar to a step function. Such an
interference pattern can be achieved with an absorption or phase grating.
Henry Fox Talbot reported in 1836 that if a periodic absorption object like a grating is
illuminated with coherent visible light, then self images of the object are produced at
certain distances along the optical path (Talbot, 1836). Talbot further showed that the
exact self images occur at the distance that is referred to as the “full Talbot distance”
Zt, which depends on the periodicity of the object p and the wavelength λ:

Zt =
2p2

λ
. (2.34)

Theoretical evaluation of the periodically modified propagated wave revealed that in-
terference patterns with a strong resemblance to the spatial structure of the grating
itself can be observed also for other distances (Suleski, 1997). However, the wavefront
is exactly repeated only at half and full Talbot distance (Talbot, 1836; Rayleigh, 1881;
Suleski, 1997). While the full Talbot distance depends only on the periodicity of the
object and the wavelength of x-rays, the intermediate distances strongly depend on the
other properties of the periodic object. This effect is illustrated on the example of three
different gratings in in Figure 2.4. The first two gratings are phase gratings, with π/2
and π phase shifting structures, respectively. The third grating is an absorption grating.
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The intensity pattern was generated using free space wave propagation with full trans-
verse coherence and ideal phase structures. It can be observed that while for all the three
gratings the exact wavefront is reproduced after half and full Talbot length 2p2/λ, for
the two phase gratings there are some intermediate distances with a similar interference
pattern. In Figure 2.4 they are marked with white dashed lines. These distances are
referred to as fractional Talbot distances. The periodicity of the interference pattern is
the same as that of the grating for the π/2 grating and half the period of the grating
for the π grating.
The propagation distance to the first fractional Talbot distance for the two presented
phase gratings is different. Thorough theoretical analysis yields the following rule for
the fractional Talbot distances Zf

t (Suleski, 1997; Arrizón and López-Olazagasti, 1995):

Zf
t =

1

ν2

np2

2λ
, n ∈ (2N + 1), (2.35)

where ν is used to discriminate between different periods of the interference patterns:

ν =

{
1, for Φ = k · π

2
and k ∈ (2N + 1)

2, for Φ = j · π and j ∈ (2N + 1).
(2.36)

The interference pattern for an absorption grating is similar to the grating itself only at
the half and full Talbot distance Zt.
The interference pattern for the phase gratings at the fractional Talbot distances and for
the absorption grating at half the Talbot distance are well suited to be used as a reference
intensity pattern for imaging. In order not to reduce the x-ray flux phase gratings and
not absorption gratings are typically used to create the reference interference pattern for
measurement of x-ray diffraction angles in setups with a conventional source. Therefore,
in the following, if not otherwise stated, it will be assumed that a phase grating is used
to create an interference pattern.

2.6.3 Grating interferometer

If an interference pattern is recorded with and without the sample, then, by considering
the difference between the two measurements, the diffraction angle α can be locally cal-
culated and, subsequently, the first derivative of the phase can be obtained according to
equation 2.22. The typical refraction angles that have to be detected are in the range of
10−6 − 10−9 rad (Bech, 2009). Moreover, from equation 2.35, describing the fractional
Talbot distances, it can be concluded that if radiation of around 50 keV is used and
the distance from phase grating to detector should not exceed 1 m, then the period of
the phase grating has to be in the order of few µm. This implies, however, that the
reference pattern has also a periodicity of few µm and is therefore too small to be di-
rectly resolved by conventional detectors. To account for this problem, a further grating
is introduced into the beam at the fractional Talbot distance. The grating is typically
placed in direct contact to the detector. This grating is an absorption grating that is
used to analyze the interference pattern. Therefore, this grating is typically referred
to as “analyzer grating”. The described geometry consisting of two gratings is referred
to as a Talbot interferometer. The period of the analyzer grating is picked to fit the
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Figure 2.4: Interference intensity carpets for phase gratings with π/2 and π phase
shifting structures and an absorption grating. All grating have a duty cycle of 0.5. The
white dashed lines demonstrate the shortest propagation distance to an interference
pattern similar to the self images of the gratings.
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period of the interference pattern in order to avoid Moiré fringes, which occur when two
periodic structures with slightly different periods are superimposed (Weitkamp et al.,
2004). A sketch of a Talbot interferometer can be found in Figure 2.5. In the following
the phase grating will be referred to as G1 grating and the analyzer grating as the G2
grating. The periods of the two gratings will be written as p1 and p2, respectively.
It is interesting to consider how attenuation, refraction and scattering affect the inter-
ference pattern. In case the x-rays are attenuated by an object then the amplitude of
the interference pattern is significantly reduced. Whereas if a wedge is present in the
beam then the x-ray beam is refracted and the interference shape is laterally shifted.
Finally, if the sample consists of small structures that all refract the beam, then the
refraction angle of a single refraction can no longer be resolved and a diffuse scattering
is registered. In this case some photons are scattered into the interference pattern areas
of low intensity. Thus, the amplitude of the intensity pattern is reduced and an offset is
generated.

2.6.4 Phase-stepping scan

In order to detect the small deviations in the interference pattern that occur when a
sample is introduced into the beam, the analyzer grating is moved along the x axis
in Figure 2.5 in a number of steps and an image is recorded for each position of the
analyzer grating (Weitkamp et al., 2005). Arrows in Figure 2.5 indicate the direction
of the analyzer grating movement. The recorded intensity for one detector pixel, as a
function of the position of the grating is referred to as the “stepping curve”. In general,
the movement can be also performed by the phase grating or in some cases even by the
x-ray source (Miao et al., 2013).
An ideal analyzer grating absorbs all the radiation that hits the grating bars. The
measured intensity in each pixel can be calculated as a convolution of the interference
pattern and the transmission function of the analyzer grating. In an ideal case where
the phase grating is illuminated with a coherent plane wave, the detected intensity as a
function of the stepping position is given by a triangle function (convolution of two step
functions) (Bech, 2009). It is pointed out that as the grating periods are typically smaller
than the detector pixels, the total recorded intensity is the sum intensity over the grating
part covering the detector pixel. If the spatial extent of the x-ray source is taken into
consideration (which can be achieved by considering the source as a Gaussian function)
then the stepping function in first approximation has the shape of a sine function (Bech,
2009).
Figure 2.6 illustrates how an attenuating, a refracting and a scattering object affect the
stepping curve. During a phase-stepping scan the intensity for only a finite number of
grating positions is recorded. Such measured intensity values are represented in Figure
2.6 by black dots. The fitted curve should help better visually demonstrate the changes.
The stepping curve acquired without the object in the beam has a sine shape. If a
purely absorbing object is introduced into the beam then the average value as well
as the amplitude of the stepping curve are diminished by the same factor, as shown
in Figure 2.6 (A). On the other hand, if a purely refracting object is imaged then
the amplitude and the average value of the intensity of the sine stay the same and the
stepping curve is simply shifted with respect to the grating position. Finally, if an object
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Figure 2.5: Working principle of a Talbot interferometer. Attenuation of the x-ray beam
leads to a reduction of the amplitude of the interference pattern. Refraction causes a
shift of the pattern, whereas scattering reduces the amplitude of the interference pattern
and creates an offset. The Figure is adapted from (Schleede, 2013).
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Figure 2.6: Acquired intensity for one pixel as a function of the analyzer grating posi-
tion. A comparison for the intensity acquired without and with sample in the beam for
attenuating (A), refracting (B) and scattering (C) object. The black dots show typical
measurements for the grating position ξg/p2 whereas the solid lines are the fitted sine
functions. Image adapted from (Tapfer, 2013).

does not absorb but scatters only, then the average value of the stepping curve does not
change with respect to the curve acquired without an object, but the amplitude of the
stepping curve is reduced. In general, each object shows all three discussed properties
and the recorded intensity stepping curve has to be processed to obtain all three signal
components.

2.6.5 Signal extraction

There are different approaches for the extraction of the attenuation, refraction and
scattering signal components from the measured stepping curve. One of the fastest and
simplest is based on the Fourier decomposition. The intensity in each pixel can be
written as a Fourier series:

I(ξg) =
∞∑
n=0

an cos

(
2πn

ξg
p2

+ ϕn

)
, (2.37)

where x is the grating position (0 ≤ x ≤ p2), an and ϕn are the amplitude and phase coef-
ficients, respectively. In case of moderate coherence, the series can be well approximated
by the first two components of the Fourier series (Bech, 2009)

I(ξg) = a0 + a1 cos

(
2π
ξg
p2

+ ϕ1

)
. (2.38)

The coefficient a0 represents the average measured intensity, while a1 is the oscillation
amplitude and, finally, ϕ1 is the phase offset.
In order to calculate the signals from the sample, it is always necessary to have a ref-
erence value, i.e. a stepping curve performed without the sample in the beam. In the
following the values with superscript r and s stand for the parameters calculated for the
scans performed without and with the sample in the beam, respectively.
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Transmission: The transmission through the sample is given by the ratio of the average
values acquired with and without the sample:

T (x, y) =
I(x, y)

I0(x, y)
=
as0(x, y)

ar0(x, y)
, (2.39)

where the parameters (x, y) indicate that the same operation is performed for all the
recorded pixels in order to obtain the full transmission image. Thus calculated trans-
mission T is related to the linear attenuation coefficient µ via the Beer-Lambert law.

Differential Phase: The phase shift obtained due to the sample can be calculated as:

∆ϕ(x, y) = ϕs1(x, y)− ϕr1(x, y). (2.40)

Thus calculated phase difference is of course restricted to the interval [0, 2π]. In case
values larger than 2π occur, an unwrapping algorithm has to be applied (Tapfer et al.,
2012).
The lateral shift of the interference pattern scales linearly with the distance between
the phase and the analyzer grating. Therefore, combination of equations 2.22 and 2.24
yields the following correlation between the calculated phase shift and the refractive
index decrement δ:

∆ϕ(x, y) =
2πd

p2

∂

∂x

∫ +∞

−∞
δ(x, y, z) dz, (2.41)

where d is the distance between the phase grating and the analyzer grating.

Dark Field: The local small-angle scattering properties of the sample V (x, y) can be
derived from the acquired stepping curves as:

V (x, y) =
as1(x, y)

as0(x, y)

ar0(x, y)

ar1(x, y)
. (2.42)

If similar to the linear absorption coefficient µ a material dependent linear diffusion
coefficient ε is introduced (Bech et al., 2010), then the relation between the dark field
and the diffusion coefficient can be written as:

V (x, y) = exp

(
−2π2d2

p2
2

∫ +∞

−∞
ε(x, y, z) dz

)
, (2.43)

which is similar to the Beer-Lambert law.
It is interesting to consider the exact origin of x-ray dark field. Naturally, x-rays are
refracted on each interface of two materials. If the refracting structures are too small
to be directly resolved then the refractions give a diffuse signal and, thus, a dark-field
signal. This is the primary origin of x-ray dark field. However also other phenomena
can lead to a detection of x-ray dark field. For example, it is also known that a sharp
edge in the field of view along the grating bars produces a dark-field signal even if the
material does not produce any small angle scattering. It can be hypothesized, though it
has not been thoroughly analyzed, that this is caused by the change in the period of the
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phase stepping curve and the subsequent underestimation/overestimation of the curve’s
period during the signal processing (the wavefront is partially destroyed by the edge
and the stepping curve changes its shape). Additionally, if imaging is performed with a
polychromatic beam then a highly absorbing sample causes beam hardening (Chabior,
2011). This changes the interference pattern and leads to a dark-field signal even if the
object has no scattering properties. All these aspects have to be taken into consideration
when looking at a dark-field image, in order to fully understand the origin of the signal.
To further understand the nature of dark field some recent studies have compared the
dark-field imaging results with small-angle x-ray scattering (SAXS) experiments (Bech
et al., 2012; Modregger et al., 2012, 2014).
The presented processing approach yields the three imaging modalities: x-ray transmis-
sion, phase-contrast and dark field. Due to the acquisition of the three signals they are
intrinsically perfectly registered, so that the obtained images can always be compared
pixel by pixel. It is necessary to point out that for low x-ray energies (below approxi-
mately 50 keV) the three imaging modalities yield three complimentary signals. This is
not necessarily the case for x-ray energies above 50 keV. For such energies the absorption
image relies on the Compton scattering for image formation, which is proportional to the
electron density of the sample. And as it has been shown in equation 2.41 the phase-
contrast signal is also proportional to the electron density. Therefore, both imaging
modalities yield similar information about the sample. The complementarity of x-ray
dark-field signal to conventional transmission imaging is given for all x-ray energies due
to the origin of the signals.
It is also pointed out that there exist a number of further algorithms for the extraction
of the three signals from the acquired stepping curve. An example for such an approach
would be fitting a sine function to the acquired data and further methods are reported
in (Wen et al., 2010; Zhu et al., 2010; Morgan et al., 2011a,b; Miao et al., 2013; Ge et al.,
2014; Wu et al., 2015). The Fourier decomposition processing offers one of the easiest
and fastest algorithms and usually provides quite good imaging results. Independent of
the exact signal extraction algorithm the physics of the signals stay identical.

2.6.6 Magnified setups

All the theoretical considerations so far have been based on the assumption that the
gratings are illuminated with a parallel beam. Apart from the synchrotron x-ray sources,
where the source size is very small and the distance to the sample long, so that the beam
can be assumed to be parallel, it is necessary to account for the divergence of the beam.
In particular, if the beam is not parallel then the magnification has to be taken into
consideration. Figure 2.7 presents a sketch of a setup with a cone beam geometry.
The distance between the source and the phase grating is considered to be L, whereas
the distance between the phase grating and the analyzer grating is d. In this case a
magnification factor M :

M =
L+ d

L
, (2.44)

influences the effective period of the analyzer grating. As it has been pointed out earlier
the period of the analyzer grating has to match the period of the interference pattern.
In a diverging beam geometry the interference pattern is magnified and the period of
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Figure 2.7: A sketch of a setup with a cone beam geometry. The magnification factor
has to be taken into account for the period of the analyzer grating and the intergrating
distance d.

the analyzer grating has to be:

pmag2 = Mp2 = M
p1

ν
, (2.45)

where ν = 1 or ν = 2 for a π/2 and π phase grating, respectively. Strictly speaking, for
in a cone beam geometry a curved detector and gratings are required to account for the
curvature of the wavefront. Luckily, the cone beam, typically, does not cause significant
blurring on the detector and a flatpanel detector can be used. However, if plane phase
and analyzer gratings are used, then towards the edges of the field of view the phase
stepping curve does not have a sine shape any more, due to the varying effective duty
cycles. This phenomenon is referred to as “shadowing” and it will be further discussed
in the following results chapter.
In a diverging beam setup the magnification has to be taken into account not only for
the analyzer grating but also for the intergrating distances. Since the waves are not
travelling in parallel, a longer distance is needed for them to interfere and therefore the
Talbot distances is also affected by the magnification:

Zmag
t = MZt. (2.46)

Thus, in a cone beam geometry the distance between the gratings has to be larger than
in a parallel beam.

2.6.7 Imaging with incoherent radiation

The spatial coherence of the x-ray source significantly affects the phase-contrast and
dark-field imaging results obtained with a grating interferometer. Therefore, the influ-
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Figure 2.8: A sketch of an elongated x-ray source consisting of multiple line sources
and the resulting fringe intensity profile.

ence of both transverse and longitudinal coherence on the imaging results is discussed
in the following.
For the comparison of the influence of different setup parameters on the imaging results,
the notion of visibility is very important. Visibility is defined as:

V is(x, y) =
Imax(x, y)− Imin(x, y)

Imax(x, y) + Imin(x, y)
=
a1(x, y)

a0(x, y)
, (2.47)

where Imin and Imax are the minimal and maximal registered intensity for one pixel for
the acquired phase stepping curve. a1 and a0 stand for the Fourier signal decomposition
coefficients introduced in equation 2.38. In plain words the visibility describes the am-
plitude of the reference intensity pattern oscillation with respect to the average signal.
Visibility influences the error in the measured phase signal (σ) with σ ∝ 1/V is2 (Revol
et al., 2010; Engel et al., 2011).

Transverse coherence. As previously described the transverse coherence of the x-ray
beam strongly depends on the spatial expansion of the x-ray source and its distance to
the plane of detection. To understand the influence of the transverse coherence on the
visibility of the interference pattern it is necessary to imagine the source as a series of
thin line sources. The orientation of the line sources should be parallel to the orientation
of the grating lamellas. Figure 2.8 presents a sketch of the discussed case. The line
source situated in the middle of the source produces a binary interference pattern at the
fractional Talbot distance behind the phase grating. Now, a line source that is located
κ away from the central line source will introduce a binary interference pattern that
is κd/L laterally shifted with respect to the first interference pattern. Consequently,
if κd/L � p2, then the interference patterns overlap and increase the visibility of the
interference pattern. Furthermore, in case the overlap is small, then the interference
pattern will be smeared out, decreasing the visibility. The minimum is reached here if
κd/L = p2/2, so that a constant signal intensity will be produced in the analyzer grating
plane and the visibility will be 0. This case is illustrated in Figure 2.8. In the light of
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these considerations, it can be concluded that the source size smax should be no larger
than:

smax ≤
p2L

2d
, (2.48)

where the definition of L, d and p2 are shown in Figure 2.8. This restriction applies only
in the direction perpendicular to the grating lamellas.
Regrettably, conventional laboratory sources seldom satisfy the condition in equation
2.48, as the typical source spot sizes are in the range of 50−2000 µm. If the visibility of
such large source spots s > p2L

2πd
is considered then it has been shown that the visibility

decreases exponentially with the demagnified source size (Weitkamp et al., 2006; Bech,
2009):

V is

(
w

p2

)
=

8

π2
exp

(
−2π2

(
w

p2

)2
)
, (2.49)

where w = sd/L denotes the demagnified source size.
In order to be able to perform phase-contrast and dark-field imaging also with large
source sizes, a method has been suggested that is based on the introduction of a third
(absorption) grating into the beam. This grating is placed close to the x-ray source and
is referred to as the source grating. In the following this grating will also be referred
to as the G0 grating. The purpose of this source grating is to split the source into a
number of line sources that all satisfy the condition in equation 2.48. In the ideal case
the grating bars of the G0 absorb 100% of the radiation that would cause smearing out of
the interference pattern. To achieve this the period of the G0 has to satisfy the condition
(Pfeiffer et al., 2006):

p0 = p2
L

d
. (2.50)

Such a three grating geometry is referred to as a Talbot-Lau interferometer. The inter-
ference patterns caused by the single slits of the G0 grating overlay constructively and
the visibility of the interference pattern increases.

Longitudinal coherence. As can be directly concluded from the equation 2.35 the frac-
tional Talbot distance scales linearly with the wavelength of the used radiation. So far
only the case of monochromatic x-ray radiation has been considered. If a polychromatic
source is used in a Talbot-Lau geometry then the polychromaticity reduces the longi-
tudinal coherence of the beam. The direct consequence of working with more than one
wavelength is the reduced visibility at the fractional Talbot distance, as the interference
pattern only for one wavelength has a binary intensity profile. Other wavelength yield a
different interference pattern. Typically, the interferometers are optimized for the mean
x-ray energy for the corresponding spectrum. Hence, the broader the spectrum the lower
the visibility of the interference pattern at the fractional Talbot distance (Engelhardt
et al., 2008; Chabior, 2011). Nonetheless, even a polychromatic source normally still
yields visibilities that are high enough to be used for x-ray phase-contrast and dark-field
imaging.
To illustrate the influence of a polychromatic spectrum on the interference pattern, Fig-
ure 2.9 (A) presents an interference carpet for a 60 kVp tungsten target spectrum and
a phase grating introducing a π/2 phase shift for the mean energy of 45 keV. It can
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Figure 2.9: (A) Interference carpet for a π/2 phase grating and a polychromatic tung-
sten target 60 kVp x-ray source spectrum. (B) Interference carpet for the same param-
eters as in (A) and a 5 cm aluminum block placed in front of the phase grating. (C)
Intensity profile for the first fractional Talbot distance in (A). (D) Intensity profile for
the first fractional Talbot distance in (B).
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be clearly observed that due to the polychromatic spectrum the interference pattern is
smeared out compared to the monochromatic case. This is caused by the superposition
of the interference patterns for different wavelengths. Despite the relatively broad spec-
trum it is interesting to notice that the interference pattern is not completely destroyed
and areas of both high and low intensity are preserved. Figure 2.9 (C) presents the inten-
sity profile of the interference pattern in (A) at the first fractional Talbot distance for the
mean energy. Unlike the binary shaped intensity profile obtained for a monochromatic
beam, the interference profile is clearly smeared out, leading thus to a lower visibility.
In the present case the visibility is only 68%, as compared to the 100% obtained for a
monochromatic beam. In general the broader the spectrum, the bigger the smearing out
effects. Consequently, for grating-based x-ray phase-contrast and dark-field imaging it
is advantageous to use a narrow spectrum.
A further issue needing consideration is beam hardening. When a strongly absorbing
object is introduced into the beam it changes the shape of the spectrum and can cause
thus a change in the visibility of the interference pattern (Chabior et al., 2011). This
effect leads to a detection of dark field, even if the object has no scattering properties.
To give an example Figure 2.9 (B) shows an interference carpet calculated for the same
parameters as in (A), but with a 5 cm aluminum block placed in front of the phase
grating. The aluminum absorbs the x-ray photons with lower energies and only high
energies produce an interference pattern. Subfigure (D) shows the intensity profile at
the first fractional Talbot order. It can be clearly observed that the aluminum block
reduces the maximum intensity when compared to the subfigure (C). Thus, in this case
the visibility is lower than for no sample in the beam. Due to this effect a dark field
signal is detected even if aluminum has no scattering properties. All in all, it is always
important to optimize the setup, keeping in mind the type of objects that one would
like to scan later. Even if the setup gives very high visibilities without a sample in the
beam, the visibility can be later completely destroyed by beam hardening.

2.7 Grating production

The presented phase-contrast and dark-field imaging method strongly depends on the
quality of phase and absorption gratings with periods in the µm range. Production flaws
in the gratings lead to a reduced visibility and, thus, to a decreased signal-to-noise ratio
on the images. In the following a short overview over the production of such grating is
given.
Due to practical length limitations of imaging setups (maximum 2-3 m total length)
it can be concluded that the gratings have to have a period of a few µm. At the
same time to guarantee high absorption the source and the analyzer grating have to
be several hundred microns high. Due to the high aspect ratio the grating production
process is very challenging, especially for the absorption gratings. There exist several
technological processes for the production of such gratings. They rely on procedures
such as photolithography, anisotropic wet etching, and electroplating. The gratings
used for imaging purposes in this thesis were produced with the so-called LIGA process
(Reznikova et al., 2008; Kenntner et al., 2010; Mohr et al., 2012). This process is shortly
described in the following.
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Figure 2.10: A sketch of the grating production with LIGA process. (A) a silicon
wafer is sputtered with titanium and later spin-coated with a negative photoresist. (B)
A mask is used to expose the photoresist to x-rays. (C) The unexposed areas of the
photoresist are removed during the development step. (D) The spaces between the
photoresist structures are filled using electroplating from the titanium layer. The image
is adapted from (Tapfer, 2013).

The main steps of the production process are sketched in Figure 2.10. First, a silicon
support wafer (typical thickness 200 − 500 µm is sputtered with titanium (few µm
thick layer) and, subsequently, a layer of photoresist (approximately 200 µm) is spin-
coated on top of the titanium. The photoresist is then exposed to low energetic x-rays
(2 to 10 keV) using an absorption mask to create a grating pattern. The mask is
typically produced using electron beam writing and is not suitable for energies above
10 keV. The production of such masks for large fields of view without distortions is
challenging and represents one of the bottle necks of the grating production. However,
once the mask has been produced it can be reused for the production of many gratings.
The unexposed photoresist is removed during the development step by solving fluids.
Finally, the titanium layer is used to fill up the spaces between the photoresist using
electroplating. For an absorption grating the grating bars are grown out of gold, whereas
for phase gratings nickel is usually the material of choice. The electroplating process has
to be very precise in order to achieve a high degree of homogeneously high grating bars
across the field of view. For the absorption gratings that require very high aspect ratios,
it is necessary to stabilize the grating bars. Examples of such stabilizing structures
are bridges or sun-rays (Mohr et al., 2013) that link the grating bars. Unfortunately,
the stabilizing structures reduce the visibility. Due to all the mentioned limitations the
currently feasible gratings do not exceed 10 cm in diameter. However, recently it has
been demonstrated that it is possible to stitch several gratings together to obtain a larger
field of view, necessary for e.g. human patient scanning (Meiser et al., 2014).
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Figure 2.11: (A) Sketch of the rotating gantry with the Talbot-Lau interferometer.
(B) Photograph of the system with its dimensions. The CAD sketch of the gantry is
courtesy of B. Pauwels. This Figure is adapted from (Yaroshenko et al., 2013).

2.8 Small-animal CT scanner

Most of the images presented in this thesis have been acquired with the small-animal CT
scanner “Skyscan 1190”, developed in a collaboration with an industrial partner, Bruker
microCT (formerly Skyscan). Therefore, a short description of the scanner is presented
in the following. However, for detailed information about the technical properties of
the scanner the reader is referred to the original publications (Tapfer et al., 2011) and
(Tapfer et al., 2012).
To be able to acquire phase-contrast and dark-field information for living animals a
rotating gantry of a micro CT scanner was equipped with a Talbot-Lau interferometer.
Figure 2.11 (A) shows a sketch of the gantry with all its components. The x-ray source
is a fixed anode tungsten-target MCBM 65B-50 W tube (RTW, Neuenhagen, Germany)
with a focal spot size of approximately 50 µm in diameter. The x-rays are registered
with a flatpanel C9312SK-06 Hamamatsu (Hamamatsu, Japan) detector with a GOS
scintillator and 50 µm pixel size. Due to magnification, the pixel size in the sample plane
is approximately 30 µm. The Talbot-Lau interferometer consists of a source grating (G0)
with a period of 10 µm and gold height of 35 µm, a binary phase grating (G1) that has
a period of 3.24 µm and a nickel height of 4 µm and, finally, an analyzer grating whose
period is 4.8 µm and 45 µm high gold bars. The design energy of the system is 23 keV.
The distances between the source, the phase grating and the analyzer grating are 30
and 14.5 cm respectively, and the interferometer is operated in the first fractional Talbot
order. A piezo positioner is used to move the source grating in order to acquire the phase
stepping curve. A sample bed is used to position the sample right in front of the phase
grating. The rotating gantry is embedded into a radiation shielding housing, shown in
Figure 2.11 (B). The scanner is equipped with breath and heart rate monitoring system
and a hot air fan to keep the animals temperature constant during in vivo imaging.
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3 Design of a compact high-energy
setup

In the present chapter, the design of compact high-energy Talbot interferometers is dis-
cussed. The focus lies on the advantages and disadvantages of using phase gratings with
triangular-shaped phase-shifting structures in a Talbot interferometer. Both simulated
and experimental results are presented and compared. Finally, experimentally acquired
images are reported and discussed.
The main results of this chapter have been published in the manuscript Yaroshenko et
al., “Non-binary phase gratings for x-ray imaging with a compact Talbot interferometer”,
Optics Express (2013) and Schüttler et al., “Design of a compact high-energy setup for
x-ray phase-contrast imaging”, SPIE Proc. (2013). A further manuscript Yaroshenko
et al., “On Phase Gratings with Triangular-Shaped Phase Structures” is in preparation.
Figures and text passages in this section may appear identically in the publications by
Yaroshenko A. et al.

3.1 Motivation

Conventional, absorption-based x-ray imaging suffers from a relatively low contrast in
materials with similar absorption coefficients µ, e.g. different types of soft tissue. As it
has been described in chapter 2, x-ray phase-contrast and dark-field imaging are modal-
ities that can significantly increase feature contrast and yield complementary informa-
tion. Examples for increased contrast in biomedical applications have been reported
by (Pfeiffer et al., 2007a; Stampanoni et al., 2011; Parsons et al., 2008; Donath et al.,
2010; Momose et al., 2011) and examples for complementary imaging information can
be found in (Wen et al., 2009; Schleede et al., 2012; Velroyen et al., 2013). However, the
vast majority of setups for x-ray phase-contrast and dark-field imaging, so far, are based
on table-top laboratory grating interferometers that are suitable and accessible for aca-
demic research only. To allow for the transition of the method from lab-based setups to
stand alone systems that can easily be operated outside of the academic research world,
there is a definite need for robust, compact grating interferometers with high visibility
that can be put on a rotating gantry, if required.
The feasibility of designing a compact rotating gantry with a Talbot-Lau interferometer
was demonstrated by the development of a small-animal CT scanner (Tapfer et al., 2011,
2012) “SkyScan 1190” together with an industrial partner Bruker microCT. Regrettably,
one of the main shortcomings of the scanner are the long necessary exposure times. Due
to the very compact geometry (source to detector length is 0.5 m), the design energy
of the Talbot-Lau interferometer lies at 23 keV (approximately 30 kVp, tungsten spec-



34 3.1. Motivation

0 1/4 1/2 3/4 1
0

20

40

60

80

100
V
is
ib
ili
ty
in
%

Propagation distance in units of Z
t

0 1/4 1/2 3/4 1
0

20

40

60

80

100

V
is
ib
ili
ty
in
%

Propagation distance in units of Z
t

A B

Figure 3.1: Simulated visibility for an ideal phase grating with a phase shift of (A)
π/2 and (B) π. The assumed period of the analyzer grating is the same as of the phase
grating in (A) and half the period of the phase grating in (B).

trum), requiring exposure times of around 10 seconds for in vivo mouse imaging (Bech
et al., 2013). Increasing the source voltage in order to reduce the necessary exposure
times leads to a drop in visibility (defined in equation 2.47), since neither the effective
phase shift of the phase grating, nor the intergrating distances fit. The signal-to-noise
ratio in the phase-contrast and dark-field images decreases as V is−2 (Engel et al., 2011).
Consequently, images acquired with shorter exposure times at higher source voltage suf-
fer from a poor signal-to-noise ratio.
To obtain the highest visibility in a Talbot interferometer, the analyzer grating is typ-
ically placed at a Lohmann distance (Lohmann and Thomas, 1990), also referred to as
fractional Talbot distance (Suleski, 1997), behind the phase grating. A typical binary
phase grating has π/2 (Tapfer et al., 2012) or π (Thüring et al., 2013; Chen et al., 2010)
phase shifting structures with a τ = 0.5 duty cycle. Binary phase gratings with higher
phase-shifts: (m + 1/2)π, m ∈ N are equivalent in the visibility behavior to the π/2
grating and gratings with a phase shift (2m+ 1)π are equivalent to a π shifting grating
for a monochromatic beam. For a binary phase gratings with π/2 or π phase shifting
structures the shortest Lohmann distance is given by 1

4
Zt (Suleski, 1997; Arrizón and

López-Olazagasti, 1995) and 1
16
Zt (Suleski, 1997; Arrizón and López-Olazagasti, 1995),

respectively, where Zt is the full Talbot distance, determined by the x-ray wavelength
λ and the phase grating period p (definition in equation 2.34). The visibility behind
an ideal π/2 and π phase shifting grating has been plotted in Figure 3.1 as a function
of the propagation distance behind the grating. A π phase grating introduces an in-
terference pattern with a doubled spatial frequency and, therefore, requires the use of
an analyzer grating with half the period of the phase grating. All in all, construction
of a compact, high energy imaging setup with a grating interferometer using a binary
phase grating is only feasible, if very small, 1-2 µm period gratings are available with
structure heights of several hundred µm. Unfortunately, such gratings are currently not
available as they are typically produced with photolithography (David et al., 2007) or
x-ray lithography(Mohr et al., 2012; Noda et al., 2007; Matsumoto et al., 2007) and the
available aspect-ratios are limited by the manufacturing process. Thus, a compact high
energy (100 keV) x-ray grating interferometer has not been realized yet.
In a recent study Chabior et al. (2012) have investigated the use of binary phase grat-
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ings with a duty cycle varying from τ = 0.5 and a phase shift different than π/2 or π.
Regrettably, the study revealed no significant advantages for the use of such gratings at
high energies and a compact geometry.
In the light of all these considerations, there is a need to consider different approaches
to reduce the necessary length of the setup at clinically relevant (80 - 100 keV) energies.
The principle of grating interferometry for x-ray imaging relies on imprinting a reference
pattern onto the wavefront. This is done, as it has been described in the chapter 2 by
the G1 grating. Analysis of the acquired pattern, with and without a sample in the
beam, makes it possible to obtain the phase information. In general, a wavefront can be
imprinted either using an x-ray transparent G1 grating that introduces a certain phase
shift to a fraction of the wave front. Or a second approach is to use an x-ray opaque ma-
terial for the G1 grating bars. In general, all gratings absorb a fraction of x-ray radiation
and introduce a certain phase shift to the beam. By the right choice of a material with
the necessary properties of the real and imaginary refractive index components δ and β,
it is possible to obtain a substantial phase shift or absorption while keeping the other
phenomenon small. In the following, gratings that change the phase of the wave while
the reduction of amplitude is negligible will be referred to as phase gratings. On the
contrary, absorption gratings will be used to describe gratings that absorb significantly
more than the introduced phase shift. Phase gratings are typically made out of light
materials like nickel, whereas absorption structures rely on heavy elements such as gold.
In this chapter we will discuss the use of absorption G1 gratings and phase gratings with
non-binary phase shifting structures for the design of a compact high energy Talbot in-
terferometer.

