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Abstract

Compact x-ray sources that use inverse Compton scattering aim to bridge the large
performance gap between large-scale synchrotron facilities and conventional x-ray tube
sources. This allows the applications of modern synchrotron techniques in a laboratory
environment. One such down-sized synchrotron is the Munich Compact Light Source
(MuCLS). The basic concept is the usage of counter-propagating laser and electron
beam whereby x-rays are generated. Using the particle picture, at the collision point
energy is transferred from high energy electrons to low energy laser photons, which are
boosted to x-ray energies. In the wave picture, the laser is seen as an undulator, in
which x-rays are produced. However, the laser undulator period is about four orders
of magnitude smaller compared to a permanent magnet undulator at a synchrotron.
This allows to reduce the electron energy into the MeV range and enables a downsizing
of the electron storage ring circumference to about five meters. In this thesis, the re-
sulting quasi-monochromatic, low divergence x-ray beam with partial spatial coherence
and high flux-density is exploited in a series of propagation-based phase-contrast imag-
ing (PBI) experiments. PBI provides information on the x-ray wavefield phase shift
introduced by the sample, resulting in improved contrast, especially for low-absorbing
materials, which are difficult to detect in conventional x-ray imaging, such as air-tissue
interfaces.

The applicability of PBI at the MuCLS is seen by the detection of significant edge-
enhancement, as well as the successful application of quantitative phase retrieval. The
limitations of PBI at this source, largely due to source-size blurring, are discussed.
The examination of the potential of the MuCLS for time-sequence PBI of the respi-
ratory system of living mice is the main content of this thesis. The developed setup,
the challenges in small animal imaging as well as the performed experiments and re-
sults are presented. The processes studied are lung motion, mucociliary transport, and
pulmonary drug delivery. These measurements can be used for the improvement of
physiological understanding and to quantify the effectiveness of treatment. In partic-
ular given that the therapeutic outcome of drug treatment depends not only on the
delivered dose but also on its spatial distribution, which is best measured with imaging.

Finally, this thesis tests grating-based phase-contrast imaging (GBI) for dynamic res-
piratory imaging. As a phase-contrast technique, GBI provides increased soft-tissue
contrast, but also small-angle scattering information via the dark-field signal of unre-
solved sample structures. Because the lung consists of many alveoli, and thus many
scattering interfaces, it is a very well-suited organ for dark-field imaging. In order to
visualize the changes in dark-field, phase, and absorption images during breathing, a
time-resolved GBI measurement of a breath cycle in a mechanically ventilated mouse
was performed. For this purpose, a particular imaging protocol was designed.

The results of this work show that, a compact inverse Compton source in conjunction
with the developed protocols and methods can be credited with great potential for
longitudinal studies of the respiratory system of small animals for pre-clinical research.
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Zusammenfassung

Die Motivation hinter der Entwicklung von kompakten Röntgenquellen basierend auf
inverser Compton-Streuung ist, die enorme Leistungslücke zwischen den Synchrotron
Großforschungsanlagen und den herkömmlichen Röntgenröhren zu schließen. Dies soll
den Transfer von modernen Synchrotron-Techniken in eine Laborumgebung ermöglichen.
Ein solches Kompakt-Synchrotron ist die Munich Compact Light Source (MuCLS). Die
Grundlage für die Erzeugung der Röntgenstrahlen ist ein Laser- und gegenläufiger Elek-
tronenstrahl. Im Teilchenbild wird die Generierung der Röntgenstrahlen am Wechsel-
wirkungspunkt der beiden Strahlen durch den Energieübertrag von hochenergetischen
Elektronen an die niederenergetischen Laser-Photonen erklärt, die dadurch eine Ener-
gieerhöhung in den Röntgenbereich erfahren. Im Wellenbild, wird der verwendete Laser
als Undulator gesehen, indem Röntgenstrahlen erzeugt werden. Die Laser-Undulator
Periode ist dabei ungefähr vier Größenordnungen kleiner als die eines Synchrotorn-
Permanentmagnet Undulators, dies ermöglicht eine Verringerung der Elektronener-
gie in den MeV Bereich und somit eine Verkleinerung des Umfangs des Elektronen-
Speicherings auf unter fünf Meter. Der erzeugte quasi-monochromatische, schwach
divergente Röntgenstrahl mit partieller räumlicher Kohärenz und hoher Flussdich-
te wird in dieser Arbeit in einer Reihe von Experimenten zur propagationsbasierten
Phasenkontrast-Bildgebung (PBI) genutzt. PBI liefert Informationen über die Pha-
senverschiebung der Röntgenstrahlen durch die Probe, was zu einem verbesserten
Bildkontrast führt, insbesondere in schwach absorbierenden Materialien, wie z. B. an
Luft-Gewebe-Schnittstellen. Solche sind bei der herkömmlichen Röntgenbildgebung nur
schwer erkennbar.

Der Nachweis einer signifikante Kantenverstärkung, ebenso wie die erfolgreiche An-
wendung der quantitativen Phasenrekonstruktion, zeigen die Anwendbarkeit von PBI
an der MuCLS. Die Grenzen von PBI an dieser Quelle, zum Beispiel, aufgrund von
Unschärfe durch die Größe des Wechselwirkungspunktes, werden ebenfalls diskutiert.
Der Hauptteil dieser Arbeit beschäftigt sich mit dem Potenzial der MuCLS für zeitauf-
gelöste PBI Messungen des Atmungssystems an in vivo Mäusen. Der dafür entwickelte
Versuchsaufbau, die Herauforderungen in der Kleintierbildgebung, sowie die durch-
geführten Experimente und Ergebnisse werden erörtert. Die untersuchten Prozesse sind
die Lungenbewegung, der mukoziliärer Transport und die pulmonale Arzneimittelgabe.
Diese Messungen knnen zur Verbesserung des physiologischen Verständnisses beitragen
und die Wirksamkeit einer Behandlung quantifizieren. Beispielsweise hängt das thera-
peutische Ergebnis einer medikamentösen Behandlung nicht nur von der verabreichten
Dosis, sondern auch von desser räumlicher Verteilung ab, welche am Besten mit Hilfe
von Bildgebungsmethoden dargestellt werden kann.

Schließlich wurde auch die gitterbasierte Phasenkontrast-Bildgebung (GBI) für die
Anwendung in der dynamischen Bildgebung von Atembewegungen weiterentwickelt.
GBI bietet als Phasenkontrastverfahren ebenfalls einen erhöhten Weichgewebekon-
trast, liefert aber zusätzlich auch Informationen über die Kleinwinkelstreuung (Dun-
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kelfeldsignal). Folglich ist die Lunge, die aus vielen Lungenbläschen besteht, und so-
mit viele Grenzflächen für Streuung bietet, ein sehr gut geeignetes Organ für die
Dunkelfeld-Bildegung. Um die Änderungen des Dunkelfeld-, Phasen- und Absorpti-
onssignals während des Atmens sichtbar zu machen, wurde eine zeitaufgelöste GBI-
Messung von einem Atemzyklus, in einer mechanisch beatmeten Maus durchgeführt.
Dazu wurde ein eigens entwickeltes Bildgebungsprotokoll angewendet.

Basierend auf den Ergebnissen der vorliegenden Arbeit, kann einer kompakten inversen
Compton Quelle in Kombination mit den hier entwickelten Protokollen und Methoden
ein großes Potenzial für Langzeitstudien des Atmungssystems von Kleintieren in der
präklinische Forschung zugeschrieben werden.

iv



Contents

1 Introduction 1

2 Generation of x-rays 5

2.1 Definition of x-rays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2 Figures of merit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.3 X-ray sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.3.1 Target-based x-ray sources . . . . . . . . . . . . . . . . . . . . . 8

2.3.2 Synchrotron sources . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3.3 Inverse Compton scattering sources . . . . . . . . . . . . . . . . 14

3 Fundamentals of x-ray imaging 23

3.1 X-ray interactions with matter . . . . . . . . . . . . . . . . . . . . . . . 23

3.1.1 Complex refractive index . . . . . . . . . . . . . . . . . . . . . . 24

3.2 Free-space propagation of x-rays . . . . . . . . . . . . . . . . . . . . . . 30

3.3 Phase-contrast x-ray imaging methods . . . . . . . . . . . . . . . . . . 32

3.3.1 Propagation-based phase-contrast imaging . . . . . . . . . . . . 33

3.3.2 Grating-based phase-contrast imaging . . . . . . . . . . . . . . . 38

4 Respiratory x-ray imaging in small animals 45

4.1 The respiratory system . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.2 Small animal respiratory imaging . . . . . . . . . . . . . . . . . . . . . 48

4.2.1 Existing small animal imaging techniques . . . . . . . . . . . . . 49

4.2.2 Challenges in small animal x-ray imaging . . . . . . . . . . . . . 53

5 Phase-contrast x-ray imaging setup at the MuCLS 55

5.1 Micro-CT and PBI setup . . . . . . . . . . . . . . . . . . . . . . . . . . 55

5.1.1 Detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

5.2 In vivo small animal setup . . . . . . . . . . . . . . . . . . . . . . . . . 60

5.3 Grating interferometer . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5.4 Dose estimation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

v



Contents

6 Propagation-based imaging at the MuCLS 65

6.1 Edge-enhancement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

6.1.1 Source-size blurring . . . . . . . . . . . . . . . . . . . . . . . . . 67

6.1.2 Source-to-detector distance . . . . . . . . . . . . . . . . . . . . . 68

6.1.3 Phase reconstruction using Paganin’s algorithm . . . . . . . . . 70

6.2 Micro-CT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

6.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

6.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

7 Phase-contrast x-ray imaging of the respiratory system in ex vivo
mice 77

7.1 Increased air-tissue contrast through edge-enhancement . . . . . . . . . 78

7.2 Mucociliary transport imaging (ex vivo) . . . . . . . . . . . . . . . . . 78

7.3 Fast ex vivo tomography . . . . . . . . . . . . . . . . . . . . . . . . . . 81

7.4 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

7.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

7.6 Ethics statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

7.7 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

8 Phase-contrast x-ray imaging of respiratory-related dynamics in in
vivo mice 87

8.1 Lung motion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

8.2 Nasal treatment delivery . . . . . . . . . . . . . . . . . . . . . . . . . . 89

8.3 Mucociliary transport imaging (in vivo) . . . . . . . . . . . . . . . . . . 90

8.4 Fast in vivo tomography . . . . . . . . . . . . . . . . . . . . . . . . . . 93

8.5 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

8.5.1 Lung motion and nasal delivery . . . . . . . . . . . . . . . . . . 95

8.5.2 Mucociliary Transport . . . . . . . . . . . . . . . . . . . . . . . 96

8.5.3 Fast in vivo tomography . . . . . . . . . . . . . . . . . . . . . . 97

8.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

8.7 Ethics statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

8.8 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

9 Dynamic imaging of liquid delivery and deposition in murine lungs 101

9.1 Liquid instillation into the lung . . . . . . . . . . . . . . . . . . . . . . 101

9.2 Inhalation of aerosolized liquid . . . . . . . . . . . . . . . . . . . . . . . 107

vi



Contents

9.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

9.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

9.5 Ethics statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

9.6 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

10 Dynamic grating-based x-ray imaging of lungs 115

10.1 Liquid delivery into the lung . . . . . . . . . . . . . . . . . . . . . . . . 116

10.2 Dynamic chest x-ray grating-interferometer radiographs . . . . . . . . . 117

10.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

10.3.1 Liquid delivery . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

10.3.2 Dynamic chest imaging . . . . . . . . . . . . . . . . . . . . . . . 123

10.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124

10.5 Ethics statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

10.6 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

11 Conclusion & Outlook 127

Bibliography 151

List of Figures 154

List of Tables 155

List of Abbreviations 157

List of Publications 161

Acknowledgments 164

vii





Introduction1
Curiosity – the naturally in-built exploration bonus – is a fundamental drive in human
behavior to always explore new frontiers. Inquisitive thinking, questioning, observing
and modeling nature are the motor for inventions and progress. For millenia, these
characteristics helped to understand our often challenging environment and ensure our
survival, but they are also responsible for the developments, for example, in amusement
and medicine [Dua, 2011; Russo, 2018, p. 3].

Humans have different options to explore their environment. For example, the human
eye-brain system is designed to detect electromagnetic radiation. This extraordinary
power of vision is a fascinating evolutionary development. Human eyes can differentiate
between 10 million colors, can detect a luminance range of 1014 and are possibly capable
of detecting a single-photon [Tinsley, 2016]. However, this only works in a small
wavelength range from 400 nm to 800 nm, whereas the entire electromagnetic spectrum
ranges in wavelengths from thousands of kilometers down to picometers, comprising
over 23 orders of magnitude [Russo, 2018, p. 4].

In order to make the invisible radiation detectable for our eyes, special instrumentation
and techniques are required to shift wavelengths into frequency ranges visible for our
naked eyes. In this work, the x-rays (pm-wavelengths) used for imaging are invisible for
human eyes. But by particular x-ray detectors and techniques, they can be transformed
into an image which can be seen by our eyes. The images are most commonly known
from clinical diagnostics, for example, for studying bone fractures. For the first time, in
1895, Röntgen showed, by using photographic films, that x-rays can penetrate matter
and that they can be used to visualize inner structures of opaque objects. Furthermore,
he reported that x-rays are attenuated more strongly by some materials than others and
that their attenuation increases with material thickness, following the Lambert-Beer
law similar to visible light [Röntgen, 1895; Russo, 2018, p. 5]. This characteristic is used
in conventional x-ray imaging, and is known as absorption or transmission imaging.
X-rays illuminate an object and an x-ray detector, which is located behind the object,
records the two-dimensional intensity profile. The different absorbing capabilities of
the object’s constituents create contrast in the image.

Röntgen also performed experiments to study other effects in analogy with visible light,
such as diffraction, refraction, or focusing. However, examining different materials,
Röntgen did not succeed in reflecting or refracting x-rays at that time. He stated
that the refractive index could be 1.05 maximal and was not sure if it was possible
to deflect x-rays at all [Röntgen, 1895]. It turned out that the refractive index in
the x-ray regime is very close to unity – in fact, just below unity. That is why it
took several decades to develop x-ray optics and adapt phase-related concepts from
visible light to x-rays, such as phase-contrast and dark-field imaging. The former was
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1 Introduction

enabled in the x-ray regime for the first time by the development of an x-ray (crystal)
interferometer by Bonse and Hart in 1965. This allowed a direct measurement of
the phase shifts between x-rays in the two arms of the interferometer [Bonse, 1965].
Several phase-contrast methods have arisen since then, including propagation-based
phase-contrast imaging and grating-based phase-contrast imaging, which were used in
this thesis. The evolution of phase-contrast techniques for x-rays was a fundamental
step towards a significant enhancement of contrast in x-ray imaging, since the difference
in phase shift is much larger than the difference in absorption, for weakly absorbing
materials like soft-tissue or air. Consequently, x-ray phase-contrast imaging is the
method of choice for investigating the respiratory system of small animals in vivo,
due to the increased contrast between air and tissue. This can significantly improve
identification, efficiency and development of novel diagnostics or therapeutic drugs as
well as facilitate the translation of pre-clinical findings to the clinics.

However, imaging the respiratory system in small animal models requires a higher reso-
lution than that seen in clinical imaging, which implies a smaller source spot combined
with a high-resolution detector. This application also increases the x-ray flux density
required to capture dynamics without motion blur. Consequently, these factors have
limited this research to brilliant synchrotron facilities, which can provide high intensity,
partially coherent x-ray beams. In general, these high-quality x-ray beams result in
improved image sensitivity as well as high spatial and temporal resolution. However,
they are large, cost-intensive, limited in access and often located far from small animal
facilities. Novel concepts of compact synchrotron sources based on inverse Compton
scattering, such as the Munich Compact Light Source (MuCLS), provide x-rays with
similar properties to synchrotrons at a small footprint and with easy access. There-
fore, this thesis aimed to transfer dynamic phase-contrast imaging for pre-clinical small
animal research of the respiratory system into a laboratory environment as well as to
develop new protocols for dynamic imaging, for example, dynamic dark-field imaging.

This thesis first investigates the feasibility of the MuCLS for propagation-based phase-
contrast imaging, before establishing a setup for imaging the respiratory system of
in vivo small animal. A range of respiratory processes were captured to improve the
development of respiratory treatment, including the delivery and effects of treatment
in the airways and lungs. This thesis presents the results of the dynamic propagation-
based and grating-based phase-contrast studies carried out at the MuCLS.

Outline

The experiments of this study were performed at the MuCLS. To set this source into
the context of existing x-ray sources, a short introduction into the generation of x-rays
is given in Chapter 2. In Chapter 3, the theoretical background for understanding
the x-ray imaging modalities – propagation-based phase-contrast imaging and grating
interferometry – used in this study are explained, starting with a brief introduction of
x-ray interaction with matter. The focus of this thesis lies in the respiratory system
of small animals. Therefore the main functions are described in Chapter 4, as well as

2



1 Introduction

the different image modalities and challenges in small animal respiratory imaging. The
developed setup at the MuCLS is explained in Chapter 5. Followed by the results ob-
tained from phantoms (Chapter 6), ex vivo proof-of-principle measurements (Chapter
7) and in vivo studies (Chapter 8, 9, 10). Conclusions and perspectives are discussed
in Chapter 11.
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Generation of x-rays2
Röntgen observed the first x-rays in 1895, which paved the way for the laboratory x-ray
source development. In 1947, circular accelerators, known as synchrotrons, were ob-
served to produce synchrotron x-ray radiation, however it was considered as a nuisance
because it had caused particles to lose energy. Only in the 1960s, was it recognized
as light with extraordinary characteristics that overcomes the limitation of x-ray tube
radiation. Through the construction of dedicated synchrotron radiation facilities from
the 1980s, the available x-ray flux and coherence has experienced a significant improve-
ment, enabling high-speed imaging and leading to novel x-ray phase-contrast imaging
techniques that take advantage of the increased spatial and temporal coherence. This
has lead to the starting of ‘third-generation’ synchrotrons constructions, which are
mainly designed for the use of high x-ray beam quality. Then in 2014, Lyncean Tech-
nologies, Inc. became the first company to sell a compact synchrotron light source.
Since then, this source – the so-called Munich Compact Light Source (MuCLS) – has
been in operation in Garching near Munich, belonging to the Technical University of
Munich. To set the MuCLS into the context of existing sources, this chapter will give a
brief overview of existing sources and the parameters used to characterize the generated
x-ray beam.

2.1 Definition of x-rays

X-rays (or Röntgen radiation) are a form of electromagnetic radiation. In the elec-
tromagnetic spectrum which is given in Fig. 2.1, they are found at short wavelengths
between ultraviolet and gamma rays, with wavelengths ranging from about 0.1 to
100 Å (1 Ångström = 10�10 m) which corresponds to energies in the range between
a few 100 eV to 100 keV. In vacuum they are traveling with the speed of light c �
2.998 � 108 ms�1 and their energy E is defined by

E � hc

λ
� ~ω (2.1)

with Planck’s constant h � 4.136 � 10�15 eVs (~ � h{p2πq � 6.582 � 10�16 eVs), wave-
length λ and radiation frequency ω � 2πf . Due to the wave-particle dualism x-rays
have a particle and wave-like behavior. The particle aspect of x-rays helps to explain
the interaction between x-ray photons and electrons of an atom. The wave nature of
x-ray gives rise to the phenomena of refraction and interference. Both play an impor-
tant role in x-ray imaging and will be described later in Chapter 3. Before that, the
generation of x-rays and their characteristics from different sources will be discussed.

5



Chapter 2. Generation of x-rays

Visible2lightInfraredRadio2 Microwave Ultraviolet X-ray Gamma2ray

103 10-2 10-5 52x210-6 10-8 10-10 10-12

Wavelength2[m]

Figure 2.1: The electromagnetic spectrum is showing the wavelengths ranging from radio-
waves, which are used e.g. for broadcasting radio and television, to gamma rays, which are
used, e.g., in radiation therapy. X-rays are located in between ultraviolet and gamma rays.

2.2 Figures of merit

The usefulness of x-rays generated from different sources for particular applications
depends on several characteristics of the beam, including the photon energy, emission
rate, emittance, brilliance, and coherence. For example, in security radiography, high
x-ray energies with high flux are important to penetrate the luggage. X-rays are ab-
sorbed differently by different materials, creating a shadow image of the bag’s content.
Usually target-based x-ray sources are used for security screening. Whereas for per-
forming coherent x-ray diffraction imaging or ptychography, with spatial resolution in
the nanometer regime, synchrotron radiation is particularly useful because a high in-
tensity and coherent beam is desirable. However, these are not the only factors that
should be kept in mind, for instance, also cost, size, and accessibility play an essential
role in the choice of the x-ray source.

Brilliance and Emittance

The most common parameter to compare x-ray source quality is known as brilliance,
which is related to the emitted flux F [photons/s], the source area (r.m.s. width σx
and height σy in mm) and the corresponding divergence ψx and ψy (half opening angle
in mrad). The overall quality improves if these last two geometric parameters become
small and the flux large. To compare different sources, the x-ray flux at a certain energy
F0.1%pEq, within 0.1% bandwidth centered at this energy is considered [Paganin, 2006,
p. 137]

Brilliance �
�

photons{s
mrad2 �mm2 � 0.1%BW

�
� F0.1%pEq

4π2ψxψyσxσy
. (2.2)

Therefore, monochromatic radiation with high flux emitted in a narrow cone is leading
to a high brilliant beam. The products εx � σxψx and εy � σyψy are called emittance
for x and y directions, which are desired to be small. The overall emittances are
constant values for an x-ray source, which means, for example, that a focusing device
can change the spot size but not the emittance, therefore, it causes an increase in the
divergence of the x-ray beam.

6



2.2. Figures of merit

At synchrotrons, a small source size far away from the detector and radiation emitted
in the forward direction (small angular divergence) has the advantage that a nearly par-
allel beam is reached. These characteristics contribute to a high beam brilliance. The
brilliance of third generation synchrotrons is approximately 1020 (photons/s)/(mrad2 �
mm2 � 0.1%BW) and therefore about ten orders of magnitude higher than seen at a
rotating-anode Kα line [AlsNielsen, 2011, p. 32]. In general, the higher brilliance of
synchrotron radiation allows for the performance of experiments with higher spatial,
contrast and temporal resolution than those conducted at laboratory sources.

Coherence

Coherence is a quantity that is often used to describe the phase relationships of the
x-ray beam. The property that makes it possible to observe effects related to the
phase of the waves, like interference or diffraction, therefore it is an important param-
eter for phase-contrast imaging techniques. It describes the transverse (spatial) and
longitudinal (temporal) correlation between x-ray waves.

Consider, a beam with only one wavelength emitted by a point source is creating
distinguishable interference fringes after passing through a double slit. However, if the
source is emitting not only one wavelength λ but a band of wavelengths with width
∆λ, the fringes are getting blurred until individual fringes are no longer visible. The
condition to create phase-related phenomena is that the longitudinal coherence length
ll is greater than the wavelength [Russo, 2018, p. 164]

ll � λ2

∆λ
¯ λ , (2.3)

which is known as longitudinal (temporal) coherence and it is related to the polychro-
maticity of the source. Note that the equation for the longitudinal coherence is also
written as ll � 1

2
λ2

∆λ
[Attwood, 2017, p.115]. The additional factor 1{2 is appearing

if the allowed wavelength difference is set only to half the wavelength (180 degree
dephasing criteria). The longitudinal coherence length depends on the device which
delivers the monochromatic beam, e.g. assuming the energy resolution for a double
crystal monochromator is about ∆λ{λ � 10�4 [Zanette, 2011, p. 73], then longitudinal
coherence lengths of 0.5µm can be achieved, for 0.5 Å wavelength. At the source used
in this thesis, we have an energy resolution in the order of ∆λ{λ � 5 � 10�2, resulting
in ll � 1 pm for λ � 0.5 Å. The restrictions on the longitudinal coherence are soft for
phase-contrast imaging, it is usually not the limiting factor.

However, this is not the only condition which must be met for the fringes to be visible.
In reality the source is not a point but has a finite extension σx, which is again blurring
the fringe pattern, because the optical path is different for different points of the source.
If d is the distance to the source, the fringes can be observed if [Russo, 2018, p. 164]

A ® dλ

σx
, (2.4)
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with A the distance between the slits. The term on the right hand side defines the
transverse coherence length lt,

lt � dλ

σx
. (2.5)

Note that the spatial coherence depends on the distance from the source d and thus a
small source size is preferable. As above the expression is also published with the addi-
tional factor of 1{2 (lt � dλ

2σx
) [AlsNielsen, 2011, p. 27] or as lt � dλ

2πσx
[Attwood, 2017,

p. 118]. At a third-generation synchrotron, e.g. at the ESRF, the horizontal source
size (r.m.s.) is 75 µm [ESRF, 2019], and the experimental hutch of the ID19 imaging
beamline is about 145 m away from the source, resulting in a transverse coherence of
approximately 100µm in x-direction for wavelengths of 0.5 Å (using Eq. (2.5)). At
the inverse Compton source used in the reported work, the source size is about 50µm
(r.m.s.), but the distance to the source is only about 4 m, resulting in a reduced trans-
verse coherence length of about 4 µm, for the same wavelength, which is the limiting
factor for (propagation-based) phase-contrast imaging at this source, as we will see in
Chapter 6, because it defines an upper limit for the resolution of phase-contrast effects,
like interference fringes.

Note that the different formulas arise from different assumptions made during the
derivation (e.g., assuming a Gaussian intensity distribution). Therefore, it is crucial to
use the same equation and input information, if different sources are compared (e.g.,
decide if r.m.s. or FWHM values are used). A more general description for quantifying
a partially coherent wavefield is the so-called mutual coherence function (or complex
degree of coherence), which defines the correlation between two wavefields separated
in space and time. A discussion of this function is beyond the scope of this manuscript
but can be found in [Paganin, 2006].

2.3 X-ray sources

The subsequent section will briefly treat the basic principles of several x-ray sources.
Starting with the description of target-based x-ray sources, which are the most often
used sources in a laboratory environment. But typically deliver only low brilliant
x-ray beams. Followed by a short introduction into synchrotron radiation and free
electron lasers, which are currently providing the highest brilliant x-ray beams. Finally,
the working principle of inverse Compton scattering sources will be explained. These
sources aim to serve as a powerful and cheap alternative to synchrotrons, while keeping
a small footprint and the advantages of synchrotron radiation.

2.3.1 Target-based x-ray sources

The principle behind target-based x-ray sources is to collide high-energy electrons with
a metal target. By the interactions of the electrons with the atoms of the target x-rays
are produced. Unfortunately, the conversion efficiency from the energy in the electron
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Figure 2.2: Overview of target-based x-ray sources. (a) rotating-anode, (b) micro-focus
x-ray source with a transmission target and (c) a liquid-metal-jet source. (d) In all target
based x-ray sources the x-rays are generated by the same physical effects, i.e. the continuous
bremsstrahlung and the characteristic fluorescent radiation which leads to a typical x-ray
spectrum shown in (e). (d) Image adapted from [Seibert, 2005].

beam to x-rays is only about 1 percent. The main part of the energy is converted into
thermal effects, heating the anode, which is a dominant problem in these sources. In
a standard x-ray tube, the cathode produces electrons by thermionic emission. Sig-
nificant electron emission begins at temperatures of about 1900�. However, if the
temperature goes over 2300�, the cathode lifetime becomes short, which limits the
achievable tube current [Behling, 2017]. These electrons are accelerated towards a air-
or water-cooled metal anode by a high voltage which is usually between 10 kV and
200 kV, where they hit the target, producing x-rays and heat. A large anode can be
used trying to distribute the heat, as well as cooling. However, if the conduction is
not good enough the anode will melt. The maximum power of such a device is around
1 kW. The heat load onto the target material can be spatially distributed by rotat-
ing the anode – a so-called rotating-anode source is shown in Fig. 2.2 (a). The power
can be increased significantly by two orders of magnitude with source spots of about
200µm [Behling, 2017; AlsNielsen, 2011, p. 30]. However, for high-resolution imaging,
a smaller source spot is necessary to reduce source-size blurring (penumbral blurring)
in the recorded image. In Fig. 2.2 (b), a sketch of a micro-focus tube is shown. The
electron beam is highly focused (to about 5 - 50µm) onto the target (here a trans-
mission target in comparison to a deflection target in (a)). Due to the increased heat
load in a small spot, the power needs to be reduced in comparison to a rotating anode,
which implies reduced x-ray flux, otherwise, the target will be damaged. In general,
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target materials preferentially have good thermal conductivity and high melting tem-
peratures, such as tungsten, copper or molybdenum. In a transmission target, the
electron beam is perpendicular to the target, which needs to be thick enough to stop
the electrons but thin enough for the x-rays to traverse the target. However, the source
power is lower because of limits on heat dissipation on thin targets. Note that the x-ray
source needs to be in a vacuum, otherwise the electrons would collide with atoms in
the air and lose energy before they hit the target [AlsNielsen, 2011; MacDonald, 2017].

The most recent development of liquid-metal-jet sources started in 2000 by Hertz et
al. [Hemberg, 2003], combining small source size and high power. The metal jet x-ray
source shown in Fig. 2.2 (c) is a conventional micro-focus tube, however the solid target
is replaced by a liquid-metal jet (�75 µm). It is especially used for small x-ray source
spot sizes between 5µm and a few tens of µm. The metal-jet supports higher electron
beam power and can thus generate higher x-ray flux. This is mainly because the
metal-jet is regenerative by nature, providing a higher heat load capacity, and can be
operated at higher speeds than a rotating anode. Furthermore, the heat load capacity
is higher than of a conventional target (i.e. more power is necessary to evaporate the
liquid-metal than to melt the solid metal target). However, at the moment there are
not many materials available that suit the requirements for a liquid-metal jet. The
most used elements are gallium alloy (with a Kα line at 9.2 keV) and indium alloy
(with a Kα line at 24.2 keV) [Excillum, 2018; Hemberg, 2003].

Electron - Target interaction

When electrons are colliding with the target atoms (see Fig. 2.2 (d)), they lose energy,
by 1. interaction between electrons and the nuclei (bremsstrahlung) 2. by interaction
between incident electrons and individual electrons of the inner shell of the target
atoms (characteristic radiation) and 3. unfortunately about 99% of the interaction is
between the incident electrons and outer shell electrons of the target atoms which is
simply heating the metal anode. The first two interactions are producing the typical
intensity spectrum as shown in Fig. 2.2 (e).

The continuous bremsstrahlung spectrum is generated when the incident electrons
are accelerated and deflected by the strong electric field of the nuclei of the target
atoms. Thereby emitting radiation – the so-called bremsstrahlung, at the expense of
kinetic energy (e.g. Fig. 2.2 (d), incident electron 1). The energy of the generated
photons is continuous and is determined on the interaction between the electrons and
the nuclei (e.g., passing distance, initial electron energy). The maximum energy an x-
ray photon can have is the initial kinetic energy of the incident electron. This produces
the continuous bremsstrahlung spectrum. A high atomic number target is preferable
for this process because the force of attraction towards the nuclei of the target atoms
is then stronger. For the characteristic peaks in the spectrum to appear, the energy of
the incident electron (e.g. incident electron 2 in Fig. 2.2 (d)) has to be higher than the
binding energy of the inner shell electron (e.g. for tungsten K-shell 69.5 keV). Then the
incident electrons can knock out electrons from an inner shell. These vacancies are filled
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with outer shell electrons, which may release energy by emission of ‘fluorescent’ x-ray
photons. The energy of the fluorescent x-rays are a characteristic of the atomic energy
levels of the target material [Paganin, 2006]. Or the excess energy can be transferred
to another shell electron which is ejected (Auger electron). If a vacancy is created in
the K-shell, it is most probable to be filled from an electron from the L-shell (Kα line)
then M-shell (Kβ line), etc., creating the line spectrum which is characteristic for each
target material. For experiments requiring a monochromatic beam, the Kα line might
be extracted by the spectrum. However, the flux is reduced tremendously and as a
result data acquisition takes very long [AlsNielsen, 2011; MacDonald, 2017].

2.3.2 Synchrotron sources

The previous section already discussed that bremsstrahlung is generated by deceler-
ating electrons in an x-ray tube. The same type of radiation is produced if charged
particles are forced by a magnetic field to travel on curved paths. If the charged
particles are traveling with relativistic speed, the produced radiation is known as syn-
chrotron radiation which is, in general, a highly collimated x-ray beam of high intensity.
Here, a brief overview will be given of the x-ray production in synchrotrons, which are
large-scale facilities (e.g., the European Synchrotron Radiation Facility (ESRF) has a
diameter of about 350 m). A more detailed explanation about synchrotron physics is
found in Ref. [AlsNielsen, 2011; Willmott, 2011; Paganin, 2006].

At a synchrotron, the electrons are first accelerated to relativistic speed, before they
enter the storage ring at constant energy. In the storage ring, the electrons are forced
on a circular trajectory by so-called bending magnets, thereby generating synchrotron
radiation. To produce x-ray photons with energies E in the keV range, storage ring
electrons need to have energies E of about 1 to 8 GeV. Bending magnets are usually
dipole magnets with a strength of about 1 T, leading to bending radii of a few meters
[Willmott, 2011]. In between the curved arcs of the synchrotron, there are straight
sections where so-called insertion devices are placed. Insertion devices are periodic
magnetic structures. Their alternating magnetic fields force the electrons to follow a
sinusoidal trajectory perpendicular to their orbit and thereby radiation is generated.

It is important to note that synchrotron radiation is a relativistic effect, which can
be understood in terms of two basic processes – Lorentz contraction and relativistic
Doppler shift. Considering a magnet period λm, the electron sees it as λm{γ because
of the Lorentz contraction, with γ being the relativistic Lorentz factor

γ � E
E0

� 1957 � ErGeVs , (2.6)

where E0 is the electron rest energy (511 keV) and E the energy of the electrons in
the storage ring. Since the electrons are traveling towards the observer, the observed
wavelength of the emitted radiation is further reduced by a factor 2γ due to the rel-
ativistic Doppler effect. This results in a observed wavelength �λm{p2γ2q. For GeV
electrons, for which γ is a few thousand, and a magnetic period of a few cm, radia-
tion with wavelengths in the Å-range (x-rays) will be provided. Electrons moving at a
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small fraction of the speed of light c emit radiation with a dipole distribution, i.e. the
maximum intensity is in the direction perpendicular to the acceleration and does not
depend on the electron speed. In contrast, the radiation produced by electrons with
relativistic speed is in the forward direction and therefore collimated.

Figure 2.3: Artistic view of synchrotron radiation emitted from (a) bending magnet, (b)
wiggler and (c) undulator with the corresponding opening angles and generated x-ray spec-
trum. Images adapted from [Willmott, 2011].