3.2 Talbot-Lau interferometer with three absorption
gratings

In case an absorption grating is used to imprint a reference pattern onto the wavefront,
parts of the wavefront are almost completely absorbed by the grating bars. The re-
sulting reference pattern is then obtained either by interference (Momose et al., 2003;
Momose, 2005) or by simple geometric optics (Munro et al., 2012, 2013; Olivo et al.,
2013). The two approaches differ in the ratio of the propagation distance, the grating
period and the wavelength. For a certain grating period for long propagation distances
interference effects dominate, whereas close to the grating the diffraction on the grating
bars can be neglected and the intensity pattern can be explained by simple geometric
optics. This behavior is illustrated in Figure 3.2 on the example of two absorption G1
gratings with periods p1 = 5 µm and p2 = 50 µm and x-rays of 100 keV. For the cho-
sen parameters, the full Talbot distance is Z1

t = 4 m for the p1 = 5 µm grating and
Z2
t = 400 m = 100Z1

t for the p2 = 50 µm grating. The intensity distribution for both
gratings up to the propagation distance of 4 m is plotted in subfigures (A) and (C). The
propagation of the wave behind the absorption gratings was achieved in Fourier space,
evaluating the field using the Fresnel approximation (based on paraxial approximation)
(Suleski, 1997; Goodman, 2005), which is applicable to near-field effects. It was assumed
that the gratings are illuminated with a plane wave, whose amplitude was set to unity.
It can be clearly observed that for the case of p1 = 5 µm interference of partial beams
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Figure 3.2: Intensity carpet for ideal absorbing gratings with p1 = 5 µm (A) and
p2 = 50 µm (C), propagated up to 4 m - the full Talbot distance Z1

t for p1 and 1
100
Z2
t

for p2. (B) and (D) show the corresponding visibilities if an analyzer grating with the
same period as the G1 grating is used.

leads to a varying intensity distribution over the propagation distance. By contrast, in
the case of p2 = 50 µm grating the intensity distribution approximately stays the same
over all propagation distances as the diffraction is negligible.
From the simulated intensity carpets, theoretical visibility was calculated using an ideal

analyzer grating stepping approach (Weitkamp et al., 2005; Pfeiffer et al., 2008). The
period of the analyzer grating was set equal to the period of the G1 grating. For the
case of a grating with 5 µm period, the visibility significantly depends on the propa-
gation distance. The highest visibility is achieved at propagation distances 0, 1

2
Z1
t and

Z1
t . Thus, first visibility peak that can be used for imaging lies at 1

2
Zt and offers no

advantage in terms of compactness over a Talbot interferometer with a binary phase
grating. Yet, the visibility up to approximately 1

8
Z1
t remains over 70%. This signifies,

that all distances up to approximately 1
8
Z1
t could be used to achieve visibilities that are

high enough for imaging. In case a polychromatic source is implemented, the use of
absorption gratings with small periods has to be simulated for each single specific case,
since the interference pattern is not panchromatic (the visibility strongly depends on the
effective spectrum) (Rizzi et al., 2011).
In the case, of the absorption grating with p2 = 50 µm, the visibility depends only
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slightly on the propagation distance. It declines from 100 % right behind the grating
down to 87 % at 4 m, where diffraction is already slightly noticeable. Nevertheless, the
use of an absorption grating with a grating period of 50 µm makes design of a com-
pact, high energy setups with high visibility possible. Moreover, the obtained reference
pattern is panchromatic and the visibility does not depend on the x-ray source energy
spectrum. Unfortunately, such setups have a very low sensitivity (Munro et al., 2012;
Olivo et al., 2013), as the sensitivity strongly depends on the ratio of the analyzer grat-
ing period and the propagation distance (∝ d

p2
) (Chabior, 2011). Consequently, setups

with grating periods in the range of 50 µm are suitable only for imaging of samples that
yield a very strong phase signal.
In conclusion, one can say that implementation of absorption gratings offers advantages
for construction of a compact, high-energy Talbot interferometer for imaging. Unfortu-
nately, all setups based on absorption gratings, have the big disadvantage of a signifi-
cantly reduced x-ray flux. For the highest sensitivity of the grating interferometer the
sample is placed just in front or directly behind the G1 grating (Donath et al., 2009).
This implies that if due to some geometrical restrictions the sample cannot be placed
behind the G1 grating and is placed in front of it then an additional dose is delivered
to the sample. There is a further drawback to the use of absorption gratings: to real-
ize a high energy setup with absorption gratings, structures with a big aspect-ratio are
needed. And as it has been discussed in the introduction of this chapter, the availability
of such gratings is currently limited.

3.3 Phase gratings with triangular-shaped phase-shifting
structures

As discussed in the previous section, there exist certain limitations for the construction of
a compact imaging system with absorption gratings used as G1. In the following sections
we consider an alternative approach, based on the implementation of phase gratings with
triangular-shaped phase-shifting structures (hereafter referred to as triangular grating),
to reduce the necessary setup length.
To evaluate the use of phase gratings with triangular shaped structures in a Talbot
interferometer, a general phase grating with triangular-shaped phase-shifting structures,
presented in Figure 3.3 is considered. The maximum height of the grating is given by H
and the period by p. The grating lies in the xy plane and the wave propagation direction
is z. The periodic function, describing the grating, is written as:

f(x) = H

∣∣∣∣2 · (x mod p)− p
p

∣∣∣∣ , (3.1)

where (x mod p) = x− bx
p
cp, yields the remainder of x divided by the grating period p

(b.c denotes the floor function). For simplification reasons the phase grating is assumed
to be ideal and the absorption of the grating bars is neglected. The validity of this
assumption is considered in the discussion section of this chapter. Furthermore, without
loss of generality, the period of the grating and its height are set to unity: H = 1,
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Figure 3.3: Phase grating with triangular-shaped phase-shifting structures. The period
of the grating is p and the maximum height H. The grating lies in the xy plane and the
incident wave propagates along the z direction.

p = 1. The corresponding phase shift acquired by a plane wave when passing through
the grating is given by:

Φ(x) = eiδf(x), (3.2)

where δ is the phase shift that the wave obtains when passing through the maximum
grating height H, at e.g. x = 0. Equation (3.2) can be rewritten as a Fourier series:

Φ(x) =
∞∑

n=−∞

tne
i2πnx, (3.3)

with Fourier coefficients:

tn =

∫ 1

0

eiδ|2x−1|e−i2πnxdx = − iδ

n2π2 − δ2

(
−eiδ + (−1)n

)
. (3.4)

It is assumed that the grating is illuminated with a coherent, monochromatic plane wave
with an amplitude of unity. Then, using the paraxial approximation (Edgar, 1969), the
intensity behind the grating can be written as:

I(x, z) = |Ψ(x, z)|2 =

∣∣∣∣∣
∞∑

n=−∞

tne
−i2πn2z/Ztei2πnx

∣∣∣∣∣
2

, (3.5)

where Zt stands the for the full Talbot distance, the Fourier coefficients tn have been
calculated in 3.4 and Ψ(x, z) represents the propagated field. After half the Talbot
distance, the wave front is repeated, but is laterally shifted by half a grating period.
Using equation (3.5) it is possible to plot the intensity carpets behind an ideal triangular
phase grating neglecting absorption. The cases of monochromatic and polychromatic
illumination are considered separately in the following.
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Figure 3.4: Intensity Carpets for the maximum phase shift of (A) δ = 1
2
π, (B) π, (C) 3

2
π

and (D) 5
2
π. The gray structures to the left of the carpets represent the phase grating.

The white circles highlight intensity maxima, referred to in Table 3.1.

Monochromatic Source

For the numerical evaluation of the intensity carpet in the case of a monochromatic
source the wavelength was set to 0.12 Å (100 keV) and the period of the phase grating
to 4.0 µm. The interference pattern behind the phase grating was calculated up to the
first full Talbot distance Zt = 2.58 m using 800 equidistant propagation steps. Figure 3.4
shows the numerically evaluated intensity carpets for the cases of maximum phase shift
δ ∈ {1

2
π, π, 3

2
π, 5

2
π}. Intensity carpets presented in Figure 3.4 show some characteristic

properties. For x = 0 (the thickest part of the grating) and subsequently for x = 1
2

(due
to replication of the shifted field after half the Talbot distance) there exist distances
with high intensity. Intensity patterns at such distances could be considered as focal
spots of the grating. It can be observed that the higher the phase shift, the shorter the
propagation distance to the area of high intensity. Moreover, the higher the phase shift,
the higher the peak intensity (see colorbars - all images are scaled between minimum
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δ Focal distances in [Zt]

1
2
π 0.151; 0.351

π 0.095; 0.407
3
2
π 0.072; 0.432

5
2
π 0.047; 0.454

Table 3.1: Focal distances, in units of Talbot distance Zt. Only distances up to half
the Talbot distance were considered.
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Figure 3.5: Simulated visibility for binary π/2, 3π/2 and 5π/2 gratings (black, dashed)
and triangular π/2 (magenta, dashed), 3π/2 (blue, bold solid) and 5π/2 (red, solid)
gratings.

and maximum intensity values). From the simulated intensity carpets the propagation
distances for the areas with the highest intensity were estimated and are presented in
Table 3.1.
From the intensity carpets, theoretical visibility was calculated using an ideal analyzer

grating stepping approach (Weitkamp et al., 2005; Pfeiffer et al., 2008). The stepping
was performed for all distances with an analyzer grating with the same period as the
phase grating and a duty cycle of 0.5. The estimated visibilities for triangular grat-
ings with phase shift of π/2, 3

2
π and 5

2
π are shown in Figure 3.5. For comparison, the

visibility for a binary π/2 was included into the plot. In fact, for ideal phase grating
there are no differences in visibility for binary phase gratings with π/2, 3

2
π and 5

2
π phase

shifts. Contrary to binary gratings, triangular phase gratings do not yield equivalent
interference patterns for the phase shift of π/2, 3π/2 and 5π/2. All three evaluated
triangular gratings give visibilities high enough to be used for x-ray phase-contrast and
dark-field imaging, but the highest visibility was obtained for the 5π/2 grating. It was
empirically observed that the first visibility peak behind the phase grating always has
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Phase Shift Distances with Visibility Peaks

π/2
2

10
Zt,

3

10
Zt,

7

10
Zt,

8

10
Zt

(m + 1/2)π,
(2k + 1)

4(2m+ 1)
Zt,

m ∈ N k ∈ N0, k 6= m, k 6= 3m+ 1

mπ, m ∈ N
(2k + 1)

8m
Zt, k ∈ N0

Table 3.2: Propagation distances with visibility peaks for triangular-shaped gratings
for a monochromatic source.

the highest visibility. The propagation distances for all visibility peaks have been esti-
mated empirically from the simulation and are summarized in Table 3.2. It is interesting
to notice that the propagation distances for the highest visibility do not exactly match
the propagation distances for intensity maxima (focal spots) estimated in Table 3.1.

Polychromatic Source

The use of triangular gratings was also investigated for the case of a tungsten-target
polychromatic source. The x-ray spectrum used for the simulation (Siewerdsen et al.,
2004) is shown in Figure 3.6 (A). The source peak voltage was set to 60 kV, with an
average photon energy of Emean = 45 keV. For better comparison, five specific cases
of 8,16, 24, 32 and 40 µm high non-absorbing nickel phase gratings - corresponding to
a phase shift of π/2, π, 3π/2, 2π and 5π/2 for Emean - were studied for a binary and
a triangular grating. The pitch was set to 5 µm, resulting in a full Talbot distance
of Zt = 1.8 m for Emean. From the simulated intensity carpets, assuming an ideal
analyzer grating, theoretical visibilities were calculated and are presented in Figure 3.6.
Triangular-shaped phase gratings yield similarly high visibilities as binary gratings. For
3π/2 and 5π/2 phase shifts the first visibility peak behind the triangular grating lies at a
significantly shorter distance than for the binary grating. These results can be especially
interesting for the design of compact x-ray interferometers. Furthermore, it is pointed
out that even for a polychromatic spectrum, binary phase gratings with π and 2π phase
shift yield low peak visibilities. On the contrary, triangular-shaped gratings produce
visibilities high enough for imaging purposes.
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Figure 3.6: (a) 60 kVp normalized tungsten source spectrum used in the simulation.
Simulated (polychromatic) visibility for ideal binary and triangular gratings with a phase
shift (b) π/2, (c) π, (d) 3π/2, (e) 2π and (f) 5π/2 for the mean energy. Visibilities were
obtained with an analyzer grating with the same period as the phase grating.
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Figure 3.7: Intensity distributions for one period of the phase grating for the propaga-
tion distances z = Zt/4 for a phase shift δ of (A) 1

2
π, (B) π, (C) 3

2
π and (D) 2π.

3.4 Interference pattern of triangular structures at
quarter Talbot distance

Based on the presented numerical evaluations for phase gratings with triangular-shaped
phase-shifting structures it was observed that at the propagation distance z = 1

4
Zt the

interference pattern seemed to consist of a combination of a constant and a non-zero
frequency Fourier component. In the present section a simplified analytical expression
for the interference pattern at z = 1

4
Zt is derived. A similar result as presented in this

section was obtained by (Arrizón and Ojeda-Castaneda, 1992), however, using a different
approach - the Wigner distribution function.
Figure 3.7 shows the intensity distribution for the propagation distance z = 1

4
Zt, for

four cases of phase shift δ ∈ {1
2
π, π, 3

2
π, 5

2
π}, as derived from the numerical evaluation

of the intensity distribution behind the grating according to equation 3.5. The intensity
appears to be represented by a constant and one non-zero frequency Fourier component.
To simplify the analytical expression for the intensity distribution at quarter Talbot
distance two different cases of phase shift: δ = (m + 1/2)π and δ = mπ with m ∈ N
are considered separately. Once again an ideal grating with no absorption is considered.
Without loss of generality only one period of the grating 0 ≤ (x mod p) < 1 is taken
into consideration. The maximum grating height and period are once again set to unit,
without loss of generality.
Case 1: δ = (m + 1

2
)π with m ∈ N0. For this case, using equation (3.4) the Fourier
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coefficients for the propagated field Ψ(x, z) become:

tn = − (m+ 1/2)

π(n2 − (m+ 1/2)2)
((−1)m + i(−1)n) . (3.6)

On the other hand, the phase shift Φ(x) can be written as:

Φ(x) =
∞∑

n=−∞

tne
i2πnx = ei(m+ 1

2
)π|2x−1|)

= (−1)m sin((2m+ 1)xπ) + i

{
(−1)m cos((2m+ 1)xπ) I

(−1)m+1 cos((2m+ 1)xπ) II,

(3.7)

where I and II stand for the two halves of the grating period:

I ≡ 0 ≤ (x mod p) < 1/2, (3.8)

II ≡ 1/2 ≤ (x mod p) < 1. (3.9)

For the propagation distance: z = 1
4
Zt the propagation term is given by:

e−i2πn
2z/Zt = (−i)n2

, (3.10)

and the propagated field can be simplified to:

Ψ(x, z =
1

4
Zt) =

∞∑
n=−∞

− (m+ 1/2)

π(n2 − (m+ 1/2)2)
ei2πnx

{
(−1)n(1 + i) m even

(−1 + i) m odd.
(3.11)

From equations (3.6) and (3.7) it follows that:

<(Ψm even(x, z =
1

4
Zt)) =

{
cos((2m+ 1)xπ) I

− cos((2m+ 1)xπ) II,
(3.12)

<(Ψm odd(x, z =
1

4
Zt)) = − sin((2m+ 1)xπ). (3.13)

The imaginary part of the field follows in an analogue way. The absolute values of
the real and imaginary part of the propagated field are equal and the intensity can be
calculated as I(x, z = 1

4
Zt) = 2(<(Ψ(x, z = 1

4
Zt)))

2 = 2(=(Ψ(x, z = 1
4
Zt)))

2. Therefore:

I(x, z =
1

4
Zt) =

{
2(± cos((2m+ 1)xπ))2 = 1 + cos(2(2m+ 1)πx) m even

2(− sin((2m+ 1)xπ))2 = 1− cos(2(2m+ 1)πx) m odd.
(3.14)

Thus, for the previously discussed cases of δ = π/2 the intensity is given by Iπ/2(x, z =
1
4
Zt) = 1 + cos(2πx) and for δ = 3π/2 by I3π/2(x, z = 1

4
Zt) = 1 − cos(6πx). These are

the intensities that have been presented in Figure 3.7 (A) and (C).
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Case 2: δ = mπ with m ∈ N. Now, the the phase shift is given by:

eimπ|2x−1| = (−1)m cos(2mπx) + i

{
(−1)m sin(2mπx) I

(−1)m+1 sin(2mπx) II,
(3.15)

where I and II stand for the two halves of the grating, defined in equation 3.4. The
real part of the phase shift can be represented by only two terms of the Fourier series:
a|n|=m = (−1)m

2
and an = 0, ∀n ∈ Z, |n| 6= m. The Fourier coefficients for the imaginary

part of the field can be calculated from equation (3.4) and the phase shift is given by:

Φ(x) =
∑
|n|=m

(−1)m
1

2
ei2πnx + i

∞∑
n=−∞,|n|6=m

m

π(n2 −m2)
((−1)m − (−1)n)i2πnx. (3.16)

Again, the field at the propagation distance z = 1
4
Zt is considered. Inserting equation

(3.10) the field is given by:

Ψ(x, z =
1

4
Zt) =

{
cos(2mπx) +

∑
|n|6=m

m(1−(−1)n)
π(n2−m2)

ei2πnx m even

i cos(2mπx) + i
∑
|n|6=m

m(−1+(−1)n)
π(n2−m2)

ei2πnx m odd.
(3.17)

Using equations (3.15) and (3.16) the field can be rewritten as:

Ψm even(x, z =
1

4
Zt) = cos(2mxπ) +

{
− sin(2mπx) I

sin(2mπx) II,
(3.18)

Ψm odd(x,
1

4
Zt) = i cos(2mxπ) + i

{
sin(2mπx) I

− sin(2mπx) II.
(3.19)

Thus, Ψm even(x, z = 1
4
Zt) is purely real and Ψm odd(x, z = 1

4
Zt) purely imaginary. There-

fore, the intensity for this distance can be expressed as:

Im even(x, z =
1

4
Zt) =

{
1− sin(4πmx) I

1 + sin(4πmx) II,
(3.20)

Im odd(x, z =
1

4
Zt) =

{
1 + sin(4πmx) I

1− sin(4πmx) II.
(3.21)

For δ = π the intensity for the propagation distance z = 1
4
Zt is given by Iπ(x, z = 1

4
Zt) =

1 ± sin(4πx) and for the phase shift δ = 2π, the intensity results in Iπ(x, z = 1
4
Zt) =

1∓ sin(8πx). These intensities correspond to the numerically calculated intensity plots,
presented in Figure 3.7 (B) and (D).
Thus, it has been shown that for an ideal phase grating with triangular-shaped phase-
shifting structures the intensity at propagation distance z = 1

4
Zt can be described by a

combination of a constant and a further non-zero frequency Fourier component. Using
the discussed field properties the intensity distribution for z = 3

4
Zt can be also derived.

The intensity pattern is given by the same term as for z = 1
4
Zt, but is shifted laterally
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Figure 3.8: Triangular phase structures, obtained by tilting a binary grating in a par-
allel beam geometry.

by half a grating period.
The presented property has no direct impact on the implementation of phase gratings
with triangular-shaped structures into Talbot-Lau interferometers. Still, the derived
intensity distribution could be of interest to other applications like e.g. beam modulation
and focusing for radiation therapy (e.g. microbeam radiation therapy).

3.5 Experimental validation

As the reference pattern visibility is of high importance for imaging with a Talbot-Lau
interferometer, the presented simulation results in section 3.3 were validated experimen-
tally for both cases of monochromatic and polychromatic x-ray radiation source.

Monochromatic Source

The simulated results for a monochromatic source were validated experimentally by
direct intensity carpet measurements at the coherence beamline P10 at the Petra III
synchrotron radiation facility in Hamburg, Germany. A monoenergetic 19.2 keV beam
(bandwidth ∼ 0.01%) was used to illuminate a binary nickel phase grating with h =
10 µm and period p = 5 µm, introducing a phase shift of 3π/2 to the beam. The source
size was 35× 6 µm2. The phase grating was positioned approximately 95 m away from
the source resulting in a transverse coherence length of 175 µm. The field of view was
700 µm in vertical direction and several mm in horizontal direction. A YAG scintillator
was combined with a factor 25 magnification optics and a PCO (Kehlheim, Germany)
CCD camera with an effective pixel size of 360 nm.
To acquire the intensity carpet the detector system was mounted on a motorized stage
and was moved downstream in the beam behind the binary phase grating for one full
Talbot distance (0.77 m), acquiring intensity at 154 equidistant positions with an expo-
sure time of 0.5 seconds.
In a parallel beam geometry, triangular-shaped phase gratings can be simply achieved

by tilting a binary grating (see Figure 3.8). Therefore, the phase grating was tilted
by 14 degrees, so that a triangular shape was achieved and the intensity measurements
were repeated. Due to tilting of the grating , there is a slight change in the grating
period: p14◦ = 5 µm · cos(14◦) = 4.85 µm. The direct intensity measurement results
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Figure 3.9: Top row: directly measured intensity carpets for (A) a binary grating and
(B) a binary grating, tilted to a triangular shape. Bottom row: visibilities calculated
from the measured carpet for (C) binary and (D) triangular phase grating (solid, blue)
and the simulated values (dashed, red).

are presented in Figure 3.9 (A) and (B). In order to compare the theoretically derived
visibilities with experimental results, the experimental carpets were convoluted with the
transmission function of an ideal analyzer grating with a duty cycle of 0.5 and the same
period as the phase grating. The visibility was averaged over 10 periods of the phase
grating. Thus obtained results are plotted in Figure 3.9 (C) and (D) along with sim-
ulated visibilities. In the simulation the absorption from the nickel phase grating was
taken into account. The theoretically predicted and experimental results show a good
agreement. However, the simulated visibility is higher than the measured one, which
can be explained by grating imperfections (e.g. bridges, duty cycle deviations (Mohr
et al., 2012)), the efficiency of the detector and the mechanical stability of the stage.

Polychromatic Source

The simulation results for a polychromatic source were also validated experimentally
using a conventional laboratory x-ray source. In a cone beam geometry, constant mag-
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Figure 3.10: Different phase grating shapes achieved by skewing binary structures on
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Figure 3.11: Sketch of the setup used to determine visibilities with triangular and
binary phase gratings.

nification over the grating area is necessary, therefore, it is impractical to tilt a binary
grating to obtain triangular-shaped structures, as this leads to Moiré fringes over the
field of view. Therefore, in this case a triangular-shaped phase structures can be pro-
duced by writing binary structures on a tilted wafer. Figure 3.10 illustrates how different
degrees of skewing of binary structures lead to diverse phase structures under illumina-
tion perpendicular to the wafer.
The setup used for the measurements consisted of a tungsten MXR-160HP/11 (Comet,
Flamatt, Switzerland) x-ray source, a three grating Talbot-Lau interferometer and a
PaxScan 2520D (Varian, Palo Alto, USA) flatpanel detector with a CsI scintillator (pixel
size 127×127 µm2). The source grating and the analyzer grating had the same height and
period: h=160 µm, p = 10 µm. During the experiment three phase gratings were tested.
Two were binary nickel phase gratings with period p = 5 µm and height h = 16 µm and
h = 8 µm, respectively. The third phase grating was a nickel triangular-shaped grating
with p = 5 µm and maximum height h = 14 µm and the tilt angle of 8.9◦. The source
grating was fixed approximately 10 cm behind the source and the analyzer grating was
placed 7 cm in front of the detector. A sketch of the setup used for determining the
visibilities is shown in Figure 3.11.
During the measurements, the distance between the source and the detector was varied,
keeping the distance from the source grating to the phase grating as well as from the
phase to the analyzer grating equal. Thus, the setup was symmetric and had a mag-
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Figure 3.12: Measured visibilities with a polychromatic source for different distances
between the phase grating G1 and the analyzer grating G2 at 40 and 60 kVp source
voltage.

nification factor of two. A stepping curve (Weitkamp et al., 2005; Pfeiffer et al., 2008)
was acquired for each distance between the source and the detector and the visibility
was calculated. The source current was adapted in such a way that the photon flux on
the detector for each distance was approximately the same. Due to geometrical setup
restrictions, it was only possible to acquire measurements for distances from 19 cm to
125 cm between the source and the phase grating. Experimentally determined visibilities
are presented in Figure 3.12. Due to the divergent beam the visibility achieved at the
edges of the wafer was significantly lower than in the middle. The presented values are
visibilities measured in the central part of the wafer (central beam), averaged over an
area of 100× 100 pixels.
The visibilities for the h = 14 µm triangular and h = 16 µm binary phase grating were
determined at 40 kVp. For this source voltage the phase shift for the photons with mean
energy corresponds approximately to 3π/2 for both gratings. Subsequently, the visibili-
ties for the h = 14 µm triangular and h = 8 µm binary phase grating were determined
at 60 kVp. For this source voltage the triangular grating introduced a phase shift of
approximately π and the binary grating a phase shift of π/2 to the photons with mean
energy.
From Figure 3.12 one can see that for both measurements similar peak visibilities were
achieved with triangular and binary phase gratings. However, the distances for the
maximum visibilities for triangular-shaped structures are shorter. As predicted by the
theoretical considerations (see Figure 3.6 (C)), a π phase grating with triangular-shaped
structures, yields visibilities high enough for imaging purposes with an analyzer grating
with the same period as the phase grating. Furthermore, comparison of the experimental
results presented in Figure 3.12 with the numerical simulation reported in Figure 3.6
shows a good agreement, even though the measured visibilities are significantly lower
than predicted theoretically. The reasons for this could be absorption and imperfections
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Source Visibility Visibility

Voltage [kVp] Binary Grating Triangular Grating

30 23 % 30 %

40 14 % 24 %

50 9 % 16 %

Table 3.3: Visibility achieved in the small-animal scanner with a binary phase grating
and a phase grating with triangular-shaped phase-shifting structures for different source
voltages.

in the phase grating, non-ideal analyzer grating and the detector efficiency. Addition-
ally, the simulation was based on the assumption that the grating is illuminated by a
fully coherent plane wave and the experiments were carried out with a conventional lab-
oratory source. Finally, the flatpanel detector has a non 100% quantum efficiency and
a certain point spread function. Both these contributions can lead to a reduced visibility.

3.6 Imaging results

The feasibility of acquiring actual images with phase gratings that have triangular-
shaped phase-shifting structures with a compact Talbot-Lau interferometer was demon-
strated with the developed small-animal CT scanner “Skyscan 1190”. For image acqui-
sition a set of gratings with a triangular phase grating was used. The specifications of
the three gratings in the Talbot-Lau interferometer were as following: the source grating
had a period of 15 µm and gold height of 50 µm, the phase grating had a period of 5
µm, nickel height of 16 µm and a tilt angle of 8.9◦. Finally, the analyzer grating had a
period of 7.5 µm and gold height of 45 µm. The visibilities obtained in the scanner with
the triangular phase grating are summarized in Table 3.3 along with the visibilities that
could be achieved with the standard configuration, based on a binary phase grating. The
conventional grating set with a binary phase grating consists of a source grating (period
10 µm, gold height 45 µm), a binary phase grating (period 3.24 µm, nickel height 4 µm)
and a absorption grating (period 4.5 µm, gold height 45 µm). The visibility obtained
with the triangular phase grating is higher than the one for the binary phase grating.
Especially at high energies (around 40-50 kVp) the triangular grating presents a clear
advantage over the binary phase grating.
At the same time the use of a triangular phase grating has a drawback, when used in
a cone beam geometry. Due to the varying incidence angle the effective phase shifting
shape is not homogeneous across the field of view. Figure 3.13 presents a sketch, illus-
trating how the effective shape of the phase shifting structures varies across the grating.
While in the central area of the field of view, triangular shape is achieved, while away
from the central beam the triangular structures become binary or trapezoidal structures,
respectively. Thus, all the different phase shifting structures presented in Figure 3.10
are achieved across the wafer. This effect can easily be visualized when considering the
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Figure 3.13: Sketch of a triangular phase grating in a cone beam geometry along with
the resulting effective shape of the phase-shifting structures.

visibility distribution, obtained with the small-animal scanner. Figure 3.14 shows the
visibility distribution over the field of view for 35 kVp source voltage. There clearly ex-
ists a line of high visibility along the grating lamellas (orientation of the grating lamellas
is indicated by an arrow). Towards the edges there is a considerable drop in visibility.
Using the built-in tilt motors the phase grating can be tilted slightly, and the peak vis-
ibility can be thus shifted across the field of view.
Nevertheless, imaging with triangular phase gratings is possible, if the sample does not
occupy areas of low visibility neat the edges of the field of view. This was demonstrated
using a phantom, consisting of three small plastic tubes. Figure 3.15 (D) shows the used
phantom. The tubes were filled a paper roll (left), water (middle) and with sand (right).
Imaging was performed at 50 kVp source voltage with a visibility of approximately 16%.
Images for 8 source grating positions (Pfeiffer et al., 2008) were acquired with an expo-
sure time of 1 second per step. Transmission, differential phase-contrast and dark-field
images, obtained subsequently with Fourier signal processing (Weitkamp et al., 2005),
are presented in Figure 3.15 (A)-(C). The complementarity of the three imaging modal-
ities can be clearly seen. For example, water and paper show approximately the same
transmission values. However, x-ray scattering on sub-pixel sized structures in paper is
registered in the strong dark-field signal, whereas water does not show any scattering.
This is a proof-of-principle result, showing that imaging with a Talbot-Lau interferom-
eter with a triangular phase grating is feasible.
Due to the inhomogeneity of visibility, CT acquisition does not yield good results, since

the sample automatically wanders into regions of low visibility. This issue can be over-
come by changing the direction of the grating lamellas. If the gratings are rotated by
90◦, the high visibility stripe lies across the sample and a CT is possible without further
restrictions. Figure 3.16 shows a projection image in the three imaging modalities of
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Figure 3.14: (A) Visibility map obtained with the small-animal scanner at 35 kVp
source spectrum. The arrow illustrates the direction of the grating lamellas. (B) Visi-
bility averaged over 60 pixels in the y-direction across the field of view. The region of
the map shown in the plot is marked in blue in (A).
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Figure 3.15: (A) Transmission, (B) differential phase-contrast and (C) dark-field images
of a phantom, consisting of plastic tubes filled with a rolled up paper (left), water
(center) and sand (right), acquired with a triangular phase grating. The arrow indicates
the orientation of the grating bars.
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Figure 3.16: (A) Transmission, (B) differential phase-contrast and (C) dark-field images
of a phantom, consisting of plastic tubes with sand (right), water (center) and paper
(left), acquired with a triangular phase grating rotated by 90◦. The arrow indicates the
orientation of the grating bars.

the same phantom as presented in Figure 3.15 but with the gratings rotated by 90◦.
The imaging parameters were identical to the ones used in Figure 3.15. It is interesting
to note the differences between the two image sets of the same phantom. The trans-
mission signal does not depend on the direction of the grating lamellas. Consequently,
both transmission images look similar. By contrast, both differential phase-contrast and
dark field depend on the orientation of the gratings. In the case of rotated gratings the
plastic tubes of the phantom are directed perpendicular to the stepping direction. As
a consequence, they are virtually invisible on the differential phase-contrast image. In
fact, only the air bubble in the water tube is distinctly depicted in phase contrast. Since
the sand consists of small grains that have no main scattering direction it scatters in all
direction uniformly. Thus, the sand gives the same signal in both dark-field images. The
paper yields a smaller dark field signal in the case of rotated gratings, compared to the
non-rotated case. This can be explained by the fact that paper scatters predominantly
in the direction of the paper fibers (Bech et al., 2010). In Figure 3.16 the grating bars
are oriented perpendicular to the paper fibers and thus less scattering is registered.
The rotated grating configuration was used to obtain a tomography of the described
phantom. Images for ten different source grating positions were acquired at 40 kVp
source voltage with an exposure time of 2 seconds per position. In total 1029 equidis-
tant projections were acquired over 360◦ with flatfields registered every 30 projections.
It should be pointed out that in this geometry reconstruction of the phase-contrast to-
mography can not be performed as it is typically done and described in (Pfeiffer et al.,
2007b), as the integration direction of the differential phase-contrast images is different.
Therefore, the differential phase-contrast images have to be pre-integrated using algo-
rithms like e.g. (Thüring et al., 2011; Matias Di Martino et al., 2013; Schleede, 2013)
and then reconstructed similar to the transmission and dark-field signal. A further issue
represents a local tomography. If not the whole object is covered by the field of view,
than the integration constant is lost. This problem is demonstrated on the example of
the acquired CT. Exemplary axial and coronal reconstruction slices of the phantom are
presented in Figure 3.17.
The transmission CT distinctly reveals the three plastic tubes, containing sand, water

and a paper roll. In the dark-field tomography only the sand and the paper are visible.
Close inspection of the transmission and dark field images highlights the complementar-
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A Transmission B Dark FieldCPhase Contrast

Figure 3.17: (A) Transmission, (B) phase-contrast and (C) dark-field axial and coronal
sections of a tomographic reconstruction of the phantom.

ity of the two imaging modalities: there is no direct correlation between transmission
and dark field values for the sand sample. Finally, the phase-contrast reconstruction
presents a rather bizarre result. The tube with the sand is visible with some artifacts
that are caused by the strong scattering. Next, there is only a slight shadow, hinting at
the presence of the water vessel. The shadow is only visible on approximately half of
the transversal image. The reason for this is that apart from the air bubble in the tube,
there is no signal parallel to the grating bars. The integration along the tube yields a
zero value for the signal where it should have a non-zero constant value. This example
illustrates the issue of local phase-contrast tomography with no reference value for the
phase. Finally, there is no sign of the tube with the paper roll on the reconstruction.
Once again, this is caused by the lack of signal parallel to the grating bars.
To summarize, it was demonstrated that it is possible to acquire both projection and
tomographic images with a triangular phase grating in a compact Talbot-Lau interfer-
ometer. Possible solutions for the discussed issue of inhomogeneous visibility could be
the use of bent gratings, to account for the cone beam and keep the visibility constant
over the wafer. Local phase-contrast tomography remains a challenge. Therefore, in case
the phase contrast is not expected to yield additional information like e.g. for the lung,
only a two step approach (Zhu et al., 2010) could be used to obtain the transmission
and dark field tomography alone.

3.7 Discussion

In the present chapter, we have evaluated the use of absorption gratings and triangular
phase gratings as G1 in a Talbot interferometer as an approach to reduce the length of
the interferometer at high energies. It was shown that the absorption gratings have a
potential to reduce the setup length at the cost of a significantly higher sample dose.
Subsequent analysis revealed that triangular phase gratings offer an alternative approach
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Grating Type P0 [µm] P1 [µm] P2 [µm]

binary, π/2 15.7 1.6 1.7

binary, π 15.7 3.2 1.7

triangular, π/2 17.6 1.8 2

triangular, 3π/2 27.3 2.7 3

triangular, 5π/2 35.2 3.5 3.9

Table 3.4: Periods of the source (P0), the phase (P1) and the analyzer (P2) gratings,
needed to realize a compact (total length 1 meter) setup at 100 keV.

to reduce the necessary setup length without the constraint of higher sample dose. The
main findings of the chapter are summarized and discussed below.
Analysis of the intensity carpets of phase gratings with triangular-shaped structures
revealed that the gratings show focusing qualities - there exist for certain propagation
distances high intensity areas. This property can be of use for different applications like
micro beam radiation therapy. Using focusing properties, it is possible to deliver a dose
in a more precise way. Focusing of an x-ray beam can also be achieved with lenses.
However, production of x-ray lenses is very challenging and expensive. Future studies
are needed to explore this potential.
It was furthermore analytically shown that the intensity distribution at propagation dis-
tances z = 1

4
Zt and z = 3

4
Zt behind a triangular phase grating can be described by a

combination of a constant and one non zero frequency Fourier component. This is an
interesting theoretical result, whose applications have to be considered in the future.
Finally, numerically evaluated visibility showed that there exist peak visibilities that are
suitable for imaging at shorter propagation distances than for binary phase gratings.
Moreover, triangular gratings do not have the property that gratings with (2m + 1)π
with m ∈ N phase shift produce an interference pattern with double spatial frequency.
Analyzer gratings with the same period as the phase grating yield visibilities high enough
to be used for imaging. This relaxes the requirements for analyzer grating production.
Table 3.4 gives example of the periods for the source (P0), the phase (P1) and the an-
alyzer (P2) gratings, needed to realize a compact setup at 100 keV. In the setup, the
distance from the source to the phase grating is set to 90 cm and the distance between
the phase and the analyzer grating is 10 cm. Such a geometry could be of interest for
the realization of a clinical x-ray phase-contrast and dark-field computed tomography
gantry. Using triangular phase gratings, the requirements for the period of the analyzer
and the source gratings can be significantly reduced. The needed aspect-ratio for a gold
analyzer grating decreases significantly from 274 (transmission 10%), needed for a binary
π/2 phase grating, to 119 for a 5π/2 triangular grating. This means that a compact
Talbot-Lau interferometer for high energies becomes much more feasible.
What needs to be considered especially for the development of compact imaging systems
is the sensitivity of the setup. The maximum sensitivity of a Talbot-Lau interferometer
scales linearly with its dimensions (Chabior, 2011). Furthermore, at high x-ray energies
(around 100 keV) interaction of x-rays with matter is dominated by Compton scattering
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Figure 3.18: Fraction of the transmitted x-ray radiation by a binary π phase shifting
grating. Three different materials are considered for energies between 10 - 100 keV.

and elastic scattering is significantly reduced. Consequently, it is necessary to point out
that a compact high-energy system is significantly less sensitive to phase effects com-
pared to larger, low-energy systems. Therefore, such a setup could be used only for
imaging of samples that yield a strong phase-contrast and dark-field signal.
The theoretical results in this chapter were obtained, based on the assumption that the
phase grating is non-absorbing. The applicability of this approximation is discussed
on the example of three binary π phase gratings consisting of nickel, silicon and gold,
respectively. For x-rays at 100 keV the ratio δ/β for both nickel and silicon is high:
δNi/βNi = 472 and δSi/βSi = 1141 and the phase shift dominates. This ratio is sig-
nificantly lower for gold δAu/βAu = 34. Thus, both nickel and silicon π phase gratings
transmit almost 100% of the radiation, whereas the gold grating transmits only 80%.
For low energies in the range of 10 keV the δ/β is low for both nickel and gold (9.6 and
14, respectively), while silicon still has a high δSi/βSi = 81 ratio, leading to a high trans-
mission. To illustrate this behavior, Figure 3.18 presents the fraction of the transmitted
x-rays by a binary π phase grating as a function of the photon energy for the three
considered materials. As can be seen from Figure 3.18 the assumption of low absorption
is applicable for high energies for such materials like nickel and silicon. Gold is not really
suitable for the production of phase gratings as it absorbs too much. For low energies
nickel displays non-negligible absorption and it can be concluded that light materials
like silicon should be the material of choice for the production of gratings. Otherwise
the absorption has to be also taken into consideration.
Triangular-shaped phase gratings also have some limitations. As it has been demon-
strated, plane gratings in a cone-beam geometry suffer from visibility drop towards the
wafer edges. However, this can be solved by bending the gratings. Furthermore, the
triangular-shaped structures must have the exact predefined height, otherwise resulting
in a different grating shape (see Figure 3.10) which generally leads to a lower visibility
(see Figure 3.14). Besides, the use of non-binary phase gratings still faces the same
drawback as it is in the case of binary gratings. They are not panchromatic, meaning
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that the position for the best visibility is x-ray spectrum dependent. A change in the
x-ray source energy has to be counterbalanced by adjustment of the intergrating distance.

3.8 Summary and outlook

To conclude, this chapter presented proof-of-principle results revealing that phase grat-
ings with triangular-shaped phase-shifting structures can be used to construct compact
high energy Talbot interferometers for x-ray phase-contrast and dark field imaging. The-
oretically derived visibility calculations were presented and experimentally validated for
both a monochromatic and a polychromatic source. An analytical expression for the
intensity of the interference pattern was derived for the propagation distances z = 1

4
Zt

and z = 3
4
Zt behind a triangular phase grating. Finally, first successfully acquired radio-

graphies and a tomography, obtained with a compact Talbot-Lau interferometer with a
triangular phase grating were presented and discussed.
As an outlook it is necessary to say that other non-binary grating shapes may also offer
some advantages for x-ray phase-contrast and dark-field imaging. Consequently, future
studies should also consider the use of e.g. sinusoidal and parabolic phase gratings, even
if their experimental realization is more challenging than the triangular shape. Finally,
future studies should focus on implementation of triangular phase gratings into high
energy setups (around 100-120 kVp) for e.g. biomedical applications and explore their
use also in other fields like, e.g. radiation therapy.
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4 Diagnosis of pulmonary disorders
using x-ray dark-field imaging

In the present chapter, the potential of x-ray dark-field imaging for diagnosis and stag-
ing of different pulmonary disorders is discussed. The analyzed pathologies comprise
pulmonary emphysema, fibrosis, pulmonary carcinoma, edema, neonatal chronic lung
disease and pneumothorax.

4.1 Motivation

Pulmonary disorders belong to the most frequent causes of morbidity and mortality
in the modern society (WHO, 2014b). Examples of relevant pulmonary disorders are
chronic obstructive pulmonary disease (COPD), lung cancer, pulmonary fibrosis, lung
inflammation and pneumothorax. Furthermore, preterm born children are more likely to
suffer from neonatal chronic lung disease (nCLD), caused by mechanical ventilation with
an oxygen-enriched gas, than mature newborns. The overall life expectancy and quality
of a patient with an detected pulmonary disorder strongly depends on the time point of
diagnosis. For example, if lung cancer is diagnosed at an early stage, the life expectancy
can be significantly increased using different therapy approaches (Aberle et al., 2011).
Hence, there is a strong need for an imaging modality that is sensitive to early morpho-
logical changes in the lung, and which, in an ideal case, requires no ionizing radiation.
One of the main issues of lung imaging is given by the fact that only 5% of the lung
volume consists of lung tissue, further 5% are constituted of blood and the final 90% of
the volume is air. Therefore, for successful early diagnosis of a pulmonary disorder, it is
necessary to detect small changes in a small amount of tissue. Furthermore, the strong
signal from the overlaying structures like the ribcage or the fat layer can additionally
complicate the diagnosis.
Clinical lung imaging vastly relies on x-ray radiographic and tomographic imaging, due
to low costs and relatively good availability. However, chest radiography offers only a
limited sensitivity for the detection of mild to moderate pulmonary disorders. Thus, for
example the detection sensitivity for lung nodules with mean size of 19 mm was shown
to be below 50% (Freedman et al., 2011). Computed tomography (CT) offers a substan-
tially improved sensitivity for most of pulmonary disorders. Therefore, CT is of then
the imaging modality of choice for diagnosis of many pulmonary diseases. However, the
high radiation exposure dose restricts the use of CT for screenings and frequent follow
up examinations (O’Connell et al., 2012). Additionally, the use of CT is limited by its
availability and applicability for e.g. critically ill patients that need ventilation.
Ultrasound can be of great help for imaging of critically ill patients with lung malfunc-
tions (Bouhemad et al., 2007; Arbelot et al., 2008; Lichtenstein, 2009). Regrettably, its
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application is limited to the ribcage-free windows of the thorax. For the assessment of
the morphology of the whole lung, measurements at many different positions are neces-
sary. This makes ultrasound quite time consuming and not really suitable for screening,
as it is much easier to miss something during an ultrasound examination than on an
x-ray radiogram or a CT slice. Additionally, the results may show significant interuser
variability. As an example, two studies reported quite different sensitivity numbers for
the detection of pneumothoraces: (Xirouchaki et al., 2011; Kumar et al., 2015). All
in all, ultrasound is a handy tool for very fast imaging of severely ill patients with a
known predisposition for a certain disorder (e.g. pneumothorax) but not really suitable
for initial diagnosis.
Lung imaging with magnetic resonance imaging (MRI) is still on a research level and
has not yet been implemented into the clinical practice. Thereby, MRI could offer both
morphological and functional information. Morphological structure can be derived us-
ing conventional proton imaging whereas the functional information can be obtained
using e.g. hyperpolarized gases (Möller et al., 2002; van Beek et al., 2004). There are
multiple reasons why MRI is not yet clinically established for lung imaging. The main
imaging challenge remains the low fraction of tissue percentage in the lung (air does
not yield any MRI signal) and therefore, weak signal. Additionally, the multiple air-
tissue interfaces cause susceptibility artifacts and finally, respiratory, vasculatory and
cardiac movements cause significant imaging artifacts during the long acquisition times
(Wielpütz and Kauczor, 2012). Thus, MRI has been demonstrated to be superior for
e.g. detection of pulmonary nodules with respect to conventional x-ray radiograms but
not with respect to CT (Biederer et al., 2008). It has been further shown that it is
feasible to detect COPD using MRI (Ley-Zaporozhan et al., 2008), but it has been at
the same time pointed out that the MRI signal does not scale exactly with the volume
of emphysema on CT images (Iwasawa et al., 2007). The reason for this phenomenon is
that hyperinflation of the lung has an inverse correlation with the magnetic resonance
signal which imposes an additional challenge for the MIR-based diagnosis of pulmonary
disorders. Apart from the physical challenges of MRI lung imaging, there are further
socioeconomic restrictions of this imaging modality. MRI imaging requires long acquisi-
tion scans and faces severe limitation due to low availability and high operational costs.
Single photon and proton emission tomography (SPECT and PET, respectively) play
only a very marginal role for imaging of pulmonary disorders. One of the very few mal-
functions diagnosed with SPECT is pulmonary embolism (Reinartz et al., 2006; Jögi
et al., 2015). For this disorder the diagnostic value of SPECT has been shown to be
higher than that of a conventional CT. However, due to the relatively high patient radia-
tion exposure and low availability SPECT and PET remain an exceptions in the clinical
radiology of pulmonary disorders.
The restrictions mentioned above clearly indicate a strong need for a further imaging
modality offering a higher sensitivity for the morphological changes in the lung. To eval-
uate if x-ray dark-field imaging could offer an advantage for the detection and staging
of different lung malfunctions several disorders have been imaged using small-animal
models and the results are discussed in this chapter. The analyzed disorders comprise
pulmonary emphysema, fibrosis, lung carcinoma, edema, neonatal chronic lung disease
and pneumothorax. A more specific introduction into each disorder and imaging thereof
can be found in the corresponding section.



Chapter 4. Diagnosis of pulmonary disorders using x-ray dark-field imaging 61

300 µm

A
300 µm

B

Figure 4.1: Histological sections of a control murine lung (A) and a lung with pro-
nounced pulmonary emphysema (B). The alveoli are clearly enlarged in (B) compared
to (A).

4.2 X-ray dark-field imaging of pulmonary emphysema

Note that the main results of this section have been published by: Yaroshenko A. et al.
in Radiology under the title “Pulmonary emphysema diagnosis with a preclinical small-
animal x-ray dark-field scatter-contrast scanner”; Yaroshenko A. et al. in proceedings of
IEEE conference 2013 on biomedical imaging under the title “Preclinical x-ray dark-field
radiography for pulmonary emphysema evaluation”; Meinel F. et al. in Investigative
Radiology under the title “Improved diagnosis of pulmonary emphysema using in vivo
dark-field radiography”; Hellbach K. et al. in Investigative Radiology under the title “In
vivo dark-field radiography for early diagnosis and staging of pulmonary emphysema”;
Yaroshenko A. et al. in SPIE Proceedings under the title “Small-Animal Dark-Field
Radiography for Pulmonary Emphysema Evaluation”. A further manuscript by Hellbach
K. et al. is in preparation. Figures in this section may appear identically in the publi-
cations. Text passages may appear identical in the publications by Yaroshenko A. et al.

4.2.1 Motivation

Chronic obstructive pulmonary disease (COPD) is one of the leading causes of death
worldwide (Murray and Lopez, 1997; Lopez et al., 2006), whose dominant origin lies
in smoking (Thun M.J., 2013). Emphysema is a life threatening common component
of COPD, characterized by irreversible destruction of alveolar architecture and enlarge-
ment of distal airspaces. For illustration, the changes in the lung morphology caused by
emphysema are visualized on histological sections of a murine lung in Figure 4.1. At the
molecular level, emphysema is an inflammatory-driven process caused by the enzymatic
destruction of lung elastin and collagen by neutrophil and macrophage elastase (Snider,
1992).
Despite the severe changes in lung tissue morphology, emphysema is usually diagnosed
only at a late stage when patients become symptomatic. The most common approach to
screen patients with suspected COPD is conventional chest radiography. Unfortunately,
chest radiographs cannot directly visualize pulmonary emphysema and the diagnosis
has to be based rather on indirect signs like increased pulmonary volume (flattened di-
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aphragm, an increased anteroposterior diameter of the chest, an increased retrosternal
airspace, and widely spaced ribs) or pulmonary arterial hypertension (enlarged right
ventricle, enlargement of pulmonary trunk). Consequently, conventional chest radiogra-
phy has a comparatively high sensitivity for advanced emphysema (Miniati et al., 2008),
but lacks in diagnostic value for mild to moderate emphysema (Thurlbeck and Simon,
1978; Washko, 2010). Further limitations of plain radiography are substantial inter-
observer disagreement and correct staging of the disorder (Muller and Coxson, 2002).
High resolution chest computed tomography (HRCT) offers a much higher sensitivity
for emphysematous changes which are visualized as abnormally low absorbing parts of
the lung parenchyma. Thus, emphysema is typically assessed on CT scans using densit-
ometry (Cavigli et al., 2009; Goldin, 2009). However, due to the high patient radiation
dose, HRCT is not suitable for screenings and frequent follow-up examinations. Due
to these limitations, as of now, screening for an early stage of emphysema largely relies
on spirometric lung function tests (Soriano et al., 2009). Yet, results of lung function
tests strongly depend on the patients’ cooperation and lag behind histological changes
(Gurney et al., 1992; Sanders et al., 1988). Finally, spirometry does not yield the local
distribution of the disorder in the lung, that is needed for clinical decision-making on
the patients’ treatment (Gurney et al., 1992; Fishman et al., 2003; Criner and Mamary,
2010).
In the light of these considerations, there is a need for a different imaging technique
that would be more sensitive to morphological changes caused by emphysema. The
size of alveoli is typically too small to be directly resolved (murine alveoli are approxi-
mately 60− 80 µm (Chang et al., 2013; Irvin and Bates, 2003) in diameter and human
alveoli are about 200 µm (Ochs et al., 2004)). When passing through the lung tissue,
x-rays not only get absorbed but they are also refracted on each air-tissue interface of
the alveoli. The total refraction angle for a murine lung lies in the microradian range
(Kitchen et al., 2004), which is typically too small to be directly appreciated on the
detector. Nonetheless, numerous academic studies, e.g. (Hooper et al., 2007; Parsons
et al., 2008; Kitchen et al., 2005a), have used the refraction effect in order to obtain a
higher lung tissue visibility on a projection image with propagation-based or analyzer-
based phase-contrast imaging at a synchrotron. Thus, it was shown that, using x-ray
analyzer-based phase-contrast imaging a better discrimination of gastric pneumonitis
tissue in rats (Connor et al., 2011) can be achieved. Unfortunately, the method requires
at the moment large-scale monochromatic x-ray sources to provide the necessary flux
and is, therefore, not well suited for preclinical and clinical research. X-ray grating
interferometry, by contrast, has been shown to be applicable to obtain phase informa-
tion also with conventional laboratory sources (Pfeiffer et al., 2007b; Momose, 2005). If
lung tissue is imaged with a grating interferometer, the small-angle scattering leads to
a decrease in visibility of the reference pattern and thus, to a strong dark field signal
(Schleede et al., 2012).
A recent, proof-of-principle study reported that combination of conventional transmis-
sion signal with dark-field imaging on a radiographic projection can be used for an
improved diagnostic values of pulmonary emphysema in excised murine lungs (Schleede
et al., 2012; Meinel et al., 2013; Schwab et al., 2013). It was shown that a healthy
lung yields a substantial dark field signal, whereas emphysematous lungs, where the
distal spaces are enlarged, demonstrate decreased x-ray scattering and increased trans-
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mission. Thus, if the dark-field signal is normalized by the transmission of the lung,
in order to calculate a thickness independent parameter, one obtains a parameter that
displays a higher diagnostic value, than transmission radiography alone. The study was
performed, however, using a monochromatic synchrotron-like source (Huang and Ruth,
1998; Achterhold et al., 2013) with excised murine lungs. Therefore, it has been largely
questioned whether similar results could be obtained at a compact setup with a poly-
chromatic x-ray source and lungs in situ.
The goal of the present study is to evaluate the feasibility of translating the method
presented in (Schleede et al., 2012) to a compact laboratory setup with a polychromatic
x-ray source. In addition, the influence on the imaging result of the overlaying structures
of the lungs in situ is discussed.

4.2.2 Materials and methods

Small-animal emphysema model

Animal experiments were performed with permission of the responsible institutional an-
imal care and use committee and carried out in accordance with the national Society
of Laboratory Animals and the international Federation of Laboratory Animal Science
Associations animal welfare guidelines.
Six- to eight-week old pathogen-free female C57BL/6N (Charles River Laboratories,
Sulzfeld, Germany) mice were used throughout this study. To induce pulmonary em-
physema, a solution of pancreatic elastase in a sterile phosphate-buffered saline (PBS)
was applied orotracheally (80 units/kg body weight). Control mice received only 80 µl
sterile phosphate-buffered saline. For the elastase application, as well as the imaging
and pulmonary function tests, the mice were anesthetized using intraperitoneal injection
of medetomidine (500 µg/kg), midazolam (5 mg/kg), and fentanyl (50 µg/kg).

Pulmonary function tests

After imaging, spirometric lung function tests were performed on anesthetized, tra-
cheostomized mice using a FlexiVent pulmonary function system (Scireq, EMKA Tech-
nologies, Paris, France). The mice were ventilated with 150 breath/min. A snapshot
perturbation maneuver was applied to determine the dynamic compliance of the res-
piratory system. Furthermore, a forced oscillation technique perturbation maneuver
primewave-8 was performed to obtain tissue elastance (Scireq). Compliance is a mea-
sure for the force with which the lung can be extended, while tissue elastance reflects the
elastic recoil of the lung. Due to morphological changes in mice with emphysema, dy-
namic compliance is expected to increase whereas tissue elastance is expected to decrease
(Vanoirbeek et al., 2010).

Histology and quantitative morphometry

In order to evaluate the induction of emphysema-like phenotype in the elastase group
mice, histopathology and quantitative morphometry was performed on the lungs after
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imaging. Histology is a well established gold standard for the evaluation of emphysema-
induced morphological changes. The histological sections were prepared using the fol-
lowing protocol. The lungs were washed to remove paraformaldehyde and decalcified in a
10% ethylenediaminetetraacetic acid solution for 5 days. In a next step the samples were
dehydrated and embedded in paraffin. At an interval of 0.5 mm, multiple 10 µm thin
slices were prepared in the coronal plane to obtain representative sections from different
parts of the organ. The slices were deparaffinized, hydrated and stained using Mayer’s
hematoxylin and eosin (H & E) staining routine protocol. Subsequently, the sections
were dehydrated and scanned at different magnifications to create digital images.
Design-based stereology was used to quantify morphological changes on sections of the
lung using an Olympus BX51 (Olympus, Tokyo, Japan) light microscope equipped with
a computer-assisted stereologic toolbox (VIS NewCAST, Visiopharm, Denmark). To
assess air space enlargement, the mean chord length (MCL) was quantified by super-
imposing a line grid on the images of lung sections at a magnification of 200x. Points
on the lines of the grid hitting the air spaces, and intercepts of the lines with alveolar
septa were counted in order to calculate MCL in µm according to the following equation
(Kneidinger et al., 2011):

MCL =

∑
Pair · L(p)

0.5 ·
∑
Isepta

, (4.1)

where Pair are the points of the grid hitting air spaces, L(p) is the line length per point
and Isepta are the intercepts of alveolar septa with grid lines. Thus, the MCL value is a
measure for the size of alveoli.

Radiation dose evaluation

Since some of the measurements presented in this section were performed in vivo, it was
necessary to estimate the animal radiation exposure dose. This was achieved using a
patient skin dosimeter (Unfors PSD, Unfors Instruments AB, Billdal, Sweden) placed in
the center of a polymer cylinder with a 3 cm diameter. The polymer material resembles
carbon in density and is a good approximation for a mouse phantom (Rodt et al., 2011).
To avoid statistical errors, the dosimeter was placed in the beam for 10 minutes. The
mouse scan dose was subsequently calculated from the measured value.

4.2.3 Ex vivo imaging

As a first step of the study, the feasibility of performing a similar experiment, as described
in Schleede et al. (2012), was considered using a compact small-animal scanner “Skyscan
1190” (Tapfer et al., 2011, 2012) with a conventional polychromatic x-ray source.

Sample preparation

Six murine lungs were excised 28 days after elastase application, inflated with air, tied up
at the trachea (Kneidinger et al., 2011), and placed in a formalin filled plastic container.
Thus, the lung stayed inflated and a similar state as in vivo was achieved. The excised
murine lungs were imaged in a flat 14 mm thick vessel filled with formalin.
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Source Voltage Number of steps Exposure per step Est. dose

30 kVp 8 10 sec. 2 mGy

Table 4.1: Acquisition parameters for ex vivo lungs.
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Figure 4.2: Standard transmission, differential phase-contrast, and dark-field images
of a control lung (A),(B),(C) and an emphysematous sample (D),(E),(F).

Data acquisition

The project consisted of two different experimental sub-studies. First, the possibility
to distinguish between healthy and emphysematous lungs was investigated. Table 4.1
summarizes the acquisition settings that were used to obtain conventional transmission,
dark-field and phase-contrast images with the small-animal scanner. The transmission,
phase-contrast, and dark-field projections were derived from the recorded data using
the Fourier decomposition method (Bech, 2009). The second sub-study consisted of
estimating the influence of the x-ray source spectrum on the obtained results. For this
purpose, lung imaging was repeated at x-ray source voltages between 24 and 45 kVp.
The exposure time was adapted between 10 seconds for 24 kVp and 1 second for 45 kVp
to keep the photon flux approximately constant.

Imaging results

Figure 4.2 shows an exemplary healthy and an emphysematous lung in all three acquired
imaging modalities. As anticipated, the emphysematous lung shows slightly higher trans-
mission values than the healthy lung due to the loss of tissue. Based on transmission
image alone, however, it is very challenging to detect the disorder. Furthermore, the
healthy lung shows a higher degree of scattering on the air-tissue interfaces compared
to the emphysematous specimen. This is registered in a strong dark-field signal for
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Figure 4.3: Histological sections of a control (A) and an emphysematous (B) lungs.
(C) and (D) show magnified parts of the lung in (A) and (B), respectively. In (A) and
(C) a dense alveolar network can be observed, whereas images (B) and (D) reveal clearly
enlarged alveoli, confirming successful induction of emphysema-like phenotype.

the healthy sample and a significantly lower dark field for the emphysematous lung.
Finally, the differential phase-contrast does not reveal any big difference between the
two lungs. In both differential phase-contrast images in Figure 4.2 (B) and (E), a clear
edge enhancement can be observed, however, no discrimination feature for pulmonary
emphysema can be perceived. This is partly due to the differential nature of the signal.
If the images were integrated, the diagnostic value of phase contrast could be poten-
tially enhanced. However, intergrating of phase-contrast projections is quite challenging
(Schleede, 2013; Thüring et al., 2011; Matias Di Martino et al., 2013) and has to be an-
alyzed in a separate study. Therefore, the focus of the following analysis is going to be
restricted to transmission and dark-field signal only. All in all, it can be stated that the
best discrimination between healthy and emphysematous sample is obtained with the
dark field, even if transmission also shows some slight differences in the signal strength.
The induction of human-like emphysema phenotype for the mice in the elastase group
was confirmed using histopathology. Figure 4.3 presents exemplary histological sections
of a control and an emphysematous lung from the study. While in the control sample
a dense alveolar network is clearly visible, the emphysematous lung clearly displays en-
larged alveoli and enlarged airspaces. Thus, it can be concluded that the induction of
emphysema was successful. To further quantify the morphological changes, the mean
chord length (MCL) was quantified and the corresponding results for the six considered
lungs are presented in Figure 4.4. A clear difference in the MCL values can be observed
between the lungs from the control and emphysema group. The mean value for healthy
lungs is 33± 4.2 µm and for emphysematous samples 127.2± 22.9 µm. Therefore, it can
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Figure 4.4: Quantified mean chord length (MCL) values for the three control (C1, C2,
C3) and three emphysematous (E1, E2, E3) animals. The MCL values were quantified
as described in equation (4.1).

be concluded that the emphysematous lungs have alveoli that are approximately 4 times
larger than the control samples. Such a high increase in the alveoli size corresponds to
a late stage of pulmonary emphysema.

Quantitative signal analysis

A quantitative analysis of the transmission and dark-field signal strengths was performed
in order to evaluate the diagnostic value of both signals for emphysema detection. For
the analysis, two largest rectangles fitting the two lungs (see Figure 4.5 (D)) were chosen
as a region of interest for the signal evaluation. Similar to the Lambert-Beer law for
transmission, the dark-field signal also decreases exponentially with the thickness of the
sample (Yashiro et al., 2010; Lynch et al., 2011; Malecki et al., 2012). Therefore, to
access tissue properties, the natural logarithm of relative transmission, ln(T), and of the
dark-field signal, ln(V) were plotted per-pixel in a scatterplot (Figure 4.5 (A)) for all
three healthy and emphysematous samples. The x-axis shows logarithm of transmission
and the y-axis the logarithm of the dark-field signal values. The scatterplot reveals a
clear difference between healthy and emphysematous tissue.
Based on the scatterplot presented in Figure 4.5 (A) it is possible to come up with
different approaches for an improved discrimination between healthy and non-healthy
tissue than it is possible on a transmission or dark-field projection alone. For the proof-
of-principle results obtained at a quasi-monochromatic source, Schleede et al. (2012)
proposed a model to discern between healthy and emphysematous tissue, which depends
on the ratio of the dark-field and transmission signal, referred to as normalized scatter.
Introduction of this so-called normalized scatter N yields a sample thickness independent
parameter, as shown in equation (4.2):

N =
ln
(
V (z)
V0

)
ln
(
T (z)
T0

) =

∫ z
0
ε dz′∫ z

0
µ dz′

≈ ε

µ
, (4.2)
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Figure 4.5: (A) Scatterplot for all three control lungs (blue), all three emphysematous
samples (red) and a background reference region (cyan). Black ellipses represent regions
of two times the standard deviation for the signal distribution. (B) Elliptical regions
of two times the standard deviation for the signal distributions, calculated for all six
lungs separately. Ellipses of control lungs are marked in blue, of emphysematous lungs
in red. (C) Scatterplot with cutoff values for quantification of emphysema, as described
by (Schleede et al., 2012). (D) Dark-field image of a control lung with an exemplary
choice of regions of interest for the lung tissue (two blue rectangles) and the background
(cyan rectangle).
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Figure 4.6: (A), (B) and (C) transmission images of a healthy (C2) and two emphyse-
matous (E2 and E3) lungs overlaid with a mask revealing the distribution of emphysema.
The color mask is based on the ratio of the dark-field signal normalized by transmission
signal.

where V0 and T0 represent the amplitude of the dark-field and transmission signal in
front of the sample, ε is the diffusion coefficient, and µ the absorption coefficient. The
last step of the equation requires the diffusion and absorption coefficients to scale in
the same way along the beam path. In first approximation, this holds true for many
samples and, especially, for the measured lungs. Thus, the calculation of the ratio N for
each pixel allows to quantify the degree of emphysema. Figure 4.6 presents transmission
images of one healthy and two emphysematous lungs overlaid with an emphysema dis-
tribution mask, calculated as described above. For a better visualization, a cutoff value
was introduced for the scatterplot, excluding the background region from the analysis.
The chosen cutoff values are illustrated in Figure 4.5 (C) as black lines. The lower the
ratio between the logarithm of the dark field and logarithm of transmission, the more
pronounced is emphysema. The ratio N is illustrated with the hot colorbar on top of the
transmission image. As can be seen from Figure 4.6, it is possible to identify correctly
the control lung as healthy, and both emphysematous lungs as sick. Figure 4.6 shows
similar discrimination results as reported by Schleede et al. (2012) for a monochromatic
source. Consequently, it can be concluded that similar results can be obtained with a
polychromatic x-ray source and a compact setup, compared to a monochromatic source.
Unfortunately, up to now the model that the degree of emphysema scales linearly with
the normalized scatter is only a hypothesis. In fact, the exact scaling of the normal-
ized scatter with degree of emphysema has not been studied so far and the validity of
the quantitative emphysema distribution masks can be questioned. Therefore, a non-
quantitative approach to detect emphysema is also discussed in the following.
The proposed method is based on the fitting of a probability density to the scatterplot
distributions shown in Figure 4.5 (A). Then, by defining a significance interval, it is
possible to calculate the probability whether a certain pixel corresponds to a healthy
tissue or not. In order to obtain the probability density for the joint distribution of
transmission and dark-field signals, the corresponding lung images were considered as
a two-dimensional data set. The first coordinate of the data is given by the natural
logarithm of transmission and the second by logarithm of dark field. The center of mass
of the distribution was set to zero by subtracting the mean values from all values. Subse-
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Lung Median Median Eccen- Angle (to the Correlation of

ln(T) ln(V) tricity ε vertical) ln(T) and ln(V)

C1 -0.30 -0.49 0.99 7.4◦ -0.64

C2 -0.29 -0.55 0.99 8.1◦ -0.78

C3 -0.29 -0.57 0.99 8.0◦ -0.70

E1 -0.19 -0.35 0.94 11.5◦ -0.46

E2 -0.21 -0.35 0.89 14.1◦ -0.37

E3 -0.15 -0.40 0.87 22.2◦ -0.47

Table 4.2: Parameters for the ellipses in Figure 4.5 (B) and median values for logarithm
of relative transmission T and dark field V, acquired for three emphysematous (E1, E2,
E3) and three control (C1, C2, C3) lungs at 30 kVp with 8 source grating steps.

quently, the covariance matrix was calculated along with its eigenvalues and eigenvectors.
The inverse of the matrix with the scaled eigenvectors gives a rotation transformation,
which yields a data set with two independent variables (zero covariance). Finally, the
rotated data was scaled by 1/λi, where λi is the corresponding eigenvalue. The de-
scribed transformation leads to a radially symmetric data set which can be fitted with
a 2D Gaussian distribution. Thus, the probability density was obtained for the trans-
formed data set. Transformation back to the original system of coordinates leads to a
probability density for the original distribution. For the fitted probability density, the
area for which the probability of a point lying inside is P = 95.4% (deviation ±2σ) was
calculated. The shape of such an area in the original plot is an ellipse. Figure 4.5 (A)
reveals the calculated ellipses for all healthy and for all emphysematous lungs together.
Figure 4.5 (B), on the contrary shows the ellipses calculated for all six lungs separately.
To determine which parameter varies most between healthy and emphysematous lungs,
the angle between the main axis of the ellipse and the vertical was calculated along
with the eccentricity and the median signal values. All the calculated parameters were
compared using the Mann-Whitney-U-test and are summarized in Table 4.2. However,
it is necessary to considered the tests’ results in the light of the consideration that each
group consisted only of three samples.
In general, as can be seen from Table 4.2 and Figure 4.5 (B) there was low intergroup

variability. Emphysematous lungs show an increased transmission (average median of
logarithmic signal −0.18 ± 0.03 vs. −0.29 ± 0.01 for healthy, P = 0.1) and a reduced
scattering, corresponding to an increased visibility (average median logarithmic dark
field: −0.37 ± 0.03 vs. −0.54 ± 0.04 for healthy, P = 0.1). Further characteristic
differences are the eccentricity of the elliptical regions (average: 0.90 ± 0.04 for em-
physematous vs. 0.99 ± 0.01 for healthy) and the angle to the vertical of the ellipses
(average: 15.9◦ ± 5.58◦ for emphysematous vs. 7.8◦ ± 0.38◦ for healthy). Spearman’s
correlation between logarithms of relative transmission T and dark field V, reflecting
the linearity of the distribution, was included in Table 4.2 as a measure for the error in
angle determination. Determination of the angle for elliptical regions for emphysema-
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Figure 4.7: (A), (B) and (C) transmission images of a healthy (C2) and two emphyse-
matous (E2 and E3) lungs overlaid with a mask revealing the distribution of emphysema.
Blue color indicates the affected pixels. (D), (E) and (F) are the corresponding histology
sections of the considered lungs.

tous lungs (correlation average −0.43 ± 0.06), is more prone to errors than for healthy
samples (average −0.71± 0.07).
Based on the fitted probability distribution it is now possible to calculate an emphysema
distribution map for each lung. A very trivial approach is to assume that each pixel that
lies outside of the elliptical region calculated for the three healthy lungs together, is af-
fected by the disorder. Figure 4.7 shows thus calculated emphysema distribution masks
for one healthy and two emphysematous lungs overlaying conventional transmission im-
ages. The same lungs have already been discussed in Figure 4.6. The figure also presents
corresponding histological section, confirming successful introduction of emphysema to
the two elastase lungs. The blue color mask highlights the pixels affected by emphy-
sema. For the proposed non-quantitative model it can be seen that the healthy lung
was correctly identified. Both emphysematous lungs light up almost completely in blue,
which demonstrates that they are severely affected by emphysema. It is interesting to
notice that the histological section in Figure 4.7 (F) shows a small region, unaffected by
the disorder. This small region has been correctly identified by the model as healthy.
To conclude, the proposed non-quantitative model can be used to differentiate non-
healthy tissue from healthy lungs. Contrary to the model discussed before, this ap-
proach is not quantitative, however, the correct quantification of the approach proposed
by Schleede et al. (2012) has yet to be confirmed.