In the following text, the emitted radiation from bending magnets and insertion devices,
i.e. wigglers and undulators, will be compared. As shown in Fig. 2.3 (a), a bending
magnet has a uniform magnetic field, which forces the electrons to travel on the arc
of a circle, emitting radiation along the tangent, which is summed incoherently. This
leads to a large angular distribution in the horizontal plane which is often limited by
a slit. In the plane perpendicular to the storage ring, the opening angle is typical
�1{γ (0.06 - 0.5 mrad). The spectral distribution of a bending magnet is shown in Fig.
2.3 (a). It is a continuous function, that extends from x-ray to the infrared region, and
which is characterized by the critical energy

EcrkeVs � ~ωc � 0.665 � E2rGeVsBrTs , (2.7)

which depends only on the magnetic field B and the electron energy E . Ec divides
the spectrum in two equal parts of radiated power. The intensity falls off quickly for
E " Ec. The maximum photon energy achievable with bending magnets is a few times
the critical energy Ec. E.g. for an electron energy of E � 3 GeV the critical photon
energy is about 6 keV and the maximum useful photon energy extends to about 5 �Ec �
30 keV [Eberhardt, 2015].
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The generated radiation from insertion devices depends on the spatial magnetic period
λm, the number of periods N and the strength of the magnetic field B0. The alternating
magnetic field forces the electrons on an oscillating path, generating radiation which
has a significantly higher flux and brilliance then bending magnet radiation plus a
shift of the critical energy to higher values due to the smaller bending radius with
respect to the bending magnets. There are two groups of insertion devices, wigglers
and undulators, which are distinguished by the maximum deviation from the electrons
of the straight path and characterized by the dimensionless parameter K

K � ψγ � 0.934 � λmrcmsB0rTs , (2.8)

with ψ the crossing angle of the sinusoidal trajectory with the straight path (wiggling
angle).

In a wiggler where K ¡ 1, the electrons experience strong oscillations with ψ much
larger than the size of the natural opening angle γ�1, the radiation cones from each
wiggle do not overlap. Hence the superposition of the generated x-ray waves is inco-
herent and a continuous energy spectrum is produced, which is similar to the bending
magnet radiation spectrum but has higher critical energy and a 2N -times higher inten-
sity than of that from one pole, see Fig. 2.3 (b). The wiggler radiation has a horizontal
angular divergence of �K{γ and a vertical angular divergence of 1{γ. The spectrum
can be tuned by changing the magnetic field [Mobilio, 2015, p. 21 ff.].

In an undulator, K is less than one (see Fig. 2.3 (c)), the oscillation is very gentle and
the wiggling angle ψ is smaller than the opening angle γ�1. Therefore, the emitted
radiation will overlap and interference appears, which leads to an undulator spectrum
characterized by strong peaks (harmonics). Observing the radiation in a direction
forming an angle θ with the axis of the undulator, constructive interference occurs at
wavelength λ:

λ � λm
2γ2n

�
1� K2

2
� γ2θ2



n � 1, 2, 3.... , (2.9)

with the fundamental wavelength for n � 1. The dependence on B2 (K9B) allows
varying the energy of photon emission, by e.g. varying the magnetic gap distance. As
the total power is concentrated into a narrow beam, the angular divergence in both
directions is 1{?Nγ, the intensity can be N2 larger than for a single magnet because
the amplitudes are adding up coherently. Each harmonic has a limited wavelength
bandwidth approximately given by ∆λ{λ � 1{pnNq. The x-ray radiation from bending
magnets, wigglers and undulators is guided through beamlines and if necessary further
adjusted (e.g. by monochromators, filters, optical instruments) to the experimental
station [AlsNielsen, 2011; Willmott, 2011; Mobilio, 2015; MacDonald, 2017].

In the 1990s, most people believed that it is necessary to increase the energy of the
electrons in the storage ring to generate hard x-rays, however due to improved accel-
erator technology, it is now possible to generate hard undulator radiation with only
3 GeV electron energy storage rings. The so-called ‘diffraction-limited storage ring’
(e.g. MAX IV in Lund, Sweden) is the newest generation of synchrotron sources. While
diffraction-limited storage rings provide high average brilliance, they cannot compete
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with free electron lasers (FELs) in regards to the peak brilliance required for ultra-fast
time resolution or single-shot experiments [Eriksson, 2014; Tavares, 2018].

Free Electron Laser

The radiation emitted by undulator devices at synchrotron facilities is already orders
of magnitudes higher than seen from conventional x-ray tubes, however, the emitted
radiation from the electron bunch is still incoherent because the electrons in the elec-
tron cloud are not ordered. By ordering them into micro-bunches with a separation
equal to the emitted x-ray wavelength, the brilliance can be increased by ten orders
of magnitude. This is the main working principle of a free electron laser (FEL). In a
FEL, high-speed electrons are moving through a long undulator, where the transverse
electric field of the radiation beam interacts with the transverse electron current caused
by the wiggling motion, causing some electrons to lose and others to gain energy. This
changes the electron density modulation in the electron cloud into micro-bunches with
a separation equal to the wavelength of the emitted radiation (called self amplified
spontaneous emission, SASE). The emitted radiation is in phase, adding up coherently
and can be tuned by adjusting the energy of the beam or the magnetic field strength
of the undulator. The wavelength of the emitted radiation can be calculated with Eq.
(2.9) (on axis θ � 0, first harmonic n � 1). Only a few FELs exist worldwide, one
example is the European XFEL, which is installed in a 3.4 km long tunnel. First, the
electrons are accelerated to an energy of 17.5 GeV by a 2.1 km long linear accelerator.
Then the electrons enter the magnetic fields of the undulators. To generate x-rays in
the hard x-ray regime, undulators of more than 100 m are necessary to give the SASE
effect enough time to fully develop. The duration of the light pulse can be less than
100 fs, with a peak brilliance of 1033 (photons/s)/(mrad2 � mm2 � 0.1%BW) and an av-
erage brilliance of 1025 (photons/s)/(mrad2 �mm2 � 0.1%BW) and a narrow bandwidth
(0.1 - 0.005%) [Desy, 2019]. FELs are currently the machines which are generating the
highest peak brilliance x-ray radiation worldwide and are often known as ‘x-ray lasers’
due to their coherent emission of radiation [Pellegrini, 2016; AlsNielsen, 2011].

2.3.3 Inverse Compton scattering sources

Since the development of conventional x-ray sources, scientists have aimed to increase
the brilliance of the generated x-rays, which they successfully achieved by the con-
struction of synchrotrons and FELs. However, the size and costs of these large scale
facilities are drastically limiting the availability of measurement time to scientists and
make, for example, longitudinal studies nearly impossible. Therefore, the demand for
laboratory-sized sources with high brilliance and small infrastructure investment and
operating costs is increasing. Several concepts are currently being realized which try
to solve the problem of keeping a small footprint of the source while providing a highly
brilliant beam [Loewen, 2003; Chi, 2017; Jacquet, 2014; Akagi, 2016; Sakanaka, 2014].
One of these sources produces the x-rays at the Munich Compact Light Source (Mu-
CLS), at which the main experiments in this study were performed. Currently, it is the
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first inverse Compton machine worldwide that is built commercially and delivering an
x-ray flux rivaling that of other high-flux laboratory sources. This section will give a
brief overview of inverse Compton scattering, the key mechanism for generating x-rays
at this type of source, followed by an explanation of the Munich Compact Light Source.

Particle picture: Inverse Compton scattering

e-e-

laser photon

x-ray photon

θ1

θ2

Figure 2.4: Schematic view of an inverse Compton scattering process. An high energy
electron and a laser photon are colliding under an angle θ1, boosting the scattered photon to
x-ray energies.

As shown in Fig. 2.4, inverse Compton scattering is the up-conversion of a low energy
photon to a high energy x-ray photon by scattering from a relativistic electron (in
comparison to conventional Compton scattering, where a high energy photon loses
energy to a stationary electron, see Chapter 3). The relation between the scattered
photon energy E to the incident laser photon energy EL and electron energy E can be
written as, assuming EL ! m0c

2 and a Lorentz factor γ " 1 [Jacquet, 2014],

E � 2γ2ELp1� cospθ1qq
1� γ2θ2

2

, (2.10)

with θ1 the angle between relativistic electron and laser photon and θ2 the angle of
the scattered photon. Considering a head-on collision (θ1 � π) between the electron
and the laser photon, the photons scattered in the forward direction θ2 � 0 have the
highest energy

E � 4γ2EL , (2.11)

the so-called Compton edge. For an electron beam energy of 40 MeV and an incident
scattering laser of 1 eV, x-rays up to 24.5 keV can be generated. The angular intensity
distribution originating from the inverse Compton scattering process is given by the
cross section based on the Klein-Nishina equation [Stepanek, 1998]:

dσ

sin θ2dθ2

� πr2
eR

2 1� β2

p1� β cos θ2q2
�
R � 1

R
� 1�

�
cos θ2 � β

1� β cos θ2


2
�
, (2.12)

R �
�

1�
�
p1� βqγ EL

m0c2


�
1� cos θ2 � β

1� β cos θ2


��1

, (2.13)

with re the classical electron radius, m0 the electron rest mass and β �
a

1� γ�2.
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Wave picture: Laser undulator

In the wave picture, the laser is seen as an electromagnetic wave producing a magnetic
field similar to a miniature undulator device. In analogy to undulator radiation, the
field strength is described by K. Considering K ! 1 and on axis radiation (θ � 0), Eq.
(2.9) simplifies to

λ � λm
2γ2

, (2.14)

where λm is the undulator period and γ the Lorentz-Factor. A reduction of the typical
undulator period of �1 cm to about 1µm would relax the condition on the electron
energy by a factor of 100, while keeping the same x-ray wavelength, which allows a
down-scaling of the storage ring from a few hundreds of meters to a few meters in
circumference. However, the technical realization of a permanent-magnet undulator
with 1 µm period is not yet possible, therefore an optical laser is used instead, pro-
viding a magnetic field with a small period. The effective magnetic field of a counter-
propagating laser seen by the electron beam can be expressed by [Loewen, 2003]

B � 2

c

a
2Z0IL , (2.15)

where Z0 � 377 Ω is the free-space impedance and IL the laser intensity. For IL �
1012 W{cm2, the effective magnetic field is about 20 T. As derived in [AlsNielsen, 2011,
p. 64] λm � λL{2, because the laser pulse is counter-propagating. Substituting λm in
Eq. (2.14) and using the relation E � hc{λ leads again to the x-ray energy E � 4γ2EL.
Typical values for a laser undulator are K � 10�3 and �104 periods, therefore it is
acting like a weak static undulator.

X-ray flux

The emitted amount of x-rays per second (x-ray flux) for a head on inverse Compton
scattering interaction of the electron and laser bunches is [Deitrick, 2018]

Ftot � σT
NeNL

2πpσ2
e � σ2

Lq
frep . (2.16)

Assuming Gaussian laser and electron beam profiles with r.m.s. sizes of σL and σe
(presuming symmetric beam profiles, σx � σy), and NL the number of photons, and
Ne the number of electrons. σT is the Thomson cross section of 6.65 � 10�29 m2 and
frep is the repetition rate of the collision. If the charge of the electron bunch is about
300 pC, which leads to Ne � 109, the repetition rate is 65 MHz, the laser pulse energy
is 1 mJ at 1 µm wavelength (NL � 1015), and σL � σe � 50 µm, the expected x-ray flux
is Ftot � 1013 ph/s. It can further be determined that for 0.1% BW the photon flux is
F0.1% � 1.5 � 10�3 � Ftot � 1010 ph/s. To increase the x-ray flux, a smaller source size,
high repetition rates and large numbers of photons and electrons are desirable.

The repetition frequency frep mainly depends on the machine design. There are ba-
sically two main machine designs: the electron storage ring scheme and the electron
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linear accelerator (linac) scheme. In the storage ring design, the stored electron bunch
interacts many times with a laser pulse and is ejected and replaced by a new one when
its quality is too much degraded because of intra-beam scattering and Compton beam
scattering effects. The high interaction frequency is provided by the ring revolution
frequency. The storage rings are capable of high repetition rates (10 - 100 MHz). In
a linac scheme, each bunch interacts only once and a high value of frep can only be
provided by superconducting linacs. Otherwise, the linac designs aim to achieve a high
flux by smaller focal beam spots, more charge and higher laser power. The theoretically
expected brightness and flux of the linac projects are higher than those of storage ring
designs. In both schemes, very intense laser pulses at the same repetition rate as the
electron bunches are necessary to reach high photon flux [Jacquet, 2015]. Current x-ray
flux expectations are on the order of 1012 - 1013 ph/s for storage ring projects and 1013

- 1014 ph/s for linac projects (note that these are not measured values) [Deitrick, 2018].
To give some perspective to these values, in a conventional medical CT scanner with
a high power x-ray tube photon fluxes of above 108 ph/(s mm2) are reached (polychro-
matic), at a source-to-detector distance of about 1 m, which corresponds to ¡1013 ph/s
impinging on the detector [Schlomka, 2008]. Selecting the Cu-Kα line at 8 keV from
the Rigaku Multi-Max 9 rotating-anode source an integrated flux up to 108 ph/s with
a divergence of 5 mrad is reported [Brombal, 2019]. For a liquid-metal-jet source with
a Ga-In-Sn alloy, a peak brilliance with a 3% BW around the In-Kα line (24.2 keV) of
1.8 � 1010 ph{ps �mm2mrad23%BWq is published [Larsson, 2016]. The brilliance of typi-
cal third generation synchrotron undulators is at least 1018 ph/ps �mm2mrad20.1%BWq
[Benson, 2011].

The Munich Compact Light Source

Using the inverse Compton scattering principle explained before, Lyncean Technologies
Inc., USA [Lyncean Technologies, 2019] developed the first commercially sold compact
inverse Compton source by using an electron storage ring and a laser enhancement
cavity. Since 2014, it is installed at the Technical University of Munich (TUM) in
Garching, where it – together with the experimental setups designed by TUM scientist
– forms the Munich Compact Light Source. A propagation-based phase-contrast setup
was implemented during this thesis at this source. While the setup will be described
in Chapter 5, the compact inverse Compton source is described here.

The main components of the source are sketched in Fig. 2.5 (a) which are an electron
beam injector system, a small electron storage ring with 4.6 m circumference and a
high-finesse bow-tie laser cavity (total length of 9.2 m) that stores optical pulses with
constant pulse energy injected at a rate of 65 MHz from an external mode-locked laser.
The infrared laser with a wavelength of 1064 nm (EL � 1.17 eV, Nd:YAG) is stored and
enhanced to an average power of up to 350 kW. Electrons are produced by a photo-
cathode radio-frequency (RF) gun and accelerated in a 5 m long linear accelerator to
the desired relativistic energies between 29 MeV and 45 MeV, before they are stored in
the storage ring, with a revolution frequency of 65 MHz. Only one electron bunch is
circulating in the storage ring and replaced at a rate of 25 Hz (i.e. one electron bunch is
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Figure 2.5: (a) Sketch of the main components – linac, electron storage ring, and laser
cavity – of the MuCLS. The light blue line indicates the electron path from the RF photo-
cathode gun into the electron storage ring. The red line illustrates the stored infrared laser
pulse in the cavity. At the interaction point (IP), the counter-propagating beams collide,
producing x-rays by inverse Compton scattering. Image adapted from [Jud, 2018]. (b)-
(d) show photographs of the MuCLS. In (b) a photograph of the arc connecting linac and
storage ring is seen. In (c) the linac and in (d) the MuCLS laboratory is shown, with the first
experimental end-station (hutch 1) and the beam pipe, which guides the x-ray beam into the
second experimental end-station. (b, c) are pictures taken by A. Heddergott and (d) by K.
Achterhold.

stored for about 2.6 million turns) to keep a high beam quality. At one of the straight
sections of the storage ring, the electron beam is transversely focused. The very same
section also serves as one arm of the optical enhancement cavity of the laser. At each
turn, the synchronized counter-propagating electron bunch and laser pulse are colliding
at one specific interaction point (IP) producing a burst of x-rays. The emitted x-rays
exit the source area through a transmissive aperture in one of the laser cavity mirrors
in the direction of the electron beam, and are transported through an evacuated tube
to the first experimental end-station. A few pictures of the current machine in Munich
are shown in Fig. 2.5 (b)-(d). With the current design it is possible to tune the x-ray
energy between 15 keV (0.82 Å) and 35 keV (0.35 Å) by changing the electron energy.
In Fig. 2.6 (a), the relation of Eq. (2.11) between x-ray energy and electron energy
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2.3. X-ray sources

Parameter Eggl et al., 2016 Today Future
r.m.s. source size
[µm2]

42Ö42 50Ö50 40Ö40

Electron bunch
charge [pC]

200 pC 300 pC 500 pC

Stored laser power
[kW]

70 kW 300 kW 500 kW

X-ray flux [ph
s

] 0.9 �1010 2.4 �1010 �1011

Brilliance
[ ph
ps mm2mrad20.1%BWq

]
0.48 �1010 0.8 �1010 �1011

Table 2.1: Comparison of the parameter published in Eggl et al. [Eggl, 2016] to the current
state and to estimated future values for 25 keV x-rays [Feser, 2018]. Note, that building laser
cavities storing more than 500 kW is presently a challenging task and as more power is stored
as more difficult the laser cavity is to handle. Increasing charge in the electron bunch leads to
beam instabilities and emittance growth effects at some point. The upper limit of charge in
the electron bunch is the 1 nC nominal charge emitted of the photo-injector [Loewen, 2003].

is plotted for a 1.17 eV laser photon energy. For x-ray energies between 15 keV and
35 keV, electron energies between 29 MeV and 45 MeV are necessary. The x-ray energy
mainly used in this thesis was 25 keV, which corresponds to an electron energy of
about 37 MeV. For these parameters, in Fig. 2.6 (b) the x-ray energy dependence on
the scattering angle according to Eq. (2.10) is plotted for scattering angles between
-40 mrad and 40 mrad. The two vertical lines indicate the �2 mrad scattering angle,
which is the cut-out used in the x-ray source design, defined by the x-ray exit aperture
of the machine. Together with the electron beam divergence and energy spread, the
x-ray energy bandwidth amounts to about 3 - 4% [Abendroth, 2010; Eggl, 2016]. The
relative intensity distribution Ipθ2q{Ipθ0 � 0q � σpθ2q{σp0q for 25 keV x-rays over the
scattering angle θ2 according to Eq. (2.12) is plotted in Fig. 2.6 (c). The opening angle
of �2 mrad is indicated by the black dotted lines. The relative intensity, as well as the
x-ray energy E (plots in (b) and (c)), are decreasing with larger scattering angle θ2.
For small values of θ2, the functions are nearly constant but drop fast for larger values.
The last panel (d) in Fig. 2.6 shows the simulated (blue line, simulated by Lyncean
Technologies Inc.) and measured spectrum (orange line) for 25 keV with a �2 mrad
opening angle. Finally, the brilliance can be calculated by Eq. (2.2) which improved in
the last years, due to machine developments, e.g. a laser upgrade and better feedback
systems, from 0.48 to 0.8 � 1010 ph/ps � mm2mrad20.1%BWq for 25 keV x-rays [Eggl,
2016]. A comparison between previous, current and possible future values for several
parameters are given in Tab. 2.1.

Other inverse Compton scattering source projects

To give a perspective of the MuCLS working performance, in the following a few
other inverse Compton source projects are briefly presented (without any claim to
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Figure 2.6: Plots of (a) the correlation between electron energy and photon energy (see Eq.
(2.11)), (b) the dependence of photon energy on the scattering angle (see Eq. (2.10)), (c) the
dependence of relative intensity on the scattering angle (see Eq. (2.12)), (d) simulated (blue)
and measured spectrum (orange) for 25 keV with a 2 mrad half opening angle (measured with
a Ketek detector). In (b) and (c) the opening angle of �2 mrad is indicated with black dashed
lines.

completeness) – namely TTX in China, ThomX in France, NESTOR in Ukraine, cERL
in Japan, STAR in Italy, as well as MIT and ASU CXFEL in the USA. In summary,
all of them are either still under construction or delivering an x-ray flux much lower
than the MuCLS.

� TTX: The Tsinghua Thomson-scattering x-ray source (TTX) in China is using
the linac scheme. In 2018, Chi et al. [Chi, 2018] published an x-ray flux of
�2 � 107 photons/pulse for an x-ray energy range between 20 - 70 keV, leading to
�2 � 108 photons/s within a divergence of 6 mrad and at the sources repetition
rate of 10 Hz. They performed dual-energy CT scans of a cylindrical phantom
(diameter 10 mm) with 36 angles per tomography and a 2 min exposure time per
projection.

� NESTOR: The NESTOR project (New Electron Storage Ring) at Kharkov In-
stitute of Physics and Technology is still under construction. They are aiming

20



2.3. X-ray sources

to generate x-rays (6 - 900 keV) with a flux of about 1013 ph/s through inverse
Compton scattering. The source is based on a compact storage ring (for 40 -
225 MeV electrons with 15.4 m circumference) and an optical cavity (Nd:YAG
laser system) [Agafonov, 2008; Androsov, 2010].

� ThomX: The ThomX project in France is still under construction. Like the
MuCLS, it has a storage ring design, however, their storage ring is designed for
50 - 70 MeV electrons and therefore has a circumference of about 18 m. The aim
is to produce x-rays in the range of 45 keV to 90 keV, with an average flux of
1012 ph/s [Jacquet, 2014; Variola, 2011]. However, no x-rays have been produced
at this machine at the time this thesis was written (mid-2019).

� cERL: The cERL is a compact energy-recovery linac installed at KEK, in Japan,
which is in principle a prototype machine for a large scale energy-recovery linac
(ERL). The cERL consists of an injector and a recirculating loop (about 40 m
lengths), which is still under commissioning [Akemoto, 2018]. In 2016, the first
x-ray experimental results obtained from the cERL in combination with a laser
enhancement cavity were published by Akagi et al. [Akagi, 2016], showing an x-
ray radiography of a hornet (about 5 cm diameter FOV). The sample was placed
about 14 m away from the IP directly behind the vacuum tube and the detector
was placed 2.5 m behind the sample. Using 7 keV x-rays obtained by colliding an
electron beam of 20 MeV with a laser of 1064 nm wavelength, an exposure time of
8 min was necessary for one image, as the reported photon flux at the interaction
point was only estimated to 2.6 �107 photons/s. The average beam current was
58µA and the average laser power 10 kW. Furthermore, they claim to be able to
increase the x-ray flux to more than 1011 photons/s in the future.

� MIT: The MIT project at Massachusetts Institute of Technology is following
the linac concept, using a 2 meter long superconducting linac (maximum 40 MeV
electrons) and a cryo-cooled Yb:YAG laser system, and is aiming to reach beam
sizes below 10 microns and pulse length as short as 100 fs. They intend to produce
tunable x-ray energies between 3 - 30 keV with a flux of 1�1011 or 3�1014, depending
on repetition frequency (two modes are possible: 100 MHz range or 10 Hz). But
no results are yet published [Graves, 2009].

� ASU CXFEL: The Arizona State University (ASU) compact x-ray free electron
laser (CXFEL) project uses a linac scheme. The main components are the photo-
injector that accelerates the electron beam to 4 MeV, followed by three 35 cm long
standing wave linac sections, which can accelerate the beam to a maximum of
35 MeV. Before the interaction point of electron and laser beam, an emittance
exchange line is placed. The Yb:YAG laser amplifier is generating 200 mJ in
1.5 ps pulses, and is matched to the accelerator repetition rate of 1 kHz. The
total length of the x-ray source is 10 m [Graves, 2017]. However, no x-rays have
been produced at this machine at the time this thesis was written (mid-2019).
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Chapter 2. Generation of x-rays

� STAR: The Southern Europe Thomson Backscattering Source for Applied Re-
search (STAR) in Italy, which is currently under commission, uses the linac
scheme. The electron bunches are accelerated up to 60 MeV in a 3 m long travel-
ing wave S-band accelerator and interact with a pulsed infrared laser (Yb:YAG,
30 mJ, 5 ps). They aim to generate, tunable collimated monochromatic x-rays
in the range between 10 and 140 keV, with a first expected x-ray flux of about
109 ph/s, with 10% BW. The STAR machine has an overall length of about 12 m
[Bacci, 2014; Cucè, 2019]. But no results, concerning x-ray measurements, are
yet published.
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Fundamentals of x-ray imag-
ing3

Having described the generation of x-rays in Chapter 2, this third chapter will serve as
an introduction into x-ray interactions with matter and cover the fundamentals of the
contrast formation in x-ray imaging. While x-rays are passing through an object differ-
ent interactions can occur, which will be explained on a microscopic and macroscopic
basis. Finally, the chapter will explain the two x-ray phase-contrast imaging methods
used in this project, propagation-based imaging and x-ray grating interferometry.

3.1 X-ray interactions with matter

X-ray energies are usually in the range, or higher than, the binding energies of inner
shell electrons of an atom but lower then the energies required for pair production or
photodisintegration. Therefore interaction occurs mainly between x-ray photons and
the electrons of the examined object. Fig. 3.1 illustrates the basic x-ray interaction with
matter that are important in x-ray imaging: Photoelectric absorption (b), Thomson
scattering (c) and Compton scattering (d). For incident photons with low energies,
Thomson scattering and photoelectric absorption predominate.

� In Photoelectric absorption the incident photon interacts with an electron of the
inner shell. If that electron has a slightly lower binding energy then the incident
photon, the energy of the incident photon is fully transferred to the electron
resulting in the ejection of the electron from its shell with a kinetic energy similar
to the difference of the energy of the incident photon and the binding shell energy.
The hole in the electron shell is filled by an electron of the outer shell with less
binding energy, producing a characteristic x-ray photon equal in energy to the
difference of the binding energies [Seibert, 2005].

� Thomson scattering or coherent scattering, is an elastic interaction between an in-
cident photon and an electron, without energy transferred to the electron. There-
fore the wavelength of the incident photon to the scattered photon is unchanged.

� With increasing energy (depending on the element), Compton scattering (or in-
coherent scattering) becomes the predominant interaction. Compton scattering
is an inelastic interaction between the incident photon and electrons, usually of
an outer shell. Part of the energy is transferred to the electron, which is ejected
from the shell, leaving the scattered photon with decreased energy, hence a longer
wavelength.

Both elastic and inelastic scattering processes can occur while x-rays are penetrating
matter. Compton scattering occurs in all directions regardless of the direction of the
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Chapter 3. Fundamentals of x-ray imaging

incoming wave and therefore it usually degrades the image contrast. In contrast, elastic
scattering is coherent and the direction of the scattered x-rays is related to the inci-
dent direction and the sample morphology [Russo, 2018]. If the energy of the incident
photons is larger than 1.02 MeV, which is twice the rest energy of electrons, another
interaction – pair production – is possible. However, the x-ray energy of 25 keV used
in this thesis is well below this threshold and pair production can be neglected. There-
fore, the attenuation cross section is the sum of the cross sections of the photoelectric
absorption, Thomson and Compton scattering. The likelihood of each effect depends
on the incident x-ray energy E and object properties (like the effective atomic number
Zeff and electron density ρe) [AlsNielsen, 2011; Attwood, 2017].
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Figure 3.1: Illustration of x-ray and atom interaction, for incident photon energies below
1 MeV. (a) No interaction: the transmitted photon has the same energy and direction as
the incident photon. (b) Photoelectric absorption: the incident photon is absorbed and
an electron is ejected. The hole is filled by an electron from an outer shell, releasing a
characteristic photon. (c) Thomson scattering: elastic scattering, where the incident photon
is scattered without energy transfer (d) Compton scattering: inelastic scattering of the photon
from an electron. Part of the energy is transferred to the electron, which is ejected from the
atom, so the scattered photon has lower energy than before, hence a longer wavelength. Image
adapted from [Seibert, 2005].

3.1.1 Complex refractive index

The absorption and refraction effects of x-rays with matter will be described in the
macroscopic concept of the complex refractive index, which is well known from visible
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3.1. X-ray interactions with matter

light. However, these optical properties change significantly relative to visible optics,
due to the higher energy of x-rays. In particular, the real part of the refractive index
becomes smaller than one and sharp absorption edges appear, corresponding to the
inner shell binding energy.

Considering the wave behavior of an electromagnetic wave when penetrating a sam-
ple, an interaction between a material and incident x-rays will affect the wavefield in
amplitude and phase. In particular, the wavelength becomes larger and the amplitude
is reduced (see Fig. 3.2), when energy is transferred from the electromagnetic wave to
the material. These two effects give complementary information about the sample and
both can be used for imaging. The modification of the wave is described by the two
parameters δ and β. They are combined in the complex refractive index n which is
defined as

n � 1� δ � iβ , (3.1)

where β is linked to the attenuation and δ describes the phase shift of the wave. Both
are small units, e.g. for an x-ray energy of 25 keV, for silicon values of δ � 7.7 � 10�7

and β � 1.98 � 10�9 are tabulated [Henke, 2019; Henke, 1993]. Please note that both
parameters depend on the radiation energy and the material of the object as will be
discussed later in this section.

In the following illustration, we will connect the refractive index n of a homogeneous ob-
ject (thickness ∆z) with the reduction in amplitude and phase shift of a monochromatic
plane wave (energy: E � ~ω), which is propagating in z direction. No polarization
and no change in propagation direction within the sample is assumed (known as the
projection assumption). If E0 is the wave before the sample (vacuum propagation) and
Epzq is the wave after passing through the sample the change in wave behavior can be
described by

vacuum : Epz, tqv � E0 � eipk0z�ωtq (3.2)

medium : Epz, tqm � E0 � eipnk0z�ωtq (3.3)

� E0 � eipk0z�ωtqloooooomoooooon
Epz,tqv

� e�k0βzloomoon
amplitude decay

� e�ipk0δzqloomoon
phase shift

(3.4)

where k0 � 2π{λ is the wave vector of the incident x-rays.

X-ray attenuation in matter

The decrease in the wavefield amplitude after traversing the sample is related to the
attenuation of x-rays by the sample, which corresponds to an intensity decay, as the
intensity is proportional to the square of the amplitude of the wavefield:

Ipzq
I0

� |Epz, tqm|2
|Epz, tqv|2 � e�2k0βz . (3.5)
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a b

ΔA

n = 1- δ + iβ

 ΔΦ

z

x

∂Φ(x,y)/∂x ∂2Φ(x,y)/∂x2Φ(x)

α

α f

Figure 3.2: (a) When a plane wave interacts with a material with refractive index n, it
experiences an amplitude decay ∆A and a phase shift ∆φ in comparison to an unperturbed
wave traveling in vacuum. This leads to a change in the propagation direction of a refraction
angle α. (b) Signals which can be measured after this non-absorbing sample are the refraction
angle α and interference fringes f , which are connected to the phase shift ∆φ induced by the
sample, and its spatial derivatives as shown.

This can be compared to the Lambert-Beer-law, which describes the attenuation of an
x-ray beam with incoming intensity I0 via the exponential law:

Ipzq
I0

� e�µz , (3.6)

where µ is the linear attenuation coefficient. Ipzq is the intensity which is measured in
conventional x-ray absorption/transmission imaging. A comparison to Eq. (3.5) reveals
the relationship between the attenuation coefficient and the imaginary part β of the
refractive index to be

µ � 2k0β � 4π

λ
β , (3.7)

where µ is related to the attenuation cross section σa by

µ � ρaσa � ρmNA

M
σa , (3.8)

where ρa is the atomic number density, ρm the mass density, M the molar mass and
NA the Avogadro number. Often the mass attenuation coefficients are tabulated:

µ

ρm
� NA

M
σa (3.9)

The combination of equations (3.7) and (3.8) leads to the connection between β and
the attenuation cross section σa as

β � ρaσa
2k0

. (3.10)

X-ray phase shift in matter

An x-ray beam, which is transmitted by an object, undergoes – in addition to its
decrease in amplitude – a shift in its phase (see Fig. 3.2) in comparison to a wave
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3.1. X-ray interactions with matter

traveling in vacuum. Assuming a homogeneous sample with thickness z the phase shift
∆φ is given by

∆φ � kδz (3.11)

with δ the real part of the refractive index decrements. Far from the absorption edges
δ can be expressed as

δ � reλ
2ρaZ

2π
(3.12)

with re being the classical electron radius, Z the atomic number and ρa the atomic
number density. Typical values for δ are in the range of 10�6 � 10�7 for hard x-rays.
In contrast to visible light, the real part of the refractive index 1 � δ is smaller than
unity.

X-rays passing through medium with ∆φ � 0 are refracted. If the incoming wavefront
is a plane wave, the wavefront after the object is slightly deflected, as indicated in dark
blue in Fig. 3.2 (a). The wave is refracted by α which is in the order of micro-radians
and connected to the first derivative of the wavefront profile in the diffraction direction
x by

α � λ

2π

Bφ
Bx , (3.13)

where λ is the wavelength of the incoming wave. Analyzer-based imaging uses perfect
crystals to analyze the direction of the radiant radiation and recover the phase infor-
mation by integrating over the refraction angle (differential phase) [Chapman, 1997;
Bravin, 2003; Davis, 1995; Russo, 2018, p. 25]. Behind the sample the undisturbed
and refracted wave can interfere, with propagation through free-space, generating in-
terference fringes f at intermediate distances between the sample and detector (in the
near-field regime), which can be well-described by the second derivative of the phase
[Russo, 2018, p. 25]:

f9B
2φ

Bx2
(3.14)

This form of contrast is most sensitive to abrupt changes in δ, resulting in stronger
contrast at boundaries or the surface of the sample (edge-enhancement) than seen
with absorption images. This is known as propagation-based phase-contrast imaging
[Cloetens, 1996; Snigirev, 1996; Wilkins, 1996]. Fig. 3.2 (b) shows an example for a
pure phase object (e.g. nylon wire) with radius R and constant refractive index decre-
ments δ measured against a constant background. The phase shift can be calculated
with Eq. 3.11 to ∆φ � δ � ∆z � δ

?
R2 � x2 [Morgan, 2010]. The signals measured

in analyzer-based imaging (refraction angel α) and porpagation-based phase-contrast
imaging (interference fringes f) for this sample are shown in Fig. 3.2 (b), which can be
calculated from Eq. 3.13 and 3.14 [Russo, 2018].

The measurements of the angle of refraction α or the propagation-based interference
fringes f give access to the phase information. However, the refraction angles and
interference fringes are of the order of micro-radians / micrometers which makes it
quite challenging to detect them (see the example for refraction angle α in Fig. 3.3).
This makes the detection of α or the interference fringes to a non-trivial task. Over
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the last years, several phase-sensitive methods have been explored. In this thesis, x-ray
grating interferometry was used to measure α and propagation-based phase-contrast
imaging to measure the interference fringes f . Both methods will be explained in
Section 3.3.2.

Snell’s law

a b

n1 n2

α1

α2

n1 n2

α1

α2

Figure 3.3: Example for rays traveling from one medium into another medium (e.g. vacuum,
n2 � 1) following Snell’s law for (a) visible light and (b) x-rays.