Energy optimization and detector binning

One pair of control and emphysematous lungs was studied at different source voltages
between 24 and 45 kVp to determine the best scanning settings. The resulting scat-
terplots are presented in Figure 4.8. Relative transmission increases and scattering de-
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Figure 4.8: Scatterplots for one control (blue) and one emphysematous lung (red)
images acquired at (A) with 24 kVp, (B) 29kVp, (C) 39 kVp and 45 kVp (D).

creases for higher acceleration voltages (e.g. median values for healthy sample: 24 kVp:
ln(T ) = −0.35, ln(V ) = −0.62; 45 kVp: ln(T ) = −0.18, ln(V ) = −0.44 ). The an-
gle to the vertical decreases significantly for both emphysematous and control lungs
with increasing x-ray energies. The highest difference in angle is given at 29 kVp with
∆α = 11.2◦, the smallest at 45 kVp with ∆α = 4.8◦.
To test the compatibility of the results with potential future clinical applications, the
influence of larger pixel sizes on the results was studied using detector binning. Images
of an emphysematous and a control lung were acquired at 34 kVp with no detector bin-
ning and 8 phase steps of the source grating. The pixels were subsequently 4× 4 binned
(corresponding to 200 µm × 200 µm detector pixels) during processing. Furthermore,
only every second phase step of G0 was taken into account, as if only four phase steps
were acquired. The elliptical regions were fitted to the data and their parameters are
presented in Table 4.3. As can be concluded from the calculated parameters, binning
does not influence the parameters significantly, a clear difference between the two lungs
(e.g. angle and eccentricity) remains observable even with a clinically compatible pixel
size. This is an important result for possible future clinical applications.

Discussion

In this section, a study performed with excised murine lungs was presented, revealing
that a much clearer differentiation between healthy and emphysematous lungs could be
achieved using the combination of the transmission and dark-field signals, rather than
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Lung Bin- Median Median Eccen- Angle (to Correlation of

ning ln(T) ln(V) tricity ε the vertical) ln(T) & ln(V)

C3 No -0.24 -0.49 0.99 4.6◦ -0.53

C3 4× 4 -0.20 -0.59 0.99 6.1◦ -0.65

E3 No -0.06 -0.45 0.92 14.8◦ -0.48

E3 4× 4 -0.07 -0.44 0.92 20.2◦ -0.58

Table 4.3: Parameters of the elliptical regions and median values for logarithm of
relative transmission T and dark field V for the data acquired at 34 kVp for one healthy
(C3) and one emphysematous (E3) lung. A comparison of the results for no binning
and eight phase steps with the results for a 4x4 binned detector and four source grating
steps.

relying on transmission alone. The performed statistical analysis based on the joint
distribution of transmission and dark-field signals, obtained with a compact, cone-beam
preclinical small-animal scanner provided a clear distinction between the lungs with pul-
monary emphysema and control samples. The main difference between the groups of
lungs in the scatterplot was shown to be the angle to the vertical of the elliptical regions
fitted to the data. The angle reflects the characteristic absorption/scattering property
of the tissue. It was also observed that the eccentricity of the ellipses is lower for em-
physematous samples. This can be explained by the homogeneity of the sample. While
control lungs can be assumed to contain homogeneous alveolar structures, emphysema-
tous lungs have a significantly broader distribution of structure sizes (see MCL values).
This leads to a higher variance in the signals and thus, higher eccentricity of the fitted
ellipse.
The introduction of the probability density for the signal distributions in the scatter-
plot presents an accurate way to distinguish between healthy and emphysematous tissue
for each pixel as was confirmed by histological findings. The calculated emphysema
distribution map was based on the probability density, calculated for all healthy sam-
ples together, in order to take interanimal variability into account. Application of the
approach, proposed by Schleede et al. (2012) yielded similar results. However, the quan-
titative origin of this approach has not been confirmed yet.
The energy optimization study showed that it is possible to distinguish the emphysema-
tous from healthy lungs at all investigated x-ray source energies. A clearer distinction
was achieved for lower x-ray source energies. Furthermore, it was shown that similar
results can be obtained with significantly larger pixel sizes, acquiring only four source
grating steps. Hence, the joint distribution method also works with systems that have
clinically compatible pixel sizes.
The described study can be seen as a first step towards transition of the first proof-of-
principle results obtained at a synchrotron-like source to preclinical settings. Still, there
is still an open question whether similar results could be achieved in vivo, where the
lung overlaying structures like the ribcage, skin, etc. are present. A further question
that needed consideration is if the breathing motion of the animal would destroy the
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Source Voltage Number of steps Exposure per step Est. dose

35 kVp 10 5 sec. 2.9 mGy

Table 4.4: Acquisition parameters for in vivo imaging.

dark-field signal.

4.2.4 In vivo imaging of emphysema

Based on the encouraging results obtained with excised murine lungs presented in the
previous section, a study was initiated to evaluate whether similar results could be
obtained in vivo. First, a healthy mouse was scanned using the small-animal scanner
to evaluate the influence of breathing artifacts and overlaying structures, especially, on
the dark-field signal. The scanning parameters used for the projection acquisition are
summarized in Table 4.4).

Imaging results

Figure 4.9 shows the acquired transmission and dark-field projections. During image
acquisition the mouse was breathing freely and no special post-processing algorithms
were used to reduce the influence of breath motion. To ensure the wellbeing of the
animal, the mouse’s temperature and the breathing rate were continuously monitored
during imaging.
Due to the high absorption coefficient, the bones come out distinctly on the transmission
image. However, for the soft tissue, as expected, only insufficient contrast was achieved.
Against all concerns, the dark-field signal of the lung is not destroyed by the animal’s
breathing motion. The lung yields a strong signal on the dark-field projection, with no
significant blurring. During imaging, the mouse was placed in a supine position (Meinel
et al., 2014b), where the motion in the coronal plane of the lung has been recently es-
timated with maximum 500 µm of the lower lung regions and with maximum 200 µm
of the upper lung regions (Chang et al., 2015). Given the resolution of the system of
around 70 µm (Müller, 2013), the motion area corresponds to approximately 7 pixels.
The low resolution is the reason why the blurring of the images is negligible. Apart from
the lung, the animal’s fur yields also a significant dark-field signal (the bright stripes
along the paws of the animal corresponds to compressed fur). Furthermore, the colon
looms on the dark-field image. The origin of scattering in the colon probably originates
in the animals food that mainly consists of small grains and straw. It is interesting to
notice that the heart of the animal produces a shadow that can be seen on dark-field
radiogram of the left lung.
Building on these encouraging proof-of-principle in vivo results, first experiments with
emphysematous mice were performed. The first step of the study consisted of evalu-
ating whether dark-field imaging provided a diagnostic advantage for the detection of
late stage emphysema in vivo. For this purpose, mice were investigated 21 days after
elastase application. Five control (PBS) and elastase animals, respectively were imaged
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A B

Figure 4.9: Transmission (A) and dark-field (B) projection of an in vivo control mouse.
The white scale bar corresponds to 1 cm. The image is adapted from (Yaroshenko et al.,
2014).
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using the parameters summarized in Table 4.4.
Figure 4.10 shows transmission and dark-field projections of exemplary three healthy
and three mice with emphysema. In the figure, all the transmission and dark field radio-
graphies are scaled identically. The successful introduction of emphysema was confirmed
using histopathology. Histological sections of the imaged mice are presented in Figure
4.10 (C). The lungs from the emphysema group show clearly enlarged airspaces, which
confirms the presence of the pulmonary disorder. Figure 4.11 (A) shows the quantified
histology for the presented mice. It can be clearly seen that the alveoli in emphysema-
tous mice are approximately 3-4 times larger than in the healthy animals.
While it is very challenging to discern the emphysematous changes on the transmission
radiograms alone, there is a clear difference between healthy and non-healthy mice in
the dark field. On the transmission radiograms, lungs affected by emphysema show
increased transmission signal, due to tissue decrease in the beam. However, especially
the overlaying structures like the fat layer, skin and ribcage make detection of the slight
changes in the transmission signal not straightforward. Similar to the results obtained
ex vivo (Yaroshenko et al., 2013) regions affected by the pulmonary disorder are visu-
alized on the dark field radiograms as areas of reduced scattering. While the healthy
lungs show a high degree of scattering and stand out on the dark field images, emphyse-
matous lungs yield a much weaker signal. Furthermore, healthy lungs appear to have a
very compact shape, whereas emphysematous lungs appear floppy and enlarged on the
images. Therfore, the local distribution of emphysema can be easily appreciated on the
dark-field projections.
After x-ray dark-field imaging, pulmonary function tests were performed and the results
for the mice. From the tests, tissue elastance and dynamic compliance were calculated
and are shown in Figure 4.11 (B) and (C). A clear difference between the healthy and
emphysematous mice was obtained. Mice with pulmonary emphysema showed a factor
of two lower tissue elastance and a factor of 1.5 higher dynamic compliance. This re-
sult further indicates the successful induction of emphysema in mice (Vanoirbeek et al.,
2010). However, the difference between the healthy and the emphysematous group was
not as pronounced in pulmonary function tests as revealed by MCL quantification.

Discussion

In this section, a proof-of-principle result was presented showing that it is possible to
detect late stage pulmonary emphysema on small-animal dark-field radiograms acquired
in vivo. Furthermore, Figure 4.10 strongly suggested that x-ray dark field is superior to
conventional transmission in terms of pulmonary emphysema detection for in vivo mice.
Due to the high sensitivity of x-ray dark-field radiograms to morphological changes,
the spatial distribution of emphysema can be visually assessed on a projection image,
without the use of CT.
Based on the presented results, an important question arises whether it is also possible to
detect earlier stages of emphysema in vivo, especially with mice breathing freely. It can
be questioned how far the breathing influences the discrimination power between healthy
and non healthy lungs and whether triggering is required to observed milder cases of
emphysema. The exposure time for each image of the stepping curve was 5 seconds,
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Figure 4.10: Transmission (A) and dark-field (B) projections of three control animals
and three mice with pulmonary emphysema. (C) Histological sections of the correspond-
ing lungs. The scale bars correspond to 5 mm.
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Figure 4.11: Mean chord length (A), tissue elastance (B) and dynamic compliance (C)
for the mice shown in Figure 4.10. The numbering of the animals is identical.

whereas the mouse under anesthesia has a breathing rate of approximately 120 breaths
per minute. Thus, each exposure lasts approximately 10 breathing cycles. The dark-field
image of the lung is generated due to x-ray refraction on air-tisue interfaces. The more
interfaces are present in the beam, the more scattering occurs. The change in size of
alveoli due to breathing has been reported with approximately 5% (Chang et al., 2013).
The morphological changes in the lung caused by emphysema are significantly more
pronounced (see Figure 4.11 (A)) than breathing. Therefore, as long as enlargement
of alveoli is significantly higher than 5% of the original size, no breath triggering is
necessary for image acquisition to discriminate between healthy and non-healthy lungs.

4.2.5 Staging of emphysema

Following on the first proof-of-principle experiments performed in vivo, a further study
was performed to evaluate at which development stage of emphysema the disorder is
detectable on x-ray dark-field projections. For this purpose, mice were imaged 7, 14
and 21 days after elastase application. Due to the choice of imaging points, different
stages of emphysema were achieved. All in all, eleven control mice on day 21, seven
emphysematous animals on day 7, seven emphysematous animals on day 14 and sixteen
emphysematous animals on day 21 were imaged. For imaging, the same parameters as
summarized in Table 4.4 were used.

Imaging results

Figure 4.12 presents a transmission and dark-field radiogram of a control animal and
a mouse with mild, moderate and severe emphysema, respectively. The classification
was based on the gold standard - quantitative morphometry. In the figure, all the
transmission and dark field radiographies are scaled identically.
Transmission radiograms do not reveal any difference between the healthy mouse and
the mice with mild and moderate emphysema. Only the mouse with severe emphysema
shows noticeably higher transmission values of the lung. By contrast, a much clearer
distinction between different stages of emphysema can be observed in the dark field. For
example, the periphery of the right lung (highlighted by a white arrow) of the mouse
with mild emphysema shows a decreased scattering, indicating beginning emphysema.
The mouse with moderate emphysema shows lower scattering in the left lung (white ar-
row) and in the periphery of the right lung (second white arrow), compared to a control
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Figure 4.12: Transmission (top row) and dark field (middle row) radiograms of mice,
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Figure 4.13: Quantified mean chord length (MCL) (A), tissue elastance (B) and dy-
namic compliance (C) for the mice shown in Figure 4.12.
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A B

Figure 4.14: Transmission (A) and dark-field (B) radiography of a healthy mouse with
the mask used for the analysis. The pixel inside the blue pentagram without the ribcage
(marked in blue) were used for signal quantification.

lung. Finally, the severely emphysematous lung is enlarged and shows patchy structure
with regions of reduced dark field. White arrows highlight some of the patchy regions
with reduced scattering. The dark-field imaging results correlate well with the presented
histological sections. While mice with mild and moderate emphysema show only some
regions in the lung affected by emphysema, the severely emphysematous lung displays
almost uniformly enlarged alveoli. This behavior is reflected in the quantified mean
chord length value, presented for the four animals in Figure 4.13 (A) along with the
results of pulmonary function tests (B) and (C). It is interesting to notice that, while
there is a clear difference between the four animals in quantitative histology, pulmonary
function tests lack in sensitivity for mild and moderate cases of emphysema. It is almost
impossible to discriminate between the healthy animal and mice with mild and moderate
emphysema, when considering on the spirometric lung function test. Only the mouse
with severe emphysema can be reliably diagnosed as affected by emphysema.

Quantitative signal analysis

Based on the results of the conducted study, it is possible to establish how the dark-field
and transmission signals scale with the morphological changes. In order to do so, the
MCL values for all 41 scanned mice were quantified. For the quantification of the dark-
field and transmission signals, a mask was created for the radiographic images, taking
into account as much lung tissue as possible, excluding the heart shadow and the ribcage.
An example for the chosen mask is shown in Figure 4.14. The ribcage was subtracted
manually, outlining the animal’s ribcage on the transmission image. An identical mask
was applied both to the transmission and dark-field image. To quantify the signal, the
mean logarithmic value for thus chosen region of interest was calculated. Figure 4.15
shows a scatterplot, where the y axis representsthe quantified mean chord length and
the x axis mean logarithmic transmission and dark-field signals, respectively. A clear
linear correlation between the dark field and the MCL can be observed in subfigure (B).
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Figure 4.15: Scatterplot of the quantified mean chord length and the mean logarithmic
transmission (A) and dark-field (B) signals. The black line represents a linear fit to the
data.

For a better visualization, a linear fit was added to the two plots. Contrary to the dark
field, there is no clear correlation between the transmission signal and the MCL values.
In fact, Spearman’s correlation coefficient for transmission and MCL values is only 0.37,
whereas it reaches 0.80 for the correlation between MCL and the dark field. The low
correlation between transmission and histopathological results can be explained by the
fact that the lung is overlaid with other absorbing structures like the fat layer, the skin
and the heart. Due to the variability of the signal contribution of these structures, it
is difficult to correlate the overall transmission signal to the morphological changes in
the lung. This is not the case for the dark field. Apart from the lung, only the animal’s
fur yields a substantial dark-field signal. And the fur has been shown to give quite a
homogeneous background signal (Hellbach et al., 2015). Nonetheless, it can be expected
that, in case nude mice were used for the experiment, the imaging results would correlate
even better with histological findings.
Based on the presented results, the diagnostic value of the dark-field imaging for the
detection of pulmonary emphysema can be quantified, using Receiver - Operating -
Characteristics (ROC). Table 4.5 presents the ROC evaluation for mice without differ-
entiating between different stages of emphysema, both in transmission and dark-field.
The area under the ROC curve referred to as AUC quantifies the value of an imaging
modality. AUC varies between 0 and 1 and the higher the AUC the better the method
for the detection of the disorder. It can be clearly seen that conventional transmission
lacks in sensitivity. This result correlates well with the results reported in the literature
for transmission imaging (Thurlbeck and Simon, 1978; Washko, 2010).
The result presented in Table 4.5 is based on all different stages of emphysema. For
better evaluation of the diagnostic value for the cases of mild and moderate emphysema
a separate analysis was performed. Table 4.6 summarizes the ROC results for mild and
moderate cases of emphysema. The presented results confirm that it is easier to de-
tect pulmonary emphysema on x-ray dark-field radiography, compared to conventional
transmission. Moreover, the AUC value for the detection of moderate and mild cases of
emphysema with dark field is as high as 1 and 0.97, respectively. These values show a
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Sensitivity % Specificity % AUC

Transmission 62.1 90.9 0.77

Dark Field 93.1 100 0.99

Table 4.5: Receiver-Operating-Characteristics analysis for diagnosing emphysema of
all stages with conventional transmission and dark-field radiograms. AUC quantifies the
area under the ROC curve.

Stage Signal Sensitivity % Specificity % AUC

Mild Transmission 60.0 90.9 0.74

Mild Dark Field 100 81.8 0.97

Moderate Transmission 60.0 90.9 0.79

Moderate Dark Field 100 100 1

Table 4.6: Receiver-Operating-Characteristics analysis for diagnosis of mild and mod-
erate cases of emphysema with conventional transmission and dark-field images. AUC
quantifies the area under the ROC curve.

big improvement to the values calculated for the transmission radiograms. In spite of
the high AUC value for the detection of mild emphysema with dark field, the specificity
is only 81.8%. A possible explanation for this low specificity could be the inhomogeneity
of a mild emphysema in the lung. Usually mild emphysema is observed in the peripheral
area, therefore, when considering all of the lung for the signal analysis a certain bias is
introduced.
It can be concluded that x-ray dark-field imaging is a promising imaging technique for
detection and correct staging of emphysema in small-animals. A more detailed analysis
of the diagnostic value of the dark-field for imaging is reported in (Hellbach et al., 2015),
showing clear advantages of dark field over conventional transmission.

Discussion

In the present section, x-ray dark field imaging results of different stages of emphysema
were reported. It was shown that the morphological changes can be better appreciated
in the dark field than in conventional transmission. Furthermore, the scatter information
can be used for better discrimination between different stages of emphysema.
Quantitative signal analysis revealed a linear correlation between the mean logarithmic
dark-field signal and the mean chord length. At first glance, it is not quite evident why
there should be a linear correlation between the two values. We consider this result
from a theoretical point of view. For simplification reasons, it is assumed that the lung
is filled with air bubbles and the rest of the lung consists of lung tissue. Based on this
assumption, a simulation (Malecki et al., 2012) was run for the small-animal scanner,
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Figure 4.16: Simulation (blue crosses) and theoretical results (black line) for the scaling
of the dark-field signal in the small-animal scanner with the size of the spheres’ diameter.
Image adapted from (Velroyen et al., 2013).

considering the dark-field signal as a function of spheres’ diameter (Velroyen et al., 2013).
The obtained dependence of scattering on the spheres size is displayed in Figure 4.16
and is adapted from a further study by Velroyen et al. (2013). The simulation results
(blue crosses) were compared with theoretical findings (black line) reported by (Lynch
et al., 2011) and showed good agreement. For the spheres with diameter of 50 µm and
larger (the diameters relevant for alveoli), there exists in first approximation a linear
dependence between the dark field signal and diameter of the spheres. Due to the small
dark-field signal difference for the spheres with a diameter of 60− 100 µm, the relation
between the logarithm of the scattering information and the diameter can be assumed to
be linear. This is a very simplified consideration that supports the experimental results.
The presented quantitative relation could be of high clinical relevance. It suggests that,
using the dark field, it is possible to assess the size of the alveoli in the lung without the
use of the high resolution CT. However, this result should be understood at this point of
time only as an indication and not as clinical proof. The big drawback of the quantita-
tive assessment is the evaluation method. Both histology and dark field were quantified
for the whole lung by a single number. In a general case, distribution of emphysema in
the lung is not exactly homogeneous. Therefore, a further study is required that would
locally compare the dark field signal with the quantification of the alveoli size. This can
be achieved for example with a high resolution tomography. If the same high degree
of correlation can be established in the proposed study, the method can be applied for
preclinical studies.
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Source Voltage Number of steps Exposure per step Est. dose

35 kVp 5 5 sec. 1.5 mGy

Table 4.7: Acquisition parameters for in vivo longitudinal emphysema study.

4.2.6 Longitudinal imaging of emphysema

In the last section the high potential of dark-field radiography for imaging of different
stages of emphysema was discussed. One of the potential applications of the proposed
method is monitoring of therapy response. To demonstrate that grating-based x-ray
dark-field imaging is stable enough for long term studies, a longitudinal study of pul-
monary emphysema in mice is discussed in the present section.
For this purpose, five control mice that received PBS and five mice instilled with elastase
were imaged longitudinally up to day 21 after instillation. The time points for imaging
were chosen as: before instillation, day 3 (or 5), day 7, day 14 and day 21. Due to im-
proved stability of the scanner, new scanning parameters with less total exposure time
were chosen. The settings used for the scans are summarized in Table 4.7.

Imaging results

Figure 4.17 shows exemplary images of a control mouse and an animal from the emphy-
sema group. In the figure, all the transmission and dark field radiographies are scaled
identically. The control lung does not show any changes in signal intensity over time
neither in the transmission nor in the dark-field imaging modality. By contrast, the
progressing morphological changes can be clearly distinguished for the mouse instilled
with elastase on the dark-field projections. However, the changes in the morphology due
to developing emphysema are basically invisible on the transmission radiograms.
It is interesting to notice that the emphysema mouse shows clearly reduced scattering
signal in the lung on day 3 after instillation. Besides, the lung is clearly enlarged and
has a different shape compared to day 0. After day 3, the lung seems to recover on day
7. Subsequently, after day 7 the state of the lung gradually deteriorates towards day 21.
Day 3 after instillation with elastase is too early for pronounced emphysema to develop.
Therefore, a different explanation for the state of the lung on day 3 is required and will
be discussed later.

Quantitative signal analysis

In order to obtain quantitative longitudinal results, the signal intensities on the trans-
mission and dark field radiograms were quantified using the mask already presented in
Figure 4.14. Once again, the ribcage was subtracted from the regions of interest, inorder
to not bias the transmission signal. Subfigures 4.18 (A) and (B) show thus quantified
tranmission and dark-field signals for three exemplary control and three emphysema-
tous mice, respectively. Figure 4.18 (C) and (D) illustrates the mean values for all ten
animals in the two groups. The error bars represent the standard deviation within the
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Figure 4.17: Transmission (A) and dark-field (B) radiographs acquired longitudinally
for a control (PBS) animal and a mouse instilled with elastase (lower row). The scale
bars correspond to 5 mm.
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Figure 4.18: Mean transmission (A) and dark field (B) for three animals treated with
elastase and three control animals, imaged longitudinally. Mean group signals for trans-
mission (C) and dark field (D) for all animals in both groups.

group.
From Figure 4.18 it can be easily appreciated that transmission radiograms are suitable,
at maximum for the discrimination of progressed emphysema from the healthy state.
By contrast, the dark field yields a much clearer differentiation. On all days after day
0, a clear difference between control animals and animals treated with elastase can be
observed. It is also interesting to notice that basically no difference between the em-
physema mice on day 14 and day 21 could be established.
The quantitative signal analysis also revealed a clear x-ray dark field signal boost on
day 3 for all mice treated with elastase. Surprisingly, the signal gain in the dark-field
intensity is even more stronger than for emphysematous mice on day 21.

Emphysema development

In order to correlate the imaging results on day 3 after elastase application with histology,
a further experiment was performed with two mice, treated with elastase. The mice were
imaged before instillation with elastase and, subsequently, on day 3 after orotracheal ap-
plication. After imaging, the mice were sacrificed and the lungs were histopathologically
analyzed. A magnified histological section of a control specimen and a lung three days
after instillation with elastase is shown in Figure 4.19. The histological section of the
elastase lung strongly suggests the presence of an inflammatory process: both numerous
macrophages and a lot of blood cells are visible on the presented section. The blood
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A 1 mm B 1 mm

Figure 4.19: Histological section of a control lung (A) and a lung excised three days
after elastase instillation (B). The lung treated with elastase clearly displays an increased
number of blood cells on the presented histological section, which hints at the presence
of inflammatory processes.

cells are probably released due to a strong inflammatory process that affects the tissue
surface in the lung. This result is not surprising if keeping in mind that emphysema is
an inflammation driven disorder (Snider, 1992). The control lung does not reveal any of
the aforementioned signal behavior observed for animals treated with elastase.
With these results the feasibility to observe lung inflammation using x-ray dark-field
imaging has been demonstrated. The inflammation is, by contrast, almost invisible in
the transmission image.

Discussion

In the present section, the feasibility to perform quantitative longitudinal studies of
emphysema development in mice using x-ray dark-field radiography was proven. At all
imaging time points, a clear differentiation between healthy and emphysematous mice
could be achieved in the dark field, however, not in conventional transmission.
It was furthermore demonstrated that pulmonary inflammation can be also very clearly
visualized in the dark field. The exact reason why the inflammation is so distinctly
visualized in the dark field still needs to be evaluated. One the one hand, inflammation
could lead to an accumulation of a thin fluid film on the alveoli surface (edema). On
the other hand, a further reason could be that the released blood cells fill up the alveoli
and thus the number of air-tissue interfaces is reduced. Therefore, as a next step a high
resolution tomography of an excised murine lung has to be performed to determine the
exact state of the alveoli during inflammation. Future studies should also focus on eval-
uating the diagnostic value of x-ray dark field for different stages of lung inflammation.
Both emphysema and inflammation lead to a decrease in scattering. Therefore, it is nec-
essary to find a possibility to discriminate between the two disorders in the future. One
possibility could be the combination of the x-ray dark field with the transmission signal.
While emphysema leads to an increased transmission in the lung, lung inflammation
should reduce x-ray transmission. Therefore, in a future study, an algorithm should be
developed that would combine the two signals, taking into consideration the ribcage.
The presented findings could have significant implications for the clinical world. With



88 4.2. X-ray dark-field imaging of pulmonary emphysema

Control Inflammation Emphysema

Source voltage [kVp] 37 37 37

Num. of proj. 103 62 189

Num. of steps 4 5 4

Exposure [sec.] 2 3.3 2

Num. of flatfields 14 4 12

Total scan time [min] 40 42 68

Dose [mGy] 100 115 170

Table 4.8: Acquisition parameters for the CT scans presented in Figure 4.20.

further technical developments, dark-field radiography could be used to assess the spatial
distribution of a lung inflammation in patients without the use of CT. However, further
studies are necessary before this approach can be clinically established.

4.2.7 Tomographic imaging of pulmonary emphysema

In the previous sections, the diagnostic value of x-ray dark-field radiography for pul-
monary emphysema was discussed. Recently, the first proof-of-principle x-ray dark field
tomography of living mice was reported (Velroyen et al., 2015) and shown to have a very
high potential for diagnosis of pulmonary disorders. Therefore, in the present section we
touch on the diagnostic value of x-ray dark-field tomography for pulmonary emphysema
and the corresponding lung inflammation.
To evaluate the diagnostic value of x-ray dark-field tomography, a CT scan of a con-
trol mouse (21 days after PBS application), an animal with severe emphysema (day 21
after elastase application) and a mouse with lung inflammation (day 3 after elastase
application) was performed using the small-animal CT scanner (Tapfer et al., 2012).
Histological proof of the inflammation presence has been given for the mouse in Figure
4.19.
At the time point of the CT scans, the optimal parameters for tomographic imaging
were still subject to optimization. As described in the Chapter 3, one of the main draw-
backs of the small-animal scanner are the long acquisition times. If one assumes that a
mouse can be anesthetized without any problems for about 45-60 minutes, then there
are different ways to distribute this time on the single projections: e.g. one can acquire
higher number of steps or use longer exposure times. Thus, the three tomographic scans
were performed using different acquisition settings, distributing the total scan time dif-
ferently. The scan settings for the three tomographies are summarized in Table 4.8.
The projections were acquired with a detector binning of 2× 2, which implies a spatial
resolution of approximately 70 µm (10 % MTF) (Müller, 2013). No further binning
was used for CT reconstruction so that the field of view was 707 pixel wide. Thus, the
acquired data is severely undersampled and a more subtle reconstruction algorithm than
conventional filtered backprojection is required. The tomographies were reconstructed
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using statistical iterative reconstruction for x-ray phase-contrast and dark field (Hahn,
2014).

Imaging results

Exemplary axial and coronal slices of the three acquired tomographies are shown in
Figure 4.20. On the axial and coronal slices of the transmission tomography, a clear
difference between the control mouse and the animal with severe emphysema can be
observed. The emphysematous lung reveals lower HU units than the control lung due to a
decreased amount of tissue. However, there are no visible differences between the control
lung and the lung affected by inflammation based on the transmission CT. The dark field
tomographies are presented in scatter Hounsfield Units (sHU), as defined in Velroyen
et al. (2015). It can be clearly observed that the healthy lung displays a homogeneously
high degree of scattering. Both lung inflammation and emphysema lead to a decrease in
the scatter HUs. The loss in the signal intensity is for the lung affected by inflammation
not as high as it is the case for emphysema. Moreover, the emphysematous lung appears
to have a distinctly patchy structure: some areas of the lung hardly yield any dark-field
signal. This is a feature that could be used for discrimination between emphysematous
and inflammatory lungs. All in all, the presented result strongly suggests that x-ray
dark field tomography could be used for a more effective diagnose of lung inflammation.
From Figure 4.20 it can be followed that 62 projections over 360◦ are not enough to
obtain an artifact-free CT reconstruction. The presented slices for the mouse with
lung inflammation clearly reveal some remaining streak artifacts that are present after
reconstruction due to severe data undersampling. The presence of artifacts makes it
challenging to distinguish small features (e.g. the fat layer). Given that this scan had
a similar duration as the other tomographies, it can be concluded that the settings
used for this tomography are not optimal and should not be used in the future. The
tomography of the control mouse shows significantly less artifacts although some residual
streak artifacts are visible in the vicinity of bones. The fat layer is distinctly visible.
Unfortunately, the mouse moved slightly during the tomographic scan, causing thus a
certain blurring. In conclusion, the settings used for this scan yield significantly better
results than in the case for the scan discussed above, however, residual artifacts make
detection of small structures, especially in the vicinity of bones challenging. Finally,
the tomography of the emphysematous mouse reveals the best imaging result of all
three cases. The reconstruction artifacts are suppressed and small structures like the
fat layer are clearly delineated. Yet, what needs to be considered is that the scan time
was 25 minutes longer than for the two previous scans. Hence, if time permitting the
settings used for emphysematous mouse are preferrable. Otherwise (approximately) 103
projections have to be acquired for a CT reconstruction.
This study has to be seen not as a parameter optimization study that could be performed
with a phantom, but rather as an attempt to analyze what diagnostic value the scans
with different parameters have.
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Control Inflammation Emphysema
A Transmission Tomography

B Dark-Field Tomography

HU
-800 -600 -400 -200 2000

sHU
200 400 600 800 1000

Figure 4.20: Axial and coronal slices of a conventional transmission (A) and dark-field
(B) tomography of a control mouse, a mouse with lung inflammation and an animal
with pulmonary emphysema. The colorbars show the scaling of the transmission images
in Hounsfield Units and dark field in scatter HU units. The scale bars corresponds to 5
mm.
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Figure 4.21: Histogram of the transmission (A) and dark field (B) signal intensities
in the lung for the control mouse and the animals with emphysema and inflammation,
shown in Figure 4.20.