The refraction of x-rays follow the same law as for visible light, i.e. Snell’s law

n1sinpα1q � n2sinpα2q . (3.15)

As displayed in Fig. 3.3, a ray is traveling through a medium with refractive index n1

and meeting the surface of the second medium (n2) with an angle of incidence α1. The
refractive angle can then be calculated by αr � α2 � α1. In order to compare visible
light with x-rays we examine the case of an incident angle of α1 � 1° (or α1 � 45°), with
medium 1 being water and medium 2 vacuum (n2 � 1). For visible light the refractive
index for water is n1 = 1.33, which leads to a refraction angle αr � 0.33° (αr � 25°).
For x-rays with 25 keV δwater � 6.5 �10�7, then n1 � 1� δ is slightly smaller than unity,
which leads to a negative refraction angle of αr � �6.57 � 10�7° � �1.14 � 10�8 rad
(αr � �3.72 �10�5° � �6.499 �10�7 rad ), which is six orders of magnitude smaller than
for visible light. Furthermore, given δ is proportional to E�2 for x-rays, the refraction
angle α becomes even smaller when raising the x-ray energy.

Material dependency

The differential absorption of x-rays by different materials is the basis for transmission
imaging. In Fig. 3.4 (a) the mass attenuation coefficient (see Eq. 3.9) for different
Z materials (carbon, silicon, calcium and iodine) over the energy range of interest
in this study is plotted. The graphic shows that the mass attenuation coefficient
strongly depends on the atomic number Z. High Z materials (like iodine Z = 53)
absorb more strongly than light materials (carbon Z = 6). E.g. for light materials like
soft tissue (containing mainly water and hydrocarbons), the effective atomic number
is Ztissue

eff � 7 whereas for bones (containing mainly Ca) Zbone
eff � 13.8, which explains

why soft tissue is usually transparent in radiography and bones are opaque [Russo,
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Figure 3.4: The graphics show the (a) mass attenuation coefficient and (b) the ratio of the
refractive index decrements δ and β, above the x-ray energy for carbon (Z = 6), silicon (Z =
14), calcium (Z = 20) and iodine (Z = 53). The dashed line indicates the energy of 25 keV,
which is used in this thesis. Values are tabulated in [Henke, 1993].

2018; AlsNielsen, 2011]. To increase the contrast from light materials (e.g. blood
vessels), contrast agents like iodine with high atomic numbers are injected into the
body. Furthermore, a dependency on the energy is visible, the attenuation is increasing
with decreasing energy. For iodine the K-edge at E � 35 keV is visible, which leads
to a sudden increase in the attenuation coefficient. This is because the energy of the
incoming photons is just high enough to be absorbed by an electron from the K-shell.
But contrast agents are not always usable to increase contrast and sensitivity, however,
as we will see in the following the phase shift can be substantial for materials with low
absorption.

For comparison, we assume for a given element and given x-ray energy, that the photon
energy is above all absorption edges of the element and well below 1 MeV. This is the
case for light materials (Z   40) for energies above 20 keV. Then the attenuation cross
section σa can be well-approximately by

σa � C
Z4

E3
, (3.16)

where C only depends on natural constants [AlsNielsen, 2011], which delivers a depen-
dency of the linear attenuation coefficient µ and accordingly to β

µ9 Z4

E3
and β9 Z4

E4
, (3.17)

in comparison to (Eq. (3.12))

δ9 Z

E2
. (3.18)

This shows that δ is more sensitive to small density variations in the sample than β
especially for higher energy and low Z [AlsNielsen, 2011]. The ratio of the refractive
index decrements δ over β as a function of energy for different materials is displayed
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in Fig. 3.4 (b). At the energy of 25 keV, as used in this thesis (indicated by the dashed
line), δ is two to three orders of magnitude higher than β for low Z materials. For
example the value δ � 3.50 � 10�7 for nylon (C2H4) at 25 keV is more than three orders
of magnitude larger than β � 8.12 � 10�11 [Bravin, 2003]. Hence imaging of a weakly
absorbing sample has the potential to be more sensitive when using refraction than
absorption effects.

3.2 Free-space propagation of x-rays

Given the potential for phase effects to deliver higher contrast for small density varia-
tions or weak absorbing materials we need to find a way to access the phase information.
As described above, the wavefront changes within the sample due to x-ray interactions
with matter. But it also changes while propagating through free space, both in phase
and intensity. It is important to understand this intensity change because this is what
an x-ray detector measures. In absorption imaging the detector is placed immediately
after the sample and it is safe to assume that any changes in the propagation direc-
tion of the x-ray wavefront after penetrating an object, do not influence the measured
intensity. Hence only the change in amplitude is measured and there is no informa-
tion about the phase. However for phase-contrast imaging, the free-space propagation
is important, because the phase modulations also result in amplitude modulations.
With increasing sample-to-detector distance, the free-space propagation leads to dif-
ferent image regimes that have to be considered. First the absorption regime at zero
propagation distance, followed by the Fresnel (near-field) regime, and then the Fraun-
hofer (far-field) regime. Imaging experiments presented in this thesis were performed
in the near-field regime only. This means that the propagation distance D fulfills the
near-field condition

D ! s2
r

λ
(3.19)

with sr being the desired structural size of the object to be imaged, and λ the wave-
length of the x-rays. Now, we want to describe the wavefield further downstream of
the sample in the near-field regime. For this, we can consider a wavefront E1px1, y1q
at the sample exit plane. Using Huygens principle, each point of this wavefront can
be considered as a source of spherical waves. The entire propagated wavefront at any
point is the superposition of the propagated Huygens point sources (wavelets). Then
the wavefield at a propagation distance D can be described using the Fresnel diffraction
integral in the paraxial approximation (small diffraction angles) as

EDpx, yq � eikD

iλD

» »
E1px1, y1q exp

"
iπ

2D
rpx� x1q2 � py � y1q2s

*
dx1dy1 . (3.20)

This can be rewritten as a convolution integral of the sample exit wave with a propa-
gator PDpx, yq

EDpx, yq � PDpx, yq � E1px, yq , (3.21)

30



3.2. Free-space propagation of x-rays

where

PDpx, yq � eikD

iλD
exp

"
iπ

2D
rx2 � y2s

*
(3.22)

is known as the Fresnel propagator. This corresponds to a multiplication of the sample
exit wave and the Fresnel propagator in Fourier space. With this the expected intensity
detected at a propagation distance D after the sample is

IDpx, yq � |EDpx, yq|2 . (3.23)

These images are known as Fresnel diffraction patterns [Attwood, 2017; AlsNielsen,
2011; Cloetens, 1999]. The inverse problem, which is of great interest in x-ray phase-
contrast imaging, is retrieving the phase information from intensity measurements,
which is, in general, more challenging. As the intensity depends on the square modulus
of the complex wavefield, the direct information about the phase shift induced by the
sample is lost. Therefore a way has to be found to decode the phase information
from the measured intensity. One way to relate the (measurable) intensity with phase
is the transport of intensity equation which will be introduced shortly. Alternative
formulations e.g. the decomposition of the propagating wave into plane waves in Fourier
space, discussion about viable approximations [Cloetens, 1999] and the description of
the wavefield in the far-field regime can be found elsewhere, and are beyond the scope
of this manuscript.

Transport of Intensity equation

The transport of intensity equation (TIE) is from huge practical importance because it
provides a relation between (measurable) intensity and phase. It is also used in visible
light, neutron and electron phase imaging. For coherent illumination the TIE can be
written as [Teague, 1983]:

k
BIpx, y, zq

Bz � �∇T � rIpx, y, zq∇Tφpx, y, zqs (3.24)

where Ipx, y, zq is the intensity and φpx, y, zq is the phase. The ∇T is the gradient
operator in the x-y plane perpendicular to the propagation direction z and k � 2π{λ
[Chakraborty, 2017].

With the expansion of the derivatives on the right hand side of equation (3.24) and for
small distances the approximation

BIpx, y, zq
Bz � Ipx, y, zq � Ipx, y, z1q

z � z1

, (3.25)

equation (3.24) can be rewritten as

Ipx, y, zq � Ipx, y, z1q � z � z1

k
r∇T Ipx, y, z1q �∇Tφpx, y, z1q � Ipx, y, z1q∇2

Tφpx, y, z1qs
(3.26)
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Ipx, y, zq is the measurable intensity for any propagation distance z (in the Fresnel
regime), given the wavefield with phase φpx, y, z1q and intensity Ipx, y, z1q are known
at position z � z1, which is typically the exit surface of the sample. This equation shows
us that measuring the phase directly is not possible, using propagation of the wavefield
only, but derivatives of the phase are accessible (note that a crystal interferometer
can directly measures the phase). The first term Ipx, y, z1q contains the attenuation
information. The other two terms contain phase derivatives, and are the key in phase-
contrast imaging techniques.

The second term is a multiplication of the intensity gradient and the phase gradient,
taken perpendicular to propagation. To access the first derivative of the phase a suf-
ficiently large intensity gradient needs to be generated before or after the sample by
introducing an additional x-ray optic in the experimental setup, then the phase gra-
dient can be retrieved with a suitable process depending on the used optical element.
These imaging techniques are known as differential phase-contrast imaging.

The third term depends on the second derivative of the phase, which locally modulates
the attenuation image. This term can effect the detected intensity distribution without
the need for any other optics, if the wavefront is simply allowed to propagate over a
certain distance behind the sample, which is done in propagation-based phase-contrast
imaging [Russo, 2018, p. 976 ff.].

In the following section, two phase-contrast techniques will be introduced – namely
propagation-based imaging and grating-based imaging.

3.3 Phase-contrast x-ray imaging methods

All phase-contrast methods pursue the same aim, which is to transfer the small phase
changes induced by the sample to the wavefront, into measurable intensity changes. In
recent years multiple phase-contrast modalities have been developed – namely crystal
interferometery [Bonse, 1965], analyzer-based imaging or diffraction enhanced imaging
[Davis, 1995; Ingal, 1995; Chapman, 1997], propagation-based imaging (PBI) (also
known as in-line phase-contrast imaging or refraction-enhanced imaging) [Snigirev,
1995; Cloetens, 1996; Wilkins, 1996], grating-based imaging (GI) [Weitkamp, 2005;
Momose, 2003], edge illumination [Olivo, 2001], single grid [Wen, 2010; Morgan, 2011]
and speckle-based imaging [Morgan, 2012; Berujon, 2012]. The techniques used in this
thesis were propagation-based and grating-based phase-contrast imaging, which will be
explained in the following.

Techniques can be classified into interferometric methods and free-space propagation
methods. Because of the use of crystal optics, interferometric and analyzer based
methods rely on a highly parallel and monochromatic x-ray beam. Propagation-based
imaging can overcome the strict requirements on the temporal coherence and has been
demonstrated to work with a broader energy spectrum of ∆E{E ¥ 10% (ll � 10�9 m).
Noting, that this technique still requires a typical transverse (spatial) coherence length
of lt ¥ 10�6 m, which is usually only available from micro-focus x-ray sources or syn-
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chrotrons [Pfeiffer, 2006].

3.3.1 Propagation-based phase-contrast imaging
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Figure 3.5: (a) Schematic representation of a propagation-based imaging setup. The sample
is placed into a partially coherent beam and the transmitted intensity is recorded at a sample-
to-detector distance D. Just by increasing the propagation distance from (b) 3 mm to (c)
10 cm the contrast of the edges of the small glass spheres is enhanced (Rigaku XSight detector
with optics, pixel size 1.08 µm, exposure time 300 s, measured at MuCLS). Scale bar: 100 µm.

One of the advantages of propagation-based imaging (PBI) is the simplicity of the
setup (see Fig. 3.5), which does not require any additional optical element with respect
to an absorption-based imaging setup. The only difference with absorption imaging is
the larger propagation distance D and coherence requirement. To capture the fringes
which are arising due to propagation in the near field regime, a high degree of coherence
is necessary, as is a detector with sufficient spatial resolution to record phase-contrast
fringes. The propagation distances used in PBI range from a few millimeters to meters
depending on the x-ray wavelength λ, detector resolution and the desired spatial res-
olution of the image. The detected images are known as edge-enhanced images as the
propagation of the distorted wavefront enhances the visibility of edges and interfaces
present in the sample. These images can be used without further processing since the
improved visualization of the outlines and contours of the sample is often sufficient.
However, one should note that, while the edge-enhancement can aid contrast to the
images, it is only qualitative information and not a quantitative representation of the
object. Further processing of the recorded images to recover the phase information
from the measured intensity data is possible, and can help to deliver more quantitative
data or in some cases to improve the visualization of the sample. These algorithms are
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commonly known as phase-retrieval algorithm. In this thesis, the single-distance phase-
retrieval algorithm developed by Paganin et al. [Paganin, 2002] has been used, which
will be explained in Section 3.3.1. But first the image formation (edge-enhancement)
in the near-field regime will be described, which is the input information for the phase-
retrieval algorithm.

Edge-enhancement

A sketch for a typical PBI setup is displayed in Fig. 3.5. After passing through the
sample the incident wavefront is distorted as a consequence of the phase shift imposed
by the sample. If the wave is allowed to propagate after the interaction with the
sample, self-interference of the wavefront will lead to additional contrast that enhances
the boundaries of the sample. The diffraction effects increase in visibility and width
with enlarging propagation distance D.

At the limit of large propagation distances (D " s2
r{λ), the diffraction effects overlap

and the direct image information of the object is lost (this is the far-field / Fraunhofer
regime). This is the case, when the typical dimension sr of the features in the sample
(or the whole object) is much smaller than the first Fresnel zone (rF �

?
λD). Then the

recorded diffraction pattern has no more similarity with the imaged object [Cloetens,
1997]. If the radius of the first Fresnel zone is small compared to sr, then each border or
material interface produces a bright/dark fringe pattern. This regime is known as edge-
detection regime, because the recorded images look like a contour of the boundaries
of the sample (edge-enhanced images, Fresnel diffraction pattern). Fig. 3.5 shows
an example of an edge-enhanced image of micrometer-sized glass spheres (diameter
of approximately 9 µm). The image is changing quite dramatically from no contrast
at distance D � 0 to the strong enhancement of the boundaries of the spheres at a
propagation distance D � 0.10 m, which can provide geometric information about the
sample. The refocusing of the light also makes the interior darker. The radius of the
first Fresnel zone was, in this case, 2.2 µm for a wavelength of 0.5 Å and D � 0.10 m.

The first Fresnel zone around a point in the sample plane indicates the region of the
sample that is the primary contributor to the measured intensity in the corresponding
point of the recorded image downstream of the sample. Or in other words, the diffracted
intensity at a given point in the detector plane is mainly determined by the wavefront
within the first Fresnel zone of the corresponding point in the sample plane. If the
structure size is comparable to the radius of the first Fresnel zone the holographic
regime is entered. Typically the radius for the first Fresnel zone is a few µm, for soft
x-rays and a propagation distance chosen for PBI [Cloetens, 1997; Cloetens, 1996].
Mathematically the edge-enhanced image intensity that comes from the phase effects
can be approximated with the second derivative of the wavefront phase ∇2φ, which is
responsible for the edge-enhancement seen at the edges and boundaries of the sample.
The measured image contains then edge-enhancement superimposed on the absorption
contrast [Willmott, 2011].
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Phase retrieval

While the geometry of the object is clear in the edge-detection regime, the quanti-
tative relationship between the phase-contrast image and the measured object is not
straightforward, as detectors are only able to measure the intensity and not the phase
φ directly, which is the parameter of interest. Therefore a way has to be found to
decode the phase information from the measured intensity. To solve this problem sev-
eral phase-retrieval algorithms have been developed, which either use the transport
of intensity equation (TIE) [Bronnikov, 1999; Paganin, 2002] or the contrast transfer
function (CTF) [Cloetens, 1999] as a simplified model for the intensity distribution of a
propagated wavefield. All of these algorithms use some kind of approximations, such as
non-absorbing or weakly absorbing objects, a constant δ{β, a strictly monochromatic
beam, short propagation distances or a prior knowledge of the material composition,
which can significantly simplify the problem. In practice, some of these algorithms
have been used quite successfully while ignoring the strict requirements e.g. for multi-
material samples or polychromatic beam. There is ongoing work to improve the al-
gorithms, and for example, expanding the algorithms to heterogeneous materials or
reducing the need for prior knowledge [Langer, 2014; Langer, 2012]. Summaries and
comparisons of these methods can be found in various reports [Burvall, 2011; Nugent,
2007; Chakraborty, 2017]. In this thesis, the single-distance phase-retrieval algorithm
from Paganin et al. [Paganin, 2002] was used, which solves the TIE.

Single-distance phase retrieval - Homogeneity assumption

The single-distance phase-retrieval algorithm from Paganin et al. is a non-iterative
solution for the TIE (see Eq. (3.24)) [Paganin, 2002]. It has been derived with the
following assumptions:

1. The examined object consists of a single material, e.g. is homogeneous.

2. The incident wave is a plane wave and monochromatic with wavelength λ.

3. The sample-to-detector distance D fulfills the near field condition D ! s2r
λ

, where
sr is the desired spatial resolution of the object.

By using these assumptions and the approximation in Eq. (3.25) (a linear approxima-
tion to the intensity derivative with propagation), then substituting

Ipx, y, z1q � I0 expp�µtpx, yqq (3.27)

and

φpx, y, z1q � �2πδ

λ
tpx, yq (3.28)

in Eq. (3.24), with z1 the exit surface plane (usually z1 � 0, then z� z1 � D), the TIE
can be rewritten in terms of sample thickness tpx, yq in the plane perpendicular to the
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propagation direction as�
�Dδ
µ

∇2
T � 1



e�µtpx,yq � Ipx, y, z � Dq

I0

(3.29)

This equation can be solved to retrieve the projected thickness tpx, yq of an object by
measuring the intensity distribution Ipx, y, zq at a single known propagation distance
as [Weitkamp, 2011]

tpx, yq � � 1

µ
ln

�
F�1

#
F r Ipx,y,z�Dq

I0
s

1� Dδ
µ
pu2 � v2q

+�
, (3.30)

where x and y are the Cartesian coordinates in the image plane and u, v are the Fourier
conjugate coordinates of x and y. F and F�1 are the forward and inverse Fourier
transform operators and I0 is the intensity without sample. The formula depends
on the refractive index decrement δ and the linear attenuation coefficient µ which is
linked to the refractive index decrement β. Therefore a priori knowledge of δ and
β of the examined object at the used x-ray energy is necessary as input information
prior to reconstruction. For non-homogeneous samples the algorithm remains valid
as long as β{δ is constant. This is the case for objects with negligible absorption,
β � 0 or objects with homogeneous elemental composition, but varying density. Then
the reconstruction should rather be interpreted in the contrast of a phase map φpx, yq
instead of the projected thickness tpx, yq because the thickness map tpx, yq will differ
from the true thickness of the sample. Using Eq. (3.28) and the relation µ � 4πδ{λ,
Eq. (3.30) can be rewritten as

φpx, yq � 1

2
ln

�
F�1

#
F r Ipx,y,z�Dq

I0
s

β{δ � Dλ
4π
pu2 � v2q

+�
, (3.31)

The formula for the phase maps still depends on the ratio β{δ of the refractive index
decrements, but not on the absolute values of the single components [Weitkamp, 2011].
This ratio has to be available as an input for the reconstruction. The wrong ratio
(wrong δ, β values) results in quantitatively incorrect phase (thickness) maps and
blurring of interfaces or remaining fringes in the reconstructed projection or volume
(when combined with CT). This is because the Paganin method effectively acts as
a low-pass Fourier space filter on the data, when performing the phase (thickness)
reconstruction [Beltran, 2010]. Nevertheless, the algorithm has proven to be stable
against slight deviations from the optimal conditions. In practice, it is successfully
used for a partially coherent, polychromatic beam and specimen with slight variations
of β{δ. Noting, that it will then affect the accuracy of any quantitative conclusion.

PBI setup considerations

Fresnel scaling theorem

Until now, we have assumed a parallel-beam geometry. However, in practice divergent
sources are often used for imaging (cone beam geometry). These two geometries can
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be related by the Fresnel scaling theorem, which re-scales the cone beam geometry
to an equivalent parallel beam geometry by considering the magnification induced by
the cone beam. The same equation as in parallel geometry can be used, however, the
propagation distance D has to be replaced by the effective (defocus) distance Deff :

Deff � D

M
(3.32)

with the magnification

M � D � d

d
, (3.33)

where d is the source-to-sample distance. In principle, the recorded intensity is simply
a magnified version of the recorded intensity distribution for plane wave illumination
and a sample-to-detector distance equal to Deff . The recorded intensity is reduced
by 1{M2 with respect to the intensity which would result from a parallel geometry
[Paganin, 2002]. In cone beam geometry the first Fresnel zone becomes

rF �
c
λ
D

M
. (3.34)

Spatial resolution

If the fringe pattern can be detected mainly depends on the spatial (transverse) coher-
ence length of the x-ray beam and the resolution of the imaging system. The incident
beam needs to have a spatial coherence length comparable to or larger than the inverse
spatial frequency of the features of interest [Endrizzi, 2018], i.e. needs to be spatially
coherent over at least the first Fresnel zone lt ¡ rF , with lt the spatial coherence length
(see Section 2.2) [Cloetens, 1999, p. 29]. In practice, high spatial coherence is reached
for small source sizes or/and large source-to-sample distances, which is the case for
synchrotron sources or micro-focus tubes [Bidola, 2017]. An extended source size leads
to a geometrical blurring B � Dψ with ψ � s{d the angle over which the source is
seen from a point in the specimen, and s the source size. This blurring should be small
in comparison to the desired features to image, otherwise the fringes will be washed
out [Cloetens, 1997]. The spatial resolution of the imaging system limits the successful
resolution of the interference fringes. The detector resolution must be high enough to
resolve the fringes. The fringe spacing corresponds to the first Fresnel Zone to about?
λD [Cloetens, 1999, p. 28]. If the pixels are too large, the fringe separation is much

smaller than the pixel size and no edge-enhancement is observed. Therefore, typically
small detector pixels are used to capture fringes (usually below 20µm), which is also a
limitation for clinical applications as the pixels used to image human anatomy are usu-
ally larger, to fit the anatomy and to reduce the dose applied to the patient. Also note,
that edge-enhanced images are more difficult to record for increasing x-ray energies
[Endrizzi, 2018; Cloetens, 1999, p. 28].
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Sample-to-detector distance

An important parameter in this method is the sample-to-detector distance D which
has an influence on the phase signal in the recorded image. It has been shown that at
a certain distance the sensitivity to a specific spatial frequency in the sample is maxi-
mized. The optimum distance to be sensitive to phase features with spatial frequency
f � 1{sr is [Cloetens, 1997]

D � 1

2λf 2
� s2

r

2λ
. (3.35)

For example, assuming a wavelength of 0.5 Å (25 keV) and features of interest of 2µm
and 30 µm the optimal distances are 0.04 m and 9 m respectively. Hence this frequency
selectivity will intrinsically limit the access to the low frequency range, i.e. the smooth
variations of the phase over larger distances (¡200µm) do not produce contrast at
reasonable propagation distances. As these large propagation distances are difficult to
access due to physical limitations (size of the experimental hutch) or by the coherence
condition. Thus the low spatial frequencies are imaged with less contrast and more
difficult to retrieve. For some phase-retrieval problems, it is important to use several
sample-to-detector distances to avoid under-determinations (known as Holotomogra-
phy). As at a given distance the image is blind to certain frequency components.
However, the reconstruction is not straightforward [Cloetens, 1999, p. 27].

Temporal coherence

The restrictions on temporal (longitudinal) coherence ll which corresponds to the
monochromaticity of the incident beam, are not as restrictive, because the geomet-
ric features of the contrast are nearly wavelength independent (the main position of
a bright and dark fringe is unchanged over a large spectral range) [Pogany, 1997].
Therefore, polychromatic micro-focus x-ray tubes can record edge-enhanced images, as
first demonstrated by Wilkins et al. [Wilkins, 1996], as long as the spatial coherence is
sufficient.

3.3.2 Grating-based phase-contrast imaging

Since the development of x-ray grating interferometry (GI) or Talbot-Laue Interferom-
etry [David, 2002; Momose, 2003; Weitkamp, 2005] in the early 2000s in synchrotron
facilities the technique has been also adapted to laboratory setups [Pfeiffer, 2006].
This progress makes GI widely usable and also a promising tool for clinical imaging
[Gromann, 2017; Willer, 2018]. It is a technique that enables access to three different
image contrast mechanisms; attenuation contrast, differential phase contrast, and a
small angle scattering signal, i.e. dark-field contrast [Pfeiffer, 2008]. The principle idea
of GI is to measure the refraction angle α of the transmitted wave behind a sample,
which gives access to the phase information associated with a sample because the angle
of refraction is related to the first derivative of the phase φ of the wavefront profile
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(see Eq. (3.13)). The contrast in the dark-field images represents the local scattering
power of the sample from multiple refraction on micro-structures in the sample, which
are significantly smaller than the spatial resolution of the imaging system (small angle
scattering). Therefore, the dark-field signal can reveal structural information about the
sample, which are not visible in the corresponding attenuation image [Pfeiffer, 2008].
The following sections will explain how the acquisition and signal extraction is achieved
practically.

Talbot effect

The Talbot effect is a well-known phenomenon from visible light, which was first dis-
covered in 1836 [Talbot, 1836] and first analytically explained by Lord Rayleigh in
1881 [Rayleigh, 1881]. It is a central concept in grating interferometry, therefore it
will be explained first. It implies that the intensity distribution of a coherent beam
transmitted through a periodic object will interfere and create a periodic intensity pat-
tern again after propagating over a certain distance zTalbot. With x-rays, the Talbot
effect was first imaged by Cloetens et al. at the ESRF in 1999 [Cloetens, 1999]. For an
absorption grating the pattern will be repeated at

zTalbot � mp2

λ
m � 1, 2, 3.... , (3.36)

where p is the period of the absorption grating. Eq. (3.36) is valid for wavelengths
λ ! p. The effect of a periodic intensity modulation can be observed with a phase
grating as well, by introducing a phase shift instead of an intensity variation in the
way that an absorption grating does. Behind a phase grating, this periodic intensity
modulation occurs at

zTalbot � n
p2

1

2η2λ
, n � 1, 2, 3... , (3.37)

where for a π
2
-shifting phase grating η � 1 and for a π-shifting grating η � 2. p1 is

the period of the phase grating and λ the wavelength of the beam. The advantage of
phase gratings is that almost all the available flux is transmitted through the grating,
compared to absorption gratings which need to absorb flux to create the interference
pattern.

For a spherical wave with distance d to the grating the Talbot distance rescales to
z1Talbot � dzTalbot{pd� zTalbotq [Pfeiffer, 2006; Weitkamp, 2005].

Grating interferometry setup

In Fig. 3.6 a typical synchrotron GI setup is displayed (similar to the one used in this
thesis). It consists of two gratings: A phase grating (G1) and an absorption grating
(G2). The phase modulation introduced by G1 is transformed into a periodic intensity
modulation through the Talbot effect after a certain distance zTalbot. For a phase
grating with a phase shift of π{2 illuminated with a plane wave (λ � 10�10 m), the
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Figure 3.6: Setup for a x-ray grating interferometry. Here the sample is placed between
two gratings G1 and G2 (note the sample may also be place before G1). In the plane of
G2 an interference pattern is created by G1. This interference pattern is modified when the
sample is introduced due to refraction, absorption, and scattering of the sample. The blue
(dashed) line indicates the reference interference pattern which is produced without sample.
The orange line indicates the interference pattern which is produced with the sample in the
beam.

periodicity of the generated fringe pattern is the same as the grating period of G1. If
the first Talbot distance should be smaller than 1 m (which is often the case because of
spatial coherence or practical reasons) then the grating period must be only a few µm
to meet the Talbot distance requirements (see appropriate Eq. (3.37) or Eq. (3.36)).
The principle idea behind this method is to measure the interference pattern with and
without sample. The refraction caused by a sample leads to a small local displacement
of the interference pattern. From the displacement of the fringes, the refraction angle
α can be calculated, which is related to the first derivative of the phase by Eq. (3.13).
However, the period of the fringe pattern is often smaller than the pixel size of the
detector, and therefore can not be directly resolved. Here the absorption grating, G2

becomes key, which is placed in the plane of the fringe pattern and has the same period
as the pattern. If now a sample is placed either in front of or between the two gratings,
the fringe pattern is slightly distorted and changes the signal that passes through G2

and is recorded at the detector, which provides information about the phase gradient
of the object. To separate this phase information from the absorption and small angle
scattering signal, the second grating G2 is shifted laterally over one grating period p2

in at least three steps (xG). At each step, an image is recorded (phase-stepping scan)
leading to an intensity oscillation in each pixel. This pixel-wise intensity oscillation
(stepping curve) can be used to extract the three different image signals – absorption,
differential phase, and dark-field – in a quantitative way, which will be explained in
the following section [Willmott, 2011; Weitkamp, 2005]. In the case of limited spatial
coherence (which is often the case for laboratory sources), a third grating G0 is placed
in front of G1. G0 divides the source beam into an array of small source beams,
increasing the effective spatial coherence of the wavefield, which is sufficient to adapt
the two grating interferometer to an incoherent source. Usually (laboratory) x-ray
sources are divergent, therefore the magnification needs to be considered in the setup
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dimensions [Pfeiffer, 2006].

Grating interferometry retrieval
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Figure 3.7: A stepping curve is recorded for each pixel without sample and again with the
sample present. Here recorded stepping curves for a single pixel for (a) a pure absorption
object, (b) a pure phase object and (c) small angle-scattering object are shown in orange
and compared to the reference scan without sample in blue. In (a) the attenuation of the
sample leads to a lower average value of the phase scan. Due to the refraction of a sample
in (b) the interference pattern is shifted lateral, and the maximum recorded intensity in the
stepping curve is at a different position xG. Scattering from features that are smaller than
the pixel size in (c) leads to a decrease in the amplitude (visibility) of the stepping curve.
Image adapted from Schleede [Schleede, 2013].

The analysis of the interference pattern in grating interferometry is achieved via a
phase-stepping scan. A series of images is recorded for at least three equidistant trans-
verse positions of G2 (xG, Fig. 5.5), over one period of the interference pattern (p2).
During the stepping of G2, the intensity in each pixel varies. This pixel-wise intensity
variation can be approximated by a sinusoidal function [Bech, 2009]:

IpxGq � a0 � a1 cosp2πxG

p2

� ϕq j � 0, 1, ..S � 1 , (3.38)

where a0 is the average intensity, ϕ the transverse shift of the interference pattern
and a1 the amplitude of the intensity oscillations. To obtain the coefficients a0, a1

and φ, a discrete Fourier transform, computed with a fast Fourier transform can be
used. The Fourier coefficients are used to retrieve the three image contrast modalities
from the phase stepping scan. To do this in a quantitative manner, a phase-stepping
scan without (reference scan) and one with the sample are captured (sample scan),
and compared. Due to x-ray scattering, refraction, and absorption by the sample,
the interference pattern with the sample in the setup is modified. In the following
section, the superscript ‘r’ describes the reference values obtained without sample and
‘s’ describes the values associated with when the sample is present.
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Attenuation image

The transmitted intensity corresponds to the average value a0. If an object is placed
into the setup to be measured the intensity of the incident wave is reduced due to the
absorption of the sample (see Fig. 3.7 (a)). The transmission T which is shown in the
attenuation images is:

T � as0
ar0

. (3.39)

Differential phase image

A measured object causes not only absorption, but the refraction in the object evokes
local distortions of the wavefront profile and thus a slight deflection of the beam (see
Fig. 3.7 (b)). The phase ϕ of the pixel-wise intensity oscillation is related to the wave-
front phase profile φ, by [Weitkamp, 2005]:

ϕ � λzTalbot

p2

Bφ
Bx . (3.40)

The difference ϕs � ϕr yields the differential phase-contrast image

DPC � ϕs � ϕr . (3.41)

Thus the quantity that is seen as image contrast is not the wavefront phase pro-
file φpx, yq, but its first derivative along the axis perpendicular to the grating lines
Bφpx, yq{Bx. By integrating the DPC signal for each pixel the wavefront profile φpx, yq
can be retrieved. It is worth noting, that the phase information which is parallel to
the grating lines is lost. To overcome this problem the sample could be, for example,
rotated by 90 degrees [Kottler, 2007] or a grid structure stepped in both direction
[Zanette, 2011]. If the total shift in a pixel is equal to the period of the second grating,
it is impossible to distinguish the non-shifted and shifted pattern. This effect is known
as phase wrapping [Bech, 2009].

Dark-field image

The dark-field image represents the loss in the amplitude of the oscillation due to the
scattering of x-rays on micro-structures which are at length scales smaller than the
pixel size. This small angle scattering is recognizable in a decrease of the visibility, i.e.
the dark-field image [Pfeiffer, 2008]. The dark-field signal is calculated by comparing
the visibility of the stepping curve with and without sample (see Fig. 3.7 (c)). The
visibility for a stepping curve is defined as

V � Imax � Imin
Imax � Imin

� a1

a0

. (3.42)
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where Imin is the minimum and Imax the maximum recorded intensity. The dark-field
image DF is then

DF � V s

V r
� as1
as0

ar0
ar1

. (3.43)

Furthermore, the visibility from a scan without the sample is used to characterize the
grating interferometer. If the visibility value is calculated for each pixel in the field-of-
view (FOV) a visibility map is retrieved. Ideally, it should be homogeneous over the
FOV. Inhomogeneities arise above all from grating imperfections however most of the
artifacts are canceled out after the reference beam correction [Zanette, 2011b].
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Respiratory x-ray imaging in
small animals4

Due to the complexity of the underlying pathomechanism, in vivo small animal research
continues to be of great importance in pre-clinical research. Animal experiments re-
main essential to understand the fundamental mechanisms underlying diseases and
to discover improved methods to prevent, diagnose and treat diseases. In vivo small
animal imaging allows researchers to non-invasively screen, analyze and monitor ani-
mal models before, during and after experimental intervention or drug administration,
resulting in quantitative measurements of study outcomes. This generates more rel-
evant, translatable data from drug discovery and development studies than ex vivo
techniques. However, before an animal experiment, it should always be checked if the
animal experiments can be replaced by an alternative, that only the minimum number
of animals are used, and that the animal suffers as little as possible.

This chapter describes the respiratory system of a mouse and the major differences to
a human system. The current state-of-the-art in small animal lung imaging will be
discussed briefly.

4.1 The respiratory system

Mouse models have proven to be a valuable tool in biomedical research but only with
appropriate validation and careful translation of mice data to human systems. There-
fore it is important to know the differences between human and mouse organs. In
this chapter, we concentrate on the respiratory system as this is the area of interest
in this thesis. The respiratory system is composed of several organs: nose, pharynx,
larynx, trachea, bronchi and lungs, which are largely composed of alveoli. The major
differences between mice and humans are summarized in Tab. 4.1 [Harkema, 2012;
Suarez, 2012]. The main difficulty concerning x-ray imaging is that the size of a mouse
is several orders of magnitudes smaller than of a human, which means that a higher
resolution imaging system is necessary. For example, a mouse trachea has a diameter
of 1 mm, while a human has a trachea of 10 mm to 15 mm in diameter.