Quantitative signal analysis

The tomographic reconstructions were also evaluated quantitatively to confirm the sub-
jective qualitative impression. For the quantitative analysis of the three CT scans, the
lung was manually masked out for ten reconstructed axial slices taken from the central
part of the lung. Thus obtained signal distributions are summarized in histograms in Fig-
ure 4.21 for both, transmission and dark field signal. Since some of the distributions show
a high degree of skewness, the distributions are characterized in the following not based
on the mean or median value but based on the peak signal intensity. As expected, the
peak signal intensity for the control lung lies at −650 HU in transmission and 1000 sHU
in dark field. The lung with an inflammatory process yields peak signal intensities at
−650 HU in transmission and 575 sHU in dark field. This confirms the qualitative result
that no difference between the control lung and the lung with pulmonary inflammation
could be observed in transmission in Figure 4.20. Finally, the peak signal intensities for
the emphysematous lung are −800 HU in transmission and 325 sHU in dark field. Thus,
also in quantitative analysis a difference between the control and emphysematous lung
can be appreciated in transmission. However, the difference in signal intensities is in the
dark field for the two mice significantly higher than in transmission.
A further indication that could be used in the future to discriminate between different
disorders is the shape of the signal distribution in the histogram. Table 4.9 summarizes
the skewness and kurtosis of both transmission and dark field signal intensity distribu-
tions. From the calculated numbers it seems that the skewness for the dark field and
kurtosis for the transmission signal could be used as a further distinguishing feature
between the healthy, the inflammation and the emphysematous lung. However, further
studies with a higher statistics are necessary to confirm this result.

Discussion

In the present section, three tomographic scans of a control mouse, a mouse with lung
inflammation and pulmonary emphysema were presented. The reconstructed images
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Control Inflammation Emphysema

Skewness (Tra.) 4.8 5.0 4.4

Kurtosis (Tra.) 39.8 35.3 26.9

Skewness (DF) -1 -0.4 -0.1

Kurtosis (DF) 3.4 2.9 3.3

Table 4.9: Skewness and kurtosis of the transmission (Tra.) and dark-field (DF) signal
distributions, presented in Figure 4.21.

strongly suggest that the dark field has a high diagnostic potential for the detection of
lung inflammation. However, this result has to be understood only as an indication since
only one mouse was scanned. Therefore, future studies should focus on acquiring more
tomographic scans of mice with different stages of inflammation to reliably establish the
diagnostic value of x-ray dark field tomography for this disorder. The same applies to
pulmonary emphysema. A study with a higher statistics is required before it is possible
to conclude on the diagnostic value of x-ray dark field tomography for pulmonary em-
physema.
The performed quantitative analysis of the signal intensities revealed that all three mice
could be differentiated in the dark field but not in the transmission images. Skewness
and kurtosis of the signal distributions were identified as two possible figures of merits
that could be used for a better discrimination between different pulmonary disorders in
the future.

4.2.8 Discussion and conclusion

This section aimed at analyzing the possible diagnostic advantages of x-ray dark-field
imaging over conventional transmission for the detection and correct staging of pul-
monary emphysema. Unlike the proof-of-principle results (Schleede et al., 2012) ob-
tained at a synchrotron-like source, all the experiments were performed with a compact
small-animal scanner with a polychromatic source.
The first step of the study consisted of verifying if similar results, as obtained with the
monochromatic source could be achieved with a conventional laboratory x-ray source.
Our findings revealed that even using a compact setup with a conventional laboratory
source, a strong signature of the lung could be observed in the dark field. A similar
result was reported by Weber et al. (2012) short time thereafter. Furthermore, it was
shown that a combination of the x-ray dark field with conventional transmission could
significantly facilitate the detection of emphysema and yield the spatial distribution of
the pulmonary disorder on projection images. Based on these promising results first in
vivo experiments were initiated. Thus, it could be shown that the dark field yields a
much better discrimination between healthy and emphysematous mice compared to the
conventional radiography. It was moreover demonstrated that, due to the higher sen-
sitivity of x-ray dark field to morphological changes in the lung, the imaging modality
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is suitable for diagnosing early stages of emphysema. The quantitative signal analysis
revealed good correlation of the dark-field signal with both histology and pulmonary
function tests. Finally, it was demonstrated that the imaging technique is stable enough
to perform longitudinal small-animal studies. These findings could be of particular in-
terest for monitoring of small-animal therapy studies. During the longitudinal study,
it was observed that dark field also yields a clear signal increase a couple of days after
the animals were instilled with elastase. Histopathology proved the origin of the signal
change to lie in lung inflammation. In the last subsection, it was proven that the x-ray
dark-field tomography is also significantly more sensitive to lung inflammation compared
to a conventional transmission tomography. To conclude, the results presented in this
section demonstrate the high potential of x-ray dark-field imaging for diagnosing and
staging of pulmonary emphysema. In the future, the imaging technique can be applied
to monitor small-animal studies and, with further technical developments, it should be
possible to translate this approach to human patients.
An aspect that needs consideration is the animal dose required for the acquisition of x-
ray dark field radiograms and tomographic scans. All the dark-field radiographies have
been acquired with a dose below 3 mGy. The calculated dose is comparatively low and
can be used without further restrictions for longitudinal studies. All the CT scans were
acquired with a dose below 200 mGy, which is comparable to the dose usually delivered
to the mouse in a conventional micro-CT system (Rodt et al., 2011). Thus, also longitu-
dinal CT scans can be performed without further restrictions. It can be questioned why
the dose necessary for the x-ray dark-field tomographies is lower than what is usually
required for conventional micro-CT scans. One of the reasons is the system resolution.
Typical micro-CT scans are performed with a resolution of approximately 10 µm. In the
case of x-ray dark field, the alveoli do not have to be directly resolved, as the scattering
information reveals the state of the alveoli. Thus, less radiation is necessary. Moreover,
the CT scans were reconstructed with the state-of-the-art iterative reconstruction algo-
rithms, which are not yet implemented into the commercial systems. Reconstruction
with the filtered backprojection algorithm would not have been possible due to under-
sampling. In the future, the required dose can even be reduced by optimizing the setup
with respect to e.g. grating support wafer thickness and better shaping of the x-ray
spectrum.
In order for x-ray dark-field radiography to be used for therapy monitoring studies, it
is necessary to be able to quantify the morphological changes on the projection images.
This issue can be resolved by applying a trained computer algorithm. Such an algorithm
compares the input image with a predefined signal reference map. The map is created
by combining a number of images that are predefined as control lungs. The algorithm
than locally compares the input image with the reference values. Such an algorithm has
been recently implemented by Einarsdottir et al. (2015) for the dark field. Figure 4.22
shows an exemplary series of dark field projections of a single mouse that was imaged
before instillation with elastase and subsequently on day 7, 14, and 21 thereafter. The
deviation masks quantify the changes in the dark field with respect to the healthy state
(which is based on 20 predefined control animals). The higher the deviation in the dark
field, the higher the deviation score and the more severe is emphysema. Thus, using
such an algorithm it is possible to quantify and track the morphological changes on a
projection image. The current model is based on x-ray dark-field imaging alone. Even
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Figure 4.22: Masks fitted to the lung of a mouse on the dark field projections (top
row) and the corresponding calculated deviation masks (bottom row:). The deviation
masks were calculated as described in detail by Einarsdottir et al. (2015). The higher
the deviation score, the more severe is emphysema.

better quantification results can be expected if the model was based on a combination
of transmission and dark-field signals. However, to realize such an algorithm, it is nec-
essary to automatically exclude the ribcage from the transmission images.
Given the promising results reported in this section a number of follow-up studies has
to be performed to address some important issues. First of all, a study is required that
would determine the diagnostic value of x-ray dark field radiography for lung inflamma-
tion with a higher number of animals. It would be particularly interesting if the animals
had different stages of inflammation. Furthermore, the diagnostic value of x-ray dark
field tomography for pulmonary emphysema has to be more deeply evaluated. Similar to
the study performed with radiography, different stages of emphysema have to be imaged
and the results qualitatively and quantitatively analyzed. Special focus has to be set on
detecting emphysema in low dose CT scans.
For the in vivo measurements, the diagnostic value of transmission was always compared
to that of dark field. Since x-ray dark field and transmission are intrinsically registered,
more effort has to be put into combining the two signals for an improved diagnostic
value. Thus, in future, the diagnostic value of transmission should rather be compared
to that of the combination of x-ray dark field and transmission.
It has been shown that both emphysema and inflammation lead to a decrease in x-ray
scattering. Therefore, future studies should also consider different approaches to dis-
criminate between these two different pulmonary disorders, even if they yield similar
imaging results in the dark field. One of the possible approaches could be to combine
the dark field with conventional transmission for a better differentiation. A further
approach could be to thoroughly anayze the signal distributions of the images. For
example, skewness and kurtosis could allow for an improved discrimination of different
disorders.
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Finally, a special effort has to be put into pushing the method to high energies and
larger fields of view necessary for imaging of human patients.
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4.3 X-ray dark-field imaging of pulmonary fibrosis

Note that the main results of this section have been submitted for publication by Yaroshenko
A. et al. Figures and text passages in this section may appear identically in the publica-
tions.

4.3.1 Motivation

Pulmonary fibrosis is a life threatening disorder that does not respond well to current
therapies (Ley et al., 2011). The disorder is characterized by fibroblast activation and
proliferation, accompanied by extracellular matrix deposition, resulting in abnormal
lung architecture and reduced lung function (King Jr et al., 2001). Pulmonary fibrosis
may develop in response to a variety of causes, e.g. in the frame of collagen/vascular
diseases, in response to inorganic (asbestos, silicosis) or organic (allergens) dusts, or
following medical interventions, such as chemo- or radiotherapy. In contrast, the cause
for pulmonary fibrosis in idiopathic pulmonary fibrosis (IPF) remains unknown up-to-
date. IPF, which alone may affect up to 150.000 patients in the European Community,
is characterized by an average survival time of 4 - 5 years upon diagnosis and represents
the most aggressive form of lung fibrosis (Coultas et al., 1994; Katzenstein and Myers,
1998; King Jr et al., 2011; Selman et al., 2001).
Fibroblast foci represent the hallmark lesions of IPF, as they constitute aggregates of
activated myofibroblasts, which are thought to promote excessive deposition of the ex-
tracellular matrix (ECM) characteristic for lung fibrosis. Fibroblast foci occur in subep-
ithelial layers, close to areas of alveolar epithelial cell injury and repair, suggesting that
impaired epithelial-mesenchymal crosstalk contributes to the pathobiology of IPF. In-
deed, it is well accepted that repetitive injury and subsequent repair of alveolar epithelial
type II (ATII) cells, in the presence or absence of local inflammation, represent a key
pathogenic mechanism in IPF, which leads to aberrant growth factor activation and
perpetuation of fibrotic transformation exchange (King Jr et al., 2011; Ley et al., 2011).
The main cause of death in patients with IPF is respiratory failure. Although one sub-
stance has recently been approved in Europe for IPF, reversal of lung fibrosis is currently
impossible, and lung transplantation remains the only therapeutic intervention in end-
stage IPF. This emphasizes a dire need for new technologies for the early detection and
accurate monitoring of IPF. In addition, the development of new therapeutic strategies
demands sensitive methods suitable for longitudinal monitoring and quantification of
disease progression. Currently, the gold standard for assessing the structure of the lung,
histology, only offers endpoint measurements at the time of biopsy or transplantation.
While pulmonary function tests are routinely used to monitor disease progression, they
are not suitable for assessing short-term changes in the breathing parameters and lag
behind histological changes and the results strongly depend on patients’ compliance
(Stanbrook et al., 2004).
To address this issue, different biomedical imaging techniques like conventional x-ray CT
(Cavanaugh et al., 2006; Rodt et al., 2010; De Langhe et al., 2012), PET/SPECT-CT
(Ambrosini et al., 2010; Win et al., 2012; Groves et al., 2009; John et al., 2013) and
MRI (Karmouty-Quintana et al., 2007; Jacob et al., 2010; Egger et al., 2013; Caravan
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et al., 2013) have been described for the monitoring of fibrosis, but face considerable
limitations. Both CT and MRI cannot resolve individual alveoli and the assessment
of the disease severity is based solely on the detection of larger areas of scarred tissue.
As such, current imaging modalities exhibit a low sensitivity and predictability, espe-
cially at an early stage of the disorder. Apart from this significant drawback, x-ray CT
(and particularly high-resolution CT), along with PET/SPECT-CT, are not suitable for
monitoring purposes due to high patient radiation exposures. MRI, on the other hand,
yields only low spatial resolution and is limited by long scanning times, high operation
costs, and low regional availability.
In the light of these considerations, there is a need to consider further approaches for
a technique that would allow to detect and monitor pulmonary fibrosis in an improved
way. In the present section a study, similar to the one presented for emphysema in sec-
tion 4.2 was performed. The goal of the present study to evaluate the diagnostic value
of x-ray dark field imaging for diagnosing and staging of pulmonary fibrosis in mice.

4.3.2 Materials and methods

Small-animal pulmonary fibrosis model

Animal experiments were performed with permission of the responsible institutional
animal care and use committee and carried out in accordance with national and inter-
national animal welfare guidelines. For the study pathogen-free female C57BL/6N mice
(Charles River, Sulzfeld, Germany) aged six- to eight-weeks were used. Two groups of
animals were used for the first study. First, five mice received orotracheally 3.0 units/kg
body weight of bleomycin dissolved in 80 µl sterile phosphate-buffered saline (PBS).
Five control animals received only 80 µl sterile PBS. The animals were imaged 14 days
after instillation and sacrificed shortly after imaging for histopathological analysis.
For the second experiment 4 groups of animals with five mice, respectively, were used.
The groups represented control animals, mice that received one, two and three units/kg
body weight of bleomycin. The bleomycin was always dissolved in 80 µl PBS. The mice
were imaged longitudinally before orotracheal application and 5 (for few animals 7), 12
(for few 14) and 21 days after instillation. On day 21 pulmonary function tests were
performed with the animals from the control group and the animals that received one or
two units/kg of bleomycin. Subsequently lungs were prepared for histological analysis.
The mice were anesthetized using intraperitoneal injection of medetomidine (500 µg/kg),
midazolam (5 mg/kg), and fentanyl (50 µg/kg) for the bleomycin application, imaging
and pulmonary function tests.

Histology and quantitative morphometry

For transportation lungs were fixed in a 4% of paraformaldehyde, later decalcified in
a 10% Ethylenediaminetetraacetic acid (EDTA) solution for 5 days. Dehydrated sam-
ples were subsequently embedded in paraffin. Multiple 10 µm slices were prepared from
each lung. Finally, the slices were stained using the Elastica-van-Gieson (EVG) proto-
col. Prepared slices were then scanned using an Olympus BX51 (Olympus, Hamburg,
Germany) microscope to create digital images. For tissue percentage quantification the
light microscope was equipped with a computer-assisted stereologic toolbox (newCAST;
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Source Voltage Number of steps Exposure per step Est. dose

35 kVp 5 5 sec. 1.5 mGy

Table 4.10: Acquisition parameters for in vivo fibrosis study.

Visiopharm, Horsholm, Denmark). Histological sections were magnified 200-fold and
quantified on 50 fields of view per lung by counting points hitting lung parenchymal
tissue (Ptissue) or lung parenchymal air (Pair). The percentage volume was calculated
by applying the formula

% Tissue = 100 ·
∑
Ptisue∑

Ptissue −
∑
Pair

. (4.3)

Pulmonary function tests and dose determination

Pulmonary function tests and dose determination was carried out in the same manner
as it has already been described in the emphysema section 4.2.2.

4.3.3 In vivo radiographic imaging of pulmonary fibrosis

Detection of pulmonary fibrosis

The feasibility to diagnose pulmonary fibrosis based on x-ray dark-field radiographs was
demonstrated using five control animals and five mice with pulmonary fibrosis, induced
by orotracheal instillation with 3.0 units/kg body weight of bleomycin. All mice were
imaged 14 days after instillation and the imaging parameters are summarized in Table
4.10.

The simultaneously acquired x-ray transmission and dark-field radiograms of three
control and three mice with pulmonary fibrosis are shown in Figure 4.23. All trans-
mission and dark field images are scaled identically. It can be observed that severe
pulmonary fibrosis is well visible on conventional x-ray transmission, as well as dark
field radiograms (e.g. Figure 4.23, mouse 5). Figure 4.23 illustrates well the comple-
mentary nature of x-ray transmission and dark-field signals. The alveolar airspaces and
perialveolar regions are subjected to significantly increased extracellular matrix (ECM)
and coagulation product deposition as a consequence to fibrosis, absorb only insignifi-
cantly more radiation. X-ray dark field is - on the contrary - significantly reduced by the
declining number of air-tissue interfaces. Thus, while x-ray transmission images mainly
yield indirect signs of the pathologic changes, alterations in the pulmonary parenchyma
are directly and more sensitively visualized on the dark-field radiograms. Conversely,
overlying structures such as fat, bones and skin contribute significantly to the x-ray
transmission signal and complicate an accurate diagnosis, while they are basically invis-
ible in the dark field image. Interestingly, while visual detection of morphological changes
caused by mild to moderate fibrosis is extremely challenging on the conventional x-ray
transmission images, dark-field radiograms allow for a clear visualization of even mild
stage disease (e.g. Figure 4.23, mice 4 and 6). While control lungs appear bright on the
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Figure 4.23: Conventional transmission (A) and dark-field (B) projections of three
control mice (1-3) and three fibrotic animals (4-6). Histological sections presented in
(C) confirm the successful introduction of fibrosis. The scale bar corresponds to 5 mm.
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Figure 4.24: Scatterplot for the quantified septum percentage and the mean transmis-
sion signal (A) and dark field (B). The black line represents a linear fit to the data.

dark-field images, progressive fibrosis results in a gradual decrease in the dark-field sig-
nal. Comparison of projections with histological sections (Figure 4.23 (C)) demonstrates
that the dark field signal scales well with the severity of fibrosis. Compared with x-ray
transmission images, the affected regions within the lung can be traced more precisely in
dark-field radiograms and the outlines of the lungs are more distinctly depicted. These
results suggest that dark field imaging is well-suited for sensitive and accurate diagnosis
of pulmonary fibrosis, even in mild and moderate pathological differences of the disease.

Quantitative assessment of in vivo pulmonary fibrosis

In order to assess the quantitative dependence of the dark-field signal in correlation
to pathological changes, the signal was compared with quantitative histology analysis.
Three control and five fibrotic animals, as shown in Figure 4.23, were analyzed for the
lung tissue percentage on histological sections. For the same animals, dark-field and
transmission signal intensities in radiograms were quantified by manually creating a
mask for each lung, including as much lung tissue as possible, while omitting the heart
shadow. Additionally, the ribs were excluded manually from the region of interest. An
example of such a mask has been presented during the emphysema study in Figure 4.14.
As it has already been mentioned, the dark-field signal similar to transmission scales
with a negative exponential with the sample thickness (Yashiro et al., 2010; Bech et al.,
2010). Hence, the logarithm of the signals was considered for the analysis. A scatter
plot, revealing the correlation between transmission, dark field and tissue percentage
is shown in Figure 4.24. Control and fibrotic animals are marked with blue and ma-
genta color, respectively. Healthy mice have a lung tissue percentage of around 35%
and this percentage increases with increasing severity of fibrosis as extracellular matrix
accumulates. The transmission signal shows low correlation with histological changes
(Figure 4.24 (A)). Pearson’s and Spearman’s correlation coefficients for tissue percent-
age and transmission signal are only -0.48 and -0.59 respectively. On the other hand,
there is a clear linear correlation between the dark-field signal and tissue percentage,
Pearson’s and Spearman’s correlation coefficients are 0.96 and 0.90, respectively (Figure
4.24 (B)). These observation suggest that bleomycin-induced pathological changes can
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Figure 4.25: Scatterplot for dark field and compliance (A) and tissue elastance (B).
The black line is a linear fit to the data.

be monitored quantitatively with dark-field imaging as has been confirmed by quantita-
tive histology assessment of morphological lung parenchyma changes.
In another experiment, the correlation between the dark field and pulmonary function
test results was analyzed based on three groups of mice. The first group contained 4
mice instilled with two units/kg of bleomycin, the second group consisted of 3 mice
instilled with one unit/kg of bleomycin and finally, the control group had 3 animals.
Dark-field imaging was performed 21 days after orotracheal application of bleomycin
and just preceding pulmonary function tests. Figure 4.25 shows a scatterplot, revealing
the correlation between the dynamic compliance and tissue elastance to the dark-field
signal. The control animals are represented by blue dots, mice that received one and
two units of bleomycin are shown with magenta and red color, respectively.
There is a good correlation between the parameters obtained from the lung function
tests and the dark-field signal. Pearson’s and Spearman’s correlation coefficient for the
dynamic compliance and the mean logarithmic dark-field signal are -0.64 and -0.55, re-
spectively. The correlation between tissue elastance and the dark field is 0.74 for both
correlation coefficients. In conclusion, these finding suggest that dark-field signal corre-
lates well with pathophysiological chances in the lung. Therefore, the imaging modality
seems to be well suited for monitoring development of pulmonary fibrosis.

Progression kinetics of bleomycin-induced fibrosis in mice

Building on the proof-of-principle results and to highlight the strengths of the presented
method, a longitudinal study was performed to establish kinetics of bleomycin-induced
fibrosis development and disease progression. The study was performed with living mice,
similar to the study performed with emphysematous animals described in section 4.2.6.
Transmission and dark-field radiograms were recorded before, and subsequently on days
5, 12 and 21 after orotracheal application of two units/kg body weight of bleomycin. Fig-
ure 4.26 shows the acquired dark-field images of one control and three mice that received
bleomycin. All the projections are scaled identically. The corresponding transmission
images can be found for reference in Figure 4.27. As can be observed from Figures 4.26
and 4.27, areas affected by fibrosis can be significantly better identified on the dark-field
images, whereas it is challenging to detect the subtle changes on the transmission im-
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Figure 4.26: Dark-field radiograms of a control mouse (top row) and three mice that
received 2 units/kg of bleomycin acquired longitudinally before instillation and day 5,
12 and 21 after instillation. The white scale bar corresponds to 5 mm.

ages. For example a clear difference between the mice “Fibrosis 1” and “Fibrosis 2” can
be observed on day 21 in the dark field but not in transmission. Moreover the presented
projections illustrate the strong variability in disease severity that is commonly observed
in models of bleomycin-induced fibrosis. While the mouse “Fibrosis 1” develops severe
fibrosis, the animal “Fibrosis 3” seems not to be affected by the disorder at all. This
results has been also confirmed by histological findings: Figure 4.28 presents histologi-
cal sections of the three mice that were treated with bleomycin. It can be appreciated
that mouse “Fibrosis 1” indeed has sections of the lung that appear to consist of very
dense tissue. This is proof of pulmonary fibrosis, already at a rather progressed stage.
“Fibrosis 2” lung has only small parts, affected by the disorder, whereas “Fibrosis 3”
appears to be completely healthy. Thus, histology confirms dark-field imaging results.
Thus, it has been demonstrated that dark field provides a stable, sensitive and accurate
method to follow fibrosis progression in mice in vivo.
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Figure 4.27: Transmission radiograms of a control mouse (top row) and three mice that
received 2 units/kg of bleomycin acquired longitudinally before instillation and day 5,
12 and 21 after instillation. The white scale bar corresponds to 5 mm. The transmission
radiograms were acquired simultaneously to the x-ray dark-field images presented in
Figure 4.26

A B C2 mm

Fibrosis 1 Fibrosis 2 Fibrosis 3

Figure 4.28: Histological section of the mice from the fibrosis group, presented in
Figures 4.26 and 4.27.
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Figure 4.29: Mean logarithm of dark-field signal acquired longitudinally for the control
mice (A) and animals that received one unit/kg (B), two units/kg (C) and three units/kg
(D) of bleomycin. Different symbols represent different mice. The area marked in green
corresponds to 40 % lung tissue or less, whereas the red area stands for 55 % tissue or
more.

Correlation between bleomycin concentration and fibrosis severity

The dependence of fibrosis severity based on the induced bleomycin concentration was
studied using four groups of mice, containing 5 mice each. Animals were instilled with
three, two and one unit/kg body weight of bleomycin, respectively. The fourth group
consisted of control animals. As established in Figure 4.24, the mean logarithm of the
dark-field signal scales linearly with the morphological changes in the lung that is asso-
ciated with fibrosis. Figure 4.29 reveals the dependence of the dark field as a function
of time after instillation for the four animal groups.
In general, lungs with a tissue percentage of less than 40% can be considered healthy.
From the linear fit in Figure 4.24 (B) it is possible to calculate the corresponding dark
field value for this tissue percentage as approximately -1.3 logarithmic dark field. The
area of 40% or less tissue percentage is marked in Figure 4.29 with green color. On the
contrary, lungs with tissue percentages of more than 55% can be considered as severely
fibrotic. The area of tissue percentage of more than 55% (corresponding to the logarithm
of the dark field of -0.8 or more) is marked with pale red in Figure 4.29. These plots
thus provide a read-out of the disease status as a function of time.
Healthy animals show stable dark-field values over the three weeks of monitoring. Both
groups, instilled with one and two units/kg of bleomycin contain animals that are
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Figure 4.30: Dominance of the left/right lung damage obtained from the ratio of the
dark-field signal in the right lung with respect to the left lung for animals induced with
one (A) and two (B) units/kg of bleomycin. Bars going to the left represent increased left
lung damage in %, relative to the right lung. The pale green area stands for the area of
standard deviation, calculated for healthy animals. Legend shows how the corresponding
mice were marked in Figure 4.29 (B) and (C).

severely fibrotic and mice that show no sign of the pulmonary disorder. On the over-
all, two units/kg seem to be the most appropriate dose for the induction of moderate
fibrosis. Exceeding this dose leads to the premature fatal outcome. Thus, animals that
received three units/kg did not survive to day 21. Application of one unit/kg can be
used to induce mild fibrosis. However, it has to be taken into account that a certain
number of animals will not respond to instillation.

Spatial distribution of fibrosis in the lung

Spatial distribution of the disorder was analyzed between fibrosis in the left and right
lung for the animals shown in Figure 4.29 (B) and (C). First, the ratio between the dark-
field signal for left and right lungs in healthy animals from Figure 4.29 (A) was calculated.
Due to increased thickness, right lung yields 1.2± 0.07 stronger mean logarithmic dark-
field signal than the left lung. Taking this scaling into account, the deviation of the
dark-field signal in the left/right lung was calculated and is presented in % in Figure
4.30. The direction of the bars shows which lung is more affected. Figure 4.30 illustrates
how heterogeneous interstitial fibrosis is distributed within the lung. In general, at all
time points, the damage in the left lung dominates. In particular, the animals depicted in
Figure 4.29 (B) and (C) with mild to moderate fibrosis have a significantly more affected
left lung. On the contrary, if the right lung is affected it leads to a severe fibrosis. In
the present moment it is common practice to use only one lung for e.g. morphological
analysis. However, Figure 4.30 illustrates clearly the necessity to always consider both
lungs when performing any kind of analysis, contrary to the widespread approach to use
one lung for e.g. histology and the other for e.g. RNA analysis.
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Discussion

In the present section a study was presented that demonstrates the high potential of
x-ray dark-field radiography for imaging of pulmonary fibrosis. It was demonstrated
that x-ray dark field radiography is more sensitive to fibrotic changes in the lung than
conventional transmission projections. Thus, it is possible to detect pulmonary fibrosis
on radiograms earlier and more accurately, relying on x-ray dark-field contrast. It is also
very likely but not yet proven here directly - that the signal scales well with gaseous
exchange, since the larger the number of tissue-air interfaces, the better the oxygen
exchange. This information has not been accessible so far with other imaging modalities.
Therefore, x-ray dark-field radiography has the potential to facilitate new insight into
the pathology and development of pulmonary fibrosis.
In Figure 4.24 it was demonstrated that the dark field signal scales linearly with the
tissue percentage in the lung. This is a result that needs theoretical consideration.
Fibrosis causes filling up of alveoli and thus the overall number of air tissue interfaces
is reduced with progressing disorder. This can be modeled assuming that a healthy
lung consists of a number of layers, each containing a certain number of spheres filled
with air (alveoli). The space between the spheres is filled with homogeneous lung tissue.
During progressing fibrosis the number of layers is reduced. Such a model was simulated
and compared with theoretical results in Malecki et al. (2012). The result revealed
that there is a linear relation between the number of layers and the dark field signal.
Consequently, based on the proposed theoretical model a logarithmic fit is in general
best suited to describe the dependence of the dark field on tissue percentage. However,
the tissue percentages quantified in Figure 4.24 vary only by a factor of roughly 2.
For such a small range a linear fit is a good approximation to the logarithmic curve.
Thus, these theoretical considerations confirm the experimental findings. In future, the
analysis should be extended to higher statistics, to confirm the validity of the linear
approximation, especially for the limit cases.
The quantitative nature of the dark field opens new horizons for preclinical and clinical
research. Yet, at this point of time the presented result has to be understood as an
indication. Further studies have to correlate the morphological changes in the lung
locally with the dark-field signal. For example high resolution CT can be compared
with the dark field findings to establish if such a high degree of correlation can be also
achieved based on smaller sections of the lung. The low correlation of the transmission
signal with tissue percentage in Figure 4.24 (A) can be explained by the strong influence
of the overlaying structures (like skin, fat layer, etc.) on the transmission signal. All
in all, the correlation of quantitative signal results with histopathology shows the same
trend as the results obtained from emphysema in section 4.2.

4.3.4 Tomographic imaging of pulmonary fibrosis

For therapeutical purposes it is often necessary to know the exact distribution of pul-
monary fibrosis in the lung (for e.g. surgical decision making). Therefore, the feasibility
of determining the three dimensional distribution of the pulmonary disorder with x-ray
dark-field tomography was evaluated. For this purpose, a CT scan of two mice with mild
fibrosis as well as a tomography of a healthy mouse was performed. The acquisition pa-
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Control Fibrosis I Fibrosis II

Source voltage [kVp] 37 37 37

Num. of projections 103 103 62

Num. of flatfields 14 14 7

Num. of steps 4 4 4

Exposure [sec.] 2 2 2

Total scan time [min] 40 40 24

Dose [mGy] 100 100 60

Table 4.11: Acquisition parameters for the CT scans of two fibrotic mice and a control
animal presented in Figure 4.31.

rameters used for the three tomographies are summarized in Table 4.11. As the field of
view was 707 pixel wide (detector binning 2×2 with a spatial resolution of approximately
70 µm (Müller, 2013)) all the datasets were significantly undersampled. Therefore, an
iterative reconstruction algorithm (Hahn, 2014) had to be used for reconstruction.

Imaging results

Figure 4.31 shows the reconstructed transmission and dark-field axial and coronal slices
of a healthy mouse and the two fibrotic mice. No distinct change in the transmission
signal can be observed between the control and fibrotic lungs. Much rather indirect signs
of the fibrosis, can be observed: compared to the control lung, the overall lung volume in
fibrotic mice is reduced. In case of the mouse “Fibrosis II” the right lung (which is left
in reality since the image is flipped) is remarkably small. The rest of the lung has been
filled up with extracellular matrix and it is not detectable as lung tissue any more. The
presence of fibrosis on the reconstructed dark-field tomography slices can be appreciated
slightly better, as both fibrotic lungs yield a reduced dark-field signal.

Quantitative signal analysis

The qualitative results discussed above were confirmed by quantitative signal analysis.
For signal quantification a mask was placed manually on the lung tissue on ten central
axial slices of a reconstructed dark field tomography. An identical mask then applied
to the transmission images. Thus obtained Hounsfield and scatter Hounsfiled Units
distributions are plotted in Figure 4.32 for all three animals. As it has been already
qualitatively observed, the fibrotic changes lead only to negligible changes in the trans-
mission signal. Both fibrotic mice show only slightly increased lung density values. Peak
intensities are -650 HU for the control lung and -650 HUs and -575 HUs for “Fibrosis I”
and “Fibrosis II”, respectively. The peak value for the three lung in the dark field lie
at 1000 sHUs for control and 750 and 800 sHUs for the two fibrotic lungs, respectively.
Thus, a clearer discrimination could be observed between the healthy and the two fi-
brotic mice in the dark-field signal.
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Control Fibrosis I Fibrosis II
A Transmission Tomography

B Dark-Field Tomography
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Figure 4.31: Conventional transmission (A) and dark-field (B) tomographic reconstruc-
tions of a control mouse and two mice with mild fibrosis. The scale bars correspond to
5 mm. The transmission signal is quantified in Hounsfield units and the dark field in
scatter HUs.
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Figure 4.32: Histogram of the transmission (A) and dark-field (B) signal intensity
occurrences in the lung for a control mouse and fibrotic animals “Fibrosis I” and “Fibrosis
II”, shown in Figure 4.31.

Control Fibrosis I Fibrosis II

Skewness (Tra.) 4.8 3.1 5.2

Kurtosis (Tra.) 39.8 27.8 35.9

Skewness (DF) -1 -0.25 -0.5

Kurtosis (DF) 3.4 2.4 2.9

Table 4.12: Skewness and kurtosis of the transmission (Tra.) and dark-field (DF) signal
distributions, presented in Figure 4.32.

Similar to the analysis performed for emphysematous mice in section 4.2.7, the shape
of the distribution is analyzed. Table 4.12 summarizes the skewness and kurtosis of the
distribution from Figure 4.32. It can be concluded that skewness and kurtosis of the
distribution of transmission signal does not seem to yield features that could be used for
discrimination between fibrotic and control lungs. However, in dark field the skewness of
the distributions varies considerably between the three mice. Each lung has airways and
vessels that do not yield any dark field signal. This is the reason why for the control lung
the peak intensity of the distribution lies at 1000 sHUs, but the distribution displays
also a considerable amount of pixels with very low sHU values. This implies a relatively
high skewness of the distribution. If the peak intensity of the distribution is now shifted
towards lower sHUs (as this is the case for fibrotic and emphysematous mice) than the
skewness of the distribution is considerably reduced. In conclusion, skewness of the dis-
tribution could be used in the future for a better discrimination between healthy and
fibrotic mice.