Upper airway system

The upper airway system is comprised of the nose, sinuses, the pharynx, and part of
the oral cavity. The first difference between mice and humans is in how the air enters
the respiratory system. Humans are primarily nose breathers; however, they also can
choose oral breathing, whereas mice are obligate nose breathers. The nose serves not
only as the portal of entry for the air, but it is crucial for smell and conditioning
the inhaled air before it enters the lungs, by filtering, humidifying and heating the
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Feature Mouse Human
Respiratory Rate
[breaths/min]

120 12 - 18 (adult)

Total lung capacity 1.1 - 1.8 ml [Fox, 2006]
6 litres (average of a adult
male)

Lung lobes
4 right (superior, middle,
inferior, post-caval), 1 left

3 right (upper, middle,
lower), 2 left (upper,
lower)

Trachea
15 - 18 C-shaped
cartilaginous rings, total
length 5 - 10 mm

15 - 20 C-shaped
cartilaginous rings, total
length 10 - 11 cm

Diameter, main bronchus
[mm]

1 10 - 15

Diameter, terminal
bronchus [mm]

0.01 0.6

Airway generations 13 - 17 17 - 21
Airway branching pattern Monopodial Dichotomous
Respiratory bronchiales None or one Yes
Lung parenchyma / total
lung volume (%)

18 12

Alveolar [µm] 39 - 80 200 - 400
Blood-gas barrier
thickness [µm]

0.32 0.62

Bronchi and Bronchiales

two extrapulmonary
bronchi enter the right
and left lungs where they
subdivide into the
intrapulmonary bronchi

right bronchus divides
into three lobar bronchi,
left bronchus divides into
two lobar bronchi

Adult body weight (mean
f/m)

18 / 40 g 75 / 87 kg

Integument Haired skin predominates
Glabrous skin
predominates

Table 4.1: Comparative features of the respiratory system and some fundamental values of
mouse and human species. The table is adapted from [Harkema, 2012; Suarez, 2012].
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4.1. The respiratory system

air. Furthermore, nose breathing protects the gas-exchange regions of the lung by e.g.
absorbing water-soluble, reactive gases and trapping inhaled particles [Harkema, 2012].

Lower airway system

The lower airway system includes the larynx, the trachea, the stem bronchi and all
the airways within the lungs, such as intrapulmonary bronchi (bronchioles) and the
alveolar ducts. In Fig. 4.1 a mouse (a) and human (b) lung is sketched. Both lungs
consist of five lobes. However, a mouse lung has four lobes on the right side and one
on the left side. A human lung has three lobes on the left and two lobes on the right
side.

trachea

left lung

trachea

post-caval 
lobe

superior 
lobe

middle 
lobe

inferior lobe

bronchus

a b

left lower 
lobe

left upper 
lobe

right lower
lobe

middle 
lobe

right upper
lobe

bronchus

Figure 4.1: Panel (a) shows the anatomy of a mouse lung in comparison to panel (b) a
human lung. Both lungs consist of five lobes. Whereas the mouse lung has four lobes in the
right lung and one lobe in the left, the human lung has three lobes on the right side and two
lobes on the left. Image adapted from [Sato, 2015; Rauschenbach, 2014].

Mucociliary transport

Mucociliary transport (MCT) is the primary mechanism in our airway system to protect
our lungs of the viral or bacterial pathogens and particulates that are inhaled daily.
Fig. 4.2 shows the composition of a healthy airway surface, which is covered by ciliated
epithelial cells (the cilia are mobile hair-like structures), covered with airway surface
liquid (ASL). This layer consists of a low viscosity periciliary layer, which enables the
beating of cilia, and a mucus layer, which traps inhaled particles and foreign pathogens.
Through the coordinated beating of cilia, the mucus and any trapped foreign material
are moved towards the mouth, where they can be coughed out or swallowed, keeping the
lungs in nearly sterile condition. This process is an essential mechanism in maintaining
healthy lungs, but MCT is inhibited in some respiratory conditions including primary
ciliary dyskinesia, asthma, chronic obstructive pulmonary disease and cystic fibrosis. In
cystic fibrosis a decreasing of periciliary layer is seen, preventing an effective beating of
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airway surface
liquid

mucus layer

periciliary layer

trapped particulates and bacteria
flow

cilia

Figure 4.2: Representation of the components of mucociliary transport. In a healthy airway
the cilia are covered with the periciliary layer and by their coordinated beating the mucus,
with the trapped particles, is moved towards the mouth. Image adapted from [Madl, 2011].

the cilia and resulting in an increased mucus layer, chronic infection and inflammation
[Knowles, 2002; BustamanteMarin, 2017].

Surrounding organs

For respiration, the cooperation of other organ systems is essential. The diaphragm,
as the primary respiratory muscle, and made up of the intercostal muscles of the chest
wall, is essential to generate the inhalation and exhalation action of the lung, under the
control of the central nervous system. The muscles are responsible for the expansion
and contraction of the internal space of the thorax. The thorax is the bony framework,
which is formed by the ribs and thoracic vertebrae. Also, the blood, as a carrier for
the inhaled gases (e.g. oxygen), and the circulatory system are mandatory elements of
a working respiratory system [Klocke, 2017].

4.2 Small animal respiratory imaging

Small animal imaging is a critical component in pre-clinical and translational biomed-
ical research. Due to its primarily non-invasive nature, imaging provides an insight
into biological function and structure, and is possible in vivo, enabling quantitative,
spatially and temporally information. The non-invasive nature also allows for lon-
gitudinal studies. Often the same image modalities are used in the clinics as in a
laboratory setting – like magnetic resonance imaging (MRI), computed tomography
(CT), single-photon emission computed tomography (SPECT), positron emission to-
mography (PET), and ultrasound (US). The main difference is that for small animals
a higher spatial resolution is necessary as the organs are significantly smaller than in
patients. The typical resolution for the different small animal imaging systems and
human scanners are summarized in Tab. 4.2. In a system designed for human imaging,
resolution in the mm to cm range is often sufficient, whereas for small animals µm reso-
lution is desirable. Therefore several imaging systems dedicated for small animals were
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Modality Pre-clinical Clinical
MRI À 100 µm ∼ 1 mm
PET 1 - 2 mm ∼ 5 mm
SPECT 0.5 - 2 mm ∼ 1 cm
CT À 100 µm 1 - 2 mm
US À 100 µm 1 - 2 mm

Table 4.2: Comparative spatial resolution in pre-clinical small animal and human imaging
systems. The table is adapted from [Kiessling, 2017, p. 6].

developed. But often an imaging system is not especially designed for small animal
imaging, for example, at synchrotron facilities or the Munich Compact Light Source.
During this thesis project, a setup for small animal imaging at the MuCLS has been
developed and will be presented in Chapter 5.

4.2.1 Existing small animal imaging techniques

Several imaging modalities will be discussed briefly in the following section, with respect
to respiratory imaging. Several methods are used in lung imaging, however, it is a
challenging organ for imaging. Due to the breath cycle, the lung is constantly moving,
which can lead to motion artifacts, reducing image resolution. Additionally, imaging
of the lung often suffers from low contrast as the lung mostly consists of air. Each
imaging modality has strengths and weaknesses concerning its temporal and spatial
resolution, accessibility, sensitivity, ease of use, cost, and the biological processes that
can be imaged [Kiessling, 2017]. These advantages and disadvantages need to be taken
into account before deciding on the imaging method or a combination of methods to be
applied to a specific application. A few examples of different imaging modalities and
their application to the lungs are given in Fig. 4.3, showing that each imaging modality
results in a different output.

Magnetic resonance imaging

Magnetic resonance imaging (MRI) is a particularly challenging method for morpho-
logical lung imaging, as the image signal arises from hydrogen atoms, and the lung
consists mostly of air. This low proton density leads to a low MR signal [Tibiletti,
2017]. Furthermore, the multiple air-tissue interfaces create image artifacts, and res-
piratory motion is a challenge due to the long associated acquisition times. This leads
to poor image quality. Inhaled noble gases (like helium or xenon) can enhance the
contrast and can be used for functional imaging, e.g. for perfusion assessment and
measurement of ventilation and respiratory mechanics. However, special scanners are
necessary to image the noble gases. Furthermore, MRI is cost-expensive and limited
in access. The most significant advantage of MRI is that it is free of ionizing radiation
and therefore used widely for pregnant women or children [Wielpütz, 2012; Fain, 2010].
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a b c d

MRI PET US X-ray

Figure 4.3: Several imaging modalities of small animal lung imaging. (a) MRI signal of a
rat lung, obtained with a 7 Tesla small animal MRI. Image courtesy [Tibiletti, 2017]. (b)
Mouse PET image of melanoma lung metastasis model. The lung region is indicated by
the white rectangle. Image courtesy [Ren, 2009]. Panel (c) shows an ultrasound image of
a healthy mouse lung. The white arrows highlight the pleural line, the yellow arrows point
out the A-lines (hyperechogenic lines, repetition artifacts of the pleural line). Image courtesy
[Raes, 2016]. In the last panel (d) an x-ray projection of a mouse lung is shown, obtained at
the MuCLS.

In the case of small animal MRI, there is an additional challenge concerning resolution.
The resolution of 1 mm which is common in human MRI systems is not sufficient for
small animals. The resulting images suffer often from a bad signal-to-noise ratio (even
if a 9.4 T system is used for small animals instead of 3 T human scanner). A better
signal-to-noise ratio can just be achieved by repeated signal acquisition [Hoyer, 2014].
An additional challenge is the much higher respiratory rate of small rodents, which
needs more refined methods for the extraction of the respiratory signal. Novel gating
methods are currently under development to deal with this challenge [Tibiletti, 2017].

Nuclear imaging

Nuclear medical imaging in the form of positron emission tomography (PET) or gamma
scintigraphy is common in lung imaging. To obtain a signal it is necessary that a radio-
label is inhaled, which can then be detected. Gamma scintigraphy is a two-dimensional
technique and can give information on the total amount of inhaled drug which reaches
the lungs. However, the spatial resolution is low, typically only a few mm. SPECT
and PET are three-dimensional methods and therefore can give a better indication of
regional lung deposition than gamma scintigraphy. But this also means that the acqui-
sition time is longer, which can generate problems if the radiolabel clears quickly. PET
has the best spatial resolution of these three methods, but it is cost-expensive and the
logistics of the technique are more challenging, in that it is necessary to have a cyclotron
nearby. The amount of inhaled radioactive material needs to be kept to a minimum for
patient safety in all three modalities, which leads to a low signal-to-noise ratio. Nuclear
medicine enables studies on lung physiology and metabolism, like regional perfusion,
gene expression, enzyme and receptor studies [Schuster, 2004]. However, its temporal
and spatial resolution is low. Neither in gamma scintigraphy, SPECT or PET are
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anatomical information, which often makes it necessary to acquire an additional CT or
MRI scan. Nuclear imaging methods are used in small animal imaging (e.g. [Schuster,
2004; Ren, 2009; Pellico, 2017]), as well as in clinical applications (e.g. [Harris, 2007;
Conway, 2012; dVries, 2019]).

Ultrasound imaging

The basis for the image formation in ultrasound imaging is the reflection of sound waves
from tissues with different densities, which are detected by a transducer. These reflected
waves are translated into two-/three-dimensional images. Ultrasound is mainly used
clinically in real-time imaging and quantification of soft tissue disease, cardiac function,
fetal development and diagnosis, emergency medicine, the screening and assessment of
tumors, and as a tool for the guidance of invasive procedures. The advantage of this
technique is its speed, high resolution, lack of ionizing radiation, portability, and low
cost. The disadvantages are that the penetration depth is limited, and decreases at
higher frequencies, whereas the resolution is increased at higher frequencies (e.g. at
5 MHz the axial resolution is 0.3 mm and maximal imaging depth is 90 mm, and at
50 MHz the axial resolution is 0.03 mm whereas the maximal imaging depth is only
9 mm) [Kiessling, 2017, p. 329]. Ultrasound requires the knowledge and expertise of a
well-trained sonographer to obtain accurate and repeatable images. In addition, the
images are often not easily interpretable. Because ultrasound is not able to propagate
in air-filled spaces or to penetrate bony structures, it is not yet routinely used in the
brain, spinal cord, and lung imaging [Greco, 2012; Foster, 2011]. Just recently lung
ultrasound has been gaining interest, above all in critically ill medicine. Lichtenstein
et al. [Lichtenstein, 2017] showed that the evaluation of the pleural structures and
ultrasound artifacts arising from the soft tissue-air interface of the chest wall and
pleura may provide important diagnostic information, e.g. for pneumothorax. Pre-
clinical ultrasound systems are known as ‘micro-ultrasound’, which allow for ultrahigh
resolution. In small animals, frequencies in the range of 15 to 80 MHz are used, where
resolutions down to 30µm are reached [Raes, 2016]. Micro-ultrasound systems are used,
for example in lung tumor growth monitoring and testing the efficacy of therapeutic
agents in pre-clinical studies [Garbuzenko, 2010; Foster, 2011; Greco, 2012; Raes,
2016].

Optical imaging

The basic principle of optical imaging is the detection of light passing through tissue.
This light can be generated by two main principles: bioluminescence and fluorescence.
Bioluminescence is the self-emission of light. In bioluminescence imaging, the enzyme
luciferase is used. If the substrate luciferin is present, it causes photons (500 - 700 nm
wavelength) to be emitted, which can then be detected [Dufort, 2010; Pinar, 2018].
Fluorescence imaging utilizes the interactions seen when certain molecules absorb light
of a specific wavelength and react by emitting light of a comparatively longer wave-
length, which can then be detected. As in nuclear imaging methods, a contrast agent
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containing dye molecules is necessary, to acquire a signal, however, no radioactive trac-
ers are necessary. These dye molecules can highlight specific cells (cell-parts) or be
involved in the metabolism, with high sensitivity (e.g. labeling a lung tumor). Often
organic molecules (e.g. cyanines) are used, which emit light in the infrared regime (700
- 900 nm wavelength), useful given that light-tissue interaction is minimal in this range
(so-called optical window). After the delivery of the fluorescence marker, the dye can
be activated by a near-infrared laser by scanning the sample. With an infrared detec-
tor, the emitted radiation can be detected. Both techniques have a high sensitivity, but
poor spatial resolution (best resolution is in the sub-mm range), due to the significant
interaction of light with tissues (scattering and absorption). This limits the penetration
depth to several millimeters, above all outside the optical window. Additionally, the
spatial resolution is getting worse with increasing depth. Therefore, these techniques
are mainly used for imaging small tissue samples, or small in vivo animals preferable
without fur. In small animal lung imaging, an extra challenge is the interaction of
light with the many air-tissue interfaces [Barapatre, 2015]. Nevertheless, optical lung
imaging is used for example to track tumor growth, infections and responses to thera-
pies in small animal models [Francis, 2001; Garbuzenko, 2010; Leblond, 2010; Li, 2011;
Pinar, 2018]. An advantage is that there is no ionizing radiation, however as there is no
anatomic information, an additional MRI or CT might be necessary [Kiessling, 2017,
p.404 ff.].

X-ray imaging

Possibly the fastest and cheapest option to capture a lung image is x-ray radiography.
Although it is often used, lung images suffer from low contrast as the absorption coef-
ficient is very similar for air and soft tissue. Another option is computed tomography
(CT) which gives three-dimensional information of the lung and has, therefore, a better
ability to isolate features than two-dimensional radiography. However, CT works best
on stationary samples. With moving objects, the spatial resolution can suffer from mo-
tion artifacts. Therefore, it is best to image during a breath-hold situation. As several
images are necessary to produce a CT reconstruction, CT has a significantly larger
associated radiation dose than x-ray radiography [Brenner, 2007]. As CT is patient
and physician-friendly as well as cost-effective, much research is performed in this field
to reduce the dose, for example, improving the reconstruction algorithm to perform
low dose CTs [Sauter, 2016]. As discussed above, the lung suffers from low contrast in
conventional x-ray imaging. To enhance the contrast phase-contrast techniques have
been introduced in pre-clinical imaging work in the last decade. Phase-contrast imag-
ing analyzes the gradient of the phase rather than the absorption of the material. The
advantage of phase images is that the phase gradient is largest at boundaries, namely
at interfaces between material, which can lead to an edge-enhancing effect in the case
of propagation-based phase-contrast x-ray imaging as explained in Chapter 3.3.1. The
lung is a perfect sample for propagation-based phase-contrast imaging as it consists
of many air-tissue interfaces with promising results shown in several publications (e.g.
[Kitchen, 2004; Lewis, 2005; Kitchen, 2008; tPas, 2009; Leong, 2014; Lovric, 2017]).
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Also, in x-ray dark-field imaging, the lung is a convenient sample. The dark-field
signal depends on small-angle scattering and the lung, consisting of many alveoli, has
many scattering interfaces and creates an intense dark-field signal, which is modified in
lung diseases. Several pre-clinical studies have been performed (e.g. [Schleede, 2012a;
Meinel, 2013; Schwab, 2013; Bech, 2013; Yaroshenko, 2015; Hellbach, 2016; Scherer,
2017]) and it is even moving towards clinical applications [Gromann, 2017; Willer,
2018].

4.2.2 Challenges in small animal x-ray imaging

First of all every animal experiment needs to be approved by an animal ethics com-
mittee, who ensure that animal experiments are kept to a minimum, validating the
study design to improve animal welfare (i.e. stress, discomfort, pain) and checking that
the ethics principle ‘3R’ (replace, reduce, refine) are followed [Kiessling, 2017, p. 69
ff.]. Such applications require precise descriptions of the involved methods, minimizing
flexibility at the time of the experiment.

Small animal physiology studies are typically complicated, but the complexity is even
further increased when performing live-animal x-ray imaging studies at synchrotrons
or compact light sources, because they are usually not explicitly designed for live-
animal imaging. X-ray experiments need always be carried out in an isolated radiation-
shielding enclosure. Therefore imaging, treatment delivery, custom animal health mon-
itoring, positioning and ventilation must be controlled remotely. As the enclosure at
synchrotrons and the MuCLS is typically used for multiple x-ray experiments, the
equipment needs to be easily removable.

Experimental design must also take into account the fixed location, size, and orienta-
tion of the x-ray beam. In particular, the source cannot be rotated, so if images from
multiple angles are desired the sample needs to be rotated. For example, if a tomog-
raphy scan is done while ventilating, the tubing must be fixed to the mouse so that
ventilation is ensured, but also the tubing should not alter the position of the mouse
as it twists during rotation. As the beam is propagating horizontally, a specially de-
signed mouse holder is necessary to fix the mouse in a vertical position. Moreover, if
the radiation dose is a critical value as it is for longitudinal studies, the radiation dose
needs to be kept to a minimum by adequate shuttering.

Mice are usually anesthetized during imaging experiments, which leads to a decrease
in body temperature. Adequate warming units are necessary to maintain body tem-
perature (e.g. heat lamps). The sedation is a critical point in small animal imaging,
because it is often challenging to find the right amount of anesthesia, even when us-
ing a standard protocol for anesthesia with such small body-mass. Additionally, the
metabolism is different during night (active) time and day (recovery) time, and mice
might be stressed due to transportation to the experiment location. The experiment
time is limited to the efficiency of the medication. In this work, experiment time was
limited to approximately one hour.

For respiratory imaging in small animals, an x-ray source with high flux is necessary to
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capture images sufficiently rapidly to avoid motion blur, due to the perpetual motion of
the tissue. If treatment-induced changes are to be captured, fast and reliable imaging
is necessary, because there is no opportunity to repeat a single exposure. An additional
challenge is that in combination with the short exposure times, also high-resolution de-
tectors are necessary, to achieve a sufficient spatial resolution in small animals (usually
pixels smaller than 15µm), which are typically less efficient than large-area detectors.
However, small pixels also mean that motion of only a few µm will lead to blurry im-
ages. A small FOV can be challenging in locating the area of interest in the animal,
requiring operator expertise and knowledge of anatomical landmarks.

Furthermore, a sufficiently coherent x-ray source is preferable to enhance the contrast
of the lung and airways by phase-contrast techniques. However, fur can produce intense
phase-contrast effects as well and may hide features of interest in projections. Then it
is necessary to remove the fur or use naked mice [Donnelley, 2010; Morgan, 2019].

As anesthetized mice breathe at 90 - 150 breaths/min, exposure times as low as a few
tens of ms are desirable to avoid motion blur. By including mechanical ventilation into
the setup, the exposure can be extended to up to 200 ms, if a short breath-hold is in-
cluded in the ventilation protocol. The ventilator is then sending a trigger signal to the
imaging detector, to always capture an image in the breath-hold of each breath cycle.
Using a small animal ventilator has the advantage of a controlled ventilation pattern,
however, mice need to be intubated and it might therefore be necessary to humidify
the input air of the ventilator to match the nearly 100% humidity seen in the trachea
when mice breath through their nose. This can be done by including a water-bubbler
in the ventilator input line [Donnelley, 2010]. It is also possible to trigger the image
capture of a freely breathing mouse by a non-contact fiber optic displacement sensor
(RC-60, Philtec, MD), but then shorter exposure times are necessary [Morgan, 2019].
However, even when respiratory gating techniques are used, motion blur might appear
in the images, e.g. due to the much faster heartbeat or possible gasping/movements of
the mouse.

If delivery of treatment is a part of the study, the treatment delivery method must be
considered, e.g., Aerosols can be delivered over an Aeroneb (Aerogen, Galway, Ireland),
which can be included into the inspiratory line of the small animal ventilator. The
tubing should be cleaned frequently because condensation occurs after several minutes
of delivery, reducing the amount of aerosol delivered to the animal. Another option is
to deliver a bolus of liquid with a remotely controllable syringe pump (UMP2, World
Precision Instruments, Sarasota, FL), e.g., into the nasal airway.

A more detailed consideration is published by Morgan et al. [Morgan, 2019]. The
setup developed for respiratory imaging at the Munich Compact Light Source will be
described in the following chapter.
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setup at the MuCLS5

The MuCLS laboratory consists of the x-ray source itself, and two experimental end
stations that were designed by scientists working at the Technical University of Mu-
nich. The first experimental hutch is about 3 m downstream from the electron-laser
interaction point of the source. The second hutch is about 15 m away. Nearly all
experiments during this thesis were performed in the first experimental hutch [Gradl,
2017; Töpperwien, 2018; Gradl, 2018; Gradl, 2019b] (Chapters 6-9), only the dark-
field imaging (Chapter 10), was done in the second hutch [Gradl, 2019a]. The focus
of the experiments, in this thesis, was on propagation-based phase-contrast imaging,
in vivo small animal imaging, and dynamic imaging. Work at the MuCLS has also
included grating-based imaging [Bech, 2008; Schleede, 2012b; Eggl, 2015], x-ray tensor
tomography [Jud, 2017; Jud, 2018], K-edge subtraction imaging [Kulpe, 2018], micro-
beam radiation therapy [Burger, 2017], near-edge x-ray absorption spectroscopy and
fluorescence imaging, as well as research for improvement of the source performance
[Günther, 2019].

In the following chapter the setup for propagation-based imaging, micro-CT and small
animal imaging in the first experimental hutch, the construction of which was a focus
of this thesis project, will be discussed. The chapter will finish with a brief description
of the grating interferometer setup located in the second experimental hutch, which
was used for dark-field imaging (Chapter 10).

Note that part of this chapter draws text and figures directly from the publications;
Gradl et al., Propagation-based Phase-Contrast X-ray Imaging at a Compact Light
Source. Scientific Reports 7, 4908 (2017) [Gradl, 2017]
Gradl et al., Dynamic in vivo chest x-ray dark-field imaging in mice. IEEE Transaction
on Medical Imaging 38, 649-656 (2019) [Gradl, 2019a]

5.1 Micro-CT and PBI setup

Fig. 5.1 shows the setup installed in the first experimental hutch about 4 m away from
the interaction point, which is used for propagation-based phase-contrast imaging and
high-resolution micro-tomography. The beam divergence (4 mrad) leads to a field-of-
view (FOV) of about 16 mm in diameter, 4 meters away from the interaction point.
This medium-sized FOV allows for the imaging of samples of several millimeters to
centimeters in width, without any need for scanning. This is essential for any sample
which changes with time, such as a living being, which makes scanning impossible. In
particular, a whole mouse lung fits within this field-of-view. The distance between the
source and the sample can be adjusted between 3.2 m and 4.7 m by a motorized linear
stage. The sample-to-detector propagation distance can be flexibly adjusted between
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x-ray

sample stage

detector stage

Figure 5.1: CAD drawing of the basic setup in the first experimental hutch at the MuCLS.
The detector stage and the sample stage are placed on linear stages, which makes the setup
flexible adjustable (indicated by the blue arrows). It even can be completely moved out of the
x-ray beam, which is necessary if experiments are planed in the second experimental hutch.

zero and 1.6 m by motor-driven translation stages.

5.1.1 Detectors

For the detection of x-rays, five x-ray cameras are available, with the technical details
summarized in Tab. 5.1. The detectors are mounted on motorized linear stages so
that they can be adjusted during the experiment (e.g. the sample-to-detector distance
may be changed, or a different detector moved into the beam). All of the detectors
use an indirect detection of x-rays. The x-ray photons are first converted into visible
light photons via the photoelectric effect in the scintillator before the visible light
photons are detected by an array of photodiodes and converted into a digital signal.
The scintillator is an important element in the detector which needs to fulfill certain
characteristics. These include:

1. A high x-ray absorption to maximize the x-ray stopping power is necessary. For
this a high density(¡5 gcm�3) material with large atomic number (¡50) is desir-
able.

2. A high efficiency visible light emission and an emission wavelength suitable for
photodiode detection is necessary, preferably with a short afterglow.

3. Good optical properties are needed, which means high transmittance and low
scattering for visible photons. If the visible light is scattered while traveling
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Model
Andor Zyla
sCMOS 5.5

Hamamatsu
sCMOS -
C12849 -
101U

Ximea
X-ray CCD
- xiRAY

Photonic
Science 4.2
MP
sCMOS

Andor Neo
sCMOS 5.5
(with
10Öoptics)

Scintillator
P43,
Gd2O2S:Tb,
20µm

P43,
Gd2O2S:Tb,
10µm

P43,
Gd2O2S:Tb,
22 µm

P43,
Gd2O2S:Tb,
15 µm

LSO,
10µm

FOV [pixel]
[mm]

2560Ö2160
16.6Ö14.0
[33.2Ö28]*

2048Ö2048
13.3Ö13.3

4008Ö2672
37.3Ö25.7

2048Ö2048
22.5Ö22.5

2560Ö2160
1.66Ö1.4

Pixel size
6.5 µm
[13 µm]*

6.5 µm 9 µm 11 µm 0.65µm

Frame rate 100 fps 30 fps 2.1 fps 18 fps 100 fps

PSF (σ)
30µm
11µm**
[60 µm]*

8 µm 12 µm 11 µm 11µm

dynamic
range

16 bit 16 bit 14 bit 16 bit 16 bit

Table 5.1: Detectors available at the first experimental end-station at the MuCLS. []*
Numbers if the 2:1 taper is attached to the Andor Zyla sCMOS 5.5 camera. ** PSF for the
new Andor Zyla 1:1 taper. The PSF for the Andor detectors are adapted from [Cont, 2016].

through the scintillator, the image resolution is reduced. For example, a thinner
scintillator results in a higher image resolution, however, the quantum efficiency
is lower which means longer exposure times are necessary [Martin, 2006].

For the setup designed here, terbium-doped gadolinium oxysulfide (Gd2O2S:Tb, Gadox
or P43, Zeff � 59.5, ρ � 7.3 g/cm3) was chosen as a scintillator material because it has
a high quantum efficiency in the x-ray energy range of 15 to 35 keV produced by the
MuCLS. The absorption efficiency of Gadox for different thicknesses are plotted in Fig.
5.2 (b).

In a CCD detector (here: Ximea - xiRAY), the visible light produced in the scintillator
is coupled to a charge-coupled device (CCD) via a fiber optic plate (FOP) before it is
collected and converted into a digital signal. The FOP protects the CCD from high
energy x-ray radiation which has passed through the scintillator and couples the visible
light to the CCD. Scientific CMOS (sCMOS) detectors (here: Andor Zyla, Andor Neo,
Hamamatsu, Photonic Science) are a technological improvement of CCD sensors, which
allow for faster readout as the conversion of photoelectrons into a digital signal (voltage)
is performed in parallel instead of serially.

Besides the Andor cameras, all the detectors used in the first MuCLS hutch, have a
fixed coupling between the scintillator, FOP and the camera. For the Andor Zyla, two
scintillator-FOP options are available, an 1:1 taper, resulting in the detector pixel size of
6.5 µm and a 2:1 taper, enlarging the pixel size to 13µm (both tapers were constructed
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Figure 5.2: (a) Photograph of the detectors – Photonic Science, Hamamatsu, Ximea and
Andor Zyla with the 2:1 taper (left to right). (b) Absorption efficiency of Gadox for 10 µm
and 22 µm in the available energy range between 15 keV and 35 keV. Please note that the ab-
sorption efficiency is plotted for undoped Gadox. (c)-(f) Flat-field and dark-current corrected
images of the Xradia resolution pattern with 1 s exposure time, showing the whole FOV and
the same magnified region for each detector (rotated by 90 degrees) ((c) Hamamatsu, (d)
Andor Zyla, (e) Ximea, (f) Photonic Science). Note that the image shown from the Andor
Zyla detector was captured with the new 1:1 taper. Scale bars: for the whole FOV images:
2 mm; magnified area: 200 µm
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0.7

1.0

I/I0

a b

Figure 5.3: (a) Image of a JIMA RT RC-02 resolution pattern captured with the Rigaku
XSight detector with a pixel size of 0.54 µm and 1000 s exposure. The orange box is indicating
the magnified area. (b) Xradia resolution pattern captured with the Andor Neo detector,
showing the whole FOV (300 s exposure, pixel size 0.65 µm). It is clear that the focusing of
the optical system used with the Neo camera is not uniform over the field-of-view resulting
in a variable PSF. The red arrow is indicating the number 10 (µm). Scale bar: 200 µm.

from Crytur spol. s.r.o., Czech Republic). While this allows more flexibility concerning
the FOV, the spatial resolution is worse than with comparable detectors with a non-
removable scintillator construction. Also, the point-spread-function of the 1:1 taper
improved significantly when it was replaced by a new model optic. The Andor Neo
detector is a different construction, with an LSO scintillator in front of an optical
system (Hamamatsu AA50) with a 10Öoptics (NIKON) coupled to the camera, which
leads to a pixel size of 0.65µm. For the lens coupled system longer exposure times are
necessary as the efficiency is lower than for a scintillator fiber-optic coupled detector.
Furthermore, the FOV is reduced to 1.66 mmÖ1.4 mm, therefore only a small part of
the available flux can be used. The Andor Neo detector is not used very frequently,
because of the long exposure times (¡30 s) and the large PSF. Images of a resolution
target for each detector are shown in Fig. 5.2. Fig. 5.3 (b) shows the difficulty with the
Andor Neo system, in that it is challenging to focus the optic (particularly given the
long exposure times), and the focus is typically not achieved across the field-of-view,
with significant spherical abbreviations observed. This becomes even more obvious if
the system is compared to, for example in Fig. 5.3 (a), an XSight Micron LC X-ray
CCD camera (borrowed from Rigaku Innovative Technologies Europe, s.r.o., Czech
Republic) with a comparable pixel size of 0.54 µm.
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Figure 5.4: (a) Photograph of the experimental setup for remote in vivo small animal
imaging in the first experimental hutch of the MuCLS. (b) Specially designed mouse holder
enabling a head-high position.

5.2 In vivo small animal setup

In Fig. 5.4 (a) the setup for in vivo small animal imaging is shown. The mouse is
held head-high in a vertical position to enable either an anterior-posterior projection
(e.g. of the lungs) or a lateral projection (e.g. through the trachea). The mouse can
be intubated and ventilated, with the ventilator configured to send a trigger signal to
the detector to minimize respiratory motion during an x-ray exposure of the lungs.
Monitoring of physiological parameters like heart rate, temperature, etc. is possible as
well. To maintain the body temperature of the mouse while performing experiments,
a 3M Bair Hugger 775 warming unit, which delivers warm airflow, or a heat lamp, is
placed in the x-ray hutch.

Unlike a portable x-ray source that can be positioned in any orientation, at the MuCLS
we have a fixed x-ray beam position with a horizontal orientation, which affects the
design of experiments. Careful positioning of the animal is therefore essential to mini-
mize the presence of overlying bones, other organs, and tissues in the beam. To acquire
anterior-posterior images of the lungs of rodents, the animals must be held head-high
suspended by their incisors, which requires the use of specially designed, 3D-printed
holder (Fig. 5.4 (b)) to adequately support the weight of the animal, since this is not
a normal physiological position for these animals. This sample holder is placed on
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an x-y-z translation stage which allows positioning the animal in the beam, and on a
rotation stage, which enables the acquisition of computed tomography (CT) projection
images. Note that during a CT the animal has to rotate, so one needs to make sure
that all the ventilation tubing and health monitoring leads are fixed properly.

The intratracheally intubated mice can be mechanically ventilated throughout the
treatment delivery and imaging period using either a flexiVent small-animal venti-
lator (flexiVent FX, Scireq, Montreal, QC, Canada) or the Accuvent 200 (Notting Hill
Devices, Melbourne, Australia, which is shown in Fig. 5.4 (a)). Both ventilators can
send trigger signals to an x-ray detector, which allows them to take an image, for ex-
ample, during a breath-hold situation. The Accuvent 200 provides more flexibility for
complex imaging protocols which may involve, for example, irregularly-timed image
capture. If a freely breathing mouse is preferable for a particular experiments, but a
trigger signal must still be sent to the imaging detector, the ventilator can be replaced
by a non-contact fiber optic displacement sensor (RC-60, Philtec, MD) that is con-
figured to detect respiratory motion and deliver an electrical trigger signal for image
capture at the same point of each breath [Donnelley, 2019; Morgan, 2019].

5.3 Grating interferometer

The experiments described in Chapter 10 of this thesis are performed in the second
experimental hutch of the MuCLS, which is located approximately 15 m away from the
IP. Due to the divergence of the beam, a FOV of approximately 60 mm in diameter
is available. There a Talbot interferometer is placed, which consists of a phase (G1)
and absorption grating (G2) (see Fig. 5.5). The coherence of the MuCLS x-ray beam is
sufficient, so that it is not necessary to include a source grating (a so-called G0) into the
setup, which is used at low-brilliant laboratory sources to create an array of line sources
[Pfeiffer, 2006]. The gratings were produced by the Karlsruhe Nano Micro Facility
(KNMF). The phase grating has a period of 4.92 µm and a duty cycle of 0.5, inducing
a phase shift of π/2 using nickel grating lines produced with a height of 4.39µm. At
the first fractional Talbot distance, 248 mm downstream of G1, an absorption grating
(G2) is placed, with a period of 5µm and a duty cycle of 0.5. The grating bars are
made from gold, with a height of 70µm [Jud, 2017]. Directly behind the absorption
grating, either a Pilatus 200K detector (Dectris Ltd., Baden, Switzerland) or a Dexela
1512 (Perkin Elmer Inc, Santa Clara, CA, USA) was placed. The Pilatus detector
has a pixel size of 172 µm, an array size of 487Ö407 pixels and a 1000 µm thick silicon
sensor. In comparison to the indirect detection of x-rays explained in the previous
section, the Pilatus is a direct photon counting detector, which means that the x-rays
are directly converted into an electrical signal via electron-hole creation in the sensor.
Direct detection detectors have a high sensitivity and quantum efficiency, however,
they usually have pixel sizes larger than 75 µm and complex detector technology. The
second x-ray detector, a Dexela 1512, uses an indirect detection principle and has a
150µm thick Gd2O2S:Tb (Gadox) scintillator and an array size of 1536Ö1944 pixels
with a pixel size of 74.8µm. A more detailed characterization of the setup including
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Figure 5.5: (a) Sketch of the grating interferometer setup in the second experimental hutch,
approximately 15 m away from the x-ray source position. (b) Photograph of the grating
interferometer setup for in vivo small animal imaging. Image adapted from [Gradl, 2019a].

stability issues and a visibility simulation is published in [Jud, 2018].

For the experiments described here, we added the 3M Bair Hugger warming unit and
the flexiVent small animal ventilator to the setup for small animal imaging. The sample
was either placed in front of G1 or in between the gratings.

5.4 Dose estimation

As all of the experiments done during this thesis were proof-of-principle experiments,
in preparation for larger-scale biomedical research studies, and designated as terminal
experiments, dose minimization was not the main scope. Nevertheless, two different
dose estimations are considered in the following. First, for the surface entrance dose, a
measurement of the air kerma (for 25 keV) with an ion chamber (Soft X-ray Ionization
Chamber 34013, PTW Freiburg GmbH, Germany) which was placed at 7.2 m (rion �
14.4 mm) from the interaction point was performed (air kerma = 59 mGy/60 s). As
a back-scattering object, a 1.5 cm thick PMMA block was placed in front of the ion
chamber. The measured value was then converted to absorbed dose for water (surface
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5.4. Dose estimation

entrance dose, SED). The measurement was performed with an x-ray flux of Fion �
0.4 � 1010 ph/s. For a 60 s exposure, the absorbed dose for water was estimated to
66 mGy. To account for a different sample position (rsample � 8 mm at 4 m from the
x-ray source), which results in different beam diameter, and flux (e.g. Ftot � 2.0 �
1010 ph/s), the corresponding flux densities at the sample position Fsample and the ion
chamber Fion needs to be calculated. Therefore we need to consider the transmission
through two Mylar foils (Polyethylene Terephthalate, each 250µm thick, Tmylar) and
the transmission in air, Tair. The first 2 m the x-ray beam is traveling in vacuum. Then

Fion � Fion � Tmylar � Tair

r2
ion � π

� 4.3 � 106 ph

mm2s
, (5.1)

Fsample � Ftot � Tmylar � T1
air

r2
sample � π

� 8.5 � 107 ph

mm2s
, (5.2)

with the transmission through the mylar foils Tmylar � exp p�µm � tmq � 0.97, with
tm � 0.05 cm, using the composition of Mylar (H0.04, C0.62, O0.33, µm{ρm � 0.4
cm2{g, ρm � 1.38 g{cm3). The transmission through air is Tair � exp p�µa � taq, with
ta � 520 cm, or t1a � 200 cm and the composition for air (N0.75, O0.23, Ar0.01, C0.0001,
µa{ρa � 0.54 cm2{g, ρa � 1.2 � 10�3 g{cm3). The values are calculated using the NIST
online calculator [Henke, 1993; Schoonjans, 2011].

Then the air kerma Kair and the surface entrance dose (SED) for a 1 s exposure can
now be approximated by,

Kair � 59

60

�
mGy

s

��
Fsample

Fion



� 20

mGy

s
, (5.3)

SED � 66

60

�
mGy

s

��
Fsample

Fion



� 21

mGy

s
. (5.4)

More details about the measurements with the ion chamber can be found in [Eggl,
2017; Burger, 2017]

Another option is to calculate the absorbed dose using the publication by Boone et al.
[Boone, 2004]. For this the flux density at the sample position Fsample is needed. Then,
the mean dose of 84µGy at the isocenter per 106 ph{mm2 for a 25 mm diameter mouse
and 25 keV monochromatic x-rays published by Boone et al. [Boone, 2004] leads to an
estimation of the mean absorbed dose to

Dose � 84 µGy

106 ph{mm2
� Fsample

1000
� 7

mGy

s
. (5.5)

For comparison, present typical in vivo mouse imaging work, at synchrotrons and
micro-CTs are performed often with a few-100 mGy dose [Rodt, 2011]. For exam-
ple, Leong et al. [Leong, 2014] report an absorbed radiation dose per PBI image of
�1 mGy for a 40 ms exposure and 24 keV synchrotron radiation (�25 mGy/s). Kitchen

63



Chapter 5. Phase-contrast x-ray imaging setup at the MuCLS

et al. [Kitchen, 2015], measured a surface entrance dose of around 225 mGy/s at a syn-
chrotron x-ray energy of 24 keV using an ion chamber. Using a liquid-metal-jet source
with a Galinstan alloy (delivering a 15 keV - 35 keV x-ray spectrum), Larsson et al.
[Larsson, 2016] result in 400 mGy dose for a 73 s exposure time (�5 mGy/s).

In the specific setup used during this thesis, the radiation dose could be minimized by
appropriate shuttering of the x-ray beam and slits which limit the incident x-ray beam
to the region of interest.
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Propagation-based imaging
at the MuCLS6

To investigate the potential of the MuCLS for propagation-based imaging (PBI) ex-
periments, low absorbing materials were examined (e.g., nylon, PMMA, tissue). If a
sufficient spatial coherent x-ray beam is available, the contrast in the recorded images,
of (pure) phase objects, increases with increasing the sample-to-detector propagation
distance. Then, in the near-field regime, the recorded Fresnel diffraction image high-
lights the edges and any internal boundaries of the sample (edge-enhanced image). In
practice, this means that a small x-ray source spot is necessary or a long source-to-
sample distance to deliver a sufficient spatial coherent x-ray beam. This limits PBI in
the laboratory to micro-focus x-ray sources. The small focal spot in these sources will
often mean low x-ray flux due to the heat load on the target. This can be circumvented
to an extent by using a liquid-metal-jet target [Larsson, 2011; Lundström, 2014]. At a
synchrotron source the spatial coherence is usually provided by using a long source-to-
sample distance, enabled by the low divergence of the source (e.g., the ID19 beamline
at the ESRF has a source-to-sample distance of 15 m).

This chapter shows that the flux and coherence provided by the MuCLS are sufficient
to create edge-enhanced images. Also, the limitations due to source-size blurring and
resolution are discussed in the following, alongside a comparison between the sample-
to-detector distances of synchrotron sources and divergent lab sources.

Note that part of this chapter draws text and figures directly from the publication;
Gradl et al., Propagation-based Phase-Contrast X-ray Imaging at a Compact Light
Source. Scientific Reports 7, 4908 (2017) [Gradl, 2017].

6.1 Edge-enhancement

The key features of the edge-enhanced images can be explained by the following ex-
pression for the intensity distribution Ipx, y, z � Dq at a certain sample-to-detector
distance D from a pure phase object [Endrizzi, 2018]:

Ipx, y, z � Dq � I0

M2

�
1� Dλ

M2π
∇2
Tφpx, y, z1q

�
, (6.1)

with the geometrical magnification M � pD � dq{d, d the source-to-sample distance
and z1 the sample exit plane. The contrast for a pure phase object vanishes for D Ñ 0.
The phase term is proportional to the sample-to-detector propagation distance D and
decreases with shorter wavelengths λ. Therefore, for a lower spatial resolution imaging
system, larger sample-to-detector distances may be desirable to still resolve the phase
effects. Due to the second derivative of the wavefront phase ∇2

Tφ, the edges and
boundaries of the sample are enhanced.
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Figure 6.1: Examples for edge-enhancement (a) of glass beads with diameters in the range
of tens of micrometers (b) a nylon fiber and (c) a mouse lung. In all cases the contrast is
enhanced by increasing the sample-to-detector distance. Experimental details are described
in Section 6.3. Scale bars: (a) 75 µm, (b) 0.5 mm, (c) 2 mm, magnified region: 0.5 mm

Fig. 6.1 shows examples of the edge-enhancement effect seen due to an increasing
sample-to-detector distance for different samples and resolutions. In Fig. 6.1 (a) glass
beads with diameters in the range of tens of micrometers are imaged at two different
distances, 0.3 cm and 10 cm. The beads are hard to recognize in the absorption image,
whereas increased contrast is visible at the edges of the beads with 10 cm sample-to-
detector propagation distance. Similarly, it is the case in 6.1 (b) an image of a nylon
fiber (0.35 mm in diameter) shows increased contrast of the edges at 50 cm propagation
distance. Fig. 6.1 (c) compares the effect of the increasing propagation distance when
imaging the respiratory system of a mouse. The magnified region clearly shows the
enhanced contrast at the edges of the lung. Inside the lung a speckle pattern is seen,
which arises from the scattering from the small air sacs in the lung. These chest
images show, that the intensity projection image (edge-enhanced image), recorded at
a certain sample-to-detector distance, contain a mixture of contributions from both
the absorption (e.g., the contrast of the bones) and the phase shifts (e.g., the contrast
of the lung tissue) in the sample. This means, that in general, the edge-enhanced
images only deliver qualitative data. To quantify this data phase-retrieval methods are
necessary (see Section 3.3.1 and 6.1.3) [Endrizzi, 2018].
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Figure 6.2: Nylon fiber (350 µm diameter) imaged with a detector pixel size of 0.65 µm for
different propagation distances. (a) In the contact regime, the contrast of the fiber is very
weak. In the propagation range between (b) and (c) the edge-enhancement delivers contrast
to better visualize the fiber. (d) Due to the source-size blurring, the edges are smeared out
for large distances, but the increased width at this distance means the edge-enhancement can
be detected with larger pixels. (e) Intensity profiles across the images in (a)-(d). (f) Sketch
for source-size blurring. Experimental parameters described in Section 6.3. Image adapted
from [Gradl, 2017]. Scale bar: 300 µm

6.1.1 Source-size blurring

As we saw in Eq. (6.1) the phase effects increase with a longer sample-to-detector
distance. Therefore, for lower detector resolution a longer sample-to-detector distance
is preferable to detect the phase effects. However, the edge-enhancement effects can
be blurred at large sample-to-detector distances, due to the size of the x-ray source
area. This is explained on the basis of the following example, a nylon fiber imaged
at several sample-to-detector distances. Fig. 6.2 shows the results for propagation
distances between contact and 150 cm, for the nylon fiber with a diameter of 350µm.
At an energy of 25 keV the fiber can be considered as basically pure phase object, as
the absorption contrast is very weak (see Fig. 6.2 (a)). However, the increasing edge-
enhancement effect is clearly visible in Fig. 6.2 (b)-(d), primarily at the edges where the
phase gradient is large. In Fig. 6.2 (e) the intensity profiles for the different distances
are shown. The fringes increase in width and intensity with increasing sample-to-
detector distance. There is an additional blurring of the fringe seen at 150 cm (Fig.
6.1 (d)). This is due to source-size blurring, which is the case for each source with a
finite extension. If the source is not a point, one point on the sample is illuminated by
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σdetector 2 µm 8 µm 11µm 15µm 30 µm
sample-to-
detector
distance D

0.17 m 0.71 m 0.98 m 1.3 m 2.6 m

Table 6.1: Source-size blurring matched to different detector PSF σdetector at a source-to-
sample distance d of 4 m and a source size of σsource = 45 µm.

multiple points in the detector plane, which leads to a blurred image (see Fig. 6.2 (f)).
This geometric effect increases with increasing sample-to-detector distance D, which is
known as source-size blurring or penumbral blurring [Gureyev, 2009]:

B � s �D
d

(6.2)

To reduce the source-size blurring, a small source point s, short sample-to-detector
distances D and a large source-to-sample distance d is preferable. As propagation is
necessary to achieve edge-enhancement, for each detector a trade-off distance, balancing
phase-contrast effects and source-size blurring has to be found. Therefore, the blurring
should not be much larger than the detector resolution (B � σdetector)

D � σdetector � d
σsource

. (6.3)

Assuming σsource � 45µm (s � 2.35 � σsource) and some detector PSF (σdetector), the
sample-to-detector distances D can be calculated (see Tab. 6.1). If the propagation
distance is larger, the fringes will get blurred. Therefore, the sample-to-detector dis-
tance should be adjusted by balancing the increasing fringe width and visibility seen
with the smoothing effects of the source width. For higher resolution systems, propa-
gation distances in the cm range deliver the best edge contrast. Due to the source-size
blurring at larger distances, the fringes are smeared out, but these wider fringes are
useful in the case of larger pixel size.

6.1.2 Source-to-detector distance

The low divergence of the MuCLS beam is an advantage for propagation-based imaging.
It allows for a longer source-to-sample distance in comparison to conventional x-ray
sources, which is essential for achieving a high spatial coherent beam while maintaining
a high flux density. Furthermore, divergent sources require a larger sample-to-detector
distance to obtain an image displaying the same relative phase effects as captured at
a synchrotron. If the same phase effects of an object (i.e. any Fresnel fringes are the
same fraction of the sample size in the image) are wished to be captured equivalently at
a synchrotron (close to plane wave illumination) an a laboratory source (point source
divergent illumination), the sample-to-detector propagation D distance required at the
divergent source is Ddiv � MD, according to the Fresnel scaling theorem [Paganin,
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Figure 6.3: Graphic for laboratory setup sizes dsrc�to�det dependent on the source-to-sample
distance d, for two different synchrotron sample-to-detector distances D = 0.5 m (orange line)
and D = 1 m (blue line). For large source-to-sample distances d, Eq. (6.4) asymptotes to
d�D (gray dashed lines).

2006]. With the magnification M � pDdiv � dq{d, d the source-to-sample distance and
D the sample-to-detector distance for a plane wave illumination (which is assumed
at synchrotrons, where typically M � 1.0). Inserting the magnification M into Ddiv

delivers for the sample-to-detector distance at divergent sources Ddiv � dD{pd � Dq.
Then the required setup size (source-to-detector distance) can be calculated by:

dsrc�to�det � d�Ddiv � d� dD

pd�Dq , (6.4)

which is positive for d ¡ D, asymptotes to d�D for large d (e.g. a synchrotron, see gray
dashed line in Fig. 6.3) and has a minimum of dsrc�to�det � 4D at d � 2D and M � 2.
This means that the total length of a divergent source setup (dsrc�to�det) must be at
least four times the equivalent desired synchrotron propagation distance pDq to achieve
an equivalent image. For small animal lung imaging, sample-to-detector distances of
D ¡ 1 m are usual at the synchrotron [Kitchen, 2004]. The blue line in Fig. 6.3 shows
the plot for Eq. (6.4) and D � 1 m. The minimum for the source-to-detector distance
(setup size) is at 4 m. This implies, if synchrotron equivalent phase effects are sought, it
is desirable that the laboratory source is low divergence (like the MuCLS) to still have
a high flux density at ¡4 m away from the source of the x-rays. Note that if reduced
phase effects are sufficient, the setup could be more compact, e.g. the orange plot in
Fig. 6.3. For D � 0.5 m, the minimum is a 2 m long setup. An additional advantage
of the low divergence is, that a source-to-sample distance of several meters is possible,
without a significant loss of flux, which contributes to the coherence of the beam (see
Eq. (2.5)).
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Figure 6.4: PMMA spheres (a) edge-enhanced image, (b) thickness reconstruction and (c)
intensity profile along the lines highlighted in (b) compared with the theoretical thickness of
perfect PMMA spheres (orange dashed line). Overlying imperfections are largely due to the
Kapton tape holding the spheres in place. Experimental parameters described in Section 6.3.
Image adapted from [Gradl, 2017]. Scale bar: 0.5 mm

6.1.3 Phase reconstruction using Paganin’s algorithm

As discussed in Section 3.3.1 of this thesis, propagation-based phase-contrast im-
ages can provide quantitative sample thickness values. Using the MuCLS, PMMA
spheres (Polymethylmethacrylate, C5O2H8) with a diameter of 1.5 mm were imaged
with a sample-to-detector distance of 1 m. Fig. 6.4 (a) shows the edge-enhanced im-
age. In panel (b) the projected thickness of the spheres is retrieved with the single-
distance phase-retrieval algorithm (see Eq. (3.30)) for a homogeneous and known
material [Paganin, 2002]. Using this algorithm, the complex refractive index values
δ � 4.228 � 10�7 and β � 1.796 � 10�10 for 25 keV [Henke, 2019] are necessary as input
information. The thickness values along the lines displayed in Fig. 6.4 (b) are plotted
in Fig. 6.4 (c), alongside the theoretical values for a sphere with a diameter of 1.5 mm
(orange dashed line). The experimentally phase-retrieved thickness values fit well with
the theoretical values, differing only at the edges, where the reconstruction produces
unsharp edges, due to the blurring effects of the imaging system (i.e. finite source size,
detector PSF) [Irvine, 2014; Beltran, 2018].

6.2 Micro-CT

Until now only x-ray projections were considered, however tomographic scans are also
possible. For this, the sample needs to be rotated, so that images from different
angular positions of the sample can be acquired, which can be combined into a recon-
struction of a 3D volume. As discussed in Achterhold et al. [Achterhold, 2013], the
quasi-monochromatic x-rays produced by the MuCLS minimizes beam hardening arti-
facts which otherwise degrade the image resolution, and hence the MuCLS can deliver
better quantitative information than a rotating-anode x-ray source. Furthermore, the
high degree of spatial coherence can be used to enhance the contrast in the examined
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object. This is seen in Fig. 6.5, a tomography of an excised mouse lung including
micrometer-sized high refractive glass beads (diameter = 75 µm, Corpuscular Inc., NY,
USA). Measurements of the same sample were performed in (a) a microCT ZEISS
Xradia Versa 500, (b) at the MuCLS without propagation and (c) at the MuCLS with
1 m propagation distance between sample and detector. Comparing the tomography
produced by the Xradia with the absorption tomography produced by the MuCLS, it
is clear that the Xradia machine has better detector resolution (smaller pixel PSF),
than the MuCLS. However, the glass beads produce strong artifacts that are not vis-
ible in the MuCLS reconstructions. The contrast was significantly improved by the
edge-enhancement effect in (c). With this data-set, the micrometer-sized beads could
be segmented by a simple threshold, which allows displaying the bead distribution in
a 3D rendering (see Fig. 6.5 (d) and (e)). At the MuCLS the tomography scan took
about 2 h, whereas at the Xradia the scan took 5 h, with a 1 s and 10 s exposure per
projection, respectively.

A few more tomographic examples obtained at the MuCLS are shown in Fig. 6.6.
Fig. 6.6 (a) shows a tomography of a guinea pig cochlea. Beam hardening artifacts
at polychromatic sources due to the bones, which typically degrade the image quality,
are not seen here. A more detailed discussion about the imaging of a cochlea (also
including metal implants) at the MuCLS, with a comparison to a liquid-metal-jet source
(LMJ) measurement, can be found in Töpperwien et al. [Töpperwien, 2018]. This work
showed that even if a metal implant is included in the cochlea the MuCLS delivers high-
resolution images, without significant artifacts from beam hardening. This means that
subtle features like the Rosenthal’s canal or the thin basilar and Reissner’s membranes
can be resolved. Whereas the images captured using the polychromatic spectrum
of the LMJ are degraded by beam hardening artifacts and ring artifacts due to the
large difference in absorption values of bone, soft tissue, and the metal implant. The
images can be improved by filtering the spectrum to a more monochromatic spectrum,
however, this also reduces the available flux dramatically. Fig. 6.6 (b) is a sturgeon
head stained with molybdenum by Brian Metscher [Handschuh, 2017], and imaged
with the Ximea detector with 0.4 s exposures per projection and 2500 projections over
360 degrees, showing many details of the inner part of the fish. Fig. 6.6 (c) shows the
reconstruction of a mouse head. Edge-enhanced images were used as an input to the
reconstruction, enhancing the contrast of the nasal airways and even rendering the fur
visible. In the first panel, the contrast is set to visualize the soft tissue, and in the
second panel, the contrast is set to visualize the bony structure and the teeth. The
rendering demonstrates that it is easy to segment the bony structure and teeth from
the soft tissue.
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d e

a b c

Figure 6.5: Excised murine lung captured with (a) microCT ZEISS Xradia Versa 500 and
10 s exposure time. The high refractive glass beads lead to strong artifacts. The same lung
was measured (b) without propagation and (c) with 1 m propagation at the MuCLS. While
in (b) there are no artifacts from the beads, the lung structure is barely recognizable. In (c)
the lung structure is clearly enhanced due to the contrast-enhancement between air and soft
tissue in the PBI mode. Renderings of the edge-enhanced reconstruction are shown in (d)
(outside the volume) and (e) (inside the volume) looking down the bronchi. Using a simple
threshold, the glass beads could be separated from the lung tissue. Experimental parameters
described in Section 6.3. Scale bar: whole FOV: 2 mm, magnified area: 400 µm
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a

b
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Figure 6.6: Examples for micro-CT measurements performed at the MuCLS – (a) an excised
and dried guinea pig cochlea, (b) a sturgeon fish head and (c) a mouse head. For each sample
slices through the reconstructed volume are shown as well as a 3D rendering of the volume.
Experimental parameters described in Section 6.3. Scale bars: 1 mm
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6.3 Materials and Methods

All images in Chapter 6 were collected with 25 keV x-rays delivered by the MuCLS, with
exception of the excised lung tomography that was captured at the Xradia Versa 500.
Experiments were located in the first experimental hutch with a flux up to 0.4�1010 ph/s,
and in Fig. 6.1 (c) a flux of 1.7 � 1010 ph/s was available. All images are flat-field and
dark-current corrected, and if useful, are cropped from the full detector area to a region
of interest.

Edge-enhancement

The micrometer-sized glass beads (with a diameter of about 9 µm) in Fig. 6.1 are imaged
at two different distances, 0.3 cm and 10 cm, with a Rigaku XSight detector (pixel size
1.1 µm, 300 s exposure time). In (b) an image of a nylon fiber (diameter 350 µm) is
taken with the Andor Zyla detector at 1 cm and 50 cm propagation distance (pixel size
6.5 µm, 30 s exposure time). The mouse lung in (c) was imaged with a Hamamatsu
detector (pixel size 6.5 µm, 0.5 s exposure time) at 2 cm and 50 cm propagation distance.
The nylon fiber (diameter 350 µm) in Fig. 6.2 was imaged with the Andor Neo detector
(pixel size 0.65 µm, exposure time 240 s) and several propagation distances between
contact and 150 cm.

Phase reconstruction using Paganin’s algorithm

The Polymethylmethacrylate (PMMA, C5O2H8) 1.5 mm diameter spheres shown in
Fig. 6.4 are imaged with the Andor Zyla detector (pixel size 6.5µm, sample-to-detector
distance 1 m, exposure time 120 s). For the PMMA spheres the complex refractive index
values for 25 keV for δ � 4.228 � 10�7 and β � 1.796 � 10�10 [Henke, 2019] are used as
input for the single-distance phase-retrieval algorithm [Paganin, 2002].

Micro-CT

The tomographic scans were reconstructed with a standard filtered back-projection
reconstruction algorithm. The lung tomography in Fig. 6.5 (a) was done at an Xradia
Versa 500 machine with 10 s exposure time, 1017 projections, 15 µm pixel size, 30 kV
and no filter. The same sample was imaged at the MuCLS in (b) without propagation
and in (c) 1 m propagation, using the Andor Zyla detector with a pixel size of 13 µm and
2049 projections over 360 degrees with 1 s exposure per projection. The lung includes
75µm diameter sized glass beads (Corpuscular Inc., NY, USA).

For the cochlea tomography in Fig. 6.6 (a) the Ximea detector was used (pixel size
9 µm). 2000 projections with a 0.5 s exposures over 360 degrees are captured. The
sample-to-detector distance was 0.5 m. Also for the fish head tomography in panel (b),
the Ximea detector was used. 2500 projections were captured with a 0.4 s exposure
time and a 0.5 m propagation distance. The mouse head in (c) was imaged with the
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Andor Zyla detector (pixel size 6.5µm). 1500 projections were captured with a 5 s
exposure time and a 1 m propagation distance.

All volume renderings were performed using Avizo Fire 8.1 (Thermo Fisher Scientific,
Massachusetts, USA).

6.4 Conclusion

This chapter illustrated that an inverse Compton x-ray source can be used to increase
the contrast of low-density materials and air-tissue interfaces in the respiratory and
auditory systems by simply increasing the sample-to-detector distance. The edge-
enhancing effect amplifies the visibility of interfaces and boundaries present in the
sample. For a single-material, the quantitative thickness of PMMA spheres with Pa-
ganin’s single-distance algorithm was successfully retrieved. Furthermore, the effect of
source-size blurring due to the finite source extension needs to be taken into account for
finding the best sample-to-detector distance for different detector resolutions, fitting
the blurring of the fringes to the detector resolution [Gureyev, 2009]. For the detector
systems with larger pixel size of 6.5 µm to 13µm, the best contrast was obtained at the
MuCLS for distances around 1 m. For the higher resolution systems, the best contrast
was found in the cm-range for the samples which were tested. This is consistent with
theoretical expectations in that the width of the first phase-contrast fringe is com-
parable to the relevant point spread function of each detector at these distances and
the source-size blurring is matched to the detector blurring [Nesterets, 2005; Gureyev,
2009].

Furthermore, this chapter showed that the quasi-monochromatic x-ray beam minimizes
beam hardening effects in a tomographic scan and that the edge-enhanced projections
can be used as an input into the volume reconstruction delivering higher contrast than
an absorption scan, for low-density material.

From these results it was possible to conclude that propagation-based phase-contrast
imaging is feasible with the Munich Compact Light Source and that the source fulfills
the requirements for studies of airways and lungs of small animal models. However,
due to the relatively large source size, imaging of multiple fringes from a single interface
remains challenging in a laboratory environment.
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Phase-contrast x-ray imaging
of the respiratory system in ex
vivo mice7

This chapter describes the proof-of-principle experiments performed at a compact in-
verse Compton x-ray source on ex vivo mice. These were performed to identify the
applicability of the MuCLS for laboratory-based dynamic propagation-based phase-
contrast imaging (PBI) of airways and lungs of in vivo small animal models. A phase-
contrast method is desirable for imaging the respiratory system to enhance the air-
tissue contrast. For capturing dynamic processes, imaging techniques that only require
a single exposure are preferable. Unfortunately, some phase-contrast techniques require
several exposures to extract phase contrast[Momose, 2003; Weitkamp, 2005; Pfeiffer,
2007], and so, for now, the focus is on propagation-based phase-contrast imaging where
only a single exposure is necessary. Another advantage of this method is the simplic-
ity of the setup, which does not need any additional optical elements with respect to
a conventional attenuation-based x-ray imaging setup. Those elements dramatically
reduce the flux reaching the detector, extending exposure times and making dynamic
in vivo imaging more difficult. Short exposure times are essential for imaging dynamic
processes, to either reduce motion blur or to capture the dynamic event. PBI requires
a partially coherent x-ray beam and a significant sample-to-detector distance. As a
consequence of the coherence requirements, PBI has so far been limited to synchrotron
facilities and laboratories with micro-focus x-ray tubes [Wilkins, 1996; Olivo, 2014].
Dynamic or high-speed PBI is usually only performed at synchrotron facilities [Fouras,
2009] since the small source size of micro-focus x-ray tubes limits the available flux.

In the following text, the effect of an increasing sample-to-detector distance to increase
the air-tissue contrast is presented. Additionally, the exposure time was reduced as
much as possible, as low as 50 ms, which was still sufficient to capture in situ lungs
at an adequate signal-to-noise ratio. Finally, a dynamic process – the mucociliary
transport of micrometer-sized glass beads within the trachea, was successfully tested.
To also prove that in vivo tomographic scans are feasible at the MuCLS, a high-
resolution ex vivo tomographic scan was captured within 5 min. These experiments,
which will be presented in more detail in the following text, allowed us to conclude
that in vivo experiments are possible at the MuCLS, which therefore are introduced in
the subsequent chapters. The full technical details are provided in Section 7.4.

Note that part of this chapter draws text and figures directly from the publications;
Gradl et al., Propagation-based Phase-Contrast X-ray Imaging at a Compact Light
Source. Scientific Reports 7, 4908 (2017) [Gradl, 2017]
Gradl et al., In vivo Dynamic Phase-Contrast X-ray Imaging using a Compact Light
Source. Scientific Reports 8, 6788 (2018) [Gradl, 2018]
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7.1 Increased air-tissue contrast through
edge-enhancement

Fig. 7.1 (a) shows an ex vivo mouse imaged using several projections. The framed
regions highlight the particularly interesting areas in lung and airway imaging, which
are the nasal airways (Fig. 7.1 (b)-(d)), the trachea region (Fig. 7.1 (e), (f)) and the
lungs (Fig. 7.1 (g)-(j)). These features are normally barely discernible in conventional
absorption imaging, but their visibility can be enhanced using phase-contrast methods.
The right column of images in Fig. 7.1 shows the effect of increasing the sample-
to-detector distance, with particularly good edge-enhancement seen from air-tissue
interfaces. The contact images in the left column of images were obtained with sample-
to-detector distances of less than 2 cm. The visibility of the lungs and airways increases
by enlarging the sample-to-detector distance up to 1.6 m. Three different detector
setups were used here (detector pixel size: (c, d) 0.65 µm, (a, b, e, f) 6.5µm, (g, h, i,
j) 13µm. For additional details on the detectors see Section 7.4). The contrast of the
nasal airways in Fig. 7.1 (c) and (d) increases remarkably by changing the sample-to-
detector distance to 30 cm. The edges of the nasal airways are clearly enhanced, as well
as the hairs on the nose of the mouse. The visibility of the beads in Fig. 7.1 (e) and
(f) show that this setup allows us to image the clearance of inhaled debris (modeled
by these beads) along the airway away from the lungs, which will be discussed later in
this chapter [Donnelley, 2014]. The increased edge-enhancement at the border of the
trachea is highlighted with green arrows in (f). In panels (g) and (h) the lung region is
displayed, with a zoomed-in area shown in (i) and (j). Increased contrast of the edges
of the lung is seen due to propagation and the speckle pattern that results from the air
sacs in the lungs (the alveoli) is visible in (j).

Short exposure times are key in dynamic imaging to reduce motion blur, to visualize
a moving sample, or to capture a dynamic event (e.g. treatment delivery). In Fig. 7.2,
the result of reducing the exposure time at the MuCLS is presented. The in situ lung
is obtained with a sample-to-detector distance of 1.5 m and exposure times of (a) 10 s,
(b) 1 s and (c) 0.05 s. All images are only flat-field and dark-current corrected. There
is no remarkable increase in the quality of the image by increasing the exposure time
from 1 s to 10 s. By decreasing the exposure time to 0.05 s, the image gets noisier,
but still, the quality of the image is sufficient to perform lung motion measurements
[Gradl, 2017].

7.2 Mucociliary transport imaging (ex vivo)

A biomedical application of this PBI respiratory imaging setup is the quantification
of mucociliary transport (MCT). As explained in Section 4.1, MCT is a mechanism
in our airways to keep the lungs clear from inhaled viral and bacterial pathogens and
particulates, which are trapped in the mucus at the airway surface. By the coordi-
nated beating of cilia in the airway surface layer, the mucus with the foreign materials
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Figure 7.1: Overview scan of the ex vivo mouse imaged with propagation-based x-ray
phase-contrast, composite image using 1 m propagation and 10 second exposure times, with
areas framed which are interesting in lung and airway imaging. (b)-(d) The nasal airways,
(e), (f) the trachea region, and (g)-(j) the lungs. The mouse was fixed with a rubber band.
In the stomach gas bubbles are visible. (c), (e), (g) and (i) are showing the regions in the
contact regime (sample-to-detector distance less than 2 cm). The contrast in all three regions
of interest is increased by increasing the detector-sample distance to the edge-enhancement
regime (d), (f), (h) and (j). The green arrows in (f) highlight the edges of the trachea. (i)
and (j) is a magnification of the orange boxes in (g) and (h) which demonstrate the increased
contrast of the edges of the lung due to the propagation and also the speckle pattern which
results from the air sacs in the lungs, the alveoli, is visible. Image adapted from [Gradl, 2017].
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Figure 7.2: Ex vivo murine lungs captured with (a) 10 s (b) 1 s and (c) 0.05 s exposure
times. The orange boxes highlight the magnified areas in the second row. Image adapted
from [Gradl, 2017]. Scale bars: 1 mm

is moved towards the mouth, where they can be swallowed or coughed out, keeping the
lungs in a nearly sterile condition. However, in some diseases, such as primary ciliary
dyskinesia and cystic fibrosis, MCT is inhibited [Knowles, 2002; BustamanteMarin,
2017]. The analysis of the transport rates to move particles of the MCT system can be
used as an indicator of airway health. Typically MCT research is done in vitro using
dye and optical imaging methods applied to excised airway tissue or air-liquid interface
cultures [Grubb, 2004; Kilgour, 2004]. However, these attempts have the disadvantage
that they are isolated from the underlying complex pathomechanism of a living animal.
To date, the most common technique to measure MCT in vivo involves the inhalation
of radiolabeled particles, detecting the clearance with a gamma camera, however, spa-
tial resolution is limited, and no anatomical information is available. Usually, only
bulk clearance can be imaged and not individual particle movement [Robinson, 2002;
Hoegger, 2014]. In this thesis, an x-ray imaging technique is used which allows the ex-
amination of individual particle MCT in vivo, with high temporal and spatial resolution
[Donnelley, 2009; Hoegger, 2014]. The ability to non-invasively quantify MCT using
x-rays means these measurements can be made following the delivery of treatments to
assess treatment efficacy [Donnelley, 2014].