Discussion

The results of the presented study suggest that x-ray dark-field tomography could be
more sensitive to fibrotic changes in the lung than conventional transmission. However,
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further studies are necessary in order to confirm these findings. The future studies should
especially focus on imaging different stages of fibrosis, as severe fibrosis can be typically
well appreciated on conventional CT images (Cavanaugh et al., 2006; De Langhe et al.,
2012). Future studies should also evaluate whether the skewness and kurtosis of the
dark field can indeed be used for a better discrimination between healthy and fibrotic
animals.

4.3.5 Conclusion

In the current section the diagnostic value of x-ray dark-field radiography and tomogra-
phy was evaluated with respect to possible advantages for the detection of pulmonary
fibrosis in small-animals, compared to conventional x-ray transmission. In general, it was
shown that x-ray dark-field radiography tomography is more sensitive to fibrotic changes
than conventional transmission. Thus, the pulmonary disorder can be diagnosed and
staged with a better accuracy based on x-ray dark-field imaging results. The reason why
dark field is more sensitive to morphological changes is because it yields direct access to
the information about the state of air-tissue interfaces in the lung without the necessity
to directly resolve these.
Longitudinal monitoring of fibrosis progression revealed several interesting aspects. First,
imaging results on day 21 showed that there is no difference in severity range between
the groups that received one or two units/kg body weight of bleomycin. Both groups
contained animals that stayed healthy and animals that developed severe fibrosis, re-
flecting the spatiotemporal heterogeneity of the model. The majority of the animals
had a significantly more damaged left lung after orotracheal instillation. Future studies
will have to determine whether this originates from excess of bleomycin in the left lung
during instillation or has a different pathological reason. Nonetheless, it is interesting
to notice that a less affected right lung is sufficient to keep up the oxygen exchange in
the lung, which is not the case vice versa.
Compared to the emphysema model, the longitudinal development of fibrosis showed a
different temporal progression. As can be observed from Figure 4.29 the animals do not
develop a lung inflammation as early as day three, as it is the case for emphysematous
mice. Nonetheless, fibrosis formation is based on an inflammatory process that starts
around day 5-7 (as can be seen from Figure 4.29 and subsequently leads to a continu-
ously deteriorating lung morphology. Once the inflammation starts, the process is very
fast and the degree of inflammation is crucial for the survival of the animal. Only if
the inflammatory process is not too severe, the animal can recover and fibrotic (scarred)
tissue is formed in the lung. Figure 4.33 shows a negative example of how fast inflamma-
tion can progress and to what degree the lung can be affected. An animal was imaged
before orotracheal instillation with bleomycin and 5 and 7 days hereafter. Based on the
dark-field image the very severe state of the lung is clearly visible. Apparently almost
no air-tissue interfaces are present. Even if the severe changes are also visible on the
transmission image, dark-field radiogram of day 7 reveals much better the critical state
of the animal. It is also quite remarkable how fast the inflammation process progresses.
Whereas it is only starting to develop on day 5, 48 hours later the whole lung is severely
affected. This result also emphasizes the necessity for monitoring small-animal studies
in order to better understand the pathogenesis and progress of the disorder.
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Figure 4.33: Transmission and dark field radiograms of a mouse treated with three
units of bleomycin and imaged before instillation with bleomycin and 5 and 7 days
hereafter.

The dose that was necessary to acquire the dark-field projection and tomographies in
this section is similar to the dose used for emphysematous mice in section 4.2. Thus,
x-ray dark field imaging can be applied to longitudinal studies without further restric-
tions.
Both pulmonary emphysema and fibrosis have been demonstrated to yield a higher dark
field signal, compared to a healthy murine lung. It can be questioned if it is possible
to discern the two disorders based on the dark-field images. In section 4.2 an algorithm
was mentioned that is able to quantify emphysematous changes on a projection image
(Einarsdottir et al., 2015). The same algorithm is applicable to fibrotic lungs. In fact,
application of the algorithm to fibrotic mice revealed that it is not only possible to quan-
tify fibrotic changes on a conventional projection, but that there is a difference in the
dark-field signal distribution for emphysematous and fibrotic mice. Thus, it is possible
to discriminate between different disorders based on skewness and kurtosis of the dark-
field signal distributions (Einarsdottir et al., 2015). In future, it should be evaluated
if the combination of dark-field signal with conventional transmission could also help
discriminate between different pulmonary disorders.
A number of follow-up studies are necessary to further analyze the topic of x-ray dark-
field imaging for diagnosis of pulmonary fibrosis. First, the correlation between the dark
field and quantitative histology should be confirmed by a higher statistics, Furthermore,
the correlation should be also performed locally, for small parts of the lung by comparing
dark field imaging results with high resolution tomography results.
The results obtained with x-ray dark field tomography have also to be validated by a
higher number of scans and in particular of different stages of fibrosis.
Finally, further technical developments have to be undertaken to translate the presented
method to human patients. In particular, different strategies to increase the x-ray source
energy and the field-of-view have to be evaluated. Superior sensitivity and significantly
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lower radiation exposure of x-ray dark-field imaging, compared to conventional CT, could
enable early screening approaches in individuals with a higher risk to develop pulmonary
fibrosis, such as familial cases.
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4.4 X-ray dark-field imaging of pulmonary carcinoma

Note that parts of the content of this section have been published previously by Meinel
et al. in Physics Medica (2013). A further manuscript by Yaroshenko A. et al. is in
preparation. Figures and text passages in this section may appear identically in the pub-
lications.

4.4.1 Motivation

Lung cancer is the leading cause of cancer death worldwide accounting for around 1.5
million deaths annually (Ferlay et al., 2010; WHO, 2014a). It is a malignant lung tumor
characterized by uncontrolled cell growth in lung tissues. If a therapy is not commenced
timely than the growth can spread into nearby tissues or other organs by process of
metastasis. The same often happens also vice versa: cancer from other organs spreads
into the lung through metastasis. The mean life expectancy of a patient with lung nod-
ules depends significantly on the stage at which the cancer is diagnosed and therapy
is commenced, however, on average it is less than 5 years (Travis et al., 2011; McNeil
et al., 1978). If treated early the life expectancy can be significantly increased. This is
the reason why recently a major debate about lung cancer screening has been initiated
in the radiologic community (Aberle et al., 2011; van Klaveren et al., 2009). Due to
the severity of the disorder numerous studies have been conducted over the last 100
years on the pathogenesis of lung cancer (Miller, 2005; Raeburn and Spencer, 1953).
Biologically pulmonary carcinoma are caused by activation of oncogenes or inactivation
of tumor suppressor genes (Cooper et al., 2013). Carcinogens like cigarette smoke cause
mutations in these genes and thus the development of cancer is initiated. Thus, it is
not surprising that the vast majority of lung cancer originates from long-term smoking
(Fauci et al., 2008), however air pollution and genetic factors also represent significant
risk factors (Thun et al., 2008; Mason et al., 2010; Yang et al., 2013). Typical symptoms
mainly occur in advanced stages of the disease and are among other coughing, difficulty
breathing, weight loss and chest pains.
Lung cancer and metastasis are typically diagnosed relying on conventional x-ray chest
radiography. Unfortunately, the sensitivity of conventional chest X-rays for lung carci-
noma is low, especially for small nodules. A recent study reported that the sensitivity for
detection of lung cancers with a mean size of 19 mm is just below 50% (Freedman et al.,
2011). A further study (Fardanesh and White, 2012) reported that the average size of
missed lung nodules on a radiogram is 15 mm. The results of these studies illustrate
well why it has been impossible to implement a mortality reducing screening program
for lung cancer with conventional x-ray chest radiography.
Computed tomography has a significantly higher sensitivity for the detection of lung
carcinoma (Swensen et al., 2002). Recent studies performed both in the United States
and in Europe indicate that a mortality rate among high risk patients can be reduced
with a lung screening program (Aberle et al., 2011; van Klaveren et al., 2009). How-
ever, these studies have also reported that the rate of false-positive results in CT lung
cancer screening exceeds 95 % (Aberle et al., 2011) implicating repeated imaging tests
and potentially harmful invasive procedures. A major concern for the introduction of
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a CT-based screening program is the relatively high patient radiation exposure during
the tomographic scan. Thus, no screening has been established up to date.
Consequently, there is a strong need for a more sensitive method for detecting pulmonary
nodules than conventional x-ray chest radiography. It is necessary to keep in mind that
the required radiation exposure of any new imaging method has to be lower or at least
comparable with that of a low-dose CT. Several studies conducted at synchrotrons in
the past demonstrated that the detectability of lung cancer on conventional projections
can be increased using x-ray phase information (Liu et al., 2010, 2006, 2008; Chien et al.,
2011). Therefore, in the present section the diagnostic value of x-ray dark-field imaging,
acquired at a compact laboratory setup, for the detection of lung nodules is evaluated
based on a small-animal lung cancer model.

4.4.2 Materials and Methods

Small-animal lung cancer model

The study was performed both ex vivo and in vivo. Two slightly different mice models
were used for ex vivo and in vivo imaging. First ex vivo imaging was performed on two
excised lungs from two 6 month old KRasLA1 mice. KRasLA1 mice are a well established
model for lung cancer (Johnson et al., 2001). These mice carry an oncogenic K-RasG12D
allele which becomes activated upon spontaneous recombination. Thus, when the mice
are a few months of age, they develop multiple tumors in the lung. Thereby, the differ-
ent types of tumors can range from adenomatous hyperplasia and adenoma to invasive
adenocarcinoma (Johnson et al., 2001). The excised lung were inflated with air and
imaged in a plastic vessel.
For in vivo imaging 129S/Sv-Krastm3Tyj/J (K-rasLA2) mutant mice (Jackson Labo-
ratory, Maine, USA) were cross-bred with FVB-NCrl WT females mice (Charles River
Laboratories, Sulzfeld, Germany). In this mouse model, somatic activation of a latent
K-ras allele with a G12D mutation at codon 12 leads to spontaneous development of
early onset lung adenomas with 100 % penetrance that eventually evolve to high-grade
adenocarcinomas (Johnson et al., 2001). K-ras mutation is predominantly seen in pa-
tients with non-small-cell lung cancer (?30 % of all cases).
Mice were anesthetized using intraperitoneal injection of medetomidine (500 µg/kg),
midazolam (5 mg/kg), and fentanyl (50 µg/kg) during imaging.

Histology

After imaging the lungs were analyzed using histopathology. For preparation of histo-
logical sections the same protocol as used for emphysematous lungs and discussed in
section 4.2 was used.

4.4.3 Ex vivo radiographic imaging of pulmonary carcinoma

The first step of the project consisted of imaging two excised murine lungs with pul-
monary nodules with the small-animal scanner. For imaging, the inflated lungs were
taken out of formalin and imaged in a plastic container. X-ray transmission, phase-
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Source Voltage Number of steps Exposure per step Est. dose

35 kVp 8 5 sec. 2.4 mGy

Table 4.13: Acquisition parameters for ex vivo radiography of lung nodules.
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Figure 4.34: Transmission, dark-field and differential phase-contrast projections of two
excised murine lungs with pulmonary nodules along with the corresponding histological
sections. The scale bars correspond to 5 mm.

contrast and dark-field radiographies were acquired using scanner settings summarized
in Table 4.13.

Imaging results

Figure 4.34 presents the obtained transmission, differential phase-contrast and dark-
field projections of the two lungs along with the corresponding histological sections.
Histopathology of the two lungs revealed that there were five nodules in “Lung I‘”
and four lesions in “Lung II”. Median tumor size was estimated with 1.8 mm. The
lung nodules are clearly visible on the conventional transmission projection images as
opacities (areas of decreased transmission with respect to the surrounding tissue). Five
out of five lesions could be identified by an experienced radiologist on the transmission
image in “Lung I” and two out of four in “Lung II”. On the dark-field projection, lung
carcinoma appear as areas of decreased scattering, due to the lack of air-tissue interfaces
in the nodules. Based on the scattering information only four out of five nodules for
“Lung I” and one out of four in “Lung II” could be identified. Refraction, occurring
at the edges of the nodules is registered in the differential phase-contrast, therefore, the
edges of the nodules are clearly highlighted on the differential phase-contrast radiograms.
However, only three out of five tumors are clearly visible on the phase-contrast projection
of “Lung I” and no lesions were visualized for “Lung II”.
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Source Voltage Number of steps Exposure per step Est. dose

35 kVp 5 5 sec. 1.5 mGy

Table 4.14: Acquisition parameters for in vivo x-ray dark-field radiography for lung
cancer study.

Discussion

In summary, no additional tumors were visualized neither in dark field nor in differential
phase contrast. The best diagnostic value was obtained with x-ray transmission imaging.
The high sensitivity of x-ray transmission can be explained by the high contrast of
the lung tissue with respect to the background. The used imaging conditions do not
really correspond to the situation when the lung is in situ. In fact, the sensitivity of
x-ray transmission radiography in human patients for the detection of lung nodules is
significantly hampered by the signal from the overlaying structures, e.g. the ribcage.
Therefore, it can be concluded that the presented results suggest that x-ray dark field
and phase contrast do not offer any additional diagnostic value for the detection of
lung cancer ex vivo, but the results are expected to be different for in vivo imaging.
Moreover, it appears that the dark-field radiography of “Lung II” suffers from a reduced
contrast, since the lung is not fully inflated. As differential phase-contrast did not yield
very promising results it will not be considered in the future. A way to improve the
diagnostic value of x-ray phase contrast radiography in the future could be integration
of the signal (Meinel et al., 2014a).

4.4.4 In vivo radiographic imaging of pulmonary carcinoma

The diagnostic value of x-ray dark-field radiography for the detection of pulmonary
carcinoma was also evaluated using living mice. Eight mice with lesions and one control
animal were scanned, using the small-animal scanner. The parameters used for imaging
are presented in Table 4.14.

Imaging results

Transmission and dark-field radiograms of the three exemplary animals with lung tumors
and a control mouse are presented in Figure 4.35. All the images are scaled identically.
Multiple lung carcinoma are visible on the histological sections of the three mice “Tumor
1-3” and prove thus successful introduction of pulmonary nodules to the animals. Due
to the signal of the ribcage and other lung overlaying structures it is difficult to localize
the lung lesions on the transmission radiograms. It seems especially challenging to
detect small lung nodules, with a diameter of less than a millimeter on conventional
x-ray images. Furthermore, the area around the heart shadow and the periphery of
the lung is particularly difficult to consider, due to the strong signal of other features.
Thus, only few larger nodules can be identified on the presented transmission images.
The absence of the ribcage on the dark-field radiograms renders the assessment of the
lung with respect to lung lesions much easier. Compared to conventional transmission,
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Figure 4.35: Transmission (T) and dark-field (V) radiograms of a control mouse and
three mice with lung tumors along with the corresponding histology sections. The scale
bars on the radiograms correspond to 5 mm, whereas the scale bars on the histological
sections are equal to 2 mm.

significantly more lung carcinoma are visible on the dark-field projections. Moreover, the
exact size and location of the tumors can be better recognized based on the scattering
information. Especially small nodules can be significantly better appreciated on the
dark-field images compared to conventional transmission. This result strongly suggests
that x-ray dark-field radiography could offer a significantly enhanced sensitivity for the
detection of lung nodules on radiograms.

Reader study

A reader study was conducted with two experienced radiologists (four years of profes-
sional experience and prior knowledge about x-ray dark-field imaging) to further assess
the superiority of x-ray dark-field radiography for the detection of lung lesions. The
readers were blinded and transmission and dark-field radiograms were presented to them
separately. The readers were allowed to scale the images freely in OsiriX Dicom Viewer
(Pixmeo Sarl, Bernex, Switzerland). On the overall, the study consisted of eight murine
images with lung nodules and the same number of control radiograms (control animals
from the emphysema study).
Analysis of the results revealed that the readers were able to detect more tumors on
the dark-field radiograms, compared to transmission images. Besides, they were able to
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Figure 4.36: Transmission and dark-field radiograms of two mice with lung carcinoma
from Figure 4.35. The green ellipses show the tumors that were diagnosed by a radiologist
during the blinded reader study. The green ellipses on the photograph confirm that the
determined structures are, in fact, tumors.

determine the exact shape and size of the tumors better based on the scattering informa-
tion. Figure 4.36 illustrates this aspect on the example of two mice with lung lesions that
were evaluated by the readers. Photographs of the freshly excised lungs are presented
for reference. For both lungs more lesions were identified on the dark-field images and
the tumors could be furthermore better delineated. For example, for the mouse “Tumor
2” one reader found two lesions in the left lung, whereas on the dark-field radiogram it
can be easily appreciated that only a single, large tumor is present.
Figure 4.37 quantifies the number of detected lung carcinoma on the transmission ver-
sus dark-field radiograms for all animals from the study. The presence of the detected
lesions was confirmed by the gold standard, histology. Even with multiple histological
slices obtained from different parts of the whole lung it is not straightforward to esti-
mate the exact number of lung nodules in a mouse. Therefore, we restrain from giving
any percentages of how many tumors could be detected in this proof-of-concept study.
A relative sensitivity could be derived by comparing x-ray dark-field radiograms with
HRCT imaging results.
It can be clearly seen that numerous additional lung nodules could be identified on the
dark-field radiograms compared to conventional transmission images. It is interesting
to notice that for “Mouse 2” both readers missed all lung nodules on the transmission
radiogram, whereas they detected as many as 6 and 9 lesions in the dark field, respec-
tively. This mouse is shown in Figure 4.35 as animal “Tumor 1”. This result offers
solid evidence that x-ray dark field has a much higher sensitivity for pulmonary nodules,
compared to conventional transmission radiography. It is furthermore pointed out that
dark field did not lead to an increase in negativ-positiv diagnosis. All control animals
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Figure 4.37: Number of lung tumors detected on the dark-field (DF) versus transmis-
sion (T) radiograms by both blinded readers.

were correctly classified as healthy.
Nonetheless, not all the tumors could be identified on the dark-field images. The reason
for this is the planar nature of x-ray dark field radiography. Small tumors that are
overlaid by healthy lung tissue are invisible, as the signal from the healthy air-tissue
interfaces dominates. The size of the largest tumor that was missed was estimated from
the histology with a diameter of 0.7 mm. Given the resolution of approximately 70 µm
Müller (2013), the tumor diameter corresponds to 10 pixels. In order to increase the
visibility of tumors further projections from different angles (e.g. 90◦ could be acquired.

Discussion

The presented results advocate that x-ray dark field has a superior diagnostic value
compared to conventional radiography for the detection of lung lesions on projection
images in living mice. Nevertheless, further in-depth analysis of the acquired data is
necessary to quantify the diagnostic improvement and to analyze the limitations of the
presented imaging method.
The main reason for the increased diagnostic value of x-ray dark field is the absence
of the overlying structures and a greater signal change. Transmission signal is strongly
compromised by structures like the skin, the fat layer and the ribcage. In the past
numerous ribcage suppression algorithms have been developed (e.g. (Oda et al., 2009;
Li et al., 2011; Ahmed et al., 2007) and showed some very promising results (Oda et al.,
2009; Kakeda et al., 2004) to increase the sensitivity for lung nodule detection. Therefore,
future studies should apply such an algorithm to the acquired data and compare thus
derived images with the dark-field radiograms with respect to the diagnostic value. A
further aspect that needs consideration is the degree to which the ribcage is visible on
dark-field projections for human patients. Additionally, the presence of lung nodules
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Source Number of Number of Exposure Flatfields Scan Estimated

Voltage Projection steps per step acquired Duration dose

37 kVp 103 4 2 sec. 14 40 min 100 mGy

Table 4.15: Acquisition parameters for in vivo lung cancer study.

leads to a complete loss of scattering in the lung nodule. Therefore, the dark-field signal
changes dramatically between healthy tissue and a lung nodule. This is not necessarily
the case in the transmission signal. A lung nodule leads to an increased absorption, but
the signal difference with respect to the surrounding tissue is not as high as this is the
case for scattering. Furthermore, there are some lung cancers that start growing not as
solid nodules. For such lesions x-ray dark-field can be hypothesized to offer the biggest
diagnostic advantage over conventional transmission imaging, but this has to be shown
yet.
To conclude, the presented results suggest that with further technical developments x-
ray dark-field radiography could be an interesting technique for lung cancer screening in
humans, without the use of CT.

4.4.5 Tomographic imaging of pulmonary carcinoma

X-ray dark-field and transmission tomographies of three living mice were acquired using
the small-animal CT scanner in order to estimate if x-ray dark-field tomography could
offer any advantages for imaging of lung nodules. The acquisition parameters for all
three scans were identical. The most important settings are outlined in Table 4.15.
The tomographies were reconstructed using an iterative reconstruction algorithm, as
described in Hahn (2014). The detector was operated in a 2 × 2 binning mode, which
results in a resolution of approximately 70 µm (10% MTF)(Müller, 2013). Given the
size of a mouse, this can be compared to a low dose CT scan of human patients.

Imaging results

Figure 4.38 presents reconstructed transmission and dark-field CT slices for the three
animals. Larger lesions are clearly visible on the transmission slices, as areas of increased
absorption coefficient. Yet, smaller carcinoma cannot be distinguished as clearly. On the
reconstructed dark-field slices the tumors are visible as areas of very low (approximately
0) scatter HUs (the sHU values were calculated as described in (Velroyen et al., 2015)).
A much clearer delineation of the tumors is achieved in the dark-field tomography, com-
pared to transmission. Besides, small tumors can be significantly better appreciated, in
general, in the dark field.
For example, mouse “Tumor I” displays a small tumor at the periphery of the right lung
(highlighted by a red arrow). This tumor can be easily missed in the transmission CT,
whereas it is clearly visible on the dark-field image. A further example can be found for
mouse “Tumor II”, where a tumor is visible in the upper right lung in the coronal slice
(red arrow). While the lesion can be clearly discerned in the dark-field tomography, it
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Figure 4.38: Axial and coronal slices of the reconstructed transmission (A) and dark-
field (B) tomographies of three living mice with lung tumors. The scale bars correspond
to 5 mm. Transmission signal is given in Hounsfield units and dark field in scatter
Hounsfield units.
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is not visible in the transmission contrast. Finally, the coronal slice of animal “Tumor
III” displays two small tumors that are highlighted by red arrows, these carcinoma are
also invisible on the transmission image.

Discussion

The presented CT reconstructions indicate that x-ray dark field could offer a higher
contrast for lung tumors on CT scans. It has been observed that in the dark field
smaller lesions are visible and a better delineation can be achieved. The main reason
for the better visualization is the difference in contrast between healthy lung tissue and
pulmonary nodules. It is significantly higher for the dark field, compared to conventional
transmission. Still, the results of this section should be understood as an indication and
not as final proof, since only three animals were imaged. Future studies should aim at
quanifying the contrast enhancement for lung nodules for both, transmission and dark-
field tomographies.
There are a number of factors that could bias the presented results. First, the iterative
CT reconstruction algorithm was optimized for phase-contrast and dark-field imaging.
Consequently, the comparison of the CT results has to be repeated after optimizing
the reconstruction for transmission values also. The CTs were acquired with a very
low number of angles, which signifies that the reconstructed slices suffer from residual
artifacts. Therefore, a similar analysis has to be performed for fully sampled datasets,
to eliminate the possibility that the streak (or other) artifacts bias the findings.

4.4.6 Conclusion

The goal of this section was to analyze if x-ray dark field can offer any diagnostic advan-
tages for the detection of lung nodules in small-animals. First, excised, formalin fixated
murine lungs with pulmonary lesions were imaged. The subsequent analysis revealed
that no additional tumors could be visualized neither on the dark-field nor differential
phase-contrast projections, compared to conventional transmission radiograms. Thus,
it can be concluded that for excised lungs no additional diagnostic advantages can be
obtained. Subsequently, an in vivo small-animal radiographic study was performed. A
performed reader study with the acquired projection images revealed that significantly
more lung tumors could be detected on the dark-field radiograms, compared to conven-
tional transmission images. The main reason for the superiority of dark field is attributed
to the absence of lung overlaying structures, like the ribcage. In the future an algorithm,
suppressing the ribcage should be applied to transmission radiograms for a better com-
parison between dark field and transmission. Finally, x-ray dark-field and transmission
tomographies were acquired for three animals with lung cancer. A preliminary analysis
of the reconstructed data strongly suggested that the tumors are better distinguishable
on the dark field slices. However, the obtained data requires further (especially quanti-
tative) analysis.
The presented results can have significant implications for clinical imaging. If similar
results, as obtained with mice, can be also shown for human patients, x-ray dark field
could be implemented for a low dose lung cancer screening in high risk patients instead
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of CT. Therefore, future studies should try to implement a high energy setup with a
field-of-view compatible with human imaging. For the moment, x-ray dark-field imaging
can be used for an improved visualization of lung lesions in small-animals studies.
Follow-up research should also seek to fuse x-ray dark-field and transmission signals,
since the two are acquired simultaneously. Subsequently, the combination of the two
signals should be evaluated with respect to the diagnostic value for the detection of lung
nodules.
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4.5 X-ray dark-field imaging of pulmonary edema

4.5.1 Motivation

Pulmonary edema is an abnormal fluid accumulation in the airspaces and parenchyma
of the lung (Dorland, 1980). The disorder causes shortness of breath and hampers
the gas exchange in the lung and in severe cases may cause respiratory failure. The
main causes for pulmonary edema are, among other, pressure increase in the blood
vessels due to failure of the left ventricle of the heart, parenchyma damage, altitude
sickness, immersion, inhalation of toxic chemicals and aspiration (Ware and Matthay,
2005; Papaioannou et al., 2009; Luks, 2008; Cochard et al., 2005). Clinically, pulmonary
edema is typically detected on x-ray chest radiographies or thorax CT scans (Aberle
et al., 1988).
Outside of the clinical world, a lot of small-animal studies also require the visualization of
fluid distribution in the lung. Several models of pulmonary disorders rely on orotracheal
instillation with a solution of a certain substance (e.g. emphysema requires instillation
with a solution of elastase (Karlinsky and Snider, 1978)). Therefore, to better track
the development of the disorder it is necessary to know the initial distribution of the
fluid after the orotracheal instillation. Moreover, as aerosol medicine and pulmonary
drug delivery gain on importance it has become essential to be able to monitor drug
delivery to the lung. So far, imaging of small amounts of fluid in the lung of small-
animals has been possible either based on high resolution tomographic imaging or using
high resolution radiographies, obtained at synchrotrons (Donnelley et al., 2012, 2013).
The big disadvantages of these approaches, however, remain the excessively high animal
radiation exposure, low availability of monochromatic sources like synchrotrons and the
high costs. Thus, the mentioned techniques have been used for the proof-of-principle
results, but are not used in the preclinical research routinely.
In search of a more sensitive and accessible imaging method that would make it possible
to reliably image already small quantities of fluid in the lung, this section seeks to
analyze, if it is possible to image fluid distribution in the lung using grating-based x-ray
dark-field imaging.

4.5.2 Small-animal model

The experiment was conducted with a small-animal model of pulmonary edema as-
piration model. Two eight-week old pathogen-free female C57BL/6N (Charles River
Laboratories, Sulzfeld, Germany) mice were used for the experiment. To introduce a
fluid into the lung the mice were instilled orotracheally with 80 µl/kg body weight of
phosphate-buffered saline (PBS). For the PBS application as well as imaging, the mice
were anesthetized using intraperitoneal injection of medetomidine (500 µg/kg), midazo-
lam (5 mg/kg), and fentanyl (50 µg/kg).

4.5.3 In vivo radiographic imaging of pulmonary edema

To assess whether x-ray dark field can be used to uncover the fluid distribution in
the lung two mice were instilled with PBS. X-ray dark-field radiograms were acquired
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Figure 4.39: Transmission (T) and dark-field (V) radiograms of a mouse imaged right
before orotracheal instillation with PBS and then 8, 23 and 32 minutes thereafter. The
deviation masks quantify the deviations in the dark field with respect to the healthy
state. The masks were calculated based on the algorithm described in Einarsdottir et al.
(2015). The scale bars correspond to 5 mm.

immediately before orotracheal instillation and at certain intervals up to half an hour
thereafter. Imaging was performed with the small-animal scanner and the acquisition
parameters were the same as for the lung cancer study, summarized in Table 4.14.

Imaging results

Figure 4.39 reveals the transmission and dark-field radiograms of a mouse acquired
before instillation with PBS and subsequently 8, 23 and 32 minutes thereafter. All the
images are scaled identically. No clear difference between the four presented cases can be
distinguished on the transmission images. Only the chest radiogram acquired 23 minutes
after instillation shows a slight shadowing of the left lung. However, it is basically
impossible to localized and quantify the amount of fluid based on the transmission
information alone. By contrast, significant changes in the scattering strength over time
can be discovered on the dark-field images. Before instillation with PBS, the lung shows
homogeneously high degree of scattering. Eight minutes after PBS application the left
lung displays a significantly reduced scattering. This shadow grows more prominent
23 minutes after instillation. At this point the right lung also shows clear signs of
increased dark field. Finally, at 32 minutes the shadow in the left lung almost completely
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Figure 4.40: Sketch of x-ray wave refraction on lung tissue-air (water) interface.

disappears, even if the same degree of scattering as before fluid application is not fully
achieved. It is pointed out that the mouse started showing signs of waking up between 23
and 32 minutes, which explains the abrupt signal change between the two time points.
Using the algorithm presented in Einarsdottir et al. (2015), it is possible to quantify
the signal deviations in x-ray dark field. The bottom row in Figure 4.39 shows thus
calculated deviation masks for the four time points. The higher the deviation score, the
higher the signal change in x-ray dark field with respect to the initial state.
The dark-field signal increase after orotracheal instillation with PBS can be explained
by the presence of the fluid in the lung parenchyma. As the PBS fills the alveoli, the
difference in the refractive index between the tissue and surrounding medium decreases.
To illustrate this, the case presented in Figure 4.40 is discussed. If an x-ray wave hits
an air-tissue interface, then the wave is refracted according to Snell’s law:

no · sin(αo) = nl · sin(αl), (4.4)

where all the values are defined as shown in Figure 4.40. In case the air is approximated
with vacuum (refractive index outside of the lung tissue no ≈ 1) and αl is small, then

αo ≈ nl · αl = (1− δl) · αl, (4.5)

where 1− δl is the real part of the refractive index of the lung tissue. If outside the lung
tissue is not vacuum, but water, then the refractive index is given by nwa = 1− δwa and
with equation 4.4 the angle outside the lung tissue becomes:

αwa =
nl
nwa
· αl =

1− δl
1− δwa

· αl. (4.6)

Using equations 4.5 and 4.6 it is possible to calculate the relative refraction angle.
For further calculations the x-ray source energy is set to 33 keV, so that the values
for the refractive index are given by: δl = 2.205 · 10−7 (Kitchen et al., 2005b) and
δwa = 2.117 · 10−7. Thus, if the lung tissue is surrounded by air and the incident angle
is αl = 1◦, the relative refractive angle is given by αairr = αo − αl = −4.06 · 10−9 rad
and in case of water outside of the lung tissue αwar = αwa − αl = −1.52 · 10−10 rad. The
calculations confirm that if the alveoli are filled with water instead of air the relative
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Figure 4.41: Negative mean logarithmic dark-field signal for two different mice (A) and
(B) obtained longitudinally before orotracheal instillation with PBS and thereafter.

refraction angle is much smaller. Subsequently, if the refraction angle on each tissue-
water interface is smaller than this is the case for air, it can be concluded that the total
refraction angle is smaller. This explains the decrease in scattering and increase inthe
dark-field signal for the lungs after orotracheal instillation with PBS.
In section 4.2 it was demonstrated that lung inflammation leads to a similar x-ray
dark field behavior. Pulmonary inflammation typically implicates building of thin fluid
film on the surface of the alveoli. Therefore, the reason for the signal increase seen
for inflammation could have the same origin as in the case of this pulmonary edema
aspiration model.

Quantitative signal analysis

The results reported in Figure 4.39 hint that x-ray dark field is significantly more sen-
sitive to pulmonary edema than conventional transmission imaging. Therefore, these
results could be of interest for clinical diagnosis of pulmonary edema. However, the
immediate implication of the presented results is the feasibility to better monitor small-
animal studies. If the amount of fluid in the lungs of small rodents is quantitatively
monitored, it should be possible to significantly reduce the number of required animals
for the experiments.
To demonstrate the high variability of the amount of fluid that typically reaches the
lung, radiographies of the two imaged mice were analyzed quantitatively. A mask was
manually created for the lungs on the dark-field images, as shown in Figure 4.14 and the
mean logarithmic dark-field signal was calculated. Thus quantified results for the two
mice imaged before orotracheal instillation with PBS and up to 30 minutes thereafter
are presented in Figure 4.41. Imaging at time point 0 corresponds to the projection ac-
quired before instillation. As it has already been qualitatively observed, a clear change
in the scattering intensity after instillation with PBS is visible for both mice. Apart from
that, the dynamics of the fluid distribution for both mice differs significantly. While the
scattering for the mouse shown in Figure 4.41 (A) continuously decreases until minute
23, the signal for the mouse shown in subfigure (B) stays constant over time. The signal
intensity observed in subfigure (B) corresponds to the signal strength in (A) at approx-
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imately 2 and 8 minutes after the orotracheal instillation. A possible explanation for
this behavior could be that the mouse in (B) got in total less fluid into the lung.
A further interesting aspect is that for the mouse shown in Figure 4.41 (A) an image was
acquired 32 minutes after instillation, when the mouse had shown first signs of waking
up. The scattering in the lung abruptly increased as the mouse presumably was able to
clear some of the fluid from its airways. Yet, there is still a clear difference in the signal
strength between the radiography acquired before instillation and 32 minutes thereafter.
This result indicates that if mice are not kept in anesthesia after orotracheal applica-
tion they may clear large fractions of the applied fluid from their airways. This would
implicate at the end of the day that the animals develop a disorder of highly varying
severity.