Time-sequence imaging of MCT rates was performed on deposited micrometer-sized
glass beads in the trachea of a recently deceased mouse. As MCT continues for at least
an hour after death, this experiment can show the experimental feasibility of particle
tracking experiments at the MuCLS. Before imaging, high refractive index glass beads
(78 µm diameter, Corpuscular Inc, NY, USA) were delivered into the trachea of the
mouse with a dry powder insufflator (Penncentury, Model DP-04). These beads act
as a contrast agent for x-ray imaging on the one hand, and on the other, they model
inhaled debris, which can be observed and tracked [Donnelley, 2014; Donnelley, 2017].
Fig. 7.3 (a) shows a side view of the trachea, including the intubation cannula via which
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Figure 7.3: (a) Mucociliary clearance of inhaled beads in the trachea. Panels (b) and (c)
show a magnified image of the trachea at different time-points with tracked beads marked
in blue by the analysis software. Panel (d) shows the probability heat-map of the particle
velocity due to the motion of the mucus layer. Positive vy direction: Transport towards the
larynx. The color-bar indicates the number of tracked steps in the given velocity bin. Image
adapted from [Gradl, 2018]. Scale bars: 1 mm

the beads were delivered. The green box highlights the zoomed-in area displayed in
panels (b) and (c) at two different time-points, 169 s apart. The blue dots mark the
location of beads, labeled automatically by the software used to quantify clearance
rates [Donnelley, 2017]. The movement of the individual beads over a significant
distance (�1.5 mm) is easily visible in these two images. The full-time sequence movie is
published in [Gradl, 2018]. A modified version of the bead tracking algorithm described
by Donnelley et al. [Donnelley, 2017] was able to detect and track the particles. The
result of the instantaneous tracking particle velocity in mm/min is shown in Fig. 7.3 (d).
A total of 6720 tracked particle steps is displayed, with velocity direction corresponding
to the same orientation as in Fig. 7.3 (a) (i.e. the positive vy-axis indicates clearance
towards the mouth). A non-moving particle contributes to the counts at the origin. The
resulting particle velocities, between 0 - 3 mm/min and directed towards the mouth, are
consistent with published data [Donnelley, 2014; Donnelley, 2012b]. Since MCT is a
relatively slow process, an exposure time of 500 ms is sufficient, which allows increasing
the signal-to-noise ratio to facilitate automatic bead detection.

This ex vivo experiment showed that it is promising to capture MCT in vivo. This
work was therefore followed up with in vivo imaging, with results presented in Section
8.3.

7.3 Fast ex vivo tomography

The tomographic scans in Chapter 6.2 had scan times of about ¡1.5 h because they
were acquired using a standard protocol, which means that the rotation stage is moved
stepwise and after each step, an image is acquired for this angular position. However,
these scan times are too long for a chest tomography of a recently deceased non-fixated
mouse because the tissue degrades quickly, and therefore the sample is changing during
scan time, leading to strong artifacts in the reconstruction. In Fig. 7.4 a scan of a mouse
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a b c

d

Figure 7.4: Fast tomography of the chest region of an ex vivo mouse, displayed with
(a) edge-enhancement and (b) the result obtained using phase retrieval with the Paganin
reconstruction with δ and β optimized for lung soft tissue [Paganin, 2002] (therefore bony
structures are blurred). Because the lung was slightly too large for the FOV, there are
artifacts on the border of the FOV. (c) Combined rendering of the data-set. Only the lungs
are rendered using the phase-retrieved reconstruction, the other parts are from the edge-
enhanced reconstruction. The high refractive glass beads in the respiratory system are shown
in blue and are recognized easily. (d) Segmentation and rendering of the upper part of the
left lung lobe of the phase-retrieved reconstruction. Note that for the volume renderings a
2Ö2 binning was used. Scale bar: (a,b) 2 mm; zoomed-in area (second row): 0.5 mm

chest is shown which only took 5 min using a continuous rotation and short exposure
times of 0.2 s per projection. Fig. 7.4 (a) shows the edge-enhanced reconstruction. No
movement artifacts are visible. In Fig. 7.4 (b) the respective result from the phase-
retrieved projections (done with the Paganin algorithm, see Section 3.3.1) is shown.
δ and β are optimized for lung soft tissue (δ{β � 1891), leading to a blurring of the
bony structures since they are characterized by a δ{β � 156 at 25 keV. This underlines
the fact that the single-distance phase-retrieval algorithm by Paganin et al. [Paganin,
2002] uses a homogeneity assumption and requires a priori knowledge of δ{β for the
sample.

Because the lung was slightly too large for the FOV, artifacts appear on the border
of the FOV, which are enhanced in the phase-retrieved reconstruction, as they are
interpreted as borders. As visible in the detailed views, strong edge effects are visible
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within the lung tissue in (a), which makes it more difficult to separate lung tissue
from air. After the phase retrieval shown in (b) the segmentation between air and
soft tissue is clearer, although the blurring of the bones degrades the overall image
quality. In (c) a combined volume rendering of the edge-enhanced and phase-retrieved
reconstruction can be seen. The rib cage and the lungs can be rendered without many
artifacts appearing. For the lung rendering the phase-retrieved reconstruction was
chosen, because the segmentation was more simple and only with this reconstruction
it was possible to display the small airways with such high detail. The rib cage and
the micrometer-sized glass beads (highlighted in blue) in the trachea are sharper in the
edge-enhanced reconstruction as they are blurred in phase-retrieved volume due to the
wrong δ{β ratio for the bones and the beads. The beads seen here are the micrometer-
sized (98 µm) glass beads used for the MCT experiments in Section 8.3. In panel (d), a
segmentation of the upper part of the left lung lobe from the phase-retrieved data-set
is displayed which nicely shows small airway generations distributing over the whole
segmented lung volume.

7.4 Materials and Methods

All images presented in this section were captured at the MuCLS in the first experi-
mental hutch situated around 4 m away from the interaction point, with 25 keV x-rays
and a source size of approximately 45 µm � 45µm (r.m.s.). All images are flat-field and
dark-current corrected. For Fig. 7.1, Fig. 7.2 and Fig. 7.3, a flux up to 0.24 � 1010 ph/s
was available, and for Fig. 7.4 an increased flux of 1.3 � 1010 ph/s was used.

Edge-enhancement

To capture the images shown in Fig. 7.1, several detector systems were used. The
overview scan of the mouse shown in (a) was captured with the Andor Zyla detector
(detector pixel size = 6.5µm, 10 s exposure time, 1 m sample-to-detector distance).
Panels (c) and (d), showing the nasal airways, were captured with the Andor Neo
detector (pixel size of 0.65µm, exposure time 180 s). In (d) the sample-to-detector
distance was increased to 30 cm. In panels (e) and (f) the trachea region was captured
with the Zyla detector (pixel size 6.5 µm, exposure time 1 s, sample-to-detector distance
of 1.5 m in (f)). For the lung images shown as panels (g) and (h), the Andor Zyla was
used (detector pixel size 13 µm, exposure time of 1 s). The sample-to-detector distance
was increased to 1.6 m in (h). Also in Fig. 7.2 the Andor Zyla detector was used
(detector pixel size 13µm, propagation distance 1.5 m) with several exposure times, as
specified in the caption.

Mucociliary transport

For the mucociliary transport experiment shown in Fig. 7.3 an exposure time of 500 ms
was used with a frame rate of 1.15 fps (Andor Zyla detector, pixel size 13µm, propaga-
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tion distance 1 m). Before imaging, high refractive index glass beads (78 µm diameter,
Corpuscular Inc, NY, USA) were introduced into the trachea of the mouse with a
dry powder insufflator (Penncentury, Model DP-04). Image analysis was performed in
Matlab R2017a (The Mathworks, Natick, USA) by Martin Donnelley. Intensity-based
automatic image registration, performed using the Matlab imregister command, was
used to register each image to the first frame to correct for translations throughout
the sequence. Particle tracking and motion analysis (histogram production, see Fig.
7.3 (d)) were performed using a previously described algorithm [Donnelley, 2017], with
two modifications. Firstly, a mask was applied to all images to only detect particles
within the trachea. Secondly, due to the much smaller apparent size of the beads, the
published algorithm performed poorly because the beads were not detected well by
the circular Hough transform algorithm. This code was therefore replaced by intensity
thresholding and a size exclusion algorithm set to identify dark objects with a size
range matching the beads.

Fast ex vivo tomography

The chest area of the ex vivo mouse in Fig. 7.4 was scanned at a source-to-sample
distance of 4 m and a sample-to-detector distance of 0.5 m (Hamamatsu detector, de-
tector pixel size of 6.5µm, 1500 projections during a continuous rotation of 360 degrees
of the sample (5 min total), 0.2 s exposure per projection). For the phase retrieval
β � 1.93 � 10�10 and δ � 3.65 � 10�7 were used (δ{β � 1891). These values are based on
an approximation for lung tissue which is described by hydrogen, carbon and oxygen
(H10, C0.83, O5), with a density of 1.0 g{cm3. In comparison, a bone composition of
H0.06, C0.28, N0.3, O4.1, P7, Ca15 and density of 1.5 g{cm3, has a β � 3.17 � 10�9 and
a δ � 4.96 �10�07 at 25 keV (δ{β � 156) [Mohammadi, 2014]. These composition values
are used as an input in the online calculator for the refractive index [Henke, 2019]. The
volume renderings in (c, d) were done using Avizo Fire 8.1 (Thermo Fisher Scientific,
Massachusetts, USA). The input data was binned (2Ö2) to reduce the file size.

7.5 Conclusion

The experiments explained above show that the MuCLS can be used for in vivo small
animal imaging experiments. The low divergence x-ray beam of the MuCLS leads to a
beam diameter of approximately 16 mm at a distance of 4 m away from the x-ray source.
This x-ray beam can fully illuminate a mouse lung, capturing the whole mouse lung
with a single exposure, avoiding the need to scan the sample through the beam. The
MuCLS simultaneously enables long sample-to-detector distances (see the numerical
argument in Chapter 6) and high flux, both of which are vital when capturing dynamics
using PBI, and enhancing the air-tissue contrast. Projections of the mouse lung can
be captured with exposure times as low as 50 ms (at 25 keV), which is fast enough to
image dynamical respiratory processes. For example, mice breath naturally at around
100 times/min, so exposure times of less than 200 ms are desirable [Donnelley, 2010].
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To capture particles moving along the airway surface at ‘whole-airway’ resolution, the
exposure time can be extended to 500 ms because the mucociliary clearance is a rather
slow process (particles move at 2 - 3 mm/minute). Capturing this kind of biological
event can help researchers to better understand physiology (e.g. aeration at first breath
of life [Hooper, 2007]) and to better treat diseases (e.g. observing the effects of a
treatment [Donnelley, 2014]). These proof-of-principle results on ex vivo mice allowed
us to conclude that in vivo experiments are possible at the MuCLS, which therefore
are introduced in the subsequent chapters.

7.6 Ethics statement

Eight-week-old pathogen-free female C57BL/6N mice (Charles River Laboratories)
were used for this analysis. Mice had free access to water and rodent laboratory chow.
Mice experiments were carried out in strict accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals of the National Institutes of
Health. The protocol was approved by the ethical committee of the regional govern-
mental commission of animal protection (Munich). Images were taken between 1 hour
and 48 hours after the death of the mouse and some hairs were removed from the neck
area.

For Section 7.4:
One female C57Bl/6N mouse was used for the fast ex vivo tomography scan. Animals
were housed in standard animal rooms (12 h light/dark cycle, 50 - 60% humidity,
18� - 23� temperature, bedding material) in individually ventilated cage systems
(IVC Techniplast) enriched with at least one red polycarbonate shelter and nesting
material and under specific pathogen-free conditions with free access to water and
standard laboratory chow ad libitum. Procedures involving animals and their care were
conducted in conformity with national and international guidelines (EU 2010/63) with
approval from the local authority (Government of Upper Bavaria) and supervised by
the Animal Care and Use Committee of Klinikum rechts der Isar (Munich Germany).
Images were taken between 0.5 h and 3 h after the death of the mouse.

7.7 Contributions

The proof-of-principle experiments, besides the fast tomography scan, on ex vivo mice
were performed in collaboration with the Helmholtz Zentrum Munich (Neuherberg).
The subjects were prepared by Ali Önder Yildrim (Helmholtz Zentrum Munich). Ex-
periments at the MuCLS were conducted by Regine Gradl, Martin Dierolf, Benedikt
Günther (all from TUM) and Kaye S. Morgan (Monash University). Data analysis
was performed by Regine Gradl, except for the analysis of the mucociliary transport,
which was performed by Martin Donnelley. The fast tomography scans were performed
in collaboration with the Klinikum rechts der Isar. Experiments at the MuCLS were
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conducted by Regine Gradl, Martin Dierolf, Kaye S. Morgan; Martin Donnelley, David
Parsons (both from Women’s and Children Hospital Adelaide); Helena Haas, Melanie
Kimm (both from Klinikum rechts der Isar). The reconstruction was performed by
Regine Gradl.
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Phase-contrast x-ray imaging
of respiratory-related dynam-
ics in in vivo mice8

This chapter contains the first in vivo respiratory x-ray imaging studies successfully
performed at the MuCLS. The focus lies on non-invasive imaging for respiratory treat-
ment development and physiological understanding. The results of lung motion ex-
periments, liquid instillation into the nasal airways, mucociliary transport, and an in
vivo tomography scan, captured within 15 min, show that laboratory-based imaging of
airways and lungs of in vivo small animal models is feasible with the MuCLS. These
studies will enable relevant pre-clinical lung and airway research. For example, mea-
suring the respiratory health can increase physiological understanding and reveal the
effectiveness of treatment and therefore accelerate new therapies towards the clinics.
The results are presented first, followed by the full technical details in Section 8.5.

Note that part of this chapter draws text and figures directly from the publication;
Gradl et al., In vivo Dynamic Phase-Contrast X-ray Imaging using a Compact Light
Source. Scientific Reports 8, 6788 (2018) [Gradl, 2018]

8.1 Lung motion

Until now, most efforts to image murine lungs outside a synchrotron required exposure
times longer than one breath, resulting in lung images blurred by motion, as shown
in Fig. 8.1 (a). However, if the exposures are significantly shorter than one breath
or done during a short breath-hold situation, and propagation-based phase-contrast is
used as an imaging technique, a speckle pattern appears from the lung. The multiple
refractions of a coherent x-ray beam through the many air-filled alveoli, which act as
a large number of lenses, results in a speckle diffraction pattern [Kitchen, 2004], as
shown in Fig. 8.1 (b). Compared to Fig. 8.1 (a), Fig. 8.1 (b) shows sharper edges of
the lung and renders visible the characteristic speckle structure. Additionally, a small
animal ventilator can be used to send a trigger signal to the detector to always capture
an image at the same point during the breathing cycle or/and to provide a short
breath-hold, enabling longer exposure times. This is helpful in several applications,
such as imaging pulmonary treatment delivery [Donnelley, 2013a], or capturing an in
vivo CT where the motion blur can be significantly reduced if the lungs are at the same
inflation level for each angular projection [Dubsky, 2012; Lovric, 2015]. If, however,
the lungs move slightly between two exposures, but the skeletal system is in the same
position, the difference between the two images will reveal intricate lung structures in
a pseudo-differential contrast, as shown in Fig. 8.1 (c).

The speckles arising from lung alveoli can be tracked over time using x-ray velocimetry
(XV). The displacement of the speckles is calculated, mapping the motion of each part
of the lungs. This map can indicate any lung regions that are moving in an unexpected
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a b c

Figure 8.1: Propagation-based x-ray phase-contrast images of a mouse chest in vivo show
the increase in image quality that is possible with sufficient flux to image the lungs without
motion blur. In panel (a), an image was captured mimicking the exposure conditions at
low-flux x-ray sources, resulting in motion blur due to the required averaging over breath
cycles (here: one cycle during the 500 ms exposure). Panel (b) shows the benefit of a high
flux source, which enables short exposures during plateaus of mechanical ventilation, in this
case, a 200 ms exposure triggered at the beginning of a 222 ms peak-inspiration breath-hold.
Panel (c) reveals detailed structures in the lungs via a pseudo-differential image, achieved by
subtracting sequential 200 ms breath-hold exposures between which there is a slight movement
of the lungs and negligible movement of the skeleton. The orange arrows highlight the border
of the heart and the blue the edges of the lung and airways. The resulting structure seen
within the lungs includes the small airways that are not easily seen in panel (b). Image
adapted from [Gradl, 2018]. Scale bar: 4 mm

manner [Dubsky, 2012], to help with the diagnosis and monitoring of lung diseases
including emphysema, lung cancer, and cystic fibrosis [Stahr, 2016]. Fig. 8.2 (a)-(c)
displays three different points within a breath cycle, with the periphery of the lungs
at full exhalation indicated with the orange dashed line. The edges of the lung are
clearly visible due to the edge-enhancement effect, which enables visualization of the
increase in lung volume during inhalation. In addition, XV of the lung expansion and
contraction throughout the breath can reveal more local information, as displayed in
Fig. 8.2 (d). The calculated displacement vectors are oriented pointing downwards and
outwards, consistent with lung motion during inhalation. The largest displacement is
found at the edges of the lungs, which attributes to the large physical displacement
of the outer edges of the lungs as inflation of the alveoli expands the lung tissue. As
expected, the smallest displacement of lung tissue is observable in the center where the
central airway tree is located.
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Figure 8.2: The motion of murine lungs during a slow breath cycle is imaged in vivo using
propagation-based x-ray phase-contrast imaging. The orange dotted outline, fixed at the
start of the breath, highlights the changes in the shape of the lung during inhalation. Panels
(a), (b), (c) show the first 3 s of the whole breath cycle (8 s). The expansion of the lung
and increase in image intensity during inhalation is clearly visible. Panel (d) shows the
corresponding x-ray velocimetry map during inhalation. As predicted, the largest movement
is located at the lung periphery, as indicated by the warm end of the spectrum color map used
to display vector length. The maximum displacement vector length in (d) is 56 px. Image
adapted from [Gradl, 2018]. Scale bar: 2 mm

8.2 Nasal treatment delivery

Liquid instillation to the mouse respiratory system via the nose is a primary route of
administration of treatments for respiratory diseases (e.g. gene vector delivery to cor-
rect cystic fibrosis airway surface dysfunction [Cmielewski, 2014]), it is used to model
lung disease by instilling debris or agents that damage the airways/lung [Szarka, 1997],
and for testing the toxicity of substances that may enter the lungs [Driscoll, 2002]. In
humans, nasal instillation can also be used as a way to administer pediatric anesthetic
[Miller, 2016]. Here, the dynamics of liquid distribution during and immediately af-
ter delivery into one nostril of the mouse nose is visualized non-invasively. This is
particularly relevant for airway gene transfer research in mouse models which uses
a bolus fluid dosing into the nose or trachea, leaving the other nostril as a control
[Cmielewski, 2014]. Although studies of nasal fluid dose delivery have been performed
at a synchrotron [Donnelley, 2012a], the present study represents the first time live
non-invasive imaging of a nasal liquid distribution has been performed at a laboratory
source.

Nasal fluid dosing was performed by placing the tip of a micro-syringe just above
one nostril, with delivery managed by a remotely controllable infusion pump in order
to image during treatment. For this first proof-of-principle study, an iodine medical
contrast agent mixed with water was used with a range of different volumes and rates.
The various settings led to different distributions in the airways. At the beginning of
liquid delivery, a small droplet formed at the tip of the syringe, which was then inhaled
spontaneously by the mouse. The edge-enhancement effect renders the airways edge
visible and the highly-absorbing iodine mimics a treatment.
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Figure 8.3: Delivery of liquid instillations to the nose of a mouse. Row (a) shows five
time-points during a relatively slow delivery of 20 µl of fluid over 500 s into one nostril of a
mouse. Row (b) shows a faster delivery, 40 µl in 250 s. The pseudo-colored images show the
fluid distribution. The origin of time axis was chosen at the point in time when the mouse
inhaled the first liquid droplet. Image adapted from [Gradl, 2018]. Scale bar: 2 mm

Fig. 8.3 shows frames from the time series of two different mice. The mice were breath-
ing spontaneously and were not connected to the ventilator. The mouse in Fig. 8.3 (a)
received a 20µl fluid delivery in 500 s, and the mouse in (b) a 40 µl volume in 250 s.
To highlight the location of the contrast fluid, pseudo-colored images were created (see
Section 8.5.1 for details). The distribution of the liquid over time can be observed,
with the slower delivery draining down the side of the pharynx (Fig. 8.3 (a)) towards
the trachea and the faster delivery pooling in the sinus and moving down the pharynx
(Fig. 8.3 (b)). This kind of imaging could be used to predict the volume and timing of
deposition in different locations, given a particular speed and volume of fluid delivery
[Donnelley, 2012a; Donnelley, 2013a].

8.3 Mucociliary transport imaging (in vivo)

In Section 7.2 we already saw the successful application of dynamic propagation-based
phase-contrast imaging to non-invasively quantify individual particle mucociliary trans-
port (MCT) captured with ex vivo mice. The subsequent step was to set up an in vivo
study measuring the efficacy of treatments (hypertonic saline, mannitol, P308) by
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Figure 8.4: Mucociliary transport can be explored by tracking small particles in the upper
airways of a mouse (98 µm diameter). Scale bar: whole FOV 3 mm; magnified area: 0.5 mm

measuring the speed at which particles move via MCT, an indicator for airway surface
health. MCT is affected by conditions like cystic fibrosis, primary ciliary dyskinesia
and chronic obstructive pulmonary disease (COPD). Similar studies have already been
performed at synchrotron facilities [Donnelley, 2009; Donnelley, 2013b; Donnelley,
2014]. In comparison to these studies where usually a field-of-view of only a few mm is
available, here the whole upper airway system is observed. Therefore, the study uses
slightly larger beads, as the spatial resolution is worse due to the larger pixel size of
the x-ray detector.

Treatments that are used currently in the clinics to clear secretions from the airways of
people with malfunctioning MCT are mainly based on hypertonic saline and dornase
alfa, with a few countries also using mannitol. Usually, the treatments are inhaled
medications that help to thin the mucus in the airway so that it can be coughed out
more easily, which is important because the thick, sticky mucus often leads to lung
infections. The salt in the hypertonic saline-solutions (usually set at 3 or 7 percent),
attracts water into the airways, which thins the mucus. Dornase alfa is a biosynthetic
enzyme that selectively cuts up the DNA strands contained in white blood cells. By
cutting these strands, dornase alfa hydrolyzes the DNA in the mucus and reduces the
viscosity, which enhances the MCT. Mannitol is a type of sugar alcohol. Although
Mannitol is already used in a few clinics to increase mucociliary clearance, researchers
are not sure about the benefits of mannitol and how it works, therefore they suggest
further research [Nevitt, 2018; CF Foundation, 2019]. P308 is a long acting epithelial
sodium channel blocker, developed in the USA (Parion Science), which is diluted in
a 7% hypertonic saline solution. The epithelial sodium channel is overmodulated in
cystic fibrosis patients, which increases the dehydration of the airway surface liquid.
Therefore any blocker of this channel should increase the epithelial hydration. In
combination with the hypertonic saline, this should lead to a significant increase of the
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Figure 8.5: Redistribution of the particles in the airways. Panel (a) and (b) show an image
post-treatment delivery. Panel (a) was taken just a few s after the delivery finished, and
panel (b) 14 min later. It is visible that some particles were stationary, whereas other cleared
upwards towards the mouth and building clumps. In (c) the particle motion for the first
7 min, after drug delivery, of a few particles is marked as an example (98 µm diameter). Scale
bar: 0.5 mm

hypertonic saline mannitol P308
Bead
size
[µm]

60 un-
coated

75
coated

75 un-
coated

98 un-
coated

75
coated

98 un-
coated

75
coated

75 un-
coated

98 un-
coated

Table 8.1: Summary of the MCT study for three different treatments and several bead-
diameters.

MCT rates. This medication is not yet used in the clinical routine [Donnelley, 2013b].

As this is still an ongoing study, only the parameters and primary results are discussed
in the following text. Tab. 8.1 summarizes the experimental parameters. Three dif-
ferent treatments were tested – namely hypertonic saline (HS), mannitol and P308, as
well as three different particle sizes (diameter: 60 µm, 73µm (coated/uncoated), 98µm
(coated/uncoated)). The coated beads have a COOH coating, leading to a rougher sur-
face than the uncoated high refractive index glass beads [Gardner, 2019]. Each animal
was randomly selected for one bead type and one treatment, so that sufficient data-sets
for each group were collected. This study aimed to determine the dependency of MCT
rates on particle size and characteristics, as well as the effect of different treatments.
The beads were delivered before the imaging began. A baseline of 5 min was first cap-
tured, followed by a 2 min aerosolized treatment delivery using an Aeroneb attached
to the small animal ventilator, with 15 min post-treatment observation.

The deposited particles were immediately visible in the airway system when imaging
began, even if there were overlying bones. However, particles smaller than 60 µm
are not advisable with this image resolution, because they are challenging to observe.
Therefore, mainly the 75µm and 98µm bead sizes were used, here. Fig. 8.4 shows an
example image of the upper airways including 98µm particles. The beads are clearly
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visible and the phase effects enhance the contrast of the lungs and airways. The
majority of the particles were stationary during the baseline imaging, and sometimes
redistributed during treatment delivery. During post-treatment observation the particle
transit was heterogeneous. Some particles did not move at all, while others started to
move quite quickly. This behavior was also reported in previous studies [Donnelley,
2013b]. Previously unreported, it seems that the beads move more readily on the inner
part of the bronchi, and move into clumps or lines. Fig. 8.5 shows an example of
the clumping behavior. The images are captured post-treatment of HS nebulization
(45 ms per breath over 2 min). Between panel (a) and (b) 14 min passed. The particles
collect at the first bifurcation, where they remain. Fig. 8.5 (c) shows the motion of a
few particles tracked over 87 images (435 s). Some particles move long distances, some
short and some are stationary. If the particles move, they move upwards towards the
mouth, but not necessarily in a straight line.

Without completing a proper analysis, it is difficult to predict which treatment had
the most impact on the MCT rates. From a pure observation point, it seems that
HS and P308 are having a greater effect than mannitol. However, a careful post-
experimental analysis is necessary to draw the correct conclusions. The custom image
analysis software (written by Martin Donnelley) can be used to measure and compare
particle MCT rates by identifying particles and tracking their motion throughout the
image sequences. Unfortunately, the automated tracking algorithm did not work for
these image sequences because the software failed to track the beads. Therefore, more
advanced algorithms are being developed by Mark Gardner of the Women’s and Chil-
dren’s Hospital in Adelaide. This study aims to extract the following information from
the collected data-sets:

� The differences in clearance speed depending on the size and surface of the inhaled
debris

� The effectiveness of the three treatments

� The patterns and tendencies in mucociliary clearance behavior in the lower air-
ways (e.g., the transit of particles to the inner-most surface of the bronchi, the
position of mucus tracks in the lower airways, variability in clearance rates in the
upper/lower airways)

8.4 Fast in vivo tomography

X-ray computed tomography is a widely-used clinical imaging technique for the inves-
tigation of lung disease, due to its ability to non-invasive resolve the structures within
the lung in three dimensions, its high availability and relatively low cost. However,
producing high-resolution in vivo computed tomography scans in a pre-clinical labora-
tory setting remains difficult. Often they suffer from relatively poor spatial resolution
or/and long scan times, which makes in vivo measurements impractical. In particular,
imaging the respiratory system is a challenging task because the lung is a continuously
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Figure 8.6: Fast tomography of the chest region of an in vivo mouse, displayed with (a)
edge-enhancement and (b) the respective result from the paganin reconstruction with δ and β
optimized for lung soft tissue. 2Ö2 binning is used for reconstruction. (c) Combined rendering
of the data-set. One side of the lung is segmented and rendered using the phase-retrieved
reconstruction, the bones and beads are from the edge-enhanced reconstruction. The high
refractive glass beads in the respiratory system are shown in blue and are recognized easily.
(d) Zoomed-in region, showing that even in an in vivo mouse it is possible to render small
airways visible. Scale bars: 1 mm; magnified area: 0.5 mm

moving organ, with the beating heart also leading to motion artifacts. To increase
the air-tissue contrast, phase-contrast imaging methods are preferable. Recent studies
on in vivo CT imaging in a pre-clinical laboratory setup have shown some promising
results, but typically with long scan times. Dark-field imaging has captured lung dis-
eases, with an exposure time totaling one hour [Velroyen, 2015]. With a liquid-metal-jet
source, fast propagation-based phase-contrast CTs of murine lungs have recently been
achieved [Preissner, 2018]. In this thesis, an in vivo tomography of a mouse chest
region is presented, captured within 15 min and high resolution, using the MuCLS and
propagation-based phase-contrast to enhance the air-tissue contrast.

The in vivo scan time was longer than the 5 min ex vivo CT showed before (see Fig.
7.4) because image acquisition was triggered to a short breath-hold to reduce motion
artifacts, which reduced the frame rate from 5 fps to 1.1 fps. The spatial resolution is
degraded because for two reasons 1. only 1000 projections were taken instead of 1500,
and 2. although a gating technique is used, it is impossible that all the small airways

94



8.5. Materials and Methods

and air sacs are on the same place in each projection image, and in addition the heart
is beating, which leads to motion blurring within the reconstructed lung volume. The
result of the scan is shown in Fig. 8.6. Again the edge-enhanced reconstruction is
shown in Fig. 8.6 (a) and the respective result from the phase-retrieved reconstruction
optimized for lung tissue is shown in Fig. 8.6 (b). In Fig. 8.6 (c) and (d) a rendering of
the volume is shown, where it was still possible to render some small airways visible,
however, the image is not as sharp or as finely detailed as in the ex vivo scan in Fig.
7.4.

8.5 Materials and Methods

8.5.1 Lung motion and nasal delivery

For all images, 25 keV x-rays were delivered by the MuCLS with a flux up to 2.4 �
109 ph/s. Images were captured with the Andor Zyla detector (detector pixel size
13µm). A source-to-sample distance of 3.5 m and sample-to-detector distance of 1 m
was used. All images are flat-field and dark-current corrected.

Lung motion

Fig. 8.1 shows the difference between an image taken over a whole breath cycle (a) and
a short exposure ventilator-triggered image (b). For the image shown in Fig. 8.1 (a), the
flexiVent small animal ventilator (flexiVent FX, Scireq, Montreal, QC, Canada) was set
to 250 ms inspiration and 250 ms expiration and an exposure time of 500 ms was used.
For the image shown in Fig. 8.1 (b), the ventilator was set to 222 ms inspiration, 222 ms
breath-hold, and 222 ms expiration. The ventilator sent a trigger signal to the detector
at the beginning of the breath-hold. An image was then captured at each breath-cycle
with a 200 ms exposure time. Both images were taken with the same mouse. In panel
(c) two subsequent images obtained during breath-hold were subtracted.

X-ray velocimetry

X-ray velocimetry (XV) in Fig. 8.2 was performed on the lung motion sequence shown
in the same figure by Rhiannon Murrie. The speckles generated by the alveoli are
tracked over the breath and their movement is transformed into a vector. Exposure
times of 200 ms and a decreased breathing rate were used to capture these images. The
mouse was ventilated with 120 breaths/min (Tidal volume 0.6 mL), then the breathing
rate was reduced to 8 breaths/min for 5 breaths of imaging. Over one slow breath cycle,
15 images were captured. This imaging protocol was chosen following the parameters
used by Murrie et al. [Murrie, 2015]. A 5 px median filter and a 20-150 px bandpass
frequency filter were applied to the images to reduce image noise and enhance the
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visibility of the lung speckles. A mask was applied to the images to ensure only the
lung tissue underwent analysis. Analysis windows, placed every 8 px in both the x and
y directions, calculated a displacement vector based on speckle movement. An iterative
approach was used, where larger windows gave an estimate of the displacement, and
further passes with increasingly smaller windows refined vector directions and lengths.
The final pass was performed using 32Ö32 pixel windows.

Nasal liquid delivery

For the nasal liquid delivery displayed in Fig. 8.3, a 1:9 mixture of iodine-based contrast
agent (Ultravist-370, 370 mg Iodine/ml) and a red-active fluorescent dye (Sky Blue
(ex/em = 670 nm/710 nm, 10 mg/ml, Kisker Biotech GmbH, Steinfurt, Germany)),
which contains fluorescent polystyrene particles (1% w/v, diameter 480 nm) dispersed
in distilled water was used. The mixture was loaded into a 100 µl Hamilton syringe in
a WPI UltraMicroPump, which can be remotely controlled from outside the imaging
hutch using a WPI Ultra Micro4 controller (World Precision Instruments, Sarasota,
FL). This allowed for continuous imaging throughout the liquid delivery. The fluid
is a surrogate for typical respiratory treatment that is delivered and in this case was
spontaneously inhaled via the nose by the mouse. Here, the mouse was breathing freely.
Images were captured at 2 Hz, using an exposure time of 100 ms. The pseudo-colored
images highlight the location of the contrast fluid. These colored areas were created by
taking the difference in the line integrals between the current and pre-delivery image
frame (see Eq. (9.2)) and overlaid with the current transmission image, similar to
the analysis performed in Donnelley et al. [Donnelley, 2012a]. Images were spatially
aligned to the first frame before color-coding via a cross-correlation approach. The
Python programming language (Python Software Foundation) [Jones, 2019] was used
for image analysis.

8.5.2 Mucociliary Transport

For the MCT experiments 25 keV x-rays were used, with a flux up to 1.6 �1010 ph/s and
a sample-to-detector distance of 0.5 m. Mice were positioned vertically on a remotely
controlled x-y-z-rotation stage 4 m away from the source point. Images were captured
with the Hamamatsu detector (pixel size 6.5µm) and an exposure time of 500 ms per
projection, with the timing of the exposures triggered by the ventilator system. For
the first few mice, an image was taken every 5 s during a breath-hold situation, then
the protocol was changed to an image every 3 s to increase the temporal resolution.

Experiment preparation

Mice were anesthetized and intubated with a 20Ga catheter. A small quantity of high
refractive index glass beads (Corpuscular Inc., NY, USA, with diameters of 60µm -
98µm, some with a COOH coating) was delivered to the upper airway system using
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a Dry Powder Insufflator (Model DP-4M, PennCentury). The mice were then placed
in a specially designed mouse holder in the first experimental hutch, warmed by a
Bair Hugger warming unit and ventilated with the 4Dx small animal ventilator, with
100 breaths/min. Every 7 or 4 breaths a breath-hold was included in the ventilation
protocol during which an image (500 ms) was captured, resulting in a frame rate of
5 spf (seconds per frame) or 6 spf, respectively. The mice were randomly assigned to
one of the three treatment groups and bead sizes; hypertonic saline (HS, 7% diluted in
distilled water); mannitol (Spray dried mannitol, Exp 280, SP-504,3/5/12, made up to
6% in distilled water); or P308 (Parion Sciences, Durham, NC, USA, 5 mg of P-7026
powder mixed in 5 ml 7% hypertonic saline). After 5 min of imaging the baseline, one
of the treatments was delivered for 2 min using an Aeroneb nebulizer. The Aeroneb
was attached to the ventilator inspiratory line. Post-treatment imaging continued for
a further 15 minutes before mice euthanized under deep anesthesia by an injectable
overdose of Ketamine/Xylazine.

8.5.3 Fast in vivo tomography

The chest area of an in vivo mouse was scanned in Fig. 8.6 at a source-to-sample
distance of 4 m and a sample-to-detector distance of 0.5 m with the following param-
eters: X-ray energy 25 keV, Hamamatsu detector, detector pixel size of 6.5µm, 1000
projections during a continuous rotation of 360 degrees of the sample in 15 min, 0.3 s
exposure per projection, x-ray flux 1.3 � 1010 ph/s. The mouse was ventilated using
a 4Dx ventilation system and warmed by the Bair Hugger heater. Imaging was trig-
gered to a short breath-hold in each breath cycle, resulting in a frame rate of 1.1 fps,
reducing motion artifacts. For the phase retrieval β � 1.93 � 10�10 and δ � 3.65 � 10�7

are used (δ{β � 1891). These values are based on an approximation for lung tissue
which is described by hydrogen, carbon, and oxygen (H10, C0.83, O5), with a density
of 1.0 g{cm3. In comparison to a bone composition of H0.06, C0.28, N0.3, O4.1, P7,
Ca15 and density of 1.5 g{cm3 having β � 3.17 � 10�9 and δ � 4.96 � 10�7 at 25 keV
(δ{β � 156) [Mohammadi, 2014]. These values are used as an input in the online
calculator for the refractive index [Henke, 2019]. For the reconstructions, the data-set
was binned (2Ö2). The volume renderings in (c, d) were done using Avizo Fire 8.1
(Thermo Fisher Scientific, Massachusetts, USA).

8.6 Conclusion

This chapter gave a detailed overview of possibilities in small animal x-ray imaging of
the respiratory system at the MuCLS, showing that with the proper animal imaging
setup [Donnelley, 2010], time-resolved respiratory imaging is possible at a laboratory
source based on inverse Compton scattering, and is thus no longer limited to large-scale
synchrotron facilities.

A variety of in vivo experiments were presented, providing insights into lung motion,
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treatment delivery processes, mucociliary transport imaging, and tomographic scans.
Using a gating technique and propagation-based phase-contrast a high-resolution to-
mography of a mouse chest region is possible, with even small airways rendered visible.
The mucociliary transport imaging can reveal the effectiveness of treatment, e.g. for
cystic fibrosis, by analyzing the mucociliary transport rate of micrometer-sized parti-
cles in the airways. These in vivo respiratory phase-contrast x-ray imaging results have
the potential to increase physiological understanding and accelerate new therapies to-
wards the clinics, aims already being achieved in synchrotron research [Connor, 2011;
Hooper, 2011; Bravin, 2011]. Examples include testing of neonatal ventilation strate-
gies [tPas, 2009] and assessment of new treatments for cystic fibrosis airway disease
[Morgan, 2014].

Additionally, the ease of access provided by a laboratory source may enable longitudinal
studies in the future to measure disease development or treatment response over weeks,
which can be difficult at synchrotron sources where experimental access is limited.
Finally, these dynamic imaging capabilities are by no means limited to respiratory
imaging, and there are a range of biological and industrial applications that could
benefit from this setup.

8.7 Ethics statement

For Sections 8.1 and 8.2:
All procedures for animal handling and experiments were performed in accordance with
protocols approved by the Regierung von Oberbayern (District Government of Upper
Bavaria; Approval no: 55.2-1-54-2532-108-13). Mice were kept in isolated ventilated
cages (IVC-Racks; BioZone, Margate) supplied with filtered air in a 12-h light/12-
h dark cycle (lights on from 06:00 - 18:00). Food (standard chow) and water were
available ad libitum. C57BL/6 mice (age 8 - 14 weeks, female, weight 18 - 22 g) were
anesthetized by intraperitoneal injection of a mixture of Medetomidine (0.5 mg/kg
body mass), Midazolam (5.0 mg/kg body mass) and Fentanyl (0.05 mg/kg body mass).
Except for nasal applications, the animals were then intubated by a non-surgical tech-
nique [Brown, 1999] with a 20Ga cannula. Then, the mouse was placed into the
radiation-shielded imaging hutch where it was kept warm with a heater and ventilated
in some cases (flexiVent FX, SCIREQ). Immediately after imaging was completed, the
still-anesthetized mice were humanely killed by exsanguination.

For Sections 8.3 and 8.4:
Procedures involving animals and their care were conducted in conformity with national
and international guidelines (EU 2010/63) with approval from the local authority (Gov-
ernment of Upper Bavaria) and supervised by the Animal Care and Use Committee of
Klinikum rechts der Isar (Munich Germany). Animals were housed in standard animal
rooms (12 h light/dark cycle, 50 - 60% humidity, 18� - 23� temperature, bedding ma-
terial) in individually ventilated cage systems (IVC Techniplast) enriched with at least
one red polycarbonate shelter and nesting material and under specific pathogen-free
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conditions with free access to water and standard laboratory chow ad libitum. In total,
96 C57Bl/6N mice (female, age 10 - 14 weeks, weight 18 - 22 g) were used. Each ex-
perimental group consisted of 8 animals. Mice were anesthetized by an intraperitoneal
injection of a mixture of Medetomidin (0.5 mg/kg body mass), Midazolam (5.0 mg/kg
body mass) and Fentanyl (0.05 mg/kg body mass). For cornea protection ointment
(Bepanthen®, Bayer) was applicated to the eyes. The animals were then intubated
orotracheal with the plastic part of a 20Ga cannula using a laryngoscope for small ro-
dents (PennCentury). Then the mice were placed into a custom-made mouse holder and
ventilated with 120 bpm. To prevent the mice from hypothermia, they were warmed by
body temperature heated air (Bair Hugger, 3M Medical). After imaging the mice were
euthanized under anesthetic with an overdose of Ketamine (200 mg/kg body mass) and
Xylazine (40 mg/kg body mass).

8.8 Contributions

The first two projects described in this chapter, lung motion (Section 8.1) and nasal
treatment delivery (Section 8.2) were accomplished in collaboration with scientists of
the Helmholtz Zentrum Munich (Neuherberg), who participated in the experiments and
took care of animal handling. The x-ray velocimetry map in Fig. 8.2 was calculated by
Rhiannon Murrie (Monash University). All other analysis was done by Regine Gradl
(also using in-house developed python packages) and interpreted with the help of Kaye
S. Morgan and the Helmholtz Zentrum Munich. For all experiments, Martin Dierolf
and Benedikt Günther helped in operating the MuCLS. All renderings generated in
the Avizo software were done by Regine Gradl.

Attendees at the experiments:
Regine Gradl, Martin Dierolf, Benedikt Günther (all from TUM); David Kutschke, Ot-
mar Schmid, Winfried Möller, Lin Yang (all from Helmholtz Zentrum Munich); Kaye
S. Morgan (Monash University)

The in vivo mucociliary transport experiments (Section 8.3) and the in vivo tomo-
graphic scan (Section 8.4) were accomplished in collaboration with scientists of the
TUM University Klinikum rechts der Isar, who participated in the experiments and
took care of animal handling. Martin Donnelley, David Parsons, and Kaye S. Morgan
helped with some equipment, expertise in small animal imaging and interpretation of
the results.

Attendees at the experiments:
Regine Gradl, Martin Dierolf, Benedikt Günther (all from TUM); Melanie Kimm, He-
lena Haas (both from Klinikum rechts der Isar); Martin Donnelley, David Parsons (both
from Women’s and Children Hospital Adelaide); Kaye S. Morgan (Monash University)
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Dynamic imaging of liquid
delivery and deposition in
murine lungs9

The most accurate determination of dose and spatial distribution of drugs in the lungs
is essential for the determination of efficiency and toxicity, in pre-clinical and clinical
lung research. Lung diseases usually can be localized to different regions, therefore
targeted delivery of drugs is a current research topic (e.g. [McIntyre, 2018]) because
the success of treatment depends on how much of the drug reaches the diseased part
of the lung. Unfortunately, often more drug ends up in the healthy part of the lungs
[Dubsky, 2015; Tiddens, 2014; Schmid, 2017; Darquenne, 2016]. Therefore the in vivo
visualization of drug deposition in murine lungs is important, to bring the therapeutic
effect with the spatial distribution in line. Furthermore, in pre-clinical research, the
delivery of drugs is used to generate specific diseased animal models e.g., pseudomonas
aeruginosa for cystic fibrosis or bleomycin for pulmonary fibrosis. The shortage of
methods to determine the spatial and temporal evolution of pulmonary drug delivery
in vivo was the reason for setting up a study using dynamic phase-contrast imaging.

This chapter describes the non-invasive dynamic in vivo imaging of liquid deposition
during and immediately after delivery into murine lungs, using a laboratory-based PBI
setup. The liquid was either instilled directly into the trachea or aerosolized via a
nebulizer system. The delivery of several liquid volumes (4 µl, 20µl, 50µl) resulted
in various localized and global distributions. The temporal resolution of up to 1.5 fps
and the spatial resolution were sufficient to visualize the dynamics of the fluid delivery.
It was possible to observe how the liquid was entering the lung and then distributing
throughout the airways. An additional advantage to the approach used here, when
compared to other imaging techniques (see Chapter 4.2), is that anatomic and dynamic
information is collected simultaneously.

Note that part of this chapter draws text and figures directly from the publication;
Gradl et al., Visualizing treatment delivery and deposition in mouse lungs using in vivo
x-ray imaging. Journal of Controlled Release 307, 282-291 (2019) [Gradl, 2019b]

9.1 Liquid instillation into the lung

The photograph in Fig. 9.1 (a) illustrates the instillation setup used in this study. The
anesthetized mouse was placed into the mouse holder on the x-y-z sample stage, and the
remotely controlled syringe pump allowed for imaging of the whole instillation process.
The ventilator system triggered imaging, to the same time-point in each breath, to
reduce motion artifacts. The enlarged photograph in Fig. 9.1 (a) shows the thin tubing,
which is used to introduce the liquid into the mouse trachea, inside the ventilator
tubing. This system allows ventilation and instillation to be performed simultaneously,
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Figure 9.1: (a) Setup for imaging of liquids applied to the lungs of ventilated mice. The
syringe pump was remotely actuated to deliver a preset volume of liquid through a thin
tube inserted into the lung through the intubation cannula of the ventilator circuit. (b)
Line integral image of a 50 µl instillation of Liquid I (see method part) in the lungs of a
mouse, captured 13 s after delivery began. (c) Difference image produced by subtracting
the pre-delivery image, which makes the liquid distribution clearly visible. (d) A pseudo-
colored image, which is a composition of (b) and (c) (with the same color maps), showing
the surrounding anatomy and the treatment deposition. Image adapted from [Gradl, 2019b].
Scale bar: (b) 2 mm

while imaging. Fig. 9.1 (b) shows a typical x-ray image (line integral image, attenuation
image with some phase-contrast effects to improve the visibility of the lung anatomy),
obtained at this setup, which demonstrates that the periphery of the lung is sharply
visible. Actually, in this image already some liquid was introduced into the lung. It
is evident that visualization of this delivered liquid was difficult, particularly in the
case of overlying bones. The subtraction of the pre-delivery image (resulting in Fig.
9.1 (c)) much more clearly shows the liquid distribution. This method required that
the chest anatomy remained unchanged during the entire longitudinal imaging process,
which was accomplished by triggering image acquisition to a breath-hold at the same
state of lung inflation (here: full inflation at the end of the inspiratory phase). By
overlaying the line integral image (Fig. 9.1 (b), gray-scale) with the difference image
(Fig. 9.1 (c), colored), a pseudo-color image was generated (Fig. 9.1 (d)), showing where
the treatment was present (in Fig. 9.1 primarily in the centrally located post-caval lobe).
The entire time sequence of images for this delivery can be found in the supplementary
material (Video 1) of the publication [Gradl, 2019b].

Immediately after the in vivo experiments, the lungs were excised and dried while
inflated [Harbison, 1983]. Some of the dried inflated lungs were then scanned us-
ing propagation-based phase-contrast computed tomography to detect the distribution
of the instilled treatments in three dimensions, and also examined by epifluorescence
whole lung imaging. Fig. 9.2 summarizes the different modalities which can be com-
pared – (a) a pseudo-colored in vivo 2D projection, 18 s after the start of treatment
delivery (after all treatment has been delivered), (b) a coronal and sagittal slice of
the reconstructed x-ray 3D tomography, (c) the CT rendering of the ex vivo lung and
(d) an epifluorescence whole lung image. The part of the rendered CT lung in panel
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Figure 9.2: Comparison of in vivo and ex vivo imaging modalities after intratracheal ap-
plication of 50 µl Liquid I, which preferentially targeted, in this case, the right lung. (a) In
vivo x-ray image with the liquid distribution presented in pseudo-color. (b) Coronal and
sagittal slice of the reconstructed volume from an ex vivo CT scan. The blue line indicates
the position of the sagittal and coronal slices, respectively. (c) Rendering of a tomographic
reconstruction of the excised lung. A movie of the rendering is available in the supplementary
material (Video 4) of the publication [Gradl, 2019b]. (d) Epifluorescence image of the whole
ex vivo lung. (e) Photograph of an inflated dried ex vivo lung. (a)-(d) is one murine lung, (e)
is a different lung. Image adapted from [Gradl, 2019b]. Scale bars: (a,b) 2 mm; (c) 2.5 mm

(c) that is colored yellow has the highest absorption values, indicating that was the
location where the bulk of the highly x-ray-absorbing liquid deposited. For this lung,
there was a good agreement among the two ex vivo 3D imaging modalities (depicted
in Fig. 9.2 (c) and (d)) and the in vivo observation that the liquid was not homo-
geneously delivered over the whole lung, but preferentially in the right lung of the
mouse (seen on the left side of the image). Note, that epifluorescence imaging of the
whole lung is limited to detect the liquid deposited close to the surface, due to the
high tissue attenuation in fluorescence imaging. Fig. 9.2 (e) shows a photograph of a
typically dried ex vivo lung. The ex vivo imaging possibilities provide complementary
information to the in vivo experiments. On the one hand, ex vivo CT scans of the
dried lungs provided more refined three-dimensional spatial localization of the iodine
signal and co-registration of lung morphology in a non-destructive way. On the other
hand, the whole (dried) lung epifluorescence imaging provided two-dimensional and
relatively superficial information on lung shape and dye distribution. However, after
slicing the dried lung, dosimetry and three-dimensional drug distribution can be ob-
tained with quantitative fluorescence spectroscopy [Barapatre, 2015]. Note that this
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method is destructive. The entire time sequence of images for this delivery, as well
as the rendering, can be found in the supplementary material (Video 3 and 4), of the
publication [Gradl, 2019b].

Fig. 9.3 (a) and (b) illustrate the ability of this in vivo method to detect not only
the spatial distribution of treatment, after pulmonary delivery of 50 µl of fluid by in-
stillation, but also the temporal evolution of the liquid delivery process. In (a) the
liquid was primarily released into one lobe (again the post-caval lobe), resulting in
a highly-localized deposition profile of the liquid, while in (b) a more even distribu-
tion throughout the entire lung (global distribution) was achieved. The time-sequence
movies can be found in the supplementary material, Video 5 and 6, of the publication
[Gradl, 2019b]. This allows the identification of temporal characteristics of the instilla-
tion process. For example, in the time-sequence displayed in (b) one can clearly observe
how the liquid enters and gradually accumulates in both the left and right bronchus.
After sufficient liquid has accumulated in the bronchi (here after 16.32 s) the liquid
spreads rapidly (within a few seconds) throughout the lungs, reaching even the most
peripheral (alveolar) region. Considering that the entire 50 µl of liquid was delivered
within 12.5 s, the significant redistribution of the drug is probably due to gravitational
forces (the mouse is located in an upright position) and respiratory activity.

To examine, the influence of mechanical ventilation on the liquid distribution, a modi-
fied experiment was performed. The mouse was breathing freely while a reduced volume
of Liquid I (4µl) was applied. This was achieved by triggering the image capture from
a chest motion sensor, in order to image at the same time-point in each breath, as
detailed in the method section. As visible in Fig. 9.3 (c), the small volume of liquid
distributed mostly into one lobe. Nevertheless, a signal can be detected and this tiny
volume can be tracked during the pulmonary application process. The time-sequence
movie can be found in the supplementary material, Video 7, of the publication [Gradl,
2019b]. It is noteworthy that, as in Fig. 9.3 (b), a significant redistribution of the in-
stilled liquid occurred even after all of the liquid had been applied (after 5.0 s). Again,
liquid was transported from the primary bronchus to peripheral regions of the (right)
lung, probably due to gravity and respiration.

Fig. 9.3 (d)-(f) shows fluorescence images of some dried, inflated lungs taken a few
days after the in vivo experiments. Interestingly, these do not always fully match the
in vivo observed distributions. One assumption is that this may be caused by a redis-
tribution of the dye in the lung during the drying procedure. In addition, fluorescence
measurements are most sensitive to the liquid deposited near the surface of the lung.
For example, Fig. 9.3 (e) shows no strong signals when the treatment is not close to
the surface (c.f. Fig. 9.3 (b)), which can be explained by the relatively high interaction
of light with tissue in fluorescence imaging. Absorption and scattering are leading to
significant light attenuation and blurring. The penetration depth is thereby limited
to a few millimeters even in the near-infrared range, where light-tissue interaction is
minimal (so-called optical window), as used here (see Section 4.2) [Barapatre, 2015].
Furthermore, one should be aware that x-ray imaging and fluorescence imaging are
based on the detection of different drugs (iodine and Sky Blue, respectively). There-
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Figure 9.3: Pseudo-colored image sequences of three different mice show (a) an intentionally
local and (b) a global distribution of 50 µl of Liquid I (see methods for detail) instilled within
12.5 s through the trachea and depositing in the lung. Row (c) shows a delivery of only 4 µl
of Liquid I within 5 s. The sequences shown in panels (a) and (b) were captured when the
mouse was ventilated, and panel (c) was captured while the mouse breathed freely (with the
image triggered by chest motion). The numbers in the bottom part of each frame indicate
the time in seconds after the liquid first appeared in the field-of-view (time was set to 0 s).
The frames shown here were chosen to best illustrate the progression of the delivery. (d)-(f)
show the corresponding fluorescence images of the whole ex vivo lung. Apart from panel (d),
there are differences between the observed distribution in the fluorescence images and the in
vivo x-ray image. This was likely due to light attenuation mitigating the fluorescence signal
from deeper tissue, with in vivo images providing a 2D projection of the 3D drug distribution.
Image adapted from [Gradl, 2019b]. Scale bars: 2 mm
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Figure 9.4: Quantification of lung treatment deposition. In the pseudo-colored images (a)-
(c) the analyzed region of interests are highlighted. In (d)-(f) the corresponding treatment
volume-time plots are displayed. The subjects displayed in (a) and (b) received a 50 µl
delivery, and the subject in (c) received a 4 µl delivery. The plots describe how long it takes
for the liquid to arrive in different parts of the lung. Time = 0 s was set as the time when
the liquid first appeared in the field-of-view. The end of delivery after 12.5 s ((d) and (e))
and 5 s in (f) are indicated by the dashed vertical line. Image adapted from [Gradl, 2019b].
Scale bar: 2 mm

fore, different biokinetics of these drugs may also lead to differences in the observed
images. Nonetheless, ex vivo imaging may provide complementary information (e.g.
information resolved in 3D) to in vivo 2D imaging.

Each delivery time-sequence showed in Fig. 9.3 was analyzed regionally. For this pur-
pose, one or more regions of interest (ROI) have been selected, which are depicted
in Fig. 9.4 (a)-(c). The percentage of deposited treatment volume in these ROIs was
calculated for each image in the sequence, as explained in the method section (Section
9.3). Fig. 9.4 (d)-(f) confirms the qualitative trends observed in Fig. 9.4 (a)-(c) in a
more quantitative way, and provides information on the regional redistribution of the
delivered liquid. Fig. 9.4 (d) shows that the liquid rapidly reached the lungs within
the delivery period (12.5 s), starting at a relatively low rate that abruptly increased
at about 10 s. Once the maximum dose was reached the signal of ROI 2 remained
at a relatively constant level while decreasing gradually for ROI 1 from about 100 s.
Fig. 9.4 (e) shows different delivery kinetics to Fig. 9.4 (d). After an initial burst of
deposition, almost no additional liquid appeared until another strong burst occurred
at about 25 s, which was about 12 s after the instillation process ended. The reason
for this is probably the transport of residual liquid deposited in the intubation can-
nula and trachea, which were out of the field-of-view. After 25 s the fluid redistributed
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Figure 9.5: A time sequence of mouse lung pseudo-color images, collected while inhaling a
nebulized liquid. Bubbles (blue arrows) are observed in the airways after several minutes of
inhalation and remain for several seconds before they burst. Note that the defined features
along the pleura (the boundary of the lung) and the ribs are a result of motion between
frames. The numbers in the bottom part of each frame indicate the time in seconds after the
start of inhalation. Scale bar: 2 mm

from the central region (ROI 1) to the more peripheral regions of the lung (ROI 2, 3
and 6) for the entire observation period (300 s). The delivery kinetics observed for the
spontaneously breathing mouse that received only 4µl of liquid (Fig. 9.4 (f)) were very
similar to the kinetics depicted in Fig. 9.4 (d). Hence, observed delivery kinetics are
unlikely to depend on the type of respiration or the amount of delivered liquid. As a
caveat, please note that the 4 µl and 50 µl liquid volumes were delivered within 5 and
12.5 s, respectively, while standard intratracheal instillation protocols inject the liquid
into the lung manually within  1 s.

9.2 Inhalation of aerosolized liquid

Aerosol inhalation of medication is widely used to treat chronic lung diseases such as
asthma, COPD, and cystic fibrosis. However, the visualization of aerosol inhalation is
difficult because the local contrast changes are weak due to the extremely uniform dis-
tribution of the liquid throughout the lung and smaller local volumes. At present, only
the European Synchrotron Radiation Facility ID17 beamline is capable of performing
fast dual-energy synchrotron radiation CT imaging to record in vivo images depicting
the regional deposition of specific elements (i.e., iodine, xenon), the lung morphology
and regional ventilation simultaneously, using K-edge subtraction CT imaging [Porra,
2018]. To the best of the author’s knowledge, the results presented here are the first
proof-of-principle study that depict a dynamic inhalation process in vivo with x-rays
in a laboratory environment. Aerosol inhalation is more challenging to image than
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instillation because the volume of inhaled liquid delivered to the lungs is relatively
small (in fact, only about  10% of the nominal dose is actually deposited in the lung)
and distributed uniformly throughout the lung as shown by Yang et al. [Yang, 2018].
Preliminary experiments to maximize the lung-delivered aerosol volume, yielded the
operating parameters of the small animal ventilator optimized for aerosol delivery. This
resulted in the selection of a slow deep inhalation pattern (80 breath/min; tidal volume
600µl for 20 g mouse) with a 204 ms breath-hold for imaging at the end of the 298 ms
inspiratory phase. For a nebulizer active-time of 40 ms per breath, 150µl of liquid was
nebulized over 660 s. Using pseudo-color images, as displayed in Fig. 9.5, the inhalation
of the iodine-based liquid can be visualized, if the liquid deposited on the airway sur-
face, but not if it was distributed homogeneously (not shown). The strongest contrast
was found when the inhaled liquid formed bubbles, with radii ranging from 300µm to
1.6 mm in diameter (see Fig. 9.5; indicated by blue arrows). Bubble formation was not
observed for all inhalation experiments, but in the animal shown in Fig. 9.5, the bub-
bles began to appear at around 200 s from the start of liquid delivery, and remained for
a few seconds in the primary bronchi before they burst and the liquid distributed into
the lung. This behavior was observed in just one mouse (of the three mice imaged) and
occurred at the time-point when �3.6 µl of liquid had reached the lung. As a caveat,
note that ventilator-assisted aerosol delivery is typically performed with the subject
positioned horizontally (lying down) and not vertically as done here. Nevertheless, the
possibility of occasional bubble formation may also occur for ventilator-assisted aerosol
inhalation for horizontally-oriented subjects. A movie of the entire time sequence can
be found in the supplementary material (Video 8), of the publication [Gradl, 2019b].
The images are obtained during the first run of nebulization. A second run with 150µl
nebulized liquid was performed on the mouse shown in Fig. 9.5. In total 300µl of
liquid was nebulized. Due to aerosol deposition within the ventilator circuit, only 24 µl
of liquid was deposited in the lung (as determined by epifluorescence imaging on 1 mm
lung slices). This amount was delivered within 22 min, i.e. the liquid delivery rate of
0.018µl/s which is much slower than for the 4µl instillation (0.8 µl/s) and the delivered
aerosol volume was more than 5-fold the 4 µl applied via instillation. In contrast to
the clearly distinguishable signal for the 4µl instillation (Fig. 9.3 (c), 9.4 (c) and (f)),
detecting a signal from the aerosolized fluid was much more challenging following in-
halation, due to the extremely uniform distribution of inhaled aerosol throughout the
entire lung that resulted in a low signal-to-noise ratio [Yang, 2018]. Consequently, only
localized features such as bubbles or some minor hot spots could be determined (blue
arrows in Fig. 9.5). Moreover, sometimes during the inhalation period, some signal was
detected near regions of strong contrast change such as at the ribs or near the pleura
(rim) of the lung. These features are an artifact that arises from the local motion of
anatomical features, which cannot be separated from the motion of the treatment.
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9.3 Materials and Methods

For all experiments a quasi-monochromatic 25 keV x-ray beam was used, with flux up to
2 �1010 ph/s using the MuCLS. Mice were positioned vertically on a remotely controlled
x-y-z-rotation stage 4 m downstream from the laser-electron interaction point that acts
as the x-ray source. The sample-to-detector distance was 1 m (geometric magnification
M = 1.25). All x-ray experiments were captured with the Andor Zyla 5.5 sCMOS
camera (detector pixel size 13 µm, effective pixel size of peff � 10.4 µm).

Treatment preparation

The treatments consisted of a mixture of a clinical iodine-based contrast agent (Ultravist-
370, 370 mg iodine/ml) and a red-active fluorescent dye (Sky Blue, ex/em = 670 nm
/710 nm, Kisker Biotech GmbH, Steinfurt, Germany), which contains fluorescent poly-
styrene particles (1% w/v, diameter 480 nm) dispersed in distilled water. Iodine acted
as a contrast agent for x-ray imaging and Sky Blue was used for fluorescence analysis
in the ex vivo lungs, with the mixture providing the ability to compare the fluid de-
position with two different imaging modalities. Two different mixtures of these agents
were used: Liquid I was a mixture of 0.5 ml Sky Blue, 2.5 ml Ultravist-370, and 7 ml
water, and was used for the instillation experiments. Liquid II consisted of 0.3 ml Sky
Blue, 0.9 ml Ultravist-370 and 3.6 ml water, and was used for the aerosol inhalation
experiments.

Instillation

The setup for instillation of a liquid into the mouse lungs is shown in Fig. 9.1 (a), which
was similar to that described in Donnelley et al. [Donnelley, 2012a; Donnelley, 2013a].
The intratracheally intubated mice were mechanically ventilated throughout the de-
livery and imaging period using a flexiVent small-animal ventilator. The ventilation
protocol was set to a respiratory rate of 90 breaths/min, with a breath-hold (222 ms) at
the end of the inhalation phase (222 ms) and prior to the expiratory period (222 ms),
with a tidal volume of 30 ml/kg and 30 cm H2O maximum pressure limit. Image acqui-
sition was triggered at the end of the inhalation phase, so that the exposure took place
during the breath-hold, resulting in a frame rate of 1.5 fps. Liquid I was introduced via
a heat thinned PE10 polyethylene tube ( 0.5 mm diameter) that was passed through
the flexible wall of the ventilator inspiratory tube (see Fig. 9.1 (a) (blue box)). The
PE tube was small enough to not block the intubation cannula but made it possible to
simultaneously deliver the liquid and maintain ventilation. A remotely controlled sy-
ringe pump (UltraMicroPump III and Micro4 controller, World Precision Instruments,
Sarasota, FL) allowed for continuous imaging throughout the liquid delivery.

Either 4 µl or 50 µl of Liquid I was instilled by operating the syringe pump at a con-
tinuous flow rate of 0.8µl/s or 4.0µl/s, resulting in delivery times of 5 s and 12.5 s,
respectively. These were slower than a typical fast manual application ( 1 s) where a

109



Chapter 9. Dynamic imaging of liquid delivery and deposition in murine lungs

loaded syringe is emptied via the intubation cannula into the trachea. Image acqui-
sition (200 ms) was triggered by the ventilator during the end-inspiratory breath-hold
(at total lung capacity), which reduced motion artifacts and allowed frame rates of up
to 1.5 fps (Fig. 9.1, Fig. 9.2, Fig. 9.3 (a,b)).

In a separate set of instillation experiments with spontaneously breathing mice (Fig.
9.3 (c)), the ventilator was replaced by a non-contact fiber optic displacement sensor
(RC-60, Philtec, MD) that was configured to detect respiratory motion and deliver an
electrical trigger signal for image capture at the same point of each breath [Donnelley,
2019]. The frame rate was maintained at approximately 1.5 fps, but the exposure time
was reduced to 100 ms to mitigate motion blur as induced by non-steady lung inflation
during spontaneous breathing. These animals received a volume of 4µl within 5 s
(delivery rate of 0.8µl/s).

Inhalation

Liquid II was used for the aerosol inhalation experiments. The flexiVent small animal
ventilator was operated in the same way as during the instillation experiments, with a
respiratory rate of 80 breaths/min including a breath-hold (204.3 ms) at the end of the
inspiratory period (297.5 ms) and prior to the expiratory period (225.0 ms), resulting in
1.33 fps. An Aeroneb aerosol generator (Aerogen Inc., Galway, Ireland) was placed into
the ventilator inspiratory line. The Aeroneb uses a vibrating mesh to aerosolize small
quantities of liquid, with a liquid output rate of 0.36 ml/min and a droplet diameter
of 3.6 µm (white light scattering; INAS 100, Palas, Karlsruhe, Germany). During
inhalation, up to 150µl of liquid could be nebulized without cleaning the tubing, but
longer inhalation periods (and therefore larger aerosol volumes) would block the tubing
with droplets. For a nebulizer on-time of 40 ms per breath, 150 µl was nebulized within
�11 min, but imaging was continued for a total period of 14 min, corresponding to
1120 breaths. After each run, the tubing of the ventilator was dried, and the Aeroneb
was cleaned and refilled with Liquid II. In some cases, a second nebulization with 75 µl
or 150 µl was performed yielding 225 and 300µl of total nebulized liquid, respectively.
Due to aerosol deposition within the ventilator circuit, and partial aerosol deposition
in the lung, only 12 to 24 µl of the 150 to 300µl aerosolized liquid was deposited in the
lung as determined by ex vivo epifluorescence imaging.

Image analyses

To generate the difference images (Fig. 9.1 (c)), that highlight treatment position within
the lungs, we considered the line integrals of the attenuated intensity (Fig. 9.1 (b)),
following Lambert’s law,

� lnppIMouse � ILiquidq{I0q � µM � TM � µL � TL , (9.1)

where I0 is the intensity of the incident x-rays, IMouse is the intensity of the transmitted
x-rays before delivery and IMouse � ILiquid is the intensity of the transmitted x-rays
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during and after delivery. µM and µL are the linear attenuation coefficients for the
mouse and the liquid respectively, with the corresponding projected thicknesses TM
and TL.

A pre-delivery image was subtracted from the sequence to isolate the liquid effects,

� lnppIMouse � ILiquidq{I0q � lnpIMouse{I0q � µL � TL . (9.2)

To generate the pseudo-color images (Fig. 9.1 (d)), a threshold and a binary opening
filter was used on the difference images to reduce artificial signals (e.g. due to detector
noise, and due to respiratory movements the edges of the lung and the speckles that
arise from scattering from the alveoli are never exactly at the same place in each
image, and hence could produce some signal in the difference image). In order to
display the difference images, a heat-colormap was chosen. The pseudo-color image
was generated by combining the colored difference image (from Eq. 9.2, Fig. 9.1 (c))
with the corresponding gray-scale integrated image (Eq. 9.1, Fig. 9.1 (b)) taken at the
same time-point. The Python programming language (Python Software Foundation)
[Jones, 2019; Döpfert, 2019] was used for image analysis. Each lung shown in Fig.
9.3 was analyzed regionally by selecting one or more regions of interest (ROIs) in the
difference images. The ROIs are displayed in the pseudo-colored images in Fig. 9.4 (a)-
(c). The fraction of total delivery plotted over time in Fig. 9.4 (d)-(f) is the sum of
µLTL in a region of interest (e.g. i pixels) at a given time-point t divided by the sum
of µLTL values of the whole lung area (e.g. j pixels) in the last frame of the sequence:

fraction of total deliveryt �
�°

ipµLTLqi
�
t°

jpµLTLqj
� 100 r%s. (9.3)

Ex vivo lung tomography

After the in vivo experiments, the lungs were immediately excised and dried while
partially inflated at a pressure of 2 kPa (close to the end-inspiratory pressure) (see
Fig. 9.2 (e)), according to the protocol described by Harbison et al. [Harbison, 1983].
A tomography scan (CT) of the dried lung was then performed with a propagation
distance of 0.8 m, capturing 2049 projections with an exposure time of 270 ms per
projection, over 360 degrees (scan time 1 h 37 min). A sample typewriter was used to
reduce ring artifacts in the reconstruction. 25 keV x-rays were delivered by the MuCLS.
The images were reconstructed using a standard filtered back-projection reconstruction
algorithm (see Fig. 9.2 (b)). The three-dimensional data-set in Fig. 9.2 (c) was rendered
using AVIZO Fire 8.1 (Thermo Fischer Scientific Inc, Massachusetts, USA). Note that
for the rendering a binning of 2Ö2 was used.

Ex vivo fluorescence imaging

After CT imaging of the dried lungs, ex vivo epifluorescence images were obtained
from the whole and sliced lung using an IVIS (In Vivo Imaging System, Lumina II,
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Caliper/Perkin Elmer, USA) equipped with an excitation/emission filter combination
(ex/em = 640 nm/Cy5.5) suitable for the Sky Blue fluorescent dye (see Fig. 9.2 (d)).
Measurements were performed by Lin Yang from the Helmholtz Zentrum Munich. To
determine the aerosol volume/dose deposited in the lungs, the dried lungs were sliced,
imaged and analyzed for dosimetry similar to the method described by Barapatre
et al. [Barapatre, 2015]. For this, the dried lungs (partially inflated by application
of a 2 kPa air pressure to the trachea during drying) were embedded in polyurethane
foam (PU foam Pattex Ultraweiss, Pattex, Germany) for stabilization and subsequently
cut into 1 mm thick slices perpendicular to the orientation of the trachea. An IVIS
epifluorescence image was obtained from each slice and the total fluorescence intensity
(‘total radiance efficiency’ (photons/s)/(µW-laser/cm2)) of the lung was determined
from the slice intensities. Using a standard calibration curve obtained from lungs
containing a known amount of dye (instillation of known amounts of dye into the
lungs) this intensity was converted into an equivalent lung deposited aerosol volume
(or dye mass/dose).