4.5.4 Conclusion

Radiographic images of living mice acquired before and after instillation with PBS imply
that x-ray dark-field imaging could be more sensitive to pulmonary edema than conven-
tional chest radiographies. The distribution of the fluid in the lung over time could be
clearly depicted on the dark-field images but not on the transmission radiograms.
The presented results could be of high importance both for the clinical diagnosis of pul-
monary edema but also for the preclinical small-animal studies. While the translation
of the method to the clinical environment needs further developments, the implications
for the preclinical research are more immediate. It was further demonstrated the dy-
namics of the orotracheally applied fluid is subject to a high variability. This is one
of the reasons why small-animal studies typically reveal high deviations in the results.
Thus, high numbers of small-animals are required to confirm any result with a statistical
significance. Monitoring of the mice with x-ray dark field could help reduce the variance
of the results and thus decrease the number of necessary animals.
The results presented in this section were based only on two animals, therefore, in the
future further studies have to confirm the observed signal behavior based on larger statis-
tics. Especially, it should be clarified to what degree the animals are able to clear the
liquid out of their airways once the anesthesia weakens. Furthermore, only a short the-
oretical explanation for the increase in dark field with pulmonary edema was presented.
In the future, a broader theoretical basis has to be established, for a better understand-
ing of the dark-field signal scaling with the amount of fluid in the lung. Additional
research is also necessary to establish what minimum quantity of fluid is detectable in
the lung using x-ray dark-field radiography.
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4.6 X-ray dark-field imaging of neonatal chronic lung
disease

Please note that the main results of this section are a part of manuscript in preparation
by Yaroshenko A. et al. that will be submitted for publication soon. Figures and text
passages may appear identically in the manuscript.

4.6.1 Motivation

Neonates with an underdeveloped lung need mechanical ventilation in order to supply
the organism with sufficient oxygen. Due to the underdeveloped lung, in many cases
the oxygen concentration in the gas used for ventilation is higher than in room air. Un-
fortunately, mechanical ventilation with O2-rich gas (MV-O2) offers not only life-saving
treatment for respiratory failure, but also promotes lung injury. The need for supple-
mental oxygen and/or ventilatory support for greater than 28 days, or beyond 36 weeks
post-menstrual age (PMA) is referred to as neonatal chronic lung disease (nCLD) (for-
merly described as bronchopulmonary dysplasia (Northway Jr et al., 1967)). Typical
complications associated with nCLD are defective alveolar septation, angiogenesis and
extracellular matrix remodeling resulting in lung growth arrest (Jobe and Bancalari,
2001; Merritt et al., 2009; Hargitai et al., 2001). The incidence of nCLD is reported
to be as high as 77% in neonates born at less than 32 weeks of gestation (Stoll et al.,
2010; Johnson et al., 2002). Although many patients with nCLD will have outgrown
the oxygen dependence by the age of two, they still tend to have episodes of wheezing
and require inhaled therapies at the clinics (May et al., 2011). Airway obstruction in
early childhood and adolescence can be found in up to 80% of the infants with nCLD
(Broughton et al., 2007). Thus, gas transfer in the children’s lung at school age after pre-
mature birth has been shown to implicate significantly lower peak workload and higher
respiratory rates during peak exercise (Welsh et al., 2009). At the age of young adult,
nCLD patients have a reduced maximal airway function and it was even pointed out
that nCLD may be a precursor of COPD-like phenotype at a higher age (Doyle et al.,
2006).
Due to the severity of the disorder and the high related treatment costs for nCLD pa-
tients, there is a great need for an imaging modality to correctly diagnose and monitor
nCLD patients. Infants with suspected nCLD are typically screened with conventional
x-ray chest radiography (May et al., 2009). Thereby this imaging modality offers only a
relatively low sensitivity for the detection of early stages of nCLD. High-resolution CT
has been demonstrated to provide much more meaningful results (Aukland et al., 2009),
yet its use is largely limited by excessively high radiation exposure of the infants. There-
fore, a more sensitive, low dose imaging technique for nCLD would be much welcomed
in the clinical community.
The aim of this section was to analyze if grating-based x-ray dark field could potentially
have a higher sensitivity for nCLD than conventional radiography in a small-animal
model.
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Source Voltage Number of steps Exposure per step Est. dose

35 kVp 5 5 sec. 1.5 mGy

Table 4.16: Acquisition parameters for nCLD proof-of-principle measurements.

4.6.2 Materials and methods

Small-animal model of nCLD

For the experiment 6-7 day-old C57B6 wild type mice were used. All animals were born
at gestation and weighed around 4 g. Three mice were used for five different groups,
respectively. To induce nCLD-like phenotype in the pups, the first group received me-
chanical ventilation with oxygen-rich (40% O2) gas (MV 40% O2). The second group
received the same treatment only for two hours. The third and forth group were spon-
taneously breathing 40% O2 gas for 8 and 2 hours, respectively. Finally, the control
group was breathing spontaneously for 8 hours room air. All mice were sedated with
subcutaneous injections of ketamine (60 µg/g body weight) and xylazine (12 µg/g).
Mechanical ventilation was performed at 180 breaths/min using a small-animal res-
pirator (MicroVent 848; Harvard Apparatus, Holliston, MA). The tidal volume was
8.3 ± 0.5 µl/g. The ventilation strategy for the mice resembles the one that is used to
treat infants with respiratory failure. At the end of each study, pups were euthanized
with an intraperitoneal overdose of sodium pentobarbital 150 µg/g body weight. The
animals were subsequently trachestomized and the lungs of all mice were inflated with
50 µl/g body weight to obtain a similar state of the lungs as in vivo. For imaging, the
tracheotomy cannula was sealed, in order to prevent air from escaping. In general, the
time between animal euthanasia and imaging did not exceed five minutes.

Histology

After imaging, lungs were fixated intra-tracheally with buffered 4% paraformaldehyde
overnight at 20 cm H2O (Bland et al., 2008). Fixated lungs were then excised and their
volume was measured by fluid displacement (Scherle, 1970). Thus, it was confirmed that
all the lungs in the study had a similar volume of approximately 60 µl/g body weight.
Lungs were subsequently embedded in paraffin and 4 µm thick histological sections were
stained with hematoxylin and eosin staining protocol. Finally, the histological sections
were scanned to create digital images.

4.6.3 Ex vivo radiographic imaging of nCLD

Proof-of-principle imaging

First, it was evaluated if the morphological changes caused by nCLD could be in principle
detected using x-ray dark-field radiography. For this purpose, three 8 hours mechani-
cally ventilated with 40% O2 gas mice and three animals freely breathing room air were
imaged with the small-animal scanner. The image acquisition parameters are summed
up in Table 4.16.
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Figure 4.42: (A) Transmission and (B) dark-field radiograms of three mice that were
mechanically ventilated with 40% O2 gas for eight hours and three animals freely breath-
ing room air, respectively. (C) shows the corresponding histological sections. Scale bars
for radiographies correspond to 5 mm and for histology to 100 µm.
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Figure 4.43: Quantified negative mean logarithmic transmission (A) and dark-field (B)
signals for the six mice, presented in Figure 4.42. (C) reveals the thickness independent
normalized scatter. The error bars show the standard deviation of the signal. (D),
(E) (F) show the negative mean group values for the logarithmic transmission ln(T),
the logarithmic dark field ln(V) and the normalized scatter. The error bars show the
interanimal standard deviation in the group.

Figure 4.42 presents conventional transmission and dark-field radiograms of all the six
imaged mice along with the corresponding histological sections. The transmission ra-
diograms reveal only slight signal differences between the control (room air) and the
mechanically ventilated mice. Based on the transmission images alone it is difficult to
diagnose nCLD correctly and to determine its distribution. By contrast, the mechan-
ically ventilated mice clearly reveal reduced scattering on the dark-field radiograms,
compared to the control lungs. Especially the peripheral regions of all the three me-
chanically ventilated lungs clearly reveal increased dark-field signal (less scattering).
The histological sections confirm successful introduction of a nCLD-like phenotype to
the three mechanically ventilated animals. For example, compared to the control ani-
mals the alveoli are clearly enlarged, which is a direct sign of impaired septation.
For a more profound comparison, the images presented in Figure 4.42 were quantita-
tively analyzed. A mask was created manually on the dark-field images, taking as much
lung tissue as possible into consideration, omitting the area overlaid by the heart shadow.
Since the ribcage is not yet very prominent for the pups on the transmission radiograms,
an identical mask as for the dark-field projection was applied also for the transmission
image, neglecting the influence of the ribcage. The mean negative logarithmic trans-
mission and dark-field signals were calculated for the six animals and are illustrated
in Figure 4.43 for the single animals along with mean values for the two groups. The
error bars in the subfigures (A)-(C) reveal the signal standard deviation for the respec-
tive animals, whereas in (D)-(F) they show the interanimal standard deviation for the
group.To obtain a thickness independent parameter, the normalized scatter, defined in
equation 4.2 was further calculated for the six animals.
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Figure 4.44: Transmission and dark-field radiograms of mechanically ventilated mice
with 40% O2 for eight (8H MV 40% O2) and two hours (2H MV 40% O2), respectively
and mice freely breathing 40 % O2 for eight (8H 40% O2) and two hours (2H 40% O2),
respectively and, finally, a mouse freely breathing room air for 8 hours (8H Room Air).
The scale bars correspond to 5 mm.

Signal quantification confirms that there exists only insufficient difference between con-
trol animals and mice with nCLD in the transmission signal. A paired t-test for the
mean logarithmic transmission values yielded a p-value of p = 0.07, which signifies no
significant difference (a recent study showed that a paired t-test is also applicable for
small sample sizes (de Winter, 2013)). The two groups can be much easier differenti-
ated based on the scattering information, as Figure 4.43 (B) and (E) illustrate. The
paired t-test for the mean logarithmic dark-field values yielded p < 0.01, implicating a
significant difference between the control and the mechanically ventilated groups. It is
moreover, interesting to notice that the interanimal variability, as shown by the error bar
in Figure 4.43 (E), is very low in the dark field for the control animals. However, dark
field does not yield the best discrimination, which is in fact achieved in the normalized
scatter signal (p < 0.01). The reason for this is that in normalized scatter the small
changes observed in the transmission signal are combined with the scattering informa-
tion. Combination of the two parameters leads to the best discrimination. Therefore,
in the following only the dark field and the normalized scatter will be used to diagnose
nCLD.

Staging of nCLD

A further study was conducted to investigate if it is possible to stage nCLD with grating-
based x-ray dark-field imaging. For this purpose, five different groups, consisting each
of three mice were considered. The first two groups were mechanically ventilated with
40% O2 -rich gas for 8 and 2 hours, respectively (8H MV and 2H MV groups). The third
and the forth group were freely breathing 40% O2 -rich gas for 8 and 2 hours, respec-
tively (8H F and 2H F groups). The final, fifth group consisted of animals that were
spontaneously breathing room air for 8 hours (8H Air). Figure 4.44 shows exemplary
transmission and dark-field radiograms of a single mouse from each group. All images
are scaled identically.
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Figure 4.45: Negative mean logarithmic dark-field signal (A) and mean normalized
scatter (B) for the five groups of animals: 8 and 2 hours mechanically ventilated with
40% O2 gas (8h MV and 2H MV), 8 and 2 hours freely breathing 40% O2 gas (8H F
and 2H F) and 8 hours freely breathing room air (8H Air). The error bars reveal the
interanimal variations inside the groups.

Qualitative impression of the images is that only the 8 hours mechanically ventilated
mouse shows increased transmission values, all the other mice yield visually the same
transmission signal. Thus, x-ray transmission radiography is not suitable for staging
of the nCLD disorder. The dark field yields a much better differentiation for the five
animals. The 8 hours mechanically ventilated mouse shows a homogeneously increased
dark-field signal, signifying that the number of healthy air-tissue interfaces is signifi-
cantly reduced. The 2 hours mechanically and 8 hours freely breathing 40% O2 gas
mice, display also larger areas of increased dark field. Solely the difference between
the 2 hours freely breathing 40% O2 gas mouse and the 8 hours freely breathing room
air animal is not very prominent. Nonetheless, it can be concluded that, based on the
dark-field images, it is possible to visually detect nCLD in mice already if mice were
freely breathing 40% O2 gas for 8 hours. This discrimination is clearly superior to the
one observed for the conventional transmission images.
For a better illustration, the signal strength of all acquired radiograms (three for each
group) was evaluated quantitatively. A mask, as described above for the proof-of-
principle measurements was applied to both transmission and dark-field images and
the mean logarithmic dark-field and transmission values were calculated. Figure 4.45
displays the mean negative dark-field and normalized scatter values for the five groups
and the corresponding group standard deviations. The quantified dark field confirms
the drop in the scattering power for all groups of animals with respect to the mice freely
breathing room air. Paired t-test was performed for the dark field and the normalized
scatter values for all the groups and the obtained results are summarized in Table 4.17.
There is no significant difference between the 8H Air control group and the mice from
the 2H F and the 8H F groups in the dark field alone. This could be, however, caused
by the small number of measurements. Normalized scatter yields better discrimination
revealing a significant difference (p < 0.05) between the 8H Air group and the 8H F
group. However, even normalized scatter did not yield a significant discrimination be-
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8H MV 2H MV 8H F 2H F 8H Air

8H MV X 0.02 0.01 < 0.01 < 0.01

2H MV 0.03 X 0.07 < 0.01 < 0.01

8H F < 0.01 0.01 X 0.21 0.08

2H F < 0.01 < 0.01 0.12 X 0.52

8H Air < 0.01 < 0.01 0.04 0.21 X

Table 4.17: P-values for the paired t-test for the dark field values (upper right triangle
and normalized scatter values (lower left triangle, bold font).

tween the 8H Air and the 2H F groups. Quantitative morphometry has to confirm how
big the morphological changes between the two groups in reality are. All in all, it can
be concluded that normalized scatter offers the best diagnostic value for the detection of
different stages of nCLD in mice. Thus, the quantitative results confirm the qualitative
impression. In future, normalized scatter can be used for an improved staging of nCLD
in small-animal studies.

Conclusion

In the present section, a study was presented that revealed that it is possible to de-
tect morphological changes caused by nCLD in small-animals using x-ray dark-field
radiography. Furthermore, dark-field imaging was shown to be more sensitive to the
morphological changes than conventional transmission, thereby, the best discrimination
could be achieved combining the two signals to calculate the normalized scatter infor-
mation. A study performed with different stages of nCLD revealed that an appreciable
signal changes can be detected already for animals that were freely breathing 40% O2 gas
for 8 hours with respect to the animals freely breathing room air. Consequently, x-ray
dark-field radiography can be used for a sensitive staging of nCLD in small-animals.

4.6.4 Tomographic imaging of nCLD

To further investigate the potential of x-ray dark-field imaging for diagnosis of nCLD in
mice, an x-ray dark-field tomography of three mice was acquired. The first animal was a
control mouse, freely breathing room air for 8 hours, the other animals were mechanically
ventilated with 40% O2 gas for 8 and 2 hours, respectively. The acquisition parameters
were all identical for the three scans and the settings are outlined in Table 4.15.

Imaging results

Figure 4.46 shows axial and coronal slices of the acquired transmission and dark-field
tomographies. The lung injury introduced by an 8 hours mechanical ventilation are visi-
ble on the transmission slices as areas of lower Hounsfield units, compared to the control
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Figure 4.46: Reconstructed axial and coronal slices of (A) transmission and (B) dark-
field tomography of a mouse from the control, room air group and a mouse from the 2
and 8 hours mechanically ventilated groups, respectively. The scale bars correspond to
5 mm. Transmission signal is given in Hounsfield units and dark field in sHUs.
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Figure 4.47: Histograms of the signal distribution of (A) transmission and (B) dark-
field tomographies for the mice presented in Figure 4.46. The three mice consist of a
control mouse, freely breathing room air for 8 hours and 8 (8H MV) and 2 (2H MV)
hours mechanically ventilated animals with 40% O2.

mouse. At the same time, absorption does not yield a clear differentiation for the 2
hours mechanically ventilated animal, compared to the control mouse. The pulmonary
disorder can be easily overseen. A much clearer differentiation can be observed on the
dark-field images. While the control lung shows homogeneously high scatter Hounsfield
units, the progressing nCLD leads to a decrease in the scatter Hounsfield units. For the
8 hours mechanically ventilated mouse a patchy structure is clearly visible. There exist
areas of low scattering and at the same time some areas appear to be almost unaffected
by the disorder. A better evaluation of the local nCLD distribution can be thus achieved
based on dark-field slices, compared to conventional transmission. The two hours me-
chanically ventilated lung yields intermediate scattering Hounsfield values, between the
control and the 8 hours mechanically ventilated mouse. A distinct differentiation to
the control mouse can be appreciated. The presented qualitative results implicate that
x-ray dark-field tomography may be a more sensitive imaging modality for visualization
of nCLD than conventional CT imaging.

Quantitative signal analysis

The presented results were also analyzed quantitatively. First of all, it is interesting to
notice that the lungs of the pups do not have the same Hounsfield unit distributions,
as the adult mice. The control pup mouse has a peak signal intensity in transmission
at approximately -725 HUs and in dark field at 775 sHUs, whereas a grown animal was
shown to have peak signal intensities at -650 HUs in transmission and 1000 sHUs. This
effect is attributed to the still underdeveloped lung and could further complicates the
diagnosis on transmission images alone. For further quantitative analysis, a mask for the
lung tissue was placed manually on ten axial slices from the central area. Thus obtained
signal distributions are visualized in Figure 4.47.
The quantitative analysis of the transmission signal confirms that there exists only a very
slight difference between the control mouse and the 2 hours mechanically ventilated one.
The peak transmission signal intensities are -725, -775 and -800 HUs for the control,
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8H Room Air 2H MV 8H MV

Skewness (Tra.) 2.1 2.1 2.1

Kurtosis (Tra.) 8.4 8.0 8.0

Skewness (DF) -0.9 -0.5 -0.5

Kurtosis (DF) 3.3 3.3 3.6

Table 4.18: Skewness and kurtosis of the transmission (Tra.) and dark-field (DF) signal
distributions, presented in Figure 4.47.

the 2 and 8 hours mechanically ventilated animals, respectively. The dark field yields
a better discrimination. The peak signal intensities in the dark field are given by 775,
650 and 525 scatter HUs. Therefore, it can be concluded that the quantitative analysis
confirms that the lung injury due to nCLD can be better appreciated in the dark-field
tomography, than in conventional absorption-based tomographic scan.
As it has been shown in previous sections, the shape of the signal distribution could also
be of help for the diagnosis of pulmonary disorders. Due to this reason, the skewness
and kurtosis of the distributions were calculated and are presented in Table 4.18. For
the case of nCLD only the skewness of the dark-field signal distribution seems to offer a
possibility to discriminate between healthy and non-healthy animals. Other parameters
appear to be similar for the three analyzed animals. The skewness of the dark-field
signal distribution depends significantly on the peak signal intensity and, therefore, the
lower the peak signal intensity the smaller the skewness. Since the signal change is more
pronounced in the dark-field image it leads to a greater change in skewness.

Conclusion

The presented results implicate that x-ray dark-field tomography can be used for a more
sensitive visualization of nCLD induced morphological changes in the lung parenchyma
than conventional CT imaging. Due to the small number of animals used for this study,
this imaging approach has to be further evaluated using a higher statistics. Furthermore,
a similar study as for x-ray dark-field radiography should be performed in order to
determine at what degree of lung injury the changes become visible in the x-ray dark
field tomography.

4.6.5 Discussion

To sum up, it has been demonstrated that it is feasible to detect morphological changes,
associated with nCLD, on x-ray dark-field radiograms and tomographies. The quanti-
tative analysis revealed that a significantly better discriminating power between control
and nCLD animals can be achieved using x-ray dark field compared to conventional
transmission. Thereby, the best diagnostic value is obtained for the combination of
x-ray dark-field with the transmission signal. Thus it was shown that morphological
changes already for the mice spontaneously breathing 40% O2 rich gas for 8 hours are
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visible in the normalized scatter.
The presented results should be seen as an indication and further research is necessary to
better understand the diagnostic value of x-ray dark field for nCLD imaging. First of all,
future studies should seek to correlate the dark-field signal with quantitative histology
and pulmonary function tests. Thus, it should be specifically analyzed if it is possible to
quantitatively correlate x-ray dark-field radiography results with morphological changes.
It is also important to move to in vivo small-animal imaging and longitudinally monitor
a single mouse before and after ventilation with 40% O2 rich gas. This has not been
performed so far, due to experimental setup challenges - the ventilation hose from the
ventilating machine has to be very short due to extremely small gas volumes. And the
ventilation machine is too large to fit inside the small-animal scanner. A further study
should try to image the long term effects of the mice after ventilation with 40% O2 rich
gas.
One of very essential issues to be considered in the future is the translation of the imaging
method to the clinics. The neonates are small in size so that currently sufficiently large
gratings exist that allow for imaging of a whole thorax of an infant. Furthermore, due
to the low weight of the patients also relatively low energies could be used, so that there
exist no restrictions for an imaging setup due to the gratings. What needs to be greatly
considered is the necessary radiation dose. Before it is possible to translate the method
to the clinics all the parameters need to be optimized in order to not apply a higher
radiation dose to the patient, as a typical thorax radiography. Possible approaches in
order to obtain a dark-field image with the same dose as a conventional thorax radiog-
raphy could be to reduce the resolution of the system or image just a small part of the
lung. Respiratory damage to the lung is typically quite homogeneous, therefore it can
be questioned, if it is possible to diagnose the disorder by imaging just a small region of
the lung (e.g. right lower region). However, this has still to be evaluated in a dedicated
study.
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4.7 X-ray dark-field imaging of pneumothorax

Note that some of the results presented in this section are parts of the manuscript by
K. Hellbach et al. that is going to be submitted soon for publication. Figures may appear
identical in the manuscript.

4.7.1 Motivation

A pneumothorax occurs when air or other gases collects in the pleural space that sepa-
rates the lung from the chest wall (Choi, 2014). The vast majority of pneumothoraces
originates from trauma, e.g. accidental injury of the lung during intubation. However,
atraumatic, spontaneous pneumothoraces play clinically also an important role. For
atraumatic cases, primary and secondary pneumothoraces are distinguished. Primary
pneumothoraces occur spontaneously, without any known underlying disease (Noppen
et al., 2002), while secondary originate from a predisposing disorder (e.g. emphysema)
(Videm et al., 1987; Haynes and Baumann, 2010). Independent of the cause, pneumoth-
orax is a condition often requiring medical treatment, as it can lead to oxygen shortage
and if left untreated in worst cases to fatal outcome (Rahman et al., 2008; Weissberg
and Refaely, 2000).
Diagnosis of a pneumothorax based on clinical signs such as acute onset of dyspnea
and chest pain, hypotension and decreased breath sound is challenging, as neither of the
symptoms is specific and can serve as marker for the location and size of the gas accumu-
lation (Sharma and Jindal, 2008; Yarmus and Feller-Kopman, 2012). Ultrasonography
can help diagnose and localize the gas accumulation in the intercostal spaces. Yet, this
imaging method is time consuming and suffers from interreader variability (Tsai and
Yang, 2003; Lipscomb and Flower, 1980). Therefore, chest x-rays are the first choice for
the diagnosis of a pneumothorax in the clinical world (Tocino et al., 1985), as radiograms
have the advantage that the whole lung is imaged. Unfortunately, x-ray radiography has
only a limited sensitivity for pulmonary gas accumulations and, consequently, a signif-
icant percentage of pneumothoraces is missed (Brar et al., 2010; de Moya et al., 2007;
Neff et al., 2000). The low sensitivity of x-ray radiograms for pneumothoraces results
from a very small difference in absorption coefficient between the lung and the air in-
clusion. Furthermore, especially in critically ill patients, imaged in intensive care units,
overlaying extracorporal features (e.g. ventilation tubes) complicate the correct diagno-
sis (Brown et al., 2012). Due to all these limitations, the chest computed tomography
is considered to be the gold standard for the diagnosis and sizing of pneumothoraces
(Kelly et al., 2006), as the CT has a significantly higher sensitivity for gas accumula-
tion than planar radiography. Unfortunately, it is not suited for screening (mechanically
ventilated patients are screened once a day) and monitoring purposes due to the high
patient radiation exposure.
This section aims at evaluating the diagnostic value of x-ray dark-filed imaging for the
diagnosis of pneumothoraces in a small-animal model. Thereby, the results build on the
first proof-of-principle results (Weber et al., 2012) which demonstrated that it is possible
to detect a pneumothorax in a mouse using an x-ray dark-field radiogram.
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Figure 4.48: Transmission and dark-field radiograms of three exemplary mice with a
pneumothorax. The scale bars correspond to 5 mm.

4.7.2 Small-animal model of pneumothorax

The same animals as described for the nCLD study in section 4.6 were used for the
experiment. It was observed that some mice that were mechanically ventilated for 8
and 2 hours with 40% O2 rich gas, developed a pneumothorax. Due to the underlying
lung injury with the mechanical ventilation, this can be considered to be a secondary
pneumothorax. In total, eight mice with a pneumothorax could be imaged. The small-
animal specimen preparation protocol was identical to the one used in section 4.6.

4.7.3 Ex vivo radiographic imaging of pneumothorax

To assess the diagnostic value of x-ray dark-field radiography for pneumothorax detec-
tion, eight mice were imaged with the small-animal scanner. The image acquisition
parameters are the same as summarized in Table 4.16.
Figure 4.48 shows exemplary transmission and dark-field radiographic imaging results
for three mice with a pneumothorax. The pneumothoraces are visible on the transmis-
sion images as translucent areas of the lung (due to decreased amount of tissue in the
beam). Based on the presented transmission projections it is obvious that large pneu-
mothoraces can be clearly distinguished on conventional radiograms, however, it can be
also concluded that small pneumothoraces can be easily overlooked. For example, while
the pneumothorax in “Mouse 2” seems to be quite prominent, the smaller gas accumu-
lation for “Mouse 3” is only indistinctly visible and can be easily missed. Moreover, it
is very challenging to find the exact outlines of the pneumothorax on the transmission
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radiograms.
On the dark-field projections pneumothoraces appear as non-scattering areas (dark-field
signal close to 1). The pleura is visualized as a thin line that gives a significant scatter-
ing. Due to the high contrast between the non-scattering air in the pneumothorax and
the lung tissue, the parts of the pneumothoraces that are not overlaid by lung tissue are
significantly better visualized in the dark field, compared to conventional transmission.
Thus, in cases the pneumothorax is not overlaid by lung tissue, x-ray dark field could
significantly improve the sensitivity of radiographic images for the detection of pneu-
mothoraces. To give an example, the pneumothorax for “Mouse 3” is very prominent
in the dark field and can be hardly missed, which is not the case for the transmission
image. If a part of the pneumothorax is overlaid with lung tissue, the pneumothorax
appears as an area of reduced scattering compared to the surrounding tissue. To obtain
the exact size of a pneumothorax in such a case it is necessary to look for a line, where
the scattering is abruptly increased/decreased with respect to the surrounding tissue.
“Mouse 2” visualizes this effect: approximately in the central part of both lungs there is
a clear signal change. It can be assumed that this line delineates the gas accumulation.
Unfortunately no CT, which would confirm this result, was performed for this mouse.
The presented results should be understood as an indication that x-ray dark field could
have a higher sensitivity for the detection of pneumothoraces on radiographic images.
Future studies should focus on quantifying the diagnostic superiority. For example, a
blinded reader study with experienced radiologists should be performed. Additionally,
quantitative signal analysis has to be performed and compare the signal changes between
lung tissue and pneumothorax in both imaging modalities.

4.7.4 Tomographic imaging of pneumothorax

Clinically, computed tomography is used as a gold standard to establish the exact po-
sition and size of a pneumothorax. To evaluate if x-ray dark-field tomography could
add additional information to tomographic imaging of a pneumothorax, a CT scan of
a mouse with a gas accumulation was performed using the small-animal CT scanner.
Acquisition parameters, as described in the previous section in Table 4.15 were used for
imaging.
Figure 4.49 presents reconstructed axial and coronal slices of the transmission and dark-
field tomography. The pneumothorax in the left lung can be clearly identified on the
conventional CT slices as an area of lower HUs (around -1000 HUs). The exact shape
of the pneumothorax can be easily outlined, as a sufficient contrast exists to the sur-
rounding lung tissue and other organs. The pneumothorax can be also clearly depicted
on the dark-field slices, as an area of very low scattering (values around 0 scatter HUs).
A very high contrast between the lung tissue and the gas accumulation exists. However,
since other organs are basically invisible in the dark field, it is difficult to assess where
the boundary of the pneumothorax with respect to the other organs lies. Thus, dark
field can be used to assist transmission CT in order to find the exact outline of the
pneumothorax with respect to the lung tissue but not to the other organs.
It can be concluded that in the presented case, x-ray dark-field tomography does not
offer any real advantages for the detection and delineation of the pneumothorax.
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Figure 4.49: Axial and coronal slices of a transmission and a dark-field tomography of
a mouse with a pneumothorax. The scale bar is equal to 5 mm. Transmission values are
given in Hounsfield units and dark field in scatter Hounsfield units.

4.7.5 Discussion

In the present section the diagnostic value of x-ray dark-field imaging for the detection
and correct delineation of a pneumothorax in mice was discussed. It was qualitatively
shown that x-ray dark-field radiography offers a better contrast between lung tissue and
the air in the pneumothorax. The presented x-ray dark field radiograms of three (out of
in total 8 measured) mice indicated that x-ray dark field could have a higher diagnostic
value for the detection of pneumothoraces, compared to conventional x-ray chest radio-
grams.
In the second part of the study, a conventional transmission-based and dark-field to-
mography of a mouse with a pneumothorax was discussed. It was shown that the
pneumothorax can be clearly visualized on the conventional transmission images. While
a higher contrast between the pneumothorax and lung tissue is achieved in the dark field,
the scattering information is unable to reveal the border between the gas accumulation
and other organs. It can be concluded that x-ray dark field CT could potentially help
better delineate the border between lung tissue and the gas accumulation, but not to
localize the pneumothorax in general.
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One of the limitations of the study is the age of mice. The animals were only a few
days old and therefore, their anatomy does not quite correspond to that of adults. For
example, the ribcage and other overlaying structures appear on the acquired images
not as pronounced as this is the case for adult animals. Therefore, the visibility of
pneumothoraces could be higher in the transmission images than it is the case in adult
animals/patients. Therefore, future studies should aim at performing similar studies in
adult mice.
No quantitative signal analysis was reported in the present study. To further justify
the superiority of x-ray dark-field radiography future studies should quantify the signal
differences. Finally, a reader study with the acquired images should be performed to
evaluate, if more pneumothoraces can be found by experienced radiologists on x-ray
dark-field radiograms compared to conventional transmission projections.
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4.8 X-ray dark-field radiography of emphysema in
porcine lungs

Note that the main results of the present section are parts of a manuscript by Yaroshenko
et al. that will be submitted for publication soon. Images and text passages may appear
identical in the publication.

4.8.1 Motivation

In the previous sections, it was demonstrated at length that x-ray dark-field imaging
displays a high potential for imaging of pulmonary disorders. All the experiments were,
thereby, performed using small-animals at x-ray source energies between 25 and 45 kVp.
Thus, so far, no proof that similar results can be obtained at clinically relevant settings
and human-like samples has been provided.
Translation of the imaging method to clinical routine is not straightforward. First of
all, implementation of x-ray dark field into the clinical world requires fabrication of high
aspect-ratio gratings for a large field of view, suitable for human imaging. Furthermore,
it is necessary to keep in mind that for the low x-ray energies like 25-45 kVp, at which
the experiments with mice were performed, the photoelectric effect dominates the in-
teractions of x-rays with matter. For x-ray photons with energy above approximately
50 keV the Compton scattering is the dominant interaction. Therefore, it can be ques-
tioned if a similar discrimination between healthy and e.g. emphysematous samples can
be achieved at high energies due to a different physical process. Finally, a human lung is
much larger than a murine specimen and has, therefore, much more air-tissue interfaces.
Thus, it can be questioned if the refraction on the numerous air-tissue interfaces in a
human lung will completely destroy the coherence of the wavefront and whether it is
still possible to extract the phase information.
In general, the feasibility of x-ray phase-contrast and dark-field imaging has been re-
cently demonstrated at 82 keV (Willner et al., 2013) and even above 100 keV (Thüring
et al., 2014; Ruiz-Yaniz et al., 2015). These are very encouraging results for the im-
plementation of x-ray phase-contrast and dark-field imaging into the clinical routine.
Further experiments, conducted at a synchrotron, revealed that it is possible to obtain
phase-contrast images of thick objects such as a pig (Hahn, 2014). However, the reported
images were acquired for the abdomen region of the animal and no imaging results for
the pig lungs have been reported yet.
The morphology and size of porcine and human lungs are similar (Ochs et al., 2004).
Therefore, porcine lungs can be used to evaluate if it possible to acquire phase-contrast
and dark-field signal for a human lung. The goal of the present study is to evaluate if
x-ray dark field radiographies can be obtained of porcine specimen and to investigate if
a similar differentiation of pulmonary emphysema, as achieved for mice, can be shown
for ex vivo porcine lungs.
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Figure 4.50: Sketch of the experimental imaging setup. Main parts of the CAD model
are courtesy of Friedrich Prade.