9.4 Conclusion

The liquid delivery into murine lungs has provided insights into the temporal evolution
of pulmonary drug delivery and secondary redistribution of the drug within the lung,
both during and after the delivery. Often the liquid first collects in the upper airways
relatively close to the entrance points (e.g. the tip of intubation cannula in the trachea).
Initially some liquid flows slowly down the airway tree. Once enough liquid has accu-
mulated to block the airway the liquid gets sucked into the lung with the next breath
resulting in secondary aerosolization and thus relatively uniform redistribution of the
liquid throughout the lung. The in vivo imaging revealed that gradual redistribution
of instilled liquid from the central to the peripheral region occurs even for minutes after
the instillation process has ended (see Fig. 9.4 (b) and (e)). This is important when
considering the timing of delivery in non-recovery laboratory experiments. A future
study could look at even longer timescales to determine if the liquid is taken up by the
bloodstream, possibly reducing the contrast observed within the lung.

These findings can contribute to optimized future pulmonary drug delivery studies.
While volumes of only a few µl were visible following instillation of liquids, for uniformly-
distributed inhaled nebulized liquid throughout the entire lung, the used x-ray imaging
setup is not sensitive enough for reliable drug localization.

Possible future directions include combining this assessment with bronchoscopic dose
delivery (including a small camera in the airways [McIntyre, 2018]) to target a particu-
lar lobe and verify that the treatment deposits correctly in that location. Furthermore,
multi-modal imaging techniques (CT and fluorescence imaging on ex vivo lungs), were
used on the one hand for comparison to the in vivo data and on the other hand to
gather 3D information.

An advantage of the in vivo setup at the MuCLS in comparison to other methods is that
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dynamic and anatomic information is collected simultaneously in comparison e.g. to
nuclear imaging methods, no anatomic information is available, which often means that
additional x-ray images and registration processes are necessary. In addition, compared
to nuclear imaging methods the increased spatial resolution provides more detailed
information on distribution within a specific lobe. With further improvement of the
inverse Compton x-ray source, the x-ray flux will increase, allowing for faster imaging
and therefore an even higher temporal resolution and faster tomography scans. In
future studies, one could also examine the influence of lung disease on drug distribution
in pre-clinical models.

9.5 Ethics statement

Animal experiments were performed in collaboration with the Helmholtz Zentrum Mu-
nich (Neuherberg). All procedures for animal handling and experiments were performed
in accordance with protocols approved by the Regierung von Oberbayern (District Gov-
ernment of Upper Bavaria, approval no AZ55.21-54-2532-108.13), with female C57BL/6
mice (8 - 18 weeks old; 20 - 24 g body weight). Mice were anesthetized by intraperi-
toneal injection of a mixture of Medetomidine (0.5 mg/kg body mass), Midazolam
(5.0 mg/kg body mass) and Fentanyl (0.05 mg/kg body weight). Animals were then
intratracheally intubated using a non-surgical technique [Brown, 1999; Cmielewski,
2017] with a 20Ga intravenous catheter used as an endotracheal cannula. After intu-
bation, the animal was placed into a custom-designed imaging holder and positioned
for imaging in the x-ray radiation enclosure.

9.6 Contributions

The project was accomplished in collaboration with the Helmholtz Zentrum Munich
(Neuherberg), who participated in the experiments and took care of animal handling,
drying of the ex vivo lungs, epifluorescence imaging as well as finding the best pa-
rameters for the inhalation process. Image processing and analysis of the x-ray data
was done by Regine Gradl (also using in-house developed python packages) and inter-
preted with the help of Kaye S. Morgan, Martin Donnelley and the Helmholtz Zentrum
Munich. Martin Dierolf and Benedikt Günther helped in operating the MuCLS. All
renderings generated in the Avizo software were done by Regine Gradl.

Attendees at the experiments:
Regine Gradl, Martin Dierolf, Benedikt Günther (all from TUM); Otmar Schmid, Lin
Yang, David Kutschke, Winfried Möller (all from Helmholtz Zentrum Munich); Kaye
S. Morgan (Monash University)
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Dynamic grating-based
x-ray imaging of lungs10

In the previous chapters, propagation-based phase-contrast imaging was used to en-
hance the visibility of the lung in x-ray imaging. Of course, this is not the only
phase-contrast method that exists, but one which needs solely a single exposure to
acquire an image, which is beneficial for capturing dynamic processes. In this chapter,
we swap to another technique, which is known as grating-based phase-contrast imaging
(GI) (see Section 3.3.2). This technique enables access to three different image contrast
information – attenuation, differential phase and small-angle scattering (i.e. dark-field
contrast), however, several exposures are required to extract these signals. Especially
interesting in lung imaging is the dark-field signal. As the contrast in an x-ray dark-field
image is formed through the mechanism of small-angle scattering [Pfeiffer, 2008], the
lung, consisting of many alveoli, is a particularly relevant sample, generating an intense
dark-field signal. The strength of the lung dark-field signal depends on the number
of alveoli and mean alveolar size, which is generally modified in lung diseases. For
example, in emphysema, the mean alveolar diameter is enlarged, therefore, the alveoli
scatter the x-ray wavefield less and produce a reduced dark-field signal [Bech, 2009;
Schleede, 2012a; Meinel, 2013; Yaroshenko, 2013; Hellbach, 2015]. Furthermore, dark-
field x-ray imaging can help to visualize neonatal lung injury induced by mechanical
ventilation [Yaroshenko, 2016], or pneumothorax [Hellbach, 2016]. It is even moving
towards clinical application [Momose, 2014; Gromann, 2017; Willer, 2018; Fingerle,
2019].

This chapter discusses the imaging of liquid delivery into murine lungs captured with a
grating interferometer and presents the first dynamic grating-based in vivo small animal
study of a breathing cycle. Time-resolved imaging is essential as in all previous dark-
field small-animal studies, images were captured either over several breaths, leading
to motion blur in the images, or images were captured in a breath-hold situation. A
sequence of imaging through the breath can locate the part of the breath cycle where
the images will be most diagnostically useful (that is, at maximum inflation, after
breathing out, or at some other time-point). The results are presented first, followed
by the full technical details in Section 10.3.

Note that part of this chapter draws text and figures directly from the publication;
Gradl et al., Dynamic in vivo chest x-ray dark-field imaging in mice. IEEE Transaction
on Medical Imaging 38, 649-656 (2019) [Gradl, 2019a]
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Figure 10.1: Consecutive (a) absorption (b) differential phase and (c) dark-field images of
50 µl liquid instillation using a grating interferometer, compared to an image before delivery.
A signal change can be observed when the liquid is entering the lung (highlighted with orange
arrows), however, the temporal resolution is low. Scale bars: 4 mm

10.1 Liquid delivery into the lung

If the alveoli are clogged up or the alveolar walls are thickened by disease (e.g. as a result
of fibrosis, tumors or infection), the dark-field signal is reduced (e.g. [Velroyen, 2015;
Yaroshenko, 2015; Scherer, 2017]). Therefore, while performing the lung liquid delivery
experiments, explained in Section 9, it was also considered if there was potential for the
dark-field modality to reveal the presence of treatment. That the presence of treatment
in the lungs changes the dark-field signal, the treatment would need to sufficiently fill
the alveoli to alter the effective size of those air sacs. This approach was experimentally
tested by imaging an instillation process into the lung with the grating interferometry
setup at the MuCLS (see Section 5.3), which captures multiple exposures of a sample
(e.g. here seven), each at a different relative position of the two gratings. This so-called
phase-stepping scan can be used to reconstruct three imaging modalities – attenuation,
differential phase and dark-field (for more details see Section 3.3.2). The sample was
placed in front of G1. Due to the necessity of a phase-stepping scan, the resulting motor
movements and the exposure times required with the Dexela camera, the temporal
resolution is very low. Several phase-stepping scans, each of 17 seconds, were performed
after each other during a 50 µl liquid instillation process delivered in 48 s. Fig. 10.1
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Figure 10.2: Dark-field images alongside with the histograms, for four different sample-to-
G2 distances (a) 10 cm, (b) 12 cm, (c) 14 cm, and (d) 16 cm, captured with the same subject
and imaging protocol. The increasing sample-to-G2 distance leads to a risk of saturation
of the dark-field signal. The dashed orange line is indicating a dark-field signal of 0.9. To
minimize the risk of saturation it is best, that the histogram is best largely confined to values
less than 0.9. Image adapted from [Gradl, 2019a]. Scale bar: 5 mm

shows consecutive time-points of the retrieved (a) absorption, (b) differential phase,
and (c) dark-field signal in comparison to an image before the delivery. It was possible
to detect changes in the dark-field and differential phase-contrast images due to the
liquid, which are better visible than in the respective absorption image. It seems that
most of the liquid was landing in only one part of the lung (changes are highlighted
with the orange arrows in Fig. 10.1). However, as the temporal and spatial resolution
was too poor to produce satisfying results in comparison to the results presented in
Chapter 9, this experimental approach was not pursued.

10.2 Dynamic chest x-ray grating-interferometer
radiographs

To resolve the dynamics of a breath cycle in a small animal, two experimental key
factors were changed compared to the grating-based imaging experiment described
in Section 10.1. First, the sample was placed in between the gratings to adjust the
sensitivity of the interferometer. This is because the lungs produced a strong phase
signal in preliminary experiments, which saturated the dark-field signal. By varying the
sample-to-G2 distance the sensitivity of the grating interferometer can be tuned. Fig.
10.2 shows the results of this tuning. Based on these results, a sample-to-G2 distance of
12 cm was chosen (Fig. 10.2 (b)), to ensure the dark-field signal is unlikely to be greater
than 0.9 (indicated by the dashed orange line). Secondly, as depicted in Fig. 10.3, the
timing protocol was adjusted to take advantage of the repeated positions of lung and
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Figure 10.3: Sketch of the imaging protocol: Images are taken continuously during the
whole imaging period, indicated by vertical lines. The multiple breaths in between each
grating movement are averaged to enhance the signal-to-noise ratio. Images from the same
point in each breath cycle are then extracted and a phase-stepping curve assembled at each
pixel. Image adapted from [Gradl, 2019a].

spread the required grating positions over several breaths. To do this, images were
taken continuously at equidistant time-points during the imaging period, while the
mouse was ventilated with a small animal ventilator. At each grating position, images
were collected over a series of time-points across the breath, with the process repeated
over several breaths (three breaths in the case of Fig. 10.3). This allows for averaging
images to increase the signal-to-noise ratio. The grating G1 was then moved to the
next position in the phase-stepping scan. At the next grating position, images were
again collected over a range of time-points within the breath, over several breaths.
In comparison to the usual phase-stepping method, in which only one single image
per grating position is captured, here several images per grating position were taken.
The ventilation rate was adjusted to the image acquisition frequency so that the lungs
returned as close as possible to the same position for an image taken one breath later.
After the measurements were finished at all the grating positions (i.e., a full stepping
scan has been completed), the exposures were sorted to allow the reconstruction of the
three image modalities – attenuation, differential phase-contrast, and dark-field at each
point in the breath. First, the multiple breath cycles collected at each grating position
were averaged, as shown in the first and second row of Fig. 10.3. Then the images at
the same point of the breath cycle were extracted for each grating position, to form
a phase-stepping scan for a given lung inflation (second and third row of Fig. 10.3).
This stepping scan was then used to reconstruct the image information using standard
grating-based reconstruction algorithms [Pfeiffer, 2008; Wang, 2004]. It should be
noted, that this mode of performing phase-stepping scans of dynamic motion is only
possible with repeated motion (e.g., this method can not be used for the liquid delivery
into the lungs discussed above). In order to resolve different time-points in the breath
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Figure 10.4: One example image for each imaging modality (absorption, differential phase,
dark-field) and exposure time is presented (first row 40 ms, second row 90 ms, third row
140 ms). Showing always first the result without taking a mean for the data-scan (a, c, e)
(one breath). The second column for each modality display the results with a mean over four
breaths (b, d, f), to enhance the image quality. Images are collected from the same subject
with a 12 cm sample-to-G2 distance. Scale bar: 5 mm

cycle without motion blur, short exposures are necessary, and thus a high x-ray flux is
required. Exposure times of 40 ms, 90 ms and 140 ms, which correspond to 30, 15 and
10 images per breath respectively, were tested during the study. Provided the mouse
is ventilated at a reduced respiratory rate during imaging (40 breaths/min). In Fig.
10.4 one example image for each acquisition time and image information (absorption,
differential phase, dark-field) is shown. The result when imaging with 90 ms exposures
was the best because this was the best balance of time resolution and sufficient signal-
to-noise ratio. Therefore, exposure times of 90 ms and a frame rate of 10 fps were used
in the following, which is fast enough to capture 15 different time-points during the
breath (one breath 1.5 s).

Different time-points across one breath are displayed in Figure 10.5 for the three image
modalities; (a) the absorption signal, (b) the differential phase signal, and (c) the
dark-field signal. In the differential phase images, the expansion of the airways during
inhalation is visible. Figure 10.5 (d) redraws the dark-field signal, this time with pixels
binned 2Ö2 and a color mapping applied to make the changes in the magnitude of the
dark-field more visible. During the 1.5 s breath cycle, 15 images were captured, with
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Figure 10.5: (a) The absorption, (b) differential phase, (c) dark-field and (d) 2Ö2 spatially-
binned dark-field images (shown with a color look-up table), each at five time-points across
the breath cycle. The orange dotted outline in (a), (b) and (c) is fixed at full exhalation to
highlight the changes in the shape of the lung during inhalation. The white numbers in (d)
correlate to the points in the breath cycle highlighted in Fig. 10.6 (b). Image adapted from
[Gradl, 2019a]. Scale bar: 2 mm
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Figure 10.6: (a) The left (blue) and the right (orange) lobe of the lung were selected
manually, and the area adapted for each time-point. (b) The mean dark-field value was then
plotted for the lobes, as a function of time. The shape of the breath cycle is shown in gray
in the background of the plot (provided by the flexiVent ventilation system software). Image
adapted from [Gradl, 2019a].

an exposure time of 90 ms and 10 ms waiting time between each image, giving a time
resolution of 0.1 seconds. This sequence begins at the point of minimum lung volume.
The lung begins to expand 0.8 seconds later, reaches the maximum air volume after
1.3 seconds, and then exhales quickly. This movement, especially at the lower edge
of the lung, is clearly visible in all three imaging modalities, particularly with respect
to the dotted orange outline corresponding to the beginning of the breath. The entire
temporal sequence can be found in the supplementary material of the publication Gradl
et al. [Gradl, 2019a]. In Fig. 10.5 (d) the dark-field signal changes are easier to observe,
particularly in the left lung. In the central part of the left lung, the color changes
from red at full exhalation, to yellow/green at complete inhalation (when alveoli have
their maximum volume). An analysis of the segmented lung signal for the left (blue)
and right (orange) halves of the lung (see Fig. 10.6 (a)) is plotted in Fig. 10.6 (b) for
the dark-field signal. The projected area was segmented manually and adjusted for
each image so that the area of interest includes only lung tissue. In the background
of the signal diagram, the ventilation pattern (taken from the flexiVent system) is
displayed in gray. The lowest average dark-field signal is observed when the lung is
fully inflated. The dark-field signal changes by 3 - 4% of the average signal during
inhalation (measured in three different mice with identical experimental parameters).
Note that the dark-field signal change is almost exclusively dependent on the lung
tissue, whereas attenuation images include contributions from the lung and overlying
features such as bones.

The results shown here demonstrate that the dark-field signal produced by a breathing
lung does change in a detectable manner during the breath cycle. The dark-field signal
is reduced when the lung is extended and the maximum volume of air is reached.
This is the point when the alveoli are most enlarged and the number of air-tissue
interfaces within a particular projected area are at a minimum. This observation is
consistent with previous work that measured a reduced dark-field signal when fibrosis or
emphysema reduced the number of air-tissue interfaces [Yaroshenko, 2013; Yaroshenko,
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2015; Gromann, 2017].

10.3 Materials and Methods

See Section 5.3 for details of the grating interferometer setup located in the second
end-station of the MuCLS.

10.3.1 Liquid delivery

Images were collected using 25 keV x-rays with flux up to 1.9 � 1010 ph/s, recorded by
the Dexela 1512 detector (pixel size 74.8µm) in the second experimental hutch of the
MuCLS, using the grating interferometer setup.

Instillation

The setup for instillation of a liquid into the mouse lung in the second experimental
hutch was similar to the setup in the first experimental hutch explained in Section 9.
But in this case, a grating interferometer was placed behind the mouse. The sample was
placed in front of G1 and moved out of the beam to capture a reference phase-stepping
scan. The intratracheally intubated mice were mechanically ventilated throughout the
delivery and imaging period using a flexiVent small-animal ventilator. Liquid I (a
mixture of 0.5 ml Sky Blue, 2.5 ml Ultravist-370, and 7 ml water) was introduced via
a heat thinned PE10 polyethylene tube (  0.5 mm diameter) that was passed through
the flexible wall of the ventilator inspiratory tube. The PE tube was small enough to
not block the intubation cannula, but made it possible to simultaneously deliver the
liquid and maintain ventilation. A remotely controlled syringe pump (UltraMicroPump
III and Micro4 controller, World Precision Instruments, Sarasota, FL) allowed for
continuous imaging throughout the liquid delivery. 50 µl of Liquid I was instilled by
operating the syringe pump at a continuous flow rate of 1.022 µl/s, resulting in a total
delivery time of 48 s.

Data acquisition

Seven grating positions were used for one stepping curve. At each grating position,
an image was taken with an exposure time of 0.3 s. Several phase-stepping scans were
performed after each other while the liquid was delivered. However, only one phase-
stepping scan could be completed per 17 s, resulting in a bad temporal resolution. Only
three phase-stepping scans could be finished during the delivery period of 48 s. One
phase-stepping scan was completed post-treatment. From each phase-stepping scan
the three image modalities – absorption, differential phase, and dark-field contrast
were retrieved.
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10.3.2 Dynamic chest imaging

Images were collected using 25 keV x-rays with flux up to 1.7 � 1010 ph/s, recorded by
the Pilatus 200K detector in the second experimental hutch of the MuCLS.

The sample was placed in between the gratings and moved out of the beam to capture
a reference phase-stepping scan. The translation of the sample was done by hand as no
motorized stage was available. The mouse was ventilated by a flexiVent small animal
ventilator at 40 breaths/min over an 84 s imaging period. Before and after imaging,
the mouse was ventilated at 120 breaths/min. The tidal volume was set to 30 ml/kg,
with a pressure limit of 30 hPa. The inspiration-expiration ratio was 75% (inspiratory
time 640 ms, expiratory time 860 ms, inspiratory breath-hold 0 s). The mean absorbed
dose was estimated to be 20 mGy for the total imaging time of 84 s, assuming 25 keV
monochromatic x-rays and following the method set out by Boone et al. [Boone, 2004]
for a 25 mm mouse diameter (note that the absorption of G1 was neglected). The total
delivered dose could be reduced using collimators so that only the lungs are irradiated
and not the whole mouse (as it was the case in this study).

Data acquisition

Seven grating positions were used for one stepping curve. Images were collected for
9 s at each grating position, with 6 s of acquisition through the breath cycle and 3 s
provided to move the grating to the next position on the stepping curve. Images
were collected throughout this 9 s so that the image capture would maintain the same
synchronization with the breath for all 7 grating positions. Note that the images
captured during the grating movement were not used for analysis and were discarded.
The visibility, which is a key characteristic of a grating setup was 40% (see Eq. (3.42)).
The sensitivity of the interferometer was adjusted by varying the distance between the
sample and G2, and set to 12 cm (see Fig. 10.4, exposure times 90 ms, mean over four
breaths).
Exposure times of 40 ms, 90 ms and 140 ms, which correspond to 30, 15 and 10 images
per breath respectively, were tested during the study (between each exposure a 10 ms
pause was implemented to ensure that the exposures are taken at equidistant time-
points). In Fig. 10.4 one example image for each acquisition time and image information
(absorption, differential phase, dark-field) is shown. Images were collected immediately
after each other from the same subject. Besides the exposure time, the same image
protocol was used. A mean over four breaths was used to enhance the signal-to-noise
ratio.

Image analysis

Image analysis was performed using in-house software written in Python (Python Soft-
ware Foundation) [Jones, 2019; Perez, 2007]. To retrieve the three image modalities
(absorption, dark-field and differential phase) from the obtained data-set, the data was
first sorted so that one image of the same point in the breath cycle for all seven grating
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steps was available. These images are used as a stepping curve (see Fig. 10.3 (b), blue
curve). To enhance the signal-to-noise ratio each image in the stepping curve was an
average from four consecutive breaths. The reference stepping curve was obtained after
the sample scan (see Fig. 10.3 (b), orange curve), and 60 flat-field images were taken at
each step and averaged together (except in Fig. 10.4 third row (140 ms exposure), only
30 flat-fields were averaged). The stepping data was analyzed using an expectation-
maximization algorithm, which corrects for uncertainties in the stepping positions, to
extract the three image modalities [Marschner, 2016]. Absorption images are obtained
from the amplitude ratio of the sample and reference stepping curve (as0 / ar0) (refer
to Fig. 10.3). The differential phase images come from the shift between the stepping
curves (∆ϕp2 / (2πzTalbot)). Dark-field images are calculated by the relative decrease
in the normalized visibility introduced by the sample (as1 ar0 / (ar1 as0)) [Pfeiffer, 2009].

10.4 Conclusion

In the first part of this chapter, the usual imaging technique for grating-based phase-
contrast imaging was used (one image per step), in trying to resolve the liquid delivery
into the lung, noting that this is not a repeated motion. The temporal and the spatial
resolution is very low with this method. In this case, a phase-stepping scan could
only be completed every 17 s. However, this could be improved by better tuning the
grating setup to this specific experiment, for example, by using faster stepping motors,
less steps or using other stepping procedures (e.g. [Zanette, 2011a]). One upgrade has
been already implemented since these measurements took place, now a piezo controller
is used instead of a nano converter to shift the grating to the next position, which
significantly reduced the time for completing a phase-stepping scan (20 times faster
now).

For repeated motion, another imaging protocol was developed, which took several
images per grating-position at different time-points within the motion. In this case,
the repetitive motion was a breathing cycle. Also in this protocol, short exposure
times are required to avoid motion blur and to enable fast imaging, therefore, different
exposure times were used. Exposures of 40 ms, 90 ms and 140 ms were tested, which
correspond to 30, 15 and 10 different images across the breath cycle respectively. At
the shortest exposure time, the images were noisy, so the exposure time was not further
shortened. With a longer exposure time, the signal-to-noise ratio in the reconstructed
images can be increased, but the temporal resolution over the breath is reduced.

One way to increase the signal-to-noise ratio independently of exposure time is by
capturing more breath cycles at each grating position and averaging them. However,
this leads to an increased radiation dose. Also note if the images are collected in vivo
at a reduced breathing rate compared to normal, the total available imaging time is
physiologically limited.

The sensitivity of the setup also needs to be considered in this experiment. As the
lungs generated such strong phase and dark-field signals during the liquid delivery
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experiments, the sample position was changed from in front of G1 to in between the
G1 and G2 gratings, allowing the sample position to better match the sensitivity. The
disadvantage of this sample position is, that no motorized stages were available, which
complicates the centering of the sample in the x-ray beam.

In future studies, a number of changes could improve the image quality. Firstly, a high-
resolution detector could be used for increased spatial resolution, as long as exposure
times are still compatible with the image acquisition protocol. In this scenario, the
projected lung image just occupied a small part of the detector field-of-view, an area of
only about 100 pixels wide. If a higher-resolution detector was used, so that the lung
image filled the detector field-of-view, an area of several thousand pixels in width could
be accessed. This increased spatial resolution would allow better examination of the
regional dark-field signal and spatial variations in dark-field signal (e.g., monitoring the
standard deviation of the dark-field signal across an area of the lung during the breath).
A second area for improvement is the significant x-ray dark-field signal produced by the
fur of the mouse. The fur of the mouse could be removed from the area of interest or
nude mice could be used, which would isolate the scattering signal from the lungs more
clearly. Thirdly, it would be possible to capture the lungs moving at a faster breathing
rate than used here if additional x-ray flux were available and hence the exposure times
could be decreased. Note that the flux density of the MuCLS during this experiment,
for this field-of-view, was no greater than that of a rotating anode x-ray source, meaning
that this kind and rate of imaging could be conducted at conventional x-ray sources
as well, provided a G0 grating was used to achieve sufficient effective spatial coherence
[Pfeiffer, 2006].

10.5 Ethics statement

All procedures for animal handling and experiments were performed following protocols
approved by the Regierung von Oberbayern (District Government of Upper Bavaria).
C57BL/6 mice (age 8 - 14 weeks, female, weight 18 - 22 g) were kept in isolated venti-
lated cages (IVC-Racks; BioZone, Margate) supplied with filtered air in a 12 h light /
12 h dark cycle (lights on from 06:00 - 18:00). Food (standard chow) and water were
available ad libitum. Mice were anesthetized by intraperitoneal injection of a mixture
of Medetomidine (0.5 mg/kg body mass), Midazolam (5.0 mg/kg body mass) and Fen-
tanyl (0.05 mg/kg body mass). The animals were then intubated by a non-surgical
technique [Barapatre, 2015] with a 20Ga cannula. Then, the mouse was placed into
the hutch for imaging where it was ventilated (flexiVent FX, SCIREQ). Immediately
after imaging was completed, the still-anesthetized mice were killed by exsanguination.

10.6 Contributions

The projects were accomplished in collaboration with the Helmholtz Zentrum Munich
(Neuherberg), who participated in the experiments and took care of animal handling.
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Image analysis was performed by Regine Gradl (also using in-house developed python
packages) and interpreted with the help of Kaye S. Morgan and the Helmholtz Zentrum
Munich. Martin Dierolf and Benedikt Günther helped in operating the MuCLS.

Attendees at the experiments:
Regine Gradl, Martin Dierolf, Benedikt Günther (all from TUM); Otmar Schmid, Lin
Yang, David Kutschke, Winfried Möller (all from Helmholtz Zentrum Munich); Kaye
S. Morgan (Monash University)
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In conclusion, this thesis demonstrates that an inverse Compton x-ray source in combi-
nation with phase-contrast imaging techniques can be used to increase the contrast of
low-density materials, such as lung/tissue interfaces [Gradl, 2017]. The temporal and
spatial resolution are sufficient to perform dynamic in vivo small animal experiments
of the respiratory system, which were previously primarily limited to synchrotron fa-
cilities [Gradl, 2018; Gradl, 2019b]. This allows for the transfer of several experiments
from large-scale synchrotron facilities to a laboratory environment.

As a part of this thesis, a setup for micro-CT, propagation-based phase-contrast imag-
ing (PBI) and in vivo small animal imaging was developed. The setup is located in
the first experimental end-station at the Munich Compact Light Source (MuCLS),
and described in detail in Chapter 5. Remote-controlled motorized stages allow to
adjust the sample-to-detector distance or the sample positioning, as well as to select
one of the installed x-ray detectors. The available pixel sizes range from 0.65µm to
13µm. The basic setup can be extended for in vivo small animal studies by includ-
ing a small animal ventilator, appropriate timing triggers, a warming unit, monitoring
and treatment devices, as well as a specifically designed mouse holder for a head-high
positioning. Imaging with a spatial resolution in the sub-5 µm range requires exposure
times of multiple seconds, which is generally incompatible with live animal imaging. A
temporal resolution in the sub-50 ms range is challenging to achieve, with the required
minimum spatial resolution, because the flux density and detector efficiency are not
sufficient for that. The shortest exposure time was 40 ms, used in this work.

The imaging setup was first thoroughly characterized in Chapter 6 and 7 by successful
proof-of-principle experiments on PBI and micro-CT. The tomographic scans in Sec-
tion 6.2 show that beam hardening artifacts are minimized by the quasi-monochromatic
x-ray beam produced by the MuCLS [Achterhold, 2013]. If an enlarged sample-to-
detector distance was used during the scan, the captured edge-enhanced or phase-
retrieved projections serve as input information for the volume reconstruction, en-
hancing the contrast of low-density material (e.g., lung tomography, Section 7.3). In
Section 6.1, quantitative phase retrieval was successfully performed on a single-distance
edge-enhanced image of PMMA spheres. The limitations primarily due to source-size
blurring are also discussed in the same section. The imaging of multiple fringes re-
mains challenging in a laboratory environment, with this PBI setup. Compared to
conventional x-ray sources, an advantage of the MuCLS for PBI is the low divergence
x-ray beam (4 mrad) [Loewen, 2003; Bech, 2008]. This low divergence enables longer
source-to-sample and sample-to-detector distances, while keeping a high flux density
(as discussed in Chapter 6). A longer source-to-sample distance increases the spatial
coherence of the x-ray beam, which is required to obtain edge-enhanced images.
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The low divergence beam is useful for small animal imaging as well. At the setup loca-
tion 4 m away from the x-ray source, the x-ray beam has a diameter of approximately
16 mm. This x-ray beam can fully illuminate a mouse lung, avoiding the need to scan
such a sample through the beam. And this low divergence simultaneously allows us-
ing PBI to enhance the lung-tissue interfaces, while keeping a high flux density. This
enables single-shot imaging with short exposure times, which is essential to reduce
motion blur and to capture dynamic events. Depending on the experiment, exposures
between 100 and 500 ms (at 25 keV) were used. A benefit of this setup in comparison
to other methods is that dynamic and anatomical information is collected simultane-
ously. For example, in nuclear imaging methods, where no anatomical information is
available, often additional x-ray images and image registration processes are necessary.
Furthermore, an increased spatial resolution associated with x-ray imaging provides
more detailed information on, for example, the drug distribution within a specific lobe
of the lung.

A central part of this thesis deals with the tools developed for pre-clinical research
and demonstrated in in vivo experiments in the laboratory. Detailed descriptions of a
variety of experiments focused on the respiratory system are giving insights into lung
motion (Section 8.1), drug delivery processes (Section 8.2 and Chapter 9), mucociliary
transport imaging (Section 8.3) and tomographic scans (Section 8.4). The results
of these experiments have the potential to increase physiological understanding and
accelerate drug and therapy development towards clinical applications.

An as accurate as possible determination of dose and spatial distribution of drugs in
the lungs is essential for the determination of efficiency and toxicity, in pre-clinical
and clinical lung research. The liquid delivery into murine lungs (Chapter 9) has
provided insights into the temporal evolution of pulmonary drug delivery and revealed
a secondary redistribution of the drug within the lung, both during and after the
delivery. A gradual redistribution of instilled liquid from the central to the peripheral
region could be observed even for minutes after the instillation process has ended.
These findings are important when considering the timing of delivery in non-recovery
laboratory experiments and can contribute to optimized future pulmonary drug delivery
studies. While volumes as low as 4 µl were visible following instillation of liquids, the
employed x-ray imaging setup is not sensitive enough for reliable drug localization for
inhaled nebulized liquid distributed uniformly throughout the entire lung.

In the mucociliary transport study (Section 8.3), different drugs for cystic fibrosis
airway disease were tested (hypertonic saline, mannitol, P308). The difference in mucus
clearance speed, which can be quantified by tracking the motion of small particles in
the airway with PBI, is an indicator of the efficacy of the drug. This can help to
accelerate new treatments towards the clinics, as already successfully demonstrated
with synchrotron research [Bravin, 2011; Connor, 2011; Hooper, 2011; Bravin, 2013].

X-ray computed tomography is a widely used clinical imaging technique. However,
producing high-resolution in vivo computed tomography scans in a pre-clinical labora-
tory setting remains difficult. Often they suffer from relatively poor spatial resolution
or/and long scan times, which makes in vivo measurements impractical. In particular,
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performing micro-CTs of the respiratory system is a challenging task because it is a
continuously moving sample and often the air-tissue contrast is low. In Section 8.4, an
in vivo tomographic scan of a mouse chest region is presented, which was taken within
15 min and at high resolution, using the MuCLS and propagation-based phase-contrast
to enhance the air-tissue contrast. The motion blur was reduced by triggering image
acquisition at the same point in each breath cycle and using short exposure times.

Finally, dynamic phase-contrast imaging of small animals was extended to the grating-
based phase-contrast imaging setup in the second experimental end-station of the Mu-
CLS [Gradl, 2019a]. As explained in Chapter 10, this was successfully achieved for the
repeated motion of a breath cycle with a temporal resolution of 0.1 s, using a custom-
designed imaging protocol. However, this imaging protocol works only for repeated
motion. Therefore, this imaging protocol is not suited for monitoring liquid delivery
into murine lungs, where a standard stepping procedure was used resulting in a limited
temporal resolution of 17 s. However, since then the grating interferometer has been
upgraded with a piezo allowing for a much faster stepping procedure (about 20 times
faster), and therefore improved temporal resolution.

Outlook

The presented techniques are most valuable for pre-clinical research with small animal
models rather than clinical diagnostics. The intention is not to transfer these imaging
techniques to humans, but to continue to take advantage of their capabilities to study
and optimize healthcare, for example, through pulmonary drug delivery in pre-clinical
drug efficacy testing. Additionally, the current setup is more convenient for small
animal imaging rather than human imaging, due to the available beam size (first end-
station �16 mm in diameter) and the available x-ray energy range (15 to 35 keV),
which limits the thickness of the samples. Furthermore, capturing many images to
produce a time-sequence movie, with the temporal and spatial resolution presented
here, unfortunately deposits a high radiation dose. For human imaging, the radiation
dose would have to be reduced, which implies capturing fewer images with lower spatial
resolution.

With further improvement of the inverse Compton x-ray source, the x-ray flux will
increase, allowing for either faster imaging and therefore an even higher temporal reso-
lution or a better signal-to-noise ratio. This would allow even faster tomography scans
to be acquired, for example, for studying drug distribution in vivo in three dimensions.

After the planned installation of a larger second experimental end-station and in com-
bination with plans of the manufacturer to develop sources that reach up to 100 keV
quasi-monochromatic x-rays [Feser, 2018], it becomes feasible to scale-up the tech-
niques to larger animals. The beam in this second end-station can reach a diameter of
about 60 mm. However, one has to note that the flux density decreases with distance.

Especially for in vivo small animal studies, one of the main benefits of an inverse
Compton x-ray source, when compared to a synchrotron radiation facility, is the ease
of regular access, which allows for longitudinal studies, for example, measuring disease
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development or treatment response over weeks. However, at the moment neither an
animal facility is available at the very same institute where the machine is located, nor
is there any ethics approval available for performing longitudinal studies, which would
be necessary if ongoing small animal studies were to be established at the Munich
Compact Light Source. Of course, these dynamic imaging capabilities are by no means
limited to respiratory imaging and could be used for a wide range of biological and
industrial applications, like observing the growth of plants or the drying process of
materials.
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