4.8.2 Materials and methods

Porcine emphysema model

For the experiment one healthy and one emphysematous porcine lung, respectively, were
used. A spontaneous (heterozygous) mutation detected in a Danish production farm has
been shown to result in development of emphysema in the lungs of pigs around the age
of puberty (Bruun et al., 2008). Immunohistochemical stainings of lung tissue from
emphysematous and healthy lungs have shown an increased expression of MMP9 and
MMP12 enzymes in glandular epithelial cells and alveolar macrophages, respectively.
This result is comparable to what is seen in human emphysema patients (Bruun et al.,
2013).
The emphysema lung used in this study was excised from a 9 month old female homozy-
gous (HH) pig, and the control lung was obtained from a 6 month old heterozygous (H)
male pig. The pigs were anaesthetized with a Zolitil 50 Vet. mix (1 ml/10 kg intramus-
cularly) and euthanized with Pentobarbital (1 ml/10 kg intravenously) in accordance
with standard veterinary procedures. After excision, the lungs were inflated with air,
tied at the trachea, and placed in a formalin-filled plastic container for transportation.

Imaging setup

The system used for imaging was a compact table-top setup, consisting of an X-Ray
WorX 160 SE (X-Ray WorX GmbH, Garbsen, Germany) x-ray source and a photon
counting Pilatus 200 K CdTe (Dectris Ltd., Baden, Switzerland) detector. The focal
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Source Voltage Source Power Number of steps Exposure per step

60 kVp 150 W 11 5 sec.

Table 4.19: Acquisition parameters for ex vivo porcine lungs.

spot size of the x-ray source for the parameters used for imaging was approximately
70 µm. The detector has a pixel size of 172× 172 µm2, and the resolution in the sample
plane was approximately 160 × 160 µm2. Due to the gap between the two modules of
the detector, only one module was used for imaging. The resulting field of view in the
sample plane was approximately 8.0×3.3 cm2. A schematic sketch of the setup used for
the measurements is presented in Figure 4.50. The Talbot-Lau interferometer consisted
of a circular source gold grating (G0, period p0 = 10 µm, height h0 = 160 µm, radius
r0 = 7 cm), a circular nickel phase grating (G1, p1 = 5 µm, h1 = 8 µm, r1 = 7 cm)
and a circular gold analyzer grating (G2, p2 = 10 µm, h2 = 160 µm, r2 = 10 cm). Both
intergrating distances were 93 cm, so that the setup was symmetrical. The interferom-
eter design energy is 45 keV, which approximately corresponds to the mean energy of a
60 kVp tungsten spectrum. To acquire the phase stepping curve, the phase grating was
moved over one period.

Imaging protocol

For imaging, both porcine lungs were taken out of formalin and placed in an air-filled
plastic flat container. Due to the strong scattering signal from the lungs, placing the
sample close to the phase grating produced an oversaturated dark-field signal. To avoid
saturation, the samples were placed approximately 15 cm away from the detector in
order to reduce the sensitivity of the interferometer. Table 4.19 outlines the other most
important imaging parameters. It is pointed out that the x-ray source voltage of 60
kVp is higher than the one used for mouse imaging but is still lower than typical clinical
settings (80-120 kVp). Due to the small field of view the obtained images were stitched
together to obtain a radiogram of the whole lung. Since the visibility distribution was
not perfectly homogeneous across the field of view, some residual stitching artifacts can
be observed in the dark-field images of the two lungs.

Histology

After imaging, histopathology of the two lungs was performed, in order to confirm the
presence of emphysema. For this purpose, the lungs were washed to remove paraformalde-
hyde and decalcified in a 10% ethylenediaminetetraacetic acid solution for 5 days. After
that the samples were dehydrated and embedded in paraffin. Multiple 2.0 × 2.5 cm2

10 µm thin slices were prepared from different sections of the lung, to obtain representa-
tive sections from different parts of the organ. The slices were deparaffinized, hydrated
and stained using Mayer’s hematoxylin and eosin (H & E) staining routine protocol.
Subsequently, the sections were dehydrated and scanned at different magnifications to
create digital images.
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4.8.3 Radiographic imaging of ex vivo porcine lungs

Figure 4.51 presents stitched transmission and dark-field radiograms of the two porcine
lungs. Transmission projections show clear images of the two lungs and reveal many
small structures. Due to the absence of the overlying structures and the high contrast
with respect to the background, the airways of the lungs are clearly visualized. In the
areas with no airways, the lung tissue yields a homogeneous absorption signal. It can
be also observed that, unfortunately, the lung with suspected emphysema was not as
well ventilated as the control sample. Therefore, the emphysematous lung shows lower
transmission values compared to the control sample and it is impossible to detect em-
physema. It is pointed out that the stripe with lower transmission values at the top of
the control lung image is caused by a tape used to hold the lid of the plastic container
that was used for imaging.
The dark-field radiograms of the lungs confirm the feasibility of acquiring dark-field
images of thick samples at almost clinically compatible x-ray energies (clinically used
x-ray source voltages for chest radiograms are in the range of 80-120 kVp). The control
lung yields a very homogeneous dark-field signal over the area of the whole lung. The
emphysematous lung shows lower dark field values (more scattering), compared to the
control sample, which at the first glance appears to be opposed the previously obtained
results for emphysema imaging in mice, where it was shown that emphysema leads to
an increased dark field (less scattering). However, it can be also observed that the areas
that demonstrate lower transmission values scatter more. Thus, similar to the results
obtained for the excised murine lungs it is not possible to detect emphysema, based on
transmission and dark-field images alone and a thickness independent parameter has to
be considered. Therefore, the normalized scatter (defined in equation 4.2 as the ratio of
the natural logarithm of dark field divided by the natural logarithm of transmission) for
the two lungs was calculated and is presented in Figure 4.52. The higher the normalized
scatter the higher the ratio of the diffusion coefficient ε with respect to the absorption
coefficient µ, i.e. the higher the degree of scattering with respect to absorption. While
the emphysematous lung shows in Figure 4.52 (B) normalized scatter values around 2,
the control lung displays values of around 4. This signifies, that the control lung scatters
more than the emphysematous sample per length unit. This result is consistent with
earlier findings in section 4.2, observed for murine samples.
To confirm the radiographic imaging findings, histopathology was performed and exem-
plary sections are presented in Figure 4.53. The control sample revealed normal lung
morphology, as can be seen in Figure 4.53 (A). A dense alveolar network is clearly visible,
which confirms a healthy state of the lung. For the emphysematous lung, histopathology
revealed the presence of both emphysematous lung section (subfigure (B)) but also the
presence of underventilated parts (subfigure (C)). Therefore, it can be concluded that
any effect seen in the emphysematous lung is a combination of emphysema and under-
ventilation. Bad ventilation of the lung is also a clinically relevant topic that faces some
imaging restrictions. However, to confirm that it is also possible to detect underventila-
tion with x-ray dark field a further, dedicated study is necessary.
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Figure 4.51: Transmission and dark-field radiograms of a control and emphysematous
excised porcine lungs. The stripe of lower transmission values at the top of the image
of the control lung is caused by a tape used for fixing the lid of the vessel.
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Figure 4.52: Normalized scatter for (A) the control and (B) the emphysematous lung.
Definition of normalized scatter can be found in equation 4.2.
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Figure 4.53: Histological section of a control lung (A) and of the emphysematous lung
(B) and (C). On subfigure (A) a dense alveolar network is clearly visible, confirming the
healthy state of the lung. Histological section (B) reveals enlarged alveoli, confirming
the presence of emphysema, whereas section (C) illustrates a badly ventillated area.
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4.8.4 Discussion

In the present section, a proof-of-principle result was reported demonstrating that it
is possible to acquire x-ray dark-field radiography of porcine lungs. Furthermore, it
was shown that it is easier (higher signal difference) to distinguish between healthy and
emphysematous/badly ventilated lung using the combination of x-ray dark-field and
transmission signals than using the transmission or dark-field signal alone. Normalized
scatter revealed that emphysema/bad ventilation leads to a decrease in x-ray scattering,
as the number of air-tissue interfaces is reduced. This result is consistent with the obser-
vation for the murine samples. All in all, this is an important result for the translation
of the method to clinical imaging.
The presented results have to be considered as the first concept study, where no attention
was paid to the dose necessary to acquire the dark-field images. In future, the dose has
to be evaluated and several parameters optimized (e.g. the number of steps, spectrum
shaping, etc.). Moreover, additional studies have to be performed in order to quantify
the diagnostic advantage of x-ray dark-field imaging for the detection of emphysema in
such large objects as porcine lungs.
In the present case, it could be argued that a difference between the two lungs can
be already appreciated on the transmission image alone. However, it is necessary to be
aware of the fact that the clear difference between the two presented lungs results mainly
from the high contrast of the lung tissue with respect to the background and absence
of overlaying structures. It can be argued that if the lungs were in situ the difference
would not be so prominent. In this case x-ray dark field would clearly help detect the
morphological differences. In conclusion, the reported results are important first steps
but further research is necessary to translate x-ray dark-field imaging to human-like
samples.
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4.9 X-ray dark-field imaging at 100 kVp

Note that the main results of the present section are parts of a manuscript by Yaroshenko
et al. that will be submitted for publication soon. Images and text passages may appear
identical in the publication.

4.9.1 Motivation

In the previous section, it was demonstrated that x-ray dark-field contrast can be used
for an improved discrimination of healthy and emphysematous lung tissue in excised
porcine lungs at 60 kVp tungsten spectrum. To further justify the clinical relevance of
x-ray dark-field imaging the question has to be answered if images of thick objects at
even higher source voltages like e.g. 100 kVp (clinically used settings for thorax imaging)
can be acquired. What needs to be considered is, whether a thorax comparable with that
of human patients has such a high degree of small-angle scattering that the wavefront
is completely destroyed and the phase information can no longer be extracted from the
measurements. In particular, it is not clear how much the overlaying structures like
the ribcage influence the imaging results. As the lung has been shown to yield a very
high degree of scattering, it can be questioned how far the combination of the signal
from the lung with the signal from the ribcage will destroy the wavefront, so that the
phase information can no longer be extracted. The first experiments conducted at a
synchrotron with a pig demonstrated the feasibility of extracting the phase information
for the abdomen region (Hahn, 2014). However, no thorax images with a lung in situ
have been reported, so far.
The goal of the present analysis was to investigate the feasibility of acquiring x-ray phase-
contrast and dark-field radiographies of an excised porcine lung in a thick formalin-filled
plastic container at 100 kVp and to further demonstrate that phase information can be
extracted from images of a chest of an ex vivo pig.

4.9.2 Imaging setup

For the present study, a similar setup, as described in the previous section 4.8, was used
to acquire x-ray dark-field and phase-contrast images. However, due to thicker samples,
a more powerful x-ray source was necessary. Therefore, a MXR-160HP/11 (Comet,
Flamatt, Switzerland) source (maximal power 2 kW) was used. Furthermore, image
acquisition was performed with a flatpanel PaxScan 2520D (Varian, Palo Alto, USA)
detector. The pixel size of the PaxScan detector is 127× 127 µm2. All the components
and the geometry of the Talbot-Lau grating interferometer were identical with the setup
description in section 4.8. The distance between the lung/pig and the detector was
approximately 40 cm. Due to magnification, the resolution in the sample plane was
approximately 100× 100 µm2.

4.9.3 Radiographic imaging of ex vivo porcine lungs

First, to demonstrate that a similar result as already reported for 60 kVp source peak
voltage can be also acquired with 100 kVp polychromatic spectrum and a flatpanel



Chapter 4. Diagnosis of pulmonary disorders using x-ray dark-field imaging 153

Source Voltage Source Power Number of steps Exposure per step

100 kVp 720 W 15 2 sec.

Table 4.20: Acquisition parameters for ex vivo porcine lungs.

detector, an excised porcine lung was imaged. The visibility of the setup was estimated
with 10% for 100 kVp. For imaging the lung was obtained from a 12 week-old German
Landrace pig and, subsequently, inflated with air to simulate a similar state as in vivo.
The lung was placed in a 11 cm thick formalin-filled plastic container to simulate the
absorption of a thorax. To make sure the lung stayed completely below the fluid surface,
a metallic plate was placed on top of the lung. To obtain the full radiography of the
lung, several images were stitched together. The most important parameters used for
imaging are outlined in Table 4.20.
Figure 4.54 shows the acquired transmission, dark-field and phase-contrast radiograms
along with the photograph of the lung in the formalin-filled plastic container. The
presented images clearly demonstrate that x-ray phase-contrast and dark-field imaging
is possible also at 100 kVp source voltage with a compact setup and a polychromatic
x-ray source. Contrary to the projections acquired with the porcine lung in air (Figure
4.51), the lung tissue comes out significantly less prominent in transmission in Figure
4.54. In particular, in the areas where the absorption signal from the formalin dominates,
it is difficult to discern the lung parenchyma. The dark-field signal yields a much better
visualization of the whole lung. As formalin does not give any (elastic) scattering, it
is much easier to assess the thin parts of the lung based on dark field compared to the
transmission image. Thus, it can be appreciated that at the lower left part of the lung,
there is a small section which does not give any dark-field signal. It is assumed that
this part of the lung was damaged and that fluid entered into the lung parenchyma,
probably during transportation. This cannot be appreciated on the transmission image.
Finally, all the edges (parallel to grating bars) of the lung are well visualized on the
differential phase-contrast projection. Thus, for example airways can be delineated on
the differential phase-contrast image, but not on the other two imaging modalities.
This is the first phase-contrast image of a thick object obtained at 100 kVp and a
polychromatic laboratory source. It is pointed out that due to a slightly inhomogeneous
visibility across the field of view there are some minor residual stitching artifacts that
are visible in the differential phase-contrast and dark-field images of the lung.
This result confirms that similar imaging results, as reported for 60 kVp, can be obtained
also at 100 kVp. The direct implication of this result is that it can be assumed that
e.g. pulmonary emphysema can be detected also at 100 kVp and in the presence of
overlaying absorbing structures.

4.9.4 Radiographic imaging of an ex vivo pig

In order to demonstrate that it is possible to obtain a dark-field radiogram of a porcine
lung in situ and that the wavefront is not completely destroyed by the overlaying struc-
tures, a chest radiogram of an ex vivo pig was acquired. For the experiment a 12 week-old
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Figure 4.54: Transmission, dark-field and differential phase-contrast radiograms of an
ex vivo porcine lung, acquired at a compact setup at 100 kVp tungsten spectrum. A
photograph of the lung illustrates the experimental preparation of the sample.
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Source Voltage Source Power Number of steps Exposure per step

100 kVp 800 W 8 30 sec.

Table 4.21: Acquisition setting for the ex vivo pig radiography.

ex vivo German Landrace pig was chosen. The pig weighted around 50 kg and had a
thorax circumference of 75 cm, resembling thus a thorax of a human patient.
In the experimental setup the pig was positioned with its head down due to geometric
restrictions. Due to gravity the animal’s organs put a certain pressure on the lung which
implicated that the lung collapsed to a certain degree. Consequently and regrettably,
at the time point of imaging not much air was still present in the lung. However, this
condition had also a positive side effects. Due to the deflated state of the lung it was
possible to fit one lung into the field of view, so that no stitching for the two lungs was
necessary (lung was compressed compared to an in vivo state by approximately a factor
of 2). The projection of the whole thorax consisted thus only of two single images for the
left and right lungs. Table 4.21 sums up the settings used to acquired the radiographic
images.
The acquired chest x-ray transmission, dark-field and differential phase-contrast radio-
grams of the ex vivo pig are presented in Figure 4.55. On the transmission image, the
lung tissue can be distinctly discerned. As expected, the overlying structures yield a
strong absorbing signal and complicate the evaluation of the lung tissue. For example,
the left lung is significantly less visible on the transmission image compared to the right
one due to more overlaying structures. The colorbar reveals the generally very low trans-
mission. The low transmission can be partly explained by the shape of the spectrum. A
non-filtered tungsten spectrum with 100 kVp, has a mean energy of 51 keV. However,
it can be expected that only energies above approximately 40 keV can penetrate the
thorax. Since the reference flatfield is acquired with no object in the beam, the relative
transmission is low. Furthermore, due to the position of the animal, the vast majority
of the blood can be expected to have accumulated in the heart. As blood absorbs even
more than soft tissue, this lowers the transmission even more. Finally, the detector was
read out with 10 Hz. Therefore, as the counts were not summed up for the whole ex-
posure time, but the noise for each exposure of 0.1 second was added to the measured
values, this also reduced the signal-to-noise ratio of the thorax.
In spite of all the mentioned issues, it was possible to extract x-ray dark-field and phase-
contrast images from the measurements. A strong dark-field signal of the lung can be
appreciated in Figure 4.55. The ribcage at the periphery of the lung yields also a con-
siderable signal, as the x-rays penetrate there through a substantial part of the bones.
For the parts of the ribcage that overlay the lung, the scattering signal is not as pro-
nounced as the signal on the transmission radiogram. In an inflated state, the lung can
be expected to yield even more scattering (due to more air-tissue interfaces). Therefore,
the ratio of the dark-field signal of the ribs with respect to the signal from the lung can
be expected to be small. Consequently, it can be assumed that a similar high diagnostic
value for x-ray dark field can be expected in humans for the detection of e.g. lung nod-
ules as it was shown in mice. Furthermore, it can be questioned, whether the scattering
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Figure 4.55: Conventional transmission, dark-field and differential phase-contrast ra-
diograms of the ex vivo pig. The radiograms consist of only two separately acquired
images.
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signal from the ribcage does not originate from beam hardening. If this is the case, it
could be avoided by a choice of different filters in order to shape the spectrum better.
In this way, the influence of the ribcage on the dark-field image of the lung could be
reduced.
The dark-field signal inside the thorax but outside of the lung appears to be quite noisy.
The high absorption in this area leads to a breakdown of the processing algorithm and
noise in the dark field is generated. It can be expected that if longer read out times
of the detector are used, the noise in this area can be reduced and the imaging results
can be significantly improved. In general, the presented dark-field radiogram proves the
possibility of acquiring dark field images of pigs’ chest with a polychromatic laboratory
source.
On the differential phase-contrast projection the edges of the lung and the ribs are vi-
sualized. Unfortunately no airways can be appreciated. The most probable explanation
for this effect is the high compression of the lung and thus high compression of the
airways. Additionally, the images were acquired with a very low visibility of the inter-
ference pattern and it can be expected that a higher visibility would yield significantly
better phase-contrast imaging results. Nonetheless, the presented image also proves the
possibility of acquiring grating-based phase contrast of such thick sample as a thorax of
a pig with a conventional laboratory source.

4.9.5 Discussion

In the present section the feasibility of acquiring x-ray dark-field and phase-contrast
images of thick objects using a 100 kVp spectrum from a conventional polychromatic
laboratory source was evaluated. Presented images clearly revealed that it is possible
to acquire the phase information for an inflated porcine lung and also for the thorax of
an ex vivo pig. The pig radiogram demonstrated that the overlaying structures like the
ribcage do not completely destroy the wavefront so that the phase information can be
extracted from the acquired phase stepping curve. This is a very important result for
the translation of the imaging method into the clinical world.
The presented study has a proof-of-concept character and numerous improvements for
the experimental setup for future studies have to be considered. No discussion of the
necessary dose was presented in this section, since many parameters are miles away from
optimum settings. Therefore, future research should focus on optimizing the acquisition
settings and determining the necessary dose for acquisition of a chest radiogram of a
pig. A further goal should be acquisition of an x-ray dark-field radiogram of a pig with
a fully inflated lung. Based on this result it should be analyzed if it is possible to detect
emphysematous changes in situ. A long term goal of the project should be to repeat
the experiments, performed with mice, using pigs and to evaluate the diagnostic value
of x-ray dark-field for imaging and staging of different pulmonary disorders.
In conclusion, the images presented in this section demonstrate that there is no physical
obstacle for translating x-ray dark-field imaging to human patients. However, efforts
have to be undertaken in order to estimate the diagnostic value of the method for
imaging of human patients with pulmonary disorders.
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4.10 Summary and outlook

In the present chapter, the diagnostic value of x-ray dark-field imaging for the detection
and staging of pulmonary disorders was analyzed, based in most cases on small-animal
models. Pulmonary emphysema, fibrosis, lung cancer, edema, neonatal chronic lung dis-
ease and pneumothorax were thereby considered. It was demonstrated that for all these
disorders x-ray dark-field imaging could better visualize the morphological changes in
the lung, compared to the conventional x-ray transmission imaging. The main advan-
tages of x-ray dark field were shown to be a higher sensitivity to the structural changes
and the absence of the ribcage on the radiograms. However, as the dark-field contrast
does not yield a disorder specific response its combination with conventional transmis-
sion is necessary for the correct diagnosis. Thus, x-ray dark field offers a high sensitivity
for pulmonary disorders, but only in combination with conventional transmission also a
high diagnostic specificity can be achieved.
In order to demonstrate that the imaging method can be potentially translated to hu-
man applications, x-ray phase-contrast and dark-field imaging of excised porcine lungs
and an ex vivo pig was performed. Thus, it was shown that it is feasible to discrimi-
nate between a healthy and an emphysematous/badly ventilated porcine lung at 60 kVp.
Subsequently, imaging results of a porcine lung, acquired at 100 kVp tungsten spectrum,
were presented, revealing the possibility of performing phase-sensitive imaging also at
clinically relevant energies. Finally, first x-ray dark-field and phase-contrast radiograms
of an ex vivo pig thorax were presented. The animal’s ribcage and other lung overlaying
structures do not destroy the wavefront and it was demonstrated that the phase infor-
mation for such a thick object, as a pig thorax, can still be extracted.
The results presented in this chapter suggest that x-ray dark-field imaging could poten-
tially be used for an improved diagnosis of many pulmonary disorders in human patients.
Yet, in order to implement this imaging approach into the clinical world, further tech-
nical developments are necessary.
In the future, several other aspects of pulmonary imaging should be analyzed using
grating-based x-ray phase-contrast and dark-field imaging. One of the topics that needs
consideration is imaging of the bronchial and vascular system in the lung. It has been
recently reported that the destruction of small vessels and airways precedes the devel-
opment of emphysema in the lung (McDonough et al., 2011). Consequently, there is
currently a strong wish for a high sensitivity method for airways imaging. X-ray phase
contrast could potentially offer a better delineation of the airways than the conventional
transmission, as has been reported by Bech et al. (2013); Morgan et al. (2014). Dedi-
cated studies are necessary to further elaborate on this topic. Furthermore, recently an
approach for a direction-dependent dark-field tomography has been reported (Malecki
et al., 2014). This technique could be potentially used to study the morphological ar-
rangement of alveoli and especially small vessels in murine lungs.
In the present chapter x-ray dark-field imaging results were directly compared with the
conventional radiographies. Given that x-ray dark field is acquired simultaneously with
x-ray transmission images, it is more appropriate to compare the diagnostic value of the
combination of x-ray dark-field with transmission signals with respect to the transmis-
sion image alone. Such a comparison would reveal the actual diagnostic value of x-ray
grating-based dark-field imaging versus absorption imaging alone. This aspect has to be
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considered in future research.
It can be questioned if the absorption analyzer grating, placed in front of the detector,
acts in a certain manner as a collimator that prevents scattered radiation from blurring
the transmission image. To estimate the degree to which this is the case, it is necessary
to acquire radiographies without the grating interferometer in the beam. Comparison
of the absorption images obtained with and without the grating interferometer in the
beam would provide the answer to this question.
Finally, to translate x-ray dark-field imaging to clinical applications, it is interesting to
consider the possibility of restricting grating-based x-ray imaging only to a certain part
of the lung. Thus, a conventional radiogram could be acquired of the whole thorax of a
patient and, subsequently, only a small (suspicious) part of the thorax could be reimaged
using a grating interferometer. This approach would impose less technical challenges on
the grating production and such an imaging system could be realized more easily. Due
to the low dose necessary for a small field of view, human imaging would become much
more accessible. This approach seems to be reasonable for homogeneous disorders like
e.g. nCLD. Nonetheless, the applicability of such an approach has to be considered in a
separate study.
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5 Summary, conclusion and outlook

In this chapter, the main scientific results of this PhD thesis are briefly summarized and
a short outlook is presented. For a detailed discussion of the different topics the reader
is referred to the discussion section following the corresponding chapter.

5.1 Phase gratings with triangular-shaped phase-shifting
structures

Using currently available conventional binary phase gratings in a Talbot-Lau interferom-
eter it is not possible to realize a compact high-energy setup for x-ray phase-contrast and
dark-field imaging. Therefore, the use of phase gratings with non-binary phase-shifting
structures for imaging was evaluated in this thesis.
It was shown theoretically and experimentally that visibilities high enough for acquisi-
tion of x-ray phase information can be achieved with triangular-shaped phase-shifting
structures in a compact laboratory setup. Thereby, the propagation distances behind
triangular phase gratings for the visibilities that can be used for imaging, are significantly
shorter than the conventional fractional Talbot distances, typically used for imaging with
binary phase gratings. For example, for a triangular 5π/2 phase-shifting grating, the
peak visibility is observed at 1/20 of the full Talbot distance and the interference pattern
has the same period as the phase grating. For comparison, a binary π/2 phase grating
produces the peak visibility at 1/4 of the full Talbot distance. This result implies that it
is possible to significantly reduce the length of the imaging setup, and it is much easier
to construct a compact, high-energy interferometer that would be suitable for clinical
imaging. It is, however, pointed out that the sensitivity scales with the length of the
setup. Therefore, construction of a too compact setup could result in a lack of signal.
The obtained result for for triangular-shaped structures can be also used in a different
way. If the length of the setup is not the restricting factor, then phase gratings with
triangular-shaped structures could be used to relax the requirements on the necessary
aspect-ratios for the gratings.
The feasibility of performing actual imaging with triangular phase gratings was demon-
strated on the example of radiographic and tomographic phantom measurements. Due to
the visibility drop towards the edges of the field of view, the gratings had to be rotated by
90◦ for tomographic imaging with respect to the gantry rotation axis. The acquired to-
mography revealed no artifacts in the transmission and dark-field signal, whereas phase-
contrast clearly revealed some reconstruction artifacts that were attributed to the lack
of δ reference values and orientation of the gratings, but not to their shape. The im-
plication of this result is that in future also spiral local dark-field tomographies can
be performed of long objects. Thus, for example, using the rotated gratings a spiral
dark-field tomography of a human chest becomes feasible.
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5.2 X-ray dark-field imaging of pulmonary disorders

Conventional x-ray imaging often suffers from the low sensitivity for pulmonary disor-
ders, especially at an early stage. To address this issue, the diagnostic value of x-ray
dark field was evaluated for a number of lung diseases in small-animal models.

Pulmonary emphysema. First, it was demonstrated that a similar improved differ-
entiation between healthy and emphysematous lung tissue for excised murine lungs,
as reported in the proof-of-principle experiment (Schleede et al., 2012), could be also
achieved with a compact laboratory setup and a polychromatic source. Motivated by this
result in vivo experiments ensued, revealing that a much better discrimination between
healthy and emphysematous animals could be achieved in the dark field compared to
conventional radiographic imaging. Furthermore, it was demonstrated that emphysema
could be detected at an earlier stage on the dark-filed images. This result implies that
with further technical developments, the sensitivity for the detection of mild and moder-
ate emphysema in human patients could be potentially significantly improved by means
of dark-field radiography. To elucidate this potential clinical application a healthy and
an emphysematous pig lung were imaged, using clinically relevant settings and it was
demonstrated that, similar to the results obtained for ex vivo murine samples, the best
discrimination between the healthy and the emphysematous specimen could be achieved
by terms of combination of x-ray dark-field and transmission signals. As a final step,
a thorax of an ex vivo pig was scanned at 100 kVp, revealing that dark-field imaging
of samples, comparable to the thorax of a human patient is possible with a laboratory
setup. This result proves the feasibility of translating x-ray dark-field imaging into the
clinical world. The direct consequence is that, apart from the size of the gratings, there
is at the moment no further restrictions that impede imaging of a thorax of a human
body. Therefore, future studies should seek to realize a setup suitable for human chest
imaging and analyze, if a similar improved diagnostic value can be achieved for e.g.
porcine lungs in situ.
X-ray dark-field tomographic imaging also revealed a better visualization of the em-
physema distribution in the lung, compared to the conventional transmission images.
Therefore, x-ray dark-field tomography could also play clinically an important role, for
example for surgical decision making. However, further dedicated studies are necessary
to quantify the diagnostic value of x-ray dark-field tomography.

Pulmonary fibrosis. Motivated by the very promising results obtained for pulmonary
emphysema, it was evaluated if dark-field imaging could be also of importance for the
detection of pulmonary fibrosis. Based on a small-animal model, it was shown that a
noticeably better visualization of the pulmonary disorder could be achieved using x-ray
scattering information on dark-field projections than on conventional radiographic im-
ages. A further interesting result is that dark-field imaging was demonstrated to be
stable enough for longitudinal quantitative imaging. This implies that x-ray dark-field
radiography could be used to quantitatively monitor e.g. pulmonary fibrosis therapy
studies.
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X-ray dark-field tomography was furthermore shown to yield the information about the
spatial distribution of the pulmonary disorder in the lung. Whether the evaluation of the
spatial distribution of fibrosis based on the scattering information offers any advantages
over conventional transmission imaging, has to be evaluated in a separate study.
Based on the experiments carried out with the emphysematous porcine lung it can be
assumed that a similarly good discrimination between healthy and fibrotic tissue can
be also obtained for clinically relevant settings. Given that the radiation exposure for
a chest radiography is lower than that of a tomography, it could be envisioned that in
future x-ray dark-field radiography could be used for screening in patients with a pre-
disposition for the development of pulmonary fibrosis or monitoring of therapy response.

Pulmonary carcinoma. Both radiographic and tomographic x-ray dark-field images
of mice with pulmonary carcinoma revealed a clearer delineation of the lung nodules
than conventional transmission imaging. This result needs thorough consideration. If a
similar result can be obtained for humans, x-ray dark field could potentially be used as a
more sensitive screening modality for lung cancer than conventional x-ray radiography.
In particular, what needs to be considered in the future is the resolution at which the
lung nodules become visible in transmission and dark-field images. The nodules can
be visualized on the transmission images only if they are directly resolved, this is not
necessarily the case for dark field. Therefore, by reducing the overall resolution of the
system, x-ray dark field could be a possibility to reduce the dose necessary for the
detection of lung nodules. However, further research is necessary in this direction.

Pulmonary edema. Based on a murine model, it was demonstrated that the distribu-
tion of small amounts of fluid in the lung can be visualized by means of x-ray dark-field
imaging. The fluid that builds a film on (or completely fills) the alveoli significantly re-
duces the scattering, while it is almost invisible in the conventional transmission imaging.
The described results suggest that x-ray dark-field imaging could be used to estimate
the distribution of aerosols and other drugs, delivered to the human lung. This would
help to better understand the fluid distribution and help develop inhalation systems for
e.g. asthma. Additionally, x-ray dark field visualization of fluid could be a very powerful
tool for small-animal studies. Given that a vast number of small-animal models of pul-
monary disorders relies on orotracheal application of different substances, quantitative
estimation of the fluid distribution in the lung should help better control the disease
development. Especially therapy studies should profit from this approach. The direct
consequence of the obtained result is that the number of animals required for the exper-
iment could be significantly reduced, if the animals are monitored using x-ray dark-field
imaging.

Neonatal chronic lung disease Mechanical ventilation with oxygen-enriched gas can
offer a life-saving measure for respiratory failure, but at the same time it can cause lung
injury that will burden the life of children for many years to come. Hence, there is a high
necessity to completely understand the pathology and development of neonatal chronic
lung disease and to be able to monitor its progression. X-ray dark-field imaging was
shown to yield a better discrimination between different stages of nCLD in new born
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mice compared to the conventional transmission imaging. Future studies should seek
to establish a correlation between quantitative morphometry and dark-field imaging.
This would empower one to perform quantitative in vivo studies using small rodents for
a better understanding of the pathophysiology of the disorder. In this way, ventilation
protocols that do not implicate lung injury can be established or improved. With further
optimization, x-ray dark-field radiography could be used for a more sensitive screening
of the nCLD in children. An interesting idea could be not to image the whole thorax of
the patient, but only a part of the lung, in order to diagnose and stage nCLD. However,
establishment of such an approach requires dedicated, more profound studies.

Pneumothorax The presence of a pneumothorax in human patients has often to be
evaluated quickly (e.g. during an operation) by doctors with little radiologic experience
(e.g. surgeons). Therefore, some not so prominent pneumothoraces can be potentially
overlooked. In the light of these considerations any help for a better visualization of
the gas inclusions in the lung could significantly improve the diagnosis rate of pneu-
mothoraces in the clinical world. The analysis of the images acquired for mice with a
pneumothorax revealed that a higher contrast between the air accumulation and lung
tissue could be achieved in the dark field than in conventional transmission. This implies
that it is easier to detect a pneumothorax, in case it is not overlaid by lung tissue. In
the future, a more thorough and quantitative signal analysis of the acquired data has
to be performed in order to determine if the signal difference is also higher if the pneu-
mothorax is partly overlaid by the lung tissue. All in all, the so far performed analysis
suggests that x-ray dark-field radiography could potentially help diagnose pneumotho-
raxes in human patients.

To conclude, it has been demonstrated on a number of murine models that x-ray dark
field offers a diagnostic advantage for the detection of pulmonary disorders, compared
to conventional transmission imaging. Given the very promising results of the presented
studies, it can be concluded that the diagnostic value of x-ray dark-field imaging for
human patients has to be studied. On account of the presented results, we believe that
further rapid and hard efforts are necessary to translate pulmonary dark-field imaging
to the clinical research. The use of triangular phase gratings could be a great help for
the construction of a clinically usable setup.
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T. Thüring, P. Modregger, B. R. Pinzer, Z. Wang, and M. Stampanoni. Non-linear
regularized phase retrieval for unidirectional x-ray differential phase contrast radiog-
raphy. Opt. Express, 19(25):25545–25558, Dec 2011.
